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Abstract. We have investigated the local electronic properties and the atomic order in the
Al 100−x−yCuxFey phases using57Fe Mössbauer as well as27Al and 65Cu nuclear magnetic
resonance (NMR) spectroscopies. We have studied samples along the existence domains of the
icosahedral quasicrystalline (i-) and the high-order approximant phases, given by two close-lying
parallel lines in the concentration diagram. In addition, we have also studied a series of intermediate
concentrations situated between these lines and retained in ametastablei-phase by quenching. It
is found that the57Fe Mössbauer centre shift (isomer shift) and quadrupole splitting are linearly
correlated with each other over the range of compositions and structures for all samples, which
reveals systematic changes in the orbital occupations on Fe atoms with composition. In addition,
it is found that the27Al NMR average electronic shift follows this correlation. The results are
discussed in terms of the hybridization of iron d states with the p and induced d states of Al.
We have studied also a low-order cubic approximant phase containing Si as well as several non-
approximant crystalline phases.

1. Introduction

The discovery of icosahedral point symmetry in an AlMn alloy by Shechtmanet al[1] prompted
intensive research which has now been continuing for more than ten years on the structure,
chemical order, and electronic properties of these new materials [2–4]. The introduction of the
cut-and-project method now allows us to construct quasiperiodic lattices which yield the correct
experimental diffraction line positions [5]. However, the problem of the atomic decoration
(chemical order) on such a lattice remains only partially solved [6–8]. Many different systems
have been found which form quasicrystalline structures, some of which are stable phases.
These are always confined to narrow composition ranges. Many of the physical properties of
the stable quasicrystals are atypical for metals. They exhibit very low thermal conductivity, as
well as a reduced density of electronic states at the Fermi levelEF and anomalous transport
properties (very high electrical resistivity with a negative temperature coefficient) reminiscent
of those of non-metals (see for example [9–11]). The origin of the stability of these structures
as well as the relation to these atypical electronic properties is a controversial issue. A Hume-
Rothery type of electronic phase [12] would lead naturally to a connection between the phase
composition and the stability, as well as to a reduced density of states atEF [9,10].
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We have therefore undertaken a systematic study of the local electronic properties and
atomic order in the quasicrystalline and approximant phases of Al100−x−yCuxFey in order to
investigate this question. This ternary alloy system builds a stable icosahedral quasicrystalline
phase and several approximant phases in a very small concentration range [13]. Here and in
the following, the Cu (x) and Fe (y) concentrations in at.% are given as (x, y). At 700 ◦C the
icosahedral (i-) phase occupies a small triangular domain, the corners of which are (23.7, 12.7),
(24.4, 13.1), and (29.6, 10.5) [13]. At lower temperatures, the existence domain of the i-phase
is reduced to a narrow elongated domain, which can nearly be approximated by a line segment
given byy = −0.4x+22.7 extending from (24.4, 12.9) to (26.0, 12.3), hereafter denoted as the
I-line. For compositions along this line, long low-temperature annealings do not lead to any
changes in the x-ray diffraction pattern, which suggests that the i-phase is the stable structure
at low temperature. (Stable and metastable as used here will refer to the low-temperature
stability.) Several periodic high-order approximant phases of the icosahedral AlCuFe phase,
with pentagonal (p-,p/q = 4/3), rhombohedral (r-,p/q = 3/2) and orthorhombic (o-)
symmetry, have also been identified, wherep/q indicates the rational approximation to the
golden ratioτ characterizing the approximant phase [13]. In the notation of reference [13], the
p-phase is P1. For the o-phase,p/q depends on the spatial direction. At 700◦C, the existence
domains of the p-, r-, and o-phases are also localized along a narrow strip extending from
(23.3, 12.3) to (30.1, 9.6) which is moreover nearly parallel to that of the stable i-phase at low
temperature and corresponds therefore to the same well-defined substitution law. Neglecting
the small two-phased intervals between the three existence domains of the p-, r-, and o-phases
and the lateral extension in the Fe concentration, this strip can be approximated by the line
segmenty = −0.4x + 21.6 with the limits above, hereafter denoted as the A-line. At lower
temperatures, only the rhombohedral phase is stable. Intermediate annealings and quenching
are used to retain the metastable p- and o-phases to room temperature. All of these approximant
alloys can also be prepared in a metastable icosahedral state.

The different high-order approximant phases are structurally related to the icosahedral
quasicrystalline one by a six-dimensional shearing transformation linking the different
diffraction lines in their respective x-ray spectra [13]. Thus we expect very similar local
chemical and electronic structures among these phases. The fact that the existence domains
at lower temperatures practically reduce to lines with little lateral extent implies in addition a
very strict substitution rule: five Cu atoms are substituted for with three Al and two Fe atoms.
This is similar to the case of a pseudo-binary substitution between two isostructural end-points.
But the current structural and decoration models give no justification for the existence of two
different lines in the composition diagram.

In the usual Hume-Rothery compounds [12], the crystal structure is stabilized by an
effective interaction between the Fermi surface and the Brillouin–Jones zone (BZ) due to
electron scattering on the lattice planes. The matching determines the number of conduction
electrons per atome/a. This model has often been applied to quasicrystals and their high-
order approximants to interpret their stability. In fact, in the case of Al100−x−yCuxFey , the
substitution rule given above corresponds to a constant value ofe/a (1.865 for the I-line and
1.92 for the A-line) assuming usual valences for Al, Cu, and Fe atoms (vAl = 3, vCu = 1,
vFe= −2) [10,14]. However, this model is too rough to justify two different stability domains.

From the above, it is clear that it is necessary to study the local chemical and electronic
structure along these two composition lines for stable structures. This may bring to light the
link between the electronic properties and the phase stability. We have undertaken a systematic
study combining57Fe Mössbauer, as well as27Al and65Cu nuclear magnetic resonance (NMR)
spectroscopies [15,16]. In the present paper, we will focus on the correlations between several
of the different hyperfine properties and the implications for the local structure. We will
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summarize the influence of long-range order at a given composition and that of changes in
composition. We will then establish that there exists a correlation in the57Fe average centre
shift and quadrupole splitting as well as the27Al average electronic shift for all icosahedral
and high-order approximant samples. These results will be compared to those for the cubic
low-order approximant [17], as well as non-approximant phases.

2. Samples studied

All of the samples used were prepared at CECM by planar-flow casting methods. They have
been annealed in order to eliminate the disorder and the small amount of the cubic (B2)β-phase
(a volume fraction of the order of a few %) usually present in the as-quenched samples. Sample
compositions are given in table 1. Samples previously studied in references [15,16] have been
chosen to span the existence domains of the icosahedral quasicrystalline (I-line) and high-order
approximant (A-line) phases. Samples with compositions along the A-line have been prepared
in the different stable (r-) and metastable (p-, o-, and i-) states at the same composition by using
different heat treatments and quenchings [15, 16]. The compositions studied, as well as the
existence domains of the i-, p-, r-, and o-phases at 700◦C from reference [13], have been drawn
in figure 1.

Figure 1. A concentration diagram showing the samples studied here. The boundaries of the
stability domains of the ‘ico’ (icosahedral), ‘penta’ (pentagonal), ‘rhombo’ (rhombohedral), and
‘ortho’ (orthorhombic) phases at 700◦C from [13] have been drawn as dotted lines. Samples in
structures which are stable at low temperature are represented by full symbols. Shown as well are
the I-, A-, and M-lines as explained in the text.

Three samples belonging to the single-phase icosahedral domain at 700◦C have been
chosen along a line parallel to the I- and A-lines, i.e. with the same substitution law. This line
segment, hereafter denoted as the M-line, is given byy = −0.4x + 22.3 and extends from
x = 23.8 to x = 27. For such samples the i-phase is not stable at room temperature but a
metastable (and defective) i-phase is retained by quenching from 700◦C. In a Hume-Rothery
approach, described in the introduction, this M-line is a line of constante/a = 1.885. However,
one must emphasize that, in contrast to the I- and A-lines, this M-line has no particular physical
meaning. Any other parallel line, in between the I- and M-lines and within the single-phase
icosahedral domain at 700◦C, would connect samples obeying the very same substitution
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Table 1. Samples studied including the line (I-, A-, or M-) and long-range order, the Cu and
Fe concentrations(x, y), and the lattice parameters a6D for icosahedral samples. Stable and
metastable refer to stability at low temperature. Phases are indicated as ‘ico’ (icosahedral), ‘penta’
(pentagonal), ‘rhombo’ (rhombohedral), and ‘ortho’ (orthorhombic). Also included are the57Fe
average centre shift〈δ〉 and quadrupole splitting〈1〉, and the27Al average frequency shift〈δν〉Al .
The error bars are±0.02 mm s−1 on 〈δ〉 and〈1〉; ±0.3 kHz on〈δν〉Al .

Sample a6D 〈δ〉 〈1〉 〈δν〉Al

Line and state (x, y) (Å) (mm s−1) (mm s−1) (kHz)

I-line: i-(24.4, 13.0) 6.3198 0.241 0.368 −0.1
stable ico i-(24.6, 12.9) 6.3193 0.240 0.372 0.6

i-(24.9, 12.8) 6.3180 0.240 0.372 0.8
i-(25.3, 12.6) 6.3173 0.238 0.374 1.6
i-(25.5, 12.5) 6.3176 0.237 0.379 2.0

A-line: i-(23.4, 12.3) 6.3181 0.218 0.409 4.5
metastable ico i-(24.5, 11.9) 6.3168 0.219 0.415 5.1

i-(25.0, 11.6) 6.3149 0.216 0.422 5.5
i-(26.0, 11.2) 6.3125 0.217 0.431 —
i-(27.0, 10.8) 6.3108 0.214 0.435 6.7
i-(28.0, 10.4) 6.3088 0.211 0.435 —
i-(29.9, 9.7) 6.3042 0.210 0.437 9.4

A-line: r-(24.5, 11.9) — 0.219 0.411 5.1
stable rhombo r-(25.0, 11.6) — 0.217 0.420 —

r-(26.0, 11.2) — 0.213 0.436 5.9
r-(27.0, 10.8) — 0.215 0.432 —
r-(28.0, 10.4) — 0.212 0.436 7.4

A-line: p-(23.4, 12.3) — 0.229 0.420 4.9
metastable penta p-(24.0, 12.0) — 0.228 0.418 5.5

p-(24.5, 11.9) — 0.223 0.412 5.1

A-line o-(29.5, 9.8) — 0.211 0.438 8.3
metastable ortho o-(29.9, 9.7) — 0.208 0.437 8.9

M-line: i-(24.5, 12.5) 6.3158 0.229 0.392 3.3
metastable ico i-(25.5, 12.1) 6.3149 0.227 0.395 3.3

i-(26.5, 11.7) 6.3139 0.226 0.400 3.8

Metastable ico i-(26.0, 12.2) 6.3153 0.2337 0.3831 2.0

Cubic approximant c-(25.5, 12.5) — 0.217 0.337 7.6
7% Si

Crystalline β-(25.0, 25.0) — 0.331 0.248 —
non-approximants ω-(20.0, 10.0) — 0.143 0.0 —

λ-(0.0, 23.0) — (1) 0.21 0.0 —
(2) 0.20 0.41

law with a different constant value ofe/a. The M-line has been chosen at the limit of the
single-phase icosahedral domain at 700◦C in order to get the maximum possible composition
changes with respect to samples along the I-line, as can be seen in figure 1. We have also
studied another metastable icosahedral phase, i-(26, 12.2), in between the I- and M-lines.

In addition, a low-order cubic (c-,p/q = 1/1) approximant phase has been studied:
Al55Cu25.5Fe12.5Si7 where 7% Si has been substituted for Al [17]. Several crystalline phases
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with compositions near the quasicrystalline and high-order approximant phases have been
studied as well. These are the B2 cubic phase denoted asβ, a tetragonal phase denoted as
ω [18], and a monoclinic phase denoted asλ [19]. The ternaryβ-phase is isomorphous to
the binary B2 AlFe phase. The complexλ-phase (102 atoms/cell) is isomorphous to Al13Co4

which is an approximant to the AlCuCo decagonal phase.

3. Hyperfine properties at the Fe sites

3.1. Analysis of57Fe Mössbauer spectra

Typical 57Fe Mössbauer spectra for one stable icosahedral phase and one metastable high-
order approximant phase are shown in figures 2(a) and 2(b). (Spectra from the M-line samples
are similar.) The 1/1 cubic approximant is shown in figure 2(c). All of these spectra show
evidence for a broad distribution of centre shift (isomer shift)δ as well as the quadrupole
splitting1 due to electric field gradients (EFG). The distributions have been approximated
using a Gaussian form (Voigt lineform) and evaluated using the exact transmission integral.
The fitting method has been discussed in more detail in reference [15]. We report here the
average values〈δ〉 and〈1〉 in table 1. In addition, we have also used the Gaussian isotropic
model (GIM) distribution [20] (but without a transmission integral). Slightly different average
values of the hyperfine parameters are found, but the same systematic trends are obtained.
The57Fe Mössbauer spectra for the crystalline phases are given in figures 2(d) to 2(f ). In the
tetragonalω-phase, the quadrupole splitting is very low, although the structure is not cubic.
The quadrupole splitting seen for the cubicβ-phase is solely due to chemical disorder. In
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Figure 2. Typical Mössbauer results for the (left) stable icosahedral i-(25.5, 12.5), metastable
pentagonal p-(23.4, 12.3), and low-order cubic approximant c-(25.5, 12.5) with 7 at.% Si, and
(right) the crystalline non-approximantω-, β-, andλ-samples at room temperature. For theλ-
phase spectrum, the (1) single-line and (2) quadrupole doublet subspectra are discussed in the text.
All spectra have been fitted with a transmission integral (solid line).
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the case of theλ-phase, the fit of either a quadrupole distribution or of two subspectra led
to two distinct subspectra with roughly (1) about one third of the weight in a single line (or
small EFG), and (2) two thirds in a quadrupole doublet. This could correspond to (a) the eight
Fe5 atoms and (b) four of each of the Fe1 to Fe4 atoms in the monoclinic unit cell given by
Black [19]. However, the weight of subspectrum (1) relative to that of (2) in the fit is sensitive
to the EFG splitting permitted for subspectrum (1), so this is only a suggestion, and we have
shown the fit for1(1) = 0. (See the second article by Black for a discussion of iron site
environments. See Faudot [21] as well as Freiburg and Grushko [22] for a discussion of the
complicatedλ-phase.) The spectra for the crystalline phases differ strongly from those for the
first three samples, both in average centre shift〈δ〉 and quadrupole splitting〈1〉. The slight
asymmetry seen in the spectra for the icosahedral and approximant spectra is due to slight
changes in isomer shift over the quadrupole splitting distribution. This will be ignored here
(and has nothing to do with the correlation effects discussed in section 3.3). Only average
values ofδ and1 will be used to characterize the hyperfine properties at the iron nucleus, and
these are independent of this small effect.

3.2. Dependence on long-range order and composition

By comparing the results for identical compositions along the A-line but in different structures
(the i-phase compared to r-, o-, and p-phases), we found in previous papers [15, 16] thatat a
given compositionno differences in the57Fe hyperfine properties can be detected. The same
conclusion was obtained for the local electronic properties and electrical field gradients at
the Cu and Al sites probed by NMR. Thereforethe local electronic and atomic structures are
insensitive to the nature of the long-range orderof the icosahedral and high-order approximants.

But we did detect systematic composition dependencies for the57Fe average centre shift
〈δ〉 and quadrupole splitting〈1〉, as shown in figures 3(a) and 3(b) as functions of the Cu
concentrationx. (Similar results are observed as a function of Al or Fe concentration.) For
all of the i-phases along the I-line,〈δ〉 and〈1〉 form one continuous slow variation. All of
the quasicrystalline and approximant phases along the A-line form another continuous slow
variation which is close to being parallel to the first. Much larger changes are observed when
going from one domain to another, although the composition variations involved are much
smaller than within each domain. The samples along the M-line also show similar properties,
forming one continuous slow variation along a parallel line in between those for the I- and A-line
samples, shown in figure 3. The same trends are observed when analysing the concentration
dependence of the average shifts of the NMR27Al and65Cu lines (see [15,16] and section 4.3).
Therefore each hyperfine property depends on the composition, but different composition
changes are far from being equivalent. Following the directions of the existence domains (five
Cu atoms substituting for three Al and two Fe) inducessmallchanges in properties, similar for
all three lines presented here (I-, A-, and M-lines). Changes induced by composition variations
perpendicular to these (for example approximately at constant Cu composition: see figure 1)
aremuch more rapid. We conclude that the variations of〈δ〉 and〈1〉 with composition are
due to changes in the electronic and quadrupole couplings at the Fe sites. It remains to be seen
whether there is a hidden unity between these different lines, and the origin of the striking
variations in the local electronic properties has yet to be understood.

3.3. Correlation in the57Fe hyperfine properties of icosahedral and high-order approximants

Indeed, the average centre shift〈δ〉 and the average quadrupole splitting〈1〉 at the 57Fe
nucleus are correlated for samples along the I-, M-, and A-lines. To show this, we have
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Figure 3. Composition and structural dependences for samples along the I-, the A-, and the M-
lines. Shown are: the57Fe Mössbauer (a) average centre (isomer) shift〈δ〉 and (b) quadrupole
splitting 〈1〉; (c) 27Al and (d)65Cu NMR central-line average frequency shifts〈δν〉 in 6.9952 T;
as well as (e) the65Cu NMR linewidth. The lines are guides to the eye.

plotted〈1〉 as a function of〈δ〉 in figure 4, for all of the i- and the high-order approximant
phases (some preliminary results were published in [23]). It is remarkable that this figure
shows clear evidence for asingle continuouslinear variation overall of these phases. From
the concentration dependence (figure 3), it is to be expected that we find I-, A-, and M-line
samples along three parallel line segments in figure 4. What is surprising is to find them
along the very same line. This demonstrates that there is a strict correlation in changes of the
hyperfine properties at the iron site extending over the whole range of compositions for these
phases. We obtain from a linear fit

〈1〉 = −2.23〈δ〉 + 0.904 mm s−1 (1)

shown in figure 4 as the correlation line. The 95% confidence bounds are also shown. There
is however little if any overlap in the line segments occupied by the results from the I-, A-, and
M-line samples. This results from the large difference in concentration dependence of〈δ〉 and
〈1〉 along, as compared to between, these lines.

In figure 5 we show these same samples compared to other phases presented here as
well as some results from the literature. Shown is the result for the low-order 1/1 cubic
approximant: this falls close to but definitely outside the confidence bounds of the correlation
line. In addition, the crystallineλ-sample is shown. (The results forβ andω—see table 1—are
not shown, as these crystalline samples fall far away from the correlation line.) In view of
these results, we expect that for any single-phase icosahedral sample (stable or metastable)
the hyperfine parameters〈δ〉 and〈1〉 will fall on the correlation line. Indeed this is the case
for the metastable icosahedral sample i-(26, 12.2) found in between the I- and M-lines in the
composition diagram, as is shown in figure 4.
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Figure 4. A correlation diagram showing the linear dependence between the57Fe Mössbauer
〈δ〉 and〈1〉 parameters for samples along the I-, A-, and M-lines. The sample marked + is the
additional i-phase i-(26.0, 12.2) discussed in the text. The solid line is a fit to the data and the
dotted lines are the 95% confidence limits of the fit.

Figure 5. Our results (small solid dots) for the icosahedral quasicrystals and high-order approx-
imants compared with results for the 1/1 cubic low-order approximant sample, and the crystalline
λ-phase. The correlation line and confidence bounds are taken from figure 4. Data on samples
from Lawther and Dunlap [24] are shown as well. Only their samples with compositions near our
A-line fall within the confidence bounds.

Lawther and Dunlap [24] have presented Mössbauer hyperfine studies of AlCuFe for
several different compositions and heat treatments. Their results are also shown in figure 5.
Their sample compositions i-(25, 12) and i-(25, 12.5) lie between the I- and A-lines. For these
two samples, their results lie very near ours for our M-line samples, as we would expect. They
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have also reported on (20, 15) samples with different heat treatments. These results lie far
from the correlation line, as is also shown in the figure. However, the (20, 15) composition,
although on the extension to the I-line, is now known to lie in a multiphase region of the
phase diagram [13]. We can also compare these results with published data for Fe–Al binary
compounds, the ordered binary phases B2β-FeAl (δ = 0.26,1 = 0 mm s−1) [25], as well
as Fe2Al5 (δ = 0.23,1 = 0 mm s−1) [25]. The hyperfine results for these two compounds
also fall far away from the correlation line. We conclude that the correlation line found here
for the icosahedral quasicrystalline and high-order approximant phases is aunique featureof
these phases and reflects theirlocal chemical and electronic structure.

Thus the question arises of whether the hyperfine properties at the27Al and65Cu sites vary
in a systematic way with respect to those of57Fe. This is the subject of the following section.

4. Hyperfine properties at the Al and Cu sites

4.1. Analysis of the27Al and 65Cu NMR spectra in high field

For the icosahedral, high-order approximant phases, the27Al and 65Cu NMR spectra in high
magnetic field (∼7 T) consist of two parts. There is a narrow central line associated with the
m = −1/2,m = +1/2 nuclear spin transition. On this is superposed a much broader line from
the first-order quadrupole splitting of the remaining Al and Cu nuclear transitions [15–17,26].
The absence of any resolved feature in either of these two parts indicates a broad distribution of
electric field gradients (EFG) and hence of local environments at both the Al and Cu sites. All
samples have been studied in fixed magnetic field (B = 6.9952 T) by changing the frequency
step by step and measuring the spin-echo integral. This method is not suitable for measuring
broad lines because the detection circuit has to be re-tuned at each frequency. Thus at high field
only the27Al and 65Cu central lines were measured. (The63Cu central line was not studied
because it is superposed on the large27Al first-order quadrupole line.) Typical results are
shown in figure 6 for one stable I-line icosahedral phase and one A-line approximant phase.
Results for the 1/1 cubic approximant are similar [17].

The frequency splitting of them = 1/2, m = −1/2 transition depends on the interaction
of the nuclear spin with the conduction electronsHe (a first-order effect) and on quadrupole
couplingsHq (a second-order effect). It depends moreover on the orientation of the magnetic
field with respect to the local symmetry axis. The shape of the central line results from
the distribution of the resonance frequencies and reflects both the powder average and the
distribution of the electronic and quadrupole coupling parameters. No meaningful fit of the
central lines measured in 7 T can be obtained because of the large number of parameters.
Fits in lower field, where quadrupole effects (proportional to 1/B) dominate, are possible (see
the appendix). Thus we have only calculated the average frequencies〈ν〉 of the central lines
measured in high field (after subtracting the contribution of the first-order quadrupole lines [27])
and obtained the average frequency shift〈δν〉 = 〈ν〉 − νL . HereνL = γnB is the reference
(Larmor) frequency in the applied field (77.6047 MHz for27Al with γn = 11.094 MHz T−1

and 84.565 MHz for65Cu withγn = 12.089 MHz T−1). The error bars on〈δν〉 are±0.3 kHz
for the27Al and±5 kHz for the65Cu central lines. This does not include the uncertainty onνL

which simply leads to an overall shift of the data. The〈δν〉 value for the65Cu central line is very
sensitive to the estimation of the background which causes the large error bar quoted above.

The average frequency shifts〈δν〉 of both Al and Cu lines exhibit clear composition
dependencies as will be described in sections 4.3.1 and 4.3.2. However, it should be emphasized
that they are the sum of electronic and quadrupole shifts which could both dependa priori on
composition. Second-order quadrupole couplings contribute to an average negative shift of the
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Figure 6. Typical 27Al and 65Cu NMR central lines measured in a fixed field (6.9952 T). The
spin-echo integral has been measured as a function of frequency. The arrows indicate the reference
frequenciesνL = 77.6047 MHz for the27Al and νL = 84.565 MHz for the65Cu resonance.
Average frequencies are shown by the thin solid lines. The dashed lines indicate the contributions
of the other nuclear transitions (first-order quadrupole).

line 〈δνq〉 inversely proportional to the applied field, while the average shift due to electronic
couplings〈δνe〉 is proportional to the applied field. Experiments in different fields are then
required to separate these two contributions.

4.2. Separation of quadrupole and electronic contributions

We performed additional NMR experiments by using a field-sweep spectrometer where the
spin-echo integral is measured as a function of the applied field at a fixed frequencyν0.
The complete NMR spectra, including the27Al, 63Cu, and65Cu resonances, were measured
at several frequencies in the range 18–40 MHz. (Since increasing field at fixed frequency
corresponds to decreasing frequency at fixed field, the copper resonances are now to the left
of the aluminium one.) In total, four samples were studied in this way atT = 95 K, one
along the I-line: i-(25.5, 12.5), and three along the A-line: p-(23.4, 12.3), r-(26.0, 11.2), and
o-(29.9, 9.7). The NMR spectra were found to be temperature independent, so these data can
be compared with central lines measured at 300 K in a fixed field (≈7 T).

4.2.1. 27Al NMR spectra. The first-order quadrupole lines are found to be identical for the
four samples studied within the experimental uncertainties. As an example, spectra recorded
at ν0 = 40.454 MHz are shown in figure 7. As these samples span the concentration domain
studied, it is reasonable to conclude that the first-order quadrupole couplings and hencethe
EFG distributions at the Al sites are the same in all samples. (The satellite lines are only
affected by quadrupole couplings because in first perturbation orderHq is much larger than
He in the samples studied.) Therefore the contribution of quadrupole couplings to the central
line is sample independent and the variations of〈δν〉Al in 7 T reported in table 1 areonly due
to changes in the electronic couplings at the Al sites. In order to obtain the average electronic
frequency shift〈δνe〉Al , one should then, in first approximation, subtract the constant (negative)
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Figure 7. NMR field-sweep spectra measured atν0 = 40.454 MHz for one icosahedral sample
along the I-line (i-(25.5–12.5)) and three approximant samples along the A-line (p-(23.4, 12.3),
r-(26.0, 11.2), and o-(29.9–9.7)): (a)27Al first-order quadrupole spectra and (b)65Cu central lines.
(When comparing figures 6 and 7 one should remember that increasing field at fixed frequency
corresponds to decreasing frequency at fixed field.) Solid lines are fits using the GIM model (see
the appendix).

quadrupole average shift〈δνq〉Al . The latter quantity can be deduced from fits of the central
line measured at low frequency as explained in the appendix and is found to be equal to
−11 kHz at 7 T.

4.2.2. 65Cu NMR spectra. No accurate information can be obtained on the first-order65Cu
NMR quadrupole spectrum which is mixed with the27Al one. Therefore only the65Cu central
lines could be studied. The spectra measured atν0 = 40.454 MHz in varying field for the
four samples studied are found to be identical within the experimental accuracy (figure 7). On
the other hand, at 7 T the linewidth of the65Cu central line varies significantly from sample
to sample (see figure 3(e)). If this were mainly due to variations in the EFG at the Cu sites,
then clear differences would have been detected in the field-sweep spectra at 40.454 MHz.
However, from studies on sample i-(25.5, 12.50) at lower frequency, we have observed that the
quadrupole contribution accounts for only∼80% of the linewidth measured in 40.454 MHz.
Therefore, small variations of the EFG from sample to sample, compensated by changes in the
electronic couplings such that the total linewidth in 40.454 MHz remains constant, cannot be
excluded [28]. In conclusion, the EFG distribution at the Cu sites does not vary strongly with
composition and therefore the composition dependence of the average shift and linewidth of
the 65Cu central line in high field (7 T) aremainly due to electronic effects. From fits of the
65Cu central line measured for sample i-(25.5, 12.5) at low frequency (see the appendix) we
deduce that〈δνq〉Cu in 7 T is equal to−29 kHz for this sample (and assume similar values
for all samples).
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4.3. Composition dependence of the local electronic properties

4.3.1. Al sites. The composition dependence of the average frequency shifts of the27Al
central lines in 7 T issummarized in figure 3(c) as a function of the Cu concentration. The
overall variation of〈δν〉Al is quite similar to that of the57Fe average centre shift〈δ〉: slow
variations are observed for samples along the I-, M-, and A-lines, whereas larger changes
are observed when going from one domain to another. As demonstrated in section 4.2.1, the
changes of〈δν〉Al reflect changes in the electronic properties only. To a first approximation, the
different NMR central lines are simply shifted while their linewidths remain nearly the same,
as can be seen for example in figure 6. In conclusion, the variations of〈δν〉Al from sample to
sample reveal homogeneous changes in the electronic couplings at the Al sites. Moreover, the
local electronic properties depend on the composition in a similar way at the Al and Fe sites.
Note that, whereas the average quadrupole splitting at the Fe site varies with the average centre
shift, no changes in the EFG distribution at the Al sites could be detected within experimental
accuracy.

4.3.2. Cu sites. The average frequency shift〈δν〉Cu increases from the I- to the M-line, and
from the M-line to the A-line (see figure 3(d)). No clear evolution is observed along either
line, but changes may be masked by the large error bars. As discussed in section 4.2.2, these
changes must reflect mainly some variations in the electronic properties, the EFG distribution
remaining approximately the same. These variations of〈δν〉Cu are accompanied by large
changes in the linewidth as can be seen in figure 3(e). Therefore, contrary to the Al case, no
global shift of the65Cu central lines in 7 T occurs from sample to sample. The evolution of the
65Cu resonance with the Cu composition along the A-line could indeed suggest that additional
Cu sites are occupied with increasing Cu content. These new sites would then correspond to
larger frequency shifts (see figure 6). In conclusion, although clear changes in the electronic
properties at the Cu sites occur, they are more difficult to interpret than those at the Fe and Al
sites, presumably because of simultaneous chemical changes (site occupation).

4.4. Correlation between the hyperfine properties at Fe and Al sites

Due to the observed similarity between the composition dependence of the27Al average
frequency shift〈δν〉Al measured in 7 T and of the57Fe average centre shift〈δ〉, the possibility
of the existence of a correlated variation of these two quantities, such as the one discussed in
section 3.3, must be examined. Indeed, when plotting〈δνe〉Al as a function of〈δ〉 (figure 8)
a clear correlation is found for all samples on the I-, A-, and M-lines. (Because of the linear
〈1〉–〈δ〉 relation,〈1〉 could have been used instead.) The correlation line is given by

〈δνe〉Al = −231〈δ〉 + 67 kHz. (2)

This behaviour demonstrates the existence ofcorrelated changes in the local electronic
properties with composition at the Al and Fe sites in icosahedral and high-order approximant
phases. No detectable correlation exists with the EFG distribution at the Al sites which was
found to be constant within the accuracy of the experiment. Just as in the case of the correlation
between〈δ〉 and〈1〉, the results for sample i-(26, 12.2) fall on the correlation line described
by equation (2). The results for the low-order cubic approximant fall rather close to the
correlation line, in contradistinction to the results for the iron EFG–isomer shift correlation
shown in figure 5. The average shifts for the crystalline non-approximant phases are not
presented here because they are all very different from those for the QC and approximants. No
similar analysis can be performed to link the variations of〈δν〉Cu with those of other properties
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Figure 8. A correlation diagram showing the linear dependence between the57Fe centre shift〈δ〉
and the27Al NMR frequency shift〈δνe〉Al at 6.9952 T for samples along the I-, A-, and M-lines.
The sample marked + is the additional i-phase i-(26.0, 12.2) discussed in the text. The solid line is
a fit to the data and the dotted lines are the 95% confidence limits.

because this parameter does not reflect the global changes in the electronic properties alone
(see section 4.3.2).

5. Analysis of results

We have shown that changes in several of the57Fe and27Al nuclear hyperfine properties
are correlated with each other. This is the case for the57Fe Mössbauer centre shift〈δ〉 and
quadrupole splitting〈1〉, and the NMR averageelectronicshift 〈δνe〉 for 27Al. We now want
to discuss the meaning of these results for the understanding of the local electronic structure in
the phases found in the icosahedral and high-order approximant stability regions of the ternary
phase diagram.

5.1. Correlations on the iron site

Such correlations in the hyperfine properties on one single nuclear site are well known in the
literature on M̈ossbauer spectroscopy. Covalent compounds containing tin, gold, antimony or
tellurium have long been studied, and many cases of〈δ〉–〈1〉 correlations have been found
(see for instance references [29,30]). The Mössbauer isomer shiftδ is given by [30]

δ = 4π

5
Ze2S ′R̄21R

R
(〈|9(0)|2〉A − 〈|9(0)|2〉S). (3)

In this expression,Z is the atomic number,e the electronic charge,̄R the average nuclear
radius, and1R/R the relative change in radius between excited and ground states.S ′ is a
relativistic correction. The s-electron density averaged over the (small) volume of the nucleus
is denoted as〈|9(0)|2〉X, where X= A is the absorber, and X= S the source.

We can express the electric quadrupole splitting as [30]

1 =
∣∣∣∣12e2qQ

∣∣∣∣√1 +η2/3 (4)
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whereq is the absolute largest principal component of the EFG tensor:eq = eqzz = ∂2V/∂z2

(V being the electrostatic potential at the nucleus).Q is the nuclear quadrupole moment. The
asymmetry parameter is given byη = (qxx − qyy)/qzz, and, as usual, 06 η 6 1 as long as
we choose|qzz| >

∣∣qyy∣∣ > |qxx |. The EFG arises from the non-spherical charge distribution
around the nucleus, but it is now well known that it is dominated by the partially filled valence
p and d orbitals of the atom itself [31]. The largest EFG effects are seen in covalent compounds
with unequal populations in the px , py , and pz orbitals. Thus 3p orbitals will dominate the
EFG if they are partially filled. In the case of Fe, we expect mainly a 3d–4s character at the
Fermi surface with some 4p contribution, and an EFG dominated by 3d and 4p orbitals.

In addition to the direct contributions of the s orbitals to the isomer shift, and the unfilled
p and d orbitals to the EFG tensor, there are alsoindirect contributions to these properties.
This is due to changes in the density of the s orbitals, as well as the average〈r−3〉 of the p and
d orbitals with the occupations of the other orbitals. De Vrieset al [32] have given the results
of numerical relativistic self-consistent calculations of the s-electron density at the nucleus
〈|9(0)|2〉 and〈r−3〉 for the case of Fe atoms. They give the following expressions:

〈|9(0)|2〉 = ρ0 +Ans − Bnp − C(nd − 5)−Dns(n− 5) (5)

〈r−3〉d = 〈r−3〉0 − E(nd − 5)− Fns −Gnp. (6)

Here,n = ns + np + nd , the number of ‘valence’ (3d, 4s, 4p) electrons. The constantsρ0

and 〈r−3〉0 give the values for the 3d54s04p0 state. The numerical constantsA to G are
given for iron in table 2, as taken from [32]. (The constants in equation (6) depend onm,
but this dependence is very weak and will be ignored here.) Their ideas were applied to a
series of different gold compounds, using the197Au Mössbauer isomer shift and EFG splitting,
by Viegers and Trooster [33, 34]. Such compounds show a linear correlation between1

andδ for compounds of the same symmetry but for different covalence (due to a different
electronegativity of neighbouring atoms). Since the isomer shift is proportional to〈|9(0)|2〉,
and the magnitude of the EFG tensor is proportional to〈r−3〉p,d , we expect such a correlation
on one nuclear site with systematic (and continuous) changes in covalency (orbital occupation)
but only as long as the basic structure (or building blocks) does not change. The calculation of
de Vrieset al is only correct for isolated atoms, and is questionable for the case of a metal with
delocalized electron states forming bands. However, we will use it to make a rough estimation
of the correlation effect at the iron site. More detailed calculations are very difficult even for
simple structures, especially for the case of the iron EFG, dominated bybothp and d orbitals.

Table 2. Values given by de Vrieset al [32] (see the text).

A B C D E F G

13.86 0.03 3.48 2.25 0.63 0.13 0.10

From the signs of the different terms given above (which differ forns- as compared tonp-
andnd -contributions) we can conclude that the slope of the correlation diagram is consistent
with a continuous variation in mainly the p- and d-orbital occupations on the iron atoms.
Higher occupations of these orbitals lead to an increase in the isomer shift and a decrease in
the EFG splitting (for57Fe, the isomer-shift calibration constant is negative). We conclude that
the stable and metastable icosahedral quasicrystals and high-order approximant phases build a
continuous series characterized by changes in the p- and d-orbital occupations on iron [35]. The
negative slope of the correlation line corresponds to larger values of the quadrupole splitting for
larger〈|9(0)|2〉. The perfect icosahedral samples along the I-line show the smallest values of
these parameters, which would correspond to the largest values of p- and d-orbital occupation.
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We now estimate the slope∂1/∂δ. If we take the simple example of a d6 configuration
in a distorted octahedral field, then the EFGq varies from−(2/7)〈r−3〉 to (4/7)〈r−3〉 [30].
In the following, we take an average coefficient of 3/7, and assume that there is one electron
contributing to1. In order to estimate the magnitude of the changes produced inδ and1, we
calculate the variations with respect to the d-orbital occupancy. From this, using the numerical
coefficients found in de Vrieset al [32], we find

∂1

∂δ
≈ −1.3

∂〈r−3〉
∂〈|9(0)|2〉 ≈ −1.3

E +G− F
C +B −D(n− 5)

≈ −1.3
E

C
≈ −0.2 (7)

while the experimental coefficient found above is−2.2. Thus we can conclude that this very
simple estimation gives the correct sign of the changes observed (but is very sensitive to the
value ofn− 5≈ 0 chosen). Our estimation only involves one d-orbital contribution toq, and
neglects the important 3p and 4p contributions on Fe. This leads to our underestimation of the
magnitude of the slope.

In this discussion of the hyperfine properties of57Fe we have used a chemical model
assuming covalent bonds between iron and its neighbours. As discussed below, AlCuFe QCs
are metallic, so our approach is only a zeroth-order model. Our goal is to give an idea of the
contributions leading to the correlation on iron, and not an exact description.

5.2. Correlation between the57Fe isomer shift and the27Al electronic shift

In order to discuss this correlation, we first have to discuss the origin of the27Al NMR line
shift. We first note that the measured average shifts shown in table 1 and figure 3 are small,
and that they remain small even after correcting for the quadrupole shift, as discussed above.
The relative shiftsK = δνe/νL are in the range 0.13× 10−3 to 0.26× 10−3, i.e. about 10 to
20% of the shift measured in metallic Al,K = 1.64× 10−3 [36,37].

In a metal, the shift of the27Al NMR line results from the interaction of the nucleus with
conduction electrons. Usually the dominant contribution is due to from the contact interaction
between the nucleus and the s part of the conduction electron wavefunction. The corresponding
Knight shiftKs is equal to(8π/3)χP〈|9(0)2|〉FS. The Pauli susceptibility of the electron gas
per atom is given byχP = µ2

BN(EF), and 〈|9(0)2|〉FS is the density of s electrons at the
nucleus just as in the case of the isomer shift, but in this case averaged over the Fermi surface.
In addition to the contact interaction, indirect couplings of the nucleus with the p and d parts
of the conduction electron wavefunction occur through the induced polarization of the inner
1s and 2s core states. In the case of metallic Al, a complete calculation of these core terms
has been performed [37]. The results of this calculation are that the coupling of inner core
states with the p conduction states averages to zero, while the coupling with d conduction
states leads to a small negative shift. The coupling of s conduction states with core s states
also leads to a small positive shift which provides a small correction (less than 10%) of the
direct contact interaction. There is also an orbital contribution which in the case of aluminium
metal is negligible [37].

The high resistivity of QCs raises the question of the validity of treating the NMR shift as
a metallic shift. Indeed band-structure calculations of approximant phases reveal also that the
spatial extent of the electronic states at the Fermi level follows a power law [38]. However,
in AlCuFe QCs, the electronic density of states (DOS) at the Fermi level is reduced but is
non-zero. The electronic contribution to the specific heat is found to be about a third of that
found for metallic aluminium [39]. Using these data to estimateχP in a crude approximation,
one would expect a reduction by at least a factor of 3 of the shift, compared to that of metallic
Al. In addition, the wavefunctions at the Al site in quasicrystals and approximants are strongly
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affected by the hybridization with Cu and Fe conduction states. Numerical calculations
of the local conduction bands in model quasicrystals [40] have shown a small but definite
occupation of Al-centred d orbitals. Thus, we expect for27Al in AlCuFe a negative core
contribution in addition to the positiveKs , which would reduce the measured relative shiftK.
This contribution could very well explain our results and especially their sensitivity to small
composition variations. IfK varies, then the nuclear spin–lattice relaxation timeT1 should
also change. We have studied the nuclear relaxation at 80 K in several samples along the I-
and A-lines. No differences were found within experimental accuracy. However, different
contributions toT1 are additive, so this parameter is much less sensitive thanK to the changes
in s and d character of the wavefuctions at the Fermi level. (In addition, it remains unclear
whether the nuclear spin relaxation is dominated by couplings with the conduction electrons,
or by atomic movements which modulate quadrupole couplings.)

If the results obtained for metallic Al can be carried over to quasicrystals and approximants,
the contribution of p-electron conduction states to the shift is nearly negligible. In contrast, the
EFG measured for27Al should be dominated by the contribution from the 3p orbitals (plus a
small contribution due to 3d orbitals). As we have discussed in section 4.2.1 and shown in figure
7, the EFG quadrupole shift distribution remains constant over all the icosahedral and high-
order approximant samples. This is a very strong argument for a constant p-orbital occupation
on Al over these different compositions and structures. The small d-orbital variations proposed
to explain the changes in the electronic shifts are too small to be seen in the EFG in the presence
of the (relatively large) electric field gradient of the p orbitals. (Contributions to the EFG vary
as〈1/r3〉, and this is much larger for p than d orbitals.)

In conclusion, in order to explain the changes in the Knight shift while the quadrupole
interaction remains constant, the occupations of the p states can be assumed constant while
the s and d occupations vary. In this case, the correlation of the aluminium〈δν〉e and the iron
Mössbauer average centre shift〈δ〉 can be ascribed to simultaneous changes in the occupation
of s and induced d orbitals on Al, and p and d orbitals on Fe atoms in the AlCuFe structure.

6. Discussion

We have presented a detailed study of the hyperfine properties at the Fe, Al, and Cu sites
in quasicrystalline AlCuFe and approximants. Our goal was to elucidate details of thelocal
chemical and electronic structurewhich contribute to the stability of these phases. The main
observations and conclusions are discussed below.

The small variations in the hyperfine properties of57Fe and27Al along and in between the
composition lines show some inter- and intra-nuclear correlations. That is, there are uniform
changes in these properties over the whole composition range of the stable phases. The changes
are correlated between iron (average isomer shift and EFG) and aluminium (average electronic
shift), but not for copper or for the EFG of aluminium. The simplest interpretation of these
correlations is based on the changes in covalent bonding with composition resulting in changes
in orbital occupations for Fe and Al. This leads us to a model where there is strong overlap
between Fe p and d orbitals, and the d orbitals induced on Al. The fact that all QC and
high-order approximant samples are described by the same correlations shows that there is a
systematic variation of the hybridization of d orbitals on Al, and p and d orbitals on Fe over the
composition range.These correlations thus unify the different stable concentration domains
otherwise characterized by different values ofe/a in a Hume-Rothery approach(see figure 1).
Therefore we can conclude that the local hybridization (between Al and Fe atoms) is important
in determining the structural stability of QC and approximant phases.

The importance of hybridization between iron d states and aluminium sp conduction
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states has already been shown by extensive experimental and numerical studies of the electronic
band properties of AlCu and AlCuFe alloys [41,42]. The comparison of binary AlCu Hume-
Rothery alloys with AlCuFe QC shows that the Fe d states repel the conduction Al sp states
away from the Fermi level, thus increasing the pseudo-gap [43]. This is also the reason for the
seemingly strange Hume-Rothery iron valence of−2 used to describe the stability domains in
the phase diagram. This effect had been predicted by analytical models and is also clear from
band-structure calculations which show strong sp–d hybridization effects [14,40].

In the light of these new results on the local electronic properties in the AlCuFe QC and
approximant phases, it is interesting to discuss previous studies of the composition dependence
of the electronic properties.

The specific heatCv(T ) of AlCuFe has been studied by several different groups [39].
These results have been analysed in terms of a linear electronic and cubic (and higher)
lattice contributions at low temperatures. The coefficient of the linear term is the electronic
Sommerfeld coefficientγ , which is usually found to be of the order of 0.3 mJ mol−1 K−2

(but with large errors). This leads to the expectation that the density of states at the Fermi
level should be about one third of that in metallic aluminium. There are however not enough
data in the literature to judge whether there is any dependence on concentration or number of
conduction electronse/a as found for the hyperfine properties presented here.

The electrical resistivityρ(T ) is found to be very high [44,45]. It is also found to depend on
sample quality and that the resistivityincreaseswith increasing structural perfection, contrary
to the case for good metals. This high resistivity has been commonly attributed to the pseudo-
gap at the Fermi energy and a reduced mobility [10,46]. Except for those given by Lindqvist
et al [45] the data presented in the literature are only for a restricted composition range, so it
is not possible to discuss these as a function of composition or of the number of conduction
electronse/a. The results of Lindqvistet al show that there is no scaling of the conductivity
σ or the Hall coefficientRH at 4 K with e/a, but rather with the iron concentration.

The magnetic susceptibility is found to be diamagnetic [44, 47]. This again shows the
strong deviation from ‘good-metal’ properties and the reduction in the density of states at
the Fermi level in these quasicrystals and high-order approximants. There are no systematic
changes from sample to sample (composition,e/a) within experimental accuracy [48].

Soft x-ray emission and photoabsorption spectroscopies give an indication of the variation
of the band structure in the neighbourhood of the Fermi level. Belinet al[42] have followed the
variations in the Al 3s and 3p, the Cu 3d–4s, and the Fe 3d–4s states for icosahedral, decagonal,
and conventional crystalline samples in AlCuFe(Cr) alloys. Their general conclusion is that
there is a strong reduction in the density of states at the Fermi level. In addition, the maxima
of the states move away fromEF by about 3/4 eV. These observations are consistent with
the presence of a pseudo-gap atEF and a density of states ofN(EF) of about 30% of that in
pure Al metal for the icosahedral and decagonal samples. However, due to the relatively low
resolution of this method, there is no possibility of seeing small changes with composition.

Thus the great advantage of hyperfine methods is their relatively high sensitivity to
small changes in electronic properties which we have seen to occur in the i-AlCuFe QC and
approximant system with composition.

7. Conclusions

We have presented studies of the local electronic properties and the atomic order in
Al 100−x−yCuxFey phases using57Fe Mössbauer, and27Al and65Cu NMR spectroscopies. Our
main findings are the following. The57Fe Mössbauer quadrupole splitting is linearly related
to the centre shift (isomer shift) for all samples, which reveals systematic changes in the
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orbital occupations on Fe atoms with composition. It is also found that the27Al NMR average
electronic shift follows this correlation. The results are described in terms of the systematic
changes in covalence caused by the hybridization between orbitals on Fe and Al. This leads us
to a model where there is strong overlap between Fe p and d orbitals and the d orbitals induced
on Al. We have studied also a low-order cubic approximant phase containing Si as well as
several crystalline phases: these results do not fall on the correlation line, indicating different
atomic binding.
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Appendix. Fits of the NMR lines

In order to better characterize the EFG distribution at the Al and Cu sites and separate the
electronic and quadrupole contributions to the central-line position, we have undertaken
simulations of the NMR lines. We have followed a procedure very close to that detailed
in reference [26]. We considered only the case where the quadrupolar HamiltonianHq can be
treated as a perturbation of the Zeeman part and we neglected the coupling of nuclei with the
electronsHe. In order to compute the powder averaged pattern, a hypothesis as regards the
distributions of the EFG tensor parametersq (eq = ∂2V/∂z2) and of the asymmetry parameter
η is needed. We assumed

f (q, η) = q4η√
2πσ 5

(
1− η

2

9

)
exp

[
− q2

2σ 2

(
1 +

η2

3

)]
. (A.1)

This model, called the Gaussian isotropic model (GIM), applies to a large number of cases
and not only to the case of an EFG tensor based on a point-charge model in the presence of
a random distribution of electric charges [20]. It will also be true for long-ranged oscillating
potentials, as encountered in aluminium-based (Al)–transition metal (TM) amorphous [20] or
quasicrystalline solids where strong and long-range interactions between Al and TM play an
important role [49]. Indeed it has been shown in [15] that this model fits the57Fe Mössbauer
spectra for AlCuFe QC and approximants well, so it seems natural to try to apply it to describe
the NMR spectra. It should be emphasized that the GIM probability is entirely defined by
one singleparameterσ , or alternatively the average〈|q|〉 = 1.9947σ . (Both our NMR and
Mössbauer studies are only sensitive to the absolute value ofq.) For fitting the NMR lines we
introducedνq = 3e2|qQ|/(2I (2I − 1)h) (with Q the nuclear quadrupole moment andI the
nuclear spin) [50].

A very good description of the27Al NMR satellite spectra measured for the sample
i-(25.5, 12.5) can be obtained within the GIM model with〈νq〉 = 1.6 MHz as can be seen in
figure 7(a). The central line, measured at a frequency (18 MHz) low enough that it is dominated
by quadrupole effects only, can also be fitted with the same〈νq〉 value. For65Cu the central
line measured at 40.454 MHz can also be described in the GIM model with〈νq〉 = 4.4 MHz
(see figure 7(b)). The argument is not as good as in the case of Al at 18 MHz because for Cu
at 26 MHz, about 20% of the width is not of quadrupolar origin. Unfortunately data at lower
frequency are not reliable enough to permit the use of a fitting procedure.
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The GIM model is only slightly different from the model used by Shastriet al in
reference [26] who assumedf (q, η) = G(|q|)F (η) whereG(|q|) is a Gaussian function
centred on〈|q|〉 (standard deviationσG) andF was taken as constant over a given range of
η. In the GIM model the marginal distribution of|q| is not far from a Gaussian, with a mean
square-root deviation equal to 0.325〈|q|〉. However, the marginal distribution ofη is far from
being flat andη = 0 has a zero probability. We also tried to analyse our data using the
hypothesis of reference [26]. These fits were not as good as those obtained from the GIM
model. Details of these fits will be published elsewhere. Note that the difference between
the 〈δνq〉 values at Al and Cu sites mainly reflects the different nuclear angular momentum
values and that the〈|q|〉 values deduced are very similar. For27Al, using 〈δνq〉 = 1.6 MHz
andQ = 0.15 b, we obtain〈|Vzz|〉 = 3.0 V m−2. For 65Cu, using〈δνq〉 = 1.6 MHz and
Q = −0.15 b, we obtain〈|Vzz|〉 = 2.4 V m−2.

In conclusion, good fits of the NMR spectra for i-(25.5, 12.5) could be obtained in the
framework of the GIM model. Due to the similarity of the NMR spectra measured for all QC
and high-order approximant phases, the same conclusions are valid for all samples studied.
Quasicrystals and high-order approximants are therefore characterized by a large distribution
of local environments whose consequences for the NMR lines are indistinguishable from those
of a random distribution of the EFG. However, as shown in reference [20] a small amount of
disorder may be sufficient to reach the validity domain of the GIM equation.

We can now compare the average EFG at Al and Cu sites with that for Fe (in all cases for
the i-(25.5, 12.5) sample). At the57Fe site,eqzz = Vzz can be simply deduced from〈1〉 using
equation (4). In the GIM model,〈1〉 = (1/2)|eQ|〈|Vzz|〉

√
1 +η2/3 (with η ≈ 0.6). Then,

from1 = 0.38 mm s−1, we obtain〈|Vzz|〉 = 2.2 V m−2 usingQ = 0.16 b [51]. It is striking
that we see quite similar values of the average EFG interaction at all three sites, despite large
differences in local configurations expected from the current structural models [7,8]. However,
a detailed analysis of these results would go beyond our knowledge of the details of the EFG
interactions in this material and would be rather speculative.

Once〈νq〉 has been determined, the average quadrupole shift of the central line,〈δνq〉, can
be computed analytically. For a givenνq andη, one can calculate [50]

〈δνq〉 = −ν2
q(I (I + 1)− 3/4)(1 +η2/3)/(30νL).

In the GIM model the average of(1 + η2/3)ν2
q over νq andη is equal to 5σ 2 (or 5〈νq〉2/4).

Then, for the final spectrum,

〈δνq〉 = −〈νq〉2(I (I + 1)− 3/4)/(24νL).

From the fits discussed above, one obtains−11 kHz for27Al (−29 kHz for65Cu) in 6.9952 T.
For the27Al resonance, this value was used to correct the measured shifts〈δν〉Al and obtain
the electronic contribution to the shift (sections 4.4 and 5.2).
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