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Measurements under hydrostatic pressure of the electrical resistivity of (Nig36Nb 24Z10.40)100—xHx
(x=9.8, 11.5, and 14) glassy alloys have been made in the range of 0—8 GPa and 0.5-300 K. The
resistivity of the (Nig36Nbg.24Z10.40)s6H14 alloy changed its sign from negative to positive under
application of 2-8 GPa in the temperature range of 300-22K, coming from electron-phonon
interaction in the cluster structure under pressure, accompanied by deformation of the clusters. In
temperature region below 22 K, the resistivity showed negative thermal coefficient resistance by
Debye-Waller factor contribution, and superconductivity was observed at 1.5K. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4729574]

With recent advances in hydrogen permeability as an
energy source using melt-spun flexible amorphous Ni-Nb-
Zr-H glassy alloys," attention is also being paid to their elec-
tronic applications. Recently, we reported the electronic
transport behavior of ((Nig 6Nbg 4) 1 —xZry)100—yHy
(0.3 <x<0.5,0<y<20) glassy alloys as a function of their
hydrogen content.> These alloys showed semiconducting-
like behavior, superior (ballistic) conducting and supercon-
ducting transport, and electric current-induced voltage
(Coulomb) oscillation as the hydrogen content increased.
The alloy can be regarded as a dc/ac converting device with
a large number of 0.23-nm-sized capacitors with femtofarad
capacitance® among the electron-conducting distorted icosa-
hedral ZrsNisNbs clusters (dots of ~0.55 nm in size*). When
a hydrogen atom localizes at the two stable and four metasta-
ble H sites in the cluster during electrolysis, it is dissociated
into a proton and electron, and the liberated electron forms a
localized state coupled with Zr and Nb atoms.*> Further-
more, we assumed that the superconductivity of these glassy
alloys is associated with electron pair transport along zigzag
paths, which link the shortened atomic -Ni-Ni-Ni- array in
the ZrsNisNbj clusters and tunnel among them.® From these
electronic behaviors,”® we infer that the ZrsNisNb; cluster
coupled with H plays a decisive role in the promising elec-
tronic properties observed in these amorphous alloys, as well
as in the familiar Perovskite crystal phase.

It is also important to examine the pressure dependence
of electron transport behavior in order to fully understand
cluster morphology in glassy alloys. Our interests lie in
investigating pressure effects on the resistance properties of
(Ni0_36NbQ.24Zr0_40)100,XHX (X = 98, 115, and 14) glassy
alloys in terms of their cluster configuration. No previous pa-
per has reported this for glassy alloys with hydrogen.

The electrical resistance of glassy alloys has been meas-
ured by many groups.”® Mooij'® showed empirically the
presence of a strong correlation between thermal coefficient
resistance (TCR) and electrical resistivity (p300k) at room
temperature for many transition metal alloys; the TCR
changes its sign from positive to negative when p;o0xk
exceeds about 150 uQcm, regardless of whether the alloy is
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in a crystalline state or an amorphous one. Mizutani'' classi-
fied their resistances in view of the magnetic state, on which
the electronic state and electron transport property heavily
depend; (1) ferromagnetism, (2) weak ferromagnetism, (3)
spin glass and Kondo states, (4) paramagnetism, and (5) very
weak paramagnetism or diamagnetism. The glassy alloy
used in this study belongs to group (4), and its resistivity at
300K is higher than 150 uQcm before charging hydrogen
and loading pressure.

Amorphous NizgNbyyZry, alloy ribbons of about 1-mm
width and 30-um thickness were synthesized from argon arc-
melted ingots using free-jet melt spinning in Ar at a rotation
speed of 3000 rpm (31.6 m/s). Hydrogen charging was car-
ried out electrolytically in 0.5M H,SO,4 and 1.4 g/L thiourea
(H,NCSNH,) at room temperature with current densities of
30 A/m?, using a Pt counter electrode. To guarantee homoge-
neous distribution of hydrogen, we used the specimens one
week after their charging. The specimens were adjusted to
the same resistivity before and after polishing on both sides
by 5 um.'? The details of the procedure have been described
in previous papers.>°

Electrical resistivity was measured under applied high
pressure of up to 8§ GPa from 300 down to 2 K using a stand-
ard dc four-probe method.'® Hydrostatic pressure was gener-
ated by a cubic anvil cell (CAC) with a 250 ton press. We
used a 1:1 mixture of fluorinates FC70 and FC77 as a
pressure-transmitting medium. The sample specimens had
dimensions of 0.8 x 0.4 x 0.03 mm. Electrical contacts to the
specimen were made with 20 um diameter gold wires and
conducting silver paste. In order to determine precisely the
resistivity at 300 K, we calculated it using compressibility of
0.00758/GPa. Since the maximum deviation in length under
hydrostatic pressure of 8 GPa is 1.8%, we did not correct the
observed data in this study.

For calculation of the Debye temperature Dy,"* based on
ultrasonic method, we used 3 degrees of freedom and
5.06 x 107%° m® as an average atomic volume. D, is calcu-
lated as 278.9K, using V,=5298 m/s and V,=2121.5m/s,"
where V; and V are longitudinal and transverse wave veloc-
ity, respectively.

© 2012 American Institute of Physics
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The electrical resistances of the (Nig 36Nbg 24710 40)90.2Ho 5
and (Nig 36Nbg24Zr10.40)98.5H11.5 glassy alloys were measured at
0.1 MPa during cooling and heating runs. The results are shown
as a function of temperature 7" in Fig. 1. The resistivity of
(Nig 36Nbg24Z10.40)90.,Ho g increased almost linearly with a neg-
ative TCR of —1.77 x 10~%/K down to 2.2K, except for one
peak at 12K and one valley at 7K, and then abruptly dropped
from 2 K. The sample showed zero resistivity at 1.9 K (inset in
Fig. 1). It is well known that a negative TCR, which has also
been observed in (Nig 36Nbg24Z10.40)90.1Ho o glassy alloy under
ambient pressure,” occurs through weak localization effects in a
metallic regime, where the density of states at the Fermi level
must be finite. During the heating run, the resistivity decreased
following the same curve as the cooling run, except for a varia-
tion between 20 and 42K. This variation is attributed to a
current-induced voltage oscillation, known as Coulomb oscilla-
tion under ambient pressure.” The reason why this temperature
dependence is only the heating run has been already explained
by different degree of amorphousness between cooling and
heating runs.'® The low-temperature drops noted in the two
runs mirror the normal-to-superconducting transitions. In a
previous paper,” (Nip36Nbo 24Z10.40)04.4Hs.4  glassy alloy
showed type II superconductivity at 2.1 K under ambient pres-
sure. On the other hand, the whole resistivity of the
(Nig 36Nbg24Zr0.40)98.5H 1.5 glassy alloy showed similar behav-
iors to (Nig 36Nbg 24710 40)90,Ho g alloy under ambient pressure.
However, the (Niy36Nbg24Z1040)08.5H115 alloy did not show
Coulomb oscillation under pressure. It has already been
reported that this oscillation occurs in a restricted region of
3045 at. % Zr and 5-12 at. % H under ambient pressure.>'®
The onset superconducting temperature (7,) and superconduct-
ing temperature (7,.) of the (Nig3gNbg24Zr040)08.5H11.5 alloy
are 2.2 and 2.1K, respectively (see inset of Fig. 1). Conse-
quently, resistivity behaviors under 0.1 MPa are almost the
same without application of pressure.

To confirm the pressure dependence of resistivity, we
measured the resistivity under 0.1 MPa, and at 2, 5, and
8 GPa, using a (Nig36Nbg 24710 40)86H14 glassy alloy, which
does not show Coulomb oscillation. Fig. 2 shows the pres-
sure effect on temperature dependent resistivity during the
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FIG. 1. Electric resistivities of the (Ni0>35Nb0>24Zr0_40)90_zHg_g and
(Nip.36Nbo.24Zr¢ 40)88.5H11.5 glassy alloys under 0.1 MPa during cooling and
heating runs. Insert: Details of resistivity at around Tc.
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FIG. 2. Temperature dependence of the resistivity of (Nig36Nbo24Zr0.40)s6H14
under hydrostatic pressure. Insets: Details of resistivity at 2, 5, and 8 GPa and
pressure dependence of To.

heating run. The resistivity under 0.1 GPa pressure showed
similar behavior (T.=1.6K, inset in Fig. 2) to the
(Nig36Nbg 14710 .40)08.sH11.5 alloy. However, the resistivity
under 2, 5, and 8 GPa decreased with positive TCR as the
temperature decreased and the pressure increased. This result
is an evidence of a pressure-induced electronic conducting
transition. Although glassy alloys with ps300x below
150 uQcm - generally show positive TCR,'" subject to the
electron-phonon interaction, there are no previous reports of
positive TCR for alloys with p300x over 200 uQcm. This is
in conflict with the Mooij relation and thus is taken as a very
unusual finding. Positive TCR is also often observed in me-
tallic crystals. The alloy showed superconductivity at 1.5K,
but we could not observe resistivity below 2.5 K under 2, 5,
and 8 GPa because of the sample breaking. However, the
pressure dependence of T, inset in Fig. 2 shows an increase
in T, with increasing pressure.

Enlarging resistivity curves of the temperature region
below 100K measured under 2, 5, and 8 GPa, a resistivity
minimum is clearly observable at 22-25K (Fig. 3). Mini-
mum values of resistivity and the corresponding temperature
are shown in inset in Fig. 3 as a function of pressure P. The
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FIG. 3. Enlarged resistivity curves of the temperature region below 100K
under 2, 5, and 8 GPa. Inset: Pressure dependence of minimum values of re-
sistivity and corresponding temperature.
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minimum resistivity and the corresponding temperature line-
arly decrease and increase with increasing pressure, respec-
tively. The resistivity with negative TCR in the temperature
region below 22K is attributed to an intrinsic amorphous
character of metal-metal type glassy alloys, suggesting the
survival of the cluster structures. As the present electrical re-
sistivity model for glassy alloys, we know an extended
Ziman theory, based on the Boltzmann transport equation;'’
the temperature dependence of the resistivity is given by

p(T) = exp(=2W(T))(po + Ap), (1

where exp (=2 W(T)), po, and Ap are the Debye-Waller fac-
tor, residual resistivity, and electron-phonon interaction,
respectively. However, since extended Ziman theory cannot
be applied to transition metals, where the scattering due to
transition metal elements is too strong to validate the
second-order perturbation theory, the application of the
theory is inappropriate in the present samples.

Apart from the extended Ziman theory, Debye-Waller
factor contributes to a negative T* dependence at low temper-
atures and a negative T dependence at high temperatures.
Since the electron-phonon interaction provides increases in
resistivity with increasing temperature, taking into considera-
tion nonelastic scattering of electrons by lattice vibration, the
resistivity with positive TCR in the temperature region above
22 K under pressures of 3, 5, and 8 GPa could be derived from
electron-phonon interaction in the cluster structure under
pressure, accompanied by deformation of clusters. This would
be caused by enhancement in metallic like rigidity, associated
with a relative increase of covalency by metal hydrogenation
under high compression. The resistivity minimum at 22-25K
is an equilibrium temperature for both antinomic effects.

The origin for the resistivity minimum is explained by
two mechanisms, the Kondo effect'® and a structural
effect.'! Here, we note that Cochrane et al."® asserted that
the resistivity minimum arises from the disordered arrange-
ment of atoms in glassy alloys and is entirely nonmagnetic in
origin. In their model, some sites exist in glassy alloys in
which the atoms are in double-potential wells, providing the
possibility of electron scattering from tunneling levels,
although most experiments had been carried out on magneti-
cally impure materials. Since the glassy alloy used in this
study contains ferromagnetic Ni, the origin would be due to
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either the structural effect or the Kondo effect. However, we
have no data for the Kondo effect. Furthermore, Fritsch
et al.*® have reported pressure dependences of resistivity for
Mg70Znsg, Cus;Zrys, and TisoBeyoZrig; their TCRs main-
tained negative values and did not change sign from negative
to positive.

On the other hand, the three curves revealed maximum
values at 2-3 K, suggesting an onset-temperature of super-
conductivity at this temperature. Because T, increases with
increasing pressure (Fig. 2, inset), application of pressure
induces shrinkage of the atomic distances at the neighbor Ni
sites in the ZrsNisNbs cluster.® Increase in T, has been asso-
ciated with increase in shrinkage.21

Further study is needed for mechanism of pressure-
induced resistivity. We must also address hydrogen depend-
ence of resistivity at 300K and T,.
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