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Abstract
Formation of thermal vacancies in icosahedral Zn65Mg25Er10 quasicrystals has
been specifically studied from room temperature to about 720 K by
positron annihilation spectroscopy employing two-detector coincident Doppler
broadening techniques. Significant vacancy formation was observed
for temperatures higher than 0.6Tm. An apparent vacancy formation
enthalpy of 1.2 eV was determined. The results are discussed in comparison
with high temperature vacancy processes in quasicrystals as well as in other
complex solids.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Quasicrystals are well ordered complex solids with an aperiodic lattice structure. The first
quasicrystal discovered in 1984 by Shechtman et al [1] belongs to a group of mostly Al based
icosahedral alloys such as AlLiCu, AlPdMn, AlCuFe and AlMgZn. In 1993 a Zn based
icosahedral quasicrystal was found in the Zn–Mg–RE (RE = rare earth) alloy system [2]. The
structures and properties of these ZnMgRE quasicrystals have been extensively investigated
[3–6], because ZnMgRE quasicrystals with a 10–11 at.% rare earth metal content belong to the
group of most perfect thermodynamically stable icosahedral quasicrystals. Their structures
are considered to be of the Frank–Kasper type [7], which is characterized by an electron per
atom ratio of e/a = 2.1.

Similar to those in periodic solids, lattice vacancies in quasicrystals play a decisive role
in atomic processes which determine atomic diffusion, plastic deformation or structural phase
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transformations. For the study of vacancies in quasicrystals, positron annihilation techniques
have been proved to provide specific information on atomic vacancies in quasicrystals at both
ambient [8] and high temperatures [9]. The results confirmed a dense distribution of structural
vacancies (of the order of 10−3) [8–11], which could not be removed even by long term
annealing [12]. Thermally formed vacancies were observed in AlPdMn quasicrystal by two-
detector coincident Doppler broadening spectroscopy of the electron–positron annihilation
photons [9, 13].

The aim of this work is to study the formation of thermal vacancies in the icosahedral
ZnMgEr quasicrystal by in situ high temperature coincident Doppler broadening measurements
of the positron–electron annihilation radiation.

2. Experiment

Single-grain Zn65Mg25Er10 quasicrystal was grown from the melt by the liquid encapsulated
top seeded solution growth method [14]. From this single-grain quasicrystal, a cylindrical
barrel, with an outer diameter of 5 mm, inner diameter of 2 mm and height of 6 mm, was
prepared for the high temperature positron annihilation experiments. A 58CoCl3 positron
source in solution was deposited into the hole of the barrel, reduced and diffused during high
temperature annealing in hydrogen. With a subsequent tight covering by a cap of the same
material, the ZnMgEr specimen was sealed in the quartz tube ( p ∼ 10−3 Pa).

By means of two high resolution Ge detectors, coincident Doppler broadening
measurements of the positron–electron annihilation γ spectra up to high momenta of the
chemically characteristic core electrons were carried out at varied temperature by measuring
the two annihilation photons with the energies E1 and E2 in coincidence. The high peak-to-
background ratio (>5×105) was achieved by diagonal cuts of the E1−E2 Doppler spectra along
the E1 + E2 = 1022 ± 1.5 keV energy line. Each of these spectra contains more than 2 × 107

coincidence counts, achieving good statistics in the core electron region above �E = 5 keV,
which corresponds to PL � 20 × 10−3m0c for the core electron momenta. To emphasize the
high momentum tails, the Doppler broadening spectra measured for ZnMgEr, Zn and Mg were
normalized to the smoothed Zn spectrum so that the Zn spectrum is represented by a straight
horizontal line.

3. Results and discussion

Three runs of positron annihilation measurements: heating, heating after quenching and slow
cooling were carried out on a Zn65Mg25Er10 quasicrystal sample in the temperature range from
room temperature to 720 K.

The temperature variation of the S parameter during heating and cooling the specimen is
plotted in figure 1. The S parameter, which provides a measure of the annihilation fraction with
valence electrons, was determined by the ratio of the central area over [−2.5, +2.5] (10−3m0c)
to the total area of the Doppler broadening spectrum after subtracting the background. Here,
m0 denotes the electron mass and c the velocity of light. The S parameter increases with
temperature from about 0.49 at 293 K to 0.51 at 700 K, indicating an enhancement of the open
volume in the ZnMgEr quasicrystal at high temperature. It should be noted that the S parameter
of ZnMgEr quasicrystal is quite large in comparison with previous results [15] for ZnMgHo
(∼0.22) and AlPdMn (∼0.23). This is due to the different calculation methods. Table 1 lists
the S and W parameters of ZnMgEr, ZnMgHo and AlPdMn quasicrystals calculated by the
new software. It can be seen that the S parameters are very close for the three quasicrystals.
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Figure 1. The temperature variation of the S parameter of icosahedral Zn65Mg25Er10 quasicrystals.
The S parameter has been determined for the range of PL < 2.5 × 10−3m0c. The figure shows
the total temperature history of the specimen: , initial heating run; �, second heating run after
quenching to 293 K; ◦, third run, upon slow cooling. Arrows indicate the measuring sequence of
the data points.

Table 1. W and S parameters derived from the Doppler broadening spectra of positron annihilation,
as well as the positron lifetime τ1, in quasicrystals at ambient and high temperatures.

Compound Temperature (K) τ1 (ps) S W (10−3)

Zn64Mg26Ho10 293 203 0.49 4.48
Zn65Mg25Er10 293 196 0.49 4.58

720 0.52 4.02
Al70Pd21Mn9 293 206 0.47 2.20

∼Tm 0.48 2.02

The S parameters measured in the second heating run are slightly higher than the values
obtained in the first heating run (figure 1). This might be due to quenched-in residual thermal
vacancies formed during the first heating run.

For an analysis of the core electron contribution in the Doppler broadening spectra, a
W parameter covering the range (18–25) × 10−3m0c with normalization to the total area
of the spectrum was employed. The high momentum Doppler broadening W parameters
(figure 2) present an S-shaped curve at high temperatures superimposed on a linear slope
at low temperatures. The significant decrease of the W parameter at about 560 K indicates
the formation of thermal vacancies in the ZnMgEr quasicrystal. The linear decrease of the
W parameter at low temperatures also shows the existence of structural vacancies. This can
be further proved by a single-positron lifetime of 196 ps, which was detected in ZnMgEr
quasicrystal at room temperature with a 22Na source. The ZnMgEr quasicrystal exhibits a
long positron lifetime, as for other quasicrystals (table 1), which means that the positrons were
annihilated at the structural vacancies as discussed in previous work [9].

The ratio curves of the coincident Doppler broadening spectra of ZnMgEr at different
temperatures are shown in figure 3. They are located between the spectra of Zn, Mg and Ho.
As Er has a similar electron configuration to Ho, we conclude that both the structural and
thermal vacancies are surrounded by Mg, Zn and Er atoms. With increasing temperature, the
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Figure 2. The reversible temperature variation of the W parameter for icosahedral Zn65Mg25Er10
quasicrystal. The W parameter has been determined for the range of 18 < PL < 25 × 10−3m0c.
The solid curve is a fit of the data according to equations (1) and (2).

ratio spectrum of ZnMgEr is significantly shifted apart from that of pure Zn and towards those
of Ho and Mg in the core electron momentum range of (10–20) × 10−3m0c. It was reported
that electron irradiation induced vacancies shift the spectra of ZnMgHo quasicrystal towards
that of pure Zn [15]. The present result implies the different possibilities for each atomic site
to form structural vacancies and thermal vacancies.

The results of the Doppler broadening measurements reveal that the positron annihilation
behaviours for the ZnMgEr and ZnMgHo quasicrystals are very alike, implying similar atomic
structures and properties. Very similar W parameters were obtained from ZnMgEr and
ZnMgHo quasicrystals at 293 K, which are much larger than that of AlPdMn quasicrystal
(table 1). From the Doppler broadening spectra (figure 3), one can also see that the spectra are
almost identical at room temperature for ZnMgEr and ZnMgHo quasicrystals.

In order to estimate the vacancy formation enthalpy H F
V in ZnMgEr quasicrystal, the

S-shaped high temperature change of the W parameter can be modelled by

W (T ) = W1 + σ2
σ1C1

W2C2

1 + σ2
σ1C1

C2
(1)

with the temperature-dependent concentration

C2 = exp(SF
V/kB) exp(−H F

V/kBT ) (2)

of thermal vacancies. Here, W1 = W1,0(1 − β2T ) is the temperature-dependent characteristic
W parameter of the structural vacancies, W2 the W parameter characteristic for thermal
vacancies, σ2/σ1 ≈ 1 the ratio of the specific positron trapping rates of thermal and structural
vacancies, C1 ≈ 10−3 the concentration of structural vacancies and SF

V the vacancy formation
entropy. From the fit of equations (1) and (2) to the data in figure 2 we obtain

H F
V = 1.2 ± 0.1 eV (3)
σ2

σ1C1
exp(SF

V/kB) = (3.0 ± 1) × 109 s−1, (4)

W1,0 = (4.80 ± 0.02) × 10−3, W2 = (4 ± 0.02) × 10−3 (5)

and the temperature coefficient β2 = (1.5 ± 0.1) × 10−4 K−1.
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Figure 3. The Doppler broadening ratio spectra of Zn65Mg25Er10 quasicrystal from room
temperature to 690 K together with the spectra of Zn, Mg, Ho pure elements and ZnMgHo
quasicrystal. Each spectrum is normalized to the Doppler broadening spectrum of pure Zn at
room temperature.

The S-shaped curves of the W parameters, depending on temperature, for Al70Pd21Mn9

and Zn65Mg25Er10 are shown in figure 4 for comparison. The curves are calculated from
equation (1) with the parameters from [13] and the present work, respectively. The W
parameters were plotted as a function of reduced temperature T/Tm with Tm the melting
temperature. Tm is about 934 K for Zn65Mg25Er10 and 1159 K for Al70Pd21Mn9 [16]. The
differences between the W parameter characteristics of the two quasicrystals are significant.
The thermal formation of vacancies in icosahedral ZnMgEr occurs over a wider temperature
range than in icosahedral AlPdMn. The formation of thermal vacancies begins at 0.72Tm

in AlPdMn and at 0.60Tm in ZnMgEr. The decrease of the W parameter from ambient to
Tm due to the structural vacancies could be estimated as 0.34 and 0.02 × 10−3 for ZnMgEr
and AlPdMn, respectively, while the contributions of the thermal vacancies are 0.26 and
0.13×10−3, respectively. These factors suggest that structural vacancies play a more important
role in the high temperature process in ZnMgEr.

The apparent vacancy formation enthalpy H F
V = 1.2 eV for ZnMgEr is much smaller

than the value derived from AlPdMn (∼2.3 eV) when normalized to the melting temperature,
indicating that thermal vacancy formation in ZnMgEr is much easier than in AlPdMn [13].
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Figure 4. The calculated W parameters as functions of reduced temperature T/Tm for
Zn65Mg25Er10 and Al70Pd21Mn9 quasicrystals, as well as the intermetallic compound MoSi2.

Table 2. Data on thermal vacancy formation in various complex solids and pure metals. Tm:
melting temperature; Ts: onset temperature of significant thermal vacancy formation; H F

V: vacancy
formation enthalpy. Among these materials, the structural vacancies exist only in the quasicrystals
ZnMgEr and AlPdMn.

Compound Tm (K) Ts/Tm H F
V (eV) H F

V/kBTm References

MoSi2 2293 0.45 1.6 6 [18]
Zn65Mg25Er10 934 0.60 1.2 15 This work
Al70Pd21Mn9 1159 0.72 2.3 17 [13]
Cu (fcc) 1358 0.58 1.1–1.3 7–8 [19]
Mo (bcc) 2896 0.62 3.6 11 [19]
Al (fcc) 933 0.47 0.7 6 [19]

The only diffusion data on ZnMgRE quasicrystal are from the self-diffusion of 65Zn in
i-ZnMgHo, which provided for the first time diffusion data for the main component of a qua-
sicrystal [17]. An activation energy of 1.56 eV was obtained and the conclusion that the Zn
self-diffusion in ZnMgHo is vacancy mediated was drawn. Considering the higher melting
temperature of ZnMgEr, the activation energy for Zn self-diffusion in ZnMgEr might be about
1.7 eV. It can be seen that our result agrees well with the diffusion measurements and supports
the vacancy mechanism for self-diffusion in quasicrystals. Supposing the diffusion activation
energy is the sum of the enthalpies of vacancy formation and migration, the vacancy migration
enthalpy could be 0.5 eV. This high value does not agree well with the phenomenon observed
in positron lifetime spectra of ZnMgHo [15] which implies a high mobility of the vacancy.

Finally we compare the thermal vacancy formation between quasicrystals and intermetallic
compounds. Figure 4 also includes a plot of the temperature dependence of the W parameter for
MoSi2. Because there are no structural vacancies in MoSi2, the W parameters were fitted by a
different model [18]. It can be seen that the thermal vacancy formation begins at about 0.45Tm

for MoSi2, which is quite a lot lower than the values for quasicrystals. Table 2 compares the
formation temperature and the formation enthalpy for the thermal vacancy in various complex
solids and pure metals. The Ts/Tm values for quasicrystals are fairly high, which indicates the
specific structure and properties of quasicrystals.
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4. Conclusion

By means of coincident Doppler broadening measurements the formation of thermal vacancies
in icosahedral ZnMgEr quasicrystal was observed. An apparent vacancy formation enthalpy
H F

V = 1.2 eV was derived by fitting the temperature dependence of the W parameter variation in
a simple model. The result supports the vacancy mechanism for self-diffusion in quasicrystals.
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