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Sharp Feature in the Pseudogap of Quasicrystals Detected by NMR
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The 27Al and 63Cu spin-lattice relaxation rates were found to contain a largeT2 term over a wide
temperature range below 400 K in several thermodynamically stable quasicrystalline alloys, includin
i-AlCuRu, i-AlPdRe, i-AlCuFe, and the crystalline approximant phasea-AlMnSi. The relaxation
mechanism is proven to be electronic in origin. Such nonlinear temperature dependence is shown to
a clear signature of sharp features in the density of states at the Fermi level. The estimated width
this sharp feature is on the order of 20 meV. [S0031-9007(97)03655-7]

PACS numbers: 61.44.Br, 71.20.–b, 76.60.–k
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Quasicrystals possess novel structures with long-ran
order and point group symmetry incompatible with per
odicity [1]. Structurally ordered quasicrystalline meta
lic alloys also exhibit novel transport properties, includin
very high electrical resistivity and semi-insulating beha
ior [2,3]. A pseudogap of about 0.5–1.0 eV in width a
the Fermi levelEF was shown both experimentally [4–8
and theoretically [9] to be a generic property of quasicry
tals and approximants. Such a pseudogap could contrib
significantly to the thermodynamic stability of quasicrys
tals, but it is too broad to account for the novel tran
port properties [9]. Band structure calculations show th
spiked peaks and valleys of density of states (DOS) w
widths of 10–50 meV are present in the broad pseud
gap, and such sharp features could be related to the no
transport properties [9]. High resolution photoemissio
spectroscopy (PES) reveals a broad pseudogap in sev
quasicrystalline alloys; however, no sharp DOS featur
are observed [6,7]. Since PES only probes the near surf
layers, sharp features in the pseudogap could be remo
by subtle structural deviations near the surface from tha
the bulk. Subtle structural deviations near the surface ha
been observed by scanning tunneling microscopy stud
of annealed quasicrystal surfaces [10]. However, tunn
ing spectroscopy studies of quasicrystals have provid
evidence of a sharp DOS valley atEF with a width of about
50 meV [8] even though this technique is also sensitive
surface structures. In contrast to PES and tunneling sp
troscopy, magnetic susceptibility [11] and nuclear ma
netic resonance (NMR) [12] studies probe bulk propertie
signatures of sharp DOS features atEF could be revealed
by these techniques. In this work, novel NMR results
the quasicrystalline and approximant phases are prese
and explained, demonstrating unambiguously the prese
of a sharp DOS valley at the Fermi level.

Icosahedral quasicrystals Al65Cu20Ru15 (i-AlCuRu),
Al 62.5Cu24.5Fe13 (i-AlCuFe), Al70Pd20Re10 (i-AlPdRe), and
the crystalline approximant Al72.5Mn17.4Si10.1 (a-AlMnSi)
were investigated. For comparison, two crystallin
nonapproximants, the metallicv phase Al7Cu2Fe (v-
AlCuFe) and the semiconducting Al2Ru, were also studied.
0031-9007y97y79(6)y1070(4)$10.00
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Samples were vacuum sealed in quartz tubes for NM
experiments. The27Al, 63Cu, and 65Cu NMR measure-
ments were performed selectively on the central transit
at 9.4 T. The signal was detected by the Hahn ec
technique, and the nuclear spin-lattice relaxation ra
were obtained by the inversion recovery method [12].

Figure 1(a) shows27Al spectra ofi-AlPdRe at 9.4 T
which are characteristic of Al-based quasicrystals and
proximants. The shifts in the quasicrystals and the a
proximant are very small with respect to the aqueo
Al(NO3)3 solution and are noticeably temperature depe
dent, as illustrated in Fig. 1(a).

If the spin lattice relaxation is dominated by hyperfin
couplings between nuclear and electron spins, the invers

FIG. 1. (a) the27Al spectra ofi-AlPdRe. (b) The inversion
recovery curves of magnetizationM versust which is scaled
by T 2 at the corresponding temperature ini-AlPdRe and
Mp ; fMs`d 2 MstdgyfMs`d 2 Ms0dg.
© 1997 The American Physical Society
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recovery of the magnetizationMstd associated with the
central transition for spin-52 nuclei is governed by

Mstd ­ M`f1 2 0.057 exps22W1td

2 0.356 exps212W1td

2 1.587 exps230W1tdg , (1)

where t is the recovery time after the magnetizatio
inversion. The spin-lattice relaxation rate is define
as 1yT1 ; 2W1. Figure 2 shows the temperature de
pendence of1yT1 obtained by a least-squares fit o
the inversion-recovery curve with Eq. (1). The fits, a
shown in Fig. 1(b), deviate from the measured curv
at long t as observed before [13,14]. However, th
temperature dependence of1yT1 can also be confirmed
by scaling t for each temperature, as demonstrated
Fig. 1(b); this procedure is independent of the fun

FIG. 2. (a) 1y27T1 versus T in v-AlCuFe and i-AlCuRu,
10y27T1 versusT in Al 2Ru, and1y63T1 versusT in i-AlCuRu.
The corresponding curves are fits with1y27T1 ~ T for v-
AlCuFe and 1yT1 ~ T 2 for i-AlCuRu. (b) 1y27T1 versus
T in v-AlCuFe, a-AlMnSi, i-AlPdRe, andi-AlCuFe. The
corresponding curves are fits discussed in the text. The in
shows1y27T1 data in i-AlPdRe fitted with´ ­ 1 and ´ ­ 2,
as discussed in the text. Errors not indicated by error bars
comparable to the sizes of the symbols.
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tional form of Mstd. The 1y27T1 data of i-AlCuRu
[Fig. 2(a)] andi-AlPdRe [Fig. 2(b)] (the superscripts 27
63, and 65 refer to27Al, 63Cu, and 65Cu, respec-
tively) show a striking feature below 400 K;1y27T1 is
proportional to T 2 rather than toT as observed in
v-AlCuFe. Furthermore,1y63T1 in i-AlCuRu is also
proportional toT 2 below 400 K [Fig. 2(a)]. Significant
deviations from1y27T1 ~ T are also clearly visible in
i-AlCuFe anda-AlMnSi [Fig. 2(b)].

The nature of the relaxation mechanism can be inv
tigated by studying the spin-lattice relaxation of63Cu and
65Cu in i-AlCuFe andi-AlCuRu. In addition to the contri-
bution via hyperfine couplings, the spin-lattice relaxati
of these quadrupolar nuclei could also originate from t
quadrupolar interaction [15]. Since63Cu and 65Cu are
spin-32 nuclei with different quadrupolar momentsQ and
gyromagnetic ratiosgn, the two mechanisms can be distin
guished by measuring the ratio65T1y63T1. The quadrupo-
lar mechanism leads to65T1y63T1 ­ s63Qy65Qd2 ­ 1.14
[15], and the hyperfine interaction leads to65T1y63T1 ­
s63gny65gnd2 ­ 0.87 [15]. At room temperature (RT), the
measured65T1y63T1 ratio is 0.80–0.87 ini-AlCuFe and
0.83–0.90 ini-AlCuRu, similar to the previous report [14]
Thus,1y63T1 and 1y65T1 are dominated by hyperfine in
teractions below RT. Since27Al possesses very simila
Q andgn values as the Cu isotopes, the quadrupolar c
tribution to 1y27T1 is expected to be negligible as wel
Furthermore, the quadrupolar contribution associated w
phonons can also be estimated from the study of Al2Ru
which has a Debye temperature comparable to all
samples investigated here [2]. Since1y27T1 in Al2Ru is
at least 100 times smaller than that in all other samp
investigated here (Fig. 2), the quadrupolar contribution
1y27T1 is again expected to be negligible.

In metallic systems, the Fermi contact interaction b
tween conductions-electron spins and nuclear spins ge
erally dominates the spin-lattice relaxation and the Knig
shift [15]. Assuming that the characteristics of the wa
function do not change significantly overkBT aroundEF ,
the Knight shift can be expressed as [15]

Ks ­ as
1

kBT

Z
dE gsEdfsEd f1 2 fsEdg , (2)

where fsEd is the Fermi-Dirac distribution,gsEd is the
DOS associated with a single spin orientation,as ­
s4py3d"2g2

e kju2
ks0djlEF

, where kju2
ks0djlEF

is the density
of the wave function at the nucleus averaged over
Fermi surface, andge is the electron gyromagnetic ratio
The spin-lattice relaxation rate is given by [15]

s1yT1ds ­ bs

Z
dE g2sEdfsEd f1 2 fsEdg , (3)

wherebs ­ s64y9dp3"3g2
eg2

nkju2
ks0djl2

EF
. SincefsEd f1 2

fsEdg ­ 2kBT≠fsEdy≠E vanishes asE deviates from
EF by a fewkBT , the temperature dependences ofKs and
s1yT1ds are determined by the energy dependence ofgsEd
nearEF. In typical metals the DOS variation nearEF is
1071
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TABLE I. A, B, k, and K0 are obtained from fitting1y27T versusT . The heat capacity
constantg, obtained from Ref. [2], is in units of mJs g atomd21 K22.

A ssssK sd21y2ddd B ssssK eV sd21y2ddd k K0 (ppm) g

i-AlPdRe ,1.0 3 1022 0.57 6 0.05 0.4 6 0.1 86 6 10 0.10
i-AlCuRu ,1.0 3 1022 0.43 6 0.03 0.3 6 0.1 100 6 10 0.11
i-AlCuFe s3.2 6 0.9d 3 1022 0.32 6 0.03 20.2 6 0.1 86 6 10 0.31
a-AlMnSi s6.5 6 0.4d 3 1022 0.32 6 0.05 20.9 6 0.1 138 6 10 0.6
v-AlCuFe s2.3 6 0.1d 3 1021 · · · 1.0 6 0.1 40 6 10 · · ·
d
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small. Thus, Ks is temperature independent an
s1yT1ds ~ T . The observed significant deviations from
1yT1 ~ T below 400 K indicates that the variation o
the DOS nearEF is not small overkBT aroundEF in
quasicrystals and approximants.

Assuming thatgsEd ­ g0 1 g1jE 2 EF j´, whereg0 is
the residual DOS atEF, Eq. (2) leads to

Ks ­ asf g0 1 2Cs´dg1skBT d´g , (4)

whereCs´d ­
R`

0 dx x´exys1 1 exd2, and Eq. (3) leads to

s1yT1ds ­ bskBT f g2
0 1 4Cs´dg0g1skBT d´

1 2Cs2´dg2
1skBT d2´g . (5)

For skBT d´s g1yg0d ¿ 1, Eqs. (4) and (5) show that
Ks ~ T ´ and s1yT1ds ~ T 112´, whereas the conventiona
temperature dependences ofKs and s1yT1ds are satisfied
for skBT d´s g1yg0d ø 1. The temperature dependence o
1yT1 in i-AlCuRu and i-AlPdRe indicates that́ ø 1

2 .
As shown in Fig. 2, the temperature dependence
1yT1 below 400 K can be fit very well with1yT1 ­
T fA2 1 4Cs0.5dABskBT d1y2 1 2Cs1dB2kBT g (´ ­ 1

2 )
where the fitting parametersA andB are listed in Table I.
Since sByAd skBT d1y2 is significantly larger than one in
i-AlCuRu, i-AlPdRe, andi-AlCuFe near RT, the third
term (which was neglected previously in a perturbatio
treatment [12]) is comparable or larger than the seco
term in Eq. (5). Thus, the previously reported analys
[12] of 1yT1 data ini-AlCuRu with ´ ­ 2 is inaccurate.
As an example, the inset of Fig. 2(b) shows that the1yT1
data ofi-AlPdRe cannot be fit with́ ­ 2 using Eq. (5).
Reducing thé value below one results in reasonable fi
as shown in the inset of Fig. 2(b). Overestimation ofA
values would result from assuming1yT1 ~ T ; this could
be responsible for the disagreement of some previou
reportedA values [14] with that shown in Table I. The
absence of the third term in Eq. (5) and the assumption
´ ­ 2 are responsible for the differentA value reported
previously for i-AlCuRu [12]. The A values obtained
with ´ ­ 1

2 are in good agreement with the measure
specific heat constantg which is also proportional tog0

(Table I). The square-root power law could be found f
the DOS at Van Hove–type singularities [6]; it was als
predicted by the model of hierarchical packing of atom
clusters in quasicrystals [1].

The Korringa relation [15],sT1dsTK2
s ­ Cs with Cs ­

s"y4pkBd sg2
eyg2

nd, is also satisfied by Eqs. (4) and (5) fo
skBT d´s g1yg0d ø 1. For skBT d´s g1yg0d ¿ 1, Eqs. (4)
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and (5) givesT1dsTK2
s ­ f2C2s´dyCs2´dgCs. Thus,Ks ­

p
Csy

p
sT1dsT should be followed within 10% accuracy

over the entire temperature range below 400 K for´ ­ 1
2

and within 25% accuracy foŕ ­ 1. Figure 3 shows the
temperature dependence of the shift as well as fits
ing K ­ K0 1 k

p
Csy

p
T1T , where the parameterK0 ac-

counts for the orbital contribution [15] and the isotropi
second-order quadrupolar shift, and the parameterk char-
acterizes the deviation from the Korringa relation. Th
good fits withK ­ K0 1 k

p
Csy

p
T1T below 400 K indi-

cate that the novel temperature dependences of the Kn
shift and 1yT1 are both caused by the sharp feature
the DOS at the Fermi level. Above 500 K,K ­ K0 1

k
p

Csy
p

T1T overestimates theT dependence of the shift
because of the contribution of the atomic motion to1yT1

[12]. In i-AlCuRu andi-AlPdRe the shifts are positive and
increase with increasingT [Fig. 3(a)]; the parameterk is
about 1

3 (Table I). Such deviation from the Korringa rela
tion can be explained by core polarization contributions
K and1yT1, denoted byKd ands1yT1dd , respectively. In

FIG. 3. (a) The measured27Al shift versus T in i-AlPdRe
(o), i-AlCuRu shd, and the fits ofK based on the measuredT1
data in i-AlPdRe s3d and i-AlCuRu s1d, as discussed in the
text. (b) The measured27Al shift versusT in i-AlCuFe (o),
a-AlMnSi shd, and the fits ofK based on the measuredT1
data ini-AlCuFe s3d andi-AlMnSi s1d.
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Al alloys with transition elements, thed band at the Fermi
level could induce a core polarization hyperfine interactio
giving rise toK ­ K0 1 Ks 1 Kd with Kd being nega-
tive for 27Al. Assuming that thed-band DOS,gdsEd, is
given bygdsEd ­ g0d 1 g1d jE 2 EFj´ nearEF, expres-
sions similar to Eqs. (4) and (5) can be obtainedKd and
s1yT1dd, respectively. The deviation from the Korringa
relation in i-AlCuRu andi-AlPdRe can be explained by
assumingKd ø 20.8Ks. In a-AlMnSi [Fig. 3(b)], K de-
creases asT increases, indicating thatKs , jKdj, which
is consistent with the observed negativeK values. Ini-
AlCuFe [Fig. 3(b)], the smallK values and the weakT
dependence ofK are consistent with nearly equal contri
butions ofKs andjKdj.

Precise estimation of the width of the DOS valley a
EF is hampered by uncertainties such as the relative co
tributions of hyperfine interactions caused by conductio
s-electron spins and core polarization. Nevertheless,
approximate value can be estimated. Since NMR prob
an energy range of aboutkBT aroundEF, a measure of
DE, wheregsEF 6 DEy2d ø 2g0, is kBTp andTp is the
temperature above which1yT1 exhibits significant devia-
tions from 1yT1 ~ T . In i-AlCuFe, Tp is about 150 K
which leads tokBTp ­ 13 meV. This estimate agrees
with the estimation ofDE based on theA and B val-
ues listed in Table I. Since the ratioByA in i-AlCuFe
is 10 eV21y2, gsEd ­ g0 1 g1jE 2 EFj1y2 increases to
2g0 atE ­ EF 6 10 meV. Ini-AlCuFe, the specific heat
measurement shows thatg0 is about one-third of the esti-
mated free-electron value, which serves as an upper li
of DOS atEF without the DOS valley [2,3]. Thus,DE ø
20 meV can serve as an estimated width of the sharp DO
feature in i-AlCuFe. In i-AlPdRe andi-AlCuRu, spe-
cific heat measurements show thatg0 is about one-tenth
of the estimated free-electron value [2]. The estimat
widths of the DOS valley ini-AlPdRe andi-AlCuRu are
of the same order of magnitude as ini-AlCuFe based
on the ByA ratio of about50 eV21y2 (Table I). Tunnel-
ing experiments reveal a similar width of about 50 me
for the sharp feature in the DOS at the Fermi level [8
however, the form of the narrow gap obtained here
gsEd ­ g0 1 g1jE 2 EF j´ with ´ ø 1.8 2 rather than
1
2 # ´ # 1. Given the uncertainties in both the NMR an
the tunneling experiments, such a discrepancy could not
clarified based on the currently available information.

In conclusion, the novel temperature dependences
1yT1 and the Knight shift in quasicrystalline alloys revea
the presence of a sharp DOS valley aroundEF; the width
of this sharp feature is on the order of 20 meV. Th
sharp feature is much narrower than the broad pseudo
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of about 0.5–1.0 eV. The observed sharp DOS val
could have significant influence on the transport propert
of quasicrystals.
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