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Time Scales and Atomic Species in the Phason Dynamics of AICuFe Quasicrystals
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We present time-of-flight quasielastic neutron scattering data with isotopic contrast on phason
hopping in perfect icosahedral ACu;ssFe;,s quasicrystal powder samples. In total one Fe jump
on the time scalei/2.0 = 0.5 eV, two Cu jumps £/55 and /253 ueV), and a collective jump
phenomenon //(900 + 200 weV)] involving all atomic species have now been identified. We also
explain the unusual temperature dependence of the phason dynamics that has been universally observed
in the past. [S0031-9007(97)03263-8]

PACS numbers: 61.44.Br, 63.50.+x, 64.70.Rh, 66.30.Fq

Atomic hopping (so-called phason dynamics) [1-4]has to discern small QE signals through the veil of
is important for the physics of quasicrystals (QC) forthe statistics of the much stronger elastic intensity, with
problems of stability (the random tiling model) [5], low counting rates. Consequently, it will in general be
diffusion [6], phase transitions between QC and relateghossible to extract onlpaverageQ dependences from a
phases [7], high temperature superplasticity [8], and crosdine shape analysis of the data [11]. Much more accurate
checking structural models [9]. We have studied thisinformation on theQ dependence can be obtained with
atomic hopping in the past [1-4], mainly by neutronan AlIPdMn single grain sample and will be presented
scattering. The most detailed data to date was obtaindd a future publication. What renders AICuFe unique,
for jumps of Cu in AlCuFe. However, these data raisedhowever (e.g., with respect to AIPdMn), is that it allows
several questions: (1) Did the puzzling temperatureone (by isotopic contrast methods) to obtain information
dependence not suggest that this dynamical signal shoutth the atomic species involved in a jump process.
be due to a density of states (DOS) rather than to atomic The backscattering experiments were made with the new
jumps? (2) Why were only copper jumps observed whilespectrometer IN16 [12] at the Institut Max von Laue—
one would have expected a signal from the other atomi®aul Langevin for an incoming wavelength of 6.28 A
species as well? (3) Why were jumps observed only omsing spherically deformed Si(111) analyzers and a setup
a length scale of 4 A, while all structural models predictof five detector anglesd = 0.83, 1.12, 1.38, 1.60, and
a much larger contribution from shorter distances? Thes&.78 A~!). The width (FWHM) of the corresponding
problems even sparked off conjectures about “localizedsaussian energy resolution function whg = 1.0 ueV.
vibrations of clusters” [10]. Two (powder) samples of ACuws sFej, s were compared,

In this Letter we present information that together withone with natural Cu (18.492 §*'Cu sample) and one in
the previous data on AICuFe [1] gives now a well docu-which all the Cu wa$’Cu (9.859 g5 Cu sample), with
mented picture of the very rich phason dynamics in thissample transmissions in excess of 95%. The samples were
QC and answers the three questions evoked above. Wancapsulated between two coaxial Nb cylinders. Three
report on the observation by TOF neutron scattering ofemperatures were measured for tH&Cu sample (400,

(1) an additional type of Cu jump on the time scale of700, and 770C), and two temperatures for tHf8Cu
1/250 weV and on a length scale of less than approxi-sample (400 and 77C). In fact, the QE signal is generally
mately 2 A and, (2) a collective jump (involving all much smaller than the elastic peak (e.g., only a few % in
atomic species) on even shorter length and time scalebeight). Therefore theingsof the resolution function can
We also present neutron backscattering spectroscopy reender the data analysis difficult, even with the excellent
sults, that combined with previously reported Méssbaueresolution of IN16. To prove the presence of QE scattering
spectroscopy data, identify Fe jumps on the time scaleve subtract a low temperature run (where the hopping
of i/2 pneV. Finally, we propose a simple model that dynamics are frozen) from a high temperature run. This
provides a satisfactory explanation for the strange temmust yield anegativeelastic signal and gositive QE
perature dependence in terms of a need for an assistirgignal if the effect is real (see Fig. 1). Standard control
process. experiments using empty cans at 400 and 70and

We must mention here that the experiments presenteehnadium at room temperature have been made. The
in this Letter are all on the limit of the present day data were fitted with a Gaussian resolution function, a
available technology. The main difficulty is that one Lorentzian QE signal, and a constant phonon DOS.
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The TOF experiments were done with the spectrometer
MIBEMOL [12] at the Laboratoire Léon Brillouin with
incident wavelengtha of 5 A (AE = 160 ueV) and 4 A
(AE = 300 pweV) on the same two samples. The 320
3He detectors were grouped in nine banks with scattering
angles26 of 40.1, 47.1, 55.1, 63.1, 73.6, 88.6, 104.6,
120.0, and 1372 At A = 5 A runs were made at 770,
700, 625, 400, and 30T for the®Cu sample, and at 770
and 30C°C for the™'Cu sample. The samples were put
into cylindrical sapphire containers.

The A = 5 A data set was completed with a vanadium
run for detector normalization purposes. The phonon DOS
of the QC hampered strongly the data analysis of the
QE scattering signal (see Fig. 2). Therefore the 300 and
400°C data, which do not contain QE scattering, were
used as background runs, such that at least a part of this
DOS could be subtracted out, which rendered the fits

somewhat more tractable. These IGwdata were also

used in order to determine the elastic line shape. The

fits were performed in several steps [2]. First, the spectra

at all angles were summed up and the QE line wibith

was determined to b253 + 53 ueV. We excluded the

elastic peak from this refinement [2]. Afterwards, we kept

I fixed and analyzed th@ andT dependence of the QE

intensity. The results are as follows: (1) Theerage

[11] O dependence obtained at 7is shown in Fig. 3.

It shows that the first maximum of the structure factor

of the 253 ueV jump lies beyond the availabi@ range;
The results can be summarized as follows: (1) Ther¢his puts an upper limit on the jump distance of 1.9 A. (2)

is a QE signal with a width 0f=2.0 = 0.5 weV, in both A comparison of the QE intensities at 770 in the two

the natural and th&Cu sample. Comparison with the samples shows that the signal is entirely due to Cu motion

empty can (770-40TC) difference spectra, where this

signal is absent, makes it beyond doubt that it is not an

artifact. After normalization to the same sample mass the
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FIG. 1. IN16 spectrum of AICuFe with'Cu (top) and®Cu
(bottom) at 770C, after subtraction of the 40C data;Q =
1.12 A1, The fit of the™'Cu data has been superimposed on
both data sets. The total Cu cross section iGu sample is
1.81 times as strong as in"8Cu sample. The&) dependence
of the QE intensity is also shown (inset).

signals from the two samples (natural and isotopic) have 2000 , ' T
AlCuFe

essentially the same QE intensity. This shows that the
Cu atoms do not participate in the observed dynamics.
As we already obtained some evidence for hopping on
the same time scale byFe Mossbauer spectroscopy [4],

and as thé®'Fe neutron scattering cross section is much
stronger than the Al cross section, this is a very strong
indication that this signal is due to Fe hopping. (2) An

inspection of the negative and positive areas in Fig. 1
shows that the QE intensity trivially accounts for the . ) P
drop in the Debye-Waller factors reported in Ref. [10], 250 300 350 400 450 500
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laying bare the absence of an experimental basis that T-OF. channel
could justify embarking on cluster themes. (3) The QE & 1000 . T * .
intensity has a structure factor. (Figure 1 shows that 5 bos Phonon ey
its maximum is situated beyond th@ range available, 3 sl g7\ 2
. . . . . ~ Ve rd "\!‘ i =4 A

which sets an upper limit on the jump distance of 2.9 A). z Messan? i, PhOMON
The width of the signal does not vary wit® within 5 D e,

E L 1

the limits of precision. Thus both features plead for an e T  a mate
interpretation in terms of local hopping (as opposed to T.O.F. channel
diffusion). (4) Our information on thd dependence is g5 o QE signals at 77 in the 5 A run (top) on th&Cu

very crude but exhibits the same qualitative behavior agample, and in the 4 A run (bottom, on a different TOF scale)
has been observed for other types of jumps (see below). on the™Cu sample obtained on MIBEMOL.
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150 . \ , . - away from siteC, and come back very quickly to it. In
' ' ' terms of vacancies: A vacancy will pass a long timg (n

units)

;1% ] exploring many possible other lattice sites before visiting

.:‘é:’ s site C, but it will leave C again very quickly with a re-

> 10T 1 laxation timer,. In this particular example of assistance
E S0 s the physics of the vacancy diffusion process imply thus
E 1000/ thatr; > 7,. The calculation of this model is tedious but
;:’3 5ol ] straightforward [13] and reproduces correctly the anoma-
[=

lous behavior. However, we are not able to specify the
actual assisting process(es).
At 4 A runs were made at 770, 700, and 3@for
05 oE 5 i 25 o S0 the Cu sample, and at 770 and 78D for the "Cu
QA sample. Because of th@’? dependence, the phonon
DOS is even stronger in these data (see Fig. 2). This
the Cu sample at 77€C, after subtraction of the lowl and the presence of _cpherent phonon peaks renders the
data. The small local maximum arourd2 A~! corresponds data analysis very d'ﬁ'CUIt', Only at two angles were
to the 3.9 A jump [ = 55 ueV) reported previously [1,11]. the data of sufficient quality to allow for line shape
Inset: Arrhenius plot of the QE intensities (after subtractionanalysis, and to obtain a crude estimate Foby fitting

of the low T data) obtained with thé’Cu sample (open the high temperature difference spectra betweerf@e
squares), and thé'Cu sample (full square) [multiplied by = 5ngnatcy samples. AP = 1.88 A~! the mass corrected
oo (®CU)/ oo (" Cu) = 1.81]. The intensities are normalized . . . 65 nat o
to the same sample mass. intensity ratio J®Cu/J( C_u) (close to 0.55) is in
agreement with the observation from the 5 A data that
the signal is entirely due to Cu motion. However, at
(see inset, Fig. 3). (3) Th& dependence is unusual, as @ = 2.93 A1 the intensity ratio indicates that all atomic
has been systematically observed for other jump signalspecies are contributing to the signal (as it is close to
in the past (both in AlCuFe and in AIPdMn) [1,2]: The 0.73), with a width ofl" =~ 900 + 200 ueV. The most
QE intensity follows an Arrhenius law with an activation plausible interpretation of thisollective signal is that it
energy of 390 meV, while, within the limits of precision, corresponds to the observation on a local length scale of
the width can be considered to remain constant (see insetery fast hopping, mainly of Al, the contributions from
Fig. 3). the other atoms being a mere relaxational response to the
We can now propose [13] an explanation for this sur-environmental changes induced by the Al hopping. This
prising T behavior, based on the model depicted in Fig. 4Al hopping may lead to the phason-mediated diffusion
whose description in the case of assistance by Al jumpgrocess anticipated by Kalugin and Katz. No such fast
could sound as follows: A Cu atom can hop between twgohenomena have been shown to occur so far by tracer
sitesA and B with a (fast) relaxation time, provided site  diffusion experiments [14], but these concerned only the
C is not occupied by an Al atom, which is then in someFe atoms. With a concentration of 62% in the sample the
place in the “reservoir” symbolized by sif2. The pres- Al should be more apt to built a fast diffusion mechanism
ence of an Al atom in sit€ blocks the hopping of the Cu upon the local jumps we observed, as there is no reason to
atom. In general, the Al atom will wait a long time to jump believe that they would be confined by some cage effect
within structural elements. In fact, any type of atomic
“cluster” one would like to discern in the structure can be
D dismantled or assembled locally by a few atomic jumps.
We have also studied a number of related phases. An
O investigation with an incident wavelengthof 7 A(AE =
77 weV) at 790°C in the cubic B-Als,Cu;sFes did
not yield any QE signal [1]. The same is true of
1 A=5A and A = 7 A searches at 68T in the cubic
Cu Al approximant phase [15§-AlssSkCuwssFens. Finally,
we studied the reversible first order transition between the
O O c microcrystalline rhombohedral lo and the icosahedral

FIG. 3. Q dependence of the QE intensity obtained with

Ty

high T phase in Al 5CugsFe;, by neutron and X-ray
A \_/ B diffraction and TOF QE neutron scattering. Because of
T the hysteresis effects we were able to obtain the same

FIG. 4. The Cu atom irA can jump toB only if the Al atom sample at 703C once in the rhombohedral phase and

in C is not in its way (i.e., if it has jumped tB). The various Once in the icosahedral phase. The QE signal (which we
relaxation times are indicated. measured only on MIBEMOL withh = 5 A) is identical
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FIG. 5. QE signals at 70% in a 5 A run on the rhombohe-
dral sample (top), and on the icosahedral sample (bottom).

in the two phases, with a width of 64 = 35 ueV (see

Fig. 5). These results show that the fast atomic hopping
process is characteristic of local QC order. The signal was

too weak to allow a determination of i3 dependence.

a structure factor with a first maximum arousdA !
rather than a2 dependence).

The fact that we observed only one long jump distance
in the past is due only to the limite@ window covered
by the spectrometer in these experiments. It is fortunate
that the shorter jump distances are still observable with
shorter wavelengths, i.e., coarsened energy resolution.

And finally we proposed an explanation for the bizarre
T behavior in terms of assisted hopping.

The authors wish to thank D. Gratias and R. Bellissent
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