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Absence of fine structure in the photoemission spectrum of the icosahedral Al-Pd-Mn quasicrystal
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The results of the low-temperature ultrahigh-energy-resolution photoemission studies of a single-grain icosa-
hedral alloy AbgPd,; Mng 5 have been presented. The existence of the theoretically predicted pseudogap in the
density of states at the Fermi energy has been confirmed. No evidence of the theoretically predicted spikiness
of the density of states could be observed. It has been suggested that the failure to detect the predicted spikiness
of the density of states in icosahedral quasicrystals is consistent with the results of Zijlstra and Janssen
[Europhys. Lett52, 578 (2000] who showed that the spikiness occurs only in lower-order periodic approxi-
mants to icosahedral quasicrystals, but does not survive in the quasiperiodic limit.
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. INTRODUCTION QC's is the fine structuréspikines$ of the DOS?™** The
(DOS) of QC's is believed to consist of many very fine
Quasicrystals(QC’s) are a new form of the solid state spiked peaks with a width in the range 10-50 meV. The
which differs from the other two known forms, crystalline predicted DOS spikiness seems to be a unique property
and amorphous, by possessing a new type of long-rangahich distinguishes QC's from crystalline and amorphous
translational order,quasiperiodicity and a noncrystallo- alloys. This spikiness is invokédo explain the experimental
graphic orientational order associated with the classicallpbservation that the electrical resistivityof QC’s is unusu-
forbidden fivefold (icosahedral eightfold (octagonal, ten-  ally sensitive to slight changes in their composition: such
fold (decagonal and twelvefold (dodecagonal symmetry  changes shift the position &, resulting in a strong change
axes! One of the central problems in condensed-matteof the DOSE), and consequently gf.
physics is to determine whether quasiperiodicity leads to The electronic structure calculations are performed for the
physical properties which are significantly different from so-called quasicrystalline approximaftsyhich are periodic
those of crystalline and amorphous materials of the samegrystalline alloys with large unit cells whose local atomic
similar compositions. structures are very similar to those in QC’s. These approxi-
The physical properties of QC’s, and especially their elecmants are characterized by the rational numbets
tronic transport properties, are very unusti@hey are ulti- =F,/F,,,, whereF, is a Fibonacci number. Thesg £,
mately determined by the electronic structure of these alloys, 3, £, ..., approximants approach the quasiperiodic limit
Knowledge and understanding of the electronic structure aras the numbersr, approach the golden mean=(1
thus essential if we are to understand the unexpected physi \5)/2. By calculating the DOS for a series of approxi-
cal properties of QC's. mants of increasing order, conclusions can be drawn regard-
There are three major theoretical predictions of the elecing the DOS in the quasiperiodic limit. Because of the com-
tronic structure of icosahedrél) alloys. The first one is the putational restrictions, the electronic structure calculations
prediction of the existence of the pseudogap in the density dfire carried out for the lowest-order approximahté.It has
states(DOS) at the Fermi leveEg. The early calculations been pointed out by Haerle and Krarffethat the predicted
based on the nearly free-electron approximationDOS spikiness might be an artifact resulting from the re-
concluded™2 that such a pseudogap should exist in the stricted number of wave vect@rpoints taken into account in
alloys. Modern electronic structure calculations performedhe DOS calculations, leading to the lack of convergence
for the approximants to variousalloys unanimously predict with respect to the Brillouin-zone integration. Zijlstra and
the presence of the pseudogap in the DBIS(°~2* For the  Janssen have shofnon the basis of quasiperiodic model
i Al-Pd-Re system, the possible existence of a real gap in thelamiltonians that, at a fixed level of computational resolu-
DOS arouncEg was predicted??* The predicted minimum tion, the DOS spikiness disappears on approaching the qua-
of DOS(Eg) (a pseudogapis not a unique characteristic siperiodic limit but persists in lower-order approximants.
which distinguishes the electronic structure of QC’s fromThey argued that previously published electronic structure
that of crystalline and amorphous alloys since the pseudogagalculations suffered from the lack of convergence with re-
does occur in both crystalline and amorphous systems.  spect to the number of the points in a Brillouin zone and
The second theoretical prediction of the electronic struc€onsequently the observed spikes in the DOS were not rep-
ture calculations carried out for various approximants toresentative for the DOS of an ideaQC.
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In general, the eigenvalue spectrum of a Hamiltonian carn the Al-Pd-Re alloys. No other stikes could be observed in
be categorized as absolutely continuous, point-like, or singuthe tunneling spectra dfalloys -
lar continuous, corresponding respectively to extended, lo- Different reasons have been invoRétb explain the fail-
calized, and critical eigenstaté%?® Extended and localized Ure to detect the DOS spikiness even in the low-temperature
eigenstates are characteristic for periodic and strongly disof?ES valence bands of QC's measured with the highest en-
dered systems, respectively. Critical eigenstates, which a@9y resolution presently achievable. The main concern was
neither extended nor localized, are characterized by a powe@SSociated with the fact that the majority of the studied QC's
law decay of their amplitudes. They seem to be inherent t§Vere in a polyquasicrystalline form; the studied surfaces con-
one-dimensional1D), 2D, and possibly 3D QC&?° sist of sm_all pplyql,_las_lcrystalhne grains with arbltr_ary orien-

The anomalously large and a low electronic specific fation which, in principle, may lead to a smoothing of the
heat coefficienty were taken as an experimental evidence foréXisting fine structure of the DOS. In addition, the surfaces
the existence of a pseudogap in the DOEat3*3A uni-  are prepared byn situ mechanical scraplng.and/or cleaving
versal experimental relatiop~y~ Y2 discovered indepen- wh|ch, in prlr}c!ple, may lead to the destruction of the surfgce
dently by Mizutani? and Rapp® for manyi alloys, is indica- quasicrystallinity. Here we report low-temperature, high

tive of the minimum of the DOSE) in these alloys. The energy-resolution _ PES measurements on a single-grain
results of NMR*~37 optical conductivity?®**® and i Al-Pd-Mn alloy with a well characterized surface. We dem-

photoconductivit§” experiments were interpreted in terms of Onstrate that the predicted_DOS spikiness cannot be Qetected
the pseudogap in the DOB{) in thei alloys. in the valence band qf this alloy Wher_l measured with the
The theoretically predicted spikiness of the DO$@C's ~ Nighest energy resolution currently achievable.
has been claimed to be consistent with the variations of vari-
ous physical parameters which probe the DOS indirectly.
The temperature/composition dependencies, 4t the Hall A single-graini Al;gPd,; Mng s alloy was grown by the
coefficient and the thermoelectric powf,° and the NMR  Bridgman technique. Appropriate quantities of (§9.999%
Knight shif K and the spin-lattice relaxation rateT1/(Refs.  pure), electron-beam-melted purified R69.99%, and dis-
37, 47, and 4Bwere interpreted as evidence for the presenceilled Mn (99.999% were cleaned and arc melted several
of the fine structure of the DOS. However, other experimentsimes under an argon atmosphere. The buttons were then
were interpreted as being against the presence of the DO@melted and the alloy drop cast into a copper chill cast mold
spikiness. The results of the temperature/compositionfo ensure compositional homogeneity throughout the ingot.
pressure dependencies off{/and K,***"**the magnetic The as cast ingot was placed in an alumina crucible and
susceptibility;° and the specific he&t> were taken as evi- heated under a pressure of .30 %Pa up to 673 K to
dence for a smooth DOS. degas the crucible and melt. The furnace was backfilled with
The possible existence of the critical eigenstates in thergon gas to a pressure of 2X060° Pa. This overpressuriza-
i-Al-Pd-Re alloy was invoked in the interpretation of the tion is necessary in order to maintain stoichiometry and
unusual power-law-like increase &fAI-NMR (T,T) " with  minimize porosity formation. Following pressurization, heat-
decreasing temperature below 20K. ing was continued until the ingot reached a temperature of
A common characteristic of the measurements mentioned@373 K and held fo 1 h before being withdrawn from the
above is the fact that they probe the D@8lirectly via,  furnace at a rate of 1 mm/h. A flat wafer approximately 10
sometimes complex, dependencies of the measured paramrmx8 mmx2 mm was cut from a single grain of a boule
eters upon DOS. Studies using spectroscopic techniquesd oriented by an x-ray Laue technique within 0.25° per-
which probe DOSlirectly in the vicinity of E¢ are therefore pendicular to the fivefold axis. The surface was then polished
desirable to determine the predicted presence of thasing standard metallographic techniques. An inspection of
pseudogap in the DOSg) and of the DOS fine structure in the sample for the presence of second phases using scanning
QC’s. The experiments carried out with high energy-electron and scanning Auger spectroscopy indicated that,
resolution photoemission spectroscoES and inverse within a detection limit of 1%, the sample is single phase.
photoemission spectroscofPES established conclusively The surface of the fivefold single-grairAl;oPd,; gMng 5
the presence of the pseudogap in thaloys Al-Li-Cu, Al-  was prepared for the PES experiments by sputtering-
Cu-Fe, Al-Cu-Os, Al-Pd-Mn, and Al-Pd-Re alloy$:®° annealing cycles. Annealing periods were typically 30 min
PES/IPES experiments with high energy resolution arejuring cleaning and about 2 h before the PES experiments.
fully capablé”®! of detecting DOS spikiness at low and/or Choosing an appropriate annealing temperature is crucial in
room temperatures. The predicted DOS spikiness has n@roducing a quasicrystalline surfa®®°Annealing was done
been observed in any of the PES/IPES experiments carriegt 773 K which yielded a clear fivefold low-energy electron
out so far on various QC's. Experiments carried out with thediffraction patter?®%° The surface cleanliness was verified
tunneling spectroscop§f'S) technique, which has an energy using Auger electron spectroscopy.
resolution of~kgT (better than 1 meV at 4.2 )Kdetected at Ultrahigh-energy-resolution PES experiments were car-
liquid helium temperatures one sharp feature, locatdgkat  ried out in an angle-integrated mode using a spectrometer
of width ~50—-60 meV in thei Al-Cu-Fe, Al-Pd-Mn, and equipped with a high-intensity He discharge lat@Gamma-
Al-Pd-Re alloys®?~% However, in another TS stud§,this  datd producing a He | line at 21.2 eV and He Il line at 40.8
feature was found to be much narrower20 me\) in the eV, and a high-resolution Scienta SES200 hemispherical
i Al-Cu-Fe and Al-Pd-Mn alloys, but very wide-100 me\ analyzeﬁ7 The instrumental resolution was determined by

Il. EXPERIMENTAL PROCEDURE
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AN A AN M AN ™ between the theoreticdland experimenta! ' partial DOS
M of the Mn3d and Pd4 character and the total
J \ experimentdl "t and theoretical DOS.
@) The decrease of the spectral intensity towalgs[Fig.
1(a)], which is clearly distinguished from the decrease due to
the Fermi cutoff, results from the presence of a pseudogap in
the DOSEg). With the aim of obtaining simple parameters
P - to characterize the pseudogap, one can simulate the observed
0 structure close tdEg in the valence band using the model
proposed by Moriet al> As conventional alloys of the
quasicrystal-forming elements do not display a DOS mini-
mum close tdE, it is assumed that a simple linear extrapo-
lation of the spectrum foEg energy range directly before the
peak in the valence band feature clos&toaccounts for the
DOS without the gagthe normal DO% The presence of a
pseudogap would result in an intensity dip which is assumed
to be of Lorentzian shape centeredeat, characterized by
the half-widthI" , and the dip depth relative to the normal
BINDING ENERGY (eV) DOS C. The observed intensit)(Eg) is the convolution of
the normal DOS multiplied by the pseudogap Lorentzian
FIG. 1. (& He Il angle-integrated valence band of the single- function and by the Fermi-Dirac functioi{Eg,T), and the

graini Al7gPdy; Mngs at 12 K measured with an energy resolution experimental resolution Gaussian function
of 8.6(1) meV. The amplitude of the error bars is equal to one
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standard deviation(b) The model of the DOSt&) K which is used E

to fit the nearEg region of the angle-integrated valence band of I(EB)ZJ N(ax+b)| 1— 2—IQ> f(x,T)
single-graini Al;oPd,; Mngs at 12 K from(a). The solid line rep- XL

resents the normal DOS at 0 K, whereas the broken line represents (x— EB)z

the dip which must be subtracted from the normal DOS in order to X ex;{ - —Z}d , (1)
fit the nearkEg region of the valence bandc) The nearEg region 2s

of the angle-integrated valence band of single-grain
i Al;oPdy; Mngsat 12 K from(a) (open circlegfitted (solid line) to

the model DOS shown irfb) which is multiplied by the Fermi-
Dirac function at 12 K and convoluted with the experimental
Gaussian function of FWHM8.6 meV.

whereN is a nhormalization factor, the experimental Gaussian
FWHM is related tos through FWHM=2./2 In 2s, and the
constantsa and b are determined from a linear fit of the
spectrum folEz energy range betweenl.2 to—0.7 eV. The

C values of 0 and 100% correspond, respectively, to the nor-

fitting the Fermi edge of an atomically clean Ta foil in direct M& DOS(no pseudogapand no DOSE). There is some
thermal and electrical contact with the sample with the con@'bitrariness in the model expressed by Bg.regarding the
volution of a Gaussian and the product of a linear DOS and@hoice of theEg range for which the data are fitted to a line
the Fermi-Dirac function at the appropriate temperature. Th&Es+ b representing a normal DOS, which results in nonu-
full width at half-maximum(FWHM) of the Gaussian is the Nique valuesC andl’, characterizing the pseudogap. Never-
only adjustable parameter in this procedure and gives gditheless, one obtains a ree_lsongble estimate of the Wldth and
rectly the instrumental resolution. PES measurements wet@ePth of the pseudogap with this procedure. A good fit of the
performed at a base pressure of better thanl6 1 Torr. ~ NearEg region of the valence band of the single-grain
The PES valence bands presented here are corrected for thel70Pt1 Mng s alloy [Fig. 1(c)] with this model[Fig. 1(b)]

secondary-electron backgroufid. is achieved for parameter valu€s=33.9(1.9)% andl'|
=0.13(1) eV. The values of these parameters obtained from
IIl. RESULTS AND DISCUSSION the similar fit of the neaEg region of the valence band of

the polyquasicrystalling Al;gPd,gMn;, alloy®® are, respec-

The low-temperature He Il valence band of the single-tively, 28.1(1.0% and 0.222) eV. Thus it can be concluded
grain samplei Al;oPdh; Mngs [Fig. 1(a)] differs from the that the high-resolution PES data obtained from both
corresponding valence band of a polyquasicrystallingolyquasicrystalline and single-grain samples are in support
i Al7oPdhgMnyo samplé® in that the main feature at the bind- of the theoretically predictéd presence of the pseudogap in
ing energyEg of —4.1 eV of the former has a clear shoulder the i Al-Pd-Mn system.
at Eg~—5eV. The main feature of the valence band is The predicted DOS spikes have amplitudes of up to
mainly due to the Pdd-derived states, whereas the feature~100% of the average DOS and the widths in the range
close toEg is predominantly due to states of MdZharac- 10-50 meV[Fig. 2@]. In order to assess whether such
ter. This assignment is based on previous room-temperatuspikes can be detected in a PES valence band, the following
synchrotron-radiation PES studi®é! carried out on the analysis is applied. In principle, a PES spectrum is propor-
polyquasicrystallind Al;PdoMn;, sample with an energy tional to the total DOS?"® However, a number of correc-
resolution of 400 meV. They established a good agreemeritons have to applied to the measured valence band in order
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. - are much smaller than the size of the circles. The solid line is the fit
(b) to a linearly decreasing intensity multiplied by the Fermi-Dirac
function at 12 K(broken curveé and convoluted with a Gaussian
3 2 whose FWHM=8.6(1) meV.

vicinity of Eg, up to 1.2 eV belowEg. An inspection of
curves 2—4 in Fig. @) indicates that one should be able to
observe the fine structure in the PES valence band of the
i-Al-Pd-Mn alloy measured with an energy resolution better
than about 50 meV up to 1.0 eV belo&t . For such an
energy resolution the amplitudes of the spikes reach up to
about 50% of the average spectral intengiyrves 4 and 5
FIG. 2. (a) Total DOS of the} approximant AlgPchMny, from  IN Fig. 2(b)].
Ref. 17.(b) Occupied part of the DOS frorta) multiplied by the It is apparent from the valence band shown in Fig. 1 that
Fermi-Dirac function at 12 K and convoluted with a Lorentzian the measured intensity is a smooth functioregf. The sta-
(curve 1), to account for the lifetime broadening effects, and with atistical error of the spectral intensity is an order of magnitude
Gaussian, to account for the experimental resolution, with the rescsmaller than the expected maximum amplitude of the spikes.
lution of 200 meV(curve 2, 100 meV(curve 3, 50 meV(curve 4,  The He | valence band of the single-graiAl;oPd; Mng s
and 8.6 meMcurve 5. The separation between the two neighboring alloy measured in the vicinity oEg, where the lifetime
ticks on the ordinate axis corresponds to 0.5 ste/sitom). broadening effects are negligible, on a dramatically ex-
pandedEg scale(Fig. 3) shows no evidence for the spiky
to compare it to a theoretical DOS. In practice, the recoveryariation of the spectral intensity. A clearly developed Fermi
of the DOS from the measured spectrum is difficult andedge confirms that this alloy, in spite of its higl?® is me-
therefore one usually generates a synthetic spectrum from thallic. It must be then concluded that the high energy-
theoretical DOS to which the known corrections are appliedresolution PES results cannot confirm the reality of the
and then compares this synthetic spectrum with the experiredicted’ spikiness of the DOS in thieAl-Pd-Mn system.
mental one7.2'73 The theoretical DOS in Flg(a) has to be Other room and |ow-tempe|’ature PES experirﬁéﬁﬁ;‘6o
modified to account for the lifetime broadening effects inher-on fivefold and twofold surfaces of theAl-Pd-Mn system
ent to the PES technique, the finite energy resolution of agarried out with an energy resolution in the range 25—70
experiment, and the temperature of the sample. The lifetimgneV also failed to detect the presence of any spiky variation
broadening effects are represented by the Lorentzian whosgt the spectral intensity of the valence bands clos& to
FWHM=TPEZ, whereI'} is a parameter which fixes the Recent room-temperature PES measurerfiots a tenfold
scale of the broadening:"*The FE parameter was set at the surface of the decagonal Al-Co-Ni QC carried out with an
value of 0.04 eV* which is a typical value used for other energy resolution of 55 meV were also unable to detect the
metallic alloys’"®"*The instrumental broadening is repre- presence of the predictétspikiness in the DOS. Thus it can
sented by a Gaussian with FWHM; equal to the energy be concluded that, in agreement with the theoretical predic-
resolution of the PES experiment. The synthetic PES spectrigon of Zijlstra and Jansset the fine structure of DOS does
[Fig. 2(b)] have been obtained from the theoretical DOSnot exist ini QC's.
from Fig. 2a) by multiplying it by the Fermi-Dirac function For the He | and He Il photon energies used here, the PES
at 12 K, and then convoluting it with a Lorentzian and ais a surface-sensitive technique probing only a few atomic
Gaussian with the valueEg equal to 0.0(infinitely high  layers’? The PES spectra thus reflect, simultaneously and in
energy resolution 200, 100, 50, and 8.6 meV. It is evident different proportions, both bulk and surface properties. The
[curve 1 in Fig. 2b)] that the lifetime broadening effects electronic structure of a quasicrystalline surface can, in prin-
smear out the DOS spikiness fBg’'s smaller than—1.2 eV,  ciple, be different form that of the bulk. There are indica-
i.e., in a hypothetical PES experiment with an infinitely hightions, based on the PES studies of the gl 2Vin 2p, and
energy resolution one could expect to detect them only in th®d 3d core-level lines in the single-grain-Al-Pd-Mn

DOS [states/(eV-atom)]

BINDING ENERGY (eV)
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alloys®7" that the pseudogap in the DG&) is shallower —energy-resolution PES technique. The alloy has a clearly de-

at the surface than in the bulk; this could be interpreted ageloped Fermi edge, and is therefore metallic. The decrease
evidence that the bulk and surface states are different. It ief the spectral intensity towarB has been shown to be
predicted that the DOS spikiness can be smoothed out by @ompatible with the presence of the theoretically predicted
surface’® It is thus conceivable, given the larger contribution pseudogap in the DOS aroufig . The presence of the theo-

to the He | and He Il PES spectra from the surface than frometically predicted fine structure of the DOS has not been
the bulk, that the observed absence of the fine structure in thebserved with an energy resolution of 8.6 meV. It has been
PES spectra indicates the nonexistence of the DOS spikes Huggested that the failure to detect the predicted DOS spiki-
the surface DOS rather than in the bulk. However, the abpess in QC’s is compatible with the theoretical results of

sence of the spikiness observed in the PES spectra measurgglsira and JanssefEurophys. Lett52, 578 (2000] who

with different photon energie$;*®~®and thus for different

showed that the DOS spikiness occurs only in lower-order

probing depths, would seem to indicate that the spectra pr‘:geriodic approximants toQC's, but does not survive in the

sented here are representative of the bulk electronic stru
ture. For all known QC's, even the most “perfect” ones,
diffuse scattering is observed in their diffraction speétf.

The diffuse scattering results from the presence of some dis-

order in the diffracting structure. It is possiBlethat this
disorder might smooth out the DOS spikiness.

IV. SUMMARY

The low-temperature valence band of the single-giain
alloy i Al;gPd; Mng s has been measured with the ultrahigh-

uasiperiodic limit.
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