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Scanning tunneling spectroscopy on oxidized surfaces of highly resistive quasicrystalline alloys

J. Delahaye,1,* T. Schaub,1 C. Berger,1,† and Y. Calvayrac2
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We report on a detailed investigation of the one-electron density of states on oxidized surfaces of highly
resistive quasicrystalline alloys. Scanning tunneling spectroscopy measurements were performed at low tem-
peratures~resolution around 5 meV! on icosahedral (i -!AlPdMn, i-AlCuFe, andi-AlPdRe. The tunneling
spectra depend largely on the scanning tunneling microscope tip location on the oxidized surfaces. Beside
spectra characteristic for the Coulomb blockade, we have identified a zero bias dip intrinsic to our quasicrys-
talline samples. This single feature increases as a square root of the bias voltage up to.100 mV. A natural
explanation comes from the combined effects of electron-electron interactions and disorder on the one-electron
density of states. In this respect, highly resistive icosahedral alloys behave similar to disordered systems, for
which such singularity has been predicted and widely observed. We have found no evidence for the quasic-
rystal specific energy dependence which was expected from anomalous diffusion laws predicted by quasiperi-
odic models. The predicted multiple gap structure has not been found either. We discuss which density of states
is actually measured in tunneling spectroscopy to help clarify the controversial results obtained in this field.

DOI: 10.1103/PhysRevB.67.214201 PACS number~s!: 71.30.1h, 71.23.Ft, 72.15.2v
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I. INTRODUCTION

One of the most spectacular properties of quasicrys
~QC’s! is the high electrical resistivityr experimentally ob-
served in a number of Al-based icosahedral~i! alloys con-
taining transition metals.1 For example, the resistivity at 4 K
can reach 10 mV cm in i-AlCuFe andi-AlPdMn samples,
and even more than 1V cm in some i -AlPdRe samples,
which were found to be already on the insulating side o
metal-insulator~MI ! transition.2 One related property is th
electronic density of states~DOS!, which has been so fa
an active field of research, both experimentally a
theoretically.

In highly resistive icosahedral and approximant phase
consensual feature of the DOS is the presence of a b
pseudogap, about 1 eV wide around the Fermi level (EF). It
has been observed both in theoretical calculations and
periments, such as soft x-ray spectroscopy,3 x-ray photoemis-
sion spectroscopy~XPS!,4–7 optical properties,8–10 and
specific-heat measurements.11,12 For instance, the electroni
contribution to the specific heat is lower than that of pure
by a factor of 1/3 ini-AlPdMn ~Ref. 13! and i-AlCuFe ~Ref.
14! samples, and more than 1/10 in the most resis
i-AlPdRe samples.15,16This electronic depletion is attribute
to the Hume-Rothery mechanism.

However, this reduction in electrons at and around
Fermi level could not account alone for the high-resistiv
values observed in some icosahedral alloys and appr
mants. A possible explanation is given by linear muffin-
orbital ~LMTO! calculations on icosahedral approximan
with a realistic atomic model at the real alloy composition17

The calculated DOS displays around the Fermi level an
usual set of peaks and pseudogaps of typical energy wi
between 1 meV and 100 meV. This fine structure is ass
ated with bands of small-energy dispersion, yielding a l
group velocity for the electron wave packets that could
0163-1829/2003/67~21!/214201~17!/$20.00 67 2142
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plain the high-resistivity values. Further theoretical work h
suggested that this so-called fine structure could stem f
the presence of clusters of transition metals in the structur18

Extending the idea of atomic virtual bound states to a clus
Trambly et al. have investigated a cluster of transition-me
atoms in an Al jellium. They have found a sharper resona
structure than for isolated transition-metal atoms. The li
time associated with these states is increased and so i
resistivity. Another property that follows from the fine stru
ture ~and the related electron confinement! is the strong sen-
sitivity of the resistivity values to the chemical compositio
or local order. As the electrons are partially localized in clu
ter virtual bound states, a small change of the clusters che
cal composition or local order from the ideal one will lead
a more conducting system. Such sensitivity was actually
served experimentally.11,19,20 Let us, however, mention tha
the existence of this fine structure in icosahedral models w
an infinite unit cell has been recently questioned on theo
ical grounds.21

Several experiments have tried to unveil this DOS featu
which could reveal QC specific properties. Changes in
thermoelectric power with temperature andi-phase
composition22 and nuclear magnetic relaxation times wi
temperature23 have been interpreted by sharp variations
conductivity and DOS with energy. However, this is an ind
rect evidence, since variations with energy are scanned
temperature sweeps, and other phenomena could o
Spectroscopic measurements of the DOS close toEF at the
required resolution~i.e., at least 100 meV! yielded confused
results in the literature. XPS data4,5 indicate a single fine
pseudogap located at the Fermi level, but the energy de
dence and the amplitude of the DOS reduction vary mai
due to a different surface quality of the measured samp
Tunneling spectroscopy experiments24–26 also confirmed a
single dip at the Fermi level, but there again the spec
dependence varies for different experiments. In a tunne
©2003 The American Physical Society01-1
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spectroscopy study of a decagonal single grain, a set of p
and pseudogaps was also observed,27 but it was later shown
that this was most probably due to superconducting effect
the counterelectrode.28 In fact, the discrimination betwee
QC intrinsic effects and extrinsic effects appears to be
issue in tunneling spectroscopy studies of QC’s.

Another fundamental question in QC’s is the existence
not of an anomalous spreading of wave packets with time
found in exact numerical studies of quasiperiod
systems.29–33 Indeed, it is found that the propagation is,
general, neither ballistic such as in perfect crystals, nor
fusive such as in disordered systems. The spreading le
rather grows at time long enough asL(t)}tb. The exponent
b varies between 0 and 1, depending on the Hamilton
parameters and the energy considered. This anoma
spreading is a direct signature of quasiperiodicity, but has
far received no indubitable experimental support. Evide
has been searched for in the temperature dependence o
electrical conductivity, where anomalous exponentsb could
give specific power laws. Power laws have indeed been
served in highly resistive icosahedral alloys,12 such as
i-AlPdMn, i-AlCuFe, ori-AlPdRe, but the determined expo
nents are similar to those of disordered systems with sim
resistivity values. Another indication of this anomalo
spreading law may be searched for in the one-electron D
close to the Fermi level. This last point has to our knowled
never been addressed experimentally before, and will be
cussed in more details in this paper.

In this paper, we present a different scanning tunnel
spectroscopy~STS! investigation of highly resistive icosahe
dral samples. We have found evidence for an intrin
AuE2EFu singularity in the DOS centered at the Fermi lev
which we attribute to electron-electron interactions and
calization effects close to the metal-insulator transitio
Large spatial fluctuations are measured, which might co
to some extent from fluctuations of the chemical composit
at the surface. No signature of an anomalous electro
propagation has been found in the voltage dependence o
tunneling spectra. We aim at bringing these measurem
into perspective together with previous tunneling spectr
copy results of the literature and in light of theoretical arg
ments from the point of view of both the QC and the dis
dered systems. Possiblei-AlPdRe specificity related to the
insulating state is also discussed.

In Sec. II, we introduce relevant tunneling spectrosco
concepts and give details about the samples and experim
tal setup. Section III provides an overview of our tunneli
spectra, which we classify as extrinsic~Sec. IV! or intrinsic
effects ~Sec. V!. In Sec. VI, we discuss previous tunnelin
spectroscopy experiments in the light of the present stud

II. SCANNING TUNNELING SPECTROSCOPY: PHYSICAL
PRINCIPLES AND EXPERIMENTAL SETUP

A. General considerations

1. Planar junction geometry

Tunneling spectroscopy has been applied successfully
large number of systems to determine the DOS close to
21420
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Fermi level. The most classical geometry is the planar ju
tion, where two planar electrodes are separated by a
insulating layer, usually an oxide. In theT50 limit, if the
coupling between the two electrodes is weak~i.e. high tun-
neling resistance at small bias voltageU), the tunneling con-
ductanceG(U)5dI/dU between a metallic electrode~hav-
ing a DOS independent of energy! and a sample electrod
@having a DOSN(E)] follows the relation:34

G~U,T50!}N~EF1eU,T50!. ~1!

The tunneling conductance at voltageU is thus directly
proportional to the sample DOS at energyEF1eU. Usually
in metals,G(U) is constant in the range6200 mV. When
voltage increases and energyeU is no more negligible com-
pared with the barrier height, corrections to relation~1! must
be taken into account. The reduction in the effective hei
of the barrier leads to a parabolic increase of the tunne
conductance with voltage, which becomes stronger at hig
voltage.

At finite temperature, we have to take into account t
finite probability for states above the Fermi level to be occ
pied. Relation~1! is then given by

G~U,T!}E
0

`

N~E,T!
] f T~E2eU!

]eU
dE, ~2!

where f T is the Fermi-Dirac equilibrium distribution at tem
peratureT. The density of states is notedN(E,T) since, in
general, it can have an intrinsic temperature dependence
a temperatureT, the tunneling conductance is thus propo
tional to the electronic DOS convoluted by the therm
broadening function2] f T /]E. This leads to an apparen
limited resolution of the order of 4kBT. If the density of
states is smooth on this energy scale or if the only sh
structure is located at the Fermi level, the tunneling cond
tance ~even at nonzero temperature! can be considered a
directly proportional to the DOSN(EF1eU), but only for
voltagesueUu..4kBT. At a known temperature, if the tun
neling conductance is measured with sufficient precision
deconvolution of the data by the thermal broadening funct
is, in principle, possible. At 4 K, 4kBT'1 meV, which is of
the order of the narrowest peaks and pseudogaps seen i
electronic DOS calculations on approximant phases. Thu
this temperature, a fine structure should be observable in
tunneling conductance spectraG(U).

Note that whether the tunneling spectra reflect a prope
of the bulk electrode or a property of the interface itself w
primarily depend on the nature of the states involved~local-
ized versus delocalized states!. Indeed, the probed thicknes
varies, in general, with the bias voltage and also with
system considered. This point will be discussed in more
tails in Sec. V C for the specific case of highly resisti
icosahedral alloys.

2. Choice of a scanning tunneling microscope geometry

In our experiment, we have chosen a different geome
Instead of a planar junction, we used the metallic tip o
scanning tunneling microscope~STM!, which is approached
1-2
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SCANNING TUNNELING SPECTROSCOPY ON OXIDIZED . . . PHYSICAL REVIEW B67, 214201 ~2003!
close enough to the QC surface of interest. Different e
ments have motivated this choice.

First, in a planar geometry, the tunneling conductance
flects the DOS of the sample but averaged on the area o
junction. In practical realization, the tunneling barrier is n
homogeneous and the tunneling current is limited to so
constrictions. But the conductance measured there is ne
theless an average over a large surface compared with
lateral resolution provided by a STM tip~typically few ang-
stroms!. Averaging might be an issue when dealing with t
expected QC fine DOS structure, since the energy locatio
the peaks and pseudogaps in the DOS calculations are
sensitive to the chemical composition. This implies that if t
probed area is not chemically homogeneous, the predi
fine structure could be smoothed out in a planar junct
geometry, whereas the STM configuration is more favora

Second, the fabrication of high quality planar tunnel jun
tions on bulk materials such as ribbons, single grains,
even thin films, is not easy. As discussed in Sec. VI, it h
yet never been realized on QC’s. By high quality, we me
tunneling barriers that are homogeneous and without lea
currents. Al-based QC surfaces are very reactive to oxyg
In ambient conditions, they are covered by an oxide la
that is a few nanometers thick. The electronic properties
this oxide layer are not known, but its composition is clos
to Al2O3 which is an insulator often used as a tunneli
barrier in artificial structures. Since this native grown laye
expected to contain some pinholes, defects, and/or imp
ties, it canot be used directly as a tunneling barrier in
planar junction configuration. Our initial idea was therefo
to avoid an unreliable additional sample preparation by us
a STM tip as the counterelectrode. In this case, the tunne
barrier is obtained directly by the native oxide layer on top
the QC surface and occasionally the vacuum between th
and the oxide. With a local probe, metallic pinholes or ox
nonhomogeneity should be more scarcely observed. M
over, the distance between the tip and the sample, and th
fore the barrier height, could be changed easily during
experiment. But as discussed below, our study indicates
more reproducible results are obtained when the QC sur
is cleaned under UHV and subsequently reoxidized in a c
trolled oxygen atmosphere.

In a scanning tunneling spectroscopy geometry, relati
~1! and ~2! have to be modified. The usual approach is
Tersoff-Hamann approximation,35 where the metallic tip is
assumed to be a sphere, and the surface of the sam
plane. AtT50 and if the coupling between the tip and th
surface is low~high tunneling resistance!, the tunneling con-
ductance is given by36,37

G~U,T50!}Ns~rW0 ,EF1eU,T50!. ~3!

The DOSNs in relation ~3! is now the local electronic
DOS, defined as

Ns~rW0 , EF1eU!5(
i

uC i~rW0!u2d~Ei2EF2eU!. ~4!
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The main contribution to the tunneling current com
from electronic statesi which have a large amplitude o
probabilityC i at the centerrW0 of the spherical tip. As already
mentioned, it is clear from Eq.~4! that the typical depth
probed by the experiment will depend on the nature of
electronic states at the energy considered.

B. Experimental setup

1. Scanning tunneling spectroscopy setup

The scanning tunneling microscope is the same as pr
ously used in the spectroscopy measurements performe
Davydov and co-workers24,25 on QC’s. Experimental details
have already been given elsewhere. We used Pt-Ir tips,
pared by wire stretching. Since the shape of the STM tip is
controlled, the replacement of the tip moves the scann
area~typically 131 mm) by a few 10mm.

The electronic setup is an improved version of the o
used by Davydovet al., and in particular, the electrical nois
is significantly reduced, although it remains of the order o
meV, i.e., above the thermal broadening energy. The tun
ing current is measured with a homemade current-volt
converter at room temperature~low noise operational ampli-
fier OPA606!. The feedback resistance of the preamplifi
can be switched between 20 MV and 10 kV, so that tunnel-
ing resistance junctions from 1 GV down to 100V could be
measured. The spectroscopy measurement consists typi
of 50-ms voltage sweeps applied between the STM tip
the sample. Faster scans are limited by the frequency cu
of the converter~around 2 kHz!. The stability of the corre-
spondingI (U) curve is checked on an oscilloscope befo
recording. The data presented in this paper correspond to
average of about 100I (U) curves taken subsequently at th
same point and in the same conditions. We have checked
this averaging process limits the high-frequency noise w
out affecting the shape of the curves. The tunneling cond
tanceG(U)5dI/dU is finally obtained by numerical differ-
entiation of the averagedI (U) curves.

2. Studied samples

We have measured several samples of the icosahe
AlPdMn, AlCuFe, and AlPdRe alloys.

In the i-AlCuFe system, we have measured polycryst
line ribbons and thin films produced in our laboratory. T
ribbons were melt spun14 at a nominal composition
Al62.7Cu24.8Fe12.5. After high-temperature annealin
(.800°C), the ribbon’s resistivity reaches.10000mV cm
at 4 K and the resistance ratioR52.3. Thin films (3000 Å
thick! of nominal composition Al62.5Cu25Fe12.5were obtained
by annealing~at 600°C) stacks of sequentially evaporat
pure elements.38 This results in high structural quality an
homogeneous samples of resistivity around 2000mV cm at
4 K and resistance ratioR5r4K /r300K around 1.5.

The i-AlPdRe samples are also melt-spun ribbons.39,40For
a nominal composition of Al70.5Pd21Re8.5 and after annealing
up to high temperatures~between 950 and 1000°C), highl
resistive samples were obtained. The ribbons chosen in
present tunneling spectroscopy experiment have resist
1-3
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FIG. 1. Normalized tunneling
conductanceG(U)5dI/dU as a
function ofU ~left panel! and as a
function of AuUu ~right panel! for
an i-AlPdRe polished ribbon.
Open symbols, Rtunnel(10.1V)
5170 MV; closed symbols, other
STM tip locations andRtunnel

(10.1V)5620 MV.
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valuesr4K.1V cm and resistance ratios above 100. A
cording to conductivity measurements,2 these ribbons are be
lieved to be zero-temperature insulators.

Somei-AlCuFe andi-AlPdRe ribbon samples were als
studied after polishing with a 1-mm diamond paste. The
main purpose of this treatment was to flatten the surfac
ease the measurement with a STM tip. Note that polish
was reported to induce surface disorder ini-AlPdMn single
grains,41 but this conclusion was derived from a diffractio
peak change that could also be ascribed to composition
fects in that particular sample. Ini-AlPdRe, polishing could
also remove the low fraction of residual nonpercolating s
ondary phases occasionally observed by scanning elec
microscope at the surface.40 In similar i-AlPdRe samples, the
resistance ratio was observed to be somewhat reduce
polishing, probably related to chemical nonhomogene
within the i phase.42 The typical grain size in all the poly
crystalline samples is of a few micrometers.

In the i-AlPdMn system, we have measured a sing
grain.43 The single grain of measured compositio
Al70.1Pd20.4Mn9.5 was pulled out from the melt by the Czo
chralski method and subsequently homogenized for 120
780°C. A slice was cut perpendicular to a five-fold axis a
polished using a 1-mm diamond paste. For this sample, t
bulk resistivity is aboutr300K.1000V cm and the resistanc
ratio around 1.2. The surface was carefully prepared
characterized under UHV. Cycles of ion sputtering and th

FIG. 2. Normalized tunneling conductanceG(U)5dI/dU.
Open symbols:i-AlPdRe polished ribbon withRtunnel(10.1 V)
5130 MV. Full symbols:i-AlCuFe polished ribbon withRtunnel

(10.1V)55 MV.
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mal annealing above 60 °C were performed, until a fivefo
symmetry low-energy electron-diffraction~LEED! pattern
was observed, which is the signature of a QC order up to
surface. Indeed, several surface studies have come to
conclusion that such a prepared surface is simply a cut f
the bulk.44 The single grain was then oxidized under a cle
oxygen atmosphere, and measured as soon as possible
after.

For each measurement, the sample loaded microsc
was sealed in a brass box that was pumped out at ro
temperature. A low pressure of clean helium was then in
duced before cooling.

III. OVERVIEW OF THE RESULTS

A. Typical tunneling spectra

The tunneling spectraG(U) present two general feature
First, zero-bias anomalies~i.e., nonlinearI vs U) are present
in almost all the I (U) curves. Second, different spectr
shapes have been observed, and the deviation from stan
metallic linearity is more or less pronounced, depending p
marily on the location of the STM tip on the surface. Th
large range of behavior was observed on each sample, w
ever the alloy and the nature of the sample~thin film, ribbon,
or single grain!. Some ribbons were polished, but this add
tional step does not change the results significantly. It o
gives more stable spectra. We have sorted the tunneling s
tra according to their similarities. The most typical examp
are reported in Figs. 1–4.

FIG. 3. Tunneling conductanceG(U)5dI/dU on ani-AlPdRe
ribbon.
1-4
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Most of the spectra exhibit a one-dip feature centered
zero bias such as in Figs. 1–3. They are usually well
scribed by a square-root voltage dependence around
bias, i.e.,

G~U !5dI/dU5a1bAuUu. ~5!

We believe that this law reflects the property of the Q
samples themselves, as explained later. The dip can be
or less pronounced and symmetrical, as illustrated in Fig
for i-AlPdRe.

In Fig. 2, we can see a symmetrical dip, with a change
the voltage slope around650 mV. In Fig. 3, a dip is also
present, but with smooth steps at higher voltage. Comb
tions of these behaviors and curves less symmetrical w
also observed.

We have also observed scarceI (U) spectra with many
singularities such as in Fig. 4. The tunneling conducta
G(U)5dI/dU is almost suppressed at zero bias and displ
a set of sharp peaks periodically spaced in voltage.

Very often, a change in the voltage dependence is
served at high voltages. For example, in Fig. 5, the tunne
conductance is square-root-like foruUu,0.2 V, and para-
boliclike elsewhere. For all spectra, a rounded shape is
ways observed for voltage below.5 mV, which is 5 times
larger than the thermal broadening effects expected at
from relation ~2!. We believe that this last feature com
from high-frequency noise and does not reflect an ac

FIG. 4. Tunneling conductanceG(U)5dI/dU of an i-AlCuFe
thin film.

FIG. 5. Tunneling conductanceG(U)5dI/dU on a polished
i-AlCuFe ribbon. The two sets of points are measured at the s
STM tip position.
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property of the samples. The voltage range below 5 mV
therefore not taken into account in the following analysis

B. Determination of the intrinsic spectra

Because of this large set of behavior, observed e
within one sample, the determination of the intrinsic tunn
ing spectra requires a close scrutiny. Similar variations w
also reported in scanning tunneling studies on high-TC
superconductors.45,46But in this case, the energy dependen
of the one-electron DOS was known, at least qualitativ
~BCS-like!, and allows one to analyze only the tunnelin
spectra reflecting superconductivity related features. In
experiment, the problem is precisely that the characteri
tunneling spectrum of icosahedral alloys is a fully open qu
tion. We thus have performed complementary measurem
described below to discriminate between intrinsic and ext
sic effects.

1. Non-quasicrystalline samples

We have measured tunneling spectra of aluminum
gold samples. Al is especially interesting because the b
electronic properties are quite different from the icosahed
phases, but the surface oxide is believed to be similar
both materials. For the Al samples, no such spectrum a
Fig. 1 could be reproduced, either for bulk or thin-fil
samples. However, for some locations of the STM tip,
found spectra similar to Figs. 3 and 4. On a gold sample
much shallower zero-bias anomaly was also sometimes
served.

This indicates that features as in Figs. 3 and 4 have so
thing to do with the Al-based oxide layer and that no
anomalies measured on icosahedral samples reflect a s
ficity of the bulk electronic structure of icosahedral pha
Possible physical explanations are proposed in the follow
section.

2. i-AlPdMn single grain prepared under UHV

The measurement of thei-AlPdMn single grain prepared
under UHV and oxidized in a controlled atmosphere of ox
gen allowed us to further discriminate between the spec
As mentioned above, the LEED pattern exhibited a fivefo
symmetry before the oxidation stage, which is the signat
of a QC order at the surface. The sample was mounted on
STM inside a nitrogen atmosphere box and cooled down
fast as possible. This procedure should give the best surf
in terms of cleanness, structural order, and chemical ho
geneity for both the oxide and the atomic layers underne
Significantly, the tunneling conductance curves are m
alike for different tip locations on the surface, and sha
peaks such as those in Fig. 4 have not been found~which,
strictly speaking, only proves that they are scarce!. Typical
curves measured on this sample are presented in Fig. 6
tween20.3 V and10.3 V. As shown by the full line fit, the
voltage dependence is well described by the square root
~5!, with two examples of characteristic energiese(a/b)2

5380 meV and 30 meV, respectively.
e

1-5
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3. Low-resistance junction

Concluding results were also obtained on ani-AlPdRe
ribbon. We have reduced the tunneling resistance fr
.1 MV down to .500 V, while the x-y location of the
STM tip was kept unchanged. As the resistance is lowe
the tip comes very close to the surface and eventually
pushed inside the sample. Indeed, after the measuremen
could see by optical microscopy the deformation of the
Thus, at low resistances~of the order of 1 kV), the experi-
ment may be very similar to a planar junction configuratio
Then, we can also wonder that to what extent our experim
is still a classical tunneling experiment described by Eqs.~1!
and ~2!, and not a point-contact measurement. But as i
explained below, it seems that even at resistances as lo
500 V, we still have a tunneling contribution to the curren
The resulting curves are presented in Figs. 7–9 for th
different junction resistances and different voltage range

At R5900 kV ~see Fig. 7!, the tunneling spectrum dis
plays a strong singularity at zero bias: the conductance at
is reduced to 5% of its value at 0.3 V. The spectrum is
symmetrical and smooth oscillations are present for posi
voltages.

FIG. 6. Tunneling conductanceG(U)5dI/dU of the i-AlPdMn
single grain prepared under UHV and oxidized under a contro
atmosphere. The two sets of curves correspond to two diffe
locations of the STM tip on the surface. Open symbols,Rtunnel

(10.1 V)513 MV; closed symbols,Rtunnel(10.1 V)5340 MV.
Continuous lines, fits with law~5!; fit of the open symbols curve
0.66411.07AuUu, (a/b)25380 mV; fit of the closed symbols
curve, 0.36112.06AuUu, (a/b)2530 mV.

FIG. 7. Tunneling conductanceG(U)5dI/dU of a nonpolished
i-AlPdRe ribbon, with a junction resistance of 900 kV.
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At R52.9 kV ~see Fig. 8!, the tunneling spectrum is quit
different. The curve is parabolic at high voltages and squa
root-like around zero bias (uUu.5 meV). The inflexion
points are located around60.2 V. In tunneling spectroscop
measurements, a parabolic dependence is well known
arise from a decrease of the effective barrier height at hi
voltage bias. The slight asymmetry vs bias, polarity may
flect an asymmetry of the tunneling barrier itself. So at hi
bias this parabolic dependence indicates that the tunne
spectrum is dominated by barrier effects and relations~1!
and ~2! should not apply. Note that the presence of a h
bias parabolic dependence indicates that even forR
52.9kV, there is still a tunneling contribution to the curren
At low bias, barrier effects are expected to become neglig
and so relation ~1! should be valid. Actually for
uUu,.0.1V a square root-law-like equation~5! describes
accurately the voltage dependence.

For lower junction resistance (R5550 V, see Fig. 9!, the
parabolic shape is even more visible, due to a reduction
the effective barrier height, and contributes significantly
the tunneling conductance voltage dependence down to
resolution of the experiment (.5 mV). The curve now ap-
pears linear in the window280 mV and180 mV. Interest-
ingly by subtracting a parabolic dependence estimated in
high-voltage range, we find again the square-root law~5! in
the resulting tunneling conductance.

The same analysis performed for different junction res
tances yields significantly different characteristic energ
e(a/b)2 ~140 meV whenR52.9 kV and 2.5 eV whenR
5500 V). We believe that this is due to a nontunneling co
tribution to the current, relative part of which becomes mo
and more important when the resistance of the junction
lowered.

In conclusion, the results obtained on crystalline samp
on the well-definedi-AlPdMn surface, and by reducing th
resistance junction lead us to consider the square
anomaly as an intrinsic property of the Al-based icosahed
samples. In the next two sections, we present an interpr
tion of both the extrinsic curves and the square-root anom

IV. INTERPRETATION OF THE RESULTS: EXTRINSIC
EFFECTS

Let us focus first on the extrinsic zero-bias anomal
~non-square-root–like!. Because these have also been m
sured on Al surfaces~and even on gold, although les
clearly!, they cannot be the representative of the bulki
samples. We show in this section that these anomalies ca
well understood, at least qualitatively, by considering t
Coulomb blockade phenomena.47

Any tunnel junction has a capacityC and the change in
electrostatic energy associated with the tunneling of o
electron across the junction is given by

Ea f ter2Ebe f ore5
~Q2e!2

2C
2

Q2

2C
5

e

2C
~e22Q!. ~6!

At zero temperature, tunneling can only occur when t
energy is negative, i.e., when the chargeQ on the electrodes

d
nt
1-6



a

SCANNING TUNNELING SPECTROSCOPY ON OXIDIZED . . . PHYSICAL REVIEW B67, 214201 ~2003!
FIG. 8. Tunneling conductanceG(U)5dI/dU of the same ribboni-AlPdRe than Fig. 7 and at the same STM tip position, but with
junction resistance of 2.9 kV. Top panel:20.6 V and10.6 V range measurement, with the parabolic dependence fit~continuous line!.
Lower panel, left:280 mV and180 mV range measurement, and the square-root fit~continuous line! 1.023102412.6931024AuUu and
right panel, the tunneling conductance and the square-root fit between280 mV and180 mV as a function ofAuUu.
th

m
n

ee
t

tual
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before tunneling is larger thane/2. If the junction is supplied
with a voltage source, tunneling is only possible once
voltage across the junction exceedse/2C. In order to observe
clearly these effects, the thermal energykBT must be below
the charging energyEC5e2/(2C), even if charging effects
can remain visible by an order of magnitude higher in te
perature. In our experiment, assuming an area for the ju
tion of typically a few nanometers, and a separation betw
the STM tip and the sample of few angstroms, we ge
21420
e

-
c-
n

a

capacity value of the order of 10218 F. The charging energy
corresponds to a temperature of 400 K, 100 times the ac
temperature.

However, something must have been misunderstood
describing tunneling by Eq.~6!, otherwise no DOS measure
ments could be achieved to the Fermi level and at low te
perature with a STM tip. Indeed, by writing relation~6!, we
have assumed that the charge was a well-defined~nonfluctu-
ating! quantity in the problem, and that there was no rela
but
FIG. 9. Tunneling conductanceG(U)5dI/dU on the same ribboni-AlPdRe than on Figs. 7 and 8 and at the same STM tip location
with a junction resistance of 550V. Left panel:20.3 V and10.3 V range measurement, with the parabolic background fit~continuous
line!. Right panel:280 mV and180 mV range measurement~closed symbols!, the parabolic background~thick continuous line!, measure-
ment with the parabolic background subtracted~open symbols! and the square-root law fit~thin continuous line! 6.543102414.11
31024AuUu.
1-7
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ation of the charge during the tunneling event. These
assumptions are, in fact, related to each other through
fluctuation-dissipation theorem. This is, of course, not
ways a good description of reality. For instance, let us
sume that the junction is supplied with a perfect volta
source, i.e., a source with a zero internal impedance. In
case, the charge on the electrodes is unchanged duri
tunneling event, since it is compensated instantaneous
any time by the voltage source. There obviously cannot b
zero-bias anomaly.

In realistic cases, the junction is never supplied by a p
fect voltage source. We have to consider the environmen
the junction characterized by an impedanceZ(v)Þ0 and in
series with the tunnel junction. This problem has been sol
theoretically by the so-calledP(E) theory.48 Tunneling elec-
trons have a certain probabilityP(E) to lose the energyE in
the environment~i.e., inelastic tunneling is taken into ac
count!. The functionP(E) can be expressed as a function
Z(v) and the capacityC of the junction itself.

Different specific tunneling spectra can be obtained.
instance, if the environment of the junction is a pure indu
tance~which is so if there is a molecule in the junction, fo
instance!, the tunneling conductance is given by

dI

dU
5

1

RT
exp~2r!(

k50

n
rk

k!
. ~7!

n is the largest integer smaller or equal toeU/\vs andr is
a constant equal toEC /\vs (\vs51/ALC). The prefactor
exp(2r) gives the reduction of the tunneling conductance
zero-bias compared to the limit at large voltages (1/RT). So,
a zero-bias anomaly is present in this case only ifr is large,
which means ifEC@\vs . TheG(U) curve is characterized
by the presence of steps periodically spaced in voltage~with
the period\vs /e) and whose amplitude decreases at h
voltage. Each timen is increased by 1, electrons can tunn
through the junction via the excitation of one new harmo
in the environment: the tunneling probability and thus t
tunneling conductance are increased. The curve take
minimum value at zero-bias, and recovers at large volt
the usual tunneling conductance 1/RT . At finite temperature,
the steps are blurred out on the thermal energy scalekBT.

Let us consider now an ideal ohmic impedanceRext . In
the limit Rext50 ~perfect voltage source!, the electrons can
not lose energy when they tunnel through the junction, a
we recover the usual relationRT5dU/dI. In the limit Rext
5` ~perfect current source!, electrons always lose the en
ergy EC and, therefore, theI (U) characteristic is given~for
U.0) by

I ~U !5
eU2EC

eRT
u~eU2EC!, ~8!

where u is the unit step function. For intermediate res
tances, a zero-bias anomaly is present, whose analytic
depends on the ratiog5RK /Rext , whereRK is the quantum
of resistance (RK5\/e2526 kV). In particular, the tunnel-
ing conductance at a small voltage49 is proportional touUu2/g.
This relation is actually valid for any kind of environme
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with a zero-frequency impedanceRext . At large voltages, the
tunneling current must approach the asymptotic cu
(1/RT)(U2e/2C).

We underline that only the resistances located close to
junction ~typically few micrometers or less! can lead to such
anomalies, since the effective capacity of the junction ta
into account all the conducting leads between the tun
junction and the resistance. If the resistance is far away, t
the effective capacity is strongly increased and the charg
energy is no longer observable.

If we consider more general situations, for example
single-mode environment with a finite quality factor, th
G(U) curves will show a complex behavior, intermedia
between the situations described above, with both steps
power laws around zero-bias.

Within the framework of theP(E) theory, we propose an
explanation for the slope changes in the tunneling spectr
Figs. 2 and 3. The singularities of Fig. 2 may be due to
presence of an Ohmic resistance of the order ofRK close to
the tunnel junction, which may explain the almost linear d
pendence at low bias; whereas in Fig. 3, Ohmic and ind
tive elements located close to the tunnel junction could le
to the singularity and the smooth steps observed around z
bias.

The inductive part may come from molecules adsorbed
the surface, such as condensed water and organic molec
The Ohmic contribution may result from a bad electric
contact between the bulk and a grain of the material be
the STM tip. In this case, we naturally expect a strong va
tion from one position of the STM tip to an other, even at t
nanometer scale. We also expect these zero-bias anomal
be very similar on icosahedral alloys and on Al, since t
energy dependence of the density of states has only a m
influence on the tunneling spectra. Finally, we expect th
anomalies to be less present on the single grain prep
under UHV, as it was observed in our measurement.

The spectrum of Fig. 4 is clearly the manifestation
Coulomb blockade phenomena, called incremental charg
staircase.50 This specific set of peaks appears in the tunnel
conductance when a metallic island is connected to a volt
source via two asymmetrical tunnel junctions of capacita
C1 andC2, respectively. In this case, the charge on the isla
is a well-defined number, multiple of the elementary cha
e. Thus, the energy cost to inject a charge on the islan
e2/2(C11C2), which gives a vanishing tunneling condu
tance foruUu,e/(C11C2). It has been shown50 that if the
junctions are asymmetric~for example,RT2

@RT1
), peaks

arise each time the voltage is increased by the quantitye/C2.
In our experiment, this situation can be realized if some m
tallic grains are present on top of the oxide layer or, alter
tively, below the oxide but decoupled by a tunneling barr
from the bulk of the sample. We get from Fig. 4,.70 mV
between the voltage peaks, which corresponds to a capa
C2 of .2310218 F, in good agreement with the previou
capacity estimate between the STM tip and the surface.
could also have more than one tunnel junction between
metallic island and the bulk sample resulting in even m
complex tunneling spectra. This interpretation seems real
only for polycrystalline samples or single grains not prepa
1-8



d
re

re
ar
th

re
e
.
a

nc

th
li

de
n
he

rg
s

d

u

el
on
ic

t?
th

in
e
o
-
h

an
ta
d

y
tiv

wo
rac-

f
s
level

ess
her
he
. In
the
n-
s

t

at a

ns-

o
he
be
ec-
the
re-
ntal

not
ere
tion
ron
e
ore
ate
ith
g.
any
sis-
re
can
eri-
the
the
he

ot
rved
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under UHV. This is confirmed by the fact that we did not fin
this kind of anomaly in the single-grain sample prepa
under UHV.

Note that the Coulomb blockade effects have been
ported in various STS experiments. The incremental ch
ing of metallic grains was clearly identified in materials wi
nanometer size grains embedded in an insulating matrix,51–53

but also in materials where no grains werea priori present,
for example, high-temperature superconductor oxides51,46 or
even gold samples.54 In this case, explanations such as p
cipitates or molecules adsorbed on the surface have b
proposed. Zero-bias anomalies, very similar to that of Fig
have also been reported, although the results were not alw
discussed in the light of theP(E) theory. They seem to be
favored by the presence of an oxide layer in the tunnel ju
tion on the sample or~and! on the STM tip.55

V. INTERPRETATION OF THE RESULTS: INTRINSIC
EFFECTS

The charging effects discussed so far cannot explain
square-root voltage dependence observed in the tunne
spectra of the QC samples. We will, therefore, now consi
the situation where the tunneling spectra reflect the o
electron density of states, with no Coulomb blockade p
nomena~perfect voltage source,g5RK /Rext@1, large ca-
pacity!. In fact, several models predict a square-root ene
dependence on a multiple peak DOS, such as Van Hove
gularities or even specific QC models.56 We will describe in
the following the singularity predicted by Altshuler an
Aronov57 ~AA ! and measured in three-dimensional~3D! dis-
ordered metals, which we will argue to be relevant in o
experiment.

A. One electron versus thermodynamic DOS

One point should be clarified even for an intrinsic tunn
ing spectrum: what is the relation between the tunneling c
ductance and the electronic DOS? In other words, wh
DOS is measured in a tunneling spectroscopy experimen
fact, we now discuss which physics is hidden behind
simple relation~1! in a non-Coulomb blockade situation.

A tunneling spectroscopy experiment comprises inject
electrons from a metallic electrode into the system of int
est. At zero temperature, electrons can only be injected ab
EF . The available energy levelsEi ’s correspond to the ener
getic cost of adding one more electron in the system. T
number of such states of energyE in a volume unity is, by
definition, the one-electron or tunneling DOS (1e-DOS!, and
is noted downN(E). It is clear from this definition that the
1e-DOS may depend on the initial state of the system,
thus it is assumed that the system lies in its fundamental s
~minimum total energy! before each electron injection an
stays in this configuration during the tunneling time.

This DOS should be differentiated from the thermod
namic DOS, which enters, for example, in the dc conduc
ity or specific-heat expressions. If a system ofN electrons is
described by a HamiltonianH of eigenenergiesEI ’s, the ther-
modynamic DOS is the number of statesI of energyE in a
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volume unity. In a noninteracting electron system, the t
DOS’s are the same, but this is not the case when inte
tions between electrons are taken into account.

This property has been clearly illustrated by Pollak58 with
the example of an Anderson insulator, where a system oN
electrons are exponentially localized by disorder on sitei.
Let us assume that an electron is injected on the nearest
Ei above the Fermi level. The new system of (N11) elec-
trons is no longer in its fundamental state: there is an exc
of electrostatic energy around the new electron. The ot
electrons will reorganize to minimize the total energy of t
system due to a hopping term between adjacent sites
other words, the system lies in an excited state after
injection of the electron, and will relax to its new fundame
tal state corresponding to (N11) electrons. This also mean
that the electron must have been injected at an energyErel

above the Fermi level, which gives rise in the 1e-DOS to the
Coulomb gap~the Fermi level ofN electrons is equal to tha
of N11 electrons whenN is large!. In a tunneling experi-
ment, the system is connected to an electron reservoir
fixed chemical potential, to which a chargee will eventually
be transferred to keep the electroneutrality, this charge tra
fer being not quantified.

For relations~1! and ~2! to be valid, the system has t
fulfill some requirements. First, the tunneling time, i.e., t
time spent by the tunneling electron in the barrier has to
short compared with the relaxation time of the system. S
ond, the relaxation time has to be short compared with
injection rate of the tunneling electrons. This last requi
ment guarantees that the system is always in its fundame
state before each injection of a new electron. This is
always the case, especially in disordered insulators wh
experiments and calculations have shown that the relaxa
time can be very long due to disorder and electron-elect
interaction effects.59 The relaxation time increases with th
strength of the disorder and the density of electrons. M
precisely, the first transitions toward the fundamental st
are very fast, but low-energy transitions associated w
long-range electron rearrangements can be arbitrarily lon

The present highly resistive icosahedral alloys share m
electronic properties with disordered systems, but have re
tivity orders of magnitude lower than the samples whe
slow relaxation effects have been observed. Thus, we
reasonably consider that this is not an issue in our exp
ment. Finally, we also assume that the metallic tip and
QC surface do not interact with one another, and that
screening in the QC is therefore not too modified by t
metallic electrode.

We will consider in the following that the square-ro
voltage dependence of the tunneling conductance obse
in our QC samples reflects directly the 1e-DOS according to
relation ~1!. This means that we have, foruEu.5 meV,

N~E!5N~0!1N1AuEu, ~9!

EF being chosen as the origin of the energies (E5EF50).
1-9
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B. 1e-DOS of disordered systems

In order to understand the square-root energy depende
we start with the results given for disordered systems on b
sides of the Mott-Anderson MI transition.60 Indeed, law~9!
has been widely observed in the 1e-DOS aroundEF for
disordered systems on the metallic side of the MI transiti
The physical origin is attributed to the electron-electron
teractions in the presence of disorder. In fact, it has b
shown that highly resistive icosahedral alloys share m
electronic properties with disordered systems, for exam
the temperature and magnetic-field dependence of the
ductivity at low temperature.1,2,12 But the question is still
open for the 1e-DOS, although this point has already be
discussed previously.61

1. 1e-DOS of disordered systems: Theory

For most systems, electron-electron interactions only
ply a renormalization of the noninteracting 1e-DOS. But,
when disorder is present, energy-dependent corrections
to be taken into account around the Fermi level.

a. Metallic side and far from the MI transition.On the
metallic side and far from the MI transition,disorder loca
ization effects can be treated by a perturbation theory.
have shown57 that the exchange term in the Hartree-Fo
equations gives at zero temperature a singularity in
1e-DOS centered atEF following Eq. ~9!, the smaller is the
conductivity, the larger the anomaly is. This singularity h
an intrinsic temperature dependence and is blurred out on
energy scalekBT for TÞ0. A square-root temperature de
pendence is also predicted for the electrical conductivity
low temperature. The length

l m~E!5A\D

uEu
~10!

is the length scale of the interactions responsible for
1e-DOS corrections at the energyE(E505EF). Note that
Ingold and Nazarov48 have obtained a similar result in
nonperturbative approach. The anomaly is there discusse
an inelastic tunneling effect due to the impedance of
electrode itself.

b. Insulating side and far from the MI transition.On the
insulating side and far from the MI transition, the presence
a so-called Coulomb gap was also predicted62 in the
1e-DOS. We have discussed above its physical origin
considering the Coulomb glass model. Efros and Shklov
~ES! have proposed a simple model,63 where they showed
that a disordered insulator is stable towards electron-hole
citations only if the sites of energyuEu from EF are separated
by at least the distance

l i~E!5
e2

KuEu
, ~11!

where K is the dielectric constant. Corrections to th
1e-DOS are determined by interactions on this length sc
At the Fermi level (E50), l i is infinite, which means there
is no state atEF . From this argument, a parabolic ener
dependence was obtained at 3D for the 1e-DOS aroundEF ,
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which was later criticized since it does not take into acco
multielectron excitations in the definition of the fundamen
state.58 Such effects should lead to a harder gap at sm
energies~exponential dependence or power law with an e
ponent above 2 have been suggested!. At high energies, the
1e-DOS recovers the value without interaction. The width
the Coulomb gap depends on the parameters of the sys
such as the electronic density and the dielectric constan

c. Close to the MI transitionThese works and the scalin
theory of the MI transition proposed by Abrahamset al.64 in
the noninteracting case have motivated nonperturbative
scriptions for disordered systems close to the MI transit
including both localization by disorder and electron-electr
interactions. On the metallic side, McMillan has propose
two-parameter scaling theory,65 and recently a similar ap
proach was proposed for the insulating side.66 Two funda-
mental quantities are introduced, a lengthj and an energy
E(j)5D, which are related in the metallic and the insulati
phase, respectively, by the relations

Dm5
\Dj

j2
, ~12!

D i5
e2

Kjj
. ~13!

j is the screening length in the metallic phase, and the lo
ization length in the insulating phase. As the MI transition
approached,j goes to infinity andD goes to zero.

On length scales smaller thanj ~i.e., energiesuEu.D),
the system is in the critical regime of the MI transition.
this regime, the electronic properties of a metal and an in
lator have the same length scale~or energy! dependence.
Starting a renormalization at the microscopic lengthL0 ~of
the order of the mean free path!, McMillan obtained for the
energy dependence of the 1e-DOS the power law

NC~E!5N„E~L0!…S E

E0
D (3/h)21

. ~14!

h is an exponent relating the length and the energy scal

E~L !5E~L0!S L0

L D h

. ~15!

McMillan predicted that 1,h,3.
On length scales larger thanj ~i.e., uEu,D), the metallic

regime and the insulating regime of the MI transition ha
distinguishable energy and length dependence. In these
gimes, we should recover the AA and ES results obtained
from the MI transition. In the metallic regime, McMillan
obtained for the 1e-DOS energy dependence

Nm~E!5
N~Dm!

2 F11S uEu
Dm

D 1/2G . ~16!

Since the temperature dependence of the conductivit
this regime is found to be
1-10
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s~T!.
e2

\j F11S kBT

Dm
D 1/2G , ~17!

we have from relation~15! an interesting relation betwee
the energyDm and the zero-temperature conductivity

Dm}s~T50!h. ~18!

In the insulating regime, we expect the ES parabolic
pendence

Ni~E!5N~D i !F uEu
D i

G2

. ~19!

Theoretical arguments have been later proposed66 to jus-
tify the use of the 1e-DOS rather than the thermodynam
DOS in evaluating the screening, this point bei
criticized.60 But as a matter of fact, McMillan’s theory seem
to describe quite well the experimental results.

2. 1e-DOS of disordered systems: Tunneling experiments

Tunneling spectroscopy experiments in a planar junct
configuration have been performed in a large variety of s
tems~granular metals,67 doped semiconductors,68,66 mixture
of semiconductors and metals,69–72 oxides,73 etc!. Far from
the MI transition on the metallic side, the AA theory is
good agreement, qualitatively and quantitatively with expe
ments. In particular, the role of the interaction lengthl m(E)
has been clearly demonstrated.73 Far from the MI transition
on the insulating side, a large voltage drop develops in
sample itself. Because it may give a nonlinear contribution
the voltage dependence of the tunneling current, it ma
any quantitative analysis difficult~especially, for 3D sys-
tems!. Indeed, up to now, experiments on 3D insulati
samples are limited to the vicinity of the transition. The mo
complete study was performed on doped semiconductor
samples on both sides of the MI transition.66 A common
power law was found for all the samples at high energ
which was attributed to the critical regime of the MI trans
tion. At low energy, the 1e-DOS spectra exhibit a square
root anomaly aroundE50 for metallic samples and a para
bolic gap for insulating ones. The closer are the sample
the MI transition, the lower is the crossover energy betwe
the high-energy critical regime and the low-energy meta
~insulating! one. These results are in good agreement w
the McMillan theory, and were analyzed in the critical r
gime byN(E)}uEum, with m50.43–0.47, corresponding t
h values of 2.1. Exponentsm51/2 and 1/3 were also re
ported in previous tunneling experiments,69,70 although in
this case, the critical regime was not clearly identified.
many experiments on disordered systems,60 a value h.2
was also deduced from the low-temperature conductivity
cording to relation~18!.

C. 1e-DOS of i-AlCuFe and i-AlPdMn: Interpretation of the
square-root law on the metallic side of the MI transition

To understand our tunneling spectroscopy results, we
cuss how these ‘‘disordered’’ models can be adapted to q
sicrystalline systems.
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1. Theoretical considerations

It has been found theoretically29–31 that the spreading
length of an electronic wave packet in a quasiperiodic pot
tial evolves with time as

L~ t !5Atb. ~20!

The exponentb depends on the Hamiltonian paramete
and on the energy considered. In principle,b can vary be-
tween 0~localized regime! and 1~ballistic regime!, but val-
ues below 1/3 have not been found in 3D models. We c
LQC the microscopic length at the onset of this behavior~i.e.,
anomalous law can only develop forL.LQC , once the elec-
trons can actually ‘‘feel’’ the quasiperiodic potential!.

If a small disorder is introduced, we expect to recover
large length scales the usual diffusive law

L~ t !5ADt. ~21!

The crossover between relations~20! and ~21! corre-
sponds to a length of the order of the elastic mean free p
l ~that is to the elastic scattering timet). Note that, recent
numerical simulations33 have shown in 3D quasiperiodic a
rays that the situation might be more complex in the pr
ence of disorder. In particular, for a strong-enough quasip
odic potential, it has been found that the anomalous diffus
persists even after very long times, but the exponentb is
changed. Note also that in principle,b could be energy de-
pendent.

We will assume in the following thatuEu.\/kBT ~i.e.,
L,Lin , whereLin is the inelastic mean free path!. In QC
samples where disorder is always present~structural or
chemical defects!, we can thus distinguish two regimes:~a!
the quasicrystalline regime, forLQC,L, l or EQC.uEu
.\/t, characterized by relation~20!. ~b! the diffusive re-
gime, forL. l or uEu,\/t, characterized by Eq.~21!.

Energy and length scales are thus related by a gen
power lawE(L)}L2a, with an exponenta equal to 1/b in
the QC regime, and 2 in the diffusive regime. Following Eq
~14! and ~15! the energy-dependent corrections to t
1e-DOS due to electron-electron interactions therefore
pend on the exponenta. We thus expect different lawsN(E)
for uEu,\/t and foruEu.\/t. Even if the interplay between
electron-electron interactions and the anomalous sprea
of wave functions in 3D systems has not yet been addres
theoretically, we believe that this crossover energy sho
exist. McMillan’s results can be extended by starting t
renormalization process at lengthLQC . Close enough to the
MI transition, i.e., whenj.( l ,LQC), we get the following
regimes.

~a! A QC regime forLQC,L, l or EQC.uEu.\/t:

E~L !}L21/b8. ~22!

b8 is an exponent characteristic of the anomalous spre
ing that takes into account the partial screening of the C
lomb interaction on lengths smaller thanj. This gives from
Eq. ~14!
1-11
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N~E!5N~EQC!S uEu
EQC

D 3b821

. ~23!

~b! A disordered critical regime forl ,L,j or \/t.uEu
.D characterized by Eq.~14!.

~c! A disordered metallic or insulating regime forL.j or
uEu,D, characterized by Eqs.~16! or ~19!, respectively.

The expected 1e-DOS is schematically presented in Fi
10 for a QC sample on the metallic side of the MI transitio

2. Crossover energy

A realistic estimate of the elastic scattering timet in
highly resistive icosahedral alloys14 are of the order of
10214–10213 s. This corresponds to an energy\/t between
60 and 6 meV, which falls well in our measurement ran
But then, if we believe that tunneling spectra such as Fig
and 8 are the intrinsic spectra of the QC phase, our data
no evidence for a crossover energy in this energy range

Within the theoretical frame presented above, differ
reasons could explain an absence of this crossover ener

~1! The exponentb8 may be close or equal to 1/2. The
within the experimental precision, the QC and the diffus
regimes cannot be distinguished. Indeed, for many squ
root-like spectra, a definitive conclusion is difficult to reac
since a significant uncertainty in the exponent at a giv
energy remains. For example, in Fig. 6, good fits can
obtained with exponents between 0.5 and 0.6.

~2! The energy\/t lies above.100 meV, which means
that the scattering timet is smaller than 10213 s. Then, even
if an anomalous regime exists for the 1e-DOS, it is out of
our measurement range: we only observe the disordere
gime ~critical or metallic!. Let us estimate the associate
elastic scattering length. Ini-AlCuFe thin films, the diffusion

FIG. 10. QC sample close and on the metallic side of the
transition: energy and length scales, and expected energy de
dence of the 1e-DOS. The rounded shape around the Fermi le
E50 corresponds to thermal effects of width;kBT.
21420
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coefficient has been estimated38 as low as 0.1 cm2 s21. In
this case, according to relation~10!, the energy-length corre
spondence is forE51 eV ~100 meV, 10 meV!, L51 Å ~3
Å, 10 Å, respectively!. We believe that the diffusion coeffi
cient is of the same order of magnitude in ouri-AlPdMn
sample, since the measured transport properties of the
systems are similar. A crossover voltage above 100 meV
plies a mean free path smaller than a few angstroms, whic
obviously too small to allow for the setting up of an anom
lous regime.

~3! The tunneling conductance reflects the properties o
disordered layer present below the oxide, at the surface
the quasicrystalline samples. This has already been discu
in Ref. 25. Indeed, a STM probes the local DOS at the
sition of the tip. But from previous energy-length scale d
cussion, the local DOS at energyE is determined by interac
tions on the lengthl (E)5A\D/uEu. The smaller is the bias
voltage, the more the tunneling spectra reflects the bulk. T
hypothesis can be relevant for some samples, such as rib
or thin films that can have disordered grain boundaries
occasionally a scarce secondary phase. But it seems unl
for the i-AlPdMn single grain which has been prepared und
UHV and with a well characterized surface order. It cann
be ruled out, however, that after oxidation, the composit
close to the surface is slightly different from the volume.

Without either the accurate knowledge of the elastic sc
tering time for each sample or the precise structural qua
and composition a few layers below the oxide, we can
decide between the three hypotheses.

3. Magnitude of the N„E… anomaly

We discuss here the magnitude of the square-r
anomaly, i.e., the values of the characteristic parameterD. In
disordered systems,D measures the proximity to the M
transition, the smallerD is, the closer the system is to th
transition. A rough estimate of this energy can be read
rectly on the I (U) curves since for uEu5D, N(E)
5N(0)/2. As already noticed,25 we have found a large rang
of D values~from .1 eV down to 1 meV! depending on the
STM tip position on the surface. So we can not deduce
reliable average value from such a dispersion. In the cas
the single graini-AlPdMn, where the dispersion was smalle
typical values are around 100 meV~see Fig. 6!.

We know from relation~17! that D can also be deduce
from the low-temperature dependence of the conductiv
This has been done by Linet al.74 in a large number of
icosahedral alloys (i -AlPdRe, i-AlCuRu, i-AlCuFe, and
i-AlPdMn!. They found a common relationD5As(T50)h

for all the samples, withh.2, which corresponds to the
prediction of Eq.~18!. Accordingly,D should be of the order
of 100 meV for our i-AlCuFe samples @r(T50)
.1022 V cm# and 10 eV for our single graini-AlPdMn
@r(T50).1023 V cm#. Dynes and Garno67 have also cor-
related D extracted from tunneling data and the zer
temperature conductivity but in granular aluminum. This c
relation gives similar values of 2 eV fori-AlPdMn and 20
meV for i-AlCuFe.

I
en-
l
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FIG. 11. Tunneling conductance measured on a polishedi-AlPdRe ribbon and plotted as a function ofU ~left panel! andAuUu ~right
panel!.
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Recent experiments on magnetic properties20 have shown
that our i-AlPdMn single grain should contain a significa
amount of defects, according to its conductivity value. T
Mn composition being quite far from the ideal compositio
we expect a locally defect-enhanced DOS which could l
to a better conduction. We recall that on these QC’s, the m
defects there are the better is the conduction. Tunne
through a less defective region might explain the occurre
of D values much smaller than the one expected from
bulk conductivity ~as low as 30 meV in Fig. 6!. Local de-
fects, such as imperfect QC grains, grain boundaries or e
secondary phases, might explain the large dispersion in thD
values of thei-AlCuFe polycrystalline samples.

Moreover, photoemission measurements75 have been per-
formed on the samei-AlPdMn surface at low temperature
but with no oxide layer. The photoemission spectra have a
been analyzed by the square-root law~9! between 30 meV
and.500 meV with a parameterD around 60 meV, in good
agreement with Fig. 6. In this case, the DOS measured
spatial average value taken on a surface corresponding t
size of the UV beam. Note that the DOS measured in p
toemission is the joint density of states which, in princip
may differ from the 1e-DOS.76

D. 1e-DOS of the i-AlPdRe ribbons: Insulating side
of the MI transition

The i-AlPdRe ribbon case is discussed separately beca
according to their low temperature conductivity, the me
sured ribbons are on the insulating side of the MI transiti
We then expect at low energies the opening of a Coulo
gap in the 1e-DOS, as it was observed in disordered insul
ing systems.66

We have indeed found someG(U) curves with a para-
bolic shape around zero bias which were not found in
other alloys. The width of the gap is.50 meV, which seems
to be extremely large for a Coulomb gap, according to
conductivity value. Indeed, the width of the Coulomb g
depends on the parameters of the system and is very na
close to the MI transition, with a critical power law at high
energies common with the metallic phase. The presence
Coulomb gap is associated with a specific activation l
s(T)5s1exp@2(TES/T)1/2# when kBT,.DCG ~the Efros
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and Shklovskii variable range hopping conductivity!. We
know from our conductivity measurements2 that this law is
not observed above 1 K~nor below down to 20 mK! in our
ribbons. This should imply that, if there is a Coulomb gap,
energy widthDCG is far below 0.25 meV, and thus undetec
able in our experiment. We cannot rule out that the Coulo
blockade effect is an explanation to theseG(U) parabolic
spectra.

In our accessible energy range, the 1e-DOS then should
be the critical power law~14!. We have measured on ou
i-AlPdRe ribbons the square-rootG(U) spectra following
G(U)5a1bAuUu @Eq. ~5!#. Although parameters similar to
i-AlCuFe and i-AlPdMn spectra were measured, we ha
also found spectra with negativea values ~Fig. 11!. This
feature has been identified in disordered systems experim
as the signature of an insulating state.70 We emphasize tha
we have not found negativea values in anyi-AlPdMn or
i-AlCuFe samples. Such spectra may therefore be a spec
ity of the presenti-AlPdRe samples, which we have chara
terized to be zero-temperature insulators from conductiv
measurements.2

The resistivity at 4 K of our i-AlPdRe ribbons spans th
range from 1V cm down to 1022 V cm, even for ribbons
made by the same process and with the same nom
composition.40 We believe these variations can reflect
sample-dependent average over electrical nonhomogene
the samples. These are indeed expected to arise from
strong sensitivity to composition or structural order, usua
observed close to the MI transition. Assuming that these
sistivity values reflect the range of local nonhomogeneity,
expect large differences in the 1e-DOS parameters at low
energies, as observed. For instance, following Li
correlation,74 such resistivity values correspond toD
50.1 meV ~10 meV, respectively!. However, our measure
ment does not allow a definite conclusion about the ac
nature of the transition.77

VI. COMPARISON WITH OTHER TUNNELING
SPECTROSCOPY RESULTS

We discuss here our results together with previous rep
on tunneling spectroscopy on QC samples. To our kno
edge, different techniques have been used at low temp
1-13
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ture: STS~Klein et al.24 and Davydovet al.25!, break junc-
tions ~Davydov et al.25!, and planar junctions~Escudero
et al.,26 Guohonget al.27!.

A. Absence of multiple fine structures

The first point is the absence of the multiple sharp pe
and pseudogaps in the tunneling spectra of QC’s predicte
the DOS of QC’s fromab initio calculations. Our tunneling
results are in agreement with STS~Refs. 24 and 25! and
break junction measurements:24 we have observed a singl
sharp dip, symmetric and centered at zero-bias. No o
peaks or dips are visible in the range2300 mV1300 mV.
When other structures are observed~such as in Figs. 3 and
4!, they are either nonreproducible, or symmetrical arou
zero-bias and even periodically spaced in voltage. Beca
of such symmetry, a DOS origin can be ruled out for the
spectra since many irregular structures are calculated for
DOS. We have confidently ascribed these spectra to the C
lomb blockade effects~see above Sec. IV!.

Similarly, most of the tunneling spectra measured by
cuderoet al.26 display a single symmetric dip centered at t
Fermi level. In one case, an asymmetric feature was m
sured on an Al/i -AlCuFe junction which was ascribed to th
predicted fine structure. This spectrum appears only once
was attributed to the tunneling through a perfect QC gra
For our measured spectra locally similar to this one, we th
that a more plausible explanation is extrinsic effects~defects
in the barrier, localized states, etc.!.

Guohonget al.27 have ascribed their spectra to the pr
dicted fine structure in low-temperature spectroscopy on
Al/ d-AlNiCo planar junction. The tunneling spectra displa
sharp peaks and pseudogaps, but unexpectedly symm
according to zero-bias. It was shown later28 that these peaks
are due to nontrivial superconductivity effects, induced
the presence of the superconducting Al thin-film electro
Interestingly, at high field, the tunneling spectra exhibit
single dip, symmetric and centered at zero-bias, in agreem
with the other studies.

B. Voltage dependence of the tunneling spectra close toEF

The voltage dependence of the tunneling spectra clos
zero-bias appears more controversial.

Klein et al. and Davydovet al. have reported a square
root voltage dependence at high voltages, which evolves
wards a parabolic dependence at low voltages. The conca
change is observed around 30 mV. The energy crossover
tentatively explained25 by using the energy-length scale a
gument~see Sec. V C: the square-root behavior could refl
the properties of a disordered layer beneath the surf
whereas the parabolic shape would reflect the QC bulk p
erties!.

In the present STS study, we have observed a square
voltage dependence down to 5 mV. Most probably, the pa
bolic dependence a few millivolts around zero-bias is due
the noise level of the experiment. It is not clear what is
reason for the discrepancy for thei-AlPdRe andi-AlCuFe
samples measured in both experiments, which were
duced in the same laboratory. Also, we have found lo
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voltage square-root dependence with high tunneling re
tance (R.100 MV) as well as low values (R.50 kV)
comparable to the study in Ref. 25.

In agreement with our present finding, no clear intrins
parabolic dependence was found by Escuderoet al.26 around
zero-bias, with a resolution good enough to detect the su
conducting gap of Al and In. Typical tunneling spectra d
play a parabolic dependence at high voltages~100 mV and
more! and a square-root dependence at low voltages
rounded shape is observed only below 1 mV ini-AlCuFe
alloys, which corresponds to the thermal broadening ene
(T52K). For an i-AlPdRe ribbon, the rounded shape e
tends up to 10 mV, i.e., ten times the value expected from
thermal broadening. This last feature might be due to
i-AlPdRe specificity ~very high resistivity r4K /r300K.30
and insulating state!. Escuderoet al. have tentatively fit their
data with the square-root law~16! according to AA and Mc-
Millan theories, but the fit was found in disagreement w
the experimental data. Note that the fit was constrained
take the valueG(U50,T) at zero-bias, although the AA an
McMillan models break down at energies of the order ofkBT
~and, obviously, below the broadening energy! which may
explain the disagreement.

Finally, the tunneling spectra measured by Guoho
et al.27 at high fields on a less resistive decagonal phase
show a negative concavity~square-root-like! which extend
down to 0.5 meV. But no detailed analysis of the volta
dependence was performed.

C. Correlation with the alloy resistivity

The last point to be discussed is the amplitude of
zero-bias anomaly.

Davydov et al.25 have estimated that the more resisti
the phase is, the deeper is the anomaly. As in our case, it
noted that the values vary considerably from one tunne
contact to another. TheD parameters extracted from the Mc
Millan law ~16! follow the same trend, withD of the order of
40 meV for i-AlPdRe and 140 meV fori-AlCuFe. A qualita-
tive comparison with our results is difficult, since our da
are quite spread over and we were not able to deduc
reliable average value. For thei-AlPdMn single grain pre-
pared under UHV~not studied by Davydovet al.!, the fluc-
tuations were smaller and we find a range of values in r
sonable agreement (D in the range'30–380 meV).

Escuderoet al.26 have noticed a trend in the shape of the
tunneling spectra as a function of icosahedral alloys resis
ity. For more resistive samples, the parabolic shape star
higher energies, and the central square-root dip app
wider. The parabolic energy dependence is interpreted as
large DOS pseudogap expected and already measure
other techniques. The tunneling resistances used by Escu
et al. range between few 10V and few kV. In our experi-
ment, a large parabolic pseudogap also appears at high
age for such low tunnel resistances. This can be simply
plained by a reduction of the tunneling barrier with th
junction resistance~see Figs. 8 and 9!. Moreover, we have
observed that an increase of the tunneling resistance s
the parabolic dependence towards higher voltage, within
1-14
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same sample. Unfortunately, Escuderoet al. have measured
the more resistive samples with the higher tunneling re
tances, which forbids any reliable conclusion.

VII. SUMMARY

The first conclusion of this tunneling spectroscopy stu
on highly resistive icosahedral alloys is that we did not o
serve the fine structure predicted by LMTO calculations. O
possible reason may be that LMTO calculations do not t
into account disorder and electron-electron interactions.
deed, there is a general agreement on this point betwee
the tunneling experiments performed so far.

The second conclusion is that the quasicrystalline surfa
are characterized by a square-root dip in their 1e-DOS. This
dip is symmetric, centered at the Fermi level, and the squ
root energy dependence is followed up to.300 meV. In
analogy with what has been predicted and observed in di
dered systems, we naturally expect a square-root singul
in the 1e-DOS close to the Fermi level. It comes from th
combined effect of electron-electron interactions and dis
der. The fact that the square-root energy dependence is
served up to.100 meV is surprising, since we would hav
expected an inflexion reflecting the QC specific diffusi
laws. It thus appears that the low-energy 1e-DOS ~referring
to the Fermi level!, such as the conductivity and magnet
conductivity at low temperatures, is similar to what is o
served in disordered systems at proximity of the Mo
Anderson MI transition.

The third conclusion is that spectra with a negativea
(dI/dU5a1bAuUu) have been measured fori-AlPdRe
only. In disordered systems, this feature was observed in
sulating samples. However, we have not observed the Ef
Shklovskii parabolic dependence around zero-bias, wh
might require a much better resolution than the present o

We have also discussed in this paper the nature of
density of states measured by the scanning spectros
technique. For example, the 1e-DOS is a priori different
16
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from the thermodynamic DOS measured by specific-h
measurements. Similar precautions must be taken when c
paring with nuclear-megnetic-resonance or photoemiss
experiments.

The present analysis also underlines that some cau
should be exerted while extracting the intrinsic behavior
the QC alloys. We have found clear signatures of the C
lomb blockade phenomena, such as incremental chargin
single grains. Indeed, a poor control of the surface stat
one of the major limits of this and previous studies. Tend
to a better control, we have performed the first tunnel
spectroscopy measurement of ani-AlPdMn single grain with
a surface carefully prepared and characterized under U
The fluctuations from one location of the STM tip to anoth
on the surface are smaller than for ribbons or thin film
Preparation of quasicrystalline single grains surfaces h
been in steady progress recently, especially in thei-AlPdMn
and i-AlCuFe alloys. It would be very interesting to perform
a scanning tunneling spectroscopy experiment at low te
perature under UHV on a bare surface. On the other ha
planar junction measurements with high quality tunneli
barrier ~no pinholes! could also provide complementary in
formation since fluctuations are naturally averaged in t
technique.

Finally, the origin of the high resistivity observed i
icosahedral alloys is a recurrent question that is again
phasized in this study. It appears that a complete pict
should include not only the quasiperiodicity, but also dis
der ~always present at large length scales! and electron-
electron interactions.
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