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The results of a systematic ultrahigh resolution ultraviolet photoemission study of the electronic
structure of stable icosahedral alloyss&wsFe;, AlgsCuyFes, AljgPhoMny, and AkysPdhiRe s
are presented. It is shown that all icosahedral alloys have a clearly developed Fermi edge and are
thus metallic down to the temperature of measurement (14—45 K). A marked decrease of the spectral
intensity towards the Fermi level in these alloys is demonstrated to be consistent with the existence of
the theoretically predicted pseudogap. With an experimental resolution of 6 meV, no evidence of the
theoretically predicted spikiness of the density of states could be observed. [S0031-9007(96)01023-X]

PACS numbers: 61.44.Br, 71.20.Be, 79.60.Bm

Quasicrystals are a new form of the solid state whichorder of 10—-20 meV. While the pseudogap can be related
differ from the other two known forms, crystalline and to the stability and high value of the electrical resistivity
amorphous, by possessing a new type of long-range transf i alloys, the spiked structure of the DOS is believed to
lational order,quasiperiodicity and a noncrystallographic be a signature of quasiperiodicity and to be responsible
orientational order [1]. A central problem in condensed-for several unusual temperature-dependent transport prop-
matter physics is to determine whether quasiperiodicityerties [7-9].
leads to new physical properties which are significantly Photoemission spectroscopy (PES) measurements with
different from those of crystalline and amorphous mate-ultrahigh energy resolution are essential [10] in order
rials. Such unusual properties have been found in icosde unambiguously verify the hypothesis of the DOS
hedral {) alloys of high structural quality [1,2]. Some of spikiness ini alloys. So far, no direct evidence for the
their most striking features, which are not expected for alpresence of this spikiness has been found as most of
loys consisting of normal metallic elements, are the venthe previously published PES investigations were limited
high value of the electrical resistivity (up te10 . cm  to resolutions larger than 230 meV [10,11]. Based on
at low temperatures in theAl-Pd-Re system [3—6]), a the claim of the absence of a sharp Fermi edge, two
strong negative temperature coefficient of resistivity, arPES studies concluded that there is a pseudogap in the
increase of resistivity with increased structural perfecDOS(EF) in i-Al-Cu-Fe [11] and ini-Al-Pd-Mn [12].
tion of the samples along with an extreme sensitivity toHowever, the conclusion common to these two previous
sample composition, and a low electronic contribution tostudies must be questioned, given that they were both
the specific heat and thus a low density of states (DOS) atarried out at room temperature [11,12]. In order to
the Fermi levelEp [1-6]. establish the presence or absence of a Fermi edge reliably,

Several mechanisms have been proposed to allow measurements must be performed at low temperatures,
qualitative explanation of these unusual properties. Conwhere thermal broadening of the Fermi-Dirac function
ventional mechanisms are based on band-structure effedts small, and with an instrumental contribution of the
and the Hume-Rothery rule and imply the existence of aame order of magnitude dg7T [13]. In this Letter
pseudogap in the DOS aroutit}, while rather more ex- we report the main results of an extensive study [14] of
otic mechanisms proposed invoke the concepts of tunnethe electronic structure of most known, stablalloys,
ing, localization, and critical states [1L—6]. The existencewhere it is demonstrated that only through use of these
of a pseudogap is supported by electronic structure caktringent conditions can firm conclusions regarding the
culations performed for the crystalline approximants of detailed form of the neakr DOS be drawn.
alloys [7,8]. These calculations also predict a very spiky Four representativel alloys of nominal composi-
structure of the DOS, with the width of spiky peaks of thetions Alg,CwyFen, AlesCugFes, Al gPdhoMnyy, and
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Al70sPdhRe s were prepared as described elsewheréMin 3d, or Re %l character, as appropriate, whereas the
[3,14]. X-ray diffraction and electron microscopy studiesfeature at a binding energy (BE) of about eV is mainly
showed that the samples are single phase and exhildue to the Cu & or Pd 4-derived states [14—16]. The
resolution-limited Bragg-peak widths. The samples weréntensity difference between the Fe 8eatures of thd
mounted on the cold finger of a liquid He cryostat and,alloys AlgsCuysFe;, and AksCuwFes is consistent with
while held at the lowest measurement temperature, werhie compositions of these alloys, confirming the valid-
cleanedn situ (~107'° Torr) by repeated scraping with a ity of the surface preparation procedure. The two most
diamond file until no surface contamination could be desalient features of the spectra in Fig. 1 are the presence
tected [15]. Valence band spectra obtained from differendf a Fermi edge in all thé alloys studied and, as com-
regions of a given sample, as well as from several samplgzared to that in the Al-Cu-Fe and Al-Pd-Mn alloys, a sig-
corresponding to a given composition, were reproduciblenificantly lower spectral intensity afr in the Al-Pd-Re
We therefore believe that the spectra represent the intrinsgystem.
features of the alloys studied. The UPS spectrometer The valence band region of the alloys close to
was equipped with a high-intensity He discharge lampEr was examined with the highest energy resolution
(Gammadata) and a high-resolution Scienta SES20fresently available to us. As an example, a high en-
hemispherical analyzer. The instrumental resolution wagrgy resolution spectrum for theAl;0PdhyMny, alloy
determined by fitting the Fermi edge of Ag, evaporateds shown in Fig. 2(a). A clearly developed Fermi edge,
in situ onto the previously measured samples, with thevhich can be perfectly fitted using a Fermi-Dirac func-
convolution of a Gaussian and the product of a lineation convoluted with a Gaussian function representing the
DOS and the Fermi-Dirac function at the appropriateinstrumental broadening [Fig. 2(a)], is observed. Its tem-
temperature [13]. The FWHM of the Gaussian is the onlyperature evolution follows exactly that of a Fermi-Dirac
adjustable parameter in this procedure and gives directlfunction [Fig. 2(b)]. Spectra as those in Fig. 2 were also
the instrumental resolution. For high resolution spectrabserved for Al-Cu-Fe, Al-Cu-Ru, Al-Cu-Os, and Zn-
this was thus determined to be 6 meV. The uncertaintyMg-Y i alloys [14]. This constitutes a direct and con-
in the determination offr is less than 0.5 meV. The vincing proof that thesé systems, in spite of their high
UPS valence bands presented here are corrected for tleéectrical resistivity, are metallic and not semiconducting
secondary-electron background [10]. [17]. Furthermore, these results seem to show that the
The low-temperature He Il valence bands of fowal-  analysis of recent room temperature photoemission spec-
loys (Fig. 1) have a similar two-peak structure. The featra fromi-Al;oPdyMn;y, where the decrease in the DOS
ture close toEr is predominantly due to states of Fd,3
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~10 _8 _6 4 ) 0 FIG. 2. (a) NealEr He | valence band of-Al;PdhyMn;, at
14 K. The solid line is the fit to a linearly decreasing intensity
BINDING ENERGY (e\/) multiplied by the Fermi-Dirac function at 14 K (broken curve)

and convoluted with a Gaussian whose FWHM 6 meV.
FIG. 1. Low-temperature He Il valence bands of fomtloys.  Note that the step between the data points is 1 meV. (b) Near-
The energy resolution is-30 meV. The spectra have been Er He | valence bands afAl;,PdyMn;, measured at different
normalized to give a constant height between the maximuntemperatures. The solid lines are the fits as described in (a).
and minimum count. Note the different binding energy scales in (a) and (b).
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towards Er is interpreted in terms of a power law, is —0.7 eV (Fig. 1) accounts for the DOS without the pseu-
invalid [12]. dogap (the normal DOS). The presence of the pseudo-
The behavior of the-Al;y 5Pt Res s alloy was found gap would result in an intensity dip which is assumed
to be different from the other compounds studied in thato be of Lorentzian shape centered Ef, character-
we were unable to cool it down as far as all the otheiized by the half-width,I';, and the dip depth relative
samples. The lowest temperature achieved was 45 K [18lo the normal DOSC [Fig. 4(a)]. As an example, we
However, all the samples of this alloy displayed a clearshow the application of this model to the negr-re-
Fermi edge. This can be seen by comparing a #gar- gion of the valence band afAl;zPdyMny. One ob-
spectrum ofi-Al;osPd Res s with that of Ag evaporated tains a good fit of the nedfz region of the valence
onto the alloy (Fig. 3). The temperature dependence aband ofi-Al;gPdyMn;y with this model [Fig. 4(b)] for
the nearEr spectra of this alloy was found to follow parameter value€ = 28.1% and I'y = 0.22 eV. The
that of the Fermi-Dirac function. ThieAl-Pd-Re system same procedure applied to the néarvalence band spec-
is also distinct from the other alloys in that it has trum of Alg,Cw4Fe; gives a similarly good fit folC =
a significantly lower spectral intensity d&r (Fig. 1). 55.5% andI'y = 0.32 eV, and likewise for AlsCwoFes
This implies a DOSEr) that is smaller in tha-Al-Pd- (C =56.8%, I'L = 0.34 eV) and AlysPdRes (C =
Re system than in other alloys, possibly one of the 48.2%, I'y = 0.21 eV). Although this model is purely
factors responsible for the anomalously low electricalphenomenological, the values arrived at for the width of
conductivity [1-6]. We stress, however, that althoughthe pseudogap are in good accord with the order of mag-
the DOSEF) in the i-Al-Pd-Re system is very small, it nitude expected from calculations [7]. Thus we conclude
is nevertheless finite and the alloy is thus metallic dowrthat the observed intensity depression closé toin the
to the temperatures measured. valence bands dfalloys is accounted for by the existence
Previous low energy resolution (233—-500 meV), room-of the Hume-Rothery pseudogap in the DOS.
temperature PES data from thealloys [10,11,15,16] As was shown earlier [10], the predicted DOS spikiness
could not convincingly demonstrate the existence of theshould be detectable in ultrahigh energy resolution PES
theoretically predicted [7,8] pseudogap in the DOS aroun@éxperiments in the vicinity oEr, where the influence of
Er, since the observed decrease of the spectral intensitifetime broadening effects is negligible. No trace of such
towards Er could not be distinguished from the Fermi spikiness could be observed in this study (Figs. 1-3), even
edge cutoff. With the aim of obtaining simple parame-with an energy resolution as high as 6 meV (Fig. 2). Such
ters to characterize the pseudogap, one can simulate tpikiness was also not observed in a recent PES study [12]
observed structure close #®y in the valence bands of of i-Al-Pd-Mn with an energy resolution of 50 meV. Fur-
the i alloys (Fig. 1) using the model proposed by Mori thermore, no DOS spikiness could be detected in a nu-
et al.[11]. As conventional alloys of the quasicrystal- clear magnetic resonance pressure study-Af-Cu-Ru
forming elements do not generally display a DOS mini-[19]. Assuming that the predicted spikiness is not an
mum close toEr, we assume that a simple linear
extrapolation of the spectra between BE’sl.2 and
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FIG. 4. (a) The model of DOS at 0 K which is used to fit the
2 near£r region of the valence band @fAl;,PdyMn;, at 15 K
pon o b i Lo, from Fig. 1. The solid line, which is obtained from a linear
—40 —-20 0 20 fit of the band between BE's 1.2 and —0.7 eV , represents a
BINDING ENERGY (meV) normal DOS (without a pseudogap). The broken line represents
the dip which must be subtracted from the normal DOS in
FIG. 3. NearEr He | valence bands afAl;,sPd,Res and  order to fit the neaf region of the valence band. (b) The
Ag evaporated onto it measured at 45 K with an experimentahear£ region of the valence band &fAl;,PdyMn;, at 15 K
resolution of 6 meV. The solid curves are the fits to a linearlyfrom Fig. 1 (open circles) fitted (solid line) to the model DOS
decreasing intensity multiplied by the Fermi-Dirac function shown in (a) which is multiplied by the Fermi-Dirac function at
at 45 K (the convolution with the instrumental broadening 15 K and convoluted with the experimental resolution Gaussian
function produces a negligible effect at this temperature). function of FWHM = 32 meV.
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