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Abstract. High resolution photoemission measurements performed at low temperatures on a single-grained
sample of the AIPdMn icosahedral phase show that the density of states N(FE) strongly depends on the
nature of the surface. For an ordered quasicrystalline surface, prepared by Ar etching and ultra high
vacuum annealing, a dip feature is observed in N(E) near the Fermi level, which energy dependence can
be analyzed with a simple square-root power law. By contrast, N(E) varies only little with energy both
for a disordered surface and a crystalline surface of the same sample. A sharp Fermi edge is then clearly
observed. This shows that the metallic character of the surface of a quasicrystal is strongly reduced when

the surface presents a quasicrystalline ordering.

PACS. 71.23.Ft Quasicrystals — 79.60.Bm Clean metal, semiconductor, and insulator surfaces —
71.55.Jv Disordered structures; amorphous and glassy solids

1 Introduction

Quasicrystals (QC) are highly ordered intermetallic com-
pounds. Surprisingly, their electrical conductivity can be
of the same order than that of semiconductor-based dis-
ordered systems lying on both sides of a metal-insulator
transition [1,2]. An insulator is often defined by the exis-
tence of a gap in the electronic density of states N(E)
at the Fermi level Eg, as it occurs in semiconductors.
However, this doesn’t include the case of Mott-Anderson
insulators having a non vanishing N(FEr), and where the
insulating character is due to the localization of the wave
function. A more general definition of an insulator is there-
fore that the zero temperature conductivity is zero. In
QCs, there is actually no signature for a semiconductor
type gap from bulk measurements, but there is a general
agreement for a lower density of states at Eg, as com-
pared to metals [1]. This is in general accordance with
band structure calculations [3], and is often referred to as
a Hume-Rothery mechanism. However there is no accu-
rate determination of the depth of this pseudo-gap. The
electronic depletion observed at Ew in soft X-ray spec-
troscopy studies [4] suffers from a limited energy resolution
of ~ 0.1-0.6 eV. In specific heat the linear temperature-
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term ~y, which is reduced to about 1/4 of the expected free
electron value [1] in the icosahedral phase i-AlPdMn, may
include contributions from two-level tunneling states.

The energy dependence of N(FE) close to Er is also
an essential information in order to understand the origin
of the metal-insulator transition: opening of a true gap
or Mott-Anderson type transition for instance. A sharp
N(E) valley around Er was inferred [5] from the anoma-
lous temperature dependence of the spin-lattice relaxation
time T7. It could be of the order of a few 10 meV, i.e. much
narrower than the Hume-Rothery pseudogap. This feature
might be related to the prediction [3] of spiky structures in
N(E) the width of which lies between a few 10 meV and
a few 100 meV. However direct measurements of N(E)
near Er by photoemission spectroscopy on two differently
prepared surfaces of the icosahedral i-AlIPdMn phase (an-
nealed [6] and scratched [7] respectively) have yielded con-
tradictory interpretations. In the former case [6], N (E) de-
creases as vV F close to Er and the QC spectra, measured
at room temperature, do not show a sharp Fermi edge. In
contrast in the latter case [7], N(F) tends linearly towards
an emphasized sharp Fermi edge (see also [8]).

One possible clue for these different photoemission re-
sults could be a difference in the effective thickness of ma-
terial contributing to the spectra. The electronic structure
can indeed be probed more or less deeply into the volume
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by tuning the energy of the incident photon beam. By
comparing the photon energy used (hv = 13 eV [6] and
hv =21.2 eV [7]), it can be estimated that a thicker layer
contributes to the spectra in the case of the annealed sur-
face [6] as compared to the scratched (“metallic”) surfaces
[7,8]. In fact, another study [9] has shown that the mate-
rial could be more metallic at the top surface than deeper
into the bulk in the case of an i-AlPdMn surface prepared
by cleavage. However, even for a surface sensitive exper-
iment (same photon energy as reference [7]) the distinct
decrease of N(FE) interpreted as a pseudogap was con-
firmed [10] for a QC surface annealed in similar conditions
to reference [6]. Note that in that case, the depression near
FEr is not observed by room temperature photoemission
studies for a sputtered or a crystalline AIPdMn surface.

The aim of this article is to demonstrate that the na-
ture of the surface itself is crucial for the poor metallicity
at the surface of a quasicrystal. This requires high resolu-
tion experiments but also low temperatures since besides
the improved resolution (which varies like 4kgT'), new phe-
nomena can develop. By analyzing earlier results [11] of
high resolution photoemission spectroscopy experiments
at low temperature on a well characterized single grain
of i-AIPdMn, we show that for a QC-surface annealed at
high temperature the density of states has a strong varia-
tion near the Fermi level. This can be analyzed with a VvVE
dependence. This dip is filled-in both for a disordered sur-
face prepared by sputtering and for a crystalline surface of
a different composition grown on top of the quasicrystal.

The paper is organized as follows. Section 2 presents
the experimental set up and the surface preparation, Sec-
tion 3, the results of photoemission for the three surfaces
and the proposed analysis, and Section 4 is a discussion
of the results.

2 Experimental set up and surface
preparation

The single grain of ¢-AIPdMn was pulled out from
the melt by the Czochralski method using a 5-fold
axis quasicrystal-rod as a seed. This technique provides
i-phases of very high structural quality [12]. The single
grain of 11 mm diameter was homogenized for 120 hours
at 1053 K. Its composition, measured by inductively cou-
pled plasma emission spectrometry is Al-70.1 £+ 0.7, Pd-
20.4 + 0.2 and Mn-9.5 & 0.08 at.%. No secondary phase
(Al3Pd or decagonal phase) are detected with the syn-
chrotron radiation. The sample was cut by spark erosion
almost perpendicular to the 5-fold direction. It was me-
chanically polished to a mirror finish using a 1 pum dia-
mond paste at the final stage.

Measurements were done at the high resolution beam-
line SU3 of the superACO (LURE) synchrotron ring. Ex-
periments were performed below 1 x 1070 mbar, using
a VSW-150 hemispherical analyzer. The best resolution
delta (analyser + photons) was about 20 meV, yielding a
total broadening of & 32 meV at the lowest temperature
i.e. 40 K. Cycles of Ar* sputtering (7 pAcm=2 at 1.5 keV)

The European Physical Journal B

were performed before annealing (up to 870 K) and also
while annealing the sample (up to 570 K). The tempera-
ture was recorded by a thermocouple fixed on the sample
holder next to the surface. The cycles were repeated until
no trace of alumina could be detected in the Al 2p spectra
using the low photon energy of the synchrotron light or at
high photon energy of an X-ray source (Mg K, ). Three dif-
ferent surfaces were prepared: quasicrystalline (QC), crys-
tallized and disordered.

The QC-surface was obtained after sputtering-
annealing cycles [13] at 700 K. The Mn 2p3/, core level
line at 641 eV binding energy then had a narrow sym-
metrical profile. In metals the asymmetry parameter orig-
inates from intrinsic energy losses through the excitation
of electron-hole pairs and it is therefore related to the ab-
solute value of the electronic density of states at Fr. The
symmetry of the core level thus indicates a low N(Ep)
for such a prepared surface. This property was previously
used as an indicator of the presence of the QC-order at the
surface [14,15]. After annealing, a characteristic five-fold
symmetry LEED pattern was observed at electron energy
of 60 eV with its spots sharpening after repeated cycles.

After sputtering and annealing at temperatures below
670 K, a crystalline surface phase was grown on top of the
single grain. Its composition was estimated elsewhere [16]
to be approximately AlsgPdsoMnig. We have observed the
characteristic ten-fold symmetric LEED pattern of this
phase, which has been explained by five different orien-
tations of a cubic crystal with its [110] symmetry axis
parallel to a five-fold axis of the underlying i-phase [16].

The disordered surface was prepared by a short time
(1 minute) sputtering of the well prepared QC-surface.
Contrary to the QC-surface, the Mn 2p3 /5 core level mea-
sured under the same conditions was asymmetric, which
is a first evidence of a more metallic state. We expect that
the sputtering was slight enough not to induce significant
compositional changes. Indeed, a dramatic change was ob-
served [17] in the surface composition of a i-AlPdMn single
grain after sputtering by Ar at 3 kV: the Al composition
drops from about 72 at.% down to about 50 at.% for a
fluency of 30 x 10'® ions/cm?. For the fluency we used
(about 1.5 x 10'% ions/cm?), at most a few percent re-
duction in Al would be expected at 3 kV. To check this
point, we have measured the areas of the Al 2p core levels
at 72 eV before and immediately after having sputtered
the well ordered QC-surface, for Al is the most subjected
to depletion by Art etching. The spectra were taken at
photon energy hr = 100 eV, which corresponds to a pho-
toelectron kinetic energy of E. ~ 25 eV and an electron
escape depth of A ~ 5 to 6 A. As seen in Figure 1, both
areas are the same, and we thus could not detect a change
of composition at the surface - within the probing depth
A. The structure of the disordered surface was not further
characterized. In the following, the ultra violet photoe-
mission curves close to the Fermi level are recorded with
similar electron kinetic energy, i.e. probing the same sur-
face thickness.
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Fig. 1. Al 2p core level line for photons of hvy = 100 eV.
The Al 2p spin splitting, clearly resolved for the QC-surface,
is evidently lost for the disordered surface.

71

Intensity (a. u.)

8 6 4 2 0
Binding energy (eV)
Fig. 2. Room temperature energy distribution curve for the

QC surface (photon energy hv = 40 eV, experimental resolu-
tion § = 70 meV).

3 Results
3.1 EDC of the QC, crystalline and disordered surfaces

The photoelectron Energy Distribution Curve (EDC) of
Figure 2, taken at room temperature, presents the valence
band of the QC-surface. The main peak at binding energy
E =~ 4 eV is attributed to Pd 4d states [18]. The shoul-
der at 5 eV is ascribed to the 4d spin splitting [18]. The
states below the Fermi level are believed to originate from
the Mn 3d states [4,19]. Note that we could not detect
the dispersing peak observed in reference [6] at a binding
energy of about 2 eV.

Figure 3 shows the low temperature normalized EDC
near Er obtained for the three surfaces with photon ener-
gies of 13 eV or 17 eV (kinetic energy E. ~ 9 and 13 eV
respectively for electrons at Er, i.e. escape depth ~ 10 A).
Each spectrum is compared to a reference metal spectrum
(Molybdenum plate) taken within a few minutes interval,
to make sure of similar experimental conditions. The ac-
tual temperature of the surface was determined by fitting
the Mo spectrum by a step function convoluted by a Gaus-
sian function of width at half maximum A = § + 4kgT
(6 = 20 meV) once subtracted a polynomial background
which is believed to originate mainly from harmonic con-
tributions of the synchrotron radiation. For a metal near
FEg, this fit takes into account the thermal broadening of
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Fig. 3. High resolution (6 = 20 meV) EDC for three surface
states: (a) QC (T = 40 K, hv = 17 eV), (b) disordered (T =
30K, hv = 13 eV) and (c) crystalline (7' = 160 K, hv = 13 eV)
in comparison to Mo metal under the same conditions (broken

line). The full lines are fits as explained in the text.

the Fermi distribution. It also provides the reference po-
sition of Eg.

In this energy range (binding energy Ep <550 meV),
it is readily observed that the EDC of the QC-surface is
quite different from that of the reference metal: it drops
smoothly towards Er. In the normalized unit of Figure 3,
the EDC value is reduced by more than half its value
at 550 meV before the Fermi cut-off, whereas in the Mo
metal reference, the EDC reduction seen in Figure 3 is
entirely due to the Fermi cut off. For the disordered and
crystalline surfaces, the EDCs have a less pronounced dif-
ference with the reference metal, since they vary little in
energy towards a more clearly visible sharp edge at EF.
Also the EDCs are clearly enhanced compared to the one
of the QC-surface, thus indicating a more metallic char-
acter than for the QC-surface. At room temperature (see
Fig. 4), the EDCs for the three surfaces are much closer to
one another but can still be distinguished despite the fact
that the spectral width at the Fermi edge is dominated
here by the thermal broadening.

3.2 Analysis of the QC-surface

In order to evaluate the spectral function of N(E) at
low temperature, we have here restricted our analysis to
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Fig. 4. ECD for the QC, crystalline and disordered surfaces
at room temperature (hv = 40 eV, § = 70 meV).

Intensity (a. u.)

binding energies £ > § + 4kgT, i.e. in a range where
the EDC reflects N(E) smoothed at the scale of J, and
E < 550 meV, i.e. not too far from Er (see below).
We have chosen a power law as a test function to fit the
data, which is the simplest as possible energy dependence.
The reason for this is that we have previously measured
a single VE centered at Ep by tunneling spectroscopic
measurements [23]. Also such a law is expected close to
FEr in the one electron density of states from the anal-
ogy of the AIPdMn quasicrystal with disordered systems
close to the metal-insulator transition [1]. Moreover, from
a completely different physical origin, a vE dependence
is also derived from Van-Hove singularities in N(E) as
outlined in reference [6]. By taking into account a linear
background, the EDC for the QC-surface could be well
fitted by Nqc(E) = a + b|E|* for § + 4kgT = 33 meV
< E < 550 meV. At somewhat higher binding energies
the EDC is essentially flat. In the normalized units of
Figure 3a, we obtained ¢ = 0.25 + 0.05, b = 1 £+ 0.05,
a = 0.46 £+ 0.05. The same values were obtained by fit-
ting the EDC of the same surface measured at 70 K with
a much longer acquisition time, and with hv = 13 €V,
i.e. slightly less surface sensitive. The EDC is shown in
Figure 5. Therefore, the density of states Nqc(E) at low

temperature can be analyzed by a VE term, of charac-
teristic energy (a/b)? ~ 60 meV, plus a constant term
reflecting the remaining states at Er (25% of the states at
0.55 eV). At room temperature, the accuracy of the fit is
much poorer, due to phonon broadening, but a significant
Nqc(E) reduction is also present.

The same analysis performed for the crystalline and
disordered surfaces at low temperature yielded o ~1 and
larger values of a (a ~ 0.7). Such a linear dependence with
energy is however hardly distinguishable from a constant
N(E) once subtracted a linear background, like the one
found for Mo metal. In order to obtain a more quantita-
tive comparison between the QC surface and the disor-
dered surface, we have normalized the valence bands to
the Pd 4d peak at 4 V. Both EDCs then happen to have
the same value on the plateau around Ep ~ 1 eV, which
is a further confirmation of the reduction of the absolute
value of N(Er) in the QC-surface compared to the disor-
dered one.
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Fig. 5. ECD for the QC-surface at 70 K (hv = 13 ¢V, § =
20 meV).

So we can conclude to the absence of the dip feature for
both the crystalline and disordered surfaces. In both cases,
N(E) varies slightly with E and has a higher value at Ep
than Nqc(Er). This is in accordance with the higher elec-
trical conductivity in disorder i-AlPdMn phases [20]. For
the comparison with the crystalline surface, it will be diffi-
cult to separate the relative effects of a different structural
or chemical order. We note that similar EDCs than the
one observed in Figure 4 have been recently reported [10]
by photoemission technique at room temperature on sim-
ilarly prepared surfaces (sputtered, QC and crystalline).
Note however that in that case the vE dependence was
claimed not to be developed at variance with our low tem-
perature measurement.

4 Discussion
4.1 Electronic density of states at Eg

Before discussing the results, we recall that cycles of Ar
etching and annealing were shown to restore an ordered
QC-surface, which was described as a bulk terminated sur-
face [13,21]. So we could expect the photoelectron spectra
of our QC-surface, which are sensitive to several atomic
layers, to reflect, at least partly, that of the bulk.

We now comment about the value of N(E) at Er.
We have determined that even for the QC-surface there
remain states at Ep with a much lower density than at
higher binding energy (about 1/4 the value at 550 meV).
This was expected from bulk measurements yielding a con-
ductivity on the metallic side of the metal-insulator tran-
sition, and a low linear T-term ~ (but non zero) of the
specific heat [1]. This result for Nqoc(Ewr) is to be com-
pared with the analysis [6] of angular-resolved photoemis-
sion studies at room temperature on an i-AlPdMn single
grain. It indicates a vanishing N(E) at Ep, although a
precise determination could not be achieved due to the
limited resolution at room temperature. The absence of
a sharp Fermi edge has suggested [6] a pseudogap has
opened at Ey like in semimetals. Our observed Nqc(E)
also differs from the spectra, also taken a low tempera-
ture, on diamond scratched surfaces [7]. This is readily
seen from the figures and confirmed by the model dip of
reference [7] giving N(Er) &~ 3/4 the value at 550 meV
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(from Fig. 4 of Ref. [7]), with an overall feature quite com-
parable to our disordered or crystalline surfaces.

4.2 Spectral function of Nqc(E)

Now concerning the energy dependence of N(FE), we have

determined that Nqc(E) can be well fitted by a VE
power law close to Er (from 33 to 550 meV below Ef).
In agreement with all published photoemission data, the
fine structures predicted for approximant phases [3] are
not observed here, although the widest peaks should be
resolved with the present resolution. The observed vE
power law is in general agreement with the analysis of ref-
erence [6]. But our findings are in contrast with the obser-
vation of EDCs depending weakly and linearly on energy
on scratched surfaces [7].

Note that the enhanced metallic N(E) deduced from
the Al 2p core level analyzis [9] at the very surface of a
cleaved i-AlPdMn single grain corresponds to a surface
order consisting of clusters [22] instead of the flat terraces
that can develop with high temperature annealing [13].

The VE law of Nqc(E), is comparable to the one
found in tunneling conductivity df/dV (V) spectra [23].
In the standard approximation dI/dV(V')is proportional
to the density of states N(E) at the energy E given by
the voltage V' (E =eV). The tunneling spectra are taken
at 4 K, in the voltage range + 300 mV. At higher volt-
age spurious effects can be observed due to the barrier.
In the same energy and temperature range as the photoe-
mission curves, we have found d7/dV = a + by/|V]. This
corresponds to an energy dip of (a/b)? ~ 10 — 100 meV,
of width comparable to the analyze of the present EDCs.
Note that a narrow vE dip in N(E) was also claimed
to account for the temperature dependence of the nuclear
relaxation time 77 measured by NMR [5] in i-AlCuFe.

The VE dependence may arise from different physical
mechanisms. In reference [6], it was ascribed to Van-Hove
singularities, which occur at k points where the disper-
sion relation F(k) is flat. Flat bands are indeed expected
in QCs close to Ep from the Hume-Rothery mechanism,
and are predicted by band structure calculations in ap-
proximant phases [3]. However, one would have expected
several singularities, not only that close to EF.

Another possibility is the square root anomaly which
deepens around Er at low temperature in the one elec-
tron density of states for disordered systems on the metal-
lic side near to a metal-insulator transition. It originates
from electron-electron interactions in the strongly diffu-
sive regime. These quantum corrections have been unam-
biguously observed by electronic transport measurements
in i-AlPdMn [1]. It is worth noting that in that case a
single dip centered at Er is expected, with a narrow en-
ergy width, in accordance with the typical energy range
where it is observed in the present photoemission study.
Assuming that photoemission spectroscopy measures the
same quantity as tunneling spectroscopy, namely the one
electron density of states [24], it is therefore not so sur-
prising not to observed the predicted spicky structure [3].
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Indeed electron-electron interactions are poorly taken into
account in these calculations.

Both interpretations (electron-electron interactions
and Van-Hove singularities) lead to an erasement of the
dip structure in the density of states as a result of dis-
order. First, any structure of N(E) will be smoothed out
on a scale h/7 (7 is the scattering time). Second, as dis-
order in general enhances the conductivity of QC phases,
it should lower the effects of electron-electron interaction
on N(E).

4.3 Extrinsic losses

The previous analysis was based on the usual assumption
that the EDC reflects N(FE). However, Joynt [25] very
recently showed that extrinsic ohmic losses suffered by
a photoelectron after being emitted from the solid can
mimic pseudogap effects in the EDC, although there is
no variation in the underlying N(E). These losses are ex-
pected to be important in materials with low conductivity,
albeit not all of them [26], and having a significant absorp-
tive part of the conductivity at the relevant frequency.
This is precisely the case of our QC sample (see [1] and
optical conductivity measurements in [27]). We empha-
size that this other interpretation would yield the same
conclusion on a less metallic surface for the QC-surface
in comparison to the disordered and crystalline ones. In-
deed, from Joynt’s model, for a constant N(FE) the lower
the conductivity the stronger the pseudogap feature. In
this model, the inelastic part of the spectrum is inversely
proportional to the speed of the outcoming electron. Then,
to be genuine, a pseudogap must be present in the EDC
for all incident photon energies, assuming that N(E) is
not too much affected by the photoelectron escape depth.
Another test for a pseudogap to be real could be provided
by the angular-dependence of the EDC since the losses are
momentum-independent, while in general the pseudogap
is not. In a quasicrystal the angular dependence of the
EDC will thus be an interesting issue [28].

5 Summary

In summary, we have studied by high resolution photoe-
mission spectroscopy at low temperature the electronic
density of states close to the Fermi level of -AIPdMn sur-
faces. The QC-surface, characterized by a five-fold LEED
pattern and a narrow and symmetrical Mn 2p3/, profile,

presents a narrow ' E dip feature which is well developed
at low temperature. This compares well with tunneling
spectroscopy in the same temperature and energy range,
were the v'E depression can be attributed to electron-
electron interaction effects. By contrast, for a disordered
surface, this feature is filled-in, with a linear N(E) to-
wards a much more developed Fermi edge. The same trend
is observed for a crystalline surface grown on top of the
i-sample. We thus have established that the metallic char-
acter of the surface of an i-phase is strongly reduced for
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a quasicrystalline surface ordering. The fact that the elec-
tronic surface properties of i-phases are severely affected
by surface preparation could have consequences for spe-
cific properties of QCs such as low friction and low sur-
face energy, which are the leading properties for industrial
applications.

We would like to thank P. Thiel and J. Chevrier for their advice
in surface preparation, T. Grenet and D. Mayou for fruitful and
stimulating discussions.
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