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Searching for sharp features in the pseudogap of icosahedral quasicrystals by NMR
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In a search for sharp features in the electronic density of st@€xS) of quasicrystals, a systematic
comparative study of the DOS in the vicinity of Fermi ener@¢ was performed in icosahedral
Al Ptho Mny 1, Alg,Clps Fep, 5 and Al Pdyy Rey s by the 2’Al NMR spin-lattice relaxation. The investi-
gated samples differ markedly in their electrical conductivépd thus the DOS &) and the content of
paramagnetic centers. The paramagnetism of Mn and-&ectron moments in AIPdMn and AlCuFe intro-
duces a strong relaxation mechanism of spin diffusion to paramagnetic centers that competes with the relax-
ation via conduction electrons and becomes dominant at low temperatures, typically below 100 K. The
Al75 Py Mn, ;. and Ak,Cus §€, 5 show a paraboliclike variation of the pseudogap in the DOS in the
vicinity of Eg, but no sharp features were detected. In the AIRdRle paramagnetic relaxation is absent
except at temperatures bel@ K and a single sharp feature of the full width at half height 14 meV, displaced
by 11 meV fromEg, was detected. The sharp feature is very deep, reducing the DOS at the minimum to a few
percent of its value in the metallic aluminum. The effect of the sharp feature in the DOS on the NMR spin
lattice relaxation raté'l_1 is shown theoretically to introduce a minimum in tHg,T) ! product at a tem-
perature that is crucially related to the displacement of the sharp featureEfrom

[. INTRODUCTION the periodic approximants was demonstrated theoretically by
ab initio calculations™ In ideal quasiperiodic structures, on
It is by now well established that the electronic density ofthe other hand, the hierarchical packing of atomic clusters
states(DOYS) in quasicrystalgQCs9 exhibits a pronounced shows perfect self-similarity on any spatial scale via the
pseudogap at the Fermi energy, providing a Hume-Rotheryinflation/deflation operations, which implies that the DOS
like electronic stabilization mechanism of the QC structureshould also show a hierarchical self-similar geometry with
The pseudogap was theoretically shown to be a generic proppiky features in the pseudogap, so that the Fermi surface has
erty of both, the ideal QC structuresnd their periodic a fractal character. According to that “self-similarity”
approximant$=> Experimentally the pseudogap was ob-theory, the pseudogap is asymmetric and centereBgat
served in many different QC and approximant samples eitheshowing a square root dependence of the DOS funcf{@)
directly by the photoemissich’ soft x-ray emissiof,° and  on both sides of the minimum. At tempera#0 K the semi-
tunneling and point contact spectroscdpyr indirectly via  bonded electron states on the low-energy sidgére char-
the transport phenomena such as electrical conductivity anacterized byg(E)=g(Eg)(1—E/Ef)Y? whereas the free-
low-temperature specific heat that are compatible with arelectron band on the high-energy side obayE)x(E
anomalously low DOS aEg. The width of the pseudogap —Eg)Y2 The width of the pseudogap should essentially be
was found typically of the order 0.5—-1 eV. There exists alsazero because the inflation mechanism continuously reduces
an interesting theoretical predictitr that in addition to the  the width of the gap.
global pseudogap &, quasiperiodicity should yield a fine From the experimental side the existence of sharp features
spiky structure of the DOS with sharp features on the energjn the DOS is still a matter of debate. Sharp features were
scale of 10 meV. Such sharp features might have a profounceported in icosahedrafi) QCs by the NMR relaxation
effect on the transport properties of QCs and seem to explaistudy'! whereas related NMR studies under presSifind
the unusual behavior of the thermopower and Hallno evidence of the DOS fine structure within the 10 meV
conductivity? The existence of fine spiky DOS structure in resolution. A detailed study of the DOS structure in the vi-
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cinity of Ex was reported recently by the tunneling and point 1

contact spectroscopy. The tunneling experiment has ob- T_:ﬂsf dEg?(E)f(E)[1-f(E)]. 1)
served ini-AlPdMn, i-AlCuFe, andi-AlPdRe a narrow, !

temperature-dependent anomaly in the DO @at(a single  Here the functionf(E)={1+exd(E—Eg)/kgT]} * is the
sharp feature of the width of few ten mg¥hat develops Fermi-Dirac(FD) distribution. Despite the evident difference
within the broad pseudogap at low temperatures, typicallyof QCs from ordinary metals, we use—in the lack of a proper
below 50 K. Whereas the amplitude of the anomaly in thetheoretical description of the electronic states in quasiperi-
i-AlIPdMn andi-AlCuFe was found very small, it was found odic structures—the same proportionality constapas for
significant in the-AlPdRe. The anomaly effectively deepens regular metals:8,= (64/9)w3ﬁ3y§yﬁ(|uﬁ(0)|>éF. Here v,

the pseudogap atEr and represents an additional and y,, are the electron and nuclear gyromagnetic ratios and

temperature-dependent reduction of the DOS that might fur{|uﬁ(0)|>EF is the density of the electronic wave function at

ther improve the Hume-Rothery stabilization of the quasip- ,

eriodic structure in the limiT— 0. It might also be crucially theznucleus averaged over the Fermi surface. We assume that

related to the low-temperature semiconductinglike and insut|Uk(0))g, does not exhibit shargenergy-dependentea-

latinglike electronic properties of some QC familigsg., the tures. The bell-shaped FD functiod(E)[1—-f(E)]=

i-AlPdRe, including the reported metal-to-insulator —kgTJdf/JE is centered atEr and has a temperature-

transition’®> The appearance of the temperature-dependerdependent full width at half heighFWHH) 2A;=3.5gT.

sharp feature aEg in the DOS at low temperatures should Since this function vanishes &sdeviates fromEr by a few

thus have a profound effect on the electronic DOS-relatedgT, it essentially selects a narrow, temperature-dependent

physical properties of QCs. portion ofg(E) aroundEg, which influences the relaxation
Since the additional reduction of the DOSEt at low  rate. AtT=300K 2A; amounts to 90 meV; whereas it de-

temperatures should have rather spectacular consequencagsases to 30 meV at 100 K and becomes as small as 3 meV

for the stability and transport phenomena of the quasiperiat 10 K. The comparison of these values to the width of the

odic structures, we undertook a systematic investigation opseudogap in QCs that is typically 0.5—1 eV and the ex-

the pseudogap in the vicinity ofEg in high-quality  pected ten meV scale of the sharp features demonstrates that

i-Al7, PhoMn7 4, i-AlgClps F€155 andi-Al,gPdbiRes  the Tl‘1 probes a narrow portion of the DOS at the very

samples. The pseudogap was studied in the temperature ibettom of the pseudogap & and—if it exists—the sharp

terval between 300 @h4 K by the 2’Al NMR spin-lattice  feature.

relaxation ratél’l’1 that depends quadratically on the DOS in  Since the FD functiorf(E)[1—f(E)] essentially selects

the vicinity of Eg, T; *«g?(Eg), and should thus be sensi- a narrow portion ofy(E) aroundE that participates in the

tive to the sharp-feature-induced reductiongfEr). The relaxation, the actual shape of the pseudogap is immaterial

above three samples were selected for two reagontheir  for the calculation of the relaxation rate. What matters is the

DOS is markedly different, the AIPdMn sample being thecurvature ofg(E) in the close vicinity ofEg that can always

most (and the AIPdRe the legstonductive and(ii) the be replaced by a Taylor series expansion. We assume that the

samples also have drastically different contents of the magPOS in the vicinity ofEg can be described by the form

netic ions that can provide a parallel relaxation mechanism

of spin diffusion to paramagnetic impurities and mask the p 2 (AEyp)*

effect of the sharp feature in the pseudogap. In this paper We,g(E) =%t EgO(E_ Ep)"-c (AEy)% +|E—Eg—o8|%"

first give a theoretical description of the NMR spin-lattice 2)

relaxation rate in the presence of a sharp feature clogg to , ) )
within the DOS pseudogap. Then we discuss the effect of he first two terms on the right side of E@) represent the

paramagnetic centers on the relaxation rate and finally conR@rabolic Taylor series expansion of the broad pseudogap
pare the theory to the experiment. The presented worRnd the steepness of the parabola is given by the second
complements and generalizes our prelimindApl spin-  derivative gg=(4”g/dE?)g_. The third term represents the
lattice relaxation study on i-AlPdMn, which—due to the sharp feature located &g+ & (where & accounts for the
high electrical conductivity of the sample—could be ex-possible displacement from the exdEt value that is a
plained by the two-conduction-band relaxation model. bell-shaped function with a positive exponesit-0. The
sharp feature has the amplituddAE»)° and the negative
sign of ¢ takes into account that the DOS becomes reduced
because of the sharp feature. Here we assume that the third
Though being generally poor electrical conductors, QCgerm on the right side of Eq2) is always smaller than the
exhibit a finite DOS aEf even at the lowest temperatures. first two, so thatg(E) cannot become negative because of
The nuclear spin relaxation via conduction electrons thushe sharp feature. Fag=1 the sharp feature acquires the
represents one of the important NMR spin-lattice relaxatiorfamiliar Lorentzian form, whereas for<0s <1 the central
mechanisms in QCs. We derive here the spin-lattice relaxpart is reduced and the wings are enhanced, as compared to
ation rate for the coupling of the nuclear spins to the hyperthe Lorentzian. The quantitkE,,, represents the half width
fine magnetic fields of conduction electrons in the presencat half height of the sharp feature that is independent ofthe
of a broad pseudogap and a sharp feature in the DOS that i&lue. The functiorg(E) of Eq. (2) is displayed in Fig. 1 for
located in the vicinity ofEr. Assuming a magnetic relax- severale values. The above shape gfE) is essentially
ation due tostype conduction electrons as dominant, weempirical, but inspired by the shapes of the differential con-
write the relaxation rate &% ductance curves in the tunneling experintrihat are be-

Il. THE CONDUCTION-ELECTRON RELAXATION RATE
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FIG. 1. Theoretical shape of the DOS functigE) in the
vicinity of Eg given by Eq.(2) for several choices of the sharp-

feature “shape” parametes [dotted line:e=0.5; dashed lines
=1 (Lorentzian; solid line: e=5].

lieved to reflect closely the actual shapes of the DOS curve
in the vicinity of Eg. In the absence of the sharp feature
(c=0) the DOS akg is given byg(Eg) =g, whereas in its

presence¢+0) it is given by

B (AEq)p)°
Q(EF)—go—CW- ©)
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In the derivation of the second term on the right side of Eq.
(4) the identity

X 7T2

s e
ledx sz: ?

was used.
In the case of no sharp feature0), Eq.(4) yields the
conduction-electron relaxation rate in the form

( : ) — GPKeT+ Gogi e (ksT)? ®
BsTicl o 9oKe ! T G003~ (Ke )"

which can be considered as the Korringa relaxation expres-
sion for QCs (in the following referred to as the
Korringa-QC relaxationwhere the DOS in the vicinity of

EF is not constant g+ 0), but varies parabolically due to
the pseudogap.

In the presence of the sharp featuce#(0), the relaxation
rate of EqQ. (4) generally depends on the temperature-
dependent overlap between the FD functf¢i)[ 1—f(E)]
and the sharp feature. We assume that the displacefm&nt
the sharp feature is small enough that the FD func(zen-
tered atEg) and the sharp featufeentered aEg+ 6) have a

The parameters of the sharp feature—the amplitcidthe . ¢ - .
width AE,,, the “shape” exponent, and the displacement considerable overlap, so that their product is nonzero. If this
5_may genera”y carry an |mp||c|t temperature_dependencewere not SO, the Sharp feature would have no influence on the

Inserting Eq.(2) into Eq. (1) we get the conduction- Nuclear spin relaxation. The integrals in E(—(7) are de-
electron relaxation ratéicl as termined by the area under the curve that is a product of two

bell-shaped functions; the sharp feature with the FWHH
1 ) , w2 . 2AE,;, and the FD function with the FWHH £2;= 3.5gT.
W=g0kBT+ gogo?(kBT) The area under the pr_oduct curve is determined by the nar-
s le rower of the two functions.
At high temperatures the FD function is much broader
than the sharp feature\¢>AE,;») and we assume also that
A¢> 6. The integral<C, D, andF are then determined by the
4) area under the sharp feature curve. This can readily be seen
by replacing thee*/(1+ e*)? term in the integral<, D, and
The coefficientsC, D, andF generally depend on the tem- F by 3 in the x<1 limit. Using a new variableE’=E
perature and the details of the sharp feaii&,,, 5, and —Er, the integrals now become
). Introducing new variablesx=(E—Eg)/kgT and X
= 6/kgT, the coefficients are defined as

—290c(kgT)1 2C(T,AE ), 6,¢)
+Cz(kBT)l_st(T;AE]_/Zn518)
—g4c(kgT)® °F(T,AEy,8,¢).

(AEyp)®
AEy )% +|E'[*

(keT)*™* =
C(T,AE1/2,8)~TJ dE';
C(T,AE1/2,5,8)

" (AEy,/ksT)® o =(kgT)* 'C1(AEyp,2), 9
:f dx 1/228 : 2 X2
— (AEl/zlkBT) +|X_X5| (1+e ) D(T,AE1/2,8)
©® (kgT)Z J I
D(T,AEy,8,¢) 4 —w [(AEp)*°+[E—Ee[*]?
F . (AE,;/KgT)2e & =(kgT)** " 'D1(AEyp,e), (10
= X . ,
—o[(AEyplkgT)% +[x—x,*]% (1+€9)? and
(6)
F(T,AE]_/Z,S)%O, (11)

F(T.ABz,6,2) where the integral€,(AE;,,e) and D;(AE;,,s) are re-

lated to the area under the sharp feature curve and the square
of this curve, respectively.

The conduction-electron relaxation rate in the high-
(7) temperature limit now becomes

_Jw d X*(AE/KgT)* e”
T ) L RE ke D) T =X (11 €92
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BsTic BsT1c

+¢?D4(AE),¢€). (12

Since the Korringa-QC contribution in Eql2) is deter-
mined by the area under the FD function, whereas the other
two terms are determined by the area under the sharp feature
curve, the conditior\ ;> AE,, implies that the Korringa-QC
term is much larger than the sharp feature-dependent terms.
Sharp feature in the DOS thus provides at high temperatures
a small correction to the Korringa-QC relaxation law. Since
the sharp-feature-dependent parameters might carry an im-
plicit temperature dependence, the temperature dependence
of the relaxation rate of Eq12) might exhibit a small de-
viation from the Korringa-QC law. Here we also note that a :
sharp feature on the expected energy scale of abai; 2 3 10 100 400
~20meV would satisfy the equality &F,,=3.5%zT at T[K]
temperature 66 K, so that the high-temperature lidijt FIG. 2. Th cal d d 1 duct
>AE,, is realized only at temperatures much higher than - 2. Theoretical temperature ,elpen ence of the conduction-
electron relaxation rate product{.T) - calculated from Eq(4)

room temperature. ; :

. for the case that a sharp feature closéfois present in the DOS.

The temperature-dependence of the conduct|on—electro§ S _1
. . olid lines are T,.T) "~ curves calculated for several values of the

relaxation rate for the general case whdareis comparable

. . . : displacement parametér(from top to bottom at the position of the
or smaller thamE,, (the situation at intermediate and 10W .o 5= 12,10,8,6,4 meY The dashed line represents the no-

temperaturgsand in additions# 0 (the sharp feature is dis- gparp feature case that obeys the Korringa-QC form of the type
placed fromEg), is more complicated. The relaxation rate is (1, T)-1=a+bT2. The parameters used in the calculation are
now given by the full Eq(4) and its temperature dependencegg/goz760(ev)72' c/|go(AEy)®]=0.9, AEy,=2 meV, e=5,

is best discussed via the original formula of Efj). For a  andg,=0.165[g, is here dimensionless and should be considered
simple illustration we assume first a constg{E) (as in  as normalized to the value of the metallic aluminum, i.e.,
ordinary metalsand consider the effect of the sharp featureg,/gq(Al)].

on the relaxation rate. This consideration is easily general-

ized to the case of parabolig(E). For a constantj(E) the  A; and the displacemer of the sharp feature frorgg are

area under the FD curve is directly proportionakigl and  equal. Clearly, the larger the displacement, the higher the
this is the only source of temperature dependence in the irtemperature of the minimum. In Fig. 2 we show theoretically
tegral of Eq.(1) Consider now the presence of a sharp feafusing Eq.(4)] the occurrence of the sharp-feature-induced
ture that is displaced frorg by 6. For simplicity we as- minimum in the temperature dependence of thg.T) !
sume that the shape of the sharp feature does not depend product. The curves in Fig. 2 are calculated for different
temperature. At not too low temperatures the FD functiondisplacement parametefsshowing two general trendé) a

will still be broad enough to integrate over the sharp featuramallers creates the minimum at lower temperatures @nd

in EqQ. (1). However, due to the reduced DOS within the the closer the sharp feature to tEg, the larger its effect
sharp feature, the integral is reduced as compargdE) of  (the deeper the minimumRelaxing now the assumption of a
the no-sharp-feature case. On lowering the temperature, themperature-independent sharp feature, we note that its pos-
FD function narrows to the extent that the integration is nosible temperature-dependence shall affect the depth, the
more performed over the displaced sharp feature and the invidth and the position of the minimum in the temperature-
tegral again equals that of tlgg E) =const case, following dependentT;.T) ! curves. Finally we note that despite the
again thekgT dependence. The above behavior is best obtarge number of parameters used to describe the sharp fea-
served in the Ty T) ! vs T scale, which eliminates the lin- ture in our model ¢,AE;;,&,8), only two quantities are
earkgT dependence and shows only the departure from it. Aphysically relevant{i) the area of the sharp featu(deter-

high temperatures the FD function is broad and the integramined by the combination of the parameterdE,,, €) and

of Eq. (1) is performed over a large portion @f(E), so (i) its displacemend from Eg . For that reason the particular
that—as stated above—the sharp feature has effectively ng AE,;, ande values obtained from the fit procedure should
influence. On lowering the temperature, the FD function narbe considered as qualitative only.

rows continuously and the influence of the sharp feature be-
comes gradually more important. Its main effect is to de-
crease theT,;.T) " product below the value of the no-sharp
feature case. At still lower temperatures the displaced sharp An important nuclear spin relaxation mechanism in QCs
feature no more participates in the integration, so that thean also be the relaxation via paramagnetic cer{grsh as
(T1cT) ! product increases again. The existence of the disMn or Fed-electron momenjsin combination with spin dif-
placed sharp feature in the DOS thus results in a formation diusion. It is well known that paramagnetic impurities even in
a minimum in the productT;.T) ! at a temperature that ppm concentrations can bypass all the other relaxation
depends on the displaceme The minimum occurs mechanisms. In many QCs the concentration of paramag-
roughly at a temperature where the width of the FD functionnetic centers is very high. IrAIPdMn a fraction of about

1 1
= —29oCCy(AEyp,¢)
HT Korr

(T, .T)" [arbu.]

Ill. RELAXATION VIA PARAMAGNETIC CENTERS
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1% of all the manganese atoms carries latgdectron mag- IV. EXPERIMENTAL

netic moments with magnitudes close to five Bohr 27 . : . .
magnetons®*’In i-AlCuFe a fraction 10* of the total num- The “Al NMR spin-lattice relaxation experiment was

ber of Fe atoms are magnetft'8 Due to these high concen- performed on three high—quality icosahedral samples:
trations it would be very unlikely not to observe the para-1~Al72.4Pto M7, Al Cls 15 and
magnetic relaxation in the spin-latice relaxation I-Al7o?®1Re 5. The i-Aly, PdyoMn7, (referred to as
experiments. It is therefore rather unusual that the relaxatioAlPdMn7 1) was a monodomain sample used before in NMR
via paramagnetic centers was not reported so far in the NMRiffusior?® and relaxatiot studies. Magnetic susceptibility
relaxation studies of QCs. measurements in the temperature interval 300—20 K detected
For simplicity we consider the paramagnetic centers ina fraction 1% of the total number of Mn atoms to be mag-
QCs as localized. The relaxation of nuclear spins via thenetic, in agreement with the results on similar
magnetic dipole-dipole coupling to the paramagnetic eleceoncentrationd®!’ The i-Alg,Cuys €155 (AICUFe;, 5 was
trons in combination with spin diffusion between spatially a polygrain sample, used before in a specific-heat stiitty.
remote resonant nuclei was treated by Abradaithe relax- composition corresponds to the perfect icosahedral structure,

ation rate was found to be stable at every temperature, and the high structural quality of
1 the sample was demonstrated by the lack of broadening of
— =47NkD, (13)  the x-ray diffraction peaks at their base. Magnetic investiga-

Tip tions estimated a fraction 2&10* of the total number of

whereN is the concentration of paramagnetic centers in thé€ atoms to be magnetic (spin  S=2). The
sample with the average separation between the ceRters i-Al7osPthiRess(AIPdReg) was also a polygrain sample,
=N~ andD is the diffusion constant for the nuclear spin its high quality being demonstrated by the large room-
magnetization transfer in spack. is of the orderWa%, temperature electrical resistivityzgox =16000xlcm and
wherea, is the nearest-neighbor distance aNds the prob-  the resistivity ratiop, « / p3oox = 114. This sample is consid-
ability rate of a spin flip-flop transition between nearestered to be perfectly diamagnetic, the estimated level of mag-
neighbors(induced by the flip-flop term of the magnetic netic impurities being less thanppm Magnetic susceptibil-
dipole-dipole interaction between nuclear spirihe coeffi- ity measurements on a similar composition;¢®ld,; 4Re; ¢
cient k depends on whether the electronic fluctuations arejetected" a small Curie upturn at temperatures below 10 K
slow or fast with respect to the nuclear Larmor frequencythat was attributed to the usual impurity contamination of a
wo=ynHo (With Hg being the external magnetic figldDe-  nominally pure diamagnetic sample. The three samples thus
fining 7 as the longitudinal electron relaxation titfewe get differ markedly in the concentration of the paramagnetic cen-

in the slow-motion limitwe7>1 ters. The electrical conductivity of the samples that is di-
0\ 1/2 rectly related to the magnitude of the electronic DOg&ais
Kk~a, _e) (Wr)~ 14 (14)  also different, with the AlPdMyy being the most and the
Ho AlIPdRe; 5 the least conductive. Our choice of the samples

whereH2= y,fi/a3 is the electronic local field at a distance thus enabled us to perform a systematic comparative study of
a, from the paramagnetic electron. The relaxation rate in thighe DOS in the vicinity ofE in the samples with different
limit depends on the external magnetic field ands T,+  electrical conductivity and concentration of paramagnetic

ocHg V214 centers.
In the fast motion limitwy7<<1 we get, on the other hand,
1/4
T V. RESULTS AND DISCUSSION
K= ¥y ag(He) v_v) , (15

The ?’AINMR spin-lattice relaxation experiments were
so thatT;p 74 and is field independent. The electron re- performed in the temperature interval from 3004tK at the
laxation timeris usually in the fast motion limit with respect resonance frequenay(?’Al) = 26.134 MHz. The saturation-

to the nuclear Larmor frequency. In diluted paramagnetsiecovery pulse sequence was used with a saturation train of
where the interaction between the electronic moments is negixty 7/2 pulses of 2u sec duration. The spin-lattice relax-
ligible, = normally does not exhibit pronounced temperatureation rate T;* was extracted from the magnetization-
dependence, so that the paramagnetic relaxation rate of Eggcovery curves by the long-saturation magnetic relaxation
(13) is to a good approximation temperature-independent. Imodel, as described in Ref. 14. The use of this model as-
metallic systems with correlated electrons the electronic flucsumes that the dominant relaxation in the investigated QCs is
tuations in many cases exhibit a slowing-down dynamics abf magnetic origin and considers the possible electric quad-
low temperatures, the most common cases involving criticafupole relaxation contribution as less important.

phenomena preceding a cooperative magnetic phase transi- The 2’Al Tl‘l data of all three investigated samples show
tion or the onset of spin-freezing in spin-glass systems. Ijualitatively similar decreasing behavior on cooling from
such a case'l’[,,1 shall exhibit a temperature-dependent in-room temperature to 4 KFig. 3(@]. The decrease is, how-
crease on cooling proportional t32° (or better ag™™ with m  ever, not monotonous, but exhibits interesting features in dif-
slightly different from 0.25 due to the effect of electronic ferent temperature intervals that are best observed in the
correlation$ that shall follow the increase of at low tem-  (T,T) ! vs T plot [Fig. 3(b)]. A true Korringa-metallic-type
peratures. relaxation vias-conduction electrons would yield a straight
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L of the minimum was already observed in QCs befdr¥;?2
and its origin was attributed to the variation of the DOS
A ] function g(E) in the vicinity of Ex. The low-temperature
7L o AlPdMn,, o (TlT_)*l izrzlcreas_e on cooling, though also reported
a AIC“Felzis § ] previously;< remains still an open problem. The investigated
6k = AlPdRe,, 5 ] QCs thus show a temperature dependencé’pjf that is
s ° drastically different from that of ordinary metals, despite
51 ° . their evident residual metallic character. In Figb)3the
o 2Tl (T,T) ! data of metallic aluminum in the temperature
4+ o° . interval from room temperature to 77 K are displayed for
o° : comparison. The data obey the Korringa-metallic relation
3t 2 . (T,T) 1=Bksg5=4.6x10 2s 1K,

- ° E- The peculiar temperature dependence of the relaxation
2F ° "] rates displayed in Fig.(B) can be explained by considering
u T the ?’Al relaxation rate to be a sum of two relaxation
1 _,.-' LooE® o mechanisms—the relaxation via the conduction electrons

" notABooac” 1 and the relaxation via the paramagnetic cent@rst=T,}

+T,5. The conduction-electron contribution is taken in the
form of Eq.(4) whereas the paramagnetic relaxation in com-

T[K] bination with spin diffusion is taken in the form of E(L.3).

We consider the electronic fluctuations to be in the fast mo-
tion limit with respect to the nuclear Larmor frequency,
which is supported by the observed field-independence of the
27Al relaxation raté*in AIPdMn; ; below 100 K. The param-
eter « is then given by the Eq(15) and we can writel ;o
abbreviated ag ;5 =T "4 Here the constark is consid-
ered to be temperature-independent. In the following we dis-
cuss the three samples separately.

T'[s"]

0 50 100 150 200 250 300

Al metal

AlPdMn, |
AlCuFelz_s ] A. AIPdMn 71
AlPdRe, ,

1071

A O o e

The AIPdMry 4 is the most conductive of the three inves-
tigated samples and hence has the largest DOBgatIn
addition, it contains the largest number of paramagnetic cen-
ters. As a consequence, the relaxation contributibrzsand
Ty, are both stronger than in the AlCuzg and AIPdRgs,
so that AIPdMn ; exhibits the largest totad’Al relaxation
rate[Fig. 3b)]. The (T, T) ! data can be well reproduced by

15107 T the formula
3 10 100 400

T[K]
L +bT?+ d 16
FIG. 3. (@ %’Al T;' data of the AIPdMn,, AICuFe,s and ﬁ—a T (16)

AlPdRe; 5 samples in the temperature interval from room tempera-

ture to 4 K.(b) Same data as ife) displayed in the T;T) Y vs T with a= Bkgg3, b= B0095(7%/3)ks, andd=T 7" that is

plot. The data of the metallic aluminum are shown for comparisonyalid in the absence of the sharp feature in the DOS. The fit

Solid lines are theoretical fits discussed in the text. Dashed line iﬁ)rocedure yielded the parameter values=(1.7+0.1)

the estimated paramagnetic relaxation contributionwéld in the %10 2571 Kfly b=(1.58+0.1)x 1071 K73, and d

AlPdRe 5 =(0.17+0.004) s 1. From the parametexr we may estimate
the reduction of the DOS in the AIPdMnp with respect to

horizontal line T,;T=const) in this plot, whereas the the metallic aluminum but the calculation is hampered by the

27p1 (T,T) ! experimental data show a pronounced differ-fact that the electronic wave function denﬁtl"ﬁ(o)DEF at
ence to the Korringa-metallic prediction. Th&,T) * val-  the?’Al nuclei that appears i, is not known neither for the
ues first decrease from room temperature in a parabolicliké&lPdMn; ; nor for the other two investigated QCs. So we can
T2 manner and exhibit a minimum somewhere below 100 K.only speculate that it does not change much as compared to
In the AIPdMny, ; the minimum occurs af~100 K, whereas the metallic aluminum. Using this assumption we find the
the minimum is shifted to 80 K in the AlCukgsand to 50 ratio go/go(Al)=0.61, which gives the reduction of the DOS

K in the AIPdRgs Below the minimum the trend is re- atEg in the AIPdMn, ; by a factor 1.64 with respect to the Al
versed and T,T) ! starts to increase on further cooling metal. From the parametessand b we also determine the
down to the lowest measured temperature of 4 K. The quaratio gg/go=3b/(aw2k§), which for AIPdMn, ; amounts to
draticlike behavior of T;T) ~* on the high-temperature side 384 (eV) 2

(T,T)" [(Ks)"]
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The growth of the T,T) ~* below the minimum at 100 K temperature-independent spin diffusion to paramagnetic Fe
can be well reproduced by the paramagnetic tdfiffwitha ~ moments. The paramagnetic constdrit the AICuFg, g is
temperature-independent parameterThis temperature in- by a factor 15 smaller than in the AlIPdMpthat is in quali-
dependence demonstrates that the paramagnetic relaxatitative agreement with the smaller number of moments.
mechanism in the investigated temperature range between
100 and 4 K ismost likely the simple?’Al spin diffusion to
paramagnetic Mn centers. The analogy to thalPdMn
samples containing about 9% of Mn, which undergo a tran- The *’Al nuclear spin relaxation in the AlPdReis a
siton to a spin glass statdie., at Tg~1.1K in special case that shows qualitatively different features from
Al Py Mng (Ref. 23 and 0.5 K in AbgPd,Mn, (Ref.  the AIPdMn, ; and AICuFg, s compounds. One of the rea-
17)] indicates that in the AIPdMp, one may also expect at SONS is the diamagnetic character of the sample with the level
low temperatures a stronger increase of the paramagnetic réf paramagnetic impurities being of the order opjmor.
laxation rate due to the slowing-down of the electronic fluc-l€ss. The strong paramagnetic relaxation is thus absent in the
tuations. No such increase was detected in our experimeflPdRe; s, except at temperatures closeTe-0. The pos-
down to the lowest measured temperature of 4 K, but a preSlble existence of the Sharp feature in the DOS in the V|C|n|ty
cise systematic study of this effect was also not performedOf Er shall thus not be masked by the paramagnetic relax-

The increase of theT(lT)71 on Coo“ng cannot be ex- ation. On the other hand, the electrical CondUCtiVity of the
plained in an alternative way by the conduction-electron reAlPdRes 5 is the smallest of all the investigated samples, so
laxation mechanism, for which the data should saturate g@ne can expect that the pseudogap in the vicinitiefshall
low temperature to a constant plateau, the value of whictpe the deepest and the steepest.
should be considerably smaller than tHE;T) ! value at The above considerations are indeed observed in Fig.
room temperature. In Fig.(B) it is seen that theT,T)"*  3(b). The high-temperaturg” decrease of theTT) ~* data
values &4 K are a factor of 2 larger than at 290 K, and, is the strongest of all the investigated samples, demonstrating
moreover, below 10 K they even become larger than those dhe largest second derivativg; and hence the steepest
the metallic aluminum. This excludes the possible domi-pseudogap. At the temperatur® K a shallow minimum is
nance of the conduction-electron relaxation at low temperaobserved that is followed by a slight increase and then
tures. The minimum at 100 K is thus a result of the crossoveleveling-off of the (;T)"! data to a temperature-
from the dominant conduction-electron relaxation at highindependent value down to 7 K. This kind of behavior was
temperatures to the dominant paramagnetic relaxation at loshown in Sec. Il. to result from the existence of a sharp
temperatures. feature in the DOS that is slightly displaced from the exact

The overall temperature dependence of thgT) ! data  Eg value. The subsequent slight increase BfT) ~* below
can thus be well reproduced by the Ef6), which assumes 7 K results from the paramagnetic relaxation due to the small
the absence of the sharp feature in the DOS. This should nogsidual fraction of the extrinsic magnetic moments that
however, be taken as the ultimate proof for the nonexistencstarts to dominate over the conduction-electron relaxation
of the sharp feature in the AIPdMp The amplitude of the mechanism on approachifg— 0.
sharp feature may either be too small to be detected or its The (T,;T) ! data in the interval from room temperature
effect may occur at such temperatures where it is masked byown © 7 K could be well reproduced by the E@) that
the dominant paramagnetic relaxation. takes into account the presence of the sharp feature in the
DOS. The fit yielded the broad pseudogap parameters
=(1.75+0.5)x 10 3s 1K and b=(9.8+0.5)
x10 8s1K™3 that give gp/go=2.3x10%(eV) 2 and

The temperature dependence of ffal (T,T)"*inthe g /g,(Al)=0.19. Comparing they} value to the other two
AICuFe, 5 is qualitatively similar to that of the AIPdAMn,  jnvestigated QCs we find that the broad pseudogap is indeed
but significant quantitative differences exist. The differenceghe steepest in the AlPdRe
result from (i) the smaller conductivity of the AlCufgs The interesting result is the discovery of the sharp feature
(smaller DOS aEg) and(ii) the smaller fraction of paramag- in the pseudogap that is slightly displaced fr&n. The fit
netic centers by two orders of magnitude. As a result, the tW@rocedure yielded the displacemes: 11 meV. The other
relaxation contributiond;* and Ty are both smaller than three parameters that determine the shape of the sharp fea-
in the AIPdMry ;. This is observed in Fig.(8), where the  ture were obtained as follows: the “shape” exponert5,
product (T;T) ' of the AICuFg, 5 exhibits about five-time the FWHH 2AE,,,= 14 meV and the amplitude normalized
smaller magnitude from that of the AIPdipin the whole  to g, as c/{go(AE;»)®}=0.9. A satisfactory fit could be
investigated temperature range. The data could be agaifade by taking all the above parameters as temperature in-
well reproduced by Eq(16), which assumes the absence dependent. The precision of the experiment, however, does
of the sharp feature in the DOS. The fit parametersot allow us to be more specific about their possible tem-
values a=(2.0+0.05)x10 *s 1K%Y  b=(24%0.1) perature dependence and also does not exclude their weak
x1078s1K ™3, andd=(1.1+0.04)x 10" 2s ! yield the ra-  temperature dependence. As already discussed, the param-
tio gg/go=490(eV) 2 andgy/go(Al)=0.21, which gives the etersc, &, andA E 1, slightly compensate each other in the fit
reduction of the DOS & in the AICuFg, 5 by a factor 4.8  procedure. The resulting shape of the sharp feature should
with respect to the Al metal. thus be considered qualitatively only, the relevant parameter

The increase of theT T) ~! below the minimum at about being the area under the sharp feature curve. The displace-
80 K is again consistent with the dominant relaxation by thementé, on the other hand, determines the temperature of the

C. AIPdReg s

B. AICUFe;, s
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minimum in the T, T) ! and interferes only insignificantly LO T - - T T ¥
with the other parameters, so that its value can be considered

also quantitatively. The fact that the minimum in the DOS is 0.8} 8
displaced fromEg (due to the displaced sharp featursay -

not be too surprising in view of the Hume-Rothery stabiliza- < o6t .
tion mechanism in QCs. A Hume-Rothery alloy with a given :%

electron concentratiofaverage number of valence electrons ﬁ‘ 04t .
per atom builds up the structure in such a way that the 8o

resulting Brillouin zone boundary induces a pseudogap in the 02} -
DOS at the Fermi level. The exact position of the pseudogap

minimum with respect to th&g is determined by the aver- 0.0 — — . . i .
age number of valence electrons per atom that depends on 60 -4 -20 0 20 40 60
the actual concentration of the incoming compounds in the E-E_ [meV]

alloy. Only for a rather sharp concentration rafibat leads

to an “ideal” icosahedral compositiorthe minimum of the
pseudogap and thEg shall coincide, whereas for a slight
mismatch of the composition, the pseudogap shall generall
be displaced fronEr. The existence of the sharp “ideal”
composition, which is the only one that gives a true long-

FIG. 4. The DOS functions in the vicinity d& of the investi-
gated AIPdMn 4, AlICuFe;, 5 and AIPdRg s samples reconstructed
from their respectivey,gg and the sharp feature parameter values
Sbtained from the T,T) ~* fits.

: . e and the observed metal-to-insulator transition at low tem-

time (thermodynamicsstructural stability, is well known for oo ; N .

) . erature in this family. On the other hand, it raises a question

icosahedral QCs, so that the mismatch between th . ; L oo
Whether in this case one is still allowed to distinguish be-

pseudoggp minimum and tiig: due to the nonideality of the tween the broad pseudogap and the sharp feature, or one is in
composition in real QC samples should be observed more a

a rule than as an exception. The observed displacement [ality dealing with a unique global shape of the pseudogap

the DOS minimum from th&; in the AIPdRg s sample can Mat exhibits a deep and narrow valley in the close vicinity of

. o : . Er and becomes broader paraboliclike at larger distances.
thus be attributed to the small deviation from the ideal icosa, - Siher problem is the comparison of the energy scales of
the pseudogaps determined by NMR as shown in Fig. 4 and

of the displacement of 11 meV demonstrates that its compog, . tunneling experimenf, where the NMR-determined
sition is in reality not far from ideal.

: . - seudogaps are by a factor 2—3 narrower than those of the
The small “Curie upturn” in the T,T) ! below 7 K can P . : L . . I
be attributed to the residual paramagnetic relaxation. Thtunnellng experiment. This inconsistency very likely origi

) . ; ates from the use of the NMR relaxation model of Eq.
available data points allow only an estimate of the parametetrhat is derived for the conduction electrons in the form of

d~6x10 °s " thatis one order of ma_gnltude smaller com- extended Bloch waves instead of the QC-specific critical

pared to the AICUF@--5 n agrgement with the reduced num- states that are not extended but localized over many inter-

ber of paramagnetic centers in the AlPdie o atomic distances. To derive a better spin-lattice relaxation
The above analysis enables us to make a qualitative Mhodel for QCs in the presence of such electrons is at present

_constr_uctlon of the '.DOS m_the V'C'n!ty e f9,r all three a difficult task due to the lack of a proper theoretical descrip-
investigated QCs using their respectiygandgp values as yion of critical states. One is thus forced to perform an ap-

well as the parameters of the sharp feature for the AligdRe proximate analysis with the existing relaxation models that
A true quantitative reconstruction is not possible due to thgjq not allow for a precise quantitative evaluation of the mea-
fact that the NMR determination of tftg andgg parameters  gyred parameters. We believe that this deficiency is at
relies on the assumption that the electronic wave functiorbresem a general feature of the existing NMR relaxation
density(|ug(0)|)g, at the?’Al nuclei in the investigated QCs  studies of QCs and cannot be overcome before a substantial
is the same as in the metallic aluminum. In view of thetheoretical progress on the electronic states in QCs is made.
evident difference between the extended electronic states in
ordinary metals and the critical states in QCs, this assump-
tion cannot be justified in a simple way. The NMR-
reconstructed DOS functions of the AlPdiin AICuFe;, g In the search for the sharp features in the electronic DOS
and AIPdRg s normalized to the DOS of the metallic alumi- of quasicrystals, a systematic comparative study of the DOS
num are displayed in Fig. 4. The pseudogap in the AIPdMn in the vicinity of Er was performed on icosahedral

is shallow and its value & is relatively large, amounting AIPdMn; ;, AlICuFe,s and AIPdRgs by the 2’Al NMR

to 60% of the DOS of the metallic aluminum. Hence thespin-lattice relaxation. The investigated samples differ mark-
AlPdMn;; has a rather strong metallic character. Theedly in their electrical conductivityand thus the DOS &)
pseudogap in the AlCukgsis much deeper, reaching Bt  and the content of paramagnetic centers. The paramagnetism
about 20% of the Al metal DOS. The AlIPdRehas the introduces a strong relaxation mechanism of spin diffusion to
deepest and the steepest pseudogap and exhibits the shagramagnetic centers that competes with the relaxation via
feature displaced by 11 meV from tlig . The sharp feature conduction electrons and becomes dominant at low tempera-
has large amplitude and reduces the DOS at the minimum tares, typically below 100 K. The AlIPdMn and AICuFeg; 5

a few percent of the Al metal DOS only. This is consistentshow a parabolic variation of the pseudogap in the DOS, but
with the very high electrical resistivity of the AIPdRe sample no sharp features were detected. The reason for the lack of

VI. CONCLUSIONS
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observation of the sharp features could also be the maskingvo investigated QCs—can explain the much higher electri-
of their effect by the strong paramagnetic relaxation. In thecal resistivity of thei-AIPdRe family as compared to the
AlPdRe; 5 the paramagnetic relaxation is absent except ai-AlCuFe andi-AlPdMn. The small displacement of the
temperatures belo 7 K and a single sharp feature of the minimum in the DOS of the AIPdRg from the exactEg
FWHH 14 meV, displaced by 11 meV frofe, was clearly  value can be viewed to arise naturally from the Hume-
detected. The sharp feature is very deep, reducing the DOS Ripthery rules that predict the formation of the pseudogap
the minimum to a few percent of its value in the metallic exactly atEq only for a sharp “ideal” composition of the
aluminum. The shape of the DOS in the AIPdBeecon-  jJloy. Since the ideal composition is difficult to match in real
structed from the NMR parameters indicates that it may nokamples, the displacement of the minimum in the DOS from

be relevant to distinguish between the broad pseudogap angl should appear more as a rule than as an exception in the
the sharp feature in this case. Instead, it seems more apprexperimental observations on real QCs.

priate to consider the resulting shape as the global shape of
the pseudogap that is deep, narrow and steep in the vicinity
of Er and becomes broader with a paraboliclike shape at
distances a few ten meV away from the . This shape of

the pseudogap and the low DOS value at the minimum—as S.J.P. acknowledges the support by the NSF Grant No.
compared to the metallic aluminum as well as to the otheDMR97-00584.
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