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Abstract. Al KO soft x-ray emission spectra ( p  states of the valence band + Is) have been 
analysed for several ,Mn,alloysofdifferentstructural arrangementsandcompositions 
and compared with pure Al. Differences are observed according to the structural state of 
the sample; the states near the Fermi level appear to be long-range order-dependent while 
those at EF + 6.5 eV are sensitive to a shorter-range order. A partial p DOS at Er is related 
to both the Mn concentration and the structural state; this is in line with resistivity measure- 
ments on similar alloys. 

1. Introduction 

Since the discovery in 1984 of quasicrystalline phases in AI-Mn alloys (Shechtman el a1 
1984), much attention has been devoted to problems related to the feasibility of these 
materials (Shechtman 1988, Harmelin 1988) and also to their structural determination 
both theoretically (Gratias 1989, Bendersky etal 1989, Kleman 1990)andexperimentally 
by transmission electron microscopy, EXAFS and x-ray or neutron diffraction measure- 
ments (Harmelin 1988, Sadoc and Dubois 1989, Denoyer et a1 1990, Ingersent and 
Steinhart 1990, Proceedings of the LAM 7 Conference 1990, Bellissent et a1 1987). 
Investigations have also been made into the electronic properties of these materials 
(Choy 1985, Berger et a1 1986, McHenry et a1 1986, Bahadur et a1 1987, Smith and 
Ashcroft 1987, Friedel 1988, Mayou etal 1988, Edereretall988, Fujiwara 1989). 

Soft x-ray spectroscopy (sxs) allows us to investigate the electronic structure of 
solids. Indeed, x-ray emission and photoabsorption processes involve an atomic inner 
level of a given angular momentum and states of the valence or conduction bands; as 
the x-ray transitions are governed by dipole selection rules, partial local occupied or 
empty electronic distributions around an atom in a solid can be achieved separately. 
With this technique, effects of allotropy and disorder on the electronic distributions of 
solids have been evidenced for several kinds of materials (see for example Guita et a1 
1986, Belin et a1 1987, Belin et a1 1988). 

Fromapreviousseriesofexperiments, performed bysxs measurementson AI,Mn,, 
and AI,Mnusamples prepared by ion beam mixing of AINn multilayers, we concluded 
thatthe Al3poccupiedandemptydistributionsshowdifferencesaccordingto the atomic 
structure of the sample: crystalline, amorphous or quasicrystalline (Traverse etal 1988). 
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Table 1. Structural stale and preparation techniques of our different AI,,.,Mn, alloys 

% Mn 
illoms Structural state Ion beam mixing !&Did solidification 

21 C (orAIMnSi) 
I (AIMnSi) 
A 

T 22 '(1) 

We have extended these experiments to other Alloo_,Mn, alloys of different nominal 
concentrations prepared by either ion beam miwing or rapid solidification techniques. 

In this paper we report on the AI 3p valence distributions which we obtained from 
x-ray AI KPemission (valence band- 1s) foraseriesofAl,w_.Mn,alloys, and we focus 
on both the effects of atomic structure and of Mn concentration. 

The paper is organized as follows: in the first part, we describe the experimental 
procedure; in the second one, we present the results and we discuss them in the last 
section. 

2. Experimental procedure 

The AI KP x-ray spectra were created using a Johann type vacuum spectrometer equip- 
ped with a lOT0 quartzcrystal bent to a radius of 50 cm, and aproportional flow A-CW4 
counter whose entrance slit was set on the focusing cylinder. Convenient statistical 
count accuracy was achieved by recording the spectra along the focusing cylinder with 
successivescansofsteps0.16 eV wide. In theenergyrangeoftheA1 KPemission(1545- 
1553 eV) the experimental resolution is about 0.2 eV. 

The samples were either thin films prepared by ion beam mixing or small pieces of 
ribbon prepared by rapid solidification. They were stuck with ultra vacuum grease or 
silver dag onto suitable metallic water-cooled holders which were used as anodes of the 
x-ray tube and were irradiated by incoming electrons of energy 3000 eV. 

Several different AI,,-,Mn, alloys were analysed: crystalline (C), icosahedral (I), 
decagonal (T)  and amorphous (A) (table 1) whose structural states have beencontrolled 
by either x-ray diffraction, electronic diffraction or transmission electron microscopy. 
All of them were single phased except the I-AI%Mn,, in which a faint AI contamination 
remained (about 5%). Results concerning two-phased samples are also reported. 

3. Results 

As already mentioned, the AI 3p distribution results from transitions of a valence 
electron to the AI 1s level. To compare the distributions obtained for the different 
samples. it is necessary to adjust the corresponding spectra to the same energy scale. 
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Figure 3. AI 3p distribution curves in quasi- 
crystalline Al,m.,Mn, alloys: icosahedral 
AlwMn,,, curve (a) aod decagonal Al&4n,, 
w e  (b). 

Thecurveoffigure3(a)corresponds to the I-Al,9Mn,, phase. Itsshapeisverysimilar 
to that of the amorphoussample: peak A, rather rounded, is at +2.0 2 0.1 eV, structure 
S is noticeable. and the FWHM is4.3 3- 0.1 eV. However, the edge isslightly less abrupt 
than in the A phase; at half maximum it is at about 1-0.25 eV and the intensity at EF is 
about 34% that of the maximum. Notice that the FWHM of I-Al,Mn,,, once corrected 
for the slight AI contamination, is 4.5 t 0.1 eV. Peak A is at +1.8 3- 0.1 eV and the 
intensity at EF is 42% that of the maximum. 

The curve of figure 3(b) corresponds to the T-AI,*MnZ, phase and exhibits a very 
different shape: theedge hasabout thesameslopeasin theIquasicrysta1 but theintensity 
at .EF is reduced to 28%. Peak A is split into two subpeaks A‘ and A” at +1.5 3- 0.1 eV 
and +2.4 t 0.1 eV, respectively, the FWHM is 3.9 2 0.1 eV, i.e. considerably narrower 
than all the other Allw-,Mn, phases and shoulder S is at the same energy. A similar 
shape has been obtained from T-AImMnm but the curve is broadened especially in the 
region of shoulder S. 

Table 2 summarizes the data corresponding to these different samples. 

4. Discussion 

Let us recall that, in pure Al, the valence p states extend over about 10eV and are 
strongly hybridized with s states over the whole valence band. 

L2,3 spectra measurements, which provide information on the s valence state dis- 
tribution, are not available from our samples. Nevertheless, such measurements have 
been performed by Curry 1968 for crystalline A13Mn and by Ederer el al(1988) for Al- 
Mn and Al-Mn-Si alloys. As shown in figure 4, the s state distribution curves of 
AI,,_,Mn, alloys extend over about the same energy range as those for pure AI, 
whatever their structural state. The b,3 curve for A13Mn shows two wide peaks and is 
displayed in figure 5 together with our curve for the p state distribution in crystalline 
AI%Mn,,. The adjustment in the binding energy scale is made approximately at EF 
(within 20.2 eV). From the figure, it arises that s states spread widely since they cover 
about 12eV. The p states extend over SeV, they are mixed with s states but are 
principally located in the upper part of the valence band. This might be true for all the 
Allw-,Mn, alloys. 

Our results concerning the AI 3p states show that, although the Mn amount is about 
20% atoms, a strong alloying effect is revealed in Al,w-xMn, mainly through the 
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Table 2. Structural states of and data on the AI 3p band of our different AILm-,Mn, alloys. 

% Mn Structural FWHM Peak A energy Intensity at Splitting 
atom state (+O.leV) (tO.leV) EF(tl%) ofpeakA 

2161 

14 C 
I 

16 C 
I 

20 T 

21 C 
I 
A 

22 T 

pure AI C 

4.4 1.65 
4.5 1.8 

4.2 1.7 
4.7 2.0 

4.1 2.1 

4.7 2.0 
4.3 2.0 
4 .2  2.0 

3.9 2.2 

5.3 1.5 

so yes 

46 yes 

42 no 

42 no 

Yes 32 

34 "0 

28 no 

40 yes 

28 yes 

50 

Photon energy lev1 

Figure 4. The AI 3s distribution curve of pure AI, C-n AlMnSi and T-AIMn (Ederer ef al 
1988). 

narrowing of the AI 3p distribution with respect to pure AI. This is in agreement with 
the calculations from McHenry era/ (1986) who have shown that in MnAI,, and MnAI,, 
clusters, Mn 3d states hybridize with AI 3p onesto produce a narrowingof the band near 
EF. Thus. it is possible to assume that the alloying effect results from the interaction 
between the rather extended s and p AI states and the maxr localized d slaws of the 
transition metal. 

In our samples, the AI 3p distributions are somewhat different according to the 
structural state. With respect to the metal, $4 e observe a progressive depopulation ofthe 
p hand near EF together with a bending of the edge of the distribution and a shift of the 
maximum A tomardsa  high^^. However, the gravitycentre of the band remainsroughly 
unchanged within the experimental accuracy. This leads, when going from crystalline 
Als6Mn14 to  I-Allw - 'Mn,, T-Allm ,Mn, and A-Altoo. ,Mn,. to a decrease of the intensity 
at E,. Such a decrease has also been observed by Ederer er al (1988) for the s state 
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InlcMiry . 
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Fig- 5. The AI 3p distrihulion curve in crys- 
talline AlJvln. curve (a) and theA13sdistribution 
curve in crystalline AI,Mn, curve (b) (taken from 
Curry 1968). 

Flgure 6. AI 3p distribution curves in two two- 
phased ‘amorphous Allm.xMn,,’ samples. Curves 
(a): full curve, AI,Mn,, and broken curve, I- 
AlpMn,,. Curves (b): lull curfe, AI,Mn,, and 
hroken curve, A-AI,Mn,,. 

distribution of several AlMn samplesof different nominal compositions fromour alloys. 
Thus, we can conclude that the behaviour of the AI 3p states distribution at EFreEects 
that of allof the valence states. Let usnote that, from calculationsperformedin the tight 
binding method applied to a two-dimensional Penrose lattice, Choy (1985) has predicted 
an enhancement of the DOS at EF. This is in contradiction to the experimental results and 
so thiscalculation appears not to be suitable for the case of the Al,oo.xMn, quasicrystals. 
More insight is expected from the study of AI s, d and Mn d state distributions for the 
alloys used in our experiments. 

In table 2 we have reported the relative intensities of our samples measured at EF. 
We observe that for a given structural state, when Mn concentration increases io the 
alloy, the DOS at EF decreases. All the same, for a given Mn concentration, the DOS at 
EF decreases when going from I to T and to A alloys. 

The lowering of the DOS at &should be reflected in electronicpropertiessuch as the 
resistivity. Several results, available from the literature, are given in table 3. 

Resistivity in the quasicrystalline phases is considerably higher (at least one order of 
magnitude) than in the crystalline counterparts. A and I alloys of the same composition 
display very similar values, the A phase being more resistive. Resistivity values increas- 
ing between the I alloy and the T one with the same Mn content have also been measured 
(Berger et a! 1990). 

Fromageneralpoint ofview,adecreaseinthe~Osat E,canberelatedtoaresistivity 
increase. 1ndeed.suchacorrelation isobservedfrom tableZcolumn5and table3column 
3 since. for a given structural state, the resistivity increases with the Mn concentration. 
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Table 3. Resistivity values of different AlIm.,Mn, alloys. 
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~~ 

Structural Resistivity Temperature 
Alloy state (PQ cm) Reference 

A1&nl, A 260 30 Nguyen era1 (1988) 

AI,Mn C 4.6 Low T Dunlap eral(1974) 

A W n , ,  I 120 300 Lallaetnl(1987) 

A W n , ,  1 300 4.2 Traverse et al(1985) 
A 400 Karpeerd(I987) 

AI,Mn, T 420 300 Berger ef nl(1990) 

AI,Mn, T 430 300 Bergereral(l990) 

A W n 4  C 2000 Dunlaperol(l976) 

80 RT 

C 60 

As AI,Mn has been assumed to be a semiconductor (Kolomoets and Popova 1960). the 
DOS decrease at EF may be seen as a gap opening correlated to the Mn concentration. 
This interpretation is supported by our present experimental results. It is also in line 
with our observations concerning empty AI p DOS (Belin er a1 1991) from which the edge 
of the conduction band is repelled progressively from C to I ,  T and A phases. Indeed, 
at EF, the edge of the unoccupied band behaves like that of the emission band. Thus, at 
half maximum, the distance between the valence and conduction edges increases when 
passing from C to I, T and A-Alioo_,Mn, alloys. 

In crystalline A16Mn, whatever the preparation technique, the maximum A of the 
AI 3p state distribution displays the split shape with the separation at about f1 .5  eV. as 
shown in figure 1. The same is true for a-AlhfnSi. This splitting of the A1 K/3 band is 
observed, in the same energy range, for T-AlMn having either 20 or 22% Mn atoms (see 
figure 3) a d i s  even more marked here than in crystalline AI,Mn due to the contrast 
increase which results from the depopulation of states near E,. Let us recall that in the 
T-phases of quasicrystalline AI,,-,Mn, structures, along the ten-fold axis, a long-range 
order symmetry direction is present (Bendersky 1985). In contrast, such behaviour of 
the AI Kp bandisnotobserved ineitherI-AI,,-.Mn,or inA-Al,,-.h.in,aIloysin which 
no long-range structural order exists. 

These observations provide evidence that in the AI,,-,Mn, alloys, sp states situated 
between EF and the maximum A are very sensitive to modifications of the long range 
order. So, as previously suggested (Traverse eta[ 1988), we attribute the splittingofthe 
AI 3p states distribution maximum to the presence of a long-range periodicity. 

We have used this property to ascertain whether samples were single phased or might 
containacrystalhnecontamination. As anexample, wedisplay, infigures6(a) and6(b), 
the curves obtained from two different samples containing 16 and 18% Mn atoms, 
respectively, both supposed amorphous since their electron diffraction pattern displayed 
diffuse halos, but suspected to contain a faint quantity of a crystalline phase. Curves 
from single phased I-AlmMnI6 and A-A1,9Mn,, are also plotted for comparison. As a 
matter of fact, from the shape of curve 6(a) in particular, we deduced that the sample 
wasmicro quasicrystalline and contaminated by acrystallinephase. In the second sample 
(Mn IS%), which is actually amorphous, the inferringcrystalline phase made avery faint 
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In-ity 
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B.E. (ev) 0.e" (ev) 

Figure 7. The AI 3p distribution curve in MO 
differenf crystalline Al@n alloysprepared byfhe 
ion beam mixing technique at 5W K (full curve) 
andat680K(brokencurve). 

FigureE. A1 3p distribution curves of the AInMn,, 
alloy: (a) A .  fullcurve and (b) I broken curve. 

contribution. Let usnote thatin thecurvesoffigure6(b),featuresSdifferconsiderablyin 
intensity. We will discuss this point in the next paragraph. 

Figure 7 displays the curves obtained from two crystalline AibMn samples prepared 
by ion beam mixing of AI/Mn multilayers: one is irradiated at 500 K and the other at 
680 K. The two curves are identical except in the range of feature S (higher than +4 eV) 
where they differ noticeably. 

As the samples are crystalline, the long-range order is preserved and the local order, 
depending on first-neighbour distances, is approximately the same as a result of the 
chemical bonding between AI and Mn. Nevertheless, from one sample to another, 
crystallographic defects such as dislocations, vacancies, distortions, grain boundaries, 
etc can be different. Moreover, let us note that the grain size of these samples is 
very small (50 to 100 A) and is strongly dependent on the preparation temperature. 
Consequently, invarious samples, differences may arise in arange order short but higher 
than that ofthe first neighbours. We willdenoteshort rangeorder b y s ~ o i n  the following. 

Modifications of the high binding energy tail have also been observed from all the 
other Al,mo-xMn, alloys which we have analysed: I or T as well as A (see figure 6(b)). 
Let us note that in the quasicrystalline alloys, structural defects such as phasons are 
found which can affect the quasicrystalline state from one sample to another (KICman 
1988). 

On the other hand, we have pointed out that the states of the valence band in 
Allw-xMnx alloys are sp hybridized and that from +4 to +12eV they should be s 
dominant in character. As the s states are relatively extended states, they can be 
influenced by changes in the topology of different samples in a range smaller than long 
range one. Then our resultssuggest that the statesof the valence band of binding energy 
higher than 14 eV are sensitive to modifications occurring in the SRO so that the higher 
the intensity of the p states distribution in the energy range of feature S, the more the 
SRO must be perturbed. 

Two samples of about the same composition (20% Mn atoms), prepared by different 
experimental methods, one being I and the other A,  have been considered (figure 8). 
One expects stronger disorder to be present in the A sample. From the comparison of 
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the AI 3p bands, it appears that structure S is slightly more intense in A-AlmMnm than 
in I-AImMnZO. The respective WHM and position of maximum A are the same within 
experimental accuracy. So we suggest that the topological arrangement is the samc in 
the two materials with, indeed, less SRO in the amorphous phase. Further investigations 
from samples prepared by the same method and with a greater range of compositions 
are needed to ascertain this point. Let us notice that in amorphous Ni-P alloys with 
about 20% P atoms, P sp states of the valence band, situated near EF, have been found 
to be sensitive to modifications over the range 2 to 4 interatomic distances (Belin er a1 
1987). 

We would also like to mention that, contrary to in the case of the other AI,,-,Mn, 
alloys, in crystalline AIMnSi, the FWHM is higher than in the I counterpart (see table 2) 
and the whole curve is rather wide. One possible explanation could be that the presence 
of Si induces disorder in the crystalline phase. 

5. Conclusion 

We report on an investigation of AI p valence DOS of Al,m-xMn, alloys with Mn con- 
centrations between 14 and 22% and with various structural arrangements where atomic 
order is found in different spatial ranges. 

It is known that sxs reveals differences in the atomic structure of solids and is, in 
particular, sensitive to variations in short and medium range order as already observed 
for amorphous metals and semiconductors with respect to their crystalline counterparts. 
From our study it results that sxs is also useful in the analysis of quasicrystalline materials 
since differences are seen in the DOS distributions of I and T phases as well as in 
A and Cones. 

We have pointed out that: 
(i) in Al,oo-xMn, alloys, whatever the structural arrangement, due to the alloying 

effect, the AI 3p distribution is contracted at half maximum with respect to the pure AI; 
(ii) thestatesbetween &and EF + 1.5 eVappear tobeverysensitive to modifications 

in the long-range arrangement, whereas those of binding energy higher than +4.0 eV 
could be affected by changes in short-range order; 

(iii) for a given Mn composition, the DOS at EF decreases when going from C to 
quasicrystalline and A alloys; 

(iv) for a given structural arrangement, the DOS at E, decreases when Mn con- 
centration increases. 

Allour results, together withdataobtained by other authors from resistivity measure- 
ments,suggest that inAl,oo-.Mn,alloysthereisacontinuousevolutionfromthemetallic 
state behaviour to the semiconductor behaviour when increasing Mn content, whatever 
the atomic structure. 
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