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Low-Temperature Nuclear Magnetic Resonance Studies
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We report the results of &Al nuclear magnetic resonance study of icosahedral quasicrystalline
Al oRe Py 4 at temperatures between 0.04 and 300 K and in magnetic fields between 1.5and 7 T. At
very low temperatures we have found that the temperature dependence of the spin-lattice relaxation rate
T, 1(T) shows new and unexpected features which we associate with a gradual real-space localization
of the itinerant charge carriers. Above 20 K, '(T) contains both a linear- and a cubicanterm,
previously observed for other quasicrystals. [S0031-9007(97)04282-8]

PACS numbers: 76.60.Cq, 71.23.Ft

In recent years a great deal of experimental and thedsy destroying the nuclear magnetization with either a short
retical efforts have been devoted to the understanding afr a long comb of rf pulses and observing the nuclear
the unusual structural and physical properties [1] of themagnetization recovery towards thermal equilibrium. The
so-called quasicrystals, which are solids with highly or-different irradiation conditions, i.e., short or long irradia-
dered but nonperiodic structures. In particular, icosahedrdlon, produce different types of recovery for the nuclear
quasicrystals such as those based on Al, Mn, and Pd (Amagnetization, but both cases yield similar values for the
Mn-Pd) [2] or Al, Re, and Pd (Al-Re-Pd) [3], display long- spin-lattice relaxation rate. Because of the broad wings of
range quasiperiodic order in three dimensions, and can Bbe?’Al-NMR spectra, we irradiated only the central peak
synthesized with high structural perfection. corresponding to th&% — % nuclear Zeeman transition.

A prominent physical property of Al-Re-Pd quasicrys- We have performed several tests to eliminate artifacts ex-
tals is their extremely low electrical conductivity, albeit traneous to the intrinsic relaxation, such as rf heating of the
with significant temperature dependencies [4—6]. Thesample. Below 4 K, our sample was immersed in the lig-
low-temperature specific heat of these materials containgid mixture of a*He-*He dilution refrigerator, and above
a small contribution varying linearly with temperature, 4 K it was placed in contact with flowing He gas. Be-
adding evidence that Al-Re-Pd quasicrystals are generallgause of the unusually low electrical conductivity of
rather poor metals [5—8]. This interpretation got furtherAl;oR& ¢Pdh 4 we have been able to perform our mea-
support from optical properties [6,8] and from the results ofsurements on a bulk polygrained sample, thus avoiding the
tunneling [9] experiments. Previous NMR results of qua-possible introduction of random strains in the structure,
sicrystals [10—13] have mainly been interpreted as conwhich sometimes occurs during the powdering process
firming the conjecture of a pseudo gap in the electroni@nd could alter the NMR response.
excitation spectrum at the Fermi energy for some quasi- In Fig. 1 we display an example of 8hAI-NMR spec-
crystals and their periodically structured approximants. Irfrum for Al;gRessPh 4, measured aI' = 1.07 K and a
addition, a distribution of environments on the atomic scaldixed frequency of 16.667 MHz. The sharp peak in the
for these materials has been inferred from those studies.center of the spectrum represents the centvaé (o %)

Here we report the first NMR results between 0.04nuclear Zeeman transition of Al and the broad background
and 300 K for a high-quality icosahedral quasicrystallineis caused by the quadrupolar perturbation of the Zeeman
sample of the Al-Re-Pd family, well characterized bylevels. Measurements near the center of the spectrum with
measurements of structural, thermal, and transport progyigher resolution (see inset of Fig. 1) were made by chang-
erties [6,7]. At very low temperatures we have founding stepwise the frequency at a fixed field. The solid lines
that the?’ AI-NMR response of icosahedral ARes sPch; 4 in the figure and in the inset represent best fits to the
shows new and unexpected features that may, for the firstata using a model which assumes a broad distribution
time, give direct evidence for critical electronic states inof electric-field gradients at the Al sites. The model
quasicrystals. also considers a small isotropic NMR line shiftas an

For our?’ AI-NMR experiments we used standard spin-additional fitting parameter, which here is identified as an
echo techniques in external magnetic fields between 1.&verage Knight shift. Our model yielded consistent results
and 7 T and temperatures between 0.04 and 300 K. Thier the Knight shift and field gradients at the Al sites for
27AI-NMR spectra were measured both at a fixed appliecll spectra measured at different fields and temperatures
magnetic field by monitoring the spin echo signal at abetween 0.04 and 300 K.
given frequency and varying stepwise the frequency, and Because our analysis showed that the broad background
by varying stepwise the applied magnetic field at a fixeddisplayed in Fig. 1 is not influenced by changing the mag-
frequency. The spin-lattice relaxation rate was measuredetic field, it is not due to a distribution of susceptibilities.
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' of rf pulses to irradiate the central line of the NMR spec-
i trum. The broken line represents a two-parameter fit to the
= (12 & -172) data, appropriate for the conditions of this measurement
s with the two fitting parameters being a single spin-lattice
Z relaxation timef'; and an overall scaling factor. Even bet-
i ter fits to the data are obtained by assuming a distribu-
% tion of Ty’s, which might be expected here. However,
E since this type of analysis does not change qualitatively
& our main results, we assume for simplicity a single
= 68.60 68.75 The solid line in Fig. 2 represents a fit to the data of the
L\Frjquency (MHz) form
5.9 6.0 6.1 6.2 6.3 6.4 6.5 T, YT) = aT + bT?, (1)
Magnetic Field (Tesla)

; - -2 ©—1-1 -
FIG. 1. ??Al-NMR spectrum for AjyRe;cPdh 4 measured at Wlt_h7 fl3 _?‘56|§< IfO K™'s _ ??d _b | 1.3 ><I
a temperature of 1.07 K and a fixed frequency of 16.667 MHz.lO _K s T e |rS.t term, typ_lca or simple metals,
The solid line represents a fit to the data using a model thaominates the spin-lattice relaxation below 100 K. In our
assumes a distribution of field gradients at the Al sites. Thecase,a is very small, corresponding to a relaxation rate
inset shows data close to the resonance in a fixed magnetigughly 2 orders of magnitude smaller than for Al metal.
field of 6.19 T and at 1.06 K. Small relaxation rates varying linearly with temperature

have previously been observed for other quasicrystals
The 2’Al-NMR line shift is positive and smallK is of [10,11,13]. In l_:ig. 3 the collapse of the d.ata.onto a single
the order of120 =+ 30 ppm and is temperature indepen- CUrve by plotting the nuclear magnetization recovery
dent below 100 K. This result implies a metallic type of @ @ function ofiT, the time-delay multiplied by the
electronic state for AhRes Pdh; 4, albeit with a very low correspondlng temperature, demonstrates that7T is
density of electronic states (DOS) at the Fermi enefgy approximately constant between 18 and 80 K. The second

The error bars estimated for our Knight-shift data do not€'m on the right hand side of Eq. (1) is more difficult

allow us to establish whethd¢ has a weak, if any, tem- to interpret, but it has also previously been observed for

perature dependence above 100 K. other quasicrystals and has been associated with a pseu-
In Fig. 2 we show the temperature dependence of thdogap in the DOS a£r [11]. In general, the existence

spin lattice relaxation ratg; ' for Al;oRessPdh; 4 between Of @ pseudogap at or nedl- implies an increase of the

18 and 300 K. The inset gives an example of the nucleaiknight shift with increasing temperatures which is not

magnetization recovery used to extract the spin-lattice reSorroborated by the results of our experiments. We have

laxation rateT; . This particular data set was measured aStated above tha€ has, if any, only a weak temperature

285 K in an applied field of 5.7 T, employing a short compdépendence. More experiments above 300 K would be
needed to resolve this issue.

In Fig. 4 we display a summary of our results o'

6 : : for Al;gR&g¢Pdh;4 below 80 K. The data below 20 K
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FIG. 2. T, '(T) for Al;yResPd; 4. The solid line represents ( )
a fit to the data using Eq. (1). The inset shows an example ofIG. 3. Normalized nuclear magnetization recovery data for
the nuclear magnetization recovery, measured at 285 K and imarious temperaturef as a function ot7. The data collapse
a magnetic field of 5.7 T. A fit to the data for the case of aonto a single curve implies thd T is constant between 20 and
single T, (broken line) is shown. 100 K.

3059



VOLUME 79, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OTOBER 1997

calization of the itinerant electrons in ARg¢Pdh; 4 at
low temperatures.
It is difficult to identify with certainty the mechanisms

(T,T)~1=0.028 7069

=107 . . . T

|8 responsible for the spin-lattice relaxation in Al-Re-Pd at
- low temperatures because details of the characteristics of
X the electronic states are presently unknown. We notice,
T however, that the transport properties of Al-Re-Pd qua-
,'} sicrystals are very sensitive to the concentration of Re
~ 102 atoms in the chemical composition [6]. Hence it seems

P 9.0 reasonable to assume that the electronic states for Al-Re-

Pd result from strong hybridization of extended Aland

d wave functions with Rel orbitals [17]. It may then be

expected, at least at low temperatures, that spin-flip scat-

FIG. 4. (T,T)"(T) below 80 K. Data above 20 K were tering of the conduction electrons at the nonmagnetic Re

measured at 5.7 T and below 20 K at 1.5 T (empty circles) andons would limit the lifetime of a spin orientation for the

at 6.19 T (filled circles). The solid line represents a power-conduction electrons and, therefore, would contribute to

I2a(\)NKf|t. The dotted line indicates the Korringa law valid above the spin-lattice relaxation rate. A perturbation treatment
' of the spin-orbit interactiorV,, responsible for the spin-

flip scattering yields [18]

represented by filled circles (1.5 T) and empty circles 1

(6.19 T) imply that the measured relaxation rates are field — o« c[{B|ViolB)rs?p(EF), (3)

independent. The solid line represents a fit to the data Ty

using a function of the form whereb are the exact one-electron states of electrons mov-

(T, T)" = aT 0% ) ing.in the rgsulting electric f_ield of the_Iatticg a_md the _im-

’ purity (Re ion), but neglecting the spin orbit interaction,
and the dotted line is compatible with the constantp(Er) is the DOS at the Fermi energy,is the concen-
(T,T) ! value established above. The data obviously sigiration of Re ions and the matrix element is averaged over
nal a dramatic increase in the strength of the nuclear rehe Fermi surface. A large spin-orbit interaction is char-
laxation mechanism, as measured (By7)~', which for  acteristic of highZ nuclei such as Re and, furthermore,
metallic systems is generally associated with a rapid slowtheir contribution to the relaxation rate is more important
ing down of electronic fluctuations. The most commonif there is a substantial valence difference between the host
cases involve critical phenomena preceding a cooperativi@l, Pd) and the impurity (Re) ions. It is therefore con-
magnetic phase transition or the onset of spin-freezingeivable that electronic localization at the Re sites would
in spin-glass systems. There is absolutely no evidenckavor an enhancement of the spin-lattice relaxation rate.
for this from thermal and transport properties of our ma- This tendency of electron localization in real space
terial, down to temperatures in the millikelvin region brings into consideration the concept of critical electronic
[6,7]. Electronic slowing-down processes are also foundtates [19], inherent to quasiperiodic solids. These states
in strongly correlated electron systems, such as heavyare neither extended nor localized and at high tempera-
electron metals. The formation of the heavy-electrortures thermal excitations are expected to mask their differ-
ground state is accompanied by a large enhancement ehce from truly extended states. It is conceivable that they
the spin-lattice relaxation rates at low temperatures [14]exhibit their true critical character at only low tempera-
Again, there is no evidence for strong correlations amondures. These critical states may best be characterized by an
the itinerant electrons of AR& ¢Pd; 4. increasing degree of electronic localization with decreas-

As the most probable scenario, we consider the onseéhg temperature, never quite arriving at an insulating state.
of a metal-insulator transition from the metallic side, asThis description matches qualitatively the experimental re-
observed for metal-ammonia or alkali metal-alkali halidesults for the temperature dependence of dynamical prop-
solutions [15], and for doped semiconductors [16]. In theerties of AlyRe ¢Ph; 4 such as the spin-lattice relaxation
insulating regime the electronic fluctuations occur indepentateT; '. The Knight shift data imply that the average den-
dently, whereas in the metallic state the restriction imposedity of electronic states at the Al sites does not change ap-
by the Fermi statistics results in a spreading of the spe@reciably with temperature, which may be expected if the
tra of electronic fluctuations over a very large frequencycritical states at the Re sites extend over several lattice sites
range. On approaching the metal insulator transition fronj20]. In any case the NMR linewidth of AR& ¢Pd; 4 is
the metallic side the Fermi statistics loses its dominanceéominated by a distribution of quadrupolar couplings and
and the spectrum of electronic fluctuations shifts towardsherefore is not very sensitive to small changes in the dis-
lower frequencies, resulting in an increase (&{7)~'.  tribution of Knight shifts. We emphasize that the above
Thus our NMR results suggest some gradual real-space Ialiscussion of critical states is meant to suggest a possible

10°1 100 10 102
Temperature (K)
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