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Abstract. We present the results of an investigation, both theoretical and experimental, of
partially occupied and unoccupied electronic distributions in orthorhombBiBéI The occupied

Al states neaEr are p—d hybridized in interaction with Ru 4d states, whereas they are almost
purely s-like in character beyond 6 eV frofiz. The Ru 4d states are found close £g;

their interaction with the Al states produces an important depletion of the Al 3s—d and Al 3p
distributions. As a result, the Al edges are somewhat pushed backAfanThus a wide range

of energy with almost no states is present in the occupied band Biddies close to the bottom

of the unoccupied band where both unoccupied Al states and unoccupied Ru states are present.
These results are compared to previous data for icosahedral quasicrystalin®®iRes 5.

1. Introduction

For many years now, investigation of the electronic structure of quasicrystalline
intermetallics has given impetus to the study of related crystalline alloys. The existence of a
marked pseudo-gap at the Fermi levEl{ appears to be important for quasicrystals, as has
been observed experimentally (Traveesal 1988, Matsuet al 1989, Matsubarat al 1991,
Mori et al 1991, Belinet al 1992a, b, Hipperet al 1992, Stadnik and Stroink 1993) and
predicted theoretically on the basis of densities-of-states (DOS) calculations performed for
crystalline approximants (Fujiwara 1990, Fujiwara and Yokokawa 1991, Phillips and Rabe
1991, Hafner and Krajci 1993, Krajci and Hafner 1992). Many physical and electronic
properties have been related to the existence of this pseudo-gap (see for example Poon
(1992) and references therein, Berggral (1993), Berger (1994) and references therein,
and Krajciet al (1995)), in particular the high resistivity, especially at low temperature,
displayed by most of the stable icosahedral quasicrystals of high structural quality (Belin-
Fere and Dubois 1996).

Several Al-based crystalline alloys also exhibit a marked non-metallic behaviour (Pierce
et al 1993, Volkov and Poon 1995, Poon 1996) whichaigpriori unexpected, since Al,
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which is the major component, is a very good metal. Thus, it is of interest to investigate
the electronic structure of such intermetallics to enable a meaningful comparison with
guasicrystals to be made.

The purpose of this work is to analyse by experimental as well as theoretical means the
electronic structure of orthorhombic ARu. This binary alloy displays semiconductor-like
behaviour (Basowet al 1994), it belongs to the same phase diagram as quasicrystalline
AlgsCuoRu5, and its Al and transition metal contents are comparable to those of the
quasicrystal. Note that, for ACwoRus, resistivities at low temperature as high as
3000082 cm have been reported (Biggsal 1991), and the presence of a rather wide and
deep pseudo-gap &t has been seen experimentally using photoemission (XPS) (Stadnik
al 1994, Nakamura and Mizutani 1994) as well as soft-x-ray spectroscopy (SXS) techniques
(Belin-Ferg et al 1996).

The paper is organized as follows. In sections 2 and 3, we briefly describe the exp-
erimental techniques and procedures which we have carried out in making the measurements.
Section 4 gives information about the methodology of our calculations. Section 5 describes
and compares the experimental and theoretical results. All of these results are discussed in
section 6 and summarized in section 7.

2. Experimental techniques

The experimental techniques and spectral analysis have already been described elsewhere
(see for example Belin-Fegret al 1996). Let us recall that the soft x-ray emission and
absorption spectroscopy (SXES and SXAS respectively) techniques are both of spectral
character and atomic site selective. The SXS processes are governed by dipole selection
rules. The energy distributions are proportionaMg,, which denotes the partially occupied
or unoccupied DOS of the solid analysed (the OB and the UB respectively), ang t6)
which is the width of the inner level involved in the x-ray transition. The matrix elements of
the SXS transition probabilities are either constant or vary slowly with energy, so, usually,
they do not need to be accounted for. These techniques display no absolute DOS values,
but it is possible to compare given spectral distribution curves for various materials to
investigate possible modifications of the electronic structure.

The spectral distribution curves are obtained each on its own x-ray transition energy
scale. Adjustment to an absolute energy scale may be achieved by gettingo each
x-ray transition energy scale. For such a purpose, the binding energies of the inner levels
involved in the SXS transitions are measured by means of XPS experiments. Thus it is
possible to trace the spectral distributions on the binding energy scale.

3. Experimental procedure

The orthorhombic AlIRu sample which we used was investigated by means of x-ray
measurements and low-temperature conductivity by Piere¢ (1993). We probed various
X-ray transitions to describe occupied as well as unoccupied bands (table 1). Let us mention
that for Ru, the 18, 15 spectrum accounts mainly for the occupied 4d-state distribution, since
x-ray transition probabilities favour p—d transitions over p—s ones; in addition, note that the
s-state contribution is already significantly faint in the OB of pure Ru (Papaconstantopoulos
19864, b).

Let us recall briefly that the SXES spectra were scanned with vacuum spectrometers
fitted with bent SiQ crystals (100 or 120 planes) or a grating, whose final energy



Electronic structure of orthorhombic ARu 8001

Table 1. The x-ray transition analysed, the states investigated, the energy range studied, the
experimental technique, and the width of the inner level involved in the x-ray transition (the
widths of the inner levels are from Krause and Oliver (1979)).

State Width of the
X-ray transition investigated  Energy range (eV) Technique inner level (eV)
AlKB: OB — 1s Al 3p 1550-1565 SXES ~04
Al'Lo3: OB — 2pz)» Al 3s—d 55-75 SXES <0.1
Ru L2150 OB — 2p32  Ru 3s—d 2827-2847 SXES ~ 2.0
AlK: 1s - UB Al p 1555-1585 SXAS ~04
Ru Ly 2ps2 — UB Ru s—d 2830-2850 SXAS ~ 2.0

resolutions were about 0.35 eV for Al 3s, d, 0.45 eV for Al 3p, and about 2 eV for
Ru 4d states. The SXAS experiments were performed at the synchrotron facility of the
Laboratoire pour I'Utilisation du Rayonnement Electrométigiue (LURE, Orsay, France).
Measurements involve the yield technique at the Super ACO storage ring (experimental
station SA 32) applied by means of a two-crystal monochromator equipped wish18i0

slabs. The final energy resolutions were 0.45 eV for Al K and 2.5 eV for Ruspectra.

SXS spectra of fcc Al and hcp Ru were also recorded for comparison and calibration
purposes. All of the spectral curves were normalized between their maximum intensity and
ranges where their variation of intensity is negligible.

The Al 2p;» and Ru 3p binding energies were measured with an XPS spectrometer
fitted with a Mg cathode. For Ru, since we did not scan the 4d-level binding energy, we
assumed a constant chemical shift in the alloy with respect to pure metal. The Al 1s binding
energy was deduced from the energies of the Al 2fevel and the Al Kr (2pz2 — 19
x-ray emission line (Traverset al 1988). Finally, we could plac&r on the various x-ray
transition energy scales withit0.2 eV for Al and+0.3 eV for Ru.

4. Densities-of-states calculations

Al,;Ru is face-centred orthorhombi& {dd or C54), and each unit cell contains six atoms:
four Al atoms and two Ru atoms. The lattice parametersaat€0.8015 nmp = 0.4715 nm,

andc¢ = 0.8780 nm (Pearson 1967). A calculation of the electronic structure has already
been reported by Nguyen Margt al (1992), who pointed out the hybridization between
Ru d and Al p states and the formation of a gapEat In our paper, we focus on the
partial DOSs. To achieve a meaningful comparison with the experimental data, we have
smoothed out the partially occupied and unoccupied DOSs first by using a Lorentzian-like
distribution to account for the intrinsic SXS broadening due to the inner level (table 1) and
second by using a Gaussian distribution to account for the instrumental function (0.3 eV).
We obtained thus calculated SXS spectra which we denote as CS in the following.

5. Results

We will not show here the total DOS curve that has been given by Nguyen Mtaah
(1992), but rather the partial DOSs, which we display in figure 1 (from bottom to top:
theoretical Al s, Al p, Al d, and Ru s and Ru d partial DOS curves). The Ru d states are
dominant, since their maximum intensity is 6.21 states’eper unit cell as against 0.2 for
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Figure 1. Calculated partial DOSs. From bottom to top: Al s, Al p, Al d, and Ru s (dotted
line) and Ru d (full line) partial distributions.

Ru s, 2.23 for Al p, 1.01 for Al s, and 0.89 for Al d. The Al s and Ru s states are mostly
located belowEr — 4 eV, towards high binding energies. The curves for the Al p, Al d,
and Ru d states exhibit roughly the same shape, namely four sets of peaks. Note that the
intensities of all of the partial DOSs beyond about 1 eV fram are dramatically low.

The occupied Al 3p, both occupied Al 3s and 3d, and unoccupied Al p CS, as well
as experimental curves, are shown in figures 2 and 3 respectively. The corresponding
theoretical partial DOSs are also given for the sake of comparison. Let us begin with the
Al 3p-like occupied distributions (figure 2). The partial DOS curve (lowest panel) exhibits
various sets of peaks over about 10 eV marked AaBd B, C; and G, D, and F, and
a wide hollow denoted as E. The maximum intensity is that of peakT®e CS (middle
panel) is a broad smooth peak showing several faint fluctuations of intensity labelled a,
b,, c; and ¢, d, and e that correspond to A, BC; and G, D, and E. The maximum b is
in coincidence not with peakBbut with a secondary peak of the DOS curve shown by a
double arrow in the figure. Within about 1 eV éfr the intensity of the CS is very low
but not equal to zero. The shape of the experimental Al 3p distribution curve (uppermost
panel) compares well with that of the CS since the various features of both curves are in
the same energy ranges. However, several inversions of intensities are observed between
experiment and theory: the maximysga coincides with the secondary peak Bhereas the
faint concave shouldes; corresponds to the maximunmyBThe experimental intensity at
Er is comparable to that of the CS. This low intensity n€arwill be discussed in the next
section. The large peak P of the theoretical p-like unoccupied DOS is seen as a marked
bump p on the CS. The edge of the DOS curve is straight and cloBe;tsome intensity
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Figure 2. Al 3p distributions. Lowest panel: the theoretical Al p DOS. Middle panel: the
calculated Al KB spectrum (see the text). Uppermost panel: the occupied Al 3p experimental
distribution (full line) and the Al p unoccupied experimental distribution (dotted line). For an
explanation of the labels, see the text.

is observed aE in the CS. The unoccupied Al p-state experimental and CS curves are in
fair agreement.

The three panels of figure 3 display s and d Al distribution curves. In the lowest panel
we show the Al s DOS and its corresponding CS curves. The middle panel shows the
same curves for Al d-like character. In the uppermost panel, the experimental Al 3s, d
spectrum is plotted together with a curve obtained from the sum of the s DOS with two-
fifths of the d DOS that, according to Goodings and Harris (1969), allows us to account
for the differences between s and p— d transition probabilities. The peaks labelled
A1, A3, B, C, and O of the Al s DOS curve coincide with the peaks (or sets of peaks)
markedi, 1, 1, 1v, andv of the Al d DOS curve. The corresponding CS curves exhibit
features coinciding in energy with those of the DOS curves. The edge of the d-like CS
arises from the broadening of peakThe maximum of the s-like CS corresponds to peak
D;. That of the d-like CS curve corresponds to featugeitais roughly at the energy of
the centroid of the set of peaks denotediiasVhereas the s DOS and d DOS intensities
are almost zero aEr, some faint intensity is observed for the corresponding CS curves.
We will come back to this point in the next section. Within the experimental precision,
the features of the experimental curve coincide with the structures of both the s and d CS
curves. However, discrepancies can be noticed for the intensities: the intensities of features
a3 andag are the reverse of those of the structurgard a; on the other hand, the intensity
of features; is noticeably higher than that of featu¥g whereas the intensities of structures



8004 V Fourrée et al

-~
)
i=
=
o
&
= i
% .
= d
= ' oyt
v
D, D |
\
|
C VA,
A
i 4 A3 Al
T i i I i T I
-12.00 -8.00 -4.00 0.00 4.00
Binding energy (eV)

Figure 3. Al 3s—d distributions. Lowest panel: the theoretical (thin line) and broadened (thick
line) Al s DOS (see the text). Middle panel: the theoretical (thin line) and broadened (thick line)
Al d DOS (see the text). Uppermost panel: the occupied Al 3s—d experimental distribution (full
line). The dotted curve has been obtained from the sum of the broadened s DOS with two-fifths
of the d DOS to account for differences between>ps and p— d transition probabilities (see

the text).

D; and D are almost equal. No broadening of the partially unoccupied s and d DOSs has
been carried out since no experimental data are available for us to compare them with.
Figure 4 displays the Ru g 15 curves for pure hcp metal and for the alloy. Let us
recall that these curves mainly reflect the Ru 4d-state distribution. The same shape as for
the pure metal is preserved in the alloy, consistently with the fact that d states, being of
rather localized character, are less sensitive than p or s states to any modification of the
atomic environment. The full width at half-maximum intensity is reduced hy A1 eV
in the alloy, and the maximum is shifted by6Gt 0.1 eV towards high binding energies.
We have plotted on the same figure, figure 4, the spectra obtained for unoccupied d and s
states in pure hcp Ru and Ru in,Ru. The curve for pure Ru exhibits a sharp ‘white line’
A, followed by two structures labelled B and C. The curve of the alloy retains a peak in
the same energy range as peak A but it is much less intense and somewhat broadened; in
addition, there are no features in the energy ranges of B and C.
Finally, figure 5 shows a sketch of the occupied and unoccupied distributions RuAl
For comparison, the Al 3p experimental curve for pure fcc Al is also plotted on the same
figure, also normalized to its own maximum intensity.
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Figure 4. Ru 4d occupied and Ru d—s unoccupied distributions in pure hcp metal (triangles and
dots respectively) and in ARu (full line and crosses respectively).
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Figure 5. Occupied (left-hand side) and unoccupied (right-hand side) electronic distributions of
Al;Ru as obtained experimentally. Full line: Al 3p states; dotted line: Al 3s—d states; line with
squares: Ru 4d states; starred line: Al p states; line with crosses: Ru d-s states. The thin full
line corresponds to Al 3p states in pure fcc Al.

6. Discussion

To begin the discussion, let us recall results obtained using the same experimental procedure
for pure metals. For pure fcc Al (see for example Belin-Eetral 1996), the inflexion point

of the steep Al 3p edge is exactly Bt and its intensity is half the maximum intensity of

the Al 3p sub-band (figure 5). The Al 3s—d curve exhibits a prominent peakHjearhich

is characteristic of a free-electron-like metal. The Al 3p-state and Al 3s—d-state distribution
curves totally overlap, revealing strong s—p hybridization over the whole occupied band with
some s—p—d hybridization at and ne&g. In pure hcp Ru, the 4d-state distribution curve
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(figure 4) consists of a large almost symmetric peak. Peak A of the unoccupied d-s curve
is due to transitions from p> d-like states. Structure B results from the transition from

p — s—d hybridized states. The same should hold true for feature C (Papaconstantopoulos
19864, b).

For Al;Ru the shapes and energy extent of the various sub-bands differ from those for
the pure metals, revealing thus genuine hybridizations. The peaks of the Al p and Al d
DOS curves of the calculation of Nguyen Maahal (1992) coincide within the range that
covers 6 eV fromEx (figure 1). Accordingly, the Al states within this energy range are p—d
hybridized. Then, belowE — 6 eV they are almost purely s-like in character. Unoccupied
states are also hybridized but they are of dominant p-like character within the first 2 eV
from Ep. Our experimental results confirm the results of these calculations. They show
significant overlap between Al 3p and 3s, d curves within Ehe— 6 eV region, and also
with Ru 4d states in this energy range. This is seen in figure 5, where we have traced a
vertical line to stress that the d-like states from Al and from Ru are completely mixed, thus
involving strong energetic overlap of the corresponding orbitals. Terakura (1977) discussed
interaction between localized and extended states. He pointed out that the extended states
split into two distinct bonding and non-bonding parts located on each side of the energy
position of the maximum of the d states, and exhibit a relative minimum intensity at the
energy of the maximum of the d states. In addition, the d-like states are shifted from the
energy position that they had without interaction. IR, as compared to pure fcc Al,
due to this type of interaction in the vicinity dfz, the Al sub-bands are pushed away
from Er. This is clearly shown in figure 5 where the Al 3p distribution in pure fcc Al is
plotted; this emphasizes the strong depletion of Al 3p states over 1 eV hejom the
alloy. Thus, aroundt ¢, the intensities of the occupied part of the Al electronic distributions
is significantly weak. This is in agreement with NMR measurements made byetall
(1995) on the same ARu sample that have indicated a very low residual DO jatand
an important chemical shift of the Al NMR signal.

Intensity (arb.units)

T ‘ T
10.00 0.00 -10.00
Binding energy (eV)

Figure 6. Broadened unoccupied Ru s (crosses) and d (dots) DOSs and the experimental Ru d—s
curve (full line) of AbRu.

In section 5, we mentioned that the Ru d states are also slightly repelled&roriiheir
distribution is narrower than in the hcp metal, consistently with the fact that there are fewer
Ru neighbours in the alloy than in the metal. So, the intensitf atis decreased in the
alloy with respect to pure hcp Ru. We have also pointed out that the Ru unoccupied states
are less peaked in ARu than in the pure metal. To go further, we compare in figure 6
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Figure 7. From bottom to top: experimental Al 3p distributions insRee (full line), AlisFey
(dotted line), AkCo, (crossed line), and AMn (starred line).
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Figure 8. Al 3p (full line) and Al 3s—d (starred line) experimental electronic distributions in
Al705P%h1Reg 5.

the experimental curve and the CS curves obtained from the theoretical partial Ru s and
d unoccupied DOSs. This confirms that over about 1 eV beyopdthe Ru states are of
d-like character, although it is less marked than for the pure metal; then they are mixed
with states that are s-like in character.

Finally, our results show that both occupied and unoccupied bands,Rudre lined
by states of localized-like character, namely d or mixed d—p states.

Let us now discuss the faint intensity contribution of the OB Al CS curveSabr in
its vicinity. Let us recall that these curves result from the broadening of the partial DOS
to account for both the inner level involved in the x-ray transitions and the experimental
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resolution. It is worth noticing the very fair agreement with the experimental results: this
confirms that the small intensity which is observed from experiments is mainly an artefact
due to the broadening of the DOS, which is inherent to the SXS techniques as well as because
of the instrumental functions. Thus, for Au, both experiments and calculations show that
the actual Al DOSs in the vicinity oE are almost vanishingly small. Accordingly, this
emphasizes the very strong interaction between Al and Ru states. The excellent agreement
between experiment and calculation confirms that this near gap is present mostly in the
occupied band of ARu: indeed, the distance frofi- of the Al 3p distribution edge taken
at half the maximum intensity of the sub-band (denoted)as 1.1+ 0.1 eV in the alloy,
whereas it is, by definition, 0 in pure fcc Al. This clearly demonstrates that the electronic
properties of the alloy should dramatically depart from those of a free-electron-like system.
Note that in the Al p unoccupied counterpart, the ‘gap’ is almost non-existent.

Using the same experimental methodology as fogRAl, we have investigated the
electronic structure of quasicrystalline icosahedrak@looRuis and AkgsPdhiRes s (Belin
et al 1995, Belin-Ferg et al 1996). To summarize, we have shown the formation of a
pseudo-gap in their Al state distribution: for example, ins@lupRus, the distance! is
0.60+ 0.05 eV; the Al densities of states &, although rather low as compared to those
for pure fcc Al, are not as faint as for fRu. For this quasicrystal, a charge transfer from
Al and Cu atoms to the Ru ones was suggested (Belirefedral 1996), and an EXAFS
investigation indicated chemical ordering, and Al-Cu and Al-Ru distances of 0.251 nm and
0.261 nm respectively were measured (Saeloal 1995): the Ru—Al bond was found to be
5.7% shorter than the sum of the Al and Ru atomic radii, which is 0.277 nm. JRWAlthe
strong interaction between Al and Ru states is confirmed by the small interatomic distances
(0.257 and 0.264 nm)—noticeably shorter than the sum of the Al and Ru atomic radii.
Therefore, the Al-Ru bonding appears to be somewhat covalent, in line with the wide ‘near
gap’ found in the Al DOS. This also reflects a strong chemical ordering of Ru and Al. Note
that the 0.261 nm Ru-Al distance measured fogsBlpoRus corresponds to the average
value of the two Ru—Al distances in ARu.

Other binary Al-transition metal alloys do not display such wide pseudo-gaps. For
example, in monoclinic AkFe, (Traverseet al 1996) and in hexagonal ACo, (Pecheuret
al 1995, Belin-Fere et al 1997b), which are approximants of quasicrystalline structures,
is 0.65+ 0.05 eV and 65+ 0.05 eV respectively, and it is.80+ 0.05 eV in monoclinic
Al4Re (Belin-Fere et al 1997a) as is mapped out in figure 9, an@@+ 0.05 in AlgMn
(Belin and Traverse 1991). In all of these alloys, the intensitiesaare 15%, 22%, 20%,
and 48% in AlsFe, AlsCo,, AlsRe, and AiMn respectively, to be compared to 50% for
fcc Al (see section 5). In the framework of the normalization of the Al 3p partial sub-band
to its maximum, we have mentioned that the intensityEatis 0.5; then if we ascribe the
value 1 free electron to pure fcc Al, it would correspond to ascribing 0.3, 0.44, 0.40, and
0.96 free electrons to AdFey, AlsCo,, AlsRe, and AfMn respectively. Low values indicate
that the free-electron model is no longer valid for explaining the electronic properties of the
corresponding alloy; the lower the value, the more the alloy departs from the free-electron
model. As an example, for quasicrystalline Al-Li—-Cu alloy, such an adjustment has given
0.3 free electrons, which is in good agreement with results from specific heat measurements
(Hippertet al 1992).

Al 13Fe; exhibits metallic behaviour along thieaxis and non-metallic behaviour along
the pseudo-quasiperiodic axis, whereagRd® behaves rather like a semiconductor. We
found generally largé and low intensity atEr for alloys displaying high resistivities at
low temperatures, wheredss smaller and the Al 3p intensity & is higher in materials
that are not as resistive (Belin-Ferand Dubois 1996). Thus, the presence of a large
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deep pseudo-gap in the Al 3p electronic distribution offAl that is in addition framed by
localized-like states may account for the doped-semiconductor-like behaviour of this alloy
as reported by Basoet al (1994).

Let us compare to the case of icosahedral quasicrystallingPth;Res5. The distance
§ and the Al 3p intensity aEr have been found to be2+ 0.1 eV and 7% respectively
(Belin and Traverse 1991) (figure 10). The Pd—Al and Re—Al distances measured by EXAFS
are all 0.260 nm (Sadaet al 1995)—namely 7.1% shorter than the sum of the atomic radii,
thus emphasizing the somewhat covalent bonding. FeR&Id is similar but the value
of the intensity atEr is only about 5%. Consequently, this would correspond to 0.14 free
electrons for AjgsPdh1Re&s 5 and less than-0.1 free electrons for ARu. We have deduced
that the faint intensity observed experimentally fopRRlI in ranges where there are almost
no states according to theoretical calculations is an experimental artefact. Our results have
shown that there are actually very few states in the pseudo-gap present in quasicrystalline
icosahedral AlgsPdhiRes s (Belin et al 1995). According to our data for AlRu, we suggest
that there is almost a true ‘gap’ in icosahedral quasicrystallingsRid;Res 5. Such a view
is in accordance with the extremely high resistivity at low temperature displayed by this
alloy. Let us recall that it can be of the same order of magnitude as that found for genuine
semiconductors, like Si.

7. Conclusion

We have presented in this paper the results of a joint theoretical and experimental
investigation of partially occupied and unoccupied electronic distributions in orthorhombic
Al,Ru. We have shown that, in the occupied band, the Al stateshyare p—d hybridized,
whereas they are almost purely s-like in character beyond 6 eV ffpmRu 4d states are
found close toEr. They overlap the Al d-like state. The strong interaction between the Ru
4d states and the Al states produces an important depletion of the Al sub-bands, the result
of which is to somewhat push the corresponding edges far #£gmThis gives rise to the
formation of a wide energynear gap in agreement with the semiconducting properties of
this alloy. This gap is found to mainly exist in the occupied band side, whereas both Al p
and Ru d and d-s unoccupied states are present just at and BpovEhe current results
agree with previous investigations of electronic distributions of various intermetallics using
the same methodology, and, in particular, they are analogous to our results for icosahedral
quasicrystalline AlpsPd1Ress. We suggest that the pseudo-gap that we observed in this
latter alloy might instead balmost a real gapwith a finite faint density of states within it.

This is in line with its very high resistivity at low temperature, whose order of magnitude

is similar to that of genuine semiconductors.
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