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Positron-annihilation studies of rhombic triacontahedral-type icosahedral quasicrystals
and their 1Õ1 and 2Õ1 approximants in the Al-Mg-Zn alloy system
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Rhombic triacontahedral-type icosahedral quasicrystal and its 1/1 and 2/1 approximants in Al-Mg-Zn alloy
system were systematically studied by means of positron-annihilation lifetime measurements and positron-
annihilation lifetime and Doppler-broadening measurements using the slow-positron-beam technique. We
could successfully derive the structural vacancy density in this alloy system. The structural vacancy densities
were ;4.5631023 for the 1/1 approximants, 4.8231023 for the 1/2 approximant, and 5.0531023 for the
icosahedral quasicrystal. In addition, the positron motions were investigated. The average positron-diffusion
length, average positron-diffusion length in matrix, positron-diffusion coefficient, and positron mobility in this
alloy system including the icosahedral quasicrystal were estimated. The positron-diffusion coefficients for the
1/1 approximants were almost identical (;1.79 cm2 s21) to each other, but decrease down to 1.61
31021 cm2 s21 for the 2/1 approximant and 1.4431021 cm2 s21 for the icosahedral quasicrystal. This first
experimental estimation was performed by coupling the positron-annihilation lifetime measurements to the
positron-annihilation Doppler-broadening measurements using the slow-positron beam excellently. The results
indicated that the thermarized positrons in matrix tend to localize as the order of the approximant increases.

DOI: 10.1103/PhysRevB.64.024202 PACS number~s!: 61.44.Br, 41.75.Fr, 71.60.1z, 78.70.Bj
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I. INTRODUCTION

Since the discovery of icosahedral quasicrystals~QC’s!,1

much work has been devoted to clarify their structural
ture. In particular, the approach in making full use of t
atomic structure of the crystalline approximants has been
ten employed because of the possession of clusters simil
that found in QC’s. Based on the atomic structure of
a-Al-Mn-Si compound determined by Cooper an
Robinson,2 Elser and Henley3 proposed the atomic cluster i
this compound to represent well the atomic cluster in ico
hedral Al-Mn-Si QC’s. Audieret al.4 have investigated the
structure of icosahedral Al-Li-Cu QC on the basis of a mo
fied illustration of the Bergman model.5 The atomic structure
of the lowest-order crystalline approximants, namely, 1/1
proximants, is now fairly well studied by using the Rietve
method.6–8 This indicates that structural information partic
larly, the structural vacancy density is experimentally w
determined in comparison with that in the QC’s.

The Al-Mg-Zn alloy system has received attention fro
the point of view of electronic properties, band calculatio
and thermal stability. Since the valence band near the Fe
level EF is dominated bysp electrons, various electroni
properties are essentially determined by the Fermi-surfa
Brillouin-zone interaction. The icosahedral QC in this all
system had been considered to exist only as a metas
phase. However, Takeuchi and co-workers9–11 found the 2/1
approximant and stable icosahedral QC at two different co
positions in a very narrow composition range. Thanks
their discovery, systematic studies on the electron trans
0163-1829/2001/64~2!/024202~8!/$20.00 64 0242
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properties and relative stability among the three phases
2/1, and QC@Ref. 12# have become possible. Recently, M
zutani et al.7 determined the atomic structure o
Al xMg39.5Zn60.52x (20.5<x<50.5) 1/1 approximants as
function of the Al concentrationx by the Rietveld method.
They concluded that the center of the two clusters in
body-centered cubic~bcc! lattice, which is called siteA, is
only 10% occupied by Al atoms forx520.5 and that it be-
comes essentially vacant whenx exceeds 30.

Positron-annihilation measurements are known to prov
structural information such as vacancy-type defects and
locations for any material being independent of the structu
periodicity unlike the diffraction method. We have alrea
suggested the existence of a dense distribution of struct
vacancy-type sites in many kinds of thermally stable ico
hedral QC’s such as icosahedral Al-Li-Cu,13 Al-Pd-Mn,14

Al-Cu-Fe,15 and Al-Cu-Ru @Ref. 15# QC’s by positron-
annihilation lifetime measurements. Recently, we have s
cessfully estimated the structural vacancy densities for ico
hedral Al70.7Pd21.34Re7.96 and Al71.5Pd20.3Mn8.2 under
saturation-trapping condition by positron-annihilatio
Doppler–broadening measurements with the slow-posit
beam.16 In that experiment, we determined a positro
trapping radius from the measuredS parameter by slow-
positron beam. However, the preparation of a centime
sized single-phase sample, which is inevitably needed for
slow-positron beam, was made possible only for the 1/1
proximant in the present Al-Mg-Zn alloy system. Hence, w
employed a different approach to determine the structu
©2001 The American Physical Society02-1
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vacancy densities for the 2/1 approximant and icosahe
QC as described below.

We have attempted to determine the occupancy of
center site of the RT cluster in Al25.5Mg40Zn25.5 1/1 approx-
imant by using the slow-positron beam. The structural
cancy density for the Al25.5Mg40Zn25.5 1/1 approximant can
be calculated by using the occupancy thus obtained. A
next step, the positron specific trapping rate for the cen
site of the RT cluster was determined by combining with
results of positron-annihilation lifetime measurements.
assuming that 1/1, 2/1 approximants, and icosahedral Q
the Al-Mg-Zn alloy system are constructed by packing t
RT cluster, we can estimate the structural vacancy dens
by using the positron-specific trapping rate. The structu
vacancy densities thus obtained were found to increase
the order of the approximant increases to the icosahedral

In addition, the positron motion in this alloy system w
systematically investigated. It is known that the positron m
tion provides information about lattice vibrations in solids17

The study of positron motion began with the measureme
of drift velocities based on the Doppler shift in the annihi
tion radiation by Mills and Pfeiffer.18 Simpsonet al.19 mea-
sured a positron mobility in Si by using the positron-lifetim
method. The slow-positron-beam technique has been e
tively used to determine the positron-diffusion coefficient
metals and semiconductors for the last few years.20–22So far,
there exists no reliable measurement of the positr
diffusion constant or the positron mobility in the icosahed
QC. If the icosahedral QC’s can be regarded as being in
mediate between the crystalline phase and the amorp
phase, the investigation of the positron motion in icosahe
QC’s is of great significance. Unfortunately, as describ
above, since positron-annihilation measurements can det
dense distribution of structural vacancy, which could not
removed by annealing icosahedral QC, it is difficult to e
amine the positron motion in the matrix of icosahedral Q
This means that the experimental determination of positr
diffusion coefficient and the positron mobility without bein
affected by defect interaction is not feasible. In the pres
experiments, we could obtain the positron lifetimes cor
sponding to the annihilation in the matrix from the positro
annihilation lifetime method. Hence, the positron motion
the matrix of 1/1, 2/1 approximants, and icosahedral QC
the Al-Mg-Zn alloy system were investigated without bei
affected by the structural vacancy, by coupling the positr
lifetime method with the slow-positron-beam technique.

In this study, the positron lifetime and slow-positro
beam measurements were performed to determine both
structural vacancy and positron motion in 1/1, 2/1 appro
mants, and icosahedral QC in the Al-Mg-Zn alloy syste
The quantitative values of the structural vacancy density,
average positron-diffusion length, the average positr
diffusion length in the matrix, the positron-diffusion coeffi
cient, and the positron mobility were presented.

II. EXPERIMENT

Alloy ingots were prepared by induction melting of a
propriate amounts of constituent elements 99.99% Al, 99.
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Mg, and 99.99% Zn in a boron-nitride crucible under A
pressurized atmosphere. Ribbon specimens were fabric
by melt spinning onto a copper wheel at a tangential spee
52 m/s. The icosahedral QC, its 1/1 and 2/1 approxima
were heat treated at 573 K for 2 h. The formation of t
quasicrystalline single phase and the approximant sin
phases after thermal treatments was confirmed by x-ray
fraction with Cu Ka radiation. The composition was ana
lyzed for representative samples by using inductiv
coupled plasma photoemission spectroscopy. It agreed
with the nominal composition within61%.

The positron-annihilation lifetime measurements we
performed for ribbon specimens of icosahedral QC, its
and 2/1 approximants around room temperature. Rib
specimens were neatly piled up together enough to stop
fast positrons entirely. The positron-annihilation lifetim
spectra were recorded with a fast-fast coincidence sys
employing a photomultiplier Hamamatsu H2431Q with
31 in2 BaF2 scintillators. The time resolution of this sys
tem was 230 ps full width at the half maximum~FWHM!.
For each spectrum at least 1.03106 annihilations were
counted. The time resolution function was assumed to
composed of two Gaussian functions. Using this time re
lution function, the lifetime in the bulk of well-annealed pu
Al ~purity 99.9999 wt. %! was measured as 16662 ps. Af-
ter subtracting the background, positron-annihilation lifetim
spectra were analyzed usingPOSITRONFIT.23

The positron-annihilation measurements by slow-posit
beam were performed for ingot specimen of t
Al25.5Mg39.5Zn35 1/1 approximant at room temperature b
use of the positron pulsing system with an intense slow p
itron beam generated by an electron linac in Electrotechn
Laboratory LINAC facility. The lifetime spectra were ob
tained by measuring the time interval between the tim
signal derived electrically from the pulsing system and
timing signal of an annihilationg ray detected with BaF2
scintillation detector. The detailed lifetime-measureme
system is described elsewhere.24 For each spectrum a
least 3.03105 counts were accumulated. The positro
annihilation lifetime spectra were analyzed using t
‘‘ RESOLUTION’’ routine25 with good variance of the fits with
a time resolution if about 290 ps FWHM.

The positron-annihilation Doppler-broadening measu
ment by slow positron beam was performed for ingot spe
men of Al25.5Mg39.5Zn35 1/1–approximant. The experimenta
setup of the slow-positron beam is composed of22Na posi-
tron source~about 5 mm Ci! and a single W^100& foil of
1-mm thickness. The foil was annealed at 2273 K in vacu
of ;1029 Torr, and was attached in front of the source
moderate the positrons. A fraction of these energetic p
trons emitted from a22Na source is thermalized through
variety of collision processes in a tungsten moderator and
reemitted from this moderator as monoenergetic slow p
trons. The intensity of the slow-positron beam is about
3104/s. The incident positron energy is varied in the ran
0–13 keV. The measurements of Doppler-broadening spe
by slow-positron beam were carried out at room tempera
by use of a solid-state detector~pure Ge!. The total counts in
a spectrum corresponding to each incident positron ene
2-2
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POSITRON-ANNIHILATION STUDIES OF RHOMBIC . . . PHYSICAL REVIEW B 64 024202
were 8.03104. The data acquisition was repeated eight tim
for each data point in order to improve the statistical pre
sion.

In order to estimate the vacancy-type defects in
sample, theS parameter was measured. The measuredS pa-
rameter data were analyzed by using the sca
function.26–28 When the energy of monoenergetic low
positron beam is reduced to thermal energykBT, their spatial
distribution P̃(E,z) in a sample along the incident directio
~z! can be described by a scaling function:26,27

P̃~E,z!5NlmS u

Clm
D l

expF2S u

Clm
D mG , ~2.1!

whereNlm is a normalized constant, andClm , l, andm are
parameters, which depend on a material chosen,27,28 andu is
defined as

u5
z

^z~E!&
, ~2.2!

where^z(E)& is a mean implantation depth. The mean im
plantation deptĥz(E)& is assumed to be given by

^z~E!&5
Ai

r i
Ea i1b i lnE, ~2.3!

whereE andr i are the incident energy of the beam and t
density of the sample, respectively. From Monte Carlo sim
lations, the parametersAi , a i , andb i are found to depend
on the atomic number of the constituent elements.29

After thermalization, positrons begin to diffuse in th
sample. The positron diffusion is described by the followi
diffusion equation in one dimension:

D1

]2N~z,t !

]z2
2

]N~z,t !

]t
2GN~z,t !50, ~2.4!

whereD1 is the positron-diffusion coefficient,N(z,t) is the
positron density as a function of both the time and positi
andG5l f1kd is the effective annihilation rate of positron
l f is the bulk annihilation rate. The observedS parameter is
given by a linear combination of contributions from differe
annihilation sites,

S~E!5(
i

SiFi~E!, ~2.5!

whereFi(E) is the fraction of positrons annihilating in th
i th state characterized by theSi parameter andE is the inci-
dent energy of the positron beam. The fractionFi(E) can be
obtained by solving the diffusion equation, subjected to
positron implantation profile and boundary conditions.
fitting Eq. ~2.5! to the measuredS parameter data, one ca
obtain the average positron-diffusion lengthLd ,

Ld5A D1

l f1kd
, ~2.6!

at a given temperature.
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III. RESULTS AND DISCUSSION

The observed lifetime spectra of the AlxMg39.5Zn60.52x
(20.5<x<50.5) 1/1 approximants, the Al15Mg43Zn42 2/1 ap-
proximant, and the icosahedral Al15Mg44Zn41 QC were ana-
lyzed in terms of two components with the lifetimest1 and
t2. Figure 1 shows the lifetimest1 andt2 together with the
relative intensityI 2 of t2 (I 1512I 2) as a function of Al
concentration for the AlxMg39.5Zn60.52x (20.5<x<50.5) 1/1
approximants, the Al15Mg43Zn42 2/1 approximant, and the
icosahedral Al15Mg44Zn41 QC. The lifetimest1 and t2 for
the AlxMg39.5Zn60.52x (20.5<x<50.5) 1/1 approximants are
found to be essentially independent of the Al concentrat
and are centered at 103 ps and 247 ps, respectively.
relative intensitiesI 2 for 1/1 approximants are approximate
90% in the whole range. We attributed the lifetimest1 and
t2 to the annihilation at the bulk and vacancy-type defe
respectively. In the present system, the cluster center of
bcc lattice sites is most likely the candidate for the vacan
type defects.

The values of the lifetimest1 and t2 for the
Al15Mg43Zn42 2/1 approximant and icosahedr
Al15Mg44Zn41 QC are found to be essentially identical
these for a series of the 1/1 approximants. This means

FIG. 1. Electron-concentration dependence of the positr
annihilation lifetimes for the AlxMg39.5Zn60.52x (20.5<x<50.5)
1/1 approximants~open circles!, the Al15Mg43Zn42 2/1 approximant
~open squares!, and the icosahedral Al15Mg44Zn41 QC ~open tri-
angles!.
2-3
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K. SATO et al. PHYSICAL REVIEW B 64 024202
there is no significant difference in the vacant sites in
cluster among the three phases. In other words, the va
site in 2/1 approximant and icosahedral QC exists at
center of the RT cluster. The relative intensityI 2 for the 2/1
approximant is;93%, which is apparently high in compar
son with the series of the 1/1 approximants. More rema
able is the relative intensityI 2 (;99%) for the icosahedra
QC, which is much higher than that for the 2/1 approxima
This means that the vacant site apparently increases a
order of the approximant increases to the icosahedral Q

Next, we have measured the change of the positr
annihilation lifetime in the Al25.5Mg39.5Zn35 1/1 approximant
by using the slow-positron beam of variable energies. T
obtained lifetime spectra were well fitted with three or fo
lifetime components. Figure 2 shows the lifetimest1 , t2 ,
t3, andt4, together with relative intensitiesI 1 of t1 andI 2 of
t2 at the positron incident energies 0.5, 1, 1.5, 2, 3, 4, 5
and 10 keV. The values of the lifetimest3 andt4 are in the
range from 350 ps to 450 ps and from 1 ns to 4 ns, resp
tively. We attributed lifetimest3 andt4 to the annihilations

FIG. 2. Positron-annihilation lifetimes and relative intensiti
for the Al25.5Mg39.5Zn35 1/1 approximant as a function of th
positron-incident energy. The closed triangles, squares, diamo
and circles, and open triangles, and squares show the posi
annihilation lifetimest1 , t2 , t3, andt4 and the relative intensities
I 1 and I 1. The solid lines are guides to the eye.
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of theortho-positronium~o-Ps! trapped at a surface state an
its pick-off annihilation on the surface, respectively. T
lifetimes t1 and t2 were observed the positron-incident e
ergy of above 1.0 keV. These values are centered at 10
and 244 ps, and are consistently identical in the whole
ergy range. These agree closely with the lifetimest1 andt2
obtained from the conventional positron-annihilation me
surements. Hence, we attributed these lifetimest1 andt2 to
the annihilations at the bulk and the vacancy-type def
alike the conventional positron-annihilation measureme
The relative intensityI 1 increases slightly and become
;9% at 10 keV. The relative intensityI 2 increases gradually
and becomes;86% at 10 keV. These values of the relativ
intensities I 1 and I 2 also agree with the conventiona
positron-annihilation measurements. This means that the
sult by the slow-positron beam is consistent with the one
the conventional positron-annihilation lifetime measu
ments.

We have also measured theS parameter for the
Al25.5Mg39.5Zn35 1/1 approximant by using the slow-positro
beam as a function of the positron-incident energy. The
sults are shown in Fig. 3~open squares!. The value of the
measuredSparameter increases, but is saturated above a
7 keV. From the analysis of the measuredS-parameter data
we can derive the occupancypA of the site A and the
positron-trapping radiusr d as follows. The probabilityPn ,
in which a positron diffuses through then unit cells without
being trapped at the siteA, is given by

Pn5F12
8pr d

3~12pA!

3l 3 G n

, ~3.1!

ds,
n-

FIG. 3. Sparameter for the Al25.5Mg39.5Zn35 1/1 approximant as
a function of the positron incident energy. Statistical errorbars
the absolute accuracy are shown. The solid line is a result o
weighted nonlinear fit, in which ther d and pA were determined
3.1 Å and 63%, respectively. The dotted and dashed lines re
sent the results of calculation assuming the structures derived
Bergmanet al. ~Ref. 5! and Mizutaniet al. ~Ref. 7!, respectively.
2-4
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wherea is the lattice constant of the unit cell, i.e., 14.16 Å
The positron-diffusion lengthL is, therefore, equal to

L5an. ~3.2!

The probabilityPn is rewritten as

Pn5F12
8pr d

3~12pA!

3l 3 G L/a

. ~3.3!

In Eq. ~3.3!, the value ofL such thatPn is decayed 1/e times
the initial value, is an average positron-diffusion leng
Hence, in the process of diffusion of positron to the surfa
the average positron-diffusion length in the Al25.5Mg39.5Zn35
1/1 approximant can be expressed as a function of the t
ping radiusr d and the occupancypA of the site A. Since we
found the positron-annihilation lifetime spectra of th
Al25.5Mg39.5Zn35 1/1 approximant to be composed of nearly
single component, Eq.~2.5! can be written as

S5SsFs1SdFd , ~3.4!

whereSs andSd are the values of theSparameter for surface
and structural vacant sites, andFs andFd (512Fs) are the
annihilation rate for surface and structural vacant sites,
spectively. The determination of the two parameters (r d ,pA)
in Eq. ~3.3! was made by using the weighted nonlinear lea
square method. A solid line in Fig. 3 gives the result of a
in which r d andpA were determined to be 3.1 Å and 63%
respectively. Provided that the siteA at the cluster center is
only vacant site existing in the 1/1 approximant, we are
to conclusion that the siteA is 63% occupied. The presen
value of the occupancy for the siteA is different from pA
580% obtained by Bergmanet al.,5 and pA50% obtained
by Mizutani et al.7 The dotted and dashed lines in Fig.
represent the results of the calculation by assuming the s
tures derived from Bergmanet al.5 and Mizutaniet al.,7 re-
spectively.

The structural vacancy density Cd for the
Al25.5Mg39.5Zn35 1/1 approximant is deduced to be 4.5
31023. The positron-trapping ratekd is calculated as 5.06
3109 s21 from the relation

kd5
1

t1
S 12

I 1t21I 2t1

t2
D , ~3.5!

by using the measured values oft1 , t2 , I 1, and I 2 of the
conventional positron-annihilation lifetime measureme
Hence, the specific-positron trapping ratend for the siteA
turns out to be 1.1131012 s21 from the relation

nd5
Cd

kd
. ~3.6!

Sincet1 andt2 are essentially same for the three phases,
can reasonably assume that there exists no difference in
density of the siteA among the three phases. This means t
the value of positron-specific trapping ratend is also the
same for the three components. Since the positron-trap
rateskd for the Al15Mg43Zn42 2/1 approximant and icosahe
dral Al15Mg44Zn41 QC can be obtained to be 5.353109 and
02420
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5.613109 s21 from the conventional positron-annihilatio
lifetime measurements, the structural vacancy densitiesCd
for Al15Mg43Zn42 2/1 approximant and icosahedr
Al15Mg44Zn41 QC are calculated, as listed in Table I. Table
also lists the structural vacancy densityCd for remaining 1/1
approximants, together with that for Al25.5Mg39.5Zn35 1/1 ap-
proximant.

We consider the obtained structural vacancy densitiesCd
through the positron mobility. The obtained structural v
cancy densitiesCd for icosahedral QC and two different ap
proximants are too high in view of a lower limit~order of
1024) ~Ref. 30! for vacancy density in the typical metals t
saturate the positron trapping. This drives us to the ques
why all thermalized positrons were not trapped into the
cant sites. The positron-annihilation lifetime spectra ough
be composed of a single component, namely, saturation t
ping. We mentioned that Eq.~2.5! can be used to obtain th
average diffusion lengthLd in the sample by fitting Eq.~2.5!
to the measuredS-parameter data. From fitting to the me
suredS-parameter data in Fig. 3, an average diffusion len
Ld in the Al25.5Mg39.5Zn35 1/1 approximant was determine
as 428 Å. As taken from Eq.~2.6!, the average diffusion
lengthLd decreases as the structural vacancy densityCd in-
creases. It can be said that the obtained average diffu
length Ld of 428 Å shortens due to the structural vacan
density Cd of 4.5831023. Since the positron-annihilation
ratel f is obtained to be 4.743109 s21 through the relation

l f5
I 1t21I 2t1

t1t2
~3.7!

by using the result of conventional positron-annihilati
measurement, a positron-diffusion coefficientD1 is calcu-
lated as 1.8031021 cm2 s21 from Eq. ~2.6!. The average
diffusion length in the matrixLm (Lm5AD1 /l f) in the
Al25.5Mg39.5Zn35 1/1 approximant is estimated to be 616 Å
The average diffusion length in the matrix of 616 Å is co
sidered to be perfectly independent of the structural vacan
The positron mobilitym1 at 300 K could be estimated a
6.96 cm2 V21 s21 via the Einstein relation

TABLE I. The structural vacancy densities fo
Al xMg39.5Zn60.52x 1/1 approximant, Al15Mg43Zn42 2/1 approximant,
and icosahedral Al15Mg44Zn41 QC.

Phase Alloy
Structural vacancy density

@1023#

1/1 approximant Al20.5Mg39.5Zn40 4.5060.14
Al25.5Mg39.5Zn35 4.5760.12
Al30.5Mg39.5Zn30 4.5960.15
Al35.5Mg39.5Zn25 4.5860.15
Al40.5Mg39.5Zn20 4.5760.15
Al50.5Mg39.5Zn10 4.5560.15

2/1 approximant Al15Mg43Zn42 4.8260.16
i phase Al15Mg44Zn41 5.0560.17
2-5
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D15m1

kT

e
, ~3.8!

wherek, T, ande are the Boltzmann constant, temperatu
and an elementary charge, respectively.

In order to ascertain the validity of the average diffusi
length in the matrixLm obtained from the method above, w
estimated the average diffusion length in the matrixLm in a
different method. As already mentioned, the relative int
sity I 1 shown in Fig. 2 increases slightly. This slight increa
can be explained by the positron-annihilation rate in the
cinity of the surface, resulting from the fraction of positro
that return by the average diffusion length in the matrixLm
from the bulk. By taking account of the distributions fro
the mean implantation depth^z(E)& defined by Eq.~2.3!, we
calculated the theoretical curve of the relative intensityI 1 as
a function of the positron-incident energy. Figure 4 sho
the measured relative intensityI 1 ~open triangles! and calcu-
lated one~solid line!, with the average diffusion length in th
matrix, Lm , of 616 Å. It should be noticed that the value
616 Å is in an excellent agreement with the value obtain
from above method. This leads support to the derivation
the average diffusion length in the matrixLm obtained from
the diffusion coefficientD1 .

The obtained values of the positron-diffusion coefficie
D1 , the positron-diffusion lengthLm , and mobilitym1 are
lower than those for typical metals by an order of magnitu
Positron-diffusion coefficientD1 in several cubic metals
was studied by Soininenet al.,20 and turned out to be
1 –2 cm2 s21. Also band-structure calculations for mo
metals yield approximatelyD1'1 cm2 s21 at room
temperature.31 We concluded that the thermalized positro
could not diffuse sufficiently in the matrix of th

FIG. 4. The measured relative intensityI 1 ~open triangles! and
calculated one~solid line! for the Al25.5Mg39.5Zn35 1/1 approximant
as a function of the positron-incident energy. The calculation w
made with the average positron-diffusion length in the matrixLm of
616 Å.
02420
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d
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.

Al25.5Mg39.5Zn35 1/1 approximant. Namely, the positrons
;10% remain in the matrix before reaching the vacant s
and are annihilated there without being trapped into the
cant site. The reason why few percents of positrons were
trapped into the vacant site can be equally applied to rem
ing 1/1 approximants, 2/1 approximant, and icosahedral Q

Finally, we estimated the average positron-diffusi
lengthLm in the matrix of the Al15Mg43Zn42 2/1 approximant
and icosahedral Al15Mg44Zn41 QC. We have already men
tioned that the obtained structural vacancy densitiesCd of
these two compounds are 5.3531023 and 5.6131023. Here,
we assume that the structure of the Al15Mg43Zn42 2/1 ap-
proximant and icosahedral Al15Mg44Zn41 QC are composed
of the bcc packing of the RT cluster with respectiveCd ,
whose the lattice constant is 14.16 Å. Then, the values
the occupancypA of the siteA for the Al15Mg43Zn42 2/1
approximant and icosahedral Al15Mg44Zn41 QC can be cal-
culated as 61% and 59%. In both cases, the value of
positron-trapping radiusr d of 3.1 Å was used. The averag
positron-diffusion lengthsLd are thus calculated as 406 Å
and 387 Å by using above occupanciespA and positron-
trapping radiir d . The positron-diffusion coefficientD1 and
average diffusion length in matrixLm are derived by follow-
ing the same procedure as that for the Al25.5Mg39.5Zn35 1/1
approximant. The values of the positron-diffusion coefficie
D1 for the 1/1 approximants are almost identic
(;1.79 cm2 s21) to each other, but decrease down to 1.
31021 cm2 s21 for the 2/1 approximant and 1.4
31021 cm2 s21 for the icosahedral QC. From Eq.~3.8!,
positron mobilitiesm1 in the Al15Mg43Zn42 2/1 approximant
and icosahedral Al15Mg44Zn41 QC at 300 K are estimated
as 6.23 and 5.57 cm2 V21 s21, respectively. Table II sum-
marizesLd , Lm , D1 , andm1 for the Al25.5Mg39.5Zn35 1/1,
and Al15Mg43Zn42 2/1 approximant, icosahedra
Al15Mg44Zn41 QC, and the remaining 1/1 approximants. T
error bars in these values were calculated based on the la
error propagation in the calculation process. From Table
we can immediately see a feature that the thermarized p
trons in the matrix become less diffusive as the order of
approximant increases.

Since the first positron experiment on amorphous
glassy alloys by Chen and Chaung,32 a center of interest ha
focused on the strong localization of positrons in these
loys. Konget al.33 measured a very small positron mobilit
of 1331023 cm2 V21 s21 in amorphous SiO2. The signifi-
cant positron trapping by unidentified sites has been repo
in some of these alloys,34,35 whereas the existence o
vacancy-type defects has been excluded.36,37 We could esti-
mate the positron diffusion coefficientD1 of 1.44
31021 cm2 s21 and the positron mobility m1 of
5.57 cm2 V21 s21 for icosahedral QC without being af
fected by the structural vacancy. From the results of
positron-annihilation lifetime measurement, it is hardly co
ceivable that positrons are trapped at regions such as
effective free volume, a low electron-density area, the dis
cation, the interface, and the grain boundary, except for
structural vacancy. If the icosahedral QC’s are characteri
as being intermediate between the crystals and glasse

s
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TABLE II. The average positron-diffusion lengths, average positron-diffusion lengths in matrix, pos
diffusion coefficients, and positron mobilities for AlxMg39.5Zn60.52x 1/1 approximant, and Al15Mg43Zn42 2/1
approximant and icosahedral Al15Mg44Zn41 QC. Ld , Lm , D1 , andm1 are the average positron-diffusio
length, average positron-diffusion length in matrix, positron-diffusion coefficient, and positron mob
respectively.

Phase x Ld (Å) Lm (Å) D1 (1021 cm2 s21) m1 (cm2V21 s21)

1/1 20.5 434612 627617 1.8260.10 7.0460.39
25.5 428612 616617 1.8060.10 6.9660.39
30.5 426612 618617 1.7760.10 6.8560.39
35.5 427612 622618 1.7660.10 6.8160.39
40.5 428612 620617 1.7860.10 6.8960.39
50.5 430612 621617 1.8060.10 6.9660.39

2/1 406611 603617 1.6160.09 6.2360.35
I 387611 597617 1.4460.08 5.5760.31
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might be said that the localization of positron wave functi
is due to the destruction of the translational symmetry
icosahedral QC.

IV. CONCLUSIONS

Rhombic triacontahedral-type icosahedral quasicry
and its 1/1 and 2/1 approximants in the Al-Mg-Zn alloy sy
tem were systematically studied by means of positr
annihilation experiments. We revealed the structural vaca
densities in 1/1, 2/1 approximants, and icosahedral QC
Al-Mg-Zn alloy system. The obtained structural vacan
densities increased as the order of the approximant incre
to the icosahedral QC. The positron motion in this alloy s
02420
n

al
-
-

cy
in

ed
-

tem was also investigated. We presented the ave
positron-diffusion length, average positron-diffusion leng
in matrix, average positron-diffusion coefficient, and po
tron mobility in this alloy system including icosahedral Q
These values show that the thermarized positrons in ma
are not easy to diffuse as the order of the approximant
creases. The annihilations in the bulk of a few percent
positrons are considered to be due to the difficulty to diffu
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