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Scanning tunneling spectroscopy on oxidized surfaces of highly resistive quasicrystalline alloys
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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 meMon icosahedral i¢)AIPdMn, 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 L@OtonV. 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.
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[. INTRODUCTION plain the high-resistivity values. Further theoretical work has
suggested that this so-called fine structure could stem from
One of the most spectacular properties of quasicrystalthe presence of clusters of transition metals in the struéfure.
(QC’s) is the high electrical resistivity experimentally ob- Extending the idea of atomic virtual bound states to a cluster,
served in a number of Al-based icosahedialalloys con-  Tramblyet al. have investigated a cluster of transition-metal
taining transition metals For example, the resistivity at 4 K atoms in an Al jellium. They have found a sharper resonance
can reach 10 1 cm in i-AlCuFe andi-AlIPdMn samples, structure than for isolated transition-metal atoms. The life-
and even more than{l cm in somei-AlPdRe samples, time associated with these states is increased and so is the
which were found to be already on the insulating side of aresistivity. Another property that follows from the fine struc-
metal-insulator(MI) transition? One related property is the ture (and the related electron confinemeistthe strong sen-
electronic density of statedOS), which has been so far sitivity of the resistivity values to the chemical composition
an active field of research, both experimentally andor local order. As the electrons are partially localized in clus-
theoretically. ter virtual bound states, a small change of the clusters chemi-
In highly resistive icosahedral and approximant phases, aal composition or local order from the ideal one will lead to
consensual feature of the DOS is the presence of a broamore conducting system. Such sensitivity was actually ob-
pseudogap, about 1 eV wide around the Fermi leigg)( It  served experimentalf{}:1*?°Let us, however, mention that
has been observed both in theoretical calculations and exhe existence of this fine structure in icosahedral models with
periments, such as soft x-ray spectroscopyay photoemis- an infinite unit cell has been recently questioned on theoret-
sion spectroscopy(XPS),*~" optical propertie§® and ical grounds?
specific-heat measurements? For instance, the electronic  Several experiments have tried to unveil this DOS feature,
contribution to the specific heat is lower than that of pure Alwhich could reveal QC specific properties. Changes in the
by a factor of 1/3 in-AIPdMn (Ref. 13 andi-AlCuFe (Ref.  thermoelectric power with temperature andphase
14) samples, and more than 1/10 in the most resistiveeompositiod? and nuclear magnetic relaxation times with
i-AIPdRe sample$>® This electronic depletion is attributed temperatur€ have been interpreted by sharp variations of
to the Hume-Rothery mechanism. conductivity and DOS with energy. However, this is an indi-
However, this reduction in electrons at and around theect evidence, since variations with energy are scanned by
Fermi level could not account alone for the high-resistivitytemperature sweeps, and other phenomena could occur.
values observed in some icosahedral alloys and approxBpectroscopic measurements of the DOS closEt@t the
mants. A possible explanation is given by linear muffin-tinrequired resolutiorii.e., at least 100 meMyielded confused
orbital (LMTO) calculations on icosahedral approximantsresults in the literature. XPS détaindicate a single fine
with a realistic atomic model at the real alloy composittén. pseudogap located at the Fermi level, but the energy depen-
The calculated DOS displays around the Fermi level an undence and the amplitude of the DOS reduction vary mainly
usual set of peaks and pseudogaps of typical energy widthdue to a different surface quality of the measured samples.
between 1 meV and 100 meV. This fine structure is associTunneling spectroscopy experimefts® also confirmed a
ated with bands of small-energy dispersion, yielding a lowsingle dip at the Fermi level, but there again the spectral
group velocity for the electron wave packets that could ex-dependence varies for different experiments. In a tunneling
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spectroscopy study of a decagonal single grain, a set of peak®rmi level. The most classical geometry is the planar junc-
and pseudogaps was also obser/edyt it was later shown tion, where two planar electrodes are separated by a thin
that this was most probably due to superconducting effects dhsulating layer, usually an oxide. In the=0 limit, if the

the counterelectrod®. In fact, the discrimination between coupling between the two electrodes is weag. high tun-

QC intrinsic effects and extrinsic effects appears to be ameling resistance at small bias voltdd, the tunneling con-
issue in tunneling spectroscopy studies of QC’s. ductanceG(U)=dIl/dU between a metallic electrodéav-

Another fundamental question in QC’s is the existence oing a DOS independent of eneiggnd a sample electrode
not of an anomalous spreading of wave packets with time, aghaving a DOSN(E)] follows the relation®*
found in exact numerical studies of quasiperiodic
systems®~23 Indeed, it is found that the propagation is, in G(U, T=0)xN(Eg+eU,T=0). )
general, neither ballistic such as in perfect crystals, nor dif-
fusive such as in disordered systems. The spreading length The tunneling conductance at voltageis thus directly
rather grows at time long enough Bét)=t?. The exponent proportional to the sample DOS at enefgy+eU. Usually
B varies between 0 and 1, depending on the Hamiltoniafin metals,G(U) is constant in the range: 200 mV. When
parameters and the energy considered. This anomalo®ltage increases and energy is no more negligible com-
spreading is a direct signature of quasiperiodicity, but has spared with the barrier height, corrections to relati@ghmust
far received no indubitable experimental support. Evidencde taken into account. The reduction in the effective height
has been searched for in the temperature dependence of tBkthe barrier leads to a parabolic increase of the tunneling
electrical conductivity, where anomalous exponggtsould conductance with voltage, which becomes stronger at higher
give specific power laws. Power laws have indeed been ob+oltage.
served in highly resistive icosahedral alldyssuch as At finite temperature, we have to take into account the
i-AIPdMn, i-AICuFe, ori-AlPdRe, but the determined expo- finite probability for states above the Fermi level to be occu-
nents are similar to those of disordered systems with similapied. Relation(1) is then given by
resistivity values. Another indication of this anomalous
spreading law may be searched for in the one-electron DOS
close to the Fermi level. This last point has to our knowledge
never been addressed experimentally before, and will be dis-
cussed in more details in this paper. wheref is the Fermi-Dirac equilibrium distribution at tem-

In this paper, we present a different scanning tunnelingPeratureT. The density of states is noted(E, T) since, in
SpectroscopYSTS investigation of h|gh|y resistive icosahe- general, it can have an intrinsic temperature dependence. At
dral samples. We have found evidence for an intrinsic® temperaturel, the tunneling conductance is thus propor-
JIE—E| singularity in the DOS centered at the Fermi level, tional to the electronic DOS convoluted by the thermal
which we attribute to electron-electron interactions and loroadening function-afy/JE. This leads to an apparent
calization effects close to the metal-insulator transition.imited resolution of the order of i T. If the density of
Large spatial fluctuations are measured, which might cométates is smooth on this energy scale or if the only sharp
to some extent from fluctuations of the chemical compositiorStructure is located at the Fermi level, the tunneling conduc-
at the surface. No signature of an anomalous electronitance (even at nonzero temperatirean be considered as
propagation has been found in the voltage dependence of titrectly proportional to the DOSI(Eg+eU), but only for
tunneling spectra. We aim at bringing these measuremenipltages/eU|>=4kgT. At a known temperature, if the tun-
into perspective together with previous tunne"ng Spectrosnenng conductance is measured with sufficient preCiSion, a
copy results of the literature and in light of theoretical argu-deconvolution of the data by the thermal broadening function
ments from the point of view of both the QC and the disor-iS. in principle, possible. At 4 K, KgT~1 meV, which is of

dered systems. PossibieAIPdRe specificity related to the the order of the narrowest peaks and pseudogaps seen in the
insulating state is also discussed. electronic DOS calculations on approximant phases. Thus, at

In Sec. Il, we introduce relevant tunneling spectroscopythis temperature, a fine structure should be observable in the

concepts and give details about the samples and experimefynneling conductance spect&U).

tal setup. Section Il provides an overview of our tunneling Note that whether the tunneling spectra reflect a property
spectra, which we classify as extring®ec. I\) or intrinsic of the bulk electrode or a property of the interface itself will
effects(Sec. V. In Sec. VI, we discuss previous tunneling Primarily depend on the nature of the states involedal-

spectroscopy experiments in the light of the present study. ized versus delocalized statetndeed, the probed thickness
varies, in general, with the bias voltage and also with the

system considered. This point will be discussed in more de-
tails in Sec. V C for the specific case of highly resistive
icosahedral alloys.

Jf(E—el)

G(U,T)ocf;N(E,T) 5 dE

@

II. SCANNING TUNNELING SPECTROSCOPY: PHYSICAL
PRINCIPLES AND EXPERIMENTAL SETUP

A. General considerations . . . .
2. Choice of a scanning tunneling microscope geometry

1. Planar junction geometry In our experiment, we have chosen a different geometry.

Tunneling spectroscopy has been applied successfully tolastead of a planar junction, we used the metallic tip of a
large number of systems to determine the DOS close to thecanning tunneling microscog€TM), which is approached

214201-2



SCANNING TUNNELING SPECTROSCOPY ON OXIDIZED. .. PHYSICAL REVIEW 87, 214201 (2003

close enough to the QC surface of interest. Different ele- The main contribution to the tunneling current comes

ments have motivated this choice. from electronic states which have a large amplitude of
First, in a planar geometry, the tunneling conductance reprobability'¥; at the center, of the spherical tip. As already

flects the DOS of the sample but averaged on the area of th@entioned, it is clear from Eq(4) that the typical depth

junction. In practical realization, the tunneling barrier is Notprobed by the experiment will depend on the nature of the
homogeneous and the tunneling current is limited to some@Jectronic states at the energy considered.

constrictions. But the conductance measured there is never-
theless an average over a large surface compared with the
lateral resolution provided by a STM tipypically few ang-

stromg. Averaging might be an issue when dealing with the 1. Scanning tunneling spectroscopy setup
expected QC fine DOS structure, since the energy location of

the peaks and pseudogaps in the DOS calculations are ver | din th ¢ db
sensitive to the chemical composition. This implies that if the sy duse 'g the spekct?rgzsscopy néfeas;remgnts pelzr dorm_tle y
probed area is not chemically homogeneous, the predictelaavy oV and co-worke on QC's. Experimental details

fine structure could be smoothed out in a planar junctiorhave alrea<_jy been g_iven e_Isewhere. We used PtIr tips,_ pre-
geometry, whereas the STM configuration is more favorablepared by wire stretching. Since the shape of the STM tip 'S.'“
Second, the fabrication of high quality planar tunnel junc—Contm”e,d' Iﬁhel reflacemsnt c;f thiot'p moves the scanning
tions on bulk materials such as ribbons, single grains, of€a(typically 1x1 um) by a few 10um.
even thin films, is not easy. As discussed in Sec. VI, it has The electronic setup is an |mproved Version .Of the_one
yet never been realized on QC's. By high quality, we meadJse,d by_ Davydowet al,, and in partl_cular, the electrical noise
tunneling barriers that are homogeneous and without leakin s\|/gr?|f|canltjly red#ceﬁ, alth?légh '(tj remains of theT%rder of 5|
currents. Al-based QC surfaces are very reactive to oxygern. ev, 1.€., above the t ec:mq h roah ening egergy. N tu:me -
In ambient conditions, they are covered by an oxide layef’d Current is measured with a homemade current-voltage

that is a few nanometers thick. The electronic properties o _onvglrotzggt r01(_)r:n tfemggratll:ﬁew_ noise opferz;tlonal ampll_lf-_
this oxide layer are not known, but its composition is closed'®" 9. The feedback resistance of the preamplifier

to Al,O; which is an insulator often used as a tunneling®" be_swﬂche_d be_tween 20fMand 10 I, so that wnnel-
barrier in artificial structures. Since this native grown layer isi"9 resistance junctions from 1(&down to 100(} could be
expected to contain some pinholes, defects, and/or impurfléasured. The spectroscopy measurement consists typically
ties, it canot be used directly as a tunneling barrier in aOf 50-ms voltage sweeps appllled_ between the STM tip and
planar junction configuration. Our initial idea was thereforethe sample. Faster scans are limited by the frequency cutoff

to avoid an unreliable additional sample preparation by usingf the convertearound 2 kHz. The stability of the corre-
a STM tip as the counterelectrode. In this case, the tunnelingPnding! (U) curve is checked on an oscilloscope before
barrier is obtained directly by the native oxide layer on top off€c0rding. The data presented in this paper correspond to the

the QC surface and occasionally the vacuum between the tigverage of about 100(U) curves taken subsequently at the
and the oxide. With a local probe, metallic pinholes or oxideS@Me Point and in the same conditions. We have checked that
nonhomogeneity should be more scarcely observed. MordhiS averaging process limits the high-frequency noise with-
over, the distance between the tip and the sample, and therUt affecting the shape of the curves. The tunneling conduc-
fore the barrier height, could be changed easily during thé@nceG(U) =d1/dU is finally obtained by numerical differ-
experiment. But as discussed below, our study indicates th&htiation of the averagedU) curves.
more reproducible results are obtained when the QC surface
is cleaned under UHV and subsequently reoxidized in a con- 2. Studied samples
trolled oxygen atmosphere. We have measured several samples of the icosahedral
In a scanning tunneling spectroscopy geometry, relation|pdmn, AICuFe, and AlPdRe alloys.
(1) and (2) have to be modified. The usual approach is the | the i-AlCuFe system, we have measured polycrystal-
Tersoff-Hamann approximatici,where the metallic tip is |ine ribbons and thin films produced in our laboratory. The
assumed to be a sphere, and the surface of the samplerighons were melt spdfh at a nominal composition
plane. AtT=0 and if the COUp"ng between the tlp and the A|62.7Cu24.8|:el2.5_ After high_temperature annea”ng
surface is low(high tunneling resistangethe tunneling con-  (~800°C), the ribbon’s resistivity reaches10000 0 cm
ductance is given 59’ at 4 K and the resistance ratfo=2.3. Thin films (3000 A
thick) of nominal composition A}, {Cu,sFe;, s were obtained
by annealing(at 600°C) stacks of sequentially evaporated
pure elements® This results in high structural quality and
homogeneous samples of resistivity around 2p@D cm at
The DOSNq in relation (3) is now the local electronic 4 K and resistance rati® = p4x / pso around 1.5.
DOS, defined as Thei-AlPdRe samples are also melt-spun ribbdt¥ For
a nominal composition of A} £ d,Re; s and after annealing
up to high temperatureetween 950 and 1000°C), highly
NS(F01 EF+eU):Z |‘I’i(Fo)|25(Ei—EF—eU)- (4) resistive sampl_es were obtained. The _ribbons chosen_ in t.he
| present tunneling spectroscopy experiment have resistivity

B. Experimental setup

The scanning tunneling microscope is the same as previ-

G(U,T=0)xN(ry,Er+eU,T=0). (3)
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FIG. 1. Normalized tunneling
conductanceG(U)=dl/dU as a
function of U (left pane) and as a
function of \JU][ (right pane) for
an i-AlPdRe polished ribbon.
Open symbols, Rynnel(+0.1V)
=170 MQ; closed symbols, other
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values p,x=1 cm and resistance ratios above 100. Ac-mal annealing above 60 °C were performed, until a fivefold
cording to conductivity measuremenRtthese ribbons are be- symmetry low-energy electron-diffractiofLEED) pattern
lieved to be zero-temperature insulators. was observed, which is the signature of a QC order up to the
Somei-AlCuFe andi-AlPdRe ribbon samples were also surface. Indeed, several surface studies have come to the
studied after polishing with a Lm diamond paste. The conclusion that such a prepared surface is simply a cut from
main purpose of this treatment was to flatten the surface tehe bulk* The single grain was then oxidized under a clean
ease the measurement with a STM tip. Note that polishingxygen atmosphere, and measured as soon as possible there-
was reported to induce surface disordeii-IPdMn single  after.
grains™ but this conclusion was derived from a diffraction  For each measurement, the sample loaded microscope
peak change that could also be ascribed to composition efvas sealed in a brass box that was pumped out at room
fects in that particular sample. IrRAIPdRe, polishing could temperature. A low pressure of clean helium was then intro-
also remove the low fraction of residual nonpercolating seceduced before cooling.
ondary phases occasionally observed by scanning electron
microscope at the surfaé@In similari-AlPdRe samples, the

resistance ratio was observed to be somewhat reduced by IIl. OVERVIEW OF THE RESULTS

polishing, probably related to chemical nonhomogeneity _ _

within the i phasé*” The typical grain size in all the poly- A. Typical tunneling spectra

crystalline samples is of a few micrometers. The tunneling spectr&(U) present two general features.

In the I-AlPdMn system, we have measured a singleist, zero-bias anomalidie., nonlinear vs U) are present
grain® The single grain of measured compositionin aimost all thel(U) curves. Second, different spectral
Al70,Pdyo Mngs was pulled out from the melt by the Czo- shapes have been observed, and the deviation from standard
chralski method and subsequently homogenized for 120 h ghetallic linearity is more or less pronounced, depending pri-
780°C. A slice was cut perpendicular to a five-fold axis andmarily on the location of the STM tip on the surface. This
polished using a kem diamond paste. For this sample, the |arge range of behavior was observed on each sample, what-
bulk resistivity is aboupzoa=100Q2 cm and the resistance ever the alloy and the nature of the samftkén film, ribbon,
ratio around 1.2. The surface was carefully prepared andr single graif. Some ribbons were polished, but this addi-
characterized under UHV. Cycles of ion sputtering and thertional step does not change the results significantly. It only

gives more stable spectra. We have sorted the tunneling spec-

16 , , , tra according to their similarities. The most typical examples
%‘b%% are reported in Figs. 1-4.
12} %@O
. ’%%
g 05k ] 1.6x10°} 1
5 ' % '} CE? - \ rd
3 s &0 S s T
04l e ds ] € 12x10%} P
* oo 2 N\, /
o oo % \\ /
=] .
0.0 : ki : 8.0x10° | 1
-0.2 -0.1 0.0 0.1 02
uw) , X .
-0.4 0.2 0.0 0.2 04
FIG. 2. Normalized tunneling conductandg(U)=dl/dU. um
Open symbols:i-AlPdRe polished ribbon withR pne(+0.1 V)
=130 MQ. Full symbols:i-AlCuFe polished ribbon withR;,,nel FIG. 3. Tunneling conductandg(U)=dl/dU on ani-AlPdRe
Y|
(+0.1v)=5 MQ. ribbon.
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6.0x10°
g sox10°f
2.0x10" /
0.0

' property of the samples. The voltage range below 5 mV is
0.2 Iy 0.

therefore not taken into account in the following analysis.

B. Determination of the intrinsic spectra
Because of this large set of behavior, observed even
] within one sample, the determination of the intrinsic tunnel-
0 0.1

1

dI/dU ()

ing spectra requires a close scrutiny. Similar variations were
also reported in scanning tunneling studies on high-
superconductor®#®But in this case, the energy dependence
uw of the one-electron DOS was known, at least qualitatively
(BCS-like), and allows one to analyze only the tunneling
spectra reflecting superconductivity related features. In our
experiment, the problem is precisely that the characteristic
Most of the spectra exhibit a one-dip feature centered ttunneling spectrum of icosahedral alloys is a fully open ques-
zero bias such as in Figs. 1-3. They are usually well deon- We thus have pgrfo_rmed complemer)ta(y measurements
escribed below to discriminate between intrinsic and extrin-

scribed by a square-root voltage dependence around zero
bias, i.e. sic effects.

0.2

FIG. 4. Tunneling conductandg(U)=dl/dU of ani-AlCuFe
thin film.

G(U)=dl/dU=a+b+/]|U]. (5) 1. Non-quasicrystalline samples

) _ We have measured tunneling spectra of aluminum and
We believe that this law reflects the property of the QCqo|q samples. Al is especially interesting because the bulk
samples themselves, as explained later. The dip can be MOggactronic properties are quite different from the icosahedral
or less pronounced and symmetrical, as illustrated in Fig. hhases, but the surface oxide is believed to be similar on
for i-AlPdRe. . o _both materials. For the Al samples, no such spectrum as in
In Fig. 2, we can see a symmetrical dip, with a change inrjg. 1 could be reproduced, either for bulk or thin-film
the voltage slope around 50 mV. In Fig. 3, a dip is also  samples. However, for some locations of the STM tip, we
present, but with smooth steps at higher voltage. Combinag, ;ng spectra similar to Figs. 3 and 4. On a gold sample, a

tions of these behaviors and curves less symmetrical werg,,ch shallower zero-bias anomaly was also sometimes ob-
also observed. served.

_ We have also observed scarb@)) spectra with many  Thjs indicates that features as in Figs. 3 and 4 have some-
singularities Sl_,ICh as in Fig. 4. The tunnellng condu_ctanc%ing to do with the Al-based oxide layer and that no all
G(U)=dl/dU is almost suppressed at zero bias and displaygnomalies measured on icosahedral samples reflect a speci
a set of sharp peaks periodically spaced in voltage. ficity of the bulk electronic structure of icosahedral phase.

Very often, a change in the voltage dependence is obpgssiple physical explanations are proposed in the following
served at high voltages. For example, in Fig. 5, the tunnelinggction.

conductance is square-root-like foW|<0.2 V, and para-

boliclike elsewhere. For all spectra, a rounded shape is al- ) ) )

ways observed for voltage below5 mV, which is 5 times 2.1-AlPdMn single grain prepared under UHV

larger than the thermal broadening effects expected at 4 K The measurement of thieAlIPdMn single grain prepared
from relation (2). We believe that this last feature comes under UHV and oxidized in a controlled atmosphere of oxy-
from high-frequency noise and does not reflect an actuagjen allowed us to further discriminate between the spectra.
As mentioned above, the LEED pattern exhibited a fivefold
symmetry before the oxidation stage, which is the signature

>
3.6x10° —%c;% & of a QC order at the surface. The sample was mounted on the
3.2x10°} = P STM inside a nitrogen atmosphere box and cooled down as
- .2x10 ? e . g .
5 % 3 fast as possible. This procedure should give the best surface,
S 2.8x10°f % w"’?ﬁ ] in terms of cleanness, structural order, and chemical homo-
% 5 geneity for both the oxide and the atomic layers underneath.
24x10°} 1 Significantly, the tunneling conductance curves are more
alike for different tip locations on the surface, and sharp
2.0x10° 1 peaks such as those in Fig. 4 have not been fouwidch,
04 02 0.0 02 0.4 strictly speaking, only proves that they are scardgpical

U curves measured on this sample are presented in Fig. 6 be-
tween—0.3 V and+ 0.3 V. As shown by the full line fit, the
FIG. 5. Tunneling conductanc&(U)=dI/dU on a polished Voltage dependence is well described by the square root law
i-AlCuFe ribbon. The two sets of points are measured at the samé), with two examples of characteristic energie/b)?
STM tip position. =380 meV and 30 meV, respectively.
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1.6 T r . T T At R=2.9 kQ (see Fig. 8 the tunneling spectrum is quite
different. The curve is parabolic at high voltages and square-
root-like around zero bias||>5 meV). The inflexion
points are located around0.2 V. In tunneling spectroscopy
measurements, a parabolic dependence is well known to
arise from a decrease of the effective barrier height at high-
voltage bias. The slight asymmetry vs bias, polarity may re-
flect an asymmetry of the tunneling barrier itself. So at high
bias this parabolic dependence indicates that the tunneling
04} i spectrum is dominated by barrier effects and relatigh)s
. . . . . and (2) should not apply. Note that the presence of a high
03 02 -01 00 oI 02 03 bias parabolic dependence indicates that even Ror
U (V) =2.%Q, there is still a tunneling contribution to the current.
_ i At low bias, barrier effects are expected to become negligible
_ FIG. 6._TunneI|ng conductan(@(U)=dI./c_iU of thei-AlPdMn and so relation (1) should be valid. Actually for
single grain prepared under UHV and oxidized under a con.trolle:ju|<20_lv a square root-law-like equatiofs) describes
atmosphere. The two sets of curves correspond to two differe éccurately the voltage dependence.

locations of the STM tip on the surface. Open symb®tg,nne . . . . .
(+0.1 V)=13 MQ: closed symbolsRy.ef+ 0.1 V)= 340 MQ. For lower junction resistancdR=550 (), see Fig. 9 the

Continuous lines, fits with lav5); fit of the open symbols curve, parabolic 'shape I.s evep more VISIbIe’.due to .a rgducﬂon of
0.664+1.07%[U[, (a/b)2=380 mV; fit of the closed symbols the effective barrier height, and contributes significantly to

—
N

dI/dU (norm. at 0.1V)
o
o0

curve, 0.36% 2.06/[U][, (a/b)2=30 mV. the tun_nelmg conductqnce voltage dependence down to the
resolution of the experiment{5 mV). The curve now ap-
3. Low-resistance junction pears linear in the window 80 mV and+80 mV. Interest-

Concluding results were also obtained on iaAlPdRe ir!gly by subtracting a pa_rabolic (_jependence estimateq L
ribbon. We have reduced the tunneling resistance fronﬂlgh-voltﬁ}ge Iangel,_ we fm% agtam the square-root {gin
=1 MQ down to=500(, while the x-y location of the € resuiting tunneling conductance. . . :
STM tip was kept unchanged. As the resistance is lowered, The same an_alyfs!s perforr_ned for different junction resis-
the tip comes very close to the surface and eventually iéancesz yields significantly different characteristic energies
pushed inside the sample. Indeed, after the measurement, @@26%)9(138 rtr;elv WhﬁnRT].z'.g ZQ and 2.5 eV wT_erR
could see by optical microscopy the deformation of the tip. . ="~ ). We believe that t IS Is due to a nontunneling con-
Thus, at low resistancesf the order of 1 K), the experi- tribution to _the current, relative part of which becomes more
ment may be very similar to a planar junction com‘iguration.and mgre important when the resistance of the junction is
Then, we can also wonder that to what extent our experimerh)Were ) . . .
is still a classical tunneling experiment described by Efjs. in conclu5|or_1, the results obtained on crystalline _samples,
and (2), and not a point-contact measurement. But as it ion _thte well-_def|rt1_ed-A|\IP<(ijn Slt”face’ a_gd b;t/hreducmg the N
explained below, it seems that even at resistances as low fgSistance junction leéad us lo consider the squaré roo
500 Q, we still have a tunneling contribution to the current. anomaly as an intrinsic property of the Al-based |cc_)sahedral
The resulting curves are presented in Figs. 7-9 for thre amples. In the ne>.<t t.WO sections, we present an interpreta-
different junction resistances and different voltage ranges. ion of both the extrinsic curves and the square-root anomaly.

At R=900 K (see Fig. 7, the tunneling spectrum dis-
plays a strong singularity at zero bias: the conductance at 0 v V- INTERPRETATION OF THE RESULTS: EXTRINSIC

is reduced to 5% of its value at 0.3 V. The spectrum is not EFFECTS
symmetrical and smooth oscillations are present for positive
voltages. Let us focus first on the extrinsic zero-bias anomalies
(non-square-root-like Because these have also been mea-
B P sured on Al surfacedand even on gold, although less
1.2x10 1 clearly), they cannot be the representative of the bilk
\ / samples. We show in this section that these anomalies can be
—"oT 8.0x107 | / ] well understood, at least qualitatively, by considering the
= Coulomb blockade phenomefia.
% / Any tunnel junction has a capacity and the change in
4.0x107} s / 1 electrostatic energy associated with the tunneling of one-
'o..’ electron across the junction is given by
0.0 L Y L (Q_ e)2 QZ e
0.4 02 0.0 0.2 0.4 E. _E _ X o (e—2Q). (6
U after before 2C 2C  2C
FIG. 7. Tunneling conductand®(U)=d1/dU of a nonpolished At zero temperature, tunneling can only occur when this
i-AlPdRe ribbon, with a junction resistance of 90Q k energy is negative, i.e., when the chaf@en the electrodes
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FIG. 8. Tunneling conductandg(U)=dI/dU of the same ribbom-AlPdRe than Fig. 7 and at the same STM tip position, but with a
junction resistance of 2.9(k. Top panel:—0.6 V and+ 0.6 V range measurement, with the parabolic dependendgedfitinuous ling
Lower panel, left:—80 mV and+80 mV range measurement, and the square-ro¢tdittinuous ling 1.02< 10 %+ 2.69x 10~ 4\U] and
right panel, the tunneling conductance and the square-root fit betw86nmV and+80 mV as a function of/[U].

before tunneling is larger thael2. If the junction is supplied capacity value of the order of 162 F. The charging energy
with a voltage source, tunneling is only possible once thecorresponds to a temperature of 400 K, 100 times the actual
voltage across the junction exceeHlC. In order to observe temperature.

clearly these effects, the thermal enefgyl must be below However, something must have been misunderstood by
the charging energ.=€%/(2C), even if charging effects describing tunneling by Ed6), otherwise no DOS measure-
can remain visible by an order of magnitude higher in tem-ments could be achieved to the Fermi level and at low tem-
perature. In our experiment, assuming an area for the jungerature with a STM tip. Indeed, by writing relatig), we

tion of typically a few nanometers, and a separation betweehave assumed that the charge was a well-definedfluctu-

the STM tip and the sample of few angstroms, we get aating quantity in the problem, and that there was no relax-

1.8x10° T T T 8.4x10”f ' ' '
1.5x10° 8.0x10°1
g S .
% 1.2x10° g 7.6x10°|
S = 4
9.0x10° 7.2x10%}
6.0x10° . . . . . 6.8x10™| , , ,
%03 02 -01 00 01 02 03 008  -004 000 0.04 0.08
14%) um)

FIG. 9. Tunneling conductandg@(U)=dI/dU on the same ribboirAIPdRe than on Figs. 7 and 8 and at the same STM tip location but
with a junction resistance of 55Q. Left panel:—0.3 V and+ 0.3 V range measurement, with the parabolic backgroun@dittinuous
line). Right panel:—80 mV and+80 mV range measuremefiosed symbols the parabolic backgrounhick continuous ling measure-
ment with the parabolic background subtraci@pen symbols and the square-root law fitthin continuous ling 6.54x 10 %+ 4.11

X 10" 4\U.
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ation of the charge during the tunneling event. These twavith a zero-frequency impedané&g,;. At large voltages, the
assumptions are, in fact, related to each other through theinneling current must approach the asymptotic curve
fluctuation-dissipation theorem. This is, of course, not al-(1/R;)(U—e/2C).

ways a good description of reality. For instance, let us as- We underline that only the resistances located close to the
sume that the junction is supplied with a perfect voltagejunction (typically few micrometers or le$san lead to such
source, i.e., a source with a zero internal impedance. In thianomalies, since the effective capacity of the junction takes
case, the charge on the electrodes is unchanged duringirto account all the conducting leads between the tunnel
tunneling event, since it is compensated instantaneously @inction and the resistance. If the resistance is far away, then
any time by the voltage source. There obviously cannot be the effective capacity is strongly increased and the charging
zero-bias anomaly. energy is no longer observable.

In realistic cases, the junction is never supplied by a per- If we consider more general situations, for example, a
fect voltage source. We have to consider the environment afingle-mode environment with a finite quality factor, the
the junction characterized by an impedaZge)#0 and in ~ G(U) curves will show a complex behavior, intermediate
series with the tunnel junction. This problem has been solvetietween the situations described above, with both steps and
theoretically by the so-calleB(E) theory?® Tunneling elec- power laws around zero-bias.
trons have a certain probabili(E) to lose the energf in Within the framework of theP(E) theory, we propose an
the environmenti.e., inelastic tunneling is taken into ac- explanation for the slope changes in the tunneling spectra of
cound. The functionP(E) can be expressed as a function of Figs. 2 and 3. The singularities of Fig. 2 may be due to the
Z(w) and the capacitf of the junction itself. presence of an Ohmic resistance of the ordeRjpfclose to

Different specific tunneling spectra can be obtained. Fothe tunnel junction, which may explain the almost linear de-
instance, if the environment of the junction is a pure induc-pendence at low bias; whereas in Fig. 3, Ohmic and induc-
tance(which is so if there is a molecule in the junction, for tive elements located close to the tunnel junction could lead
instance, the tunneling conductance is given by to the singularity and the smooth steps observed around zero-

bias.
pX The inductive part may come from molecules adsorbed at
Kkl (7)  the surface, such as condensed water and organic molecules.

The Ohmic contribution may result from a bad electrical
n is the largest integer smaller or equaleb/7ws andp is  contact between the bulk and a grain of the material below
a constant equal t&/fws (hws= 1/JLC). The prefactor the STM tip. In this case, we naturally expect a strong varia-
exp(—p) gives the reduction of the tunneling conductance ation from one position of the STM tip to an other, even at the
zero-bias compared to the limit at large voltages¢}/ So, nanometer scale. We also expect these zero-bias anomalies to
a zero-bias anomaly is present in this case onjy i large, b€ very similar on icosahedral alloys and on Al, since the
which means ifEc>#%ws. TheG(U) curve is characterized €nergy dependence of the density of states has only a minor
by the presence of steps periodica”y Spaced in VOI(&QHH inﬂuenc.e on the tunneling SpeCtra. Fina!ly, we eX_peCt these
the periodfiws/e) and whose amplitude decreases at highanomalies to be less present on the single grain prepared
voltage. Each time is increased by 1, electrons can tunnelunder UHV, as it was observed in our measurement.
through the junction via the excitation of one new harmonic  The spectrum of Fig. 4 is clearly the manifestation of
in the environment: the tunneling probability and thus theCoulomb blockade phenomena, called incremental charging
tunneling conductance are increased. The curve takes ig@ircase” This specific set of peaks appears in the tunneling
minimum value at zero-bias, and recovers at large voltaggonductance when a metallic island is connected to a voltage
the usual tunneling conductanceR}/ At finite temperature, ~SOurce via two asymmetrical tunnel junctions of capacitance
the steps are blurred out on the thermal energy scsile C; andC,, respectively. In this case, the charge on the island

Let us consider now an ideal ohmic impedarRg,. In IS @ well-defined number, multiple of the elementary charge
the limit Re,=0 (perfect voltage sourgethe electrons can- €, Thus, the energy cost to inject a charge on the island is
not lose energy when they tunnel through the junction, an@“/2(C1+ Cy), which gives a vanishing tunneling conduc-
we recover the usual relatidRy=dU/dl. In the limit Ry,  tance forlU[<e/(C,+Cy). It has been showfi that if the
= (perfect current sourgeelectrons always lose the en- junctions are asymmetricfor example,Rr>Ry), peaks
ergy Ec and, therefore, th&(U) characteristic is givefffor  arise each time the voltage is increased by the qua@hi@y.

di 1 !
du RO,

U>0) by In our experiment, this situation can be realized if some me-
tallic grains are present on top of the oxide layer or, alterna-
eU—E¢ tively, below the oxide but decoupled by a tunneling barrier

(V)= e—RTa(eU_EC)' ®) from the bulk of the sample. We get from Fig. 4,70 mV

between the voltage peaks, which corresponds to a capacity
where 6 is the unit step function. For intermediate resis-C, of =2x10 '8 F, in good agreement with the previous
tances, a zero-bias anomaly is present, whose analytic forgapacity estimate between the STM tip and the surface. We
depends on the ratig= Ry /Rey, WhereRy is the quantum could also have more than one tunnel junction between the
of resistance Ry =%/€?=26 k(). In particular, the tunnel- metallic island and the bulk sample resulting in even more
ing conductance at a small voltd§és proportional tqU|?9. complex tunneling spectra. This interpretation seems realistic
This relation is actually valid for any kind of environment only for polycrystalline samples or single grains not prepared
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under UHV. This is confirmed by the fact that we did not find volume unity. In a noninteracting electron system, the two
this kind of anomaly in the single-grain sample preparedDOS’s are the same, but this is not the case when interac-
under UHV. tions between electrons are taken into account.

Note that the Coulomb blockade effects have been re- This property has been clearly illustrated by Poifakith
ported in various STS experiments. The incremental chargthe example of an Anderson insulator, where a system of
ing of metallic grains was clearly identified in materials with g|ectrons are exponentially localized by disorder on sites
nanometer size grains embedded in an insulating m&#, | et us assume that an electron is injected on the nearest level
but also in ma;erials where no grains wereriori present, E; above the Fermi level. The new system df€1) elec-
for example, high-temperature superconductor oXid€or 4ns'is no longer in its fundamental state: there is an excess
even gold sample¥. In this case, explanations such as pre- o jecirostatic energy around the new electron. The other

cipitates or molepules adso_rbed on the_surface have_be lectrons will reorganize to minimize the total energy of the
proposed. Zero-bias anomalies, very similar to that of Fig. system due to a hopping term between adjacent sites. In
have also been reported, although the results were not aIwa¥)¥

discussed in the light of the(E) theory. They seem to be her words, the system lies in an excited state after the

favored by the presence of an oxide layer in the tunnel junCi_njection of the electron, and will relax to its new fundamen-
tion on the sample ofand on the STM tip?® tal state corresponding tiN(+ 1) electrons. This also means

that the electron must have been injected at an enErgy

above the Fermi level, which gives rise in the-DOS to the
V. INTERPRETATION OF THE RESULTS: INTRINSIC Coulomb gapthe Fermi level oiN electrons is equal to that
EFFECTS of N+1 electrons wherN is large. In a tunneling experi-

The charging effects discussed so far cannot explain thE'€nt the system is connected to an electron reservoir at a
square-root voltage dependence observed in the tunnelif§®d chemical potential, to which a chargevill eventually
spectra of the QC samples. We will, therefore, now consideP® tra_nsferred to ke_gp the electroneutrality, this charge trans-
the situation where the tunneling spectra reflect the onef€r being not quantified. _
electron density of states, with no Coulomb blockade phe- For relations(1) and (2) to be valid, the system has to
nomena(perfect voltage sourcgy=Ry/Rq,1, large ca- fulfill some requirements. First, the tunneling time, i.e., the
pacity). In fact, several models predict a square-root energyime spent by the tunneling electron in the barrier has to be
dependence on a multiple peak DOS, such as Van Hove siighort compared with the relaxation time of the system. Sec-
gularities or even specific QC modéfswWe will describe in  ond, the relaxation time has to be short compared with the
the following the singularity predicted by Altshuler and injection rate of the tunneling electrons. This last require-
Aronov’’ (AA) and measured in three-dimensiofD) dis- ment guarantees that the system is always in its fundamental
ordered metals, which we will argue to be relevant in ourstate before each injection of a new electron. This is not
experiment. always the case, especially in disordered insulators where
experiments and calculations have shown that the relaxation
time can be very long due to disorder and electron-electron
interaction effects® The relaxation time increases with the

One point should be clarified even for an intrinsic tunnel-strength of the disorder and the density of electrons. More
ing spectrum: what is the relation between the tunneling conprecisely, the first transitions toward the fundamental state
ductance and the electronic DOS? In other words, whictare very fast, but low-energy transitions associated with
DOS is measured in a tunneling spectroscopy experiment? llong-range electron rearrangements can be arbitrarily long.
fact, we now discuss which physics is hidden behind the The present highly resistive icosahedral alloys share many
simple relation(1) in a non-Coulomb blockade situation.  electronic properties with disordered systems, but have resis-

A tunneling spectroscopy experiment comprises injectingivity orders of magnitude lower than the samples where
electrons from a metallic electrode into the system of interslow relaxation effects have been observed. Thus, we can
est. At zero temperature, electrons can only be injected aboweasonably consider that this is not an issue in our experi-
Er. The available energy levels’s correspond to the ener- ment. Finally, we also assume that the metallic tip and the
getic cost of adding one more electron in the system. Th&@C surface do not interact with one another, and that the
number of such states of energyin a volume unity is, by screening in the QC is therefore not too modified by the
definition, the one-electron or tunneling DOSDOS), and  metallic electrode.
is noted dowrN(E). It is clear from this definition that the We will consider in the following that the square-root
1e-DOS may depend on the initial state of the system, andoltage dependence of the tunneling conductance observed
thus it is assumed that the system lies in its fundamental staie our QC samples reflects directly the-DOS according to
(minimum total energy before each electron injection and relation(1). This means that we have, f{f£|>5 meV,
stays in this configuration during the tunneling time.

This DOS should be differentiated from the thermody-
namic DOS, which enters, for example, in the dc conductiv- N(E)=N(0)+N;[E[, (9)
ity or specific-heat expressions. If a system\bélectrons is
described by a Hamiltoniad of eigenenergieg,’s, the ther-
modynamic DOS is the number of statesf energyE in a  Eg being chosen as the origin of the energies=E=0).

A. One electron versus thermodynamic DOS
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B. 1e-DOS of disordered systems which was later criticized since it does not take into account

In order to understand the square-root energy dependenc’é‘umelewo” excitations in the definition of the fundamental

58
we start with the results given for disordered systems on botftat€”. Such effects should lead to a harder gap at small
sides of the Mott-Anderson MI transitif.Indeed, law(9)  €nergiesexponential dependence or power law with an ex-

has been widely observed in the-DOS aroundEg for ~ POnent above 2 have been suggestéd high energies, the
disordered systems on the metallic side of the MI transition:€-DOS recovers the value without interaction. The width of

The physical origin is attributed to the electron-electron in-th€ Coulomb gap depends on the parameters of the system,
teractions in the presence of disorder. In fact, it has bee§UCh as the electronic density and the dielectric constant.
shown that highly resistive icosahedral alloys share many C: Close to the Ml transitioThese works and the scaling
electronic properties with disordered systems, for example€ory of the Ml transition proposed by Abrahagtsal > in

the temperature and magnetic-field dependence of the cof1€ noninteracting case have motivated nonperturbative de-
ductivity at low temperature?12 But the question is still scriptions for disordered systems close to the MI transition

open for the -DOS, although this point has already beenincluding both localization by disorder and electron-electron

discussed previousf}. interactions. On the metallic side, McMillan has proposed a
two-parameter scaling theoty,and recently a similar ap-
1. 1e-DOS of disordered systems: Theory proach was proposed for the insulating sil@wo funda-

mental quantities are introduced, a lengttand an energy

For most systems, electron-electron interactions only img .y — A | which are related in the metallic and the insulating
ply a renormalization of the noninteractinge-DOS. But, phase, respectively, by the relations

when disorder is present, energy-dependent corrections have
to be taken into account around the Fermi level.
a. Metallic side and far from the MI transitiorOn the A =—°% (12)

metallic side and far from the MI transition,disorder local- " &

ization effects can be treated by a perturbation theory. AA

have showr that the exchange term in the Hartree-Fock g2

equations gives at zero temperature a singularity in the Ai:K_gf' (13

1le-DOS centered & following Eq. (9), the smaller is the

conductivity, the larger the anomaly is. This singularity has¢ is the screening length in the metallic phase, and the local-
an intrinsic temperature dependence and is blurred out on thgation length in the insulating phase. As the MI transition is
energy scale&kgT for T#0. A square-root temperature de- approached¢ goes to infinity andA goes to zero.

pendence is also predicted for the electrical conductivity at  On length scales smaller than(i.e., energiedE|>A),

low temperature. The length the system is in the critical regime of the MI transition. In
this regime, the electronic properties of a metal and an insu-
| (E)= /ﬁ_D (10) lator have the same length scdler energy dependence.
m |E| Starting a renormalization at the microscopic length(of

the order of the mean free pattMcMillan obtained for the

is the length scale of the interactions responsible for th%nergy dependence of the-DOS the power law
1e-DOS corrections at the enerdy(E=0=Eg). Note that

Ingold and Nazardt? have obtained a similar result in a E\ @)1
nonperturbative approach. The anomaly is there discussed as Nc(E)= N(E(Lo))(E—>
an inelastic tunneling effect due to the impedance of the 0
electrode itself.

b. Insulating side and far from the MI transitio@n the
insulating side and far from the Ml transition, the presence of
a so-called Coulomb gap was also prediffein the E(L)=E(Lo)
1le-DOS. We have discussed above its physical origin by
considering the Coulomb glass model. Efros and SthOVSkii\/chillan predicted that ¥ »<3.

(ES) have proposed a simple modélwhere they showed On length scales larger than(i.e., |E|<A), the metallic
that a disordered insulator is stable towards electron-hole E)f"egime and the insulating regim.e '(’)f the Mi transition have

gltatltolns Otn:)r: if éhetsnes of enerd§| from E are separated distinguishable energy and length dependence. In these re-
y at least the distance gimes, we should recover the AA and ES results obtained far

(14)

7 is an exponent relating the length and the energy scales

Lo\ 7
T) . (15)

e? from the MI transition. In the metallic regime, McMillan
I,/(E)= KIE] (11)  obtained for the &-DOS energy dependence
where K is the dielectric constant. Corrections to the N (E):N(Am) 1+ [E[\*2 16
1le-DOS are determined by interactions on this length scale. m 2 A '

At the Fermi level E=0), |, is infinite, which means there
is no state aEg. From this argument, a parabolic energy  Since the temperature dependence of the conductivity in
dependence was obtained at 3D for thelOS aroundeg, this regime is found to be
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we have from relatior(15) an interesting relation between
the energyA ,, and the zero-temperature conductivity

1. Theoretical considerations

1+ , 17

It has been found theoreticaff7>! that the spreading
length of an electronic wave packet in a quasiperiodic poten-
tial evolves with time as

Apxo(T=0)". (18) L(t)=At~. (20)

In the insulating regime, we expect the ES parabolic de- The exponenj3 depends on the Hamiltonian parameters
pendence and on the energy considered. In principBcan vary be-
tween O(localized regimgand 1(ballistic regime, but val-
E (19) ues below 1/3 have not been found in 3D models. We call
A, L oc the microscopic length at the onset of this behaviier,
_ ) anomalous law can only develop for>L ¢, once the elec-
Theoretical arguments have been later propstedjus-  trons can actually “feel” the quasiperiodic potential
tify the use of the &-DOS rather than the thermodynamic | 3 small disorder is introduced, we expect to recover at

DOS in_evaluating the screening, this point beingjarge length scales the usual diffusive law
criticized®® But as a matter of fact, McMillan’s theory seems

to describe quite well the experimental results. L(t)= JDt. (21)

2

Ni(E):N(Ai){

2. 1e-DOS of disordered systems: Tunneling experiments The crossover between relatiorfg0) and (21) corre-

Tunneling spectroscopy experiments in a planar junctiorsponds to a length of the order of the elastic mean free path
configuration have been performed in a large variety of syst (that is to the elastic scattering tim@. Note that, recent
tems (granular metal§] doped semiconductof8® mixture  numerical simulatiori® have shown in 3D quasiperiodic ar-
of semiconductors and metdf%,”? oxides!® etg. Far from  rays that the situation might be more complex in the pres-
the MI transition on the metallic side, the AA theory is in ence of disorder. In particular, for a strong-enough quasiperi-
good agreement, qualitatively and quantitatively with experi-odic potential, it has been found that the anomalous diffusion
ments. In particular, the role of the interaction leng(E) persists even after very long times, but the expongris
has been clearly demonstratédrar from the MI transition  changed. Note also that in principlg, could be energy de-
on the insulating side, a large voltage drop develops in th@endent.
sample itself. Because it may give a nonlinear contribution to  We will assume in the following thalE| >7A/kgT (i.e.,
the voltage dependence of the tunneling current, it make§<|_in, wherelL;, is the inelastic mean free pathin QC
any quantitative analysis difficultespecially, for 3D sys- samples where disorder is always presé¢structural or
tems. Indeed, up to now, experiments on 3D insulatingchemical defecis we can thus distinguish two regimes)
samples are limited to the vicinity of the transition. The mostihe quasicrystalline regime, fotgc<L<I or EQC>|E|

complete study was performed on doped semiconductor SiB-7/7, characterized by relatiof20). (b) the diffusive re-
samples on both sides of the MI transititShA common gime, forL>1 or |E|<#/r, characterized by Eq21).

power law was found for all the samples at high energies, Energy and length scales are thus related by a general
which was attributed to the critical regime of the MI transi- power lawE (L)L ~*, with an exponent: equal to 18 in

tion. At low energy, the &-DOS spectra exhibit a square- the QC regime, and 2 in the diffusive regime. Following Egs.
root anomaly aroun&=0 for metallic samples and a para- (14) and (15 the energy-dependent corrections to the
bolic gap for insulating ones. The closer are the samples t9e-DOS due to electron-electron interactions therefore de-
the MI transition, the lower is the crossover energy betweerpend on the exponent. We thus expect different laws(E)

the high-energy critical regime and the low-energy metallictor |E|<#/+ and for|E|>#/r. Even if the interplay between
(insulating one. These results are in good agreement Withgjectron-electron interactions and the anomalous spreading
the McMillan theory, and were analyzed in the critical re- of wave functions in 3D systems has not yet been addressed
gime byN(E)=|E|™, with m=0.43-0.47, corresponding t0 theoretically, we believe that this crossover energy should
7 values of 2.1. Exponentsi=1/2 and 1/3 were also re- exist. McMillan’s results can be extended by starting the
ported in previous tunneling experimefits although in  renormalization process at lengtlyc. Close enough to the

this case, the critical regime was not clearly identified. Iy transition, i.e., when¢>(I,Loc), we get the following
many experiments on disordered systéfhs, value 7=2 regimes.

was also deduced from the low-temperature conductivity ac- () A QC regime forLoc<L<I or Eqc>|E|>1i/7:
cording to relation(18).
_ _ _ E(L)ocL ™" (22
C. 1le-DOS of i-AlCuFe and i-AlPdMn: Interpretation of the

square-root law on the metallic side of the MI transition B' is an exponent characteristic of the anomalous spread-

To understand our tunneling spectroscopy results, we digng that takes into account the partial screening of the Cou-
cuss how these “disordered” models can be adapted to qudemb interaction on lengths smaller thgn This gives from
sicrystalline systems. Eq. (14
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Loc 1 g L, L coefficient has been estimaf8dis low as 0.1 cfs ™. In
C reci Rl reging g this case, according to relati¢h0), the energy-length corre-
£C regime Critical regime | Metallic regime spondence is foE=1 eV (100 meV, 10 meY, L=1 A (3

A

A, 10 A, respectively. We believe that the diffusion coeffi-
cient is of the same order of magnitude in duAIPdMn
sample, since the measured transport properties of the two
N(E) systems are similar. A crossover voltage above 100 meV im-
plies a mean free path smaller than a few angstroms, which is
obviously too small to allow for the setting up of an anoma-
lous regime.
~ [E| 31 (3) The tunneling conductance reflects the properties of a
disordered layer present below the oxide, at the surface of
\ the quasicrystalline samples. This has already been discussed
in Ref. 25. Indeed, a STM probes the local DOS at the po-
sition of the tip. But from previous energy-length scale dis-
cussion, the local DOS at eneryis determined by interac-
tions on the length(E) = yAD/|E|. The smaller is the bias
voltage, the more the tunneling spectra reflects the bulk. This
FIG. 10. QC sample close and on the metallic side of the MihyPOthesis can be relevant for some samples, such as ribbons
transition: energy and length scales, and expected energy depe@t thin films that can have disordered grain boundaries or
dence of the &-DOS. The rounded shape around the Fermi leveloccasionally a scarce secondary phase. But it seems unlikely
E=0 corresponds to thermal effects of widthkgT. for thei-AlPdMn single grain which has been prepared under
UHV and with a well characterized surface order. It cannot
be ruled out, however, that after oxidation, the composition
|E| 3p' -1 close to the surface is slightly different from the volume.
E_) (23 Without either the accurate knowledge of the elastic scat-
QC tering time for each sample or the precise structural quality
and composition a few layers below the oxide, we cannot
decide between the three hypotheses.

L hf A kT

Critical QC regime
regime

N
7

hit -A OA hit E

N(E):N(EQC)<

(b) A disordered critical regime for<L<§& or 7/ 7> |E|
>A characterized by Eq14).

(c) A disordered metallic or insulating regime fbe> ¢ or
|E|<A, characterized by Eq$16) or (19), respectively. 3. Magnitude of the NE) anomaly

The expected 4-DOS is schematically presented in Fig.

latlt r We discuss here the magnitude of the square-root
10 for a QC sample on the metallic side of the MI transition.

anomaly, i.e., the values of the characteristic parametdn
disordered systems\ measures the proximity to the Ml
transition, the smalleA is, the closer the system is to the
A realistic estimate of the elastic scattering timein  transition. A rough estimate of this energy can be read di-
highly resistive icosahedral allof’sare of the order of rectly on the I(U) curves since for|E|=A, N(E)
10 “-10 3s. This corresponds to an eneryyr between =N(0)/2. As already noticetf we have found a large range
60 and 6 meV, which falls well in our measurement rangeof A values(from =1 eV down to 1 meYdepending on the
But then, if we believe that tunneling spectra such as Figs. &M tip position on the surface. So we can not deduce any
and 8 are the intrinsic spectra of the QC phase, our data giveliable average value from such a dispersion. In the case of
no evidence for a crossover energy in this energy range. the single grain-AlPdMn, where the dispersion was smaller,
Within the theoretical frame presented above, differentypical values are around 100 me¥ee Fig. 6.
reasons could explain an absence of this crossover energy. We know from relation(17) that A can also be deduced
(1) The exponenpB’ may be close or equal to 1/2. Then, from the low-temperature dependence of the conductivity.
within the experimental precision, the QC and the diffusiveThis has been done by Lietal’* in a large number of
regimes cannot be distinguished. Indeed, for many squarécosahedral alloys i¢AlIPdRe, i-AlCuRu, i-AlCuFe, and
root-like spectra, a definitive conclusion is difficult to reach, i-AIPdMn). They found a common relatioh=Ag(T=0)"
since a significant uncertainty in the exponent at a giverfor all the samples, withyp=2, which corresponds to the
energy remains. For example, in Fig. 6, good fits can berediction of Eq(18). Accordingly,A should be of the order
obtained with exponents between 0.5 and 0.6. of 100 meV for our i-AlCuFe samples [p(T=0)
(2) The energyh/ 7 lies above=100 meV, which means =102 Q cm] and 10 eV for our single graii-AlPdMn
that the scattering time is smaller than 10'% s. Then, even [p(T=0)=10 2 Q cm]. Dynes and Garrf4 have also cor-
if an anomalous regime exists for the-DOS, it is out of related A extracted from tunneling data and the zero-
our measurement range: we only observe the disordered reemperature conductivity but in granular aluminum. This cor-
gime (critical or metallig. Let us estimate the associated relation gives similar values of 2 eV farAlPdMn and 20
elastic scattering length. IRAICuFe thin films, the diffusion meV for i-AlCuFe.

2. Crossover energy
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FIG. 11. Tunneling conductance measured on a polish&&dRe ribbon and plotted as a function \df (left pane) and y|U| (right
pane).

Recent experiments on magnetic propeffiésve shown and Shklovskii variable range hopping conductiyityVe
that ouri-AIPdMn single grain should contain a significant know from our conductivity measuremehthat this law is
amount of defects, according to its conductivity value. Thenot observed above 1 khor below down to 20 mKin our
Mn composition being quite far from the ideal composition, ribbons. This should imply that, if there is a Coulomb gap, its
we expect a locally defect-enhanced DOS which could leaénergy widthA ¢ is far below 0.25 meV, and thus undetect-
to a better conduction. We recall that on these QC's, the morable in our experiment. We cannot rule out that the Coulomb
defects there are the better is the conduction. Tunnelinblockade effect is an explanation to theG¢U) parabolic
through a less defective region might explain the occurrencepectra.
of A values much smaller than the one expected from the In our accessible energy range, the-ROS then should
bulk conductivity (as low as 30 meV in Fig.)6 Local de- be the critical power law(14). We have measured on our
fects, such as imperfect QC grains, grain boundaries or evarAIPdRe ribbons the square-ro@(U) spectra following
secondary phases, might explain the large dispersion iAthe G(U)=a-+b\|UJ [Eq. (5)]. Although parameters similar to
values of tha-AlCuFe polycrystalline samples. i-AlCuFe andi-AlPdMn spectra were measured, we have

Moreover, photoemission measureménteve been per- also found spectra with negative values (Fig. 11). This
formed on the same-AIPdMn surface at low temperature, feature has been identified in disordered systems experiment
but with no oxide layer. The photoemission spectra have alsas the signature of an insulating st&tae emphasize that
been analyzed by the square-root &8y between 30 meV we have not found negative values in anyi-AIPdMn or
and=500 meV with a parameteX around 60 meV, in good i-AlCuFe samples. Such spectra may therefore be a specific-
agreement with Fig. 6. In this case, the DOS measured is &y of the present-AIPdRe samples, which we have charac-
spatial average value taken on a surface corresponding to therized to be zero-temperature insulators from conductivity
size of the UV beam. Note that the DOS measured in phomeasurements.
toemission is the joint density of states which, in principle, The resistivity &4 K of our i-AlPdRe ribbons spans the
may differ from the £-DOS® range from 1Q cm down to 102 Q cm, even for ribbons
made by the same process and with the same nominal
compositior®® We believe these variations can reflect a
sample-dependent average over electrical nonhomogeneity in
the samples. These are indeed expected to arise from the

Thei-AlPdRe ribbon case is discussed separately becausgrong sensitivity to composition or structural order, usually
according to their low temperature conductivity, the mea-gpserved close to the Ml transition. Assuming that these re-
sured ribbons are on the insulating side of the Ml transitionsistivity values reflect the range of local nonhomogeneity, we
We then expect at low energies the opening of a Coulomiaxpect large differences in theeDOS parameters at low
gap in the B-DOS, as it was observed in disordered insulat-energies, as observed. For instance, following Lin's
ing system§§ . correlation’ such resistivity values correspond ta

We have indeed found son@(U) curves with a para- =0.1 meV (10 meV, respectively However, our measure-

bolic shape around zero bias which were not found in thénent does not allow a definite conclusion about the actual
other alloys. The width of the gap #850 meV, which seems nature of the transitiofy’.

to be extremely large for a Coulomb gap, according to the
conductivity value. Indeed, the width of the Coulomb gap
depends on the parameters of the system and is very narrow
close to the MI transition, with a critical power law at higher
energies common with the metallic phase. The presence of a We discuss here our results together with previous reports
Coulomb gap is associated with a specific activation lawon tunneling spectroscopy on QC samples. To our knowl-
a(T)=oexd —(Tes/T)¥?] when kgT<=A.s (the Efros edge, different techniques have been used at low tempera-

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

VI. COMPARISON WITH OTHER TUNNELING
SPECTROSCOPY RESULTS
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ture: STS(Klein et al?* and Davydovet al?), break junc-  voltage square-root dependence with high tunneling resis-
tions (Davydov et al?®, and planar junctiongEscudero tance R=100 MQ) as well as low values R=50 k()

et al,?® Guohonget al%’). comparable to the study in Ref. 25.
In agreement with our present finding, no clear intrinsic
A. Absence of multiple fine structures parabolic dependence was found by Escudsgral 2® around

zero-bias, with a resolution good enough to detect the super-

The first point is the absence of the multiple sharp peak%onducting gap of Al and In. Typical tunneling spectra dis-

and pseudogaps in the tunneling spectra of QC’s predicted iBIay a parabolic dependence at high voltags0 mV and
the DOS of QC'’s fromab initio calculations. Our tunneling more and a square-root dependence at low voltages. A

results are in agreement with ST®efs. 24 and 2band 4 nded shape is observed only below 1 mViiAlCuFe
break junction measuremerftswe have observed a single alloys, which corresponds to the thermal broadening energy
sharp dip, ‘symmetric anql centered at zero-bias. No oth T=2K). For ani-AlPdRe ribbon, the rounded shape ex-
peaks or dips are visible in the range300 mV+300 mV. o 4g up to 10 mV, i.e., ten times the value expected from the
When other structures are observedch as in Figs. 3 and ermal proadening. This last feature might be due to an

4), they are either nonreproducible, or symmetrical aroun AlPdRe specifici . i
; S ; - pecificity (very high resistivity pak / p3o>30
zero-bias and even periodically spaced in voltage. Becausg, q jnsylating staje Escudercet al. have tentatively fit their
of such symmetry, a DOS origin can be ruled out for these i, ith the square-root la@6) according to AA and Mc-
spectra since many irregular structures are calculated for thgy o theories, but the fit was found in disagreement with
Poi' g’lve Ea(\j’e c?fnfldently aLscnbed these spectra to the Coyfe eyperimental data. Note that the fit was constrained to
omp blockade € ectésee a ove Sec. IV take the valu&s(U=0,T) at zero-bias, although the AA and
Similarly, most of the tunneling spectra measured by ESy;cnsijian models break down at energies of the ordek gt

cuder_oet al?® display a single symmetric_dip centered at the(and obviously, below the broadening enérgyhich may
Fermi level. In one case, an asymmetric feature was meae'xpléin the disa{greement

sured on an Al-AlCuFe junction which was ascribed to the Finally, the tunneling spectra measured by Guohong

predicted fine structure. This spectrum appears only once ang 527 5¢ high fields on a less resistive decagonal phase also
was attributed to the tunneling through a perfect QC graingpow a negative concavitisquare-root-like which extend

For our measured spectra locally similar to this one, we thinlﬁown to 0.5 meV. But no detailed analysis of the voltage
that a more plausible explanation is extrinsic effgdsfects dependenc;e was berformed

in the barrier, localized states, etc.

Guohonget al?’ have ascribed their spectra to the pre-
dicted fine structure in low-temperature spectroscopy on an C. Correlation with the alloy resistivity
Al/ d-AINiCo planar junction. The tunneling spectra displa . _ . .
sharp peakspand pjseudogaps, but unex%e(?tedly syrr?mgtric The_ last point to be discussed is the amplitude of the
according to zero-bias. It was shown I3fethat these peaks zero-bias anomazlg. . -
are due to nontrivial superconductivity effects, induced by Davydovetal™ have estimated that the more resistive

the presence of the superconducting Al thin-film electrode!N€ Phase is, the deeper is the anomaly. As in our case, it was

Interestingly, at high field, the tunneling spectra exhibit ghoted that the values vary considerably from one tunneling

single dip, symmetric and centered at zero-bias, in agreemeﬁ 'ntact to another. Tha parameters extracted from the Mc-
with the other studies. illan law (16) follow the same trend, withh of the order of

40 meV fori-AlPdRe and 140 meV forrAlCuFe. A qualita-
tive comparison with our results is difficult, since our data
are quite spread over and we were not able to deduce a
The voltage dependence of the tunneling spectra close teliable average value. For theAlIPdMn single grain pre-
zero-bias appears more controversial. pared under UHMnot studied by Davydoet al), the fluc-
Klein et al. and Davydovet al. have reported a square- tuations were smaller and we find a range of values in rea-
root voltage dependence at high voltages, which evolves tasonable agreemeni\(in the range~30-380 meV).
wards a parabolic dependence at low voltages. The concavity Escudercet al?® have noticed a trend in the shape of their
change is observed around 30 mV. The energy crossover wasnneling spectra as a function of icosahedral alloys resistiv-
tentatively explaine®® by using the energy-length scale ar- ity. For more resistive samples, the parabolic shape starts at
gument(see Sec. V C: the square-root behavior could reflechigher energies, and the central square-root dip appears
the properties of a disordered layer beneath the surfaceyider. The parabolic energy dependence is interpreted as the
whereas the parabolic shape would reflect the QC bulk progarge DOS pseudogap expected and already measured by
erties. other techniques. The tunneling resistances used by Escudero
In the present STS study, we have observed a square-roet al. range between few 10 and few K). In our experi-
voltage dependence down to 5 mV. Most probably, the parament, a large parabolic pseudogap also appears at high volt-
bolic dependence a few millivolts around zero-bias is due tage for such low tunnel resistances. This can be simply ex-
the noise level of the experiment. It is not clear what is theplained by a reduction of the tunneling barrier with the
reason for the discrepancy for theAlPdRe andi-AlCuFe  junction resistancésee Figs. 8 and)9 Moreover, we have
samples measured in both experiments, which were prosbserved that an increase of the tunneling resistance shifts
duced in the same laboratory. Also, we have found low-the parabolic dependence towards higher voltage, within the

B. Voltage dependence of the tunneling spectra close ¢
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same sample. Unfortunately, Escudetaal. have measured from the thermodynamic DOS measured by specific-heat
the more resistive samples with the higher tunneling resismeasurements. Similar precautions must be taken when com-

tances, which forbids any reliable conclusion. paring with nuclear-megnetic-resonance or photoemission
experiments.
VII. SUMMARY The present analysis also underlines that some caution

. ) . ) should be exerted while extracting the intrinsic behavior of

The first conclusion of this tunneling spectroscopy studyihe QC alloys. We have found clear signatures of the Cou-
on highly resistive icosahedral alloys is that we did not ob-jomp plockade phenomena, such as incremental charging of
serve the fine structure predicted by LMTO calculations. On&ingle grains. Indeed, a poor control of the surface state is
possible reason may be that LMTO calculations do not tak@yne of the major limits of this and previous studies. Tending
into account disorder and electron-electron interactions. Ingg 4 petter control, we have performed the first tunneling
deed, there is a general agreement on this point between alhectroscopy measurement ofialPdMn single grain with
the tunneling experiments performed so far. _ a surface carefully prepared and characterized under UHV.

The second conclusion is that the quasicrystalline surfaceghe flyctuations from one location of the STM tip to another
are characterized by a square-root dip in th&[1OS. This  on the surface are smaller than for ribbons or thin films.
dip is symmetric, centered at the Fermi level, and the squarpreparation of quasicrystalline single grains surfaces have
root energy dependence is followed up #8800 meV. In  peen in steady progress recently, especially initA#dMn
analogy with what has been predicted and observed in disogndj-AlCuFe alloys. It would be very interesting to perform
dered systems, we naturally expect a square-root singularity scanning tunneling spectroscopy experiment at low tem-
in the 1e-DOS close to the Fermi level. It comes from the perature under UHV on a bare surface. On the other hand,
combined effect of electron-electron interactions and disorpjanar junction measurements with high quality tunneling
der. The fact that the square-root energy dependence is OBarrier (no pinholes could also provide complementary in-
served up to=100 meV is surprising, since we would have formation since fluctuations are naturally averaged in this
expected an inflexion reflecting the QC specific diﬁusiontechnique_
laws. It thus appears that the low-energg-DOS (referring Finally, the origin of the high resistivity observed in
to the Fermi level such as the conductivity and magneto- jcosahedral alloys is a recurrent question that is again em-
conductivity at low temperatures, is similar to what is ob-phasized in this study. It appears that a complete picture
served in disordered systems at proximity of the Mott-should include not only the quasiperiodicity, but also disor-

Anderson Ml transition. _ ~ der (always present at large length scalesd electron-
The third conclusion is that spectra with a negatave glectron interactions.

(dl/dU=a+b\|U]) have been measured fdrAlIPdRe
only. In disordered systems, this feature was observed in in-
sulating samples. However, we have not observed the Efros-
Shklovskii parabolic dependence around zero-bias, which We acknowledge T. Grenet and F. Giroud for kindly pro-
might require a much better resolution than the present oneiding the i-AlCuFe thin films, and G. Fourcaudot, J. C.
We have also discussed in this paper the nature of th&rieco, and C. Gignoux for theAlPdRe ribbons. A. G. M.

density of states measured by the scanning spectroscopynsen is also thanked for providing the original STM setup.
technique. For example, theeDOS is a priori different ~ We are grateful for enlightening discussions with D. Mayou.
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