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Positron-annihilation studies of stable Al-based icosahedral quasicrystals
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The positron-annihilation lifetime spectra in the Al-Pd-Re alloy system, the positron-annihilation Doppler-
broadening spectra by slow variable monoenergetic positron beamy,jaPA, sRe; g¢ and Al by Mng »
alloys, and positron-annihilation lifetime spectra by slow positron beam jpJRt,, Mng , were measured.
These measurements indicate that every sample contains a dense distribution of structural vacancy-type sites.
This result is consistent with our previous expectation of the relationship between the presence of vacant
centers in clusters and the stability of icosahedral quasicrystals. Furthermore, the structural vacancy densities
in icosahedral quasicrystals of AP dy; sRe; gsand Ak, Pdbo Mng , have been estimated to be X.70?° and
5.0x 10?°cm 3, respectively[S0163-182609)08109-4

INTRODUCTION coordinating the atom clusters with vacant centers quasiperi-
odically. Positron-annihilation measurement is the most
Recently, many proposals have been reported for apowerful method for detecting such vacancy-type sites in the
atomic cluster model of Al-based quasicryste€@C's), e.g.,, icosahedral QC alloys and the amorphous alloys because
icosahedral Al-Cu-Fé,icosahedral Al-Li-Clf, icosahedral their detection is independent of the structural periodicity
Al-Pd-Mn2* etc., by single-crystal x-ray-diffraction analy- unlike the diffraction method. We have discussed experi-
sis, single-crystal neutron-diffraction analysis, and high-mentally the relationship between the existence of vacancy
resolution transmission electron microscopy and so on. Howeenters of atomic clusters in QC’s and their thermal stability
ever, a unified view of the structure has not yet beerthrough the positron-annihilation experimehtsnd our
obtained because of insufficiency of quantitative experimenmeasurements are consistent with the picture by Kimura
tal data with unsatisfactorR factors. The purpose of the etal'? Actually, in all the stable samples, positron-
present study is to obtain some structural information abou&nnihilation measurements detect structural vacancies sensi-
structural vacancies, and to give complementary informatioiively as mentioned abov&’~* On the other hand, in the
to x-ray analysis in icosahedral QC’s. case of metastable icosahedral QC, the positron-annihilation
We have already indicated by positron-annihilation mea-measurement$ suggested that centers of Mackay icosahe-
surements that many kinds of stable icosahedral QC’s cordron in Al-Mn-Si and Al-Mn-Si-Ru QC'’s are occupied with
tain a dense distribution of structural vacancy-type sitegitoms such as manganese.
without exception since the early work by Kanazawa and In this study, we report positron-annihilation lifetime
co-workers™ ™ For instance, in icosahedral Al-Li-Cu, measurements for icosahedral Al-Pd-Re alloys with widely
Al-Pd-Mn 1211 Al.Cu-Fe? and Al-Cu-Ru(Ref. 9 QC’s, it  different electrical resistivities, Doppler-broadening mea-
has been clarified that most positrons are trapped at intrinsigurements by slow variable monoenergetic positron beam for
structural vacancies. Especially, in the case of plastically deicosahedral Al Pt 3R€ 95  Al7p PhoMng,  and
formed Al-Pd-Mn (Ref. 10 alloys, no additional lifetime a-Algg3iMnyy 2:Sihp4s and positron-annihilation lifetime
component could be detected, because the structural vacanmeasurement by slow positron beam for;APd Mng o,
density is so high that the detection of an effect of disloca-and then discuss the relationship between the existence of
tions on the positron lifetime which is usually observed invacant centers of atomic clusters in QC’s and their thermal
crystalline metals is hindered. stability. Furthermore, by positron-annihilation Doppler-
Kimura et al? reported that 12 atoms icosahedra consistbroadening measurements by slow positron beam, the struc-
ing of Al atoms have a covalent bonding nature; that is, theural vacancy density has been estimated for icosahedral
guasicrystalline structure of Al-based QC's is stabilized byAl;q P, 3Re o5 and Al Pdhg Mng .
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EXPERIMENT TABLE 1. Positron lifetimes for the Al-Pd-Re alloy system.

. ) . . . Experimental uncertainty id 7=+ 3 ps.
Al-Pd-Re alloy ingots with various compositions having

various resistivities, selected from the phase diagram of Alnjjoy 7 (p9 7 (p9 I, (%)
Pd-Re system in the region of the quasicrystalline phase

found by Sawadat al.'® were prepared by arc melting the Al70Pt%1.3R€ .06 213 All trap
compressed raw material powder after uniformly mixed in anfl7sPhaRe 218 All trap
argon atmosphere. Then the ingots were annealed for 12 h AtraPtheRes 215 All trap
1213 K in vacuum after sealing them in quartz tube. Subse?!72Pt%hoRes 218 All trap
quently, the quartz tubes enclosing the ingots were quenchet|72P®:Rer 213 All trap

in WaFer- Al1 Pdho Mng ; and Aleg.sanz;.21S!10.4s(a-phaSQ
alloy ingots were produced by arc melting in an argon atmoy e by use of a solid-state detectqpure Ge. The total

sphere, and then annealed for 12 h at 1023 K andfo at o nts'in a spectrum corresponding to each incident positron
773 K, respectively. The qu_allty of the quasprystqlllne phaseenergy were 8.8 10%.

and thea phase were confirmed by x-ray-diffraction analy-  |n order to estimate the vacancy-type defects in the speci-
SIS. mens, theS parameter, which was determined by the ratio of

The positron-annihilation lifetime measurements in iCOSﬁThe central area over 10 channels to the total area of the
hedral Al-Pd-Re alloy system were carried out at room tempositron Doppler-broadening spectrum after subtracting the
perature. The positron sour¢é®Na activity about 5uSVv),  background, was used. Then, the experimental results were
sealed in a thin foil of Kapton, was mounted in a specimen-analyzed by applying the scaling methidd®
source-specimen sandwich. The positron-annihilation life-
time spectra were recorded with a fast-fast coincidence sys- RESULTS AND DISCUSSION
tem employing H2431Q photomultiplier by Hamamatsu and
1X1in? BaF, scintillators. The time resolution of this sys-  Table | shows the lifetimes of the quasicrystalline phase
tem was 230 ps full width at half maximutFWHM). For  Al70Pthi 3Re; 96 Al7sPdigRey, Al7PdigRe;, Al7,PdhRe;,
each spectrum at least XA0° annihilations were counted. and Ak,Pd,;Re; having orders-of-magnitude different resis-
The time resolution function was assumed to be composed divities. The positron-annihilation lifetime spectra of all the
two Gaussian functions. Using this time resolution function,samples are composed of a single component; a fit with a
the lifetime in the bulk of well-annealed pure Apurity  two-component spectrum has shown that the intensity of the
99.9999 wt % was measured as 182 ps. Eachy?/q was  Ssecond component is below about 1% with respect to the first
below 1.2. After subtracting the background positron-component. For all the samples an almost equal lifetime of
annihilation lifetime spectra were analyzed using215+3ps is observed irrespective of the sample resistivity.
POSITRONFIT The values of these lifetimes support that the annihilation

The positron-annihilation lifetime measurements by slowsite corresponds to the vacant site. Since the lifetime spectra
positron beam in icosahedral QC-AKPd, Mng , were car-  are composed of a single component, it is thought that most
ried out at room temperature by use of the positron pulsinghermalized positrons are trapped at vacant sites.
system with an intense slow positron beam generated by an We have measured the change of the positron-annihilation
electron linac in Electrotechnical LaboratofigTL) LINAC lifetime in icosahedral QC Al Pdyg Mng , by slow positron
facility. The lifetime spectra were obtained by measuring thébeam of variable energy. The raw data for the positron-
time interval between the timing signal derived e|ectrica||yannihi|ati0n lifetime spectra at various positron incident en-
from the pulsing system and the timing signal of an annihi-€rgies are shown in Fig. 1. These observed lifetime spectra
lation y ray detected with a BaFscintillation detector.

The detailed lifetime measurement system is describe 10"5 T T T T T 3
elsewherd® For each spectrum, at least %00° counts - ' : : : L]
were accumulated. The positron-annihilation lifetime spectre
were analyzed using theRESOLUTION’ routine®® with good
variance of the fits with a time resolution of about 290 ps
FWHM.

The slow variable monoenergetic positron beam for
Doppler-broadening measurements is composed &fN\Na
positron sourcéabout 5 mCj and a single W100) foil of 1
um thickness. The foil was annealed at 2273 K in a vacuun
of ~10 °Torr, and was attached in front of the source to
moderate the positrons. A fraction of these energetic posi
trons emitted from &?Na source is thermalized through a
variety of collision processes in a tungsten moderator and at 104_ §
re-emitted from this moderator as monoenergetic slow posi -
trons. The intensity of the slow positron beam is about 1.(
X 10%s. The incident positron energy is variable from 0 to
13 keV. The measurements of Doppler-broadening spectra FIG. 1. Positron-annihilation lifetime  spectra  for
by slow positron beam were carried out at the room temperaAl,; Pd, Mng, by slow positron beam.
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(%) 10 = ) positron-annihilation lifetime measureméehtsave already
8 u ] clarified that the center of Mackay icosahedron arAl-
I, j ] Mn-Si is empty. Considering the behavior of positron diffu-
) - ] sion in a-Al-Mn-Si, the most thermalized positrons are
trapped at the vacant site when entering within the region of

05 10 4.0 8.0 15keV a certain radius larger than the size of vacancies, which we
call the positron trapping radius. The positron trapping radius
in a-Algg 3MNyq »Siig4g has been determined by starting
from the structure proposed by Elser and Herffesccord-
ing to Elser and Henley, the-Al-Mn-Si crystal structure is
are well fitted with two or three lifetime components. Figure composed of a bcc packing of Mackay icosahedra with va-
2 shows the values of the lifetime of component fayr, cant centers, whose lattice constant is 12.68 A and the struc-
lifetime of component threes, lifetime of component two tural vacancy density is calculated at 8.80°°cm™3. So, we
75, and its intensityl, at positron incident energies 0.5, 1.0, have applied the scaling methdd®to the structure based
4.0, 8.0, and 15 keV. The observed lifetimg at 0.5, 1.0, on Elser-Henley model as known. In the process of diffusing
4.0, 8.0, and 15 keV and lifetimey at 0.5, 1.0, and 4.0 keV from bulk to surface, the positron mean diffusion length in
are in the range from 1 to 4 ns and in the range from 350 tar-Al g 3iMN,1 »:Si;p 45iS represented as a function of the pos-
450 ps, respectively. The lifetimes longer than 600 ps havéron trapping radius by calculating the probability which the
been generally accepted as resulting from annihilation ofhermalized positron diffuses without trapped at vacant sites.
ortho-positroniurf® (o-P9 trapped at a surface state, so theAs described previously, since the positron-annihilation life-
obtained lifetimer, is attributed to 0-Ps and the value of time spectrum ofa-Algg 3qMNyq »:Siig 45 IS composed of a
lifetime 73 corresponds to that of pickoff annihilation on the single component with a lifetime corresponding to the vacant
surface. The lifetimer, of main component at 1.0, 4.0, 8.0, center of Mackay icosahedron, the calculaSguhrameter for
and 15 keV is 2137 ps. It is considered that this compo- a-Algg 3iMNyq 5:Siig.ag iS written asS=SFs+ SyF4(Fs+Fy
nent corresponds to that of vacancy-type defects. It should be 1), whereS; and Sy are the value ofS parameter for
noted that the intensity, increases gradually and becomessurface and defect, respectively, andF4 are the annihila-
~97% at 8.0 and 15 keV. This means that most thermalizedion rate for surface and defect, respectively. In this way, the
positrons are trapped at the vacant site in the course of difpositron trapping radius im-Algg 3iMny4 2:Siig.4g is deter-
fusing to the surface at the positron incident energy of 8.(mined by fitting the calculate8-parameter data to the mea-
and 15 keV; in other words, the structural vacancy density irsured one.
icosahedral QC Al Pdg Mng , is so high that the thermal- Figure 3 shows the measurelparameter data for-
ized positrons cannot diffuse a long distance. As alreadyAlgg 3:MNnyq 2:Siigag It is seen that the values of the mea-
mentioned in QC Al-Pd-Mn most thermalized positrons aresuredS-parameter increase rapidly from 0 to 2 keV and is
trapped at vacant sitd.Hence, the result by the slow posi- saturated. The rapid increase from 0 to 2 keV reflects that the
tron beam is consistent with the results of the conventionapositron diffusion length ina-Algg 3iMNyq 2:Siig4g IS Very
positron-annihilation lifetime measurements. It is generallyshort. The solid line in Fig. 3 represents the fit®@@aram-
accepted that the lower limit for vacancy concentrations ireter, in which the positron trapping radius is taken to be 4 A.
metals to saturate the positron trapping is the order of We assume that the most thermalized positrons are
10 *.2! From this point of view, it is thought that the mag- trapped at vacant-center sites of Mackay icosahedra in icosa-
nitude of the structural vacancy density in icosahedral QChedral QC A}y P 3R€ g6 and Aky Pdby Mng, selec-
Al-Pd-Re and Al-Pd-Mn is larger than the order of 10 tively with the same positron trapping radius as the one
In order to discuss the structural vacancy density in icosain a-Algg 3iMNyq 2:Siigsg Namely we assume that the
hedral QC Al-Pd-Re and Al-Pd-Mn in detail, we have mea-trapping radius in icosahedral QC AlPd,; 3Re; o6 and
sured the positron-annihilation Doppler-broadening spectrél,; Pd,o Mng, is 4 A. Though we know that the icosahe-

FIG. 2. Positron-annihilation lifetimes and intensity for
Al7; Py Mng , by slow positron beam.
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dral QC Abo Pty 3RRer g6 and Al 1Pt Mng, have the
structure with Mackay icosahedron clusters being arrange

quasiperiodically, the density of trapping sites for icosahe
dral QC Ak Pthy 3Re; 96 and Al 1P tho Mng , are deter-
mined by using the trapping radiug 4 A assuming to an
approximation that the structure of icosahedral

Al70Pth1 3R€ g6 and Al Ptho Mng 2 is composed of bee

packing of Mackay icosahedron with vacant centers by fit-
ting the calculatedS-parameter data to the measured one,

Figure 4 shows the measur&jparameter data for icosahe-
dral QC AkyPdi3Re g (closed circles and
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TABLE II. The structural vacancy densities for icosahedral QC
Al Ph13Re g5 Al71.PhoMNg, and a-Algg 3MNz1 21Sio.48
The value ofa-Algg 3Ny »:Siyg4g iS calculated from the Elser-
Henyley model(Ref. 22.

Alloy Structural vacancy densiticm™3)
I-Al 70 Ph1 3R€7 g6 7.7x 107
I-Al 71 Pho Mng 5 5.0x 10%°
a-Algg 3;MN1 :Si1g 48 9.8x 10%°

its resistivity is much higher than the one in icosahedral
QC’s Al-Pd-Mn. However, the conduction mechanism of
icosahedral QC’s Al-Pd-Re is not fully established. Kimura
et al1? suggested that the extremely low conductivity of Al-
based icosahedral QC'’s originates from the covalent bonding
ature of the 12-atom Al icosahedron occurring locally due
generation of vacancy at the center site of the icosahedron,

and that the 12-atom icosahedron can be stable under cova-

lent bonding. The present experimental results of the stable

CAI—based icosahedral QC's support strongly this picture.
Q Recently, Hiragaet al?® have discussed the atom cluster

arrangements in 1/1 cubic approximant phés\l-Pd-Mn-
Si) and 2/1 cubic approximant phagg-Al-Pd-Mn-Si), and
proposed the structure modelsBtype icosahedral QC Al-
Pd-Mn on the basis of the structure @fAl-Pd-Mn-Si and

B-Al-Pd-Mn-Si. The structure models of icosahedral QC Al-

Al71.8Ptho Mng > (Open circles It is seen that the values of py \n derived from these phases may reproduce well a dif-
the measured parameter for both samples show a similar 5 ction pattern of icosahedral QC Al-Pd-Mn, however, the
tendency, signifying a dense distribution of vacancy-typeqster model of icosahedral QC Al-Pd-Mn derived from the
sites. The solid and dashed lines in Fig. 4 represent the ﬁtte&ructure ofa-Al-Pd-Mn, which has no vacant sites, is obvi-
S parameter for icosahedral QC 4Pt sRe 95 and o gy contradictory to our present conclusion. We propose
Al71. o Mng 5 respectively. From the fiting to the mea- ot "any structure modeling of QC Al-Pd-Mn or Al-Pd-Re
suredsS parameter, the lattice constants for icosahedral Qhoyid “consider the presence of structural vacancies of

Al70 Pty 3RE g6 aNd Al Pho Mng, are determined as 5_gx 1(?°cm~2 (concentration of about 196
13.75 and 15.85 A, respectively. The structural vacancy

densities for icosahedral QC AP 3Re 96 and

Al;, Pdyy Mng , are then calculated by using the above lat-
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