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The positron lifetimes of Ni36Nb24Zr40 and (Ni0.36Nb0.24Zr0.40)90H10 glassy alloys are almost the

same but longer than those of pure Zr, Nb, and Ni crystals, indicating that they have higher density

of vacancies with smaller size than in crystals. The coincidence Doppler broadening spectrum for

both specimens shows that the contribution of Ni around the vacancies is lower than that of Zr and

Nb, suggesting that hydrogen atoms favour to exist between Ni atoms comprising neighboring

distorted icosahedral Zr5Ni5Nb3 clusters. Thus, these results provide a substitute model of quantum

dot tunneling along Ni–H–Ni atomic bond arrays among the clusters. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3688303]

Quantum dot tunneling is currently attracting considerable

attention in the field of physics.1–6 We observed electric current-

induced voltage oscillations in {(Ni0.6Nb0.4)1�xZrx}100�yHy

(0.3� x� 0.5, 0� y� 20)7–9 and {(Ni0.6Nb0.4)1�sZrs}100�zDz

(s¼ 0.30, 0.35, 0.40, and 0.45, 9.1� z� 14.8)10 glassy alloys

with multiple junctions in the temperature range 373-6 K on

the basis of Coulombic oscillations of protons (deuteron).

Based on the x-ray absorption fine structure (XAFS) atomic

bonding data,11 x-ray absorption near edge structure

(XANES)12 using strong radiation photons at SPring-8, and

a Nyquist diagram (Cole-Cole plot) by ac impedance analy-

sis using LCR meter,13 we proposed that the quantum dot

tunneling refers to charging and discharging of vacancy ca-

pacitance (0.9 fF)8 of Zr(Nb)-H-h-H-Zr(Nb) atomic bond

arrays among the electric-conducting distorted icosahedral

Zr5Ni5Nb3 clusters (dots of �0.55 nm in size14), where h is

the vacancy tunnel in the glassy alloys. In particular, as the

hydrogen content increases, the hydrogen atoms first pene-

trate into the space sites among the clusters and then con-

struct zigzag tunnels of 0.26 nm average width13 because of

the high pressure effect of hydrogen in electrolysis.15 In

other words, the hydrogenized glassy alloy has a simple

electric circuit with a resistor in parallel and a capacitor

consisting of a large number of dielectric tunnels formed by

hydrogen penetration. Thus, the glassy alloy of interest can

be regarded as a dc/ac converting device with a large num-

ber of nanocapacitors with femtofarad capacitance.15 How-

ever, since the location of hydrogen atoms is biased to

approach Zr and Nb atoms comprising tetrahedrons in the

clusters,14 the tunneling path is not clear yet, although we

have proposed it in previous papers.7–10 Therefore, we con-

sider a substitute model of quantum dot tunneling based on

positron annihilation spectroscopy.

Here we note that glassy alloys are characterized by an

assembly of vacancies that occupy between 0.7% and 3% of

the total volume.14 The number of such vacancies varies as

the doping with hydrogen increases. Since it is important to

investigate the distribution state of vacancy-like defects16 in

glassy alloys for understanding the mechanism behind the

quantum dot tunneling, we determine the positron lifetime of

a glassy alloy consisting of subnanometer-sized clusters. On

the basis of Coulomb oscillation,7–10,15 ballistic trans-

port,17,18 and large capacitance,13 the results predict that

glassy alloys are candidate materials for future nanometer

size-electronic devices.

The goal here lies in studying vacancy distribution in

alloys with and without hydrogen by using low-energy-posi-

tron annihilation analysis at room temperature. Positron

annihilation, which is characterized by the emission of two

c-ray photons of 511 keV, provides detailed information

about lattice defects such as vacancies, voids,19 and disloca-

tions. Coincidence Doppler broadening (CDB) of annihila-

tion radiation also gives important information about

electron density, electronic momentum density, etc.19 The

electron momentum distribution becomes narrower when

positrons are trapped by defects in a material.20,21 However,

there is no previous research on the positron lifetime of Ni-

Nb-Zr-H glassy alloys with femtofarad capacitance.

The amorphous Ni36Nb24Zr40 alloy ribbons of about

1-mm width and 30 -lm thickness were synthesized from ar-

gon arc-melted ingots using free-jet melt spinning in Ar at a

rotating speed of 3500 rpm (36.7 m/s). Hydrogen charging

was carried out electrolytically in 0.5 M H2SO4 and 1.4 g/L

thiourea (H2NCSNH2) at room temperature and at current

densities of 30 A/m2.7–9,11–15 The amounts of hydrogen

absorbed in the specimens were measured by the inert gas

carrier melting-thermal conductivity method. The specimen

density was measured using Archimedes’s principle by

weighing specimens in tetrabromoethane (density: 2.962 Mg/

m3) and air. The total free volumes before and after hydro-

genation were 2.47% and 1.47%, respectively.

The structures of Ni36Nb24Zr40 and (Ni0.36Nb0.24

Zr0.40)90H10 glassy alloys were identified by x-ray diffraction

using Cu Ka radiation in the grazing incident mode. The

angle of incidence used was 2�.22

Positron lifetime measurements were carried out using a

conventional fast-fast spectrometer with a time resolution of

190 ps at full width at half maximum (FWHM). About

4� 106 coincidence events were accumulated for each time

spectrum.a)Electronic mail: fukuhara@imr.tohoku.ac.jp.
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The CDB momentum distribution electron–positron

annihilating pairs were obtained using two Ge detectors in

coincidence. The coincidence measurement gives a back-

ground lower than that in a one-detector set-up by three

orders of magnitude, which enables the measurement of the

momentum distribution of the core electrons specific to each

element, i.e., the high-momentum region.23–25 The sample-

detector distance was 20 cm. More than 2� 107 total counts

were accumulated in each measurement for 12 h. The overall

momentum resolution was about 4.3� 10�3 m0c, where m0

is the electron rest mass and c is the speed of light. The

details of the setup are described in Refs. 24–26. The CDB

ratio curves were obtained by normalizing the momentum

distribution of each spectrum to that of the reference samples

of well-annealed (defect-free) pure Zr, Nb, and Ni crystals.

The shape of the ratio curves in the high-momentum region

(typically> 10� 10�3 m0c) exhibits the characteristic broad

peaks or valleys due to positron annihilation with Ni, Nb,

and Zr core electrons. The low-momentum component frac-

tion (LMCF) and high-momentum component fraction

(HMCF) are defined as the ratios of the counts in low-

momentum (jpLj< 4� 10�3 m0c) and high-momentum

(18� 10�3 m0c< jpLj< 30� 10�3 m0c) regions in the CDB

distributions to the total counts, respectively. It is well-

known that the HMCF and LMCF are very sensitive to open-

volumes. When the positrons are trapped by vacancy-type

defects, the localized positrons have much higher probability

of annihilation with the spread-out valence electrons from

the surrounding atoms; therefore, the HMCF decreases and

LMCF increases.23–25 Furthermore, HMCF strongly reflects

the chemical environment of the trapping site of positrons

through their annihilation with the core electrons.

Since all the positrons can be captured into mono-

vacancies in bulk metals with total free volume over 10�4,26

one can evaluate the positron annihilation technique to ana-

lyze the vacancies in a Ni-Nb-Zr glassy alloy with total free

volume of 2.57%. The lifetime spectrum for the representa-

tive Ni0.36Nb0.24Zr0.40 glassy alloy is shown in Fig. 1. All

the positron lifetime spectra were best fitted to one experi-

mental component.24 The long-lived s2 component can be

attributed to positron annihilation in the lower electron den-

sity region, e.g., defects. In general, the positron lifetime

value provides information about not only the open pore

volume size of vacancy-type defects but also their concen-

tration. The lifetimes of the samples with H and without H

are presented in Table I, along with those of the pure Ni,

Nb, and Zr crystals. The lifetimes of the two specimens are

almost the same as the values that we often observe in

glassy alloys27–29 but are longer than those of the three Zr,

Nb, and Ni crystals. In comparison with the experimental

positron lifetimes of 109, 120, and 164 ps for the bulk state

and 180, 210, and 252 ps for the mono-vacancy state in Ni,

Nb, and Zr crystals, respectively,30 both alloys have higher

density of vacancies with smaller size than the thermally

activated mono-vacancies.31 The long- and narrow-sized

vacancies are characteristic of amorphous alloys.27–29 Here

we also note the special characteristics of how the positron

wards off electric collision with hydrogen atoms. The same

lifetime of both alloys suggests that hydrogen atoms do not

exist in the vacancy sites among clusters. This leads to the

assumption that hydrogen atoms penetrate and lie between

Ni atoms in neighboring clusters and then enlarge the space

because of the high-pressure effect of hydrogen in electroly-

sis. We have already reported that hydrogen exists among

clusters in low hydrogen concentrations and penetrates the

clusters as hydrogen concentration increases, on the basis of

the calculated adiabatic potential energy of hydrogen atoms

in the distorted icosahedral Zr5Ni5Nb3 cluster.17 Next, we

focus on the Ni atom fraction around the vacancy in both

alloys and the results of the CDB ratio analysis because the

FIG. 1. (Color) Lifetime spectra for Ni36Nb24Zr40 glassy alloy. Red line

represents the fitting curve.

TABLE I. Positron annihilation lifetimes of Ni36Nb24Zr40 and

(Ni0.36Nb0.24Zr0.40)90H10 glassy alloys, and pure Zr, Nb, and Ni crystals.

Sample Positron lifetime (ps)

Ni36Nb24Zr40 172.1 6 0.3

(Ni0.36Nb0.24Zr0.40)90H10 172.8 6 0.3

Pure Ni 102.1 6 0.3

Pure Nb 130.9 6 0.3

Pure Zr 165.5 6 0.3

FIG. 2. (Color) Coincidence Doppler broadening ratio

spectra of Ni36Nb24Zr40 and (Ni0.36Nb0.24Zr0.40)90H10

glassy alloys, with those of Zr, Nb, and Ni metals, (a) ratio

to pure Zr, (b) ratio to pure Nb, and (c) ratio to pure Ni.

093102-2 Mikio Fukuhara Appl. Phys. Lett. 100, 093102 (2012)
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CDB can help distinguish the chemical element whose elec-

trons annihilate the positron.24

Figure 2 shows the CDB ratio curves of both alloys and

those of three pure Zr, Nb, and Ni crystals, expressed as

ratios of CDB intensity of Zr (a), Nb (b), and Ni (c). The

CDB spectrum for the H-free sample is nearly the same as

that for the H-doped one. This means that the electronic mo-

mentum distribution around vacancies is almost the same in

both alloys. The positron affinities of A� for Zr, Nb, and Ni

are �3.98, �2.93, and �4.46 eV, respectively.32 Since the

differences in the positron affinity DAþ among AþZr,

AþNb, and AþNi are not so large, all elements might be

attracted to the positron. Although the positron affinity for

Ni is higher than that for Zr and Nb, the CDB ratio curve of

Ni is remarkably large compared with those of Zr and Nb.

On the other hand, the Zr, Nb, and Ni spectra for the chemi-

cal composition Ni36Nb24Zr40 show lower contribution of

Ni compared with Zr and Nb, indicating lower concentra-

tion of Ni for this chemical composition around vacancy

sites. Judging from the above-mentioned results, Ni atoms

tend to avoid vacancies in this alloy. In other words, hydro-

gen atoms prefer to exist among Ni atoms. Gupta33 and

Yukawa et al.34 have reported that hydrogen in LaNi5
hybridizes with Ni because of the energy states decreasing

below the Fermi energy level, even though Ni has much

lower affinity for H. Therefore, these results suggest a spe-

cial cluster arrangement in which two Ni atoms belonging

to each cluster approach each other or connect (Fig. 3(a)).

Recent neutron scattering result also demonstrated the elon-

gation of the Ni-Ni atomic distance by deuterium in a Ni-

Nb-Zr-D glassy alloy.35

Judging from the above-mentioned results, we must

revise the proposed model of quantum dot tunneling based

on the Zr(Nb)-H-h-H-Zr(Nb) to Ni-H-Ni atomic bond arrays

among the clusters. Figure 3(b) is a schematic representation

of the microscopic junction between the distorted icosahe-

dral Zr5Ni5Nb3 clusters. This study provides new insight into

the electron transport mechanisms such as Coulomb

oscillation7–10,15 and ballistic transport17,18 at room tempera-

ture. Nonetheless, further work is needed.
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FIG. 3. (Color) Configuration pattern of two icosahedral clusters (a) and

Coulomb dot tunneling model (b).
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