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Electric quadrupole effects and nuclear spin relaxation in a A}, £d,o Mn- ; icosahedral
quasicrystal studied by NMR
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The 2’AINMR spectrum and the spin-lattice relaxation rate of an icosahedralRdh, Mn- ; quasicrystal
were studied in the temperature range from 39@ K at two magnetic fields. The results are compatible with
the hypothesis that a screening electron cloud is formed around the Mn ions in an aluminum-rich environment,
which together with the core electrons produces a large electric-field gra@E@ at the sites of the Al
nuclei. The EFG is temperature dependent due to the polarization of the screening cloud and the core electrons
by the magnetic moments of the Mn unpaireélectrons. The shift of th&’Al central line shows an inverse
magnetic-field dependence and appears to be of an electric quadrupolar origffATTégin-lattice relaxation
rate shows amT+bT® temperature dependence that can be explained by approximating the quasicrystalline
electronic structure by a two-band model, consisting of a bsadd a narrowd conduction bands. Th&®
term originates from the narrowness of theband. The?’Al spin-lattice relaxation in Al, P Mn; ; is
governed by two relaxation mechanisms of similar strength, the electric quadrupole and the magnetic hyper-
fine. The quadrupole mechanism is stronger at high temperatures such as room temperature whereas the
magnetic relaxation dominates at low temperatui§6163-182@09)02746-Q

[. INTRODUCTION «[g(Eg)]%. NMR studies of quasicrystals mostly assume a
predominantly metallic character of these substances and—
Quasicrystal§QC) are solid materials exhibiting a new despite the evident difference from ordinary metals—analyze
type of a perfect long-range order without translational perithe data in the frame of the simple metal NMR theory. Sev-
odicity. Their symmetries(icosahedral, dodecagonal, de- eral spin-lattice relaxation studies performed on QC samples
cagonal, octagonal, and pentagonaivolve “forbidden”  assumed a magnetic relaxat®it**>*due tos-type conduc-
symmetry elements such as fivefold rotation axes that arBon electrons as dominant. An unusual temperature depen-
incompatible with the periodicity of a Bravais lattice. A con- dence of the relaxation rate of the typg*=aT+bT¢ with
sequence of nonperiodicity is that phonons and electrong~2-3 was interpreted as a sign of sharp features in the
cannot propagate easily through the lattice so that QC’s—pseudogap®*® The generalization of the metallic relaxation
being alloys of metallic elements—exhibit transport phe-to QC’s due to thes conduction electrons is, however, not
nomena that resemble more insulating than metallic charagtraightforward. QC’s are poor electrical conductors with a
ter. Structurally highly ordered QC'’s are characterized by dow DOS at the Fermi level. In addition, strong parallel re-
very high electrical resistivity and semi-insulating behavior,|laxation mechanisms may exist, such as electric quadrupole
showing a proximity of a metal-to-insulator transition at low relaxation via the fluctuating electronic and ionic charges,
temperaturé:® It was conjectured that the low electrical core polarization effects and the relaxation via paramagnetic
conductivity results from the formation of a pseudogap in thecenters(such as localized M d-electron moments in Mn-
electronic density of stat®0S) at the Fermi enerdy’ that  containing QC'$ in combination with spin diffusion.
was shown to be a generic property of QC’s and their In this paper we present ZAINMR spectrum, Knight
approximants. The existence of the pseudogap plays an esshift and spin-lattice relaxation study of an icosahedral
sential role in the stability of QC structures as the minimumAl,, Pd Mn5 ; single-grain quasicrystal that contains a
in the DOS at the Fermi level stabilizes the structure by amall number of magnetic Mn ions. We show that the as-
significant reduction of the total electronic enefggand-  sumption of a dominant magnetic relaxation due tosigpe
structure calculations for icosahedral QC structures predictedonduction electrons is too restrictive and cannot account
that narrow peaks and valleys of the DOS should be presemven qualitatively for the observed magnetic-field depen-
inside the broad pseudogap. Such sharp features were expatience of the?’Al relaxation rate. The total relaxation rate
mentally reported in an NMR relaxation stifybut there  contains several relaxation contributions of magnetic and
still remains some controversy on their existeht¥. electric quadrupole origin of similar strength that are not
In ordinary metals, the electronic DOS at the Fermi leveleasy to resolve. Comparison of the relaxation and the Knight
d(Eg) can be conveniently studied by nuclear magnetic resoshift data indicates the existence of a strong—if not the
nance(NMR). In the presence of conduction electrons thedominant—quadrupolar relaxation mechanism in
shift of the nuclear resonance frequency: (v—vg)/ vy due  Al4, P Mn; 1. We also show that the magnetic and elec-
to electronic hyperfine magnetic fieldthe Knight shify is  tric quadrupolar relaxation mechanisms via the conduction
proportional tog(Eg), whereas the spin-lattice relaxation electrons both result in relaxation rates of the foem
rate shows a quadratic dependence on the DOS$; 1/ +bT3. This form can be derived generally for a two-band
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FIG. 1. Z7Al field-swept NMR spectra of a single-grain icosahe- ~ FIG. 2. Temperature dependence (ef the full width at half
dral quasicrystal AbPdhoMny;  (Bp=2.35T, v(*Al) height Av,,, and (b) the frequency shiftA v=v— 1, of the Z/Al
=26.134 MHz, five-axis oriented perpendicularBg). The ®Cu  NMR central line in Ab, Pdy, Mn; at two magnetic fields 2.35
line originates from the probehead coil. The spectra are scaled tand 6.3 T(with the respectivé’Al resonance frequencies of 26.134
equal height. and 70.35 MHz The shifts are measured relative to the AICI
aqueous solution. Solid lines represent the fits described in the text.
metal, where a broasland a narrowd electron bands coex-
ist. The reason for the appearance of Tieterm is the nar- =Aw/1,=1.8X10"% In contrast, the ?’Al shift of
rowness of thal band and the presence of this term by itselfAl,, Pd, Mn- ; was found negative and an order of magni-
does not prove the existence of sharp features inside thde smaller, amounting te-1.9x10 * at room tempera-
pseudogap. ture. On coolingK follows the same inverse temperature
dependence as the central linewidth and reaches the value
—6.3x10 % at 20 K. The measurement of the shift was re-
II. 27AINMR LINE SHAPE AND FREQUENCY SHIFT peated in a three times hlgher field of 6.3 T afnd was
found to be reduced to one third of its low-field value, mean-
The 2’AINMR experiment was performed on an icosahe-while exhibiting the same temperature dependence. The shift
dral Al;, Pdo MN; 4 single-grain crystal grown by the Czo- has thus decreased in higher field and not increased linearly
chralsky technique and further annealed at 800 °C. The cryswith the field as expected for the Knight shift in the usual
tal was oriented in the magnetic field with the five-axis sense, originating from the local magnetic fields of conduc-
perpendicular td,. The spectra were obtained by a mag-tion electrons. The inverse field dependence of the ghift
netic field-sweep technique where the spin-echo intensity1/H supports the conclusion that the observed shift repre-
was recorded as a function of the field strength. F(| sents the second-order electric quadrupolar shift.
=2) spectra measured in the temperature interval 300—-20 K The temperature dependence of tA®Al central line
at vo(?’Al) = 26.134 MHz (corresponding to the center ab- broadening and frequency shift in the studied temperature
sorption field of 2.35 Tare displayed in Fig. 1. The strongly range 300-20 K can be explained by the influence of the
inhomogeneously broadened spectrum shows a typical strugaagnetic Mn ions on the conduction and core electrons that
ture of a broad “background” line, representing first-order determine the electric field gradie(EFG) at the>’Al sites.
quadrupole-perturbed satellite transitions, and a narrow cent is known that in structurally perfect icosahedral Al-Pd-Mn
tral line, quadrupole-perturbed in second ortfeFhe central QC'’s a small amount of Mn site@ypically about 1% is
lines of the spectra in Fig. 1 exhibit a continuous broadeningnagneti¢®'’ and can carry a largé-electron magnetic mo-
on cooling that increases approximately a$ IFig. 2(a)]. ment up to severgkg. Such paramagnetic centers act in a
A similar temperature dependence was observed also iway as paramagnetic impurities in a metallic matrix.
the measurement of the shiftv=v— v, of the /Al central  Friedel® has shown in a pioneering work on transition-metal
line position[Fig. 2(b)]. The shift was measured with respect impurities in simple metals that an impurity, because of its
to the aqueous solution of AlgI A metallic Al powder different valency, acts as a scattering potential to the conduc-
sample was measured for calibration and its Knight shift wasion electrons. The consequence of scattering is a buildup
found to be positive (paramagnetic amounting to K depletion of electronic charge around the impurity that
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screens out the excess nuclear charge, leaving the systestectrons are present in this sample too and should have an
locally charge neutral. The screening produces a long-rangebservable effect on the NMR spin-lattice relaxation rate. In
oscillating charge density—known as Friedel oscillations—particular, the existence of a magnetic hyperfine interaction
that far away from the impurity has a fotth p(r) between the nuclear magnetic moments and the moments of
x(1/r3)cos XKer. Herekg is the Fermi wave vector anchas ~ conduction electrons should yield a strong—if not the
the origin at the impurity. The charge-density oscillationsdominant—magnetic relaxation mechanism even in the pres-
result in an oscillating electric field gradie(8FG) that still  ence of a large electric quadrupolar interaction.
has to be corrected for antishielding by the core electrons of The 2’Al spin-lattice relaxation raté'[l was measured in
the host metal atoms at the position of their nutté’ As-  the temperature interval between 30@ahK at twodiffer-
suming that the impurities produce an axially symmetricent magnetic fields 2.35 and 6.3dorresponding to th&’Al
EFG, the oscillating gradierg can be written in the fordt  resonance frequencies of 26.134 and 70.35 MHz, respec-
tively). The rates were determined on th&l central line
q=(2al 7r®) u coq 2ker + ¢), (1)  from the magnetization recovery following a saturation train
of 60 /2 pulses, separated by 38. In view of the possible
wherea and ¢ are determined by the scattering center and quadrupolgr effects, the mggnetization—recovery curves were
is an enhancement factor due to the core polarization. IRnalyzed independently with the models of magnetic and
diluted Al-Mn alloys° x was found to be about 15. electric quadrupole relaxation. o _
In Mn-containing QC’s, such as the Al-Pd-Mn family, a  FOr magnetic relaxatidA the magnetization recovery is
Friedel oscillationslike screening electron cloud around thelescribed by a single relaxation rafe *:
Mn ions, situated in an aluminum-rich environment, can ex-
ist as well. The icosahedral phase in this system forms in a
relatively narrow range around the ideal icosahedral compo- ~ M(t)=Mg{1—[a; exp( —t/T;)+a, exp(—6t/T;)
sition Al;gPd»Mng, so that the environment of any Mn or Pd
atom is in principle aluminum rich. In addition, only a frac- +agexp(—15/Ty)]}. ()
tion of about 1% of all Mn ions are magnetic, so that these
paramagnetic centers can be considered as diluted. This re-

sembles analogy to the diluted Al-Mn alloys where the con-FOr short saturatiofonly +3 levels are disturbedthe coef-
cept of Friedel oscillations is well establish&d. ficients a; amount toa; =0.02857,2,=0.17778, anda;

The screening cloud together with the Al core electrons=0-7936 whereas for long saturatigagain only=3 levels _
produces a large EFG at tR@Al nuclear sites. The presence &€ disturbed by the rf field, but the other levels can adjust
of d moments at magnetic Mn sites, that couple via the ex:[hel_r populations to estabhs_h_ a quasiequilibrium with the ir-
change interaction to the screening and core electrons, fufadiated levels the coefficients area;=0.257 14, a,
ther influences the electronic EFG via the polarization of the™ 0.266 67, anda;=0.476 17. . .
electron cloud and makes it temperature dependent. This In the case of quadrupolar relaxation there exist two re-
coupling increases the gradient in proportion to the thermall@xation rate constani#/, andW, that are theAm=*+1 and
average value of the-electron spin(S) that depends on Am= *2 nuclear spin transition probgbllltles. The two rates
temperature according to the Curie-Weiss law ag /) can be extracted from the magnetization-recovery curves fol-
(or 1/T, provided the correlations betwedrelectrons can be 10Wing the standard quadrupolar relaxation anafysfer
neglectedl Since several magnetic Mn ions affect the EFG atSPIN| N o
a particular?’Al site and these paramagnetic centers are dis- 1he “’Al magnetization-recovery curves at temperatures
tributed randomly in space, the temperature dependence 8P0 and 40 K are displayed in Figsiaand 3b) together
the EFG tensor may be predicted only qualitatively to followWith the fits. The model of magnetic relaxation following
approximately an inverse temperature dependeqeet/T. short saturation yields an unsatisfactory fit to'the experimen-
The second-order quadrupolar frequency shift and the tal data, whereas the models of I_ong-saturgtlon magnetic re-
central linewidthA vy, are both proportional t@?/H and laxation and quadrupolar r_elaxatlon bo_th yield excellen_t 1_‘|ts
should thus depend on temperature a821h this approxi- thgt rgproduce the dat:_i p0|_nts to practically equal precision.
mation. Experimentat’Al frequency shift and linewidth in T NiS iS dergonstrated in Fig.(@ where the mean square
Al Pdho Mn- ; [Figs. 2a) and 2b)], however, do not fol- deviationsy“ of thg fits are Compared for all three_ models.
low exactly neither the T/ nor the 172 dependence, but The quadrupolar fit actually yields the smallegt in the
something in between. Good ffisolid lines in Figs. 23) and whole measured temperature range whereas the long-

2(b)] could be made by assuming the fit functions in the formSaturation magnetic fit yields an only insignificantly larger
Avyp=a+b/(T—6) and Av=c+d/(T—6) with a x?. TheM(t) curves alone thus cannot be used as a criterion

—50kHz. b=1950kHz K. c=—13kHz. d=—965kHzK to discriminate between the magnetic and quadrupolar relax-

and 6=—26 K, but due to a large number of fit parameters@tion mgchan_isims. _ _
these fits should be considered as qualitative only. The “Al T, *, determined from the long-saturation mag-
netic relaxation model, is displayed in Figajt The rate was

determined at two magnetic fields of 2.35 and 6.3 T and the

data show quite a strong dependence on the magnetic field.
The ?’Al line shape and shift demonstrate the dominanceThe temperature dependencequl was analyzed with two

of the electric quadrupole interaction over the magnetic hydifferent fitting functions. The first Ansatz assumed a sum of

perfine coupling in A, PdyMn; ;. However, conduction a linear and a cubic term in the form

1. 27Al SPIN-LATTICE RELAXATION
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0.1 . . - . . FIG. 4. (a) ¥’Al spin-lattice relaxation rat&; * as a function of
temperature, determined from the magnetization-recovery curves
using the long-saturation magnetic relaxation model. The rate was
determined at two magnetic fields of 2.8®lid circles and 6.3 T
(open circles Solid lines are fits withT1‘1=aT+ bTe. (b) the
6.3-T data from(a) displayed in the log-log scale, showing com-
parison between the fifs; *=aT+bT? (solid line) and the power-

law functionT; '=cT* (dashed ling

9 o magnetic (short saturation)
® magnetic (long saturation)
O electric quadrupolar

=
much physical background and was taken as a power-law
form
! =cT¢ 4
T, e (4)
0.0

This form was used for comparison with E®) in order to
get an insight on the uniqueness and reliability of the fit
procedure.
FIG. 3. Z7Al nuclear spin magnetization-recovery curves follow- An gxcel_lent_ fit to the da.lta was Ob.t"?“”ed with HG)
ing a saturation train of rf pulses in AlPd, Mn, ; at (3 200 K [sol!d lines in Fig. 48)]. The I|nea_1r cpefﬂment was found to
and (b) 40 K. Each set of data is fitted with three theoretical func- 0€ independent c2)f the magnetic field and amountea to
tions, corresponding to the shofdotted ling and long-saturation = (1.7+0.3)x10" s 'K~! whereas the cubic term showed
(dashed linemagnetic relaxation conditions and to the electric qua-@ Pronounced field dependence and amounteth+d.27
drupolar relaxation modekolid line). Note that the dashed and the X 10 /s *K™3 for the field 2.35 T and b=4.28
solid lines can be distinguished only at long delay timescithe ~ X 10 8s 'K ™3 for 6.3 T. The total relaxation rate is thus
mean square deviationg of all three fits are shown in the whole smaller in a higher field. The simple power-law fit of Ed),
measured temperature interval. on the other hand, did not yield a satisfactory fit. In Fig)4
both fits are compared on a log-log scale for the 6.3 T data.
1 It is observed that Eq(3) fits the data well in the whole
—=aT+bTs (3) temperature range whereas the power-law fit reproduces the
T data well only within a limited temperature range 300—30 K
with «=1.16. At lower temperatures the experimental points
As will be discussed later, this form can be derived analyti-deviate systematically from the fit. The above analysis
cally for a two-band metal, where a broaénd a narrond  demonstrates that E¢3) yields a reliable fit to the experi-
conduction bands coexist. The second Ansatz does not haveental data.

0 100 200 300
T (K)
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T ' T ' ' erned by two competing relaxation mechanisms—magnetic
and electric quadrupolar—of similar strengths.

IV. DISCUSSION

] In a theoretical description of the spin-lattice relaxation in
the Al-Pd-Mn quasicrystals one encounters the problem of
1 how to treat the conduction electrons as well as the unpaired
d electrons of the magnetic Mn ions. In the absence of spe-
cific models that give a proper description of electron behav-
300 ior in QC'’s it is tempting to use available theories, i.e., those
which apply to either periodic crystals or amorphous alloys.
. . . In metals with a periodic lattice, conduction electrons are
154 b) i treated as extended waves in the form of plane or Bloch
waves whereas in amorphous alloys the electron states are
~ 1 o® &80 o800 1 localized on the atomic scale. In QC'’s, on the other hand, the
~ 10- Oc%ﬁggao 8o o° o 4 electrons are neither extended nor localized but occupy
B— oﬁ? © o “critical” states® that are localized on a scale over many
] @@D ] interatomic distances. To calculate the spin-lattice relaxation
54 - rate in the presence of such electrons is a difficult task at
gn e 235T present due to a lack of a proper theoretical description of
] o 63T ] critical states. One is thus forced to perform an approximate
. . . T . . analysis with the existing relaxation models. The most suit-
0 100 200 300 able model for the Al-Pd-Mn QC family turns out to be that
T (K) of a two-band metal where the conduction electrons form a
broads and a narrowd band. In the Al-Pd-Mn system there
FIG. 5. (a) Al quadrupolar spin-lattice relaxation raté, and  exist two kinds ofd electrons, those of Pd and Mn.
(b) the ratiow, /W, as a function of temperature and magnetic field |4 3 two-band metal the electrorigdssumed to be nonin-
(solid circles: 2.35 T, open circles: 6.3.TThe quadrupol_ar rates teracting occupy thes andd bands, having, respectively, the
W, andW, were determlneq by the quadrupolar relaxation mOdeldensity of states at the Fermi levg)(E¢) andgy(E). The
from thhe sa_me_magnetlz?golp-recoverfy da@msithe mbag3nenc 2state densitygy(Er) is assumed to be constant over the
T shown in Fig. 48). Solid lines are fits witi,=aT+bT". energy intervakgT aroundEg whereas thal-state density
04(Eg) varies appreciably over that interval due to the nar-
The same’’Al relaxation data were reanalyzed also with rowness of thel band. Its behavior in the vicinity dg can
the model of electric quadrupole relaxation, yielding the twobe described
qguadrupolar relaxation raté4; andW,. In Fig. 5 the rate
W, and the ratioW, /W, are shown as a function of tem- , 1 .-
perature and magnetic field/; exhibits practically identical ~ 9d(E)~9a(Er) +(E—Er)g4(Er) + 5 (E—Er)“gq(Er),
temperature and field dependence as the magnetic relaxation (5)
rate T; !, displayed in Fig. ). The temperature depen-
dence could again be best reproduced by the sum of a lineavhereg (Egr) andgy(Eg) are first and second derivatives of
and a cubic termW; =aT+b T3 [solid line in Fig. 5a)]. The g4 at the Fermi level. In addition, the narrowness of the
linear coefficient was again found field independeat; band implies that the Fermi energy itself becomes a function
=(1.15+0.25)x 10 *s 1K~%; whereas the cubic term Of temperatur®
showed a significant field dependence and amounteld to

W, (ms™)

0 100 200
T (K)

=9.5x10 s 1K 3 for the field of 2.35 T andb=3.4 o m L O4(ED)
x10 057K 2 for 6.3 T. The ratioW;/W, is approxi- Er=Er— 5 (keD)"5 (ED)- ©6)

mately constant in the temperature interval 300—100 K and

amounts to a factor of about 10, demonstrating a rather larggere E? is the Fermi energy af =0.

difference between th#v; and W, transition rates. Below In calculating the relaxation rate for a two-band metal,
100 K, however, the ratio is getting smaller and approacheseveral magnetic contributions of comparable magnitude are
the valuew, /W,~1 at 4 K. This demonstrates that at lower found?® The s-band electrons give a contribution due to the
temperatures the relaxation is governed increasingly more bgontact interaction

a single relaxation rate constant. Since there is no special

reason whyw,; and W, should become equal at low tem- (Tfl)s“kBT[gs(EF)]z- (7)
peratures, this result very likely demonstrates the crossover

from a dominant electric quadrupole relaxatigiescribed by  The d-band electrons give the dominant contributions due to
two relaxation ratgsat high temperature to a dominant mag- the orbital interaction and the core-polarization effect. Both
netic relaxationdescribed by a singl@l‘l) at low tempera- contributions exhibit the same temperature dependence that
ture. The?’Al spin-lattice relaxation thus appears to be gov-can be calculated from
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. % ) atomic clustergabout 1 nm in length scalewhich are ex-
(Ty )d“f n(E)[1-n(E)][94(E)]°dE. (8)  cited at high temperature, were reported previciisin
0 icosahedral AJsCu,gFe;s. Such localized vibrational modes
Here n(E)={exd(E—Eg)/kgT]+1} ! is the Fermi-Dirac time modulate the EFG and can cause efficient spin-lattice
function. Taking into account the narrowness of theand  relaxation, provided the fluctuation frequencies have a spec-
given by Egs.(5) and (6), one obtains the temperature de-tral component at the nuclear Larmor frequency
pendence of thd-electron relaxation rate as (~10° Hz). This ionic contribution can be further enhanced
by the Sternheimer antishielding effect due to the ionic
4 0vq2 w? 2g{,’(EE) electric-field polarization of the core electrons. The quadru-
(T1)a*keTIGa(EF)]7) 1+ 5 (keT) 9a(ED) (9 polar contribution from slow ionic fluctuations with frequen-
di=F cies smaller than the Larmor frequency would result in a
that contains a linear and a cubic-rterm. The origin of the relaxation rate inversely proportional to the square of the
T2 term is thus the narrowness of theband, or more pre- magnetic field, yielding larger relaxation rate in a smaller
cisely the fact that the variation afy(E) is not small over field. This consideration is in qualitative agreement with the
kgT aroundEg. The sum of the two magnetic contributions experimental Z7Al relaxation rates at high temperatures
T =(T; Y+ (T Yq then leads to Eq3). Here it should ~where at, e.g., 300 K the rate measured at 2.35 T is a factor
be noted that a temperature dependence of the type ¢PEq. of 2 larger from that at 6.3 T. Further work is, however,
(with g4 being replaced byg,) can be derived also for Kor- needed to clarify this point.
ringa relaxation through the-band electrons onl}? pro- The fact that the field dependence appears increasingly
vided one lifts the assumption thgt is constant over the smaller on going towards lower temperatures may be attrib-
energy intervakgT aroundEg, but instead varies with the uted to the same effect as the decre®dsgW,— 1, thus to
energy according to EC(S) In a two-band metal this Kor- the fact that on Iowering the temperature the field-
ringa s-band T3 correction should be small as compared toindependent magnetic relaxation contribution starts to domi-
the T3d-band term, due to the broadness of theand with ~ nate over the quadrupolar mechanism. The observed decreas-
respect to thel band. ing field dependence of the rates as well as the decreasing
In addition to the above magnetic contributions, conducdifference betweeiV; andW, on cooling thus appear arti-
tion electrons provide also an electric quadrupolar contribuficially and do not represent real changes of the quadrupolar
tion to the total relaxation rate. In ordinary metals the qual€elaxation parameters.
drupolar contribution is usually small compared to the
magnetic one and is therefore neglected. 1 line shape
and shift in Ak, PdoMn;,, however, demonstrate the
presence of strong electric quadrupole interaction in this qua- The results of the?’Al NMR spectrum and spin-lattice
sicrystal so that the quadrupolar term can contribute signifirelaxation studies of icosahedral /AlPd, Mn5 ; are com-
cantly also to the spin-lattice relaxation. The quadrupolaipatible with the hypothesis that a screening electron cloud is
spin transition probabilitie$V, and W, due to the conduc- formed around(probably a part of the Mn ions in an
tion electrons were calculated by Ob&faFor a two-band  aluminum-rich environment. The electrons produce a large
metal one finds the temperature-dependent part of each of tli&-G at the sites of the close Al nuclei that is temperature-
ratesW, to be given again by Eqé7) and(9) for thesandd  dependent due to the polarization of the screening and core
electrons, respectively, thus yielding again W,=aT  electrons by the magnetic moments of the Mn unpailed
+bTe. electrons. The increase of the EFG on cooling produces an
There still remains a puzzling question as to why il inverse temperature dependence of the width and frequency
spin-lattice relaxation rates exhibit a pronounced magneticshift of the2’Al NMR spectrum. The shift of thé’Al central
field dependence. In simple metals the relaxation rates dfne was found to be inversely proportional to the external
electronic origin (either magnetic or electric quadrupglar magnetic field, as characteristic for a second-order electric
show no field dependence. In the electron-nucleus relaxatioguadrupolar shift. Thé’Al spin-lattice relaxation rate shows
process the total electronic energies involved are of the ordean aT+b T dependence that can be explained by approxi-
of Ef (that is typically of several eMwhereas the respective mating the actual quasicrystalline electronic structure by a
electronic and nuclear Zeeman energies are of the order dfvo-band model of a regular, structurally periodic metal. The
10 % and 10 7 eV. The Zeeman energies can be neglected iff 3 term originates from the narrowness of tti€onduction
the total-energy balance of the nuclear spin relaxation proband, or more precisely from the fact that tbeslectron
cess via conduction electrons, thus vyielding field-density of states cannot be considered as constant over the
independent relaxation rates. The above discrepancy betweenergy intervakgT aroundEg. The appearance of tHE®
the theory and experiment may indicate that the two-banderm in quasicrystals by itself does not prove the existence of
metal model is not fully adequate for application to quasic-sharp features inside the pseudogap in the DOS at the Fermi
rystals. In view of the difference between the extended andevel but merely reflects the narrowness of theonduction
critical states it is easy to anticipate this failure of the simple-band. The?’Al spin-lattice relaxation in Al, Pdho Mn; ; is
metal theory in QC'’s, but difficult to correct at present due togoverned by two relaxation mechanisms of similar strength,
the lack of a proper description of the critical states. the electric quadrupole and the magnetic hyperfine. The
Another possible explanation of the field dependence ofjuadrupole mechanism is stronger at high temperatures such
the relaxation rates is the existence of ionic contribution toas room temperature whereas at temperatures close to that of
the total quadrupolar relaxation rate. Localized vibrations ofiquid He the magnetic relaxation becomes dominant. Spin-

V. CONCLUSIONS



PRB 60 ELECTRIC QUADRUPOLE EFFECTS AND NUCLER. .. 14 701

lattice relaxation in icosahedral Al-Pd-Mn is thus more com-the proper quasicrystalline electronic structure in the form of
plex than assumed so far and cannot be accounted for byaitical states instead of extended waves.

single relaxation process. Though the two-band model repro-
duces well the observed temperature dependence of the re-
laxation rates, it fails even qualitatively to reproduce the ob-
served magnetic-field dependence of the rates. A better We are most grateful to Dr. J. M. Dubois from Ecole des
theory of the spin-lattice relaxation in quasicrystals—Mines de Nancy and to Dr. N. Tamura and Dr. K. Urban
unfortunatelly not existing as yet—should take into accounfrom Juich Research Center for the provision of the sample.
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