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Comparative study of the binary icosahedral quasicrystal Cd5.7Yb and its crystalline
approximant Cd6Yb by low-temperature ultrahigh-resolution photoemission spectroscopy
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Low-temperature ultrahigh-resolution photoemission~PE! spectroscopy of the recently discovered binary
icosahedral~i! Cd5.7Yb and its 1/1-cubic approximant Cd6Yb has commonly revealed a sharp Fermi edge with
a marked spectral intensity decrease towards the Fermi level (EF), indicating the presence of a dip nearEF

which is consistent with the recent result of electronic structure calculations@Y. Ishii and T. Fujiwara, Phys.
Rev. Lett.87, 206408~2001!#, and the dip atEF is found to be much deeper ini -Cd5.7Yb than in 1/1-Cd6Yb.
Moreover, surface core-level shifts~SCS’s! are clearly observed in the quasicrystal and the approximant, and
the SCS’s are found to be substantially different between these two compounds of different long-range orders.

DOI: 10.1103/PhysRevB.65.224207 PACS number~s!: 71.23.Ft, 71.20.Eh, 79.60.2i
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I. INTRODUCTION

The existence of a pseudogap at the Fermi level (EF)1–3

and the spiky density of states~DOS! of a typical energy
scale of 10-50 meV1,4 were predicted for icosahedral~i! qua-
sicrystals by electronic structure calculations on their cr
talline analogs, the so-called approximants. In order to ve
these features unambiguously, photoemission~PE! spectros-
copy studies have been performed in a number of tern
stablei phases.5 Among these a PE spectroscopy experim
with ultrahigh energy resolutions as low as 5 meV at lo
temperatures down to 12 K, performed by Stadnik a
co-workers,6,7 clearly showed a sharp Fermi cutoff and
marked intensity decrease towardEF , the latter of which is
consistent with the existence of the predicted pseudogap
EF . However, no indication of the predicted spiky structu
was obtained with such a high resolution. A recent PE st
on single-graini-AlPdMn also revealed no sign of the spik
features in the DOS, indicating that the absence is no
consequence of the existence of different crystallograp
orientations at the surfaces of the polyquasicrystall
alloys.8 The reason for the absence of the fine structures
mainly attributed to two possible cases6: ~i! the presence o
topological or chemical disorder which is unavoidable ev
in the samples of highest perfection, and~ii ! the possibility
that the predicted spiky feature is an artifact of the calcu
tions. In this view, the recent results of Zijlstra and Janss9

support the latter case, which showed that in the case o
three-dimensional Penrose tiling model the fine struct
seen in the low-order approximants cannot survive in
quasicrystalline limit. However, no decisive conclusion h
been drawn for the existence of the spikes in the DOS of
real quasicrystals.

The recently discovered stable binary Cd5.7Yb
quasicrystal10,11 is of particular interest from the view of PE
spectroscopy: First, there exists a cubic crystall
approximant12,13 in the vicinity of the composition of thei
phase, thus enabling us to investigate the influence of qu
periodicity on the electronic structure, since it is believ
that the difference between the two phases exists only in
0163-1829/2002/65~22!/224207~5!/$20.00 65 2242
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long-range order. Second, it is a binary stoichiometric co
pound whose single-phase region is considerably nar
compared with the ternary quasicrystals, and thus is expe
to contain much less chemical disorder. This is also s
gested from the structural analysis on its approxim
Cd6Yb, showing that there are no sites occupied statistica
by Cd and Yb atoms,13 which is in striking contrast with the
case of the ternary approximants such asa-AlMnSi ~Ref. 14!
and Mg32(Al,Zn)49,15 where some sites are considered to
chemically disordered. Third, since it contains a rare-ea
element whose 4f states lie close toEF ,16 and such well
localized 4f states are likely to produce sharp final-state m
tiplet structures in the PE spectrum, we expect that a surfa
sensitive PE technique allows us to investigate change
the electronic structure in the surface region of the solid w
high resolution.

In this paper we show a PE study of the binary icosa
dral quasicrystal Cd5.7Yb and its cubic approximant Cd6Yb,
together with direct experimental evidence of the surfa
states in the quasicrystal as well as in the approximan
comparison will be made in detail between the two co
pounds of different long-range orders, and the result for
quasicrystal will be also discussed in view of the predic
spikiness in the DOS.

II. EXPERIMENT

Pure elements of Cd(6N) and Yb(3N) with nominal
compositions Cd5.7Yb and Cd6Yb were melted in a molyb-
denum foil sealed in a quartz tube under argon atmosph
The ingots were subsequently annealed at 673 K for 24
obtain a homogeneous, equilibrium phase. The samples w
confirmed to be a single phase of the icosahedral quasicry
or the cubic approximant by x-ray-diffraction spectrosco
with Cu Ka radiation. PE measurements were performed
a spectrometer built using a Scienta SES2002 electron
lyzer, a monochromatic HeI source~GAMMADATA !, and a
thermally shielded sample holder with a flowing liquid H
cryostat. The highest energy resolution~including analyzer
and light! of the instrument is 1.4 meV, and the resolutio
was intentionally set to 20 or 7 meV for the present study
©2002 The American Physical Society07-1
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order to obtain reasonable count rates. Samples w
mounted on the thermally shielded sample holder, and
sample temperature was measured using a calibrated si
diode sensor to an accuracy of60.5 K. The base pressure o
the spectrometer was better than 5310211 Torr. Clean sur-
faces were obtained by fracturing the samplesin situ. The
measurements were performed in a couple of minutes a
fracturing and oxidization of the surfaces was monitored
the time evolution of spectra. The intrinsic surface sign
were found to disappear in an hour or two after fractur
due to oxidization of the surfaces. By measuring tw
samples for each compound, we confirmed that all the res
shown in this paper are reproducible and hence we conc
that the observed spectra represent intrinsic electronic s
tures.EF of the samples was referenced to that of a gold fi
evaporated onto the sample substrate, and its accurac
estimated to be better than60.05 meV.

III. RESULTS AND DISCUSSION

Figure 1~a! presents low-temperature PE spectra
i -Cd5.7Yb and 1/1-Cd6Yb measured at 5.7 K, and in Fig. 1~b!
we show the same spectra superimposed on one anoth
order to clarify the difference between the two compoun
First of all, a common feature is observed in both spectra
i -Cd5.7Yb and 1/1-Cd6Yb: Two distinct peaks appear aroun
binding energies of20.7 and22.0 eV. Comparing with the

FIG. 1. ~a! Low-temperature He-I PE spectra ofi -Cd5.7Yb and
1/1-Cd6Yb with an energy resolution of 20 meV. The inset sho
the deconvolution of thei -Cd5.7Yb spectrum as described in th
text. ~b! The same spectra superimposed on one another for a b
comparison.
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theoretical DOS,16 as shown in Fig. 2, where a narrow pea
due to the Yb 4f states lie just belowEF , the observed peak
can be readily assigned to the Yb 4f states. This is further
confirmed by the fact that the estimated energy separatio
1.27 eV between the peaks corresponds exactly to the ato
spin-orbit energy 1.27 eV, and hence we conclude that
peaks are due to the 4f 7/2- and 4f 5/2-derived states as appro
priate. In Fig. 1~b!, we note that the peak positions of the Y
4 f doublet are deeper for thei phase than for the approxi
mant, by about 2565 meV. This implies that the electroni
system around Yb atoms is more stable in thei phase than in
the approximant. Also, as clearly seen from Fig. 2, so
difference in the Yb 4f peak positions is noticed between th
theoretical DOS and the PE spectrum; the 4f states of the
theoretical DOS lie at somewhat lower binding energ
compared with the observation. The reason for such a dif
ence is most probably attributed to the atomic sphere
proximation employed in the calculation.

A striking feature in the PE spectra in Fig. 1 is the ex
tence of two humps on the higher binding-energy side of
corresponding 4f peaks, as clearly seen at around bindi
energies at21.4 and22.7 eV for the approximant, while
they are mixed with the doublet of the 4f states for the
quasicrystal. The locations of the humps for 1/1-Cd6Yb were
determined to be21.4060.01 and22.6860.01 eV from
the positions of the intensity maxima of the humps. In t
case ofi -Cd5.7Yb, since the humps are not separated fro
the bulk 4f peaks, a deconvolution of the spectrum by usi

ter

FIG. 2. Comparison between~a! the theoretical DOS from Ref
16 and~b! the present He-I PE spectra for Cd6Yb. In ~a!, the black,
light gray, and dark gray curves represent the total and partial~Cd
5p and Yb 5d) DOS’s respectively.
7-2
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Gaussian functions and assuming a linear background
been performed in order to determine their locations. T
result of the least-squares fit is shown in the inset of Fig. 1~a!
and the locations of the humps were determined to
21.0860.05 and 22.3760.05 eV. In rare-earth-meta
compounds, such extra humps in the vicinity of we
localized states such as the 4f states are well known fo
core-level shifts at the surface.@the so-called surface core
level shift, ~SCS!#,17,18 which reflect changes of the elec
tronic structure in the surface region. The energy separa
of the humps is about 1.3 eV for both compounds, and ag
well with the 4f splitting energy of the bulk states, confirm
ing that they are due to the 4f -derived states. We note tha
the presence of the surface peaks in turn verifies that the
main features in the PE spectra areindeedthe bulk 4f spin-
orbit doublet. The lowering of the binding energy at the s
face indicates that the binding energies of surface atoms
higher than those of bulk atoms. The surface components
shifted to higher binding energies by 0.6860.01 eV for
1/1-Cd6Yb and by 0.3660.05 eV for i -Cd5.7Yb. Interest-
ingly, the SCS’s of 1/1-Cd6Yb fall in the range of those
reported in a number of Yb compounds including a Y
metal,17 while they are considerably smaller fori -Cd5.7Yb.
The small SCS’s in the quasicrystal mean that the local
vironment around the Yb atoms at the surface is quite sim
to that in the bulk. Taking into account that all the Yb atom
participate in 12 Yb icosahedral clusters in 1/1-Cd6Yb, and
that this also seems to be the case fori -Cd5.7Yb, the result
may be taken as an indication that fori -Cd5.7Yb the icosa-
hedral clusters composed of 12 Yb atoms persist even a
surface. Such a conjecture for thei phase is consistent with
the result of scanning tunneling microscopy observati
where the fractured surfaces of the single-graini-AlPdMn
are not atomically flat but made up of clusters 8-10 Å
diameter.19 In addition, the surface peaks are substantia
broader than the bulk peaks in both phases, possibly du
contributions from more than one surface layer and to s
faces of different crystallographic orientations. The pres
paper reports an observation of the SCS’s in the quasicry
as well as in the approximant. The existence of the SC
themselves unambiguously verifies that as in many Yb co
pounds the electronic structure at the surface is also diffe
from that in the bulk in the case of the quasicrystal and
approximant. Although there have been a number of ind
tions which could be interpreted as evidence that the e
tronic structure at the surface differs from that of the bulk
quasicrystals,20,21to our knowledge the present experiment
the firstdirect observation of the surface states in the qua
crystal and the approximant. Furthermore, from the res
we conjecture that the surface sensitive measurement su
the tunneling spectroscopy, which probes the surface D
only, cannot draw a decisive conclusion on the bulk el
tronic states of the quasicrystals.

Next we focus on the structure in the vicinity ofEF in the
PE spectra. As seen from Fig. 1~a!, a decrease of the spectr
intensity towardsEF which is well distinguished from the
Fermi cutoff is observed for both phases, and this trend
comes enhanced nearEF . Moreover, the intensity depressio
at EF is found to be considerably stronger for thei phase
22420
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than for the approximant@Fig. 1~b!#, which clearly shows
that the dip atEF is deeper in the quasicrystal than in th
cubic approximant. The stronger intensity decrease nearEF ,
i.e., less occupied states in the vicinity ofEF in i -Cd5.7Yb,
directly indicates a larger energy gain due to the dip form
tion in the i phase than in the approximant. In order to es
mate the DOS depression atEF quantitatively, a simple phe
nomenological model, proposed by Moriet al.22 and adopted
in a number of papers,5 is also used to fit the present dat
which approximately describe the depression of the DOS
EF by a Lorentzian function centered aroundEF , i.e., @1
2CG2/$(E2EF)21G2%#, multiplied by the Fermi-Dirac
function at 5.7 K and convoluted with a Gaussian describ
the instrumental broadening of the FWHM of 20 meV. A
though the position ofEF is not expected to coincide with
the minimum of the dip,16 it suffices for a comparison of the

FIG. 3. He-I PE spectra ofi -Cd5.7Yb and 1/1-Cd6Yb in the
vicinity of EF , enlarged from Fig. 1. The broken lines and the so
curves represent the normal DOS extrapolated from the BE ra
between20.45 and20.25 eV and the fits to the model as d
scribed in the text, respectively.

FIG. 4. Low-temperature He-I PE spectrum ofi -Cd5.7Yb, with
an energy resolution of 7.2 meV.
7-3
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dip depth between the two compounds. Here the ene
range for the linear extrapolation describing the DOS wi
out the dip was set the same for both phases at bind
energies~BE’s! between20.45 and20.25 eV. In the for-
mula, C and G denote the depth and width of the di
respectively. The results of the fitting are shown in Fig.
The values obtained from the fits areC518.8% andG
596 meV for i -Cd5.7Yb, and C511.1% andG594 meV
for 1/1-Cd6Yb. Thus the depression of the DOS atEF is
estimated to be deeper in the quasicrystal by a factor of
A similar trend was reported in several ternary systems,23,24

and interpreted to be due to the Hume-Rothery mechan
i.e., almost spherical contacts of the Fermi surface with
Jones zone of the quasicrystals.25 However, concerning the
stability of thei phase, we should recall that the existence
the pseudogap in 1/1-Cd6Yb is not due to the Hume-Rother
mechanism but to the hybridization of the Cd 5p and Yb 5d
states.16 Therefore, we reasonably speculate that the p
nounced dip atEF in the quasicrystal is also due to the sam
mechanism with a strongerp-d hybridization effect, possibly
enhanced by its quasiperiodic order.

Figure 4 presents the PE spectrum ofi -Cd5.7Yb with an
energy resolution of 7.2 meV at the low temperature of 5.7
in the vicinity of EF , where the lifetime broadening effect
negligible.5 The solid line in Fig. 4 represents a fit to a lin
early decreasing intensity multiplied by the Fermi-Dir
function at 5.7 K and convoluted with a Gaussian with
FWHM of 7.2 meV. First of all, a marked intensity decrea
towardEF is clearly seen, which is well distinguished fro
the Fermi cutoff owing to the ultrahigh resolution and t
low temperature of the measurement. The sharp Fermi
off suggests thati -Cd5.7Yb is basically a metal at the low
temperature despite the observed unusual electr
properties.26 Second, the observed spectrum is smooth
varies monotonically against the binding energy with t
present experimental resolution of 7.2 meV. Hence we c
-

-

e,

e,

ev
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not extract any appreciable sign of spiky feature in the D
for the binaryi phase, although it is expected to contain le
chemical disorder as described in the text.

IV. CONCLUSIONS

A comparative study of the recently discovered bina
icosahedral Cd5.7Yb and its cubic approximant Cd6Yb has
been performed using ultrahigh-resolution photoemiss
spectroscopy at the low temperature of 5.7 K. The PE spe
of both compounds revealed a sharp Fermi edge an
marked spectral intensity decrease towardEF , the latter of
which indicates the presence of a pronounced dip nearEF ,
in agreement with the theoretical DOS of 1/1-Cd6Yb. The
depression of the DOS atEF is substantially deeper in
i -Cd5.7Yb than in its approximant Cd6Yb, by a factor of 1.7
according to the simple model, giving rise to the stability
the i phase relative to the approximant. In addition, no in
cation of a spiky structure was obtained fori -Cd5.7Yb, which
is a stoichiometric compound with considerably less che
cal disorder. Finally, surface core-level shifts due to diffe
ences in the electronic states at the surface are clearly se
the quasicrystal and the approximant, and the shifts
found to be substantially different between the two co
pounds. The result may imply that the surface sensitive m
surement such as the tunneling spectroscopy cannot dra
decisive conclusion on the bulk electronic states of the q
sicrystals.
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