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Abstract. Electronic distributions of various symmetries have been investigated for both 
valenceand conduction bands in a seriesof AI-Mn and AI-Mn-Si alloys of different structural 
states (amorphous, quasi-crystalline or crystalline) and Mn concentrations ranging from 
14 IO 22at.%. Experiments have been carried out by means of soft-x-ray emission and 
photoabsorption spectroscopies. This allowed us to provide a complete description of the 
valence band States and IO confirm the progressive opening of a small gap in the Al-sp DOS 
at the Fermi level with increasing Mn concentration in the alloys. At a given Mn concentration 
the gap is wider tor the quasi-crystalline phase than for its crystalline counterpart. 

1. Introduction 

Besides the increase in research on the atomic structure of the so-called quasi-crystals, 
much interest has also arisen in their electronic properties both theoretically (see, e.g., 
Marcus 1986, Smith and Ashcroft 1987, Fujiwara 1989, 1990, Matsuda et a/ 1990, 
Fujiwara and Yokokawa 1991) and experimentally (see, e.g., Bruwiller et a1 1987, 
Ederer et a1 1988, Traverse et al1988, Macko era1 1989, Wagner et al1989, Gozlan et al 
1990, Berger et a1 1991). To understand these properties, knowledge of the electronic 
structure and therefore the distributions of the valence and conduction band states may 
be helpful. 

In a previous paper (Belin and Traverse 1991), we showed that AI 3p electronic 
distributions of the valence band in AI,,,_,Mn, alloys are somewhat different according 
to their structural states: crystalline, amorphous or quasi-crystalline. Special attention 
was paid to the occupied density-of-states (DOS) distributions at the Fermi level Ef. We 
pointed out that 
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Table 1. Structural state, preparation technique and studied sxs spectra for various AI-Mn 
and AI-Mn-Si alloys: ~ s .  rapid solidification; RS*. rapid solidification t annealing; s. 
sputtering after rapid solidification: IBMM. ion beam mixing of multilayen. 

Structural Preparation 
Alloy state technique AIL, ,  MnLe AlK MnK 

. 
AI C X X 
Mn C X X 
AInMn2,Si6 c RS' X X X 

i RS X X X 

AlwMn,, c RS. IBMM X X x x  
I RS. IBMM X X x x  
a RS, IBMM X X x x  

AlnMn,, a S X x x  
AI&h a S X X 

AI&h a RS, IBMM X X 

AI,Mn, d Rs X X x x  
AlnMn2, a BMM X X 
AI,Mnc d RS X X 

Al2O3 c X X 

(i) for a given Mn content, the DOS at EF decreases from the crystal to the quasi- 
crystal and 

(ii) with increasing Mn content in the alloy, whatever the structural state may be, 
there is a continuous evolution from a metallic-like behaviour to a less metallic-like 
behaviour as revealed by the progressive opening of a small gap at the Fermi level. 

These observations are consistent with results deduced from resistivity measurements 
(see references in the work of Belin and Traverse (1991)). These first results provided 
the incentive for continuing the experiments in order to describe as completely as 
possible the DOS of these materials and, in particular, states with different symmetries 
in the valence band together with those of the conduction band. 

The aim of this paper is to report an experimental analysis of AI 3s and Mn 3d 
occupied and also AI p and Mn p empty states distributions for the same AI-Mn and Al- 
Mn-Si alloys as studied previously. Both soft-x-ray emission spectroscopy (sxEs) and 
soft-x-ray photoabsorption spectroscopy (SXAS) experiments were carried out; in fact, 
such measurements allow us to investigate separately either full (SXES) or empty (SXAS) 
electronic distributions of a selected angular momentum around each kind of atom in 
the solid. Note that the information obtained here concerns the bulk material. 

In the following, we describe briefly in section 2 the experimental procedures and 
give in section 3 the results. In section 4 the data are discussed comparatively for the 
quasi-crystalline phases and the related crystalline phases and also in connection with 
the AI 3p distributions. A picture of the total valence band is thus deduced. 

2. Experimental procedure 

Various AI-Mn and AI-MnSi single-phase alloys have been investigated: crystalline 
(c), quasi-crystalline ( i  or d for the icosahedral and decagonal structures, respectively) 
or amorphous (a). Table 1 indicates their composition, structural state, preparation 
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mode and the spectra which have been studied. The structural states of all the samples 
were very carefully controlled by techniques such as transmission electron microscopy, 
x-ray or neutron diffraction, andextendedx-ray absorption fine structure (see references 
in Shechtman er a1 (1984), Dubois et af (1986), Harmelin (1988), Traverse et al(1988) 
and Berger eta1 (1991)). Thin films as well as solid targets were used for both SXES and 
SXAS experiments. 

The AI 3s and Mn 3 d 4 s  distributions were obtained through analysis of the A1 b,3 
(valence band-+ AI Zp3,2 level) and Mn Ln (valence band - Mn Zp3,2 level) emission 
spectra, and the AI p and Mn p empty-state distributions through analysis of the AI K 
(AI 1s- conduction band) and Mn K (Mn Is- conduction band) photoabsorption 
spectra. Several spectrometers were necessary to obtain the different spectra. 

For the emission experiments, water-cooled samples were the target of the x-ray 
tube; they were irradiated byeither incoming electrons (AI) or photons (Mn). To obtain 
the AI b.3 emission spectra, we used a Johan-type vacuum spectrometer (equipped with 
a grating of 600 lines mm-’ with a radius of curvature of 2 m), whose energy resolution 
in the experimental range is about 0.3 eV. The Mn Ln spectra were obtained with a 
spectrometer equipped with a KAP crystal with a radius of curvature of 0.5 m; the 
experimental resolution is also about 0.3 eV. In both cases the spectrometers were 
provided with electronic detectors of entrance slits placed on the focalization cylinders 
of the grating or crystal; successive scans along the Rowland cylinder were necessary to 
achieve convenient accuracy. 

The photoabsorption experiments were carried out with eithera Johan-type vacuum 
spectrometer equipped with a W anode or the synchrotron radiation facilities at Lab- 
oratoire d’utilisation du Rayonnement Electromagnetique. For the AI K photo- 
absorption we used a spectrometer with a SiOz lor0 plate with a radius of 0.5 m, the 
experimental energy resolution of which is about 0.2 eV in the analysed range and also 
an ACO storage ring with a two-crystal quartz monochromator, the experimental energy 
resolution of which was about 0.5 eV. The Mn K photoabsorption was obtained with a 
DCI storage ring using a Si(331) channel-cut monochromator and a slit of 1 mm so that 
the experimental resolution is about 0.55 eV. 

Binding energy measurements of AI and Mn 2p3l2 core levels were also performed 
in an x-ray photoemission spectrograph (XPS technique) with an accuracy of &O. 1 eV for 
AI and 20.2 eV for Mn. 

3. Results 

The experimental electronic distributions of the different samples can be compared 
because the sxs curves are adjusted on the same energy scale, namely the binding energy 
scale. The Fermi level EF, taken as the origin, is located on the x-ray transition energy 
scale within i0 .2eV owing to the measurement of the binding energies of the inner 
levels involved in the x-ray transitions which we analyse. No shift in the Fermi level was 
observed in the alloys with respect to the pure metals within 20.2 eV, 

The emission curves, corresponding to the AI 3s and Mn 3d occupied DOS, are 
normalized at the same height between the maximum intensity value and the bottom of 
the curves where the variation in the intensity is negligible. The AI K photoabsorption 
curves, corresponding to the Alp empty DOS, are normalized between the bottom before 
the edge, where the variation in the intensity is negligible, and the intensity at 4 eV from 
EF; indeed up to EF - 4 eV no oxide contribution may be involved in the spectra. The 
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Figure 1. (a) AI 3s distribution states curves in pure AI (curve I ) ,  AI,O, (curve 2) and in 
crystalline (curve 3) and quasi-crystalline (curve 4) Al,Mn2,Si,. The curve corresponding to 
Al,Otisgiven on thex-ray transition energy scale. Thecurves (exceptcurve2) are arbitrarily 
shifted along the Intensity axis. (b)  AI 3s distribution states curves in pure AI (curve I ) ,  and 
in c-AI.Mn,, (curve 2). i-AI,Mn,, (curve 3), d-AImMn2" (curve 4) and d-AI,8Mn,, (CUNC 5) 
alloys. The curves are arbitrarily shifted along the intensity axis. 

Mn K photoabsorption curves, which correspond to empty DOS of p character, are 
normalized between the bottom of the curves just before the jump and about 15 eVfrom 
EF. 

We show the AI 3s distributions for pure AI (curve l), c-A1,3MnZISi6 (curve 3) and i- 
A1,,Mn,,Si6 alloys (curve 4) in figure l(a), and for pure AI (curve I) ,  c-A1,Mn14 (curve 
2), i-Al&nt4 (curve 3), d-A1&nzo (curve 4) and d-AI,8Mn22 (curve 5) phases in figure 
l(b). The AI 3s distribution curve for A1203 consists of two wide peaks: it is also 
presented in figure I(a), on the x-ray transition energy scale, and the maxima are 
indicated by vertical arrows in figure l(6). This makes it possible to ascertain where AI 
3s distributions curves might be affected by oxidation. The shape of all the curves up to 
EF t 4 eV is only due to AI: beyond this energy range, the various curves may contain 
an oxide contribution which we cannot account for. The oxide contribution is not 
dominant in the spectra; it is 6-1096 depending on the sample. 

The c-A17sMn21Si, emission band edge is very abrupt; as for pure AI, a prominent 
peak is observed near EF but it is less marked. The same is true for c-Als$rln14 (figure 
l(b)).  This peak is still present in the quasi-crystalline alloys but it is less sharp; it 
progressively tends to vanish with increasing Mn concentration in the alloys. The slopes 
oftheedgesofall the Al-Mn-Si and AI-Mn alloysare rather abrupt; thus, the intensities 
at EF1 which are indicated in table 2, are measured within ?2%. It should be noted that 



Electronic distributions of AI-Mn and AI-Mn-Si I061 

Table 2. Intensity at EF from occupied AI 3s distribution curves for various AI-Mn and Al- 
MnSi alloys. 

Intensity at Er 
Alloy ( % ) + 2  

for the decagonal phases, the edges have two steps; a change in slope occurs at 0.4 eV 
for d-A1,Mnz, and at 1.0 eV for d-A178MnZz. 

Our data for the AI 3s distributions in the AI-Mn and AI-Mn-Si alloys are nearly 
consistent with previous results from Bruwiller et a1 (1987) and Ederer er a1 (1988). 

Figure 2, curves 1, 2, 3, 4 and 5, are the K photoabsorption curves for pure AI, 
c-AI,Mn,,, i-Als6Mni4, d-AlsoMnm and a-A18,Mni,, respectively. The curve cor- 
responding to N20, is also presented. The wide peak situated at about EF - 6 eV for 
pure AI is hardly noticeable for c-Als$Ylni4; it is not seen in the quasi-crystalline and 
amorphous phases. For i-AI&n,, and d-A1,Mnz,,, a broad peak is observed at about 
EF - 9.5 eV; thedifferencebetween theintensitiesofthesestructuresfortheicosahedral 
and decagonal alloys is not significant, since in this energy range oxide may contribute 
to the curves. In any case, the curve for the amorphous phase which shows a different 
fine structure may be affected by oxide contribution beyond EF - 6 eV. More significant 
is the fact that the intensity at Ef decreases when going from crystalline to icosahedral, 
decagonal and amorphous alloys as the edges of the corresponding AI p empty bands 
are progressively repelled from EF. The values given in table 3 are measured within 
*2%. 

The Mn Ln bands of Mn, c-AlnMn2,Si6, i-Al,Mn14, d-AIgoMnm and a-AIs3Mn,, are 
shown in figure 3, curves 1.2, 3 , 4  and 5, respectively. These bands display the same 
shape for pure Mn and for the alloys whatever the structural state may be. Table 4 gives 
the full width at half-maximum (FWHM), the distance 6 of the maximum with respect to 
the Fermi level and the intensity h at EF according to the atomic structure and the 
concentrationofMninthesample. Anarrowingofthe WHMoftheLnbandwithrespect 
to that of the pure metal is observed in the alloys. The FWHM decreases as the Mn 
concentration increases in the alloy and as one goes from crystalline to icosahedral, or 
from decagonal to amorphous phases. At the same time, the maximum of the Ln  
distribution tends to be closer to Ef and the DOS at EF tends to increase. 

Figure 4, curves 1,2, 3, 4, 5 ,  6 and 7, are the K photoabsorption curves for Mn, 
c-Al,Mn,,, i-Al,Mn,,, d-AlgoMn,o, a-AI,Mn,,, c-AI,,Mnz,Si6 and i-AlnMn2,Si6 alloys, 
respectively. Curve 1 shows an arctan-like jump followed by a flat plateau until 5 eV 
from EF and a monotonic increase in intensity. The edges of the curves corresponding 
to the alloys exhibit roughly the same shape but are slightly steeper than for the metal; 
there is no plateau, the intensity increases monotonically except in icosahedral and 
decagonal alloys where, at about 5-6 eV from EF, there is an enhancement of intensity. 

It should be noted that no differences due to the different techniques used for the 
preparation of the studied samples arise in the results. 
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Figure 2. AI p empty distribution curves in pure AI 
(curve I), N20, (curve 6) and in c-AlsMn,, (curve 
2). i-AlmMn14 (curve 3), d-AI&nn (curve 4) and a- 
AI,Mn,, (curve 5 )  alloys. The c w e  corresponding 
to AI2Olis given on the x-ray transition energy scale. 
The curves are arbitrarily shifted along the px axis. 

Figure 3. Mn 3 d 4 s  state distribution curves in pure 
Mn (curve 1). and in c.AIIIMnIISi6 (curve 2). i- 
AIwMnl, (curve 3). d-AI&n, (curve 4) and a- 
AlglMnti (curve 5 )  alloys. The curves are arbitrarily 
shihed along the intensity axis. 

Tsble 3. intensity at Er from empty AI p distribution CUNS for various AI-Mn alloys. 
~~ ~ ~~ ~~ 

Intensity at EF 
Alloy (%) 2 2 

c-Al&n,, 46 
i-AI,Mn,, 3s 
a-Al%Mnb4 22 
d-AlmMn, 33 

. . ,  

~~ ~~. 

4. Discussion 

4.1. Valence band distributions 

We have already pointed out that our experiments give the variation in AI 3s and Mn 
3d4soosof the valence band. For Mn, becauseof transitionprobabilities, the Lor curve 
reflects mainly the 3d states distribution. 

Since we have achieved different curves on the same energy scale, it is possible to 
adjust the Mn 3d, AI 3s and AI 3p DOS. These latter were obtained previously for the 
same alloys (Belin and Traverse 1991). The adjustment is shown in figures 5, 6 and 
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Table 4.  Mn Ln FWHM. distance 6 from EF and intensity h at EF for several AI-Mn and Al- 
M d i  alloys according to their Mn concentration and structural state. 

RYHM 6 h 
Alloy Structural state (eV) 2 0.1 (eV) 2 0.1 (%) 2 1 

C 

C 

i 

C 
I 

a 
a 
i 
d 
a 
d 

3.4 1.0 70 

3.0 0.7 78 
2.9 . 0.7 80 

3.0 0.8 79 
2.8 0.8 75 
2.8 0.8 72 
2.7 0.6 74 
2.9 0.7 86 
2.75 0.7 75.5 
2.75 0.6 82 
2.9 0.7 83 

I , 

I I . I I, I. I 
W h c - m h * "  Bwm, -m .." 
Figure& Mnpemptystatedistributioncurvesinpure Figure 5. Valence state distribution for c-A1.MnL4: 
Mn (curve 1) and in c-AlsaMn,4 (curve 2). -- , AI 3s distributions; -, AI 3p distributions; 
i-AIMMn,, (curve 3), d-Al&fn, (curve 4), , Mn 3 d 4 s  distributions. 
a-AI,Mn,, (curve 5). c-AlnMn2,Si6 (curve 6) 
and i-AlnMn,,Si, (curve 7) alloys. The curves 
are arbitrarily shifted along the p x  axis. 

7, respectively, for c-A186Mnt,, i-A1%MnI4 and d-AlsoMn2,. Similar figures could be 
obtained from the other samples which we have analysed. The general features are: 
when the binding energies are increasing from EF, one finds first Mn 3d states which 
interact with the AI 3s and AI 3p states; then the states are A1 sp hybridized; finally there 
are almost A1 s pure states in the low-lying part of the band. 
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Figure 6. Valence state distribution for i-AlwMnl,: __ , A l 3 s  distributions; -. AI 3p distributions; 
Figure 7. valence state distribution for d-AlxoMna: 
-- , AI 3s distributions; -. AI 3p distributions; . Mn 364s distributions. , Mn 3d-k distributions. 

Let us concentrate on the DOS at EF. The behaviour of the A1 3s states of the various 
alloys is similar to that of the AI 3p reported previously (Belin andTraverse 1991); with 
increasing Mn in the alloy, the intensity at EF decreases whatever the structural state 
but, for a given Mn concentration, this intensity is lower when going from crystalline to 
icosahedral, decagonal and amorphous phases. This indicates that the AI 3s and AI 3p 
states in AI-Mn or AI-Mn-Si alloys are totally hybridized at EF. Let us recall that this 
behaviour of the DOS at EF was found to be consistent with the fact that the resistivity 
increases from crystalline to icosahedral and decagonal alloys of the same nominal 
composition (Belin and Traverse (1991) and references therein). These new exper- 
imental results confirm the progressive opening of a small gap in the AI sp DOS at EF in 
AI-Mn or AI-MnSi alloys as the Mn concentration increases. 

For the less Mn concentrated alloys, it is to note that, except at EF, in the range 
E, + 2-2.5 eV, the interaction seems to be stronger between Mn 3d and AI 3s states 
than between Mn 3d and AI 3p; indeed, the maximum of the AI 3p distributions is then 
less close to E ,  than that of the AI 3s. When the Mn content increases in the alloy, we 
have already noticed that the AI 3s and AI 3p bands are repelled from E ,  whereas the 
Mn 3d band tends to approach EF; thus the AI 3s and Mn 3d distribution maxima are no 
longer superimposed and the interaction between these states is progressively less 
achieved. This is clearly seen for d-AlmMn20 (figure 7) compared with i-AIMMnl4 (figure 

Whereas the AI DOS decreases when the Mn content increases in the alloys. the 
Mn DOS increases and is rather noticeable: this Mn d increase is driven by the Mn 
concentration, whatever the structure. icosahedral, decagonal or amorphous. However, 
because our measurements are normalized asexplained above, they cannot give absolute 
valuesof the DOS. Absolute values have been obtained using specific heat measurements 
by Bergereral(l991) fora-AI,Mn,,, a-AI,,Mn,, andi-AI,Mn,,; it should be noted that 
a total DOS increase was estimated with a relative order of magnitude similar to that 
found hereforthed-stateincrease. Ourdataalsoshow that theFermilevelisnot located 
at the maximum of the Mn 3d distribution; thus there is no experimental evidence for 
the existence of a virtual bound state in the alloys as was suggested by several workers 

6). 
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(see, e.g., Mayou et a1 1988). While the present results agree with resistivity measure- 
mentswhichcan beunderstood by thegapopeningin the AIS-p~osat EF, noinformation 
can be deduced from the Mn DOS concerning the magnetism of the AI-Mn or AI-Mn- 
Si alloys. However, the enhanced magnetic propertieswith increasing Mn concentration 
observed by Gozlan et id (1991) in the a- and i-A1Mn phases, also correspond to the 
enhanced d DOS measured here. All this outlines the important role played by the Mn d 
states at EF, hybridized with AI s and p states. 

Furthermore, we have observed that the prominent peak close to EF progressively 
tends to vanish when the Mn content increases in the quasi-crystalline alloys. It is known 
that AI can be described in a free-electron model. The AI b,3 band is parabolic-like; 
therefore, near Er, the interaction between thecore 1s hole and the conductionelectrons 
is responsible for the large enhancement in intensity and the curve in this region is 
( E  - Eo) d i k e  with (Y = t (Eo is the energy at r in the first Brillouin zone). We have 
seen that this prominent peak has a rather strong intensity in crystalline phases for Mn 
contents of both 14at.% and 21 at.%. The electronic properties of these alloys are 
expected to be well described in the free-electron model; in fact, c-A1,,MnIa has a 
resistivitycomparable with that of a good metal. 

The progressive decrease in the intensity of the many-body feature near E, in the 
quasi-crystalline alloys when the Mn content is increased shows that the alloys in this 
energy range cannot be described within the same electronic model as AI. In this range, 
Mn d electrons are present which tend to repel the AI 3 s 3 p  towards high binding 
energies from EF; thus the valence electrons are progressively less 'AI-like' and acquire 
an increasingly more localized character. This suggests that the free-electron model 
is less and less adapted to the description of the AI-Mn quasi-crystalline electronic 
properties with increasing Mn concentration. 

In a calculation of the DOS performed for disordered systems with a great number of 
neighbours in a Bethe lattice approximation model, Mayou et al(1986) found that at EF 
the s-p DOS decreases inside the d band owing to the creation of a pseudo-gap at the top 
of the d band. These workers point out that the local environment does not play the 
major role in the electronic structure but that the chemical environment introduces 
strong modifications of the DOS. They also remark that some of the features induced by 
hybridization effects seem to be quite dependent on the topology of the material. 
Irrespective of whether the model is used for amorphous or liquid alloys, our results for 
AI-Mn and AI-Mn-Si alloys concerning the existence of a gap at E ,  and fine structure 
in the A1 DOS for the different phases are in agreement with these theoretical predictions. 

Using the same structural approximation, Cyrot-Lackmann etal(1988) have studied 
s-d hybridization effects for disordered systems, using a tight-binding model and a 
random-phase approximation. They analysed the DOS of transition-metal-based 
amorphous alloys and showed that, when the concentration of the transition metal is 
increased in a normal metal such as AI, it  is possible to create a material which behaves 
as a semiconductor provided that strong chemical short-range order exists. As an 
example they predict the formation of a pseudo-gap in AI,,-,Mn, for x about 'LO%, 
although for disordered alloys this model agrees with our present and previous (Belin 
and Traverse 1991) experimental observations. Let us recall that the model above 
presents essentially chemical aspects, it  could be refined by taking structural effects 
more into account. 

Morerecentlyacalculationofthevalence bandstatedistribution has been performed 
by Fujiwara (1989, 1990) for crystalline cr-AI,,,Mnz4 which is considered to be a good 
approximant of the icosahedral quasi-crystalline AI-Mn phase. The calculated DOS 
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presents a highly spiky structure. The projected DOS on Mn or AI CY sites shows that 
intense Mn d states lie close to EF superposed on Mn s states of very low intensity; AI p 
states of noticeable intensity are found over about 12eV with the maximum of the 
distribution located at about E, + 2 eV, while AI s states cover about the same energy 
extentasthe AI pbutareweaknearEFandintensebeyondEF + 2-3 eV.Thiscalculation 
predicts that a pseudo-gap is located in the middle of the Mn 3d band and that EF lies in 
the middle of the pseudo-gap; it also emphasizes the AI 3s-Mn 4s hybridization respon- 
sible for the deep tail in the DOS towards high binding energies. Thus, no virtual bound 
state arises from this theoretical approach. 

At first sight, our experimental results also agree with this picture of the valence 
band distributions since Mn states are found in the vicinity of E,, A1 3p in the middle of 
the band and AI 3s at high binding energies and since a small gap is observed at E,. 
However, the agreement is not so good for the AI 3s states distributions; the calculated 
AI 3s DOS predicts a very weak intensity at EF and beyond the spiky structure, one can 
roughly observe a four-peaked shape whose maxima can be found at about 0.7,2.8,7.2 
and 11.0 eV. On the contrary, the experimental AI 3s band is comparable intensity at 
E, as the AI 3p band and shows a rounded parabolic-like shape towards high binding 
energies; as mentioned above, this can appear weakly structured owing to a slight oxide 
contribution in the higher-binding-energy part of the band. 

4.2. Conduction-band distributions 

In pure AI, an SK LCAO calculation (Papaconstantopoulos 1986) shows that the con- 
duction bandstatcsare s-+ hybridized although principally s-p near EF; enhancement 
in p and d partial DOS exists respectively at about 5.5,7.5 and 8.5 eV from E,. The A1 
experimental curve presents three features labelled A, B and C in the same energy 
ranges; thus, feature A which is intense corresponds to an increase in the p-state 
distribution whereas features B and C correspond to p d  increases. 

The curvespresented in figure 2 have been obtained by transmission (curves 1.3 and 
6) or yield (curves 2,4 and 5) experiments; in the latter case, the oxide contribution to 
the spectra, if present, is expected to be higher than in the experiments carried out 
through the samples. Curves 2 and 3 show weakly structured shapes; peak A present at 
E ,  - 5.5 eV in pure AI is hardly noticeable, and this indicates changes in the hybrid- 
ization in the alloys. For i-Al&n,, and d-AImMnzo phases, an important broad peak, 
labelled F, is observed at about EF - 9.5 eV. As mentioned just above, the curve 
corresponding to d-AI,MnZ0 might contain an oxide contribution: indeed, a sharp peak 
is noticed at E, - 9 eV in the Al2O3 curve but at EF - 10.5 eV the AI,03 curve displays 
aclear minimum which is not seen in the curves related to the quasi-crystalline phases. 
This emphasizes that oxide contamination ought to be faint in both quasi-crystalline 
samples. Thus, the broad feature F is characteristic of the quasi-crystalline structural 
state, indicating a reinforcement of the pstate distribution in the E, - 9.5 eV energy 
range, i.e. a change in hybridization with respect to the related crystalline alloys. This 
featureseemsto behigher inthe icosahedralquasi-crystalline phase than in thedecagonal 
phase. In the alloys, at EF, the behaviour of the empty p DOS is the same as that of the 
occupied A1 3p and AI 3s DOSS; the intensity decreases when going from crystalline 
(14at.% Mn) to icosahedral (14at.% Mn), decagonal (20at.% Mn) and amorphous 
phases (14 at.% Mn) (table 3). This confirms once more the opening of a smdl gap at 
EF with increasing Mn content in the alloys whatever the structural state may be. 
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Figure S. Empt) p-state distributions for d-AlmMn. 
(iowercurves) and fori-AI,Mn,,(uppercurves). The 
two sets of curves are arbitrarily shifted along the px 
axis. 
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As calculated by Papaconstantopoulos 1986, the Mn p conduction states show a 
slight peakat about 0.3 eVfrom EF,  thenaplateauover 1.5 eVandamonotonicincrease 
in intensity followed by an abrupt step at about E, - 8.5 eV. The experimental curve 
(figure 4) is consistent with this calculation; the peak and the plateau correspond to the 
flat edge, and the monotonicincrease to the flat part of the curve just before a progressive 
increase in intensity which starts at approximately EF - 7.5 eV. 

Fujiwara’s (1989, 1990) calculation displays an empty p DOS for the AI-Mn alloys 
but unfortunately only from EF to E, - 5.2 eV. Over this energy range, a sharp peak is 
predicted at 1.2 eV and then the intensity increases continuously. This is also consistent 
with the shapes of curves 2-7 in figure 4. However, the curves corresponding to 
i-AI,,Mn,,ASi,, i-AI,,Mnl4 and d-AlmMn, alloys clearly exhibit a broad feature F at 
about EF - 6.5 eV which is absent in the curves related to the crystalline or amorphous 
phases. As concluded before for the AI p DOS, this feature IF appears to be characteristic 
of thequasi-crystallinestate revealingchangesin hybridization ofthepconductionstates 
with respect to the crystalline and amorphous counterparts. 

Finally, in AI-Mn or AI-MnSi alloys, the conduction states of AI p and Mn p 
character are completely mixed over the experimental energy range; at E, and close to 
it, AI p states appear to be predominant for all alloys, as shown in figure 8 for two quasi- 
crystalline phases. 

5. Conclusion 

In this paper we have reported the analysis, through SXES and SXAS experiments, of 
valence and conduction band state distributions in a series of quasi-crystalline (ico- 
sahedral and decagonal phases) AI-Mn and AI-MnSi alloys compared with their 
crystalline or amorphous counterparts. 
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Mn d states are found at E, and close to it interact with AI 3s-3p states. For the 
lowestMnconcentrations(14-20 at.%), theAl3s-3pandMn3d-4sstatesofthevalence 
band are totally hybridized near E,. However, since the partial AI 3s and AI 3p subbands 
are progressively, and in a different way, repelled from EF as the Mn concentration is 
enhanced in the alloy (above 20 at. %), this induces progressively a differentiation of the 
statesandthe(Mnd)-(Als-p)interactiontendstobelessachieved.Therefore, whatever 
may be theMnconcentrationandthestructura1 stateofthealloys that we have analysed, 
the AI 3s-3p hybrization is total over the valence band. 

As the Fermi level is not located at the maximum of the Mn 3d band, there is no 
experimental evidence for the existence of a virtual bound state in the quasi-crystalline 
alloys as was predicted by several workers. The same is true for the crystalline or 
amorphous counterparts. 

At EF, the empty AI p DOS behave as the occupied AI 3sp. This is experimentally 
evidenced by the progressive opening of a small gap at EF as the Mn content is increased 
in the alloy for a given Mn concentration; the gap is higher in the quasi-crystal phases 
than in the corresponding crystalline phases. The empty Mn p and AI p distributions 
overlap; AI p states seem to prevail close to E, and are of noticeable intensity at 
EF - 9.5 eV in the quasi-crystalline phases. 
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