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We clarify the issues raised in the preceding Comnjéiys. Rev. B68, 216201(2003] on the NMR-
observed atomic dynamics in quasicrystals and related crystalline material.
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This is our Reply to the Commeénbn the above-noted trum[Fig. 1(a)] is centered about its Larmor frequen@®3.7
papef (hereafter referred to ag lin the Comment the author MHz in the high field, demonstrating that cobalt is in a
suggests that the magnetism of the decagdralNiCo qua-  nonmagnetic stateji) the shift of the peak position of the
sicrystalline phase offers an alternative explanation of thé’Al central line from the AIC} frequency, andiii) its full
dynamical nuclear magnetic resonan@®MR) signal ob-  Wwidth at half height{ FWHH) are independent of temperature
served in |. Below we consider this possibility. The NMR (Fig. 2) between 300 and 4 K. In the presence of localized
spectra of the investigatettAINiCo taken at two magnetic Magnetic moments, even a diluted amount, both the shift and
fields are displayed in Fig.(a). Solid circles represent the the width should exhibit a T/ increase on cooling. These
frequency-swept spectrum in a field 6.34tlie “high-field” ~ 'esults give clear evidence thef) the d-AINiCo sample is
spectrum, whereas open circles represent the field-swepfonmagnetic and2) that the inhomogeneous broadening of

spectrum for the center field 2.35 (The “low-field” spec-
trum). In both cases the origin of the frequency scale is taken
at the ?’Al resonance frequency of the AlChqueous solu-
tion. Three resonances are observed in the spectf(h,
%Co, and®3Cu, where the last resonance originates from the
copper in the probe head. THEAI (spin|=5/2) spectrum
exhibits a structure of a broad “background” line corre-
sponding to first-order quadrupole-perturbecb/2— + 3/2

and *3/2— +1/2 satellite transitions and a narrow, high-
intensity central line (1/2>—1/2), quadrupole-perturbed in
second order. A related structure applies also to°fm® (I
=7/2) spectrum. The electric-quadrupole origin of the large
inhomogeneous broadening of the satellites is evident from
its field independence. This is best seen on the positive fre-
quency side of thé’Al central line, where the satellite in-
tensities of the high- and low-field spectra perfectly match. T T T T
On the negative side this is less evident, asXi@o and the ——634T ! b)
27Al spectra partially overlap and their satellite intensities —o—235T ‘,?f;

between both central lines are superimposihis is more /;o

T T T T T T T T T

Intensity

pronounced in the low field, where the two resonances are
closer together The 2’Al spectrum extends in total over the
frequency interval of about 8 MHz. Since this corresponds to o
4vq, this gives an estimate of the quadrupole coupling con- /é% 7 %
stantvqo~2 MHz, a very large value. The broadening of the Vi s V%
27Al central line (that is quadrupole-perturbed in second or- J :
den shows, on the other hand, magnetic-field dependence . : . . . : .
[Fig. Xb)]. The low-field central lindextending in total over 04 03 -02 -01 00 01 02 03 04
500 kH32 is about 2.5 times broader than the high-field one v-v,., [MHz]

(extending over 200 kHz in agreement with the second-
order quadrupolar broadening that is inversely proportional G 1. (a) NMR spectra of the decagonal AlNi;Coyso

to the external magnetic field. This factor of about 2.5 issingle-grain quasicrystal in two magnetic fieldsolid circles:
consistent with the ratio 2.7 of the magnetic fields. Thus, th@requency-swept spectrum in a field 6.34 T; open circles: field-
electric quadrupole broadening is by far dominant also on thewept spectrum in a center field 2.35. Tb) Central lines on an
central line. Further, the nonmagnetic nature of theexpanded frequency scale. The origin of the frequency scale is cho-
d-AlNiCo is demonstrated by three effects: the °®Co spec-  sen at the?’Al resonance of the AlGlagueous solution.

Intensity
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80 == P R 80 lattice sites; it is also straightforward to assume that these
70 ] widlh ———— L 70 processes are lo®y, diffusive atomic jumps. The slow-
6 _‘Q)OOOOOOOOOOOO°°°°O°°°°0‘OO°0'°° [ o motion frequencies of these jumps in the kHz range cannot
— 1 S~ be associated with usual atomic vibrations, which are at
% 301 30 T much higher frequencies. As correctly pointed out in the
= 40 -40 o Comment, NMR is not specific on the jump distances and on
= 30 L 30 § which atomic species is jumpingvhat is observed is the
L] shift [0 &= relative motion of the resonant nuclei Wlth regard to the rest
100000000000%00000000000000000 - of the latticg. From this point of view it is correct to say that
10 1 - 10 the NMR-detected atomic jumps amet directly proven to
04— o be phason jumps. We are aware of that, but since the prop-
0 50 100 150 200 250 300 erties of the detected jumps—Iok; and diffusive
TIK] character—are also the properties attributed to phason

jumps, we use in | instead of a direct claim “phason jumps”

FIG. 2. Temperature dependence of the shift of 4t central  a more cautious statementdmpatiblewith phason jumps.”
line peak position and its FWHH from 300 to 4(k the field 6.34  This is different from our earlier work onAlPdMn,* where
). we still used the direct claim. The reason there was the re-

markable similarity between the temperature dependences of

the 2’Al central line is of the electric quadrupole origin, so D, observed in thé-AlPdMn (Fig. 3 of Ref. 4 to the T
that the possible magnetic origin of the dynamic NMR signaldependence of the predicted Kalugin-Katz diffusion constant
studied in | by the Carr-PurcelCP) spin-echo technique can (Fig. 5 of Ref. 5 of the QC-specific phason-assisted diffu-
be discarded. The dynamic NMR signal is due to atomicsion. However, later observations in | that similar atomic
motion (with kHz frequenciesin a spatially inhomogeneous jumps exist also in non-QC materials indicate that the data of
electric field gradient. Here we mention that both substanceRef. 4 may have been overinterpreted.
investigated in I(the d-AINiCo and AICuNi) are diamag- A highly relevant issue is the fact that the existence of
netic. low-T atomic dynamical processes in icosaheflraAlCuFe

In quasicrystal§QC's) containing magnetic atoms, such (Ref. 6), i-AlLiCu (Ref. 7), andi-ZnMgY (Ref. 8] and de-
as Mn in AIPdMn or Fe in AICuFéwhere magnetic atoms in cagonal[d-AINiCo (Ref. 9] QC’s was reported indepen-
both substances are dilujedhese moments produce local dently also by sound velocity experiments. These experi-
magnetic fields that introduce additional magnetic inhomo-ments relate the detected motions to the tunneling states
geneous broadening. The diffusive atomic motion in this ad{two-level tunneling state§TLS's) are mentioned, hence
ditional inhomogeneous local magnetic field would just addmotion in double-well potentials There is no direct evi-
to the spin-echo destruction, thus amplifying the diffusiondence that the lo- TLS’s are related to the higfi-dynam-
echo attenuation. Experimentally we observed the same dyes observed by neutrons. However, in the Comment it is
namical NMR signal(spin-echo destructiordue to atomic  correctly pointed out that it has still not been proved experi-
motions in the nonmagnetic systemsAINiCo (Ref. 2, Al-  mentally that tunneling states in QC’s are not phasons. As
CuNi (Ref. 2, andi-AlPdRe (Ref. 3 as well as in the mag- phason jumps are thermally activated processes, also per-
netic i-AlPdMn (Ref. 4. Our analysis of the NMR signals formed in double-well potentials, this offers seeds to con-
was made in terms of the “effective” diffusion const&bt, , sider the following link between the high-and lowT dy-
which is a product of the true diffusion constdhtand the namics. Phason jumps are by definition low-activation-
frequency gradient squareV)?, so that the additional energy processes, so that one may consider that some
magnetic contribution to the gradient just changes the valuéhermally activated hopping in double wells at highsur-
of D, (which is a fact of marginal importance, as the gradi-vives to low T by transforming into tunneling. This cross-
entVw is anyhow not known What we analyze in our stud- over is an exciting question, and, in order to elucidate it, new
ies is the temperature dependencégf, which, in a rough experiments are needed that will span the total temperature
model, is assumed to follow that of the true diffusion con-range and not just probe the asymptotic ranges at figh
stantD. We found consistently thdd, exhibits weak tem- (neutron$ and lowT (ultrasound and NMR
perature dependence in all samples studliEdow 300 K in Our last point concerns the similarity of the experimen-
d-AINiCo and AICuNi in | and below 400 K in-AlPdMn  tally detected atomic motions id-AINiCo and B,-basedr
(Ref. 4], demonstrating low-activation-energy character ofphase of AICuNi. From the theoretical considerations, a clear
the detected motions in the studied temperature range. In allifference between the two cases is expectedi-&NiCo,
casesD, showed a tendency towards a strongedepen- the microscopic model of atomic jumps involves motion
dence above room temperatysee Fig. 3 of | and Fig. 3 of over the very open structure of “half-vacancy pipeshis
Ref. 4, indicating an increase of the activation energy. Thename and the related “columnar vacancies” were introduced
raw experimental data of all samples are thus consistent. by Yan et al,’®!! wherefrom also our notation of “vacant

On the basis of the above considerations, we can clainsites” used in }. These empty sites may be termgldason
reliably that with NMR we detected slow, lot;, diffusive  sites but there is nothing quasicrystal-specific with these
atomic dynamics at low and intermediate temperatures. As igites, as a very similar structural situati@oo closely spaced
a solid, the diffusion motion takes place by jumping oversites to be occupied simultaneouslyas found also in con-
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ventional solids(e.g., SrTiQ). The AICuNi, on the other raised in the Comment that this similarity Bf values is just
hand, is a “vacancy-ordered” material, where a large numbeg numerical coincidence; it is more likely that these figures
(up to several at. %of lattice sites are vacant due to stability are associated with similar atomic transfer processes.
reasons. The structure is again very open for jumping and the As the NMR data(see Fig. 3 of ) show the same simi-
usual vacancy diffusion is expected to be the main atomidarity in the atomic motion between thAINiCo and Al-
jump channel. These two very different materials were choCuNi (in this case in the lowF regime, and since NMR
sen for comparison on purpose, with the aim to compare @inds these motions to be of lof; and diffusive, this gives
pure QC materia(with nominally no vacancies in the usual pasis for our conclusion in | that “though the detected atomic
sensg with a material where wénowthere is a large con- mgtions in d-AINiCo are compatible with phason jumps,
centration of vacgncies. This comparison was triggered alsfhey arenot QC specific.” Again we use the cautious state-
by the recent hight neutron measurements which re- o “compatible with phason jumps” and not the direct
ported very similar activation energies for atomic jumps forstatement “phason jumps.” The experimental similarity be-

the same two sample§or the d-AINiCo Coddens and - - ;
tween thed-AINiCo and AICuNi data makes us believe that
3 —
Steuref” report E,=0.553 eV, whereas f?r the AICuNi, the observed motion is a feature of close-packed structures—
=0.60 eV was reported by Dahlboegs all?), where these L A )
O(Telther periodic of quasiperiodic—that contain structural va-

values are also very close to both the activation energy cancies. By “structural vacancies” we mean unoccupied lat-
atomic migration(0.61 eV} and the activation enthalpy for es. By A up
tice sites of any origin, either due to usual vacancies or due

single-vacancy formatiof0.67 €V} in pure aluminum. Due o ;
to proximity of these values, caution should be taken wher® 100 closely spaced atomic sites that cannot be occupied
discriminating different atomic jump mechanisms from theSimultaneously. _ _

experimental data. Though theoretical expectations give a Ve hope that this discussion will catalyze future work on

clear hint that the jump physics of the two investigatedthe atomic dynamics in QC’s, which should lead towards a
samples should be fundamentally different, experiments dgore complete understanding of this interesting phenom-
not give a clear distinction. We do not share the opinionénon.
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