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Atomic Motion in Quasicrystalline Al;gReg¢Pd214: A Two-Dimensional Exchange NMR Study
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2TAl 2D exchange NMR experiments on an icosahedrahRé ¢Pd; 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

The dynamics of quasicrystalline structures, exhibitingis thermally activated with a total activation energy
perfect long range order but involving symmetries incom-that includes the energy of a vacancy creation and the
patible with the periodic translational order of commonactivation energy of an atomic jump. For periodic crystals
crystalline lattices, is one of the topics of condensed mattewith simple lattices the total activation energy was found
physics in need for various clarifications. Of the Gold-to be of the order of 2—-3 eV [9]. Kalugin and Katz [6]
stone modes found for quasiperiodic lattices, three areredicted that in QC's, contrary to periodic crystals, no
ordinary sound waves and the others are phason modes [1jacancies are necessary for bulk diffusion. They argued
In contrast to incommensurate systems, the phason mod#sat, in regular QC'’s, phason flips can lead to unbounded
in quasicrystals (QC’s) may not be regarded as collectivenotion of atoms and, consequently, to diffusion. This
long-wavelength propagating modes because the motion efiechanism depends on two characteristic energies, i.e.,
atoms occurs as discontinuous jumps. The phason dynarthe activation energy of an atomic jump and the energy of
ics is one of the key issues in the physics of QC’s relate@ single violation of the matching rules, i.e., constraints
to phase transitions [2], low temperature lattice excitation®n local configurations that completely determine the
[3], structural models [4], the stability of the structure in global structure [10] by local rearrangements of atoms.
the random tiling model [5], and diffusion [6]. Quenched The activation energy of an atomic jump is expected to
phason strains were identified many times via, dependinge lower than in periodic crystals, mainly because the
on the strain distribution, the displacement or the broaderdistances of phason-related atomic jumps in QC's are
ing of Bragg peaks in scattering experiments, but the evidefinitely shorter than in periodic crystals and because
dence for phason motion is still scarce. Neutron scatteringf more shallow potentials around some of the atomic
experiments revealed details of phason motion at tempergositions. The energy cost of a single violation of the
tures above 800 K [7,8]. It is also believed that phasomatching rules relates to the disarrangements of atoms in
flips provide a mechanism for improving the perfectnesghe second coordination shell and therefore is not expected
of the QC structure via annealing quenched phason straire be high either.
just below the decomposition temperature, i.e., at tempera- The conjecture of Kalugin and Katz of self-diffusion
tures typically exceeding 850 K. in QC’s based on phason fluctuations has been confirmed

We present a*’Al two-dimensional (2D) exchange by Monte Carlo simulations of phason dynamics for an
NMR study of the structural dynamics of icosahedralideal quasiperiodic tiling and for random tilings [11,12].
Al oRes ¢Pdhi 4 (Al-Re-Pd) in the temperature interval be- In both cases this anomalous atomic motion is described
tween 0.16 and 130 K. The results imply slow incoher-by a diffusion constant of the form
ent spatial motions of atoms in the inhomogeneous electric
field gradient over interatomic distances with frequencies D(T) = Dy exp—e/T), (D)
inthe 0.1-100 Hz range. Our results are, to the best of our
knowledge, the first clear manifestation of unusual phasowheree is, in general, a temperature-dependent activation
dynamics in QC'’s at low and very low temperatures. Theenergy. At very low temperature®(T) is expected
motion persists at very low temperatures and is thermallyo saturate at a nonzero value due to remanent atomic
activated above 1 K. It occurs on a much faster time scal@opping requiring extremely low energies [11].
than what is extrapolated from bulk diffusion experiments These processes with low activation energies are ex-
above 520 K (see below) and is, unlike bulk diffusion pro-pected to dominate the diffusion in QC’s at low tem-
cesses, confined in space. peratures. The conventional vacancy diffusion in QC'’s,

In periodic crystals the bulk diffusion results mainly because of its higher activation energy, is expected to be
from the presence of lattice vacancies. The diffusionof significance only at high temperatures. Indeed, the use
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of radiotracer methods involvingMn and *°Fe in Al-  This diagonal shape is characteristic of incommensurate
Pd-Mn [13,14] and Al-Cu-Fe [15] icosahedral phases hastructures [21] where the NMR frequency varies continu-
shown that above 700 K the quasicrystalline diffusion isously in space as = vy + > ; v; sin(g;7 + ;), the sum
not significantly different from the related crystalline ap- extending over all modulation waves. The same diagonal
proximant materials, for which a vacancy-mediated dif-shape applies also to quasicrystals, following the argu-
fusion mechanism is generally accepted. The diffusiorments of Bak [22] who described the icosahedral structure
coefficients were found to obey Eq. (1) with activation en-as a multig structure with wave vectoig; (i = 1,...,15)
ergies in the range of 2—2.6 eV. The prefactbgwere  along the edges of an icosahedron. For bulk diffusion the
found to be very small, however, yieldinB values of contours are square shaped, demonstrating that the nuclei
the ordert0~'°-10716 cn?/s in the temperature range be- may reach any lattice site within the mixing-time inter-
tween 1100 and 700 K. More recent measurements weneal [21]. The analysis of the off-diagonal intensity as a
extended to 520 K. Diffusion constants of the order offunction of the mixing time thus allows one to extract the
10~2% cnm? /s were deduced and the data were claimed to baverage time constant,., for atomic jumps. Since the
consistent with phason-related mechanisms for diffusiommethod cannot distinguish whether the shift of the reso-
at the lower end of the covered temperature regime [16]. nance frequency is due to the motion of the probed nuclei
It has recently been demonstrated that the NMR-or to configurational changes of their environme;rg(,i}1
monitored decay of the transverse nuclear spin magnetizés an average jump rate for all the constituent atoms.
tion [17,18] and 2D exchange NMR [19] provide a unique Our ?’Al 2D exchange NMR experiment was per-
possibility to monitor the slow diffusion of resonant nuclei formed with the same A}R& P4 sample that had
moving in a spatially inhomogeneous electric field gradi-been used in a previoudAl 1D NMR line shape and
ent (EFG) in solids with disordered structures. Motionalspin-lattice relaxation study [23] and which has been
frequencies can be determined in cases when the motiongell characterized by measurements of thermal and trans-
are slow on the NMR signal frequency scale, typically inport properties [24,25]. Thé’Al NMR absorption line
the sub-kHz range. As a direct consequence of the lackxhibits a strong inhomogeneous broadening of electric
of translational periodicity in quasilattices, the spatial in-quadrupolar origin and the total spectrum extends over
homogeneity of the EFG is an intrinsic property of QC’s.3000 G at a frequency of 16.667 MHz. A three-pulse
The electric quadrupole interaction between the nuclei oftimulated-echo 2D exchange pulse sequence was used.
spin I > 1/2 and the local EFG results in a strong in- In spite of the extreme width of the total spectrum, the
homogeneous broadening of the NMR spectra in QC’'swidth of the central peak is only 30 KHz and a selective
manifesting a continuous spatial variation of resonancexcitation at the center of the spectrum in a bandwidth of
frequencies, i.e., the resonant nuclei at different lattic00 KHz is sufficient for our purposes. Pure absorption
sites have different resonance frequencies. The hoppir@D exchange spectra were recorded and the width .,
of a nucleus from one lattice site to another thus pro-of the inhomogeneously broadened line normalized to the
vokes a change of its local environment and consequentlgontour length was extracted from the 2D contour plots.
a change of the resonance frequency. The same effect ot Figs. 1a and 1b we show the plots for two mixing times
curs if the environment of the resonant nucleus is changed,;x, differing by 2 orders of magnitude. The frequency
via the motion of surrounding atoms. shift Avex.n, due to site exchange was determined for sev-
In a 2D exchange NMR experiment the nuclear resoeral choices of the mixing time and the average atomic
nance frequency is monitored coherently two times—ajump time 7., was extracted from a fit using [20]
the beginning and at the end of the “mixing” perigglx
[19,20]. The static nuclei with unchanged resonance fre-
quencies during;x contribute to the diagonal intensity
(Iv1| = |v2]) of the 2D spectrumi (v, v,). The nuclei,
which during 7,;x jump to other lattice sites, however, with A being a fit parameter. This formula takes into
create an off-diagonal intensityi{| # |v,|) in the inho- account that the width of the no-exchangg;x = 0)
mogeneously broadened 2D spectrum. The off-diagonapectrum is determined by the inverse spin-spin relaxation
intensity is weak for a choice of,;, much shorter than rate(1/7,)"!. For simplicity the probabilities for a given
the characteristic time for atomic jumps.., and thus the atomic jump and the reverse jump were assumed to be
contours of the 2D spectral intensity appear as a narroshe same (symmetric exchange) giving a 1@ph /7excn)
diagonal map whose length is determined by the inhomodependence of the “dynamic” part of the linewidth [20].
geneous broadening. For long mixing timgs, > Texch Typically, six or seven experiments with different;x
the off-diagonal intensity reaches saturation and the shapalues were performed at each temperatureapgd was
of contours depends on the actual type of atomic motionextracted from the fit with Eq. (2) as shown in Fig. 2.
For the restricted-space motion the contours adopt a difhe experiments proved to be very time-consuming as a
agonal shape and their width depends on the actually co@D experiment for a single,;x value lasted from one to
ered distance of the resonant nuclei in the confined spacthree days.

27T AVexeh = \/(1/T2)2 + [A tar”-(tmix/Texch)]2 (2)
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FIG. 2. The widthAv.., of the Al 2D exchange NMR
spectrum of AjpRe P, 4 as a function of,,;x at7 = 0.16 K.
401 The width has been measured at the position indicated by
arrows in Fig. 1b on contours of equal length. The solid line
_ represents the fit using Eq. (2), yieldiag., = 1.90 s.
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variation of 7., or D, respectively. Below 1 Kzexch
is only weakly temperature dependent. At the lowest
measured temperature of 0.16 K its value amounts to
1.9 s and it decreases only slightly to 1.67 s at 0.9 K.
. _ ‘ The temperature variation ef,., increases considerably
-80 -40 0 40 80 between 0.9 and 30 K wherg,.,, shortens by a factor

va (kHz) of 50 from seconds into the tens of milliseconds range.
FIG. 1. Selectively excited’Al 2D exchange NMR spec- Above 30 K the shortening ofre.n shows again a
tra [vo(*’Al) = 58.8 MHz] of a AlResPd;4 icosahedral tendency to saturation. The strong ovefltlependence

quasicrystal atT = 5K for two different mixing times of rules out the possibility that spin diffusion. a
[(@) tmix = 10 ms, (b) tmix = 1.5 s]. The spectra are in the % Texch p y p ,

400

pure absorption mode and the contours appear as mirrored qmperaﬁture-lndependent process, produces the dynamic
the »; = 0 line due to the real Fourier transformation in the broadening of the 2D exchange NMR spectra at least

mode [19] of processing the time-domain data. below 30 K. Our data may thus be taken as evidence
for anomalous atomic motions, presumably initiated by
) o ~ phason flips as discussed above.

A particularly intriguing feature of the observed atomic  For estimating the magnitude of the diffusion coeffi-
motion in the Al-Re-Pd sample is the saturation of thecient D we take! =~ 0.1 nm as a typical distance for
width of the 2D exchange spectrum for mixing timesphason flips. Considering our values fogen(T) we
satisfying the conditiont,,;x/7exch > 1. The diagonal
shape of the contours (see Fig. 1) of the saturated spectrum
with a considerably larger width than the no-exchange
spectrum demonstrates that the motion that we monitor
is limited in space, extending over several interatomic
distances only. 101t

The temperature dependencergf., was measured in
the interval between 0.16 and 130 K. Below 4 K, the
measurements were performed in a dilution refrigerator
while above 4 K a continuous-floHe cryostat was 100}
used. We may interpret.., as an average jump rate
and relate it to a diffusion constant for this particular 05 10
motion, given byD = [2/7e.h. Herel is the elementary . VTKY) .
jump length, which is of the order but smaller than the 102 107 100 101
nearest neighbour distance in the QC structure, varying YT (K)

only insignificantly with temperature. We thus presentyyg 3 ,~1 versusr~! on logarithmic scales. The solid line

Texen VersusT~! on a double logarithmic plot in Fig. 3. s to guide the eye. The inset, showind4g.,) versus7 !,
The solid line is to indicate the overall temperatureallows one to estimate in Eq. (1) (see text).
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