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Positron-Annihilation Study of Icosahedral AlPdMn Alloys
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We measured the positron-annihilation lifetime in Al71.4Pd20.2Mn8.4, Al71.9Pd19.7Mn8.4, Al70.2Pd20.3Mn9.5,
and Al69.1Pd21.5Mn9.4 polyquasicrystalline icosahedral quasicrystals. As-grown and plastically defor
single quasicrystals of Al70.6Pd21.1Mn8.3 were also studied. In every sample the lifetime spectru
consists of a single component with the lifetime of206 6 4 ps. The results indicate that icosahedr
quasicrystalline AlPdMn contains a dense distribution of vacancy-type sites. These trapping sites
to remain unaltered during plastic deformation at high temperature. [S0031-9007(97)04002-7]

PACS numbers: 61.44.Br, 61.72.Ji, 61.72.Lk, 62.20.Fe
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Up to now the general structure of quasicrystalline m
terials appears to be well understood. Structure deter
nations by scattering methods, electron microscopy,
scanning tunneling microscopy reveal large clusters as
basic structural elements within ternary (mostly thermod
namically stable) icosahedral systems like AlMnSi [1–3
AlLiCu [4], AlCuFe [5], and AlPdMn [6–9].

However, it is still difficult to confirm certain details
of the structure. One example is the question of whet
the centers of the clusters are occupied or remain em
These cluster centers may be important for some phys
properties such as the electronic states and ther
stability of quasicrystals [10]. Thus the investigation
vacant centers of clusters in quasicrystals is of gr
importance.

Positron annihilation measurements (PAMs) alrea
proved to be well suited for such kind of investigation
due to their high sensitivity to structural vacancies [1
Recent PAMs [12–14] suggested that the volume of
vacant center of the Mackay icosahedron in AlMnSi a
AlMnSiRu quasicrystals is much reduced or those cent
are occupied with atoms such as manganese.

In the case of icosahedral AlLiCu quasicrystals it h
been clarified that there exists a high density of t
triacontahedral clusters with a vacant center as in
cubic R phase (a related crystalline phase) [15]. F
AlCuFe quasicrystals Lawther and Dunlap [16] ha
recently shown by means of PAM that most positro
are trapped at intrinsic structural vacancies such as va
cluster centers surrounded by Al atoms in icosahed
coordination.

The stable icosahedral phase of very good structu
quality in AlPdMn alloys discovered by Tsaiet al. [17] is
0031-9007y97y79(12)y2269(4)$10.00
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recognized to be one of the typicalF-type quasicrystals
of which the structure can be described in terms of
face-centered six-dimensional hypercubic lattice. Up
now it is the only known system where by convention
solidification it is possible to obtain centimeter-size
single quasicrystals. Such material in turn can be us
for a number of experiments in order to explore intrins
physical properties of quasicrystals like their plasticit
Concerning the plasticity it has been shown that
dislocation mechanism underlies the deformation proce
at high temperatures [18].

Dislocations introduced in crystals by plastic deforma
tion are also known to act as trapping sites for positro
[19]. So far plastically deformed quasicrystals have n
been subjected to PAMs.

Alloy ingots of the average chemical compositions o
Al 802xPd20Mnx (x  8, 9, and 10) and Al71.5Pd20.3Mn8.2

were prepared by arc melting in an argon atmosphe
and then annealed for 12 hours at 1023 K in vacuu
s2 3 1026 Torrd in order to obtain equilibrium states
These four chemical compositions were selected from t
phase diagram of the AlPdMn system in the region
the quasicrystalline phase [20]. For quality evaluation w
performed x-ray diffraction measurements.

A single quasicrystal with the composition o
Al 70.6Pd21.1Mn8.3 was grown by the Czochralski techniqu
from an Al73.2Pd20.2Mn6.6 melt (details will be published
elsewhere [21]). The single quasicrystal was cut in
rectangular specimens of about3 3 5 3 7 mm3 in
size. All surfaces were carefully ground and polishe
Deformation was done under compression along the lo
sample axis oriented parallel to a twofold direction of th
quasicrystal. Experiments were carried out in vacuum
© 1997 The American Physical Society 2269
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a crosshead speed of 0.005 mmymin resulting in an initial
strain rate of Ùe  1.2 3 1025 s21. Three compression
specimens, B, C, and D, were prepared: B was deform
by 0.2% at 1023 K, C by 21% at 1073 K, and D by 22
at 1023 K.

For the PAMs all samples were sliced into plates with
thickness of 0.5 mm. The positron source [22NaCl, ac-
tivity about 5mSv (microsievert)], sealed in a thin foi
of kapton, was mounted in a specimen-source-specim
sandwich. The positron-annihilation lifetime spectra we
recorded with a fast-fast coincidence system employ
H2431Q photomultiplier by Hamamatsu and1 3 1 in2

BaF2 scintillators. The time resolution of this system w
230 ps full width at half maximum. For each spectrum
least1.0 3 106 annihilations were counted. All measure
ments were carried out at room temperature. The tim
resolution function was assumed to be composed of
Gaussian functions. Using this time-resolution functio
the lifetime in the bulk of well-annealed pure Al (purit
99.9999 wt %) was measured as165 6 2 ps. Eachx2yq
was below 1.2.

After subtracting the background positron-annihilatio
lifetime spectra were analyzed usingPOSITRONFIT[22].

Close inspection of the x-ray powder diffractogram
revealed that all polyquasicrystalline specimens poss
quasiperiodic structure with icosahedral symmetry.

The chemical compositions of the AlPdMn alloy
were determined by electron probe x-ray microanaly
(EPMA). The analysis was carried out with an automa
EPMA (model JXA-733) connected to a computer pe
forming a standard correction by the ZAF (Z: atom
number correction, A: absorption correction, F: fluore
cence correction) method [23]. For each specimen
measurements were used to calculate an average valu
the chemical composition. The obtained average co
positions for the four polyquasicrystalline specimens a
Al 71.4Pd20.2Mn8.4, Al71.9Pd19.7Mn8.4, Al70.2Pd20.3Mn9.5, and
Al 69.1Pd21.5Mn9.4. The mean deviation from the averag
value was typically less than 1.0 at. %.

The single quasicrystal has the composition Al70.6Pd21.1-
Mn8.3. It is icosahedral single-phase material of hig
structural quality [21].
es,

2270
TABLE I. Positron lifetime for polyquasicrystalline samples, single-quasicrystalline sampl
and deformed single-quasicrystalline samples. Experimental uncertainty isDt  64 psec.

Sample Lifetime (psec)

Poly-Al71.4Pd20.2Mn8.4 210
Poly-Al71.9Pd19.7Mn8.4 210
Poly-Al70.2Pd20.3Mn9.5 206
Poly-Al69.1Pd21.5Mn9.4 211
Single-Al70.6Pd21.1Mn8.3 (as-grown) 202
Single-Al70.6Pd21.1Mn8.3 (deformed by 0.2% at 1023 K) 205
Single-Al70.6Pd21.1Mn8.3 (deformed by 21% at 1073 K) 202
Single-Al70.6Pd21.1Mn8.3 (deformed by 22% at 1023 K) 200
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Table I shows the lifetimes of the polyquasicrystallin
quasicrystals as well as those of as-grown and d
formed single-quasicrystalline specimens. The positro
annihilation lifetime spectra of all samples are compos
of a single component; a fit with a two-componen
spectrum has shown that the intensity of the seco
component which was found to be below about 1% wi
respect to the first component. For all specimens an eq
lifetime of 206 6 4 ps is observed.A priori this might
seem surprising since specimens different in compositio
structural quality, grain size, and deformation state we
investigated. However, this can be understood in the w
that the positrons are trapped at structural defects wh
are intrinsically common to all specimens.

First of all, the average lifetime calculated with re
spect to the composition from the positron lifetimes o
the constituent elements (tAl  165 ps, tPd  103 ps,
tMn  103 ps [24]) is 146 ps for Al70Pd20Mn10 (all other
samples yield similar values), which is significantly lowe
than the observed lifetime. Therefore, it is unlikely tha
the positrons are annihilated during their diffusive motio
in the alloy matrix. They are rather annihilated after b
ing trapped at defect sites. As stated in the introductio
the structural analysis reveals clusters of icosahedral sy
metry formed by Al atoms which may possess vacant ce
ters. Therefore, those Al clusters, intrinsic entities of th
structure, most likely serve as the positron trapping site

Besides its sensitivity to vacancies, PAMs can als
be used to detect dislocations [19]. Therefore, we pe
formed for the first time PAMs on deformed AlPdMn
quasicrystals. For this material, it has been shown th
for the described experimental conditions, deformation
20% strain leads to a dislocation density of108 109 cm22

[25]. An example of the electron micrograph showing
typical dislocation structure in specimen C is present
in Fig. 1. We note that in as-grown single quasicryst
dislocation was rarely observed in the area of Fig. 1.
crystalline metals, a dislocation density of the order
108 cm22 is generally the minimum detectable limit [26]
Though reaching this limit with the present samples, n
additional lifetime component could be detected. The
are two possible reasons for this observation.
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FIG. 1. Electron micrograph taken for deformed sing
quasicrystal of specimen C.

At first, the density of the trapping sites present in u
deformed samples has to be orders of magnitude hig
than the density of trapping sites produced by dislocatio
which are expected to cause a second lifetime compon
If the intrinsic structural defects are the vacant cent
of the icosahedral clusters, this is explained as follow
Since the icosahedral clusters are present in the ico
hedral phase at spatial intervals oft3aq [aq  4.8 Å is
the quasilattice constant,t  s1 1

p
5 dy2, in this case

being the golden mean] the density of the icosahed
clusters is about1yst3aqd3 ø 1 3 1020 cm23. On the
other hand, assuming that for every atomic distance al
the dislocation line one trapping site is typically pro
vided the density of trapping sites due to dislocatio
rdya (rd: dislocation density,a: atomic distanceø 3 Å),
which yields 3 3 1016 cm23 for rd  109 cm22. This
is 4 orders of magnitude lower than the former dens
Thus, if the second component exists, it is far below t
detectable limit.

Second, the result indicates that the plastic deforma
did not destroy the trapping centers of the structu
defects to an extent that a change in the positron lifeti
could be induced. Usually the density of trapping sit
of the order of1017 cm23 is large enough for all the
injected positrons to be trapped. Taking into accou
the estimated density of vacant clusters the experime
conditions already have been far above the satura
limit. In other words, to affect the positron lifetime b
plastic deformation 99.9% of the structural defects ha
to be destroyed. Even if structural defects are destro
by plastic deformation, 20% deformation appears to
insufficient to destroy the structural defects to such a h
percentage. Further, this is in agreement with recent h
temperature deformation studies which indicated that
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icosahedral clusters act as strong obstacles to disloca
glide [9]. Hence the glide of dislocations is expected
happen preferentially in between the arrays of the clust
without significant destruction of them.

In conclusion, the present results indicate that the
exists a high density of vacancy type structural defects
AlPdMn icosahedral quasicrystal. The presence of a h
density of structural defects hinders detection of an eff
of dislocations on the positron lifetime which is usual
observed in crystalline metals.
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