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LETTER TO THE EDITOR 

A positron annihilation study of crystalline, quasicrystalline 
and amorphous AI-Cu-T (T = Fe,V) alloys 

D W Lawther, G Beydaghyan and R A Dunlap 
Department of Physics, Dalhousie University, Halifax, Nova Scotia, Canada B3H 355 

Received 9 May 1990 

Abstract. Results of a Doppler broadening positron annihilation study on crys- 
talline, quasicrystalline and amorphous A1-Cu-T (T = Fe,V) alloys are presented. 
For the first time it is shown that a quasicrystal (AlasCu20Fel5) can be prepared 
with a positron trapping site concentration below the sensitivity of positron annihi- 
lation spectroscopy. The results and those of similar studies previously reported for 
quasicrystalline AI-Mn-Si and Al-Cu-Li are discussed in conjunction with possible 
stabibation mechanisms. 

The original diffraction studies [l] on metastable Al-based quasicrystals (Qc)  and later 
on the stable icosahedral (i) phase of Al,CuLi, [2] indicated that a certain amount of 
disorder may be inherent to QC. Recently, however, careful x-ray analyses [3] on a new 
class of QC in Al-Cu-transition metal (T) alloys have indicated that phason disorder 
can be eliminated from the i phase for two of its members: AI-Cu-T (T = Fe,Ru). 

To date, positron annihilation spectroscopy (PAS) studies on QC [4-61 have been 
limited to  Al-Mn-Si [4-61 and Al-Cu-Li [5] alloys. Doppler broadening and lifetime 
measurements on i-Al-Mn-Si [4-61 and i-Al-Cu-Li [5] reveal the existence of positron 
trapping site (PTS) concentrations intermediate to related (i.e. in terms of stoichiom 
etry) crystalline and amorphous phases. Lifetime measurements [5,6] indicate that 
such PTS correspond principally to small vacancy clusters which tend to migrate and 
annihilate upon low-temperature annealing. This is generally associated with dis- 
locations which are synonymous with phason disorder. The observed persistence of 
such disorder (e.g. slightly elevated Doppler broadening L and S parameter values for 
the i phase relative to the associated crystalline phase [4,5]) is consistent with the 
suggestion that disorder may be inherent to i-Al-Mn-Si and i-Al-Cu-Li. 

In the light of the above, however, this may not be the case for the AI-Cu-T class 
of QC. In this work, we address this point by presenting the first Doppler broadening 
PAS study on A1-Cu-T (T = Fe,V) alloys. 

All samples were prepared by first arc melting high-purity elemental components 
under an atmosphere of argon. Amorphous (a) Al,,Cu,,V,, and i-Al,,Cu,,Fe,, were 
prepared by rapid quenching onto the surface of a single Cu roller [7]. Alternatively, 
well ordered i-A1,,CuzOFe,, was produced by annealing the as-cast ingot [8]. The i 
phase in A1,,Cu1,V,, was prepared by annealing the amorphous precursor at  693 K 
for one hour under argon. Single-phase crystalline (c) A170CuzoFelo was prepared by 
annealing the as-cast ingot under argon for 50 h at  1118 K. 
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X-ray diffraction analysis of the samples was carried out on a Siemens D500 diffrac- 
tometer using Cu Ka radiation. 

Positron sources were prepared via the 6 3 C ~ ( n , y ) 6 4 C ~  reaction by in situ irra- 
diation of natural Cu using a thermal neutron flux of 5 x lo1' cm-2 s-'. Before 
irradiation, the samples were ground into particles a few pm in diameter and enclosed 
in a thin plastic container. In all cases, samples with a mass of -260 mg were used. 
The irradiation times were approximately 20 minutes and resulted in an initial activity 
-60 pCi from the decay of 64Cu. Before each experiment, the samples were allowed to 
cool for several hours so that short-lived activity could die down. A Princeton Gamma 
Tech planar intrinsic Ge detector with an energy resolution at the annihilation energy 
of - 1.2 keV was used. Further details concerning the experimental apparatus can 
be found elsewhere [4,9]. For each sample, data were taken over a period of about 
one day. However, individual runs were limited to one hour due to (i) the relatively 
short half life of 64Cu ( t l I 2  = 12.7 h), and (ii) the sensitivity of the instrumentation 
to variations in the count rate. 

X-ray analysis before and after irradiation of the samples verified the existence of 
the desired phase in each sample. No deterioration of the x-ray lines was observed 
due to  the irradiation process. Except for the annealed i-A1,,Cu2,Fel,, all samples 
were found to be single phased. In the case of i-A1,,Cu2,Fel,, precipitation of a 
small quantity of monoclinic A1,Fe was observed and is consistent with the results of 
Calvayrac et a1 [3]. However, Doppler broadening PAS should be insensitive to this 
because the amount of impurity phase was small. 

For each experiment, the resulting annihilation spectra were stripped of their back- 
ground and characterised by the usual lineshape parameters as follows, 

and 

S =  I,(J"E)dE)-' 

where N(E)  is the number of counts as a function of energy. I, is taken to be an 
area around the annihilation peak and IC is the sum of two areas taken symmetrically 
on either side of the annihilation peak. Representative L and S values are given in 
table 1. Figures 1 and 2 show the dependence of these parameters on electronic dead 
time (D) (i.e. a quantity proportional to the count rate). 

Table 1. Results of least-squares fits to expression (3) as described in the text. Note 
that the values for the L and S parameters at D = 0 correspond to the values of A. 
(an) and (as-q) stand for annealed and as-quenched, respectively. 

L S 

Sample A (fO.01) E (xlO-')  A (fO.OO1) E ( X ~ O - ~ )  
~ 

* A ~ T ~ C U I ~ V ~ O  4.51 -1.5 0.295 -6.0 
i-Al75Cul~V10 4.35 -1.2 0.292 -5.3 
i-AbsCuzoFel5 (an) 3.96 -1.0 0.281 -4.8 
i-AbsCuzoFe15 (as-q) 3.95 -1.1 0.281 -5.4 
c-Al7oCuzo Fe10 3.96 -1.1 0.280 -5.3 



Let t e r  t o  the Editor 6241 

D ( % I  
Figure 1. Plotsofthe Lparametervaluesas afunction of D for: ( V )  a-Al75CulsVlo; 
(4) i-Al75Cu1sVlo; (0 )  annealed i-AlssCuzoFeis; (A) as-quenched i-AlssCuzoFeis; 
and (H) c-Al70CuzoFelo. Also included are the fitted curves to expression (3) given 
in the text. 
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Figure 2. Plots of the S parameter values as afunction of D for: (V )  a-Al75Cul5Vlo; 
(4) i-Al75Cu15V10; (0)  annealed i-AlssCuzoFel5; (A) as-quenched i-Al~jsCuzoFeis; 
and (W)  c-Al.roCu20Felo. Also included are the fitted curves to expression (3) given 
in the text. 

For high D, there is a significant occurrence of pulse pile-up which tends to  distort 
the annihilation peak resulting in a lowering of the L and S values. It is this distortion 
which disallows the summation of adjacent one-hour runs as a means of improving the 
statistics of the spectra. The values presented in table 1 correspond to extrapolations 
of the data to zero per cent D using a least-squares fit to a second-order polynomial 
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of the form: 

F(D)  = A + B(D)'. (3) 

F(D) is a generalised lineshape parameter (corresponding to either L or S )  and D is 
measured as a percentage. 

The insistence that the fit to F ( D )  does not include a term linear in D is based 
upon the physical requirement that limD,,[dF(D)/dD] = 0. The validity of such an 
assumption has been verified via a systematic study of the pile-up effects using a 30 pCi 
22Na salt solution. By varying the source to detector distance, the corresponding 
F,,(D) was determined for 0 < D < 50%. Fitting of F,,(D) to a second-order 
polynomial revealed that the term linear in D was negligible. That is, neither the 
D = 0 extrapolation nor the x 2  values were significantly altered when a subsequent 
fit to expression (3) was performed. This also applies for the data collected from the 
five samples studied here. 

In a simple two-state trapping model [lo], the lineshape parameters comprise com- 
ponents corresponding to annihilations within PTS, Ft , and bulk states, Fb, respec- 
tively. This can be expressed in the form, 

F = PFt + ( I  - P)Fb (4) 

where F G F(D = 0) and P is the relative probability that a positron will annihilate 
from a PTS. 

Since all five samples have very similar compositions, it is not expected that Fb 
would vary significantly from sample to sample. Furthermore, the DB lineshape pa- 
rameters are not particularly sensitive to the type of PTS formed. Thus Ft will not 
vary significantly either. Hence the variability of F from sample to sample will be 
principally associated with differences in P which are, in turn, related to differences 
in the concentration of PTS, An, since [ll] 

n = K / p  = P x b / b (  1 - P ) ]  (5) 

where is the positron annihilation rate in the bulk states, I\' is the trapping rate 
and p is the trapping rate per PTS. Thus the observed variances in F are a direct 
indication of the relative concentration of PTS. 

Although it is difficult to place much significance on the individual L and S val- 
ues given in table 1 (unfolding of the energy resolution of the detector from the data 
has not been performed) their differences do reflect the variances in annihilation be- 
haviour. Of particular note is the inability of Doppler broadening PAS to detect differ- 
ences in the annihilation behaviour among the as-quenched i-A1,,Cu,,Fe1, , annealed 
i-A1,,Cu,,Fe1, and c-A~,,C~,,F~,, samples. On the other hand, the a-A17,Cul,V,, 
and i-Al,Cu,,Vl, samples are uniquely characterised. 

It is not expected that the two i-A165c~20Fe15 would possess equal PTS concen- 
trations due to the high probability for quenched-in disorder to result from rapid 
solidification [5,6]. However, the observed behaviour is justified in the light of the 
equivalence of these L and S values with those for the c-Al,oCu2,Fel, sample. This 
indicates that all three Al-Cu-Fe samples possess PTS concentrations at  or below the 
minimum value (10-7 for which PAS is sensitive [12]. The PTS concentration for i- 
Al,,Cu,,V,,, on the other hand, is significantly higher and is intermediate to those 
for the c-Al-Cu-Fe and a-Al-Cu-V samples. 
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According to  Janot and ceworkers [13], the structures of QC are best described 
in terms of the projection of a decorated six-dimensional (6D) periodic lattice, 6(r6) * 
A31(r1), onto the 3D physical space, R3II. 6 repesents the familiar Dirac delta function 
and r6  the set of 6D vectors defining the lattice. The so-called acceptance function, 
A31(r1), is associated with the orthogonal 3D space and its convolution with the 
6D lattice defines the decoration. The projection onto an irrationally oriented RBll 
leads to  quasi-lattice site occupation probabilities that are distributed (from unity) in 
accordance with the exact form of A31(r1) (i.e. the 6D lattice decoration). 

The results presented in this work on the i-Al-Cu-Fe and i-Al-Cu-V alloys indicate 
that the relative probability for the formation of atomic site vacancies, even within a 
specific class of i phase, can be intrinsically different. Presumably this implies that 
A31(rl) is sensitive to  the composition of the alloys. This could arise from such factors 
as atomic size (pair distances) and incompatible bond angles which would require the 
imposition of a composition-specific ‘chemical modulation’ in order to induce stability 
of the i phase (see, for example, [14]). 

In the particular case of i-Al-Cu-Fe and i-Al-Cu-V, the reason for the observed 
difference in defect structure is by no means well understood. However, the expected 
similarity in chemical behaviour of Fe and V probably rules out incompatibility of 
bond angles as a principal contributor. On the other hand, there is considerable ex- 
perimental evidence [15] to  suggest that the ‘in-bulk’ size of the V atoms compared 
with that of the Fe atoms in similar i phase environments is larger. A further consid- 
eration of this with respect to  possible de-stabilisation and defect enhancement of the 
i phase is warranted. 

Furthermore, the suggestion that a Hume-Rothery stabilisation mechanism exists 
in QC [16] could influence i phase behaviour and hence be of relevance here. The 
principal motivation for such a suggestion comes from (i) observed correlations between 
the i phase Fermi surface and strong diffraction peaks [17], and (ii) density of states 
(DOS) calculations based upon specific heat measurements [18]. In the former case, 
direct calculation of the conduction electron concentration was restricted to  QC not 
possessing elements with unfilled d orbital configurations. For i-Al-Cu-Fe and i-Al- 
Cu-V, the valencies of V and Fe are not known. Hence, such experimental evidence for 
the applicability of a Hume-Rothery stabilisation mechanism in i-Al-Cu-T (T = Fe,V) 
is indirect. From specific heat measurements, a direct correlation has been observed 
between the occurrence of a low DOS at the Fermi surface and the existence of a 
thermodynamically stable i phase in Al-Cu-Li, Al-Cu-Fe and Ga-Mg-Zn alloys. By 
comparison, similar measurements in metastable i-Al-Cu-V, i-Al-Cu-Mg and i-Al- 
Mg-Zn alloys reveal DOS near their expected free electron values. 

The implication of a Hume-Rothery stabilisation mechanism to defect behaviour 
is illustrated by substitutional experiments in many binary alloys (e.g. y-Al-Cu [19]). 
In such cases, even though a systematic increase in the average electron concentration 
per atom becomes incompatible with the Hume-Rothery stabilisation mechanism, sta- 
bility is preserved by the inclusion of vacancies which maintains the average electron 
concentration per unit cell at the appropriate value. 

This is a possible explanation for the high PTS concentration observed for the 
i-Al-Cu-V alloy compared with the i-Al-Cu-Fe alloy. However, questions remain 
unanswered. For example, why is it that the inclusion of vacancies in the i-Al-Mn-Si 
and i-Al-Cu-V alloys is unsuccessful in producing a thermodynamically stable QC 
whereas it is successful in the i-Al-Cu-Li alloy? We are currently conducting PAS 
experiments on other QC in order to  gain more insight into the relationship between 
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stability and vacancy formation. 
Doppler broadening positron annihilation spectroscopy on AI-Cu-T (T = Fe,V) 

alloys indicates that vacancy cluster formation is not an intrinsic property of all 
quasicrystals. The positron trapping site concentration in icosahedral A165C~20Fe15 
is found to be at or below and, as such, is comparable with that found in well 
ordered crystalline samples. Conversely, icosahedral A17,Cu,5V,o is similar to pre- 
viously investigated quasicrystals in the sense that it possesses a positron trapping 
site concentration intermediate to crystalline and amorphous phases. It has been ar- 
gued that, at least in part, the appearance of vacancies in quasicrystals is linked to a 
Hume-Rothery stabilisation mechanism. 

The authors wish to thank Dr V Srinivas for his assistance in sample preparation. 
This work wa8 supported in part by grants from the Natural Sciences and Engineering 
Research Council of Canada (NSERC). One of the authors (DWL) wishes to thank 
NSERC and the Walter C Sumner foundation for their financial support. 

References 

Shechtman D, Blech I, Gratias D and Cahn J W 1984 Phys. Rev. Leti. 53 1951 
Heiney P A, Bancel P A, Horn P M, Jordan J L, LaPlaca S, Angilello J and Gayle F W 1987 

Bancel P A 1989 Phys. Rev. Lett. 6 3  2741 
Guryan C A, Goldman A I, Stephens P W, Hiraga K, Tsai A P, Inoue A and Masumoto T 1989 

Science 2 3 8  660 

Phys. Rev. Lett. 6 2  2409 
Hiraga K, Zang B-P, Hirabayashi M, Inoue A and Masumoto T 1988 Japan. J .  Appl. Phys. 27 

L951 
Calvayrac Y, Quivy A, Bessikre M, Lefebvre S, Cornier-Quiquandon M and Gratias D 1990 J. 

Dunlap R A, Lawther D W and March R H 1987 J.  Phys. F: Met. Phys. 17 L39 
Sanyal M K, Nambiasan P M G, Chidambaram R and Sen P 1989 J.  Phya.: Condens. Matter 

Chidambaram R, Sanyal M K, Nambissan P M G and Sen P 1990 J.  Phya.: Condens. Matter 

Kizuka T, Kanazawa I, Sakurai Y, Nanao S, Murakami H and Iwashita T 1989 Phys. Rev. B 

Dunlap R A, Stroink G, Dini K and Jones D F 1986 J.  Phys. F: Met. Phys. 16 1247 
Tsai A P, Inoue A and Masumoto T 1987 Japan. J. Appl. Phya. 26 L1505 
Dunlap R A, Putnan  A M and Vardy D S 1988 Can. J. Phya. 66 476 
Siege1 R W 1980 Ann. Rev. Mater, Sci. 10 393 
Brandt W 1967 Positron Annihilaiion ed A T Stewart and L 0 Roelling (New York: Academic) 

Schultz P J and Lynn K G 1988 Rev. Mod. Phys. 60 701 
Janot C and Dubois J M 1988 J.  Non-Crysi. Solids 106 193 
Janot C, de Boissieu M, Dubois J M and Pannetier J 1989 J.  Phys.: Condens. Matter 1 1029 
Janssen T 1986 Acta Crystallogr. A 42 261 
Dunlap R A and Dini K 1986 J. Phys. F: Met. Phys. 16 11 
Lawther D W, Dunlap R A and Sri&= V 1989 Can. J .  Phys. 67 463 
Hum-Fbthery W and Raynor G V 1962 The Structure of Metals 4th edn (London: Institute 

Pearson W B 1972 The Crystal Chemistry and Physics of Metals and Alloys (New York: Wiley) 

Vaks V G, Kamyshenko V V and Samolyak G D 1988 Phys. Lett. 132A 131 
Wagner J L, Biggs B D, Wong K M and Poon S J 1988 Phya. Rev. B 3 8  7436 
Wagner J L, Wong K M and Poon S J 1989 Phys. Rev. B 39 8091 
Betterton J 0 and Hume-Fbthery W 1952 J.  Inst. Met. 8 0  459 

Physique 51 417 

13733 

2 251; 1990 Bull. Am. Phys. Soc. 3 5  331 

40 796 

p 155 

of Metals) 

c h 4  


