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Quasicrystalline Materials 

Zbigniew M. Stadnik 

1. INTRODUCTION 

The discovery of an icosahedral AI-Mn alloy by Shechtman et al. I extended the 
dichotomous division of solids into either crystalline or amorphous by introducing the notion 
of quasiperiodic crystals, or quasicrystals. This new form of matter possesses long-range 
quasiperiodic order and long-range orientational order associated with the classically forbidden 
fivefold (icosahedral), eightfold (octagonal), tenfold (decagonal), and twelvefold 

2(dodecagonaJ) symmetry axes. •
4 A central problem in condensed matter physics is to 

determine whether quasiperiodicity leads to physical properties which are significantly 
different from those of crystalline and amorphous materials. The majority of known 
quasicrystals are either icosahedral (i-) or decagonal (d-) aUoys. A few known octagonal and 
dodecagonal alloys cannot, be produced in sufficient quantities to allow studies of their 
physical properties. 

The first few years of studies of quasicrystals revealed that their physical t.roperties are 
similar to either their corresponding crystalline or amorphous (a-) counterparts. For example, 
the values of the electrical resistivity. p, and its temperature dependence for i-Al86CrgFe6 are 
very similar to those for an amorphous alloy Alg7Ce6,3Fe6,7. see Fig. I. It was only later 
realized that the first quasicrystals, which were thermodynamically metastable. possessed 
significant structural disorder, as manifested in the broadening of the x-ray- and/or electron
diffraction lines. They also contained non-negligible amounts of second phases. The poor 
quality of these samples hampered the detection of those properties which could be intrinsic to 
quasi periodicity . They also led to confusion, especially in the area of the magnetic properties 
of quasic7stals, where some "unusual" magnetic properties were claimed to have been 
observed. Some of these properties were later shown9

•
IO to result from the presence of 

magnetic second phases in the icosahedral alloys studied. Therefore the discovery at the end of 
the 1980's ofthermodynarnically stable quasicrystals was of great importance because these 
stable, single-phase quasicrystals possess a high degree of structural perfection II comparable 
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Figure I. The temperature dependence of 
the electrical resistivity of some icosahedral 
and amorphous a110ys.6.7 

to that found in the best periodic alloys. 
This chapter will provide an up-to-date review of some of the most unusual properties of 

quasicrystals and the role Miissbauer spectroscopy played in elucidating a better understanding 
of these complex and fascinating alloys. 

2. STRUCTURAL MODELS OF QUASICRYSTALS 

In spite of an enormous theoretical and experimental effort. the atomic structure of 
quasi crystals is still unknown, although some fundamental structural principles are now 
understood.2

-4.12 There are three principal models of the atomic structure of quasicrystals. The 
perfect quasicrystal model is based upon the concept of the Penrose tiling. Within this model. 
an icosahedral lattice. for example. is described in tenns of a three-dimensional cut through a 
six-dimensional periodic lattice. Thus a high dimensional crystallography has to be employed 
to derive structural information from the diffraction data. The second model. the so-called 
random-tiling model. introduces some randomness into the quasilattice by replacing the strict 
matching rules in the ideal quasicrystal model with weaker ones. And [mally. the glass model 
is based upon a random packing of icosahedral clusters. A more detail description of these 
models is beyond the scope of this chapter and therefore a reader should consult the 
Iiterature.2-4,12 

Quasicrystals. just as amorphous alloys, lack long-range periodic order. Therefore, 
diffraction methods upon which the bulk of our knowledge on the structure of quasicrystals is 
based. must be supplemented by local probes. such as Mossbauer spectroscopy, extended x
ray-absorption fine structure. nuclear quadmpole resonance, or nuclear magnetic resonance, if 
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the true atomic structure of quasicrystals is to be understood. This is because some theoretical 
structural models may produce diffraction patterns which are indistinguishable within the finite 
experimental resolution, whereas they may produce different sets of hyperfine parameters and 
thus can be unambiguously differentiated by the local probes. The contribution of Mossbauer 
spectroscopy to the structural studies of quasicrystals is discussed in Section 4. 

3. UNUSUAL PROPERTIES OF QUASICRYSTALS 

3. 1. Brief Survey of Properties of Quasicrystals 

The new stable icosahedral alloys with a high degree of structural perfection exhibit some 
unexpected behavior. First, their most salient feature, which is not expected for alloys formed 
of normal metallic elements, is the very high value of p, or the very low value of the electrical 
conductivity, cr. 13·17 These p or cr values are several orders of magnitude larger or smaller than 
those of the constituent metals or of the amorphous alloys, and are comparable to those of 
doped semiconductors. This is illustrated in Fig. 1, where the p values in i-Al62CU2S.5~5Mn5 
and i-~5Cu2oRuls are respectively an order and two orders of magnitude larger than those in 
i-Al86CrsFe6 and a-AI87Ce6.3Fe6.7. Such high p values correspond to cr values which are 
comparable to or smaller than the Mott's "minimum metallic conductivity" of 200 n- Icm- I for 

l1the metal-insulator transition. IS It was even suggested that i-AI-Pd-Re alloys are insulators at 
low temperatures. Second, the temperature coefficient of p of these new icosahedral alloys is 
generally negative, which is inconsistent with the expected behavior for metals. A very small 
increase of p with decreasing temperature is also observed for some metastable icosahedral 
alloys, such as i-AI60Ge2oCr/tY;eo.h see Fig. 1. Third, the p values are extremely sensitive to 
the sample composition,16. . 9 which is reminiscent of doping effects in semiconductors. 
Founh, the p values of these stable icosahedral alloys increase as their structural quality 
improves as occcurs upon annealing which removes the defects,5.11 in contrast to the behavior 
of typical metals. Other unexpected anomalies in the transpon propenies of icosahedral alloys 
involve a very low electronic contribution to the specific heat, large and strongly temperature
dependent Hall coefficients and thermoelectric power, and a non-Drude-like optical 
conductivity.1 

I From a magnetic point of view, the stable icosahedral alloys of high structural 
21quality are unusual in that they are diamagnetic20. in spite of containing a significant 

concentration of transition-metal atoms. 
Quasicrystals of decagonal symmetry combine two structural characteristics; they are 

quasiperiodic with tenfold symmetry in planes which are stacked with translational periodicity 
along the tenfold axis perpendicular to them. As expected, their physical properties are 
anisotropic. For example, p has metallic characteristics along the periodic direction and 
exhibits a nonmetallic behavior. similar to that observed in icosahedral alloys, in the 

22quasiperiodic plane.

3. 2. Models of the Electronic Structure of Quaslcrystals 

A fundamental question in the physics of quasicrystals is the origin of the unusually low 
values of cr. The first sUfigested interpretation, which still prevails. is based upon a Hume
Rothery mechanism/os. 1,13 which implies the existence of a pseudogap in the electronic 
density of states in the vicinity of the Fermi level, Ep_Initially, the Hume-Rothery mechanism 
was invoked. both from the structural23 and theoretical24 side, in relation to the problem of the 
stability of quasicrystals. It was later Iinked2s to the small cr values through the Einstein 

http:defects,5.11
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equation,lS <J = e2DN(EF), in which D is the electron diffusion coefficient, i.e., the diffusivity, 
and NCEF) designates the density of states at EF. The correlation between the low <J and the low 
N(~) was based upon the experimental observation of the very small value of the electronic 
contribution to the specific heat, 1,5.25 which is directly proportional to N(EF). Support for the 
Hume-Rothery mechanism in icosahedral alloys also comes from the results of the NMR26 and 
optical conductivit/7 experiments which were interpreted in terms of low N(EF) or the 
existence of a pseudogap in the density of states around EF. The reduced N(EF) is also 
consistent with the observed diamagnetism.20

.21 Furthermore, the notion of a structure-induced 
pseudogap in the density of states around EF results not only from theory based on the nearly

24free-electron approximation .28 but is also supported by the electronic structure calculations 
for the lowest-order crystalline approximants of icosahedral alloys,29.31 including the 
approximants containing transition metals atorns.30,31 Approximants are complex crystalline 
phases close in composition to quasicrystals and with known structures; their local atomic 
configurations are close to those expected in the corresponding quasicrystals. Apart from its 
seeming simplicity, expressed in the relation Q = 2kF,23 where Q is the magnitude of the 
reciprocal lattice vector corresponding to the strongest x-ray reflection and kF is the radius of 
the Fermi sphere, the Hume-Rothery mechanism is so appealing because it can explain 
qualitatively why the stable icosahedral alloys have both the lowest values of <J and y. It can 
also be used to rationalize qualitatively why stable icosahedral alloys exist only in a rather 
narrow composition range and why a small composition change can shift the EF away from the 
density of states minimum. 

The experimental studies mentioned above provide indirect information on the density of 
states at one particular energy,~. To determine the electronic structure of quasicrystals, and 
in particular the possible existence of a pseudogap in the density of states around EF, 
spectroscopic techniques which probe density of states directlyll.22 must be used. 
Unfortunately, due to insufficient energy resolution availahle, these spectroscopic experiments 
could not unambiguously verify whether the minimum in the density of states around EF does 
exist. 

Some of the recent low-temperature, high energy-resolution ultraviolet photoemission 
spectroscopy results32,33 obtained at a photon energies of 21.2 eV, from He I, and 40.8 eV, 
from He II, are presented here. They convincingly solve the problem of the minimum of the 
density of states at EF. 

Figure 2a shows a theoretical He II valence band predicted for an i-AI-Cu-Fe alloy.32 The 
theoretical calculations30 of the density of states were performed for a III approximant of an i
AI-Cu-Fe alloy. A clear depression of intensity, which is proportional to the total density of 
states, towards EF is clearly seen, with the predicted density of states minimum being slightly 
above EF. Additionally, the theory29.31 predicts the presence of many narrow spikes in the 
density of states, see Fig. 2a. This spikiness is believed to be a specific property which 
distinguishes quasicrystals from amorphous and crystalline alloys. However, the predicted 
pseudogap is not such a property because it is also present in some amorphous and crystalline 
alloys. To make a meaningful comparison of the theoretical band in Fig. 2a with the measured 
one, the former has to be multiplied by the Fermi-Dirac distribution function corresponding to 
the temperature of an experiment, and appropriately broadened to account for the lifetime 
broadening effects inherent to the ultraviolet photoemission spectroscopy technique and for the 
finite instrumental resolution. I 1.22 Such a broadened band in the vicinity of EF is shown in Fig. 
2b. 

Figure 3a shows the valence band of a well-characterized single-phase i-AI6sCu2oFeI5' 
Two broad features at the binding energies of about -1 and -4 e V are due respectively to states 
of the iron 3d and Cu 3d character,34 in good agreement with the theoretical predictions, see 

http:theory29.31
http:alloy.32
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Figure 2. (a) The theoretical 40.8 eV ultraviolet 

photoemission spectroscopy valence band of 

the III approximant of an i-AI-Cu-Fe alloy 

obtained by summing the theoretical partial 

aluminum. copper. and iron density of states 

associated with different angular momenta, 

from ref. 30. weighted by the corresponding 

pholoionization cross sections and by the 

composition and the number of electrons, as 
described in reference 22. The inset shows a 

part of the band around Ep. The binding energy 

is referred toEp. (b) Part of the theoretical band 

close to Ep from (a) which was mUltiplied by 

the Fermi-Dirac distribution function at 14 K 

and convoluted with a Lorentzian. Ii 0.02 

eV·I. to account for the lifetime broadening, see 
ref. 22. and with a Gaussian with full width at 

half maximum of 31 meV. to account for the 

instrumental broadening. 

Fig. 2a and reference 30. A sharp intensity decrease towards Ep and an indication of the 
presence of a Fenni edge can also be noticed. see Fig. 3a. These two characteristics are clearly 
seen in the valence band measured in the vicinity of Ep. Fig. 3b. Three observations are 
apparent from Fig. 3b. First, there is a strong intensity decrease towards Ep. which can be 
interpreted as being due to the presence of a pseudogap centered in the vicinity of Ep. A more 
quantitative interpretation of this observation is given below. Second, a clear Fermi edge is 
observed. which constitutes the spectroscopic proof that the system is metallic. A similar 
earlier study35 of i-AlosCu21Fe14 carried out at room temperature and with the resolution of 233 
meV concluded that there is no well-defined Fermi edge in the i-Al-Cu-Fe alloy. Third. there is 
no evidence for the existence of spikes which should be observed clearly for the energy 
resolution used in the experiment, see Fig. 2b. 

One can reproduce the observed structure of the valence band close to Ep. see Fig. 3b, by 
using a simple model suggested in reference 35. It can be noticed in Fig. 3b that the intensity 

5increases towards EF for binding energies between -1.2 and about -0.9 eV. The modee thus 
assumes that without a pseudogap. the density of states at 0 K, which can be called the normal 
density of states. would increase linearly up to EF• see Fig. 4a. It is then assumed35 that the 
normal density of states has a dip in a Lorentzian shape centered at EF, with the half-width, 
GL, and the dip depth. C. relative to the normal density of states. One can obtain a relatively 
good fit. as shown by the solid line in Fig. 4b, for GL =0.36(1) eV and C =0.70(1). It can be 
thus concluded that, in agreement with an earlier analysis,35 the observed intensity depression 
close to Ep in the valence band of i-Alt;sCu2oFeI5 can be accounted for by a pseudogap of the 
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scattering. (b) The valence band of 

j-Al6sCu2oFels in the vicinity of Ep measured 
at 40.8 eV and 14 K wilh the energy resolution 

BINDING ENERGY (eV) of 31 meV, see reference 32. 

half-width of 0.36(\) eV and that the density of states at Ep is reduced by 700) percent with 
respect to the normal density of states at Ep. 

The predicted spikiness could not be observed even with an energy resolution of 7.5 
meV, see Fig. 5. Such a resolution represents the ultimate experimental conditions now 
achievable in a photoemission spectroscopy measurement of solids.36 The temperature 
evolution of the leading edge of the valence band of j-Al6sCu2ol'els follows the temperature 
evolution of the Fermi-Dirac distribution function, see Fig. 5b, which additionally confirms 
the metallic character of the j-A16sCu2oFelS alloy. 

Valence bands similar to those shown in Figs. 3 and 5 were also obtained32 for other 
stable icosahedral and dodecagonal alloys, except for the j-Al-Pd-Re system33 in which no 
well-defined Fermi edge was observed, as is shown in Fig. 6, which also shows that there is a 
very low intensity at Ep in this system. This proves that the i-A1-Pd-Re system is nonmetallic. 

In conclusion, the ultra-high-resolution ultraviolet photoemission spectroscopy 
experiments32

•
33 provide a direct experimental proof that there is a wide pseudogap in the 

vicinity of Ep which must be partially responsible for the observed high values of p. All 
known quasicrystals, except for the i-A1-Pd-Re system, are metallic as evidenced by a clearly 
developed Fermi edge. The lack of the Fermi edge in the i-A1-Pd-Re system is consistent with 
its insulator behavior at low temperatures. 17 The possible reasons for the absence of the 
predicted spikiness of the density of states are discussed in Section 5. 

There are experimental arguments which indicate that the Hume-Rothery mechanism 
alone is insufficient to explain the high values of p or the low values of o. The dramatic 
changes of 0, of up to two orders of magnitude, with composition 13,IS·17.19.37.38 and structural 

http:13,IS�17.19.37.38
http:solids.36
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Figure 4. (a) The model of density of states at 

oK which is used to fit the valence band in 

Fig. 3b. The broken line, which was obtained 

from a linear fit of the baod in Fig. 3b between 

the binding energies -1.2 and -0.9 eV, 

represents the normal density of states, without 

the presence of a pseudogap. The solid line 

designates the dip which must be subtracted 

from the normal density of states in order to fit 

the band in Fig. 3b. (b) The valence band from 
-1.0 -0.5 0.0 

Fig. 3b. circles, fitted, solid line, to the model 
BINDING ENERGY (eV) density of states shown in (a). 

quality5.13,'7.39 have been observed for i-samples whose values of y differ only by up to about 
10 percent. For example, the values of (f at 2 K and y for i-Al#dl~eI2 are respectively 1000 
n'lcm'l and 0.28 mJ/mol.K2

, see reference 38. The corresponding values for i-Al61Pd23RelO 
are 100 n-'cm" and 0.25 mJ/mol.K2

, see reference 38. As both (f in the Einstein equation and 
yare proportional to N(EF), the above experimental fact indicates that the small values of (f 
cannot be associated only with the minimum in the density of states at EF• This is supported by 
the observation of the lack of the ex~ected correlation between (f and the electron per atom 
ratio, ela, in the i-Al-Cu-Fe system. 9 No correlation was also observed between the Hall 
coefficient and eta in this system.39 Additionally, the Einstein equation assumes that (f is 
proportional to the electron scattering time, which implies that (f should increase by removing 
the defects. The opposite is observed for icosahedral alloys.5.16.11.19.40.41 This proportionality 
also predicts that (f should decrease with increasing temperature, which is contrary to the 
observed steer increase of (f with temperature at temperatures well above the Debye 
temperature. D 

• 1.19 Since (f in the Einstein equation is proportional to the product DN(EF), the 
unusually small values of (f may also originate from the reduced D. 

The arguments presented above suggest that a simple interpretation based on the Einstein 
equation is not applicable to icosahedral alloys and alternative approaches are required to 
explain the unusual properties of these alloys. These new approaches are based on the 
concepts of tunnelling, localization, and critical states. One of the first of such approaches, 
which is very qualitative and which claims to give a good explanation of the electronic 
properties of icosahedral alloys, is based on an internal structural model.42 It assumes the 
presence of the conductive icosahedral blocks which are enveloped by an insulating layered

http:model.42
http:alloys.5.16.11.19.40.41
http:system.39
http:mJ/mol.K2
http:mJ/mol.K2
http:quality5.13,'7.39
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by the Fermi-Dirac distribution function at the 

corresponding temperature and convoluted with 

a Gaussian whose linewidth is 7.5 meV, see 
BINDING ENERGY (meV) reference 32. 

structure network. For this structural model the electrical conduction should occur via 
tunnelling. Such tunnelling should lead to deviations from Ohm's law; however, the law was 
obeyed perfectly in the i-Al-Cu-Fe film for bias voltages varying by seven orders of 
magnitude.43 Another approach invokes the concept of localization. 18 Inherent to this concept 
is the notion of disorder which causes the electrons to become localized, i.e., spatially 
confined to some region of an icosahedral alloy. Conduction then occurs via thermal activation 
between the localized states, or hopping. Consequently, the very small values of (J can occur 
for the finite values of the density of states at EF• The use of the localization approach to 
exftain the electronic transport properties of icosahedral alloys was suggested by Kimura et 
aI. and was later invoked and elaborated in the following works. 17.45 The third approach is 
based upon the idea of the new type of electronic states, the so-called critical states, which are 
intermediate between the extended electronic states in metals and the localized electronic states 
in insulators. Such states were shown theoretically to exist in one- and two-dimensional 
quasiperiodic systems.46 Although it is not clear whether the critical states can occur in realistic 
three-dimensional quasiperiodic systems, they mal have profound consequences on the 
electronic transport properties of quasicrystals. 13

,4 .48 It can be concluded that there is no 
generally accepted explanation of the unusual transport properties of quasicrystals. 

A relevant question related to the unusual properties of quasicrystals discussed above is 
to what extent is the quasiperiodicity essential for their occurrence. The observations l3

•
26 of 

similar unusual transport behavior in crystalline approximants indicate that it is the local atomic 
order, rather than the quasi periodicity , which determines the properties of quasicrystals. 

http:systems.46
http:magnitude.43
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Figure 6. 1be near-EF spectra of i-AI70.5Pd2IRe8AsF~.os and of silver evaporated onto 

i-AI70.SPd2IRe8.4sF~.os measured at 21.2 eV and 15 K, see reference 33. The resolution of the experiment was 

determined from the fit. solid line. of the silver spectrum to a linearly decreasing intensity multiplied by the 

Fermi-Dirac distribution function at 15 K. broken curve. and convoluted with a Gaussian whose linewidth was 

10 meV. 

4. HYPERFINE INTERACTIONS IN QUASICRYSTALS 

Mossbauer spectroscopy is a local probe which can be used in studies of quasicrystals to 
obtain. in principle. two types of information. First. local atomic structure can be studied 
through the electric quadrupole interactions. The hyperfine parameters derived from the 
Mossbauer spectra must be compared with those calculated for a particular structural model if 
the full potential of M<>ssbauer spectroscopy is to be employed. Such calculations. however. 
are not trivial. especially for structurally complex quasicrystals. The first such calculations 
performed for a d-AI-Co-Cu allolo will be compared below with the experimental Mossbauer 
data. Examples of Mossbauer spectra of representative quasicrystals and their analysis will be 
presented. Second, magnetic properties of quasicrystals can be investigated through the 
magnetic dipole interaction. Examples of such investigations will be discussed. 

4. 1. Nonmagnetic Quaslerystals 

Most quasicrystals are not magnetically ordered. but rather they are either paramagnetic or 
diamagnetic down to liquid helium temperatures.20 Their Mossbauer spectra thus exhibit the 
combination of the electric monopole and quadrupole hyperfine interactions.49 Mossbauer 

http:interactions.49
http:temperatures.20
http:i-AI70.SPd2IRe8.4sF~.os
http:i-AI70.5Pd2IRe8AsF~.os
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spectra of most nonmagnetic quasicrystals consist of two very broad and structureless lines, 
with typical values for the fulliinewidth of the component lines in the range 0.35 to 0.45 
mmls, values which should be compared with the typical value of 0.23 mmls for the full 
linewidth of the two inner lines of the Zeeman sextet of a thin a-iron calibration foil. 
However, as will be discussed below, Mossbauer quadrupole spectra of some quasicrystals 
exhibit clear structural features superimposed on the two broad lines, which can be, in 
principle, directly related to possible structural models. The presence of broad component lines 
shows that iron atoms are not in a single or in a few discrete local environments. The analysis 
of such Mossbauer spectra has to be then based on the distribution of the hyperfine interaction 
parameters.49 

Mossbauer spectra of quasicrystals can be analyzed at two levels of sophistication. If 
only average values of the isomer shift, 0, and the quadrupole splitting, A, are of interest, then 
a simple fit with, for example, an asymmetric Lorentzian doublet is sufficient. The values of 6 
and :6: determined in this way have a relative error of less than a few percent. Increasing the 
number of fitted components, which may not have any physical justification, significantly 
improves the fit and the resulting 6and :6: values calculated from the fitted parameters of these 
components are determined more precisely. One gets a rather limited insight into the structural 
properties of quasicrystals only from the average values, 6and :6:, because these values do not 
change significantly in metallic systems of different structures. 

At another level of spectral analysis, one attempts to derive the distribution of quadrupole 
splittings, P(A). which is closest to the true one. It is the derived P(A) which is of great 
importance because it is directly related to the local atomic structure. However, deriving this 
distribution is not a simple task and there are many pitfalls which, if not avoided. lead to 
perfect fits with the P(A)'s which are far from the true ones. A review of various methods of 
deriving P(A) and of various problems associated with this derivation is given in references 51 
and 52 and in Chapter 5 of this book. There are generally two main approaches used to extract 
P(A). First, either a specific shape of P(A) is assumed. for example, a Gaussian shape or, 
second, no a priori assumption about the shape of P(A) is made, usually in conjunction with 
the constrained versions3 of the Hesse-Riibartsch method54 or the Rancourt-Ping method.52 

The disadvantage of the first approach is that it presupposes the shape of P(A) which may 
differ considerably from the real P(A). The disadvantage of the Le Cac:r-Dubois version53 of 
the second approach is the possibility of unphysical oscillations in P(A) for inappropriately 
chosen parameters which must be fixed in the fit. These oscillations do not occur in the 

BRancourt-Ping method. 52 Usual1y, a linear relation, 0 = 00 + olA, is assumed.52
. where 00 

and 01 are the fitted parameters. 
We used both the Le Caer-Dubois and Rancourt-Ping methods in the analysis of 

Mossbauer spectra of various quasicrystals.55
.56 The P(A)'s, which are presented below, 

turned out to be essentially independent of the method used to extract them from the 
Mossbauer spectra.55

•
56 This indicates that they are close to the true P(A),s. In many cases, the 

derived P(A) is of. or very close to, a Gaussian shape. One should note that the 
54discussions51

. of various methods of deriving P(A) assume an ideal situation of a single
phase sample. In reality. most samples contain a few percent of a second phase/phases which 
may not be detected in a typical x-ray diffraction measurement. The presence of such a second 
phase can be detected55 in Mossbauer spectra of many quasicrystals by carefully analyzing the 
residuals, i.e., the difference between the Mossbauer spectrum and the fit to a particular P(A). 
Accepting the presence of clear structural features in the residuals, and thus a value of ·l much 
larger than one, may distort55 the derived P(A). 

All Mossbauer absorbers used in our studies55
•
56 were thin and homogeneous. They were 

prepared by mixing a pulverized alloy with a petroleum jelly, which resulted in a random 

http:quasicrystals.55.56
http:assumed.52
http:method.52
http:parameters.49
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orientation of the sample particles. The low ratio of the absorber.radius to the source-absorber 
distance assured that the cosine smearing effect was negligible. In all quasi crystals discussed 
below with the iron concentration smaller than 3 atomic percent, the iron metal used to prepare 
them was enriched to 95.9 percent in the iron-57 isotope. The velocity scale of all Mi>ssbauer 
spectra presented here is relative to a-iron at room temperature. 

4. 1. 1. Icosahedral Alloys 

A typical Mossbauer spectrum of a metastable i-AI6oGe2oCrI9.9Feo.h as is shown in 
Figure 7, can be fitted relatively well with a structureless Gaussian-like P(a), see Fig. 7c. A 
close inspection of the residuals in Fig. 7a indicates the presence of some structure due to an 
unaccounted impurity component. To a first approximation, this component can be taken in the 
form of a symmetric Lorentzian doublet. Its inclusion in the fit, as is shown in Fig. 7b, leads 
to a lowering of the -l from 1.30 to 1.12 and to the disappearance of the residuals structure. 
Although for this particular icosahedral alloy the inclusion of the impurity doublet does not 
lead to a significant change of P(a), see Fig. 7c, it does for other quasicrystals.ss 

Both the Mossbauer spectra of metastable icosahedral alloys and the resulting P(a)'s, as 
illustrated in Fig. 7, are very similar to those characteristic for amorphous alloys.58 It was thus 
initially thought that metastable icosahedral alloys are highly disordered and that Mossbauer 
spectroscopy will not be able to reveal any structural differences between these alloys and the 
corresponding amorphous counterparts. That this is not the case is illustrated in Fig. 8 in 
which the Mi>ssbauer spectra and the resulting P(a)'s are compared for the 
AhsCuI4.8sFeo.lsVIO alloy which can be produced both in an amorphous and icosahedral 
state.S9 The Mossbauer spectrum of a-AI7sCu\4.8sFeo.lsVIO, see Fig. 8a, and the resulting P(a), 
Fig. 8(d), are very similar to those characteristic for the i-AI60Ge20Crl9.9Feo.\ alloy, as is 
shown in Fig. 7. However, the Mossbauer spectra of a- and i-AI7sCuI4.8sFeo.15V 10 and the 
resulting P(a)'s, see Fig. 8, differ significantly, as may be noted by the presence of some 
structure at about -0.2 mmls in the spectrum of i-AhsCu 14.8sFeo.lsV10. An attempt to fit the 
spectrum of i-AI7sCuI4.8sFeo.lsVIO with one P(a) component and an impurity component, Fig. 
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Figure 7. The room temperature MOssbauer spectrum of i-Al6oGe2oCr1 9.9FeO.I fitted with (a) One PtA) 
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Figure 8. The room temperature Mossbauer spectra of (a) Q-AI7SCUI4,8SFeo.lSVIO fitted with the Pia) and 

impurity components, and of i-AI7SCUI4.SsFeo,ISV lO fitted with the P(LI.) and impurity components (b), and 

with two Pia) components (cl. The P(.l)'s corresponding to fits in (a), the solid line, (b), the broken line, and 

(c), the dash-dot and dash-double-dot lines, are shown in (d), The residuals. mUltiplied by a factor of three. are 

shown above each spectrum. 

8(b), does not produce the structureless residuals, 'l = 1.46. Such residuals can be obtained 
only from a fit with two P{A),s, see Fig. 8c, which results in ·l=1.04. These two P{A),s are 
indicative that there must be two different classes of transition metal environments in i
Al7sCu I4.8SFeO,1 5V10' Contrary to what one would expect, the ~ value for i-Al7sCu 14,8sFeo,15V10 

is significantly larger than that for a-AI7sCuI4,8sFeo,lsV 10, at 0.575(1) and 0.468{l) mmls, 
respectively. 

Another example showing the distinct differences in Mossbauer parameters 
corresponding to three different structures involves the AI-Cu-Fe system. For a particular 
composition in this system, one can produce samples in the amorphous, icosahedral, or cubic 
phases.ss. 6o The ~ values determined from the Mossbauer spectra5S of the a-, i-, and c
AI64Cu24FeI2' as are shown in Fig. 9, are respectively 0.535{l}, 0.396(1), and 0.4l9(1) 
mmls. The corresponding Bvalues are 0.239(1), 0.230{l), and 0.247(2) mmls. Note also that 
the peA) of i-A~Cu24FeI2' which is a stable icosahedral alloy, is significantly narrower than 
that of metastable amorphous and cubic phases, see Fig. 9d, and than those P{A),s of other 
metastable i-alloys, see Figs. 7c and 8d. This difference in width of peA) can be related, at 
least partially, to the fact that the method by which they are produced results in the metastable 
samples containing various defects, reflected in broadening of the x-ray diffraction Bragg 
peaks,55 whereas the stable i-AI64Cu2~12 has no such defects, as is reflected in narrow Bragg 
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Figure 9. The room-temperature Mossbauer spectra of AIMCu24Fe12 in (a) the amorphous state fitted with one 
P(tl.), component. the solid line in (d). (b) the icosahedral state fitted with one p(tl.), the broken line in (d), and 
impurity components. and (c) the crystalline state fitted with one P(tl.), the dash-dot line in (d), and impurity 
components. The component spectra are also shown in (b) and (c). The residuals, mUltiplied by a factor of 
three, are shown ahove each spectrum. 

peaks.55 Nevertheless, the very fact that in the stable, structurally "perfect" i-A~Cu2~e12 the 
Pea) has a finite and non-negligible width shows that there must be some type of structural 
and/or chemical disorder present even in the stable, structurally perfect i-alloys. The nature and 
role of this disorder will be discussed in Section 5. 

Other stable i-alloys of high structural auality also exhibit the presence of Pea) in their 
Mossbauer spectra, as is shown in Fig. 10,5 .56 which supports the idea of the existence of 
some sort of topological and/or chemical disorder in these alloys. The values of the full width 
at half maximum of the P(a),s corresponding to i-AlMCu24Fe12, Fig. 9, i-AI6sCu2oFe7.sRu7.s, 
Fig. 10, and i-AhosPd21Re8.45FeO.OS, Fig. 10, are 0.366(1), 0.451(1), and 0.358(2) mmls, 
respectively. One notices that these values are very similar for the ternary stable alloys. The 
larger value for the quaternary i-AI6sCu2oFe7.sRu7s alloy is mainly due to its increased 
chemical disorder. Also the Xvalues for these three i-alloys are quite similar, with values of 
0.396(1), 0.410(1), and 0.404(2) mmls, respectively. Furthermore, these alloys have a 
similar, Gaussian-like shape of Pea). These arguments suggest that the structure of i-Al-Cu
TM, where TM is Fe, Ru, and Os, see reference 55, and i-AI-Pd-Re, see reference 56, must 
be similar. Unfortunately, there are at present no theoretical calculations which would predict· 
the Pea) for possible structural models of these alloys. 

The Mossbauer spectra of i-alloys discussed above had essentially no structure, except 
for the spectrum of i-A175Cu 14.8SFeO.15V 10 shown in Fig. 8, and consequently the 
corresponding P(a),s had single-peaked, Gaussian-like shapes. Such a shape was also 
observed for other i_alloys.61.62 Recent extensive studies55 of various quasicrystals show that 
there are quasicrystalline systems with structured Mossbauer spectra, and therefore, with 
structured shapes of P(a),s. This should be very helpful in plaCing stringent constraints on 
various structural models. A few examples of such Mossbauer spectra are presented below. 

The Mossbauer spectrum of metastable i-Al7oPd2oFelO allols.63 exhibits a very strong 
asymmetry, as is shown in Fig. II. Its fit with one Pea) is clearly unsatisfactory as evidenced 
by the value of x2 =1.30 and the structure present in the residuals. However, this fit already 
indicates that the shape of Pea) has a bimodal character, see Fig. 11c. The fit with one Pea)

2and an impurity component reduces X to 0.96, but the relative area under the impurity compo

http:allols.63
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Figure 10. The room-temperature Mossbauer spectra of (a) i-AI6SCu20Fe7.sRu7.5 fitted with one pea) 

component. the solid line in (c), and impurity components and (b) ;-AlJo.sPd2IReS,4sFeo.os fitted with one 

pea) component, the broken line in (c). The residuals, mUltiplied by a factor of three. are shown above each 

spectrum. 

nent is 29 percent, which is much above the impurity concentration of a few percent expected 
63from the x-ray diffraction spectrum.S5
. An excellent fit with 'i= 0.93 is obtained with two 

P(A) components, as is shown in Fig. !lb. It can be thus concluded there are two distinct 
classes of iron environments in this alloy, and any structural model has to take this fact into 
account. 

The MOssbauer spectra
SS 

of stable i-AlwPd20Mn9.97Feo.03 and i-Al7oPd2oCrsFes show 
distinct asymmetry and some structure. They cannot be fitted with one P(A), but satisfactory 
fits are obtained assuming the presence of two P(A)'s. see Fig. 12. 
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Figure II. The room-temperature Mossbauer spectrum of ;·AI7oPd2oFew (a) fitted with one pea) component, 

the solid line in (c) and (b) filted with the two pea) components, the broken lines in (c). The component 

spectra are also shown in (b). The residuals, multiplied by a factor of three. are shown above each spectrum. 
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Figure 12. The room-temperature Mossbauer spectra (a) of i-AI7oPd20Mn9.9,Feo.o3 fitted with two P(t.) 

components. the solid lines in (c). and (b) of i-AI70Pd2oCrsFes fitted with two P(t.) components. the broken 

lines in (c). The component spectra are also shown. The residuals. multiplied by a factor of three. are shown 
above each spectrum. 

4. 1. 2. Decagonal Alloys 

M5ssbauer spectra of decagonal alloysss.64.6S generally possess more structure than those 
of i-alloys. For some d-systems a single-peaked. Gaussian-like P(.<1) is observed. This is 
illustrated in Fig. 13 for the stable63

•
66 d-Al,sPdtsFelo alloy. As expected. a slightly narrower 

P(.<1) is obtained, see Fig. 13(c). for an annealed sample as compared to the P(.<1) of an as-cast 
sample.66 
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Figure 13. The rooin-temperature Mossbauer spectra of d·AI,sPdISFeIO (a) as cast and filled with one P(t.) 

component, the solid line in (c). and (b) after annealing. filled with the P(t.). the broken line in (c). and 
impurity components. The component spectra are also shown in (b). The residuals, multiplied by a factor of 

three, are shown above each spectrum. 
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The Mossbauer spectrumss of the metastable d-AhoNilsFels alloy67 cannot be fitted 
successfully with one P(,1,) component, as is clearly evidenced by the residual spectrum 
shown in Fig. 14a. Nevenheless, the derived P(,1,) is of a bimodal-type, see Fig. 14c, which 
indicates the possibility of two different classes of iron environments. An attempt to fit this 
spectrum with an additional impurity component5S improves the fit, but the relative area of this 
component is 17 percent. This, however, is incompatible with the expected impurity 
concentration of a few percent from the x-ray diffraction pattern.ss An excellent fit is obtained 
with two P(,1,) components, see Fig. 14b, which strongly suggests the existence of two 
structurally distinct classes of environments around the iron atoms in the d-AhoNilSFelS alloy. 

The unquestionable evidence for the presence of at least two distinct classes of 
environments around transition metal atoms in some AI-transition metal d-alloys comes from 
the Mossbauer spectra of stable AI7oC015NiI4,gFeo,j, see reference 65, and A4;sCoISCUdggFeo,h 
see references 64 and 65, d-alloys. A visual inspection of the spectrum 55. 5 of d
Al,oCoISNiI4.gFeo,h see Fig. 15a, shows its clear asymmetry and the structure of the left 
absorption line. It is thus obvious that one needs at least two components, see Figs. 15b and 
c, to account for these asymmetry-structure features. 

An even clearer structure in the left absorption line can be seen in the Mossbauer 
SSspectrum .64,6S of d-AI65ColsCul9.9Feo.l which is shown in Fig. 16. There is a striking 

similarity of the shapes of P(d)'s in both alloys, compare Figs. l5c and l6c; the 10w-,1, P(,1,) 
is single-peaked, whereas the high-,1, has a bimodal character. Also the j\ and X values are 
quite similar. This strongly suggests that the quasicrystaIline structures must be very similar in 
both alloys. 

It should be stressed here that, because of the so-called non-uniqueness problem, see 
Chapter 5 of this book, the P(,1,)'s derived here from the zero-field Mossbauer spectra of 
quasicrystals may not be unique. Within the boundary of the solution domain in the 
Mossbauer parameter space, other, slightly different P(,1,)'s also fit the spectra well.5S,65 The 
solution domain, and thus the possible P(,1,)'s, can be significantly narrowed by performing 
in-field Mlissbauer spectroscopy. What seems to be cenain, however, is the presence of two 
distinct classes of iron environments in many quasicrystalline systems. 

There are several different structural models which attempt to describe the structure of d
Al-Co-Cu alloy. 12 One of them is the model suggested by Burkov.6s Kramer et al.50 calculated 
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Figure 15. 'The room-temperature Mossbauer spectrum of d-AhoColsNiI4.9Feo... (a) the unfitted spectrum. (b) 

the spectrum fitted with two P(A) components. the solid lines in (c). The residuals. multiplied by a factor of 

three. are also shown in (b). 

for this model. which corresponds to the composition A42COI9CUI9. the Mossbauer hyperfine 
parameters and the resulting Mossbauer spectrum. This theoretical spectrum is compared in 
Fig. 17 with the fit from Fig. 16b. It is clear from this comparison that theory and experiment 
do not agree. There are two major reasons for this, either the Burkov model68 is incorrect or 
the calculations. due to their inherent Iimitations,5O require some refinement. It should he noted 
that similar calculations carried out for c-A113Fe4 resulted in a modest ~reement between the 
predicted and measured Mossbauer spectra.50 Recent calculations6 for the composition 
A4L8C0I7~U20.5' which are based on a modified Butkov model in which copper atoms 
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Figure 16. The room-temperature Mtlssbauer spectrum of d-AI6sC0lsCUI9.9Feo.l' (a) the unfitted spectrum. (b) 

the spectrum fitted with two P(A) components. the solid lines in (c). The residuals. mUltiplied by a factor of 

three. are also shown in (b). 
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Figure 17. A comparison between the fit from Fig. 16(b), the dolS. and the theoretical Mossbauer spectra 
69

calculated for the Burkov model,'O the solid line. and for the modified Burkov model. the broken line. The 

theoretical spectra were shifted horizonully so that their average isomer shift coincides with that of the fit. 

occupy some of the cobalt positions, lead to a theoretical spectrum which is in a much better 
agreement with the experimental spectrum, see Fig. 17. 

The experimental observation of two distinct peArs, as shown in Figs. 15 and 16, 
implies the existence of two basic building blocks, or clusters, in the structure of the d-AI-Co
Ni and d-AI-Co-Cu alloys. This observation would thus favor structural models which are 
based on two such blocks. Recently, a new structural model of d-Al-Co-Cu has been 
proposed.7o It assumes that there are two primary atom arrangements, or clusters, formed 
from an icosahedron by removing the atoms on two opposing vertices to form pentagonal 
polyhedra. The large pentagonal polyhedron cluster consists of ten aluminum atoms 
surrounding a cobalt or copper atom at the centre. The model does not differentiate between 
the cobalt and copper atoms whose atomic radii differ by only about two percent. In the 
smaller cluster, five cobalt or copper atoms replace the aluminum atoms in one pentagon, and 
an aluminum atom is located in the interior. These clusters are then properly connected to form 
aggregates, which in tum can be arranged to form a crystalline or quasicrystalline structure.70 

The geometry of these model clusters implies that one could expect qualitatively two different 
classes of transition metal sites, a conclusion that agrees with the experimental observation, 
see Fig. 16. Obviously, calculations of the Mossbauer hyperfine parameters for these two
cluster model are required to convincingly determine its compatibility with the Mossbauer 
results. 
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4. 1. 3. In-field M6ssbauer Spectroscopy of Quasicrystals 

Due to the nature of the 3/2 ~ 112 Mossbauer transition in iron-57, zero-field spectra 
discussed above provide only a distribution of the absolute values of 

However, more stringent constraints can be imposed on possible theoretical models of the 
local atomic structure of quasicrystals if both the distributions of Vzz and T\ are known, as was 
successfully demonstrated for amorphous alloys.'1 In principle, such distributions can be 
extracted from in-field Mossbauer spectra. 

49A review of in-field Mossbauer spectroscopy results for quasicrystals indicates that this 
method had a rather limited impact on elucidating structural properties of quasicrystals. This is 
because all studied quasicrystals, except for one case of i-A~CuwFels, see reference 62, were 
metastable and thus possessed a significant amount of strain induced by the method of 
production; this resulted in a broadening or washing out of possible fine structural features in 
P(.1). The stable i-Al-Cu-Fe alloys exhibit a single-peaked, Gaussian-like P(.1), see Figs. 9b 
and d, and the moderate external magnetic fields applied62 do not produce enough structure in 
the measured Mossbauer spectra. The main result of the in-field experiments49 is the 
observation of a preponderance of the negative values of Vzz in i-alloys and of the positive 
values of V.. in d-alloys. It is not clear, however, how this result relates to the atomic 
structure of the studied quasicrystals. 

The in-field Mossbauer spectroscopy, with applied magnetic fields larger than about 7 T, 
has a potential for making a significant impact in structural studies of high-quality stable 
quasicrystals which exhibit a clear structure in their P(.1)'s. The Mossbauer results, however, 
must be related to theoretical calculations of the electric field gradient tensor for various 
possible structural models. The latter is a challenging endeavour, but the first attempt has 

69already been completed.so. 

4. 1. 4. Two Classes of Manganese Sites 

The notion of two separate classes of manganese sites, not to be confused with the 
49erroneous concept of the two distinct manganese sites, in paramagnetic AI-Mn-based i

alloys, distinguished by the presence or absence of a localized magnetic moment, was 
suggested on the basis of various experimental results?O.72 Perhaps the most convincing 
experimental proof came from the in-field Mossbauer measurements.73.?4 The magnetic 
susceptibility measurements?3.?4 on the paramagnetic i-AI-Mn-Si alloys, in which a fraction of 
manganese atoms was substituted by iron atoms, showed that the effective magnetic moment 
per transition metal did not change with substitution. This is contrary to what is expected if all 
manganese atoms carry a magnetic moment The in-field Mossbauer spectra showed, see Fig. 
18, that the measured hyperfine magnetic field turned out to be the same as the applied 
magnetic field.73.?4 This is possible only for iron atoms with no local magnetic moment. Thus 
iron atoms substitute for only one class of manganese atoms - the class with zero magnetic 
moment. 

The origin of these two classes of manganese sites seems to be related to the volume 
74occupied by manganese atoms.72
• For large volumes manganese atoms carry no magnetic 

moment, whereas for small volumes manganese atoms possess a magnetic moment. Model 
electronic structure calculations carried out for an A1soMn2o quasicrystal7s support the concept 
of two classes of manganese sites. They predict the existence ofmanganese sites with a 
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Figure 18. The MBssbauer spectra of 

i·Aln(Mno.99Feo.ol h2Si6 measured at 4.2 K in external 

magnetic fields of (a) 0.0 T, (b) 3.0 T, and (c) 45 T. Figure 

obtained from reference 73. 

quasigap in the density of states at the Fenni level and no magnetic moment, and of manganese 
sites with a peak in their density of states and a magnetic moment. As is discussed below, 
these two classes of magnetic sites are also present in magnetically ordered icosahedral alloys. 

4. 2. Magnetically Ordered Icosahedral Alloys 

The majority of known quasicrystals are not magnetically ordered. They exhibit 
paramagnetic, diamagnetic, or spin-glass properties.20 There are reports8 on the observation in 
metastable AI-Fe-Ce, Al-Mn-Si, AI-Ge-Mn, and AI-Ge-Cu-Mn icosahedral alloys of an 
unusual ferromagnetic behavior characterized by a very small value of magnetization and 
relatively high value of the Curie temperature. Unfortunately, the samples in these alloys 
cannot be produced in a single-phase form. Therefore, one has to carry out careful 
investigations with several techniques to separate the magnetic contributions from the possible 
magnetically-ordered second phases and from the icosahedral phase. As is shown below for 
the i-Al-Ge-Cu-Mn system, M6ssbauer spectroscopy, combined with x-ray diffraction and 
magnetization measurements, proved very useful in separating magnetic contributions, which 
are intrinsic to the icosahedral phase, from those resulting from the impurities. 

10A thorough analysis of x.-ray diffraction pattems9
• clearly indicates the presence in i-AI

Ge-Cu-Mn alloys of a ferromagnetic impurity, AlGeMn, whose Curie temperature of 519 K is 
very close to the values reported for these alloys.9.lo Furthermore, the temperature dependence 
of the magnetization of the i-AI-Ge-Cu-Mn samples is very similar to that of the AIGeMn 
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Figure 19. TIle MOssbauer spectra of i-AI.40Ge25CulO_.Fe.Mn25 obtained at room temperature for samples 
with x values of 0.06, (a), and 3, (b), fitled with one Gaussian P(.1) component, the solid lines, and at 4.2 K 

for samples with x values of 0.06, (c), and 3, (d), filled with the paramagnetic and magnetic components, as 

described in the text. Figure obtained from reference 76. 

ferromagnet, except for a tem~rature region below about 30 K, where the magnetization 
suddenly increases nonlinearly. 0 In addition, the room-temperature M6ssbauer Spectra9

,IO,76 of 
i-AIroGe2sCul()..Fe.Mn25 are clearly paramagnetic doublets, see Fig. 19a and b. 

The 4.2 K M6ssbauer spectra of i-Al.wGe25CulO_.Fe.Mn25 cannot be fitted successfully 
with one magnetic component, as is ex{>lained in detail elsewhere_9 A successful fit requires 
magnetic and nonmagnetic components,9.76 see Figs. 19c and d. This means that there are also 
two classes of magnetic transition metal atoms in magnetically ordered icosahedral alloys and 
that iron atoms enter both of them. Furthermore, as is evidenced by the areas of the magnetic 
and nonmagnetic components, see Figs. 19c and d, iron atoms enter randomly both classes of 
transition metal sites for very small iron concentrations. However, for larger concentrations, 
iron atoms seem to enter preferentially the nonmagnetic class of transition metal sites. 

It was concluded from the combination of the magnetization and the 4.2 K and room
temperature Mossbauer spectral studies9,76 that the transition from a paramagnetic to a magnetic 
state, which is intrinsic to the i-Al-Ge-Cu-Mn system, must occur below 100 K. The 
temperature of this transition was determined from the analysis of the Mossbauer spectra 
measured at different temperatures. 10 An additional broadening of the spectra below 30 K is 
reflected in the divergence of the electric quadrupole interaction parameters,lO as is shown in 
Fig. 20. It can be thus concluded that, in spite of the presence of the ferromagnetic AlGeMn 
impurity in the i-Al-Ge-Cu-Mn system, a careful analysis of Mossbauer spectra, combined 
with other experimental techniques,9.10.?6 made it possible to determine the intrinsic ordering 
temperature of about 30 K in this system and the value of iron magnetic moment of about 0.2 
to 0.3 IJ.B for the iron atoms entering the magnetic transition metal sites. 

Recently, new magnetically-ordered, metastable, single-phase icosahedral alloys in the 
Al-B-Pd-Mn were discovered,77 which are characterized by high values of ca. 500 K for their 
ordering temperatures?S and of the magnetization, for example, 18.9 emu/g for i
A~6Pd15Mn15 at 4.2 K in a field of 2 T.7S NMR studies7S showed that the manganese atoms 

http:components,9.76
http:i-AIroGe2sCul()..Fe
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with and without a magnetic moment coexist in these alloys. The Mossbauer spectra79 of i

AI64B6Pd.sMn14.92SFeo.Q7s at room-temperature and at 5.0 K. see Figs. 21a and b, show no 

evidence of ordering of the iron atoms. They can be fitted with two P(ll)'s, as is shown in 


. Fig. 21c. This confIrms the NMR resules concerning the existence of the nonmagnetic class of 


100 
~ 
'-' 

Z 
::'1V(:~: 

3.6 

J0 ,-.. 

Vi CII 


:i 
(/) 

96 E (c) 

....... 


(/) E 
z '-' 
« ~ 

100 

J- <l
a:: 

'-' 
..J a. 
I.JJ (b)a:: 

96 
0.0 

-2 -1 0 1 2 0.0 0.5 1.0 
VELOCI"TY (mm/s) II (mm/s) 

Figure 21. The Mtlssbauer spectra of i-A~B6PdlSMn.4.925Feo.07S at room temperature (a) and at 5.0 K (b) 

fitted with two P(~), the solid and broken lines in (e), components also shown in (a) and (b). The residuals. 

multiplied by a factor of three. are shown above each spectrum. 



147 Quasicrystalline Materials 

0.08 

1.00 (c) 
0.08 

0.04 

!;> 0.90 ... 
112 

350K 0.02 

=.s
.9 0.80 

(a) 
0.00 <J-

~ 
;. 
:;j
III 

1.00 , .......iIq'....,.--'"""ll=MI..... (d) 0.08 

c:a. 

~ 0.04, 

0.90 
4.2K 0.02 

(b) 
0.80 0.00 

-8 -2 -1 0 1 2 8 0 1 2 3 

Velocity (mm/s) fl. (mm/s) 

Figure 22. The Mossbauer spectra of i-A162.sB7.SPd IsFelS measured at 350 K (a) fitted with one P(A), (c), and 

at 4.2 K (b) fitted with the peAl, (d), and the Zeeman components. The component spectra are indicated in (b). 

Figure obtained from reference SO. 

manganese sites and indicates that there are two distinct environments around nonmagnetic 
Mn(Fe) atoms in this system. 

It was recently discovered that completely replacing manganese atoms by iron atoms in 
the i-AI-B-Pd-Mn system retains both the icosahedral symmetry and the magnetism. so The 
Mossbauer spectra, shown in Fig. 22, of an icosahedral alloy. of this system with an ordering 
temperature of 305 K provide unquestionable evidence for the existence of the magnetic and 
nonmagnetic classes of iron sites. 

5. QUASICRYSTALS AND DISORDER 

As mentioned in Section I, before the discovery of stable quasicrystals, the available 
metastable samples contained significant amount of disorder and second phases which 
hindered the detection of properties which might be inherent to quasi periodicity and led to 
significant confusion 8 in many areas of the physics of these alloys. Many stable quasicrystals 
are labelled "perfect," or "phason-free" because, from a diffraction point of view, their Br~Jj 
peaks are extremely sharp and their widths scale appropriately with the components of Q? . 
Yet, there is experimental evidence, which is summarized below, which indicates that these 
perfect quasicrystals contain some sort of disorder, which must then influence their physical 
properties. 

The Mossbauer results reviewed above clearly indicate the presence of P(fl.) also in stable 
phason-free quasicrystals. Similar distributions are observed with other local probes, such as 
NMR and nuclear quadrupole resonance spectroscopy. HZ Such distributions of the hyperfine 
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parameters can only occur if there is a chemical andlor topological disorder in the investigated 
samples. 

The diffuse scattering is often observed in x-ray and electron diffraction patterns of high
83quality quasicrystals. Such scattering indicates that some disorder is present in the diffracting 

structure. A recent study on the propagation of acoustic shear waves in a single-grain i-AI-Pd
Mn allor shows the similarity of the acoustic properties of this alloy to those of amorphous 
metals.s The success of quantum interference theories,3.6.14 which were originally developed 
for disordered conductors, in accounting for the temperature and field dependencies of the 
electrical conductivity and magnetoresistance of many stable quasicrystals also indicates the 
importance of disorder. The presence of disorder may also explain why the spikiness of the 
density of states predicted by theory, see Fig. 2, is not observed even in the ultra-high 
resolution ultraviolet photoemission spectroscopy valence bands, see Figs. 3 to 6. The 
presence of two magnetic classes of transition metal sites may also be related to disorder.61 

There seem to be at least two qualitative reasons for the presence of disorder in high
quality stable quasicrystals. First, the concept of quasiperiodicity, by its very nature, stipulates 
that no two atoms in a quasilattice have exactly the same environment, which can be viewed as 
a sort of topological disorder. This must be in part responsible for the observed distribution of 
the hyperfine parameters studied with local probes. It may also cause the quasicrystals to 
become electronically disordered alloys, and hence, account for the success of the quantum 
interference theories. Second, there are at present about two dozen stable quasicrystals, see 
references II, 12, and 22, all of which are ternary alloys. Clearly, one expects some chemical 
disorder to he present in such ternaries and such disorder is expected to lead to a smoothing 
out of the sharp characteristics of their physical properties, for example, of the spikiness in 
their density of states near the Fermi level, andlor their broadening, for example, compare the 
full width at half maximum of the peA) for i-AI64Cu24FeI2 with that for i-AI6sCu2oFe7.5Ru7,s, 
see Figs. 9d and 10e. Thus it seems that disorder has to he included in any attempts to explain 
the unusual physical properties of quasicrystals. 

6. CONCLUDING REMARKS 

Two major themes have been discussed in this chapter. The first theme is related to the 
electronic structure of quasicrystals because it is the knowledge and understanding of this 
structure which eventually will enable us to fully understand the unusual properties of these 
complex materials. The second theme is associated with the contribution of the recent 
Mossbauer spectral studies to elucidating some aspects of the structure and magnetism of 
quasicrystals. 

Although the nature of the surprising transport properties is still unsolved, it seems that 
they may result from the combination of the low density of states at the Fermi level. 
localization effects, and the presence of the critical states. The quasiperiodicity by itself does 
not seem to be essential for the occurrence of these effects as they are also observed in 
structurally complex crystalline approximants. 

After the first few years of confusion associated with poor quality samples and the 
problematic interpretation of their spectra, Mossbauer spectroscopy has emerged as an 
important experimental technique in studies of structural and magnetic properties of 
quasicrystals. It was instrumental, among other things, in establishing the occurrence of two 
classes of transition metal sites in many quasicrystals. It also provides, when used critically, 
reliable information on the quadrupole interaction distributions. However, this information by 
itself is not sufficient to answer the questions related to the structure of quasicrystals. It must 

http:disorder.61
http:theories,3.6.14
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be compared with the theoretically predicted P(.6.)'s for possible structural models. Such a 
process is still in its infancy. 

Magnetically ordered quasicrystals require in-field Mossbauer measurements to detennine 
their type of ordering. Such measurements are also needed for diamagnetic and paramagnetic 
quasicrystals in order to impose further constraints on the derived hyperfine parameters from 
zero-field spectra, which is essential for using these parameters to discriminate between 
possible structural. models. It is the belief of the author that Mossbauer spectroscopy is 
especially useful when used in combination with other experimental techniques, especially in 
the area of magnetism. 

All Mossbauer spectral studies performed so far have been done with the iron-57 isotope. 
However, new quasicrystals with zinc and the rare-earth elements are now available. 
Mossbauer spectroscopy on other nuclei would undoubtedly provide valuable data on the local 
properties of these new quasicrystals. 
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