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Atomic Motion in Quasicrystalline Al70Re8.6Pd21.4: A Two-Dimensional Exchange NMR Stud
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27Al 2D exchange NMR experiments on an icosahedral Al70Re8.6Pd21.4 quasicrystal have detected
slow atomic motions in the sub-kHz range at temperatures between 0.16 and 130 K. The observed
motion is limited in space and can be associated with local phason fluctuations at very low energies,
involving quantum tunneling at very low temperatures. It may thus be regarded as an atomic motion
acting as a precursor to bulk self-diffusion. [S0031-9007(98)07456-0]

PACS numbers: 61.44.Br, 76.60.–k
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The dynamics of quasicrystalline structures, exhibitin
perfect long range order but involving symmetries incom
patible with the periodic translational order of commo
crystalline lattices, is one of the topics of condensed mat
physics in need for various clarifications. Of the Gold
stone modes found for quasiperiodic lattices, three a
ordinary sound waves and the others are phason modes
In contrast to incommensurate systems, the phason mo
in quasicrystals (QC’s) may not be regarded as collecti
long-wavelength propagating modes because the motion
atoms occurs as discontinuous jumps. The phason dyn
ics is one of the key issues in the physics of QC’s relat
to phase transitions [2], low temperature lattice excitatio
[3], structural models [4], the stability of the structure i
the random tiling model [5], and diffusion [6]. Quenche
phason strains were identified many times via, depend
on the strain distribution, the displacement or the broade
ing of Bragg peaks in scattering experiments, but the e
dence for phason motion is still scarce. Neutron scatter
experiments revealed details of phason motion at tempe
tures above 800 K [7,8]. It is also believed that phaso
flips provide a mechanism for improving the perfectne
of the QC structure via annealing quenched phason stra
just below the decomposition temperature, i.e., at tempe
tures typically exceeding 850 K.

We present a27Al two-dimensional (2D) exchange
NMR study of the structural dynamics of icosahedr
Al 70Re8.6Pd21.4 (Al-Re-Pd) in the temperature interval be
tween 0.16 and 130 K. The results imply slow incohe
ent spatial motions of atoms in the inhomogeneous elec
field gradient over interatomic distances with frequenci
in the 0.1–100 Hz range. Our results are, to the best of o
knowledge, the first clear manifestation of unusual phas
dynamics in QC’s at low and very low temperatures. Th
motion persists at very low temperatures and is therma
activated above 1 K. It occurs on a much faster time sc
than what is extrapolated from bulk diffusion experimen
above 520 K (see below) and is, unlike bulk diffusion pro
cesses, confined in space.

In periodic crystals the bulk diffusion results mainly
from the presence of lattice vacancies. The diffusio
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is thermally activated with a total activation energ
that includes the energy of a vacancy creation and t
activation energy of an atomic jump. For periodic crysta
with simple lattices the total activation energy was foun
to be of the order of 2–3 eV [9]. Kalugin and Katz [6
predicted that in QC’s, contrary to periodic crystals, n
vacancies are necessary for bulk diffusion. They argu
that, in regular QC’s, phason flips can lead to unbound
motion of atoms and, consequently, to diffusion. Th
mechanism depends on two characteristic energies,
the activation energy of an atomic jump and the energy
a single violation of the matching rules, i.e., constrain
on local configurations that completely determine th
global structure [10] by local rearrangements of atom
The activation energy of an atomic jump is expected
be lower than in periodic crystals, mainly because t
distances of phason-related atomic jumps in QC’s a
definitely shorter than in periodic crystals and becau
of more shallow potentials around some of the atom
positions. The energy cost of a single violation of th
matching rules relates to the disarrangements of atoms
the second coordination shell and therefore is not expec
to be high either.

The conjecture of Kalugin and Katz of self-diffusion
in QC’s based on phason fluctuations has been confirm
by Monte Carlo simulations of phason dynamics for a
ideal quasiperiodic tiling and for random tilings [11,12]
In both cases this anomalous atomic motion is describ
by a diffusion constant of the form

DsT d ­ D0 exps2eyT d , (1)

wheree is, in general, a temperature-dependent activati
energy. At very low temperaturesDsT d is expected
to saturate at a nonzero value due to remanent atom
hopping requiring extremely low energies [11].

These processes with low activation energies are e
pected to dominate the diffusion in QC’s at low tem
peratures. The conventional vacancy diffusion in QC’
because of its higher activation energy, is expected to
of significance only at high temperatures. Indeed, the u
© 1998 The American Physical Society 3671
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of radiotracer methods involving54Mn and 59Fe in Al-
Pd-Mn [13,14] and Al-Cu-Fe [15] icosahedral phases h
shown that above 700 K the quasicrystalline diffusion
not significantly different from the related crystalline a
proximant materials, for which a vacancy-mediated d
fusion mechanism is generally accepted. The diffus
coefficients were found to obey Eq. (1) with activation e
ergies in the range of 2–2.6 eV. The prefactorsD0 were
found to be very small, however, yieldingD values of
the order10210 10216 cm2ys in the temperature range be
tween 1100 and 700 K. More recent measurements w
extended to 520 K. Diffusion constants of the order
10222 cm2ys were deduced and the data were claimed to
consistent with phason-related mechanisms for diffus
at the lower end of the covered temperature regime [16

It has recently been demonstrated that the NM
monitored decay of the transverse nuclear spin magnet
tion [17,18] and 2D exchange NMR [19] provide a uniqu
possibility to monitor the slow diffusion of resonant nucl
moving in a spatially inhomogeneous electric field gra
ent (EFG) in solids with disordered structures. Motion
frequencies can be determined in cases when the mot
are slow on the NMR signal frequency scale, typically
the sub-kHz range. As a direct consequence of the l
of translational periodicity in quasilattices, the spatial i
homogeneity of the EFG is an intrinsic property of QC
The electric quadrupole interaction between the nucle
spin I . 1y2 and the local EFG results in a strong in
homogeneous broadening of the NMR spectra in QC
manifesting a continuous spatial variation of resonan
frequencies, i.e., the resonant nuclei at different latt
sites have different resonance frequencies. The hopp
of a nucleus from one lattice site to another thus p
vokes a change of its local environment and conseque
a change of the resonance frequency. The same effec
curs if the environment of the resonant nucleus is chan
via the motion of surrounding atoms.

In a 2D exchange NMR experiment the nuclear res
nance frequency is monitored coherently two times—
the beginning and at the end of the “mixing” periodtmix
[19,20]. The static nuclei with unchanged resonance f
quencies duringtmix contribute to the diagonal intensit
(jn1j ­ jn2j) of the 2D spectrumIsn1, n2d. The nuclei,
which during tmix jump to other lattice sites, howeve
create an off-diagonal intensity (jn1j fi jn2j) in the inho-
mogeneously broadened 2D spectrum. The off-diago
intensity is weak for a choice oftmix much shorter than
the characteristic time for atomic jumpstexch and thus the
contours of the 2D spectral intensity appear as a nar
diagonal map whose length is determined by the inhom
geneous broadening. For long mixing timestmix ¿ texch
the off-diagonal intensity reaches saturation and the sh
of contours depends on the actual type of atomic moti
For the restricted-space motion the contours adopt a
agonal shape and their width depends on the actually c
ered distance of the resonant nuclei in the confined sp
3672
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This diagonal shape is characteristic of incommensura
structures [21] where the NMR frequency varies continu
ously in space asn ­ n0 1

P
i ni sins $qi $r 1 cid, the sum

extending over all modulation waves. The same diagon
shape applies also to quasicrystals, following the arg
ments of Bak [22] who described the icosahedral structu
as a multi-q structure with wave vectors$qisi ­ 1, . . . , 15d
along the edges of an icosahedron. For bulk diffusion th
contours are square shaped, demonstrating that the nu
may reach any lattice site within the mixing-time inter
val [21]. The analysis of the off-diagonal intensity as
function of the mixing time thus allows one to extract th
average time constanttexch for atomic jumps. Since the
method cannot distinguish whether the shift of the res
nance frequency is due to the motion of the probed nuc
or to configurational changes of their environment,t

21
exch

is an average jump rate for all the constituent atoms.
Our 27Al 2D exchange NMR experiment was per-

formed with the same Al70Re8.6Pd21.4 sample that had
been used in a previous27Al 1D NMR line shape and
spin-lattice relaxation study [23] and which has bee
well characterized by measurements of thermal and tran
port properties [24,25]. The27Al NMR absorption line
exhibits a strong inhomogeneous broadening of elect
quadrupolar origin and the total spectrum extends ov
3000 G at a frequency of 16.667 MHz. A three-puls
stimulated-echo 2D exchange pulse sequence was us
In spite of the extreme width of the total spectrum, th
width of the central peak is only 30 KHz and a selectiv
excitation at the center of the spectrum in a bandwidth
200 KHz is sufficient for our purposes. Pure absorptio
2D exchange spectra were recorded and the widthDnexch
of the inhomogeneously broadened line normalized to t
contour length was extracted from the 2D contour plot
In Figs. 1a and 1b we show the plots for two mixing time
tmix, differing by 2 orders of magnitude. The frequenc
shift Dnexch due to site exchange was determined for se
eral choices of the mixing time and the average atom
jump timetexch was extracted from a fit using [20]

2pDnexch ­
p

s1yT2d2 1 fA tanhstmixytexchdg2 (2)

with A being a fit parameter. This formula takes into
account that the width of the no-exchangestmix ­ 0d
spectrum is determined by the inverse spin-spin relaxati
rates1yT2d21. For simplicity the probabilities for a given
atomic jump and the reverse jump were assumed to
the same (symmetric exchange) giving a tanhstmixytexchd
dependence of the “dynamic” part of the linewidth [20]
Typically, six or seven experiments with differenttmix
values were performed at each temperature andtexch was
extracted from the fit with Eq. (2) as shown in Fig. 2
The experiments proved to be very time-consuming as
2D experiment for a singletmix value lasted from one to
three days.
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FIG. 1. Selectively excited27Al 2D exchange NMR spec-
tra fn0s27Al d ­ 58.8 MHzg of a Al70Re8.6Pd21.4 icosahedral
quasicrystal at T ­ 5 K for two different mixing times
[(a) tmix ­ 10 ms, (b) tmix ­ 1.5 s]. The spectra are in the
pure absorption mode and the contours appear as mirrored
the n1 ­ 0 line due to the real Fourier transformation in thet1
mode [19] of processing the time-domain data.

A particularly intriguing feature of the observed atomi
motion in the Al-Re-Pd sample is the saturation of th
width of the 2D exchange spectrum for mixing time
satisfying the conditiontmixytexch ¿ 1. The diagonal
shape of the contours (see Fig. 1) of the saturated spect
with a considerably larger width than the no-exchang
spectrum demonstrates that the motion that we moni
is limited in space, extending over several interatom
distances only.

The temperature dependence oftexch was measured in
the interval between 0.16 and 130 K. Below 4 K, th
measurements were performed in a dilution refrigerat
while above 4 K a continuous-flow4He cryostat was
used. We may interprett21

exch as an average jump rate
and relate it to a diffusion constant for this particula
motion, given byD ­ l2ytexch. Herel is the elementary
jump length, which is of the order but smaller than th
nearest neighbour distance in the QC structure, vary
only insignificantly with temperature. We thus prese
t

21
exch versusT21 on a double logarithmic plot in Fig. 3.

The solid line is to indicate the overall temperatur
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FIG. 2. The width Dnexch of the 27Al 2D exchange NMR
spectrum of Al70Re8.6Pd21.4 as a function oftmix at T ­ 0.16 K.
The width has been measured at the position indicated
arrows in Fig. 1b on contours of equal length. The solid lin
represents the fit using Eq. (2), yieldingtexch ­ 1.90 s.

variation oft
21
exch or D , respectively. Below 1 K,texch

is only weakly temperature dependent. At the lowe
measured temperature of 0.16 K its value amounts
1.9 s and it decreases only slightly to 1.67 s at 0.9 K
The temperature variation oftexch increases considerably
between 0.9 and 30 K wheretexch shortens by a factor
of 50 from seconds into the tens of milliseconds rang
Above 30 K the shortening oftexch shows again a
tendency to saturation. The strong overallT dependence
of texch rules out the possibility that spin diffusion, a
temperature-independent process, produces the dyna
broadening of the 2D exchange NMR spectra at lea
below 30 K. Our data may thus be taken as eviden
for anomalous atomic motions, presumably initiated b
phason flips as discussed above.

For estimating the magnitude of the diffusion coeffi
cient D we take l ø 0.1 nm as a typical distance for
phason flips. Considering our values fortexchsT d we

FIG. 3. t
21
exch versusT21 on logarithmic scales. The solid line

is to guide the eye. The inset, showing lnst21
exchd versusT21,

allows one to estimatee in Eq. (1) (see text).
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obtainD ø 5 3 10217 cm2ys at 0.16 K andD ø 3 3

10215 cm2ys at 130 K. These values are many order
of magnitude larger than estimates for the bulk diffusio
constantD based on extrapolating the data of high-T va-
cancy diffusion [13–15] for similar QC compounds o
even the more recently claimed onset of phason-assis
bulk diffusion [16]. Although our data are scarce, we
may estimate the characteristic energies related with t
observed motions, assuming that they are thermally ac
vated. This is done in the inset in Fig. 3 where lnst21

exchd
is plotted versusT21. The solid line is compatible with
an activation energye ­ 1.5 meV between 5 and 30 K.
This energy should be compared with the assumption
Ref. [11] that the activation energy characterizing phaso
dynamics is of the order of2kBuD , whereuD is the Debye
temperature. For icosahedral Al-Re-Pd,uD ­ 378 K [24]
which leads toe ­ 70 meV, considerably larger than our
estimated upper bound. Below 1 K,t

21
exch tends to satu-

rate, indicating a remanent motion of all the involved
atoms, presumably due to quantum tunneling.

In summary, our27Al 2D exchange NMR experiments
on an icosahedral Al70Re8.6Pd21.4 QC have detected and
identified slow atomic motions in the sub-kHz range a
low and very low temperatures. The observed motio
may be associated with phason flips confined to a spatia
limited range. It can thus not directly be related to
theoretical work predicting bulk atomic diffusion due
to phason flips. We suggest that this motion shou
be regarded as a precursor to bulk diffusion, involvin
phason flips via quantum tunneling below 1 K and b
thermal activation above. The behavior above 30 K nee
further clarification.
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Jarić, Phys. Rev. Lett.63, 314 (1989).

[6] P. A. Kalugin and A. Katz, Europhys. Lett.21, 921 (1993).
[7] G. Coddens, R. Bellissent, Y. Calvayrac, and J. P

Ambroise, Europhys. Lett.16, 271 (1991).
[8] G. Coddens, S. Lyonnard, and Y. Calvayrac, Phys. Re

Lett. 78, 4209 (1997).
[9] See, e.g.,Diffusion in Solids,edited by A. S. Nowick and

J. J. Burton (Academic Press, New York, 1975).
[10] L. S. Levitov, Commun. Math. Phys.119, 627 (1988).
[11] D. Joseph, M. Baake, P. Kramer, and H. R. Trebi

Europhys. Lett.27, 451 (1994).
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