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Distribution of nonequivalent aluminum sites revealed in Al-Cu-Ru and Al-Cu-Fe quasicrystals
by 27Al NQR
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The distribution of nonequivalent aluminum sites was studied in Al-Cu-Fe and Al-Cu-Ru stable icosahedral
quasicrystalline phases using 2’ Al NQR spectra taken at 4.2 K. The observed spectra—which give directly the
distribution of nonequivalent aluminum sites—were broad, asymmetric, and structureless. A simple electric-
field-gradient model calculation accounted for the spectral width in terms of a wide distribution of local atomic
environments, and an estimate for the lower limit on the number of nonequivalent aluminum sites was found.

Since their discovery in 1984,! quasicrystalline alloys
have been studied intensely.>* Although the first examples of
aperiodic crystals with icosahedral and decagonal symmetry
were metastable phases, stable icosahedral alloys such as
Al-Cu-Ru, Al-Cu-Fe, and Al-Pd-Mn have since been discov-
ered and studied.* The principal focus of previous work has
been a proper description of the atomic-scale structure of
quasicrystals. The aperiodicity of these structures precludes a
global description of the atomic arrangements in three di-
mensions, as can be done for periodic crystals. On the other
hand, much can be inferred about the structure and physical
properties of quasicrystals (QC’s) from an understanding of
the nature and diversity of local atomic arrangements made
possible by probes such as NMR and extended x-ray-
absorption fine structure (EXAFS).

NMR and NQR experiments on nuclei carrying a quadru-
pole moment, eQ, can probe the local electric field gradient
(EFG) V7' around the resonant nucleus and are thus suitable
for studying the distributions of local environments.®> Previ-
ous quadrupole perturbed NMR spectra in powder samples
of icosahedral alloys have indicated the presence of a wide
distribution of local EFG’s at the nuclear site."!! However,
no quantitative study could be done mainly because NMR
spectra in powders are broadened both by the intrinsic dis-
tribution of the local EFG tensor as well as by the distribu-
tion of directions of the grains with respect to the external
magnetic field. Zero-field NQR experiments, on the other
hand, are a direct measurement of the internal local EFG at
the nuclear site, since the resonance frequency vg | Vi3,
where | V3| is the largest EFG tensor component in the prin-
cipal axis system.

We present here an NQR investigation of quasicrystals. A
broad 2’Al NQR spectrum was found in both Al-Cu-Ru and
Al-Cu-Fe stable quasicrystals at 4.2 K. A model calculation
of the EFG—using a 1/1 cubic crystalline approximant to the
icosahedral phase for calculating the lattice contribution, and
using p electrons to calculate the conduction electron
contribution—explains the observed NQR spectrum. In par-
ticular, the experimental distribution of EFG values can be
accounted for by the lattice contribution alone, arising from
the distribution of local atomic environments around a given
Al site. The continuous distribution of the NQR signal, how-
ever, requires many more nonequivalent sites be populated in
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the icosahedral phase. The EFG model presented here should
provide a framework to test cluster decoration models of
quasicrystals.

AlyCu;5Ru;5 and AlgsCu,sFe,, alloys were prepared in
stable quasicrystalline phases as described previously.'? All
samples were checked with x-ray scans and were found to
yield sharp diffraction peaks consistent with the face cen-
tered icosahedral phase and with a lack of phason strain. The
27A1 NQR and NMR measurements were performed with a
phase-coherent pulse Fourier transform spectrometer, and
were obtained over a range of frequencies. The 27Al NQR
signal was detected at 4.2 K as an echo signal following a
(7/2)|(x,53— (7/2)|, pulse sequence with 7,,=10 us and
pulse separation 100 us.

The NQR spectra for Al-Cu-Ru and Al-Cu-Fe QC alloys
are shown in Fig. 1. The spectra were obtained by plotting
the echo intensity vs the frequency of irradiation with proper
renormalization for variations of 7T,, Q factor, and transmit-
ter power. For 27Al (I=3) one expects two resonance lines.
The *+3—=*2 transition occurs at v,;= vog(7), where
vp=3eQ|V.>|/20h, eQ is the nuclear quadrupole moment,
and the asymmetry parameter 7=(V,,—V,,)/V,,. The
function g(7) was tabulated in Ref. 13, and varies from 1 for
7=0 to 1.8 for »=1. The * 3 =+ 3 transition occurs at
v,=2v,f(7n), and f(#) varies from 1 at =0 to 0.88 at
7=1."% The echo intensity at the lowest end of the fre-
quency spectrum may have been slightly underestimated as a
consequence of the decrease of the power output of the rf
power amplifier. The NQR spectrum we report is ascribed to
the + 3+ 3 transition of 2’Al, and the average vz from
NQR agreed well with previous quadrupole perturbed NMR
spectra in Al-Cu-Fe and Al-Cu-Ru.! Due to the extreme
width of the NQR spectrum and to the very short 7,=80 us,
the signal-to-noise ratio was poor even at 4.2 K. In order to
enhance the echo intensity, a weak magnetic field (Hy=~30
G) was applied by means of Helmholtz coils. The applied
field was small enough that it did not affect the shape or
width of the NQR spectrum, but was large enough to de-
couple the nuclear spins, making T, longer (T,=500 us).!*

The most remarkable feature of the 2’ Al NQR spectra in
Fig. 1 is that the widths are significantly broader than ex-
pected from strains, defects, or substitutional impurities, as
one can see by comparing with NQR spectra in other sys-
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FIG. 1. ?7Al NQR spectra for two quasicrystals: (a)
Al;(Cu,sRuys; (b) AlgsCuysFey, at 4.2 K. Vertical axes were res-
caled by vy to correct for the Boltzmann distribution.

tems. Since v *| Vi%|—where the proportionality constant
depends on properties of the nuclear probe—one should take
the ratio of the half width at half maximum o of the NQR
spectrum to the average resonance frequency vy to compare
quadrupole interactions of different nuclei. For 2’Al in
Al-Cu-Ru and Al-Cu-Fe quasicrystals we found o/vgp~3.
For alloys where defects and impurities contribute signifi-
cantly to the NQR linewidth: o/vg= % for ¥’Re NQR in
thenium metal,'* o/vg~% for ®*Cu NQR in YBa,
(Cuy_,M,);0, for a few percent of doping (M = Zn, Ni).!®
A more direct comparison can be made with the 2’ Al NQR
spectrum in LaAl,:Gd (Ref. 16) and UPd,Al;,!” where the
zero-field NQR spectra are centered at about 1.5 MHz with a
full width of 20 kHz. Also, 2’ Al NMR spectra in Al-Cu-Fe
(Ref. 11) and Al-Cu-Ru (Ref. 18) samples which had re-
ceived different heat treatments did not show any noticeable
differences in the quadrupole interactions, confirming the
quadrupole distribution is not controlled by defects. Thus, it
seems clear that the large breadth of the observed 2’Al NQR
spectrum in Al-Cu-Ru and Al-Cu-Fe cannot be attributed
simply to the presence of defects in the structure, but rather
is the signature of a multiplicity of nonequivalent aluminum
sites.

Greater insight into the origin of the broadening of the
NQR spectrum may be gained from a model calculation of
the EFG distribution for a low-order crystalline approximant
to the icosahedral structure. Two equivalent approaches can
be used to calculate the EFG in metals.! In the first, the
crystal is divided into neutral cells centered around each ion,
and the EFG at a given nucleus is calculated from the elec-
tronic contribution of the central cell, and from the higher-

RAPID COMMUNICATIONS

4225

order multiple contributions of the remaining external cells.
In the second approach, the EFG is partitioned into a sum of
contributions from the bare ionic point charges, and from the
conduction or valence electrons. Following the second ap-
proach, we write V,, in the principal axis system (PAS) of
the EFG tensor, where |V,,|=|V,,|=|V,,|, as'®

V=V (- 70) + Ve, @

where the first term is due to the external ionic charges and
the second term is due to the valence (or conduction) elec-
trons. The value of V' was calculated in the point charge
approximation, and the charge positions were based upon the
atomic coordinates of a Al-Cu-Fe(Ru) approximant structure
proposed for AlgyCu;,Fe ¢ .20 To eliminate boundary effects
in the EFG calculation, the original cubic unit cell of 128
atoms and lattice constant a=12.3 A was duplicated and
then translated to create a set of 27 identical cells, with the
cell of interest at the center. The EFG tensor was then calcu-
lated at each Al site in the central cell, summing over ions
within a sphere of radius R<<a, and assuming a particular
charge assignment for the Al, Cu, and Fe(Ru) ions. The EFG
tensor components were diagonalized to yield the largest
component V', n=(Vi'—V)/Vy', and the angle 6 be-
tween the z axis of the EFG principal axis system and the
z' axis of the unit-cell reference frame defined in the model
for the approximant.”’ The results for the distribution of
V! and of @ at the different nonequivalent Al sites are
shown in Fig. 2. Since the EFG is calculated only out to the
fifth nearest-neighbor shell, we estimate an uncertainty in the
calculated EFG of about 15% the contribution due to the first
coordination shell, the first shell contribution being of order
500e/a>. This uncertainty is reflected in the bin sizes of Fig.
2. The distribution of 7 values, not shown in Fig. 2, ranges
from O to 1 and has eight different values.

While for Al and Cu it is reasonable to assume the ionic
charge which is normally found in the pure metallic
phases—i.e., AP* and Cu!*—the valence assignment for
the transition metal ion is uncertain due to the unknown
d-shell band structure in the alloy. Thus we performed the
calculation for different ionic charges at the Fe(Ru) ion. The
overall distribution and mean values of V' are not sensitive
to the valence assignment, although the details of the distri-
bution are. In order to simulate the NQR spectrum and obtain
agreement with the experiments, it is not unreasonable to
assume (i) the two contributions in Eq. (1) have the same
PAS, but opposite sign, as is normally found in metals;'® and
(ii) that the average vy is primarily due to V<., which is only
weakly site dependent, while the distribution of vy comes
mainly from V'¥*, We write for the Al quadrupole frequency:

3
vR=2va<n)=1—§%IV:‘ZI—IVL*;"l(l—m]f(n). )

In Eq. (2) we used the values Q=0.14X1072* cm?,
(1— v.)=3.3 for the Sternheimer antishielding factor, and
the calculated values of V2" and # for the valence assign-
ment AB*, Cu'*, Fe(Ru)!* to obtain the histogram for the
NQR spectrum, which is superimposed on the experimental
Al-Cu-Ru NQR spectrum as shown in Fig. 3. The value of
Vel=1.77x10"5 esu cm ™3 was chosen in order to obtain an
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FIG. 2. Histogram of V'*_the maximum component of the
EFG tensor in its PAS—in units of e/a>, where a=12.3 A, and
histogram of angle @ between the z axis of the PAS and the z' axis
of the unit cell. The bin sizes are, respectively, 60e/a® and 9° for
the V' and 4 histograms, respectively. The Al, Cu, and Fe(Ru) ions
were taken, respectively, to have the charges (a) 3,1,1; (b) 3,1,2; (c)
3,1,3.

average vp from the histogram which is the same as the
experimental value. This value is of the order of magnitude
expected for the EFG generated by a 3p wave at the Al site.
In fact, for a single 3p electron in an atom one has'?

Ve =(4e/5)(1/r%). (3)

By using (1/r*)=1.28/a3 (a;=0.529 A) as obtained from
the hyperfine structure of optical spectra of Al neutral
atoms®! one has V¢, =3.3X10'% esu cm™3. Both the above
result and the dominance of the lattice contribution in gen-
erating the EFG distribution, which implies weak screening
effects, are consistent with the poor metallic character of
quasicrystals.

The point-by-point frequency echo intensity spectrum
showed no fine structure on a scale of 100 kHz, the resolu-
tion limit due to the spectral width of the Hahn echo pulses.
Thus we concluded the decoration model for Al-Cu-Fe(Ru)
quasicrystals must contain more nonequivalent sites than
considered in the approximant used here.

The minimum number of nonequivalent sites was esti-
mated based on reasonable assumptions about the intrinsic
linewidth for each nonequivalent site. The intrinsic *’Al di-
polar width was estimated’ to be 20~2 kHz, and was thus
negligible. The inhomogeneous broadening due to defects
and strains should be on the order of 20 kHz, based on com-
parisons with other 27Al NQR linewidths,'®!” and therefore
the small field (30 G) applied to enhance the signal-to-noise
ratio could be the major broadening mechanism. Taking an
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FIG. 3. Comparison of V'Z"ft histogram for Al, Cu, and Fe(Ru)
charges 3,1,1, based on Eq. (2), superimposed on the NQR spec-
trum for Al;oCu;sRu;s. The heights of the histogram bars were
rescaled to get the maximum of the histogram to agree with the
experimental value. The different 7 values for the nonequivalent
sites have been taken into account.

upper limit of 100 kHz for the width of each NQR compo-
nent broadened by the weak magnetic field,'® and by divid-
ing the full frequency spread of the NQR spectrum in Fig. 3,
i.e., 2.5 MHz, by the half width 50 kHz, we obtained an
approximate lower limit of about 50 nonequivalent Al sites.

In order to obtain information about the orientation of the
local EFG tensor, we performed an NMR experiment in a
single-grain quasicrystal used in a previous study.”” The re-
sults for 2’Al NMR in single-grain Al-Pd-Mn QC, which
were discussed in detail elsewhere,'® and obtained by chang-
ing the angle « between H, and the Al-Pd-Mn single-grain
twofold axis, showed a complete lack of angular dependence.
Furthermore, the NMR spectra in the Al-Pd-Mn single-grain
and powder samples were the same to within experimental
uncertainty. We conclude that the multiplicity of nonequiva-
lent Al sites is characterized by distributions of both magni-
tudes of the EFG tensor components, and orientations of the
PAS. As shown in Fig. 2, the nonequivalent Al sites in the
approximant model do indeed display a distribution of orien-
tations of the EFG PAS.

In summary, the NQR signals from icosahedral alloys of
Al-Cu-Fe and Al-Cu-Ru showed a broad, continuous charac-
ter that was consistent with previous NMR studies of the
quadrupole distribution in icosahedral alloys. NQR directly
probes the distribution of the local EFG at the nuclear sites,
and a direct comparison of the NQR spectra with a calcula-
tion of the strength and distribution of electric field gradients
for a model approximant of the icosahedral phase was pre-
sented. The width of the 2’ Al NQR data was well described
by the distribution of quadrupole frequencies calculated us-
ing the 1/1 approximant structure and reasonable assump-
tions about the lattice ionic charges. The agreement between
measured and simulated quadrupole resonance frequencies
made plausible the conclusion that the measured quadrupole
frequencies were largely determined by the electronic contri-
bution to the EFG.

The continuous nature of the distribution, however, re-
quires many more nonequivalent sites than are present in the
1/1 cubic approximant. Our estimates, based upon reasonable
values for intrinsic, defect-induced, and instrumental broad-
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ening, place a lower limit of about 50 nonequivalent envi-
ronments for Al. We point out that this number does not
necessarily require significant differences in the first- and
second-nearest-neighbor shells around Al, since the electric-
field-gradient distribution is dominated by the lattice contri-
bution, which is slowly convergent. Indeed, given the good
agreement between the width of the NQR resonance and the
distribution calculated for the approximant, it is likely that
the nearest-neighbor environments are quite similar. The
range of non-equivalent local environments in the quasicrys-
tal arises, then, from differences in the third, fourth, or per-

haps more distant coordination shells. This implies the struc-
ture of the clusters used in the approximant could very well
be the same as in the quasicrystal, but that the arrangement
of the clusters should be different for the quasicrystal. These
differences can effectively broaden the discrete frequencies
calculated for the approximant and “fill in” the gaps in the
simulated spectrum (see Fig. 3).
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FIG. 3. Comparison of V" histogram for Al, Cu, and Fe(Ru)
charges 3,1,1, based on Eq. (2), superimposed on the NQR spec-
trum for Al;yCu;sRu;s. The heights of the histogram bars were
rescaled to get the maximum of the histogram to agree with the
experimental value. The different » values for the nonequivalent
sites have been taken into account.



