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Abstract. Point contact and tunnelling experiments performed at low temperatures were used
to study the electronic behaviour of the icosahedral quasicrystalline alloys AlIPdRe, AlICuFe, and
AlPdMn. With samples of high quality we observed at low temperatures a zero-bias anomaly that
we related to the decrease of the electronic density of states (DOS) due to the electron—electron
interaction. This interaction tends to diminish the DOS at the Fermi level and can be seen as the
energy pseudogap of the alloy. Our experiments indicate that the DOS is strongly modified near
Er and consists of a spiky feature in a broad pseudogap, with the width of the feature of the order of
100 meV or even larger for the AIPdRe, whereas itis as small as 20—22 meV for Al-Cu—Fe and 17—
20 meV for Al-Pd—Mn. The broad pseudogap has widths larger than 400 meV for AIPdRe, whereas
for AICuFe it is about 80—90 meV and for AIPdMn it is of the order of 110-122 meV. The studies
were performed on three samples of the compositiong #Mt1Res 5, Aleg2Pth28Mngp, and
AlgzCusFer. The junctions were of the types alloy—Au(In, Al) and alloy—insulator—Au(In, Al),
and were studied at different temperatures between that of liquid nitrogen and 2 K, and even to
400 mK for the AlCuFe alloy.

1. Introduction

From the experimentalist’s point of view it is established that for a quasiperiodic structure the
physical properties mainly related to the electronic behaviour, e.g. transport properties, clearly
indicate that the electronic behaviour is radically different to that occurring in crystalline
structures—i.e. resistivity increases when the structural perfection increases; thus, in a very
crude approach, by comparison to the situation induced by disorder in metallic alloys, one can
speculate that the Anderson localization increases as the quasicrystal (QC) purity and structural
perfection increases. The problem of whether the electronic wavefunctions are extended or
localized is currently a matter of debate. In any case, it is now clear that the conventional
picture of Anderson localization in disordered systems is not relevant to QCs [1-3].

Another interesting experimental result observed for QCs is that found for AICuFe and
AlPdRe, i.e. the high values of the resistivity at low temperatures [1]; this is considered
consistent with the presence of a significant reduction of the density of states at the Fermi
level. This reduction of the density of states can be assumed to be due to a strong electron—
electron interaction [4, 5] which supports the stabilization of the quasicrystalline structure.
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This feature or pseudogap at the Fermi level has been predicted theoretically by Fujiwara [6]
and Fujiwara and Yokokawa [7], in efforts to explain the stability of QC alloys. It is important

to mention that the presence of a Hume-Rothery-like pseudogap was predicted a long time ago
by Friedel and Bnoyer [8]; this has also been suggested as the origin of the stabilization of
QC structures.

Some experimental evidence that reinforces these theoretical assumptions of the existence
of a pseudogap can be found in measurements of the specific heat capacity at low temperatures,
which indicate a very small electronic density of states (DOS) at the Fermi level, corresponding
to a very small electronic termr, between just 1/4 (for AlICuFe [9, 10]) and1/10 (for
AlIPdRe [11-14]) of the value for pure aluminium metal. In addition, photoemission [15, 16]
and soft x-ray emission spectroscopy [17,18] have revealed the presence of awide pseudogap of
about 1 eV aftr, in AIPdMn, AICuFe, and AIPdRe. We note at this stage that one of the most
unusual electrical properties of QCs—the very large Bwesistivity of AIPdRe compared
to that of AICuFe—cannot be explained by a corresponding reduction of the electronic DOS
at Er: whereas the resistivity ratio of the two systems can reach a possible value of 100, the
reduction in they-term is only by about a factor of 2. Other experimental features, such as
the relative insensitivity ofy to thermal annealing in contrast to the case for the electrical
resistivity [14], confirm that the high resistivity value of high-quality QCs is not of band-
structure origin.

In order to test the very important prediction of Fujiwaetal [2, 7] that the quasi-
periodicity could yield a very spiky fine structure of the electronic DOS over an energy scale
of about 10 meV, which could also explain the unusual behaviour of the thermopower and
Hall conductivity [2], spectroscopic techniques having better resolution than photoemission
or x-ray spectroscopy, usually limited to 0.4—0.5 eV, have to be used. This is the case for high-
resolution tunnelling or point contact tunnelling spectroscopy techniques, which are frequently
used in solid-state physics to probe features of the electronic DOS close to the Fermi surface,
but until now rarely in the case of QCs. It is important to point out that these two techniques
have a high resolution which is of the orderigfT’; so at 4 K the resolution may be as good
as 0.35 meV.

A first investigation of AlCuFe QC films by scanning tunnelling spectroscopy by Klein
et al [19] has produced evidence of a narrow gap, 60 meV wide at about 4.2 K. A second
STM investigation by Davydoet al [20], on AlCuFe and AIPdRe QC ribbons, of better
resolution, has confirmed the presence of a pseudogagfox 50 meV, but did not show
other pseudogaps in the energy region ne@ss eV, or even at energies lower than 50 meV,
contrary to the theoretical predictions.

In this paper we will present a comparative study of the electronic structure around the
Fermi level, by tunnelling and point contact spectroscopy, of three different QC species of
high structural quality, which are characterized by very different electrical transport properties:
AlCuFe, AIPdMn, and AlPdRe. With tunnelling spectroscopy we are able to probe in a direct
manner the evidence of pseudogap features, and also the variations of the density of states,
whereas with point contact spectroscopy we can, at least, observe—but in different form—the
features of the pseudogap.

The high-resolution junction devices used here have allowed the study of the temperature
dependence of the differential conductance from liquid nitrogen temperature down to about
2 K, and even down to 0.4 K in the case of AlICuFe alloy—information not available from the
early STM technique.

With these techniques we are able to observe many of the physical phenomena that occur
in the density of states close to the Fermi surface, and, accordingly, to study some of the
scattering processes and characteristic features around the Fermi level. The main results of
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this work are the following:

(a) The observation of different values of the pseudogap feature for the three different QC
alloys studied.

(b) The determination of a spiky feature of small width, superimposed on a broad pseudogap;
this broad pseudogap reaches values of several hundreds of mV in some QCs.

(c) The dependence ontemperature of the electron—electron Coulomb interaction, at the origin
of the pseudogap, which is strong at lower temperatures, and becomes negligible at about
50 K for QCs of AIPdMn and AICuFe, whereas it remains very strong at 70 K for the QC
alloy AlPdRe.

(d) The absence of any fine structure other than that centred at the Fermi energy.

2. Experimental procedure

2.1. Sample preparation and characterization

Firstly, let us summarize the electronic properties of the alloys investigated. The high-quality
species of QCs under study show very different electronic characteristics:

(@) AIPdMn (with 9 at.% Mn) has a resistivity close to£0Q2 cm, not very far from the
values for amorphous metallic alloys, with a small overall variation—Iless than 10% over
the temperature range from 4 to 300 K—and with a very-lbwegime governed by
magnetic interactions.

(b) AlCuFe shows a lowF resistivity four times that of AIPdMn, with a characteristic negative
thermal coefficient corresponding to a resistivity rakie= p4k /0300 = 1.8.

(c) AlPdRe shows the highest resistivity among these QC species, and a large resistivity ratio,
pak/ p3ook, Which can reach values of 100 to 200, depending on the sample [14, 21].

In this work we used QCs that show ratios between 30 and 100.

In contrast to these marked differences, as outlined above, photoemission or x-ray emission
spectroscopy (in general of about 0.3-0.5 eV resolution) did not reveal significant differences
among the three species in their electronic DOS garwhich were characterized by wide
pseudogaps of about 1 eV [16-18, 22].

The results of photoemission studies of better experimental resolution (50 meV in the case
of AIPdMn [23] and 0.14 eV for AlCuFe [15]) are also consistent with a broad and smooth
pseudogap feature, without any fine spiky structure. Very recent photoemission experiments
of very high energy resolution10 meV) [24] have confirmed the presence of the pseudogap
in the three QC species with a half-width of the dip in the DOS of 0.22, 0.35, and 0.21 eV for
AlIPdMn, AICuFe, and AlIPdRe icosahedral alloy, respectively. In addition, a Fermi edge is
clearly detected at low temperatures, which confirms that the alloys remain metallic. Again,
in these studies, the theoretically predicted spikiness of the DOS could not be observed within
the 5 meV experimental resolution.

2.1.1. Al-Pd-Mn alloys. The samples used in this study came from a large-size parent rod
grown by the Czochralski technique at the LouiseNLaboratory in Grenoble, France, which

has been characterized as single phased, of perfect icosahedral symmetry, with negligible
phason disorder. The composition issgdPd2gMng o with an uncertainty oft0.2 at.% for

each element [25]. The resistivity data reported in figure 1 are in general agreement with
previous data obtained for melt-spun samples, for similar compositions [26]o (Thecurve

is characterized by a wedk-dependence (an overall variation of 8% between 2 and 300 K)
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Figure 1. The temperature dependence of the resistivity forggAPc2sMng . The inset shows
the behaviour at low temperature.

and by a broad maximum around 150 K. As reported by Lat@[26], there is an upturn in

the heliumT -range, which is ascribed to magnetic scattering by the localized Mn moments;
see figure 1, inset. Indeed the DC susceptibility data measured with a field® @ f6r

this sample reported on in figured(are in good correspondence with those obtained for an
AIPdMn (9.6 at.%) single-grain sample, widely investigated by magnetic and specific heat
techniques [27]. There is a paramagnetic contribution to the magnetic susceptibility, with a
Curie constant at low field af = 0.966x 10~*emu K g* or 4.6 x 10~2 emu K mot for the
present AIPdMn alloy (9.0 at.%)—see figuréR-compared taC = 1.6 x 10*emuK g?

for AIPdMn (9.6 at.%) [27]. For this latter composition we have detected a spin-glass ordering
at7T, = 1.1 K, with an estimated concentration of Mn magnetic moments whict4t bf

the total number of Mn atoms.

2.1.2. Al-Cu-Fe alloys. The samples came from a large-size polyquasicrystalline ingot
prepared by conventional casting, and subsequent annealing at CECM (Vitry, France). The
characterization and specific heat data were reported in a previous paper [28] (under the sample
reference AdsCupsFeo-b). The ingot was also icosahedral single phased, with a structural
state close to the ideal quasiperiodic phase, and possible fluctuations of composition up to
0.5 at. % in the Fe or Cu, due to the large size of the sample. The resistivity data reported
in figure 3 givepzpok = 263012 cm and a resistivity rati@, / 0300k = 1.82, in excellent
agreement with previous measurements on ingots of similarly high structural quality [29].
Note that, as in the case of AIPdRe, the resistivity value is very sensitive to the composition.
Specific heat measurements performed on this ingot, if analysed below about 2 K
in a conventional manner a§ = yT + BT3, yield an electronic coefficieny =
0.345 mJ mot! K2 and a lattice terng = 0.011 mJ mot! K—#, which corresponds to
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Figure 2. (@) The temperature dependence of the DC susceptibility foggARdh28Mng in a
field of 10° Oe. () Susceptibility versus/IT': the slope represents the Curie constant, with a value
0f 4.6 x 10~3 emu K mol L or 0.966 x 104 emu K g L.

a low-T'-limit Debye temperaturé, = 560 K [28]. Both they- andg-values are in excellent
agreement with the previously published ones determined for the sanfetamnge [10]. The

high Debye temperature, defined only in the low-temperature limit, gives additional evidence
for the quality of the QC phase. Magnetization measurements, performed on parts of the ingot,
using sensitive SQUID techniques at the CRTBT-CNRS, could detect a small paramagnetic
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Figure 3. The temperature dependence of the resistivity forgsBLpsFe; .

contribution in addition to the diamagnetic intrinsic one, which yields a fractionsofl®—*
of the total number of Fe atoms which are magnetic (with $pia 2).

2.1.3. Al-Pd-Re alloys. The Al-Pd—Re quasicrystals were also prepared at CECM-CNRS
(Vitry, France). AlosPdhiRess ingots were made from high-purity elements by induction
melting, under helium atmosphere. The entire ingots were re-melted and rapidly quenched
by planar flow-casting on a rotating copper wheel under helium. The flakes produced were
annealedina good vacuum at 3@for about six hours; itis worth mentioning that this last step

of the preparation method is very important for relaxing strains and avoiding inhomogeneities.
After this heat treatment, the x-ray diffraction spectrum from the powered samples consists
of very sharp peakall of whichhave been indexed using an F-type icosahedral quasicrystal.
These measurements show that the samples are single phased, and of high structural quality.
The characterizations of the electrical properties of the alloys were also performed by electrical
resistance measurements between room temperature and 4 K. Figyresdédp) present
typical behaviour, with ratio® = R4k /R300k from 30 to 100 respectively (no attempt was
made to evaluate the resistivity value, due mainly to the difficulty of estimating the geometrical
factors of irregular pieces). In particular, we used the QCs shown in figure 4, to fabricate the
junctions and to evaluate the width of the pseudogap, and these experiments will be described
in the following sections. This value of thratio is another indication of the quasicrystalline
perfection of the alloy, and is in good agreement with other data from the literature, where the
variations of the resistance ratio among different samples have also been noted [30]. Resistivity
data from the literature indicate values at temperaturddonhich are of the order of £ cm,

which are comparable to those for doped semiconductors. In contrast to this behaviour, the
electronicy-term of the specific heat remains typical of semi-metallic alloys, with values in
the range 0.10 to 0.15 mJ mdlK 2 (see, for instance, references [11-14]). These results
indicate that the large increase in resistivity, in comparison to that of Al-Cu—Fe, is not related
to modifications of the band structure Bf. This conclusion was also established from the
unrelated variations gf;x andy among different Al-Pd—Re samples [14].
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Figure 4. The temperature dependence of the resistance of two samples-ofsP&bi1Reg 5. The
ratio of resistanc&® = R4k /R3o0k is (¢) 30 and {) 100.

3. Tunnelling and point contact spectroscopy

The main study of the quasicrystalline alloys was performed using tunnel and point contact
junctions. These junctions are formed in general when a sharp metallic tip touches a metal,
or the alloy under study. The two techniques, tunnelling and point contact spectroscopy
(PCS), have been used to probe gapping, nesting, and scattering processes, and excitations
which occur in numerous systems in solid-state physics [31-36]. In addition, variations on
the electronic density of states (DOS), such as non-constant DOS, can be studied [37]. This
is in fact the main aim of this paper—to show that with these two techniques we can probe
with very high resolution the pseudogap features developed in QC systems. With tunnelling
spectroscopy we are able to probe in a direct manner the evidence of pseudogap features,
and also the variations of the density of states, whereas with point contact spectroscopy we
can, at least, observe—but in a different form—the features of the pseudogap. We should
perhaps mention that in all former spectroscopic studies performed with PCS or tunnelling,
it was always considered that the DOS was a constant without any variation. However, if
this case arises, then the experimental information obtained from the tunnel junctions (as the
differential resistance at zero bias) will represent a maximum, or the equivalent minimum in
the differential conductance. This behaviour was shown in particular in early experiments
performed on semiconducting systems by Bermon and So [38], and explained theoretically by
Altshuler and Aronov [4].

From the theoretical point of view, this can be seen in the expression for the clffnt
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in the form [39]:
1(E) = A|T|2/ Nu(E)Natog(E +eV)[f(E) — F(E+eV)]dE. (1)

Here|T | may be a constant matrix element that is very much dependent of the type of junction,
while A is a constant related to the characteristics of the junction and barrier, and to the velocity
of the electrons that pass through the constriction. Whare the densities of states of the

two electrodes (metal and alloy) that form the junction. Within this simple framework of a
semiconductor model, in general it is assumed that the independent-particle approximation for
the densities of statééy (E) andNaiey (E) are constant nedz. Nevertheless, itis reasonable

to think that changes in, for instanc¥ui0y(E) would influence the behaviour df(E), and

these changes will be necessarily observed in the behaviour of the differential resistadée d
Accordingly, dramatic changes will be seen if pseudogaps or mininva i) develop. These
changes, as a consequence, will lead to a maximum at zero bias voltaggdh, &ind also to
peculiaritiesin dV /dI. If the variations are slight or not very well defined, we can obtain the
d?V /dI2 characteristic in order to improve the experimental resolution. It is worth mentioning
that in past experiments performed by other workers on mixed-valence compounds, and on
some metals and alloys with lanthanides, zero-bias anomalies (ZBA) were observed in the
spectra of point contacts that were attributed to minima, gaps, or pseudogap features in the
DOS [40-48]. Lastly, we must mention that we are considering here only elastic scattering
processes, and that other excitations are not taken into account. Nevertheless, this simple
model can give us a qualitative view of our experimental observations.

Tunnelling spectroscopy is a very precise spectroscopic technique, and it is very well
known that is one of the mostreliable and direct probes for studying the superconducting state—
particularly the energy gap and the elementary excitations. But, as previously demonstrated, it
can also be a very useful tool for studying other electronic processes and changes in the DOS
that occur in semiconductor or metallic systems.

3.1. Junction preparation and characterization

In order to probe the pseudogap features of the QCs under study, we fabricated junctions
with one of the electrodes being In, Au, or Al wire of high purity (99.999%) and diameter
¢ = 5 um, the other electrode being the specimen to be studied. The junction configuration is
the standard one: QC alloy—Au (In, Al). To form the junction, we take into account the native
oxide that grows on the surface of the alloy. In other cases it was removed from the surface
with an etching solution and the cleaned piece of QC was left in the air of the laboratory for
different periods of time. The small diameter of the wires permits us to form junctions of very
small area. The junctions are made by crossing the wire over the surface of the sample, taking
care that the area of the contact is as small as possible. To obtain this small area of contact,
we have to cut a piece of the alloy, leaving a sharp edge in such a form that when the wire
crosses this part of the alloy it touches only one edge of the sample. The junctions fabricated
in this form have dimensions which in general are smaller thanllum?, as observed with
a microscope. The junctions were measured at temperatures between 1.7 K and 40 or 70 K
depending on the sample. We made measurements on about 20 junctions of each alloy, and
checked that the results were reproducible. One of the important characteristics of this type of
junction is the thermal stability—in contrast to what in general occurs in usual point contact
junctions or STMs where, due to the thermal contractions that occur when the temperature
changes, the part of the area of the crystal which is being sensed also changes [34, 49].

The measurements of the differential resistané®,df , for both point contacts and tunnel
junctions, were performed by using the conventional lock-in and modulation techniques [36].
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Once we have collected all of the information ovifil/ versus the bias voltageé at different
temperatures, we can obtain the differential conductance by taking the inverse of the differential
resistance.

4. Results and discussion

We have studied the devices over the range of temperatures from around 77 K down to 2 K|
and even in the case of AlCuFe to 0.4 K. We observed a dramatic reduction of the density of
states close to the Fermi energy. This anomaly in the density of states may be identified as a
pseudogap. This pseudogap is not very well defined at high temperatures, but is very clearly
defined at lower temperatures. In the many different junctions built to study this feature, we
observed that the width of the pseudogap remains more or less constant when the temperature
is changed, but is smeared outhyr'. However, we observed that the depth of the anomaly
changes and increases as the temperature decreases; the width remains constant but the DOS
begins to become spiked, mainly at the Fermi level.

1.9 T T T
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0
Voltage (mV)
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1.5 _ _
Tunnel junction AlCuFe-In

. ! . ! . ! . ! . ! .
-300 -200 -100 0 100 200 300

Bias Voltage (mV)

Figure 5. The differential conductanag(V) as a function of the bias voltage for a tunnel junction

of AlCuFe and indium at different temperatures between 50 and 4 K. Note in the central part of
the curve the presence of the pseudogap. For clarity, the curves have been displaced vertically by
constant amounts. The inset shows in detail the difference between the data at 50 and 4 K; the
arrows indicate the size of the narrow feature and the broad pseudogap.

The width of the pseudogap (or spiky feature) can be defined as is indicated by the arrows
on the tunnelling spectrum curves shown in the various figures. We can see for instance, as
one example, the arrows defining the spiky feature and the size of the pseudogap in figure 5.

4.1. AlICuFe junctions

Differential conductance(V) = dI/dV) versusV characteristics for tunnel junctions of
AlCuFe—In, AlCuFe—Au, and AlCuFe—Al of the above-mentioned compositions show similar
and very symmetric characteristics. The thermal stability of the junctions allowed us to perform
measurements from 50 Kto 2 K, and even to 400 mK. A typical set of characteristics for atunnel
junction of AICuFe—In are displayed in figure 5; the curves have been displaced vertically by
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constant amounts, for clarity. It seems that a central feature is developing as the temperature
decreases. The parabolic background changes in the central part, and starts to show a ZBA at
a temperature of around 30 K. At lower temperatures the feature is well defined and becomes
very evident from temperatures starting at 20 K and below. In the inset of the same figure we
show the variation of the ZBA as compared with the curve at 50 K; the arrows show the spike
feature and the broad pseudogap. This definition of the narrow pseudogap (as indicated by the
arrow heads) is taken at the inflection of the curve, whereas the broad feature is taken to be
when the two curves start to separate at high voltages. This figure and the inset show the size
of the anomaly at low voltages as determined when the two curves start to separate (roughly)
at around-47 meV, and~ + 37 meV. This inspection reveals that the width is about 84 meV.
The width of the ZBA in the peaked central portion of the curves fluctuates between 20 meV
and 22 meV, as determined for different junctions.

1.66

1.65 -

G(107s)

AlCuFe-In
1.63 - T=2 K .

-60 -40 -20 0 20 40 60
Bias Voltage (mV)

Figure 6. The differential conductance for the tunnel junction of figure 5 at a temperature of 2 K.
The curve shows the superconducting energy gap of In.

In order to be completely sure that the data that we are observing are the tunnelling
characteristics, it is important to check the spectrum of the junction with a superconducting
electrode to see the development of the energy gap feature of the superconductor. In order to
do this, we used a tunnel junction with one superconducting electrode. The indium electrode
becomes superconducting at about 3.4 K. In figure 6 we clearly see the superconducting gap
feature which appears when the temperature goes down below the superconducting transition
temperature. It is very important to mention that in fact this is really the only reliable method
of verification for a tunnel junction and that the characteristic of the differential conductance
versus bias voltage is indeed due to tunnelling currents. This check was carried out for all
of the measurements reported in this work using superconducting electrodes. Following our
analysis, in figure 7 we show the variation with temperature of the differential conductance
normalized to the value at 50 K; we can see in this plot the decrease of the density of states
around the Fermi energy due to the opening of the pseudogap feature At IG¥early this
figure shows that the pseudogap is developing and the DOS is being reduced.

Infigure 8, we show another tunnelling spectrum of thgBlpsFe ,—Al taken atl” = 2K;
we observe the characteristic feature of the pseudogap in the central portion of the curve. As
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Figure 7. G(T')/ G (50 K) versus temperature for the tunnel junction of AICuFe—In of figure 5; this
shows the reduction of the density of states, from 50 to 4 K, due to the occurrence of the pseudogap.
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Figure 8. The differential conductance for an AICuFe—Al tunnel junction at a temperature of 2 K.
The characteristic shows an asymmetric structure on only one side of the curve.

mentioned before, the small area of the junctions permits investigation of local variations, and
thus the local depression in the DOS. It seems that a fine structure appears in different parts of
the sample. Itis important to mention that our very small junctions sometimes show very fine
structures. Areasonable explanation for this is that in the tunnelling area of these samples there
may be portions of material with a better structural quasicrystalline quality than other parts of
the QC. Due to the small size of the junction, producing a complete evolution with temperature
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Figure 9. The differential resistance versus the bias voltage for an AICuFe—Au junction at 0.6 K,
and 0.4 K (inset). The data were taken with a very small modulating voltage and at low temperature,
in order to minimize the thermal and instrumental smearing.

becomes a very difficult task, because thermal contractions move the area which is sensed by
the junction. In figure 8 we see a spiky feature followed by an asymmetric structure similar, in
some ways, to the DOS spectra predicted by Fujiwara and Yokokawa [6, 7]. Lastly, for AICuFe
junctions other than those represented in figure 7, more information was obtained at still lower
temperatures, as shown in figure 9, down to about 600 mK. In this figure it seems that the
feature of the pseudogap persists, but without any additional fine substructural peaks. At this
lower temperature the modulation voltage was kept as small as the thermal noise, in order to
allow observation of the data with the minimum thermal or modulating voltage broadening.
The characteristic shows the same background, and no traces of further fine structure in the
spectrum. In this figure the inset shows the central part of the peak at 400 mK, with no
additional features appearing.

4.2. AIPdMn junctions

Figure 10 shows the differential conductance versus the bias voltage for a set of typical data
for a tunnel junction at different temperatures, obtained for a junction of AIPdMn-Au. For
clarity the curves were vertically displaced by constant amounts. The most notable feature in
these figures is the central peak at zero bias voltage (the so called ZBA). The width of this
pseudogap feature is about 17—20 meV, which represents the averaged spread obtained over
20 junctions. These values have been obtained by taking measurements of the width which
is defined by the arrows on each side of the ZBA. The changes of width can be ascribed to
inhomogeneities of the alloy in different parts of the specimen measured.

The next feature worth observing is related to the smearing of the peak as temperature
increases. In figure 10 we note that at low temperatures the central peak is clearly defined, but
it disappears with increasing temperature. The inset of this figure shows a closer view of the
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Figure 10. The differential conductance for a tunnel junction of AIPdMn—Au, at temperatures
from 25 K to 5 K. The characteristics are identical at high bias voltages. Note the clear distortion
of the curve at low temperature indicating the presence of the pseudogap. The inset shows the
modification of the differential conductance at 2%i&K due to the presence of the pseudogap.

two curves taken at 5 and 25 K; here the vertical axis represents the normalized differential
conductance. Closer inspection reveals that the anomaly starts (roughly) at aidbinteV,

going to about +68 meV, so the width of this feature is about 113 meV. The spiked feature
is as narrow as about 17-20 meV centred at the Fermi level. It is interesting to observe that
a deformation emerges in the density of states in the parabolic background on both sides of
the ZBA.

This dependence of the zero-bias anomaly on temperature must necessarily be due to
variations in the electronic interaction strength that lead to an enhancement of the cohesive
energy. This interaction, according to our experiments, strengthens with the reduction of
temperature. Figure 11 shows the evolution of the anomaly, plotted as the differential
conductance normalized with respect to the differential conductance at 25 K, which is the
conductance at which the pseudogap starts to be defined (of course, the feature seems to appear
at higher temperature according to the experiments, but can be neglected for temperatures
higher than~40 K). The decrease of the normalized conductance as the temperature decreases
means thatthe DOS is decreasing in comparison to the DOS taken at 25 K, due to the reinforcing
of the pseudogap feature.

A very important test to check the behaviour of our junctions in order to probe whether
this ZBA is due to the reduction of the DOS in the alloy, and not to other effects intrinsic to the
junction itself or to the magnetic behaviour of the alloy, is the test of the character of the ZBA
made by observing its behaviour in the presence of high magnetic fields. We have performed
measurements in magnetic fields as high as 5 T. Our experiments show that the ZBA is not due
to magnetic effects—for example, a type of Appelbaum ZBA frequently observed in tunnel
junctions when the electrodes that form the junction have a magnetic character [36, 50, 51].
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Figure 11. Normalized conductances(7')/ G (25 K) as a function of temperature for the tunnel
junction of AIPdMn-Au of figure 10, showing the depression of the density of states due to the
presence and evolution of the pseudogap.

For these junctions and using these data, we determine a pseudogap feature centred at
around the Fermi energy, with widths between 17 and 20 meV, but revealing the deformation
ofthe DOS at energies of width around 110-122 meV, and without any additional fine structure.

4.3. AIPdRe junctions

In figure 12 we present data for a point contact junction formed with AIPdRe—Au measured
at temperatures from 70 K to about 2 K. The electrical resistance of the QC studied in
these junctions was measured and is shown in figusg 46e QC has a resistance ratio
R = R4x/R300k = 30. We observe a dramatic evolution of the ZBA in the differential
resistance versus voltage characteristic. In this figure the change suffered by the ZBA when
the temperature is reduced to ab@wK reaches an extraordinarily high value, increasing in
value from about 5@ at 70 K to about 50 at 2 K. Another feature can easily be seen in
the curves, mainly at loweF: for instance 82 K we candetect a change at abatt840 mV
(as marked by arrows).

More information related to the data of figure 12 can be seen in figure 13, where we have
plotted the differential conductance for just two curves? & and 50 K. To emphasize the
effect of the temperature on the pseudogap feature, the curves were displaced to superpose on
each other and so to emphasize the differences between them. Note that at 50 K the behaviour
is parabolic, without any additional structure, whereia® K a ZBA deviation occurs at zero
voltage; also note that the feature observed in figure 12, as an inflection ataB4QtmV,
can be seen in the differential conductance as a very slight peculiarity at the same voltage, but
now enhanced because of the difference between the parabolic behaviour at high temperature
and the non-parabolic behaviour at 2 K. In the inset of this figure we see clearly the ZBA at
2 K, with a width of the order of 120 mV.

Figure 14 shows the characteristic of a tunnel junction made with the QC of figkire 4(
which has a resistance ratlb= 100. Here, as in other tunnel junctions, the second electrode
was Au. The oxide used to form the barrier of the junction was the oxide formed by, first,
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Figure 12. The differential resistance for a point contact junction of AIPdRe—Au at different
temperatures from 70 to 2 K; the AIPdRe quasicrystal has a resistance r&ie-g0. Note the
dramatic increase of the ZBA on decreasing the temperature.

cleaning the native oxide of the surface of the QC, and, secondly, leaving the sample exposed
for a period of time to the laboratory atmosphere.

In this tunnel junction we can see, as in the point contact junction of figures 12 and 13, a
similar dramatic change of the ZBA betwe2 K and 70 K, but now the peak is larger and more
spiky. In this junction the differential resistance at 70 K is close to X30fheasured at the
top of the peak of the ZBA, the intensity of the anomaly being of the order of4afkfined
from zero voltage to about100 mV. The large increases of the ZBA2aK were observed to
be about 300@ measured from the background of the ZBA, the value of which is of the order
of 18002 at —600 mV, to the cusp which is close to 60@0(note that the set of curves in
figure 14 were displaced vertically by constant amounts, X®00igure 15 shows the width
of the ZBA as determined by the horizontal arrows on the curve: this is about 105 mV.

The width of the pseudogap determined in nine junctions with resistanceRati@ound
100 varies around 100-110 meV. The interesting observation is that the ZBA (i.e. the spiky
pseudogapends to become narrower as the resistance ratiocreaseswhereas for junctions
with resistance ratios of the order Bf= 30 the spiky feature is more attenuated, as was shown
in figure 13. It is important to mention that in contrast to what occurs in junctions prepared
with other QC alloys, we consistently observed that the ZBA persisted at high temperatures
(at about 70 K) when the ratio of the resistan®ewas of the order of 100. This contrasting
behaviour, with respect to that of other QC alloys, could be a clear indication that the effects
of the Coulomb interactions are stronger in those QCs than in others.

Inrelation to these tunnelling measurements, it is important to remember that in tunnelling
experiments related to the study of the electronic localization, where it has been postulated
that the ZBA is the signature of the correlation gap, the tunnelling data are quite similar
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Figure 14. The differential resistance characteristic for a tunnel junction made with a quasicrystal
of AIPdRe with a resistance ratio & = 100. The curves are displaced vertically to show the
growing of the ZBA. Note also the sharpness of the peak.

to our experimental data. McMillan, White, Schmitz, Meekes and co-workers [40, 52-54]
have shown such a behaviour in studies performed on amorphous films, granular systems, and
chromium single crystals. Forthe former, a correlation gap is at the origin of the ZBA, whereas
for the latter the origin is the opening of a gap due to nesting of parts of the Fermi surface. To
obtain a better idea of the modification of the DOS by the electronic interactions in this QC,
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AlPdRe—Au, the resistance ratio of the QC beiig= 100. One can see clearly in the curves the
modification introduced by the presence of the pseudogap at 70 and 2 K; the widths of the features
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we have plotted in figure 15 the differential conducta6a® ) normalized with respect to the

420 meV differential conductancé;(420) (the normalized energy being arbitrary). At this
point it is important to remember that in tunnelling experiments at low temperatiés)

is proportional to the density of statds(E). Therefore, in view of the enormous change
observed in this figure, we assert that there is a strong modification of the DOS when the QC
is cooled to low temperatures. The larger reduction is observed close to the Fermi energy; the
width of the peak (the ZBA) defined by the horizontal arrows in the figure is about 105 meV,
but a wider depression is also observed, from abduf V to 0.2 V (marked by long vertical
arrows), this broader and large pseudogap being about-40DmeYV.

It has been noted in theoretical studies of disordered systems that the Coulomb interaction
has the consequence of reducing the DOS around the Fermi level, leading to a square-root or
logarithmic energy dependence of the DOS [4, 5, 52], and consequently of changing many of
the electronic properties of the systems—for example, turning the system into an insulator.
The depression of the DOS around the Fermi energy, or, in other words, the development of this
pseudogap feature, has been observed in many different disordered alloys by using different
experimental probes. In particular, electron tunnelling spectroscopy was used to study this
effect, and it shows, as experimental corroboration of the existence of a pseudogap feature in
the DOS, a ZBA which becomes sharper as temperature decreases [38,52,54-57].

However, in the case of the QC alloys, which can be considered as non-periodic but ordered
structures, in fact there are no theoretical models that can be directly applied to interpret the
experimental observations, i.e. from experiments using electron tunnelling or point contact
junctions—contrary to the case for the disordered or amorphous alloys in recent years.

One of the most important problems to solve in the studies of QC alloys, and directly
related to the interpretation of experiments which use junction devices, is related to the
lack of observation of the spiky features in the DOS which were predicted by theoretical
arguments [2,7]. The lack of visible spiky structure, which is a very controversial problem,
can be attributed in particular to some residual disorder character of QCs, present even in
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samples of high structural quality, as proved by different physical properties (such as the
presence of two-level states, as in glasses), and which could smear out the fine structure of the
DOS (see, e.g., reference [24]).

In spite of this lack of theoretical models appropriate for the interpretation of experiments
performed on tunnel or PCS junctions, two models which might be relevant for the analysis and
interpretation of the data have been proposed for deducing the widths of pseudogap features
and modifications in the DOS which occur in QC alloys. Here, in this work, we compare
our results to the scaling theory proposed by McMillan and Mochel [52], and the theory of
Altshuleret al [4,5]. Nevertheless, we have to stress that these models are appropriate to the
study of amorphous and disordered materials, not really QC alloys.

To look forward in the description and meaning of the experiments performed using
junctions, it is important to remember that in tunnelling or PCS experiments the differential
conductance versus voltage data are directly related to the DOS when it is measured at low
temperatures. Thus, the experiments performed with junctions will provide information about
how the DOS is changed by the effects of the temperature and the electronic interactions.

Inthe firstmodel, McMillan incorporates three physical processes: localization, screening,
and correlation effects. Correlation effects in this model are included by adapting a weak-
coupling approximation given by Altshuler and Aronov, and Altshieal [5,58]. As a
result, the McMillan prediction is that a singularity must appear in the single-particle density
of states at the Fermi levé¥ (0) leading, as temperature goes to zero, to localization in the
system, and consequently the formation of a correlation gap. The change in DOS predicted
by this theory follows the equation

N(E) = NO[1+(E/A)Y. )

Here, in this equationA is the correlation gap and is the energy. The experimental
observation of the behaviour df(E) gives rise to a cusp-like peak Et= 0 in the tunnelling
differential resistance, or to a cusp-like depression in the differential conductance, which is
the so-called ZBA. The model fits well to the present experimental data, and can be easily
applied because the only fitting parameter is the value of the correlation gdjpe second

model relating to weakly disordered metals that leads to localization and to a correction to the
DOS near the Fermi level was proposed by Altshuler and Aronov [4,5]. In this model the
influence of the electron—electron scattering and impurities causes a depression in the DOS
near the Fermi level. The DOS in this case is given by the equation

SN(E) A

= 3
N@©O) 2272 D)32N(0) 3
which in an abbreviated form we write as
E
SNE) _,VE. (4)

N
Here, in the equation, is the electron—electron interaction factbris the diffusion coefficient
due to the impurity scattering, and(0) is the DOS at the Fermi level. As Altshuler and
Aronov explain, this singularity in the density of states leads to the zero-bias anomaly that can
be observed in tunnelling experiments.

In figures 16 and 17 we display the experimental data plotted as the normalized
conductance versus the bias voltage. This behaviour illustrates that the experimental data
follow both models reasonably well. In both figures the fitting of the Altshuler—Aronov model
was made including a normalization to 1, with the idea of fitting both theoretical models in the
same figure and in that form observing the coincidence of the two models with the experimental
data. In figure 16 for AIPdRe the value af the McMillan parameter, which gives the best fit
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Figure 17. The normalized differential conductance of the junction of AICuF2 K shown in

figure 10; the continuous curve shows the McMillan and Altshuler—Aronov models. The parameter
A in the McMillan model is 148 meV, whereasin the second model is 0.082. This latter value

of the parameter seems unphysical. As in figure 16, note in the inset the discrepancy between the
data and the theoretical models at low energies.

was estimated to be about 270 meV, whereas the coeffigiémtthe Altshuler—Aronov model
isabout 1.9, which is correct and in agreement with numerical coefficients for the AIPdRe alloy.
The theoretical models agree reasonably well with the experimental data up to about 300 meV.
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At low energies (from 0 to 30 meV) the discrepancy is larger, and this difference reflects the
sharp feature in the gap structure close to the Fermilevel which could be related to the expected
spiky behaviour of the DOS on a scale of 10 meV or less [6, 7]. This clear discrepancy at low
voltages can be observed in the insets of figure 16 and figure 17. Obviously, this extra feature
was not considered in the McMillan and Altshuler—Aronov theoretical models. Figure 17
shows the results of the best fits to our experimental data using the two models for AICuFe QC
data measured at 2 K. In this case the value determined fax r@rameter is about 148 meV,
whereasn = 0.082. This latter fitting value for the:-parameter looks unphysical, and is
quite small for the alloy under consideration (see Kleiral [19]). Nevertheless, the models

fit reasonably well to the experimental data, mainly at energies of the order of 30 meV and
above. However, again at low energies, as seen in figure 16, the fit is far from the experimental
data. We believe that the same explanation can be applied as for the AIPdRe QC of figure 16:
a specific theory for explaining tunnelling or point contact spectroscopy experiments on QC
systems has not yet been developed. For the case of the AIPdMn QC, we could not fit the
data to either of the two models, even by trying to use unphysical values for the parameters
andm. So, again the explanation looks simple: both models are applicable for explaining a
metal—insulator transition, and in particular AIPdMn does not show any tendency to become
insulating at low temperatures.

Lastly, we can observe that in both figures 16 and 17 the theoretical models are no longer
valid at high bias (although the high biases in the two figures differ by an order of magnitude).
We believe that the different ranges of fitting in energy for distinct QCs has to be related to
the range of modification that occurs in the DOS, and depends on the intensity of the strength
of the interaction in regions close to the Fermi energy. In spite of the former observation
that neither model is really appropriate for explaining the physical behaviour related to the
DOS features close to the Fermi level of the QCs, they give a plausible qualitative explanation
of modifications of the DOS that in general look to be in good agreement with the broad
pseudogap measurements obtained for our junctions. The fitting of the two theoretical models
to our data in general gives reproducible results for different junctions, like for those reported
on in the figures 16 and 17, with only about 10-15% variations of the parametansim.

We note that a similar spread was observed in our measurements of the broad pseudogap and
spiky features. These results are different from those obtained by Dawydd\y20], who
observed a spreading of about 50% among different tunnelling junctions.

5. Conclusions

We have performed a number of tunnelling and point contact experiments at low temperatures
on high-quality QC samples of AICuFe, AIPdMn, and AlPdRe. The results are reproducible
and show a ZBA peak in the differential resistance versus bias voltage characteristic, which
is indicative of a pseudogap in the electronic density of states at the Fermi level. A general
conclusion from our experiments is that the structure of the DOS reveals a small spiky gap
of width of the order of few tens of meV, superimposed on a broad pseudogap. We have
observed that the behaviour of the AIPdRe QC is different from those of the other two QCs
studied. The difference consists mainly in the fact that AIPdRe has a significantly lower
DOS and a larger pseudogap. The values of these pseudogaps in the different QCs show
widths from 20 to 22 meV and broad changes of about 80-90 meV for AlCuFe, widths from
about 17 to 20 meV and broad backgrounds of about 110-122 meV for AIPdMn, and for the
AlPdRe system wider variations, around 100-110 meV, and broad features with widths as big
as 400 meV. We observed that the ZBA becomes smeared out when the temperature increases.
This trend of reduction of the ZBA is different for the three different QCs studied, and this can
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be taken as an indication of the different strengths of the electron—electron interaction in these
different QCs. In particular, in the AIPdRe alloy the anomaly related to the pseudogap is still
clearly observed at temperatures as high as 70 K. We have observed in the case of the AIPdRe
QCs that the features related to the pseudogap and to the spiky feature strongly depend on
the resistance ratio, which is known to be very sensitive to the structural quality and to slight
compositional variations [11, 30]. We have verified that for only two of the QCs (AIPdRe
and AlCuFe) was it possible to fit our data to the McMillan and Altshuler—Aronov theoretical
models; one possible explanation is that the AIPdMn alloy is conducting at low temperatures
whereas the other two tend to be insulating, and both models were thought to provide plausible
explanations for the metal-insulator transition in disordered materials. We also observe that
the fitting of the experimental data to both models is good over a certain bias voltage range, but
that a discrepancy exists at very low voltages, below around 10 meV. Again we think that the
reason is that the two models are more or less appropriate for explaining the overall changes
in the DOS in QCs, but not the spiky features predicted to occur from asbrectheories.

Lastly, as a further step to improve our understanding of the electronic properties of QCs,
particularly concerning the modifications which occur in the DOS close to the Fermi energy,
future experiments must be performed on materials of the best structural quality, controlled as
in the case of AIPdRe by the highest possible resistivity ratio.
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There are however some restrictions that it is important to take into account. They depend on the size of the
ratio between the electron mean free patind the radius of the constrictian In the case wherg'2a > 1,
the regime is known as the ballistic regime. However, as was also studied byefualiksee the reference
below), in junctions wheréis not much bigger thand2(the thermal regime occurs whénr< 2a) it is also
possible to observe with a good resolution many of the electronic processes observed in the ballistic regime;
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