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Abstract We report on a comparison between densities of states of crystalline AlsMn calculated 
using the L M X ~  band stntcmre method and electronic distributions obtained by means of soR 
x-ray spectroscopy experiments. The agreement is found to be rafher good. We propose thar 
changes in AI sites are responsible for the modifications of the densities of states obsemed in 
quasicrystalline AI-Mn alloys. 

1. Intmduction 

The discovery in 1984 of fivefold rotational symmetry in rapidly quenched alloys has given 
impulse to numerous investigations of the atomic and electronic structures of this new 
class of materials, so-called quasicrystals. and also to comparisons with crystalline alloys 
of related nominal composition. 

Many systems of this new class of solids are alloys of elements with small differences 
in radii and electronegativities and they are considered as Hume-Rothery alloys (Friedel and 
D6noyer 1987). At an experimental level, this is confirmed by x-ray diffraction patterns 
which show that Bragg planes of spots with high intensities are near the Fermi surface 
(Matsuo etal 1989). This diffraction by Bragg planes is well known to create a pseudo-gap 
near the Fermi level (Ep)  and one can expect that crystalline phases of composition close to 
that of quasicrystals may have also a pseudo-gap near EL This however has to be checked 
by experimental and theoretical means. Another interesting aspect is the hybridization 
between sp and d states which tends to increase the pseudo-gap and can lead to a splitting 
of the d bands (Trambly de Laissardibre et a1 1993, Fujiwara and Yokokawa 1991). 

In order to explore these effects, we have undertaken experimental investigations and 
ab initio calculations using the linear muffin tin orbital (LMTO) method. Note that we 
have already reported experimental results obtained using soft x-ray and photoelectron 
spectroscopies (respectively sxs and XPS) which concern both valence and conduction state 
distributions in a series of quasicrystalline and crystalline alloys of various compositions, 
where we actually find evidence for low DOSS at the Fermi level and the formation of a 
pseudo-gap (Traverse etal 1988. Belin and Traverse 1991, Belin etal 1991, 1992). 
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In the present paper, we focus mainly on acrystalline AI-Mn alloy, namely AIGMn, with 
the aim of comparing partial occupied and unoccupied densities of states (DOS) as calculated 
in the LMTO framework with experimental electronic distributions. The paper is organized 
in the following way: in the first section we summarize the principle of the calculation 
and detail the results for the partial DOSS; in the second section we recall the principle of 
the experimental sxs and XPS techniques and the previous results which we have obtained 
for AkMn (Traverse et al 1988, Belin and Traverse 1991, Belin et al 1991); finally we 
compare and discuss the theoretical and experimental data in the third section. In this last 
section, we also present a brief comparison between crystalline A16Mn and quasicrystalline 
AI-Mn alloys. 

200 - - x w 
\ 
$150- 

m 
c) 

G 
v 

100 - 
h 
cl 
m 
cl ' 50- 

.* 

C - 
0- 

2. Calculations 

We have performed a self-consistent scalar-relativistic LMTO calculation in the atomic sphere 
approximation (ASA) (Andersen ef al 1985, 1987) for AlsMn. We used the cubic-face- 
centred orthorhombic structure with the experimental lattice constants: a = 7.5518 A, 
b = 6.4978 A and c = 8.8703 A (Cmcm space group) (Nicol 1953). The unit cell contains 
28  atoms (figure 1) to which correspond four different Wyckoff positions displayed in table 1 
(Pearson 1985). Details for the interatomic distances derived from experiments are given 
in table 2. The most interesting features are (i)  the small interatomic distance between the 
manganese and the AI (2) atoms and (ii) the very short distances between AI (2)-AI (2)  
atoms. The Mn ( c )  atoms have coordination 10  and are surrounded only by AI atoms as 
follows: two AI (2),  four AI (3) and four AI (1). The average Mn-AI and AI-AI distances 
are 2.56 A and 2.78 A respectively 

-0.5 0.0 0.5 

B i n d i n g  energy (Ry) 
I 

Figure 1. Distribution of AI and Mn atom 
in the unit cell of crystalline A16Mn as taken 
from Nicol (1953). 

Figure 2. TOM AlsMn DOS calculated wilhin the LMTO framework. 
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Table 1. Wyckoii positions of the different AI sites in crystalline AidMn (Villan and 
calven 1985). 

Atom notation x Y z 

AI (1) %e) 0.324 0 0 
A1 (2) 8(0 0 0.1402 0.1020 
AI (3) 8(g) 0.311 0.2838 0.25 
Mn '(C) 0 0.4567 0.25 

Wyckoff 

Table 2. Interatomic distances in crystalline A16Mn. 

Atom Neighbour Number of atoms Distance (A) 
Mn AI (1) 4 2.6 

AI (2) 2 2.435 
AI (3) 2 2.64 
AI (3) 2 2.54 

Al (1 )  Mn 2 2.60 
AI (1) 1 2.64 
AI (2) 2 2.76 

2.84 
2.84 
2.88 
2.435 
2.16 
2.84 
2.57 
2.62 
2.89 
2.11 
2.64 
2.54 
2.84 
2.88 
2.89 
2.11 
2.71 

The calculation uses the atomic sphere approximation in which the sphere radii are 
chosen so that the total volume of the spheres equals that of the solid. In our calculations 
the sphere radii are RAl = 1.59 8, and RM" = 1.50 A. This leads to a radius ratio 
RM"/RAI = 0.94 and an overlap between neighbouring spheres of 30% which is reasonable 
in LMTO calculation (Andersen et al 1985, 1987). Let us emphasize that this choice 
corresponds to the minimal excess numbers of electrons in each atomic sphere which 
cannor in general, be considered as physically significant and cannot be called 'charge 
transfer' (Nguyen Manh et al 1992). 

We used a scalar relativistic LMTO-ASA code (Christensen 1985) with the combined 
corrections which account for the finite number of terms in the angular momentum 
expansions; note that we include here terms with 1 < 2 which means that the A1 (3s, 3p, 3d) 
and Mn (4s, 4p, 3d) levels are treated as valence states. The density functional formalism 
was treated within the local density approximation with the exchange and correlation 
potential of yon Barth and Hedin (1972). 
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The self-consistent electronic structure was obtained from a grid of 105 irreducible k 
points (i.e. 512 k points in the Brillouin zone). The eigenvalues were used to calculate 
the Doss with the tetrahedron method. We have performed the total energy calculation for 
different volumes with the experimental ratios of bfa and cfa and obtained the value of 
lattice constant a = 7.408 A. From this dependence, we calculated the bulk moduli and 
obtained the value of 1.21 mb. The self-consistency process was stopped when the total 
energy of all the atoms was changed by less than IO-* mRyd per iteration. 

We present in figure 2 the total AI6Mn DOS which we have obtained. Both the occupied 
and unoccupied DOSS (respectively VB and CB) exhibit a spiky shape; intense VB states of 
about 200 states Ryd-l are present near EF and there is a nmow pseudo-gap at EF. Table 3 
indicates the values of the DOSS at EF.  Let us recall that Fujiwara (1989, 1990) already 
concluded from a DOS calculation for a cubic A1114MnZh cluster analogous to quasicrystals 
that spiky DOS should be a common feature in crystalline and quasicrystalline AI-Mn alloys. 

.a -I d 
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Figure 3. Mia! Mn d (a). AI s (b). AI p (c) and AI d 
(d) Dos c w e s .  For Al. these curves refer lo the Sum of 
the contributions of Ole different AI sites in the crysta. 

Figure 4. Valence band of crystalline AlsMn. The full 
tine refers to At 3p slaIes, the short dolted line to AI 
3s-d states and the long dashed dotted line to Mn 3d 
stales. The cumes are xbitnrily normalized to lheir 
mlximum intensity. 
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Table 3. AI and Mn s, p and d DOSS at EF in s m s  Ryd-l. 

AI 

Site I Site 2 Site 3 All Sites Mn 
s 1.25617 0,508021 1.438 3.202191 0.314595 
p 6.99726 5.33599 4.34167 16.67492 1.61056 
d 3,19923 4.33628 3.04591 10.58142 26.5373 

The partial DOSS are displayed in figures 3(a),  (b ) ,  (c )  and (d) .  Let us mention that in 
the LMTO method, it  is well known that partial DOSS on one site can be influenced by states 
which are centred on neighbouring spheres and, therefore, it is difficult to define strictly a 
partial DOS on one single site. The Mn d DOSS curve given figure 3(a) is spiky and intense 
below EF in the VB region, these Mn VB d states, of about 100 states Ryd-I, which are 
the dominant states of the total DOSS extend over about 1.5 eV. A pseudo-gap is present at 
EF about in the middle of the total d band. Let us mention that Mn p and s states do not 
significantly contribute to the VB since their maximum is about 3% that of the Mn d states. 

We show in figures 3(b), 3(c) and 3(d)  the partial AI s,  p and d Dos curves which 
correspond to the sum of the contribunons of all the different AI sites. All these curves are 
quite spiky. In the VB, there are very few A1 s states near Ep since they concentrate mainly 
in the range between +3  and + I 1  eV from E p ;  the s states overlap d states between 4-2 
and +4 eV so they are sIightly s-d hybridized except close to EF; the s states rather overlap 
p states and thus are s-p hybridized in the energy range +2 to +8 eV, in the high binding 
energy region of the DOS curve the states are almost pure AI s,  and their maximum intensity 
is about 33 states Ryd-'. The AI p states spread over about 3.5 eV; in the corresponding 
DOS curve, the spikes are distributed roughly around a parabola-like mean curve except in 
the range within +3 eV from EF where the intensity enhances and the curve displays an 
intense two peaked structure. These two peaks are denoted A and B; the most intense one, 
which corresponds to about 75 states Ryd-I , is located at about 4- 1.4 eV and the other one 
is at f0.7 eV. The AI VB d states are mainly located in the energy range which covers 
f 3 . 5  eV from EF, and exhibit two principal peaks labelled A' and B' situated at +0.6 and 
+1.4 eV, with maximum intensity about 29 states Ryd-I. From the overlap between the 
various AI p and d DOSS VE curves in the region involving Ep+ 1.5 eV we deduce that there 
is a significant A1 p-d hybridization in crystalline AI6Mn. This hybridization is stronger in 
the energy range involving features MA', i.e. at about EF + 0.7-0.9 eV. 

In the CB energy range, the curves corresponding to AI p. d and s DOS (figures 3(b), 
( c )  and (d)) overlap. So, the conduction AI states are s - p d  hybridized over 4 eV beyond 
Ep and after that more pd hybridized until about -8 eV. The CB part of Mn d curve 
(figure 3 ( 6 ) )  overlaps the others in the range E r 3  e V  so the AI s-p-d hybridized states 
interact with Mn d states over this energy range. 

3. Experimental details 

We have used homogeneous single-phase samples as checked by transmission electron 
microscopy which were prepared by either ion beam mixing of thin AI and Mn layers 
(Traverse et al 1988) or by the classical rapid solidification technique. 

The experiments have been carried out by means of soft x-ray emission spectroscopy 
(SXFS) and soft x-ray absorption spectroscopy (SXAS). Let us recall that these two techniques 
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involve respectively transitions between an inner level and either the valence or conduction 
bands; thus they provide separate information on occupied and unoccupied electronic 
distributions which are partial since the x-ray transitions are governed by dipole selection 
rules and are local because the inner level belongs to a given component of the solid. Thus, 
the measured spectral intensities are proportional to the partial DOS convoluted by the energy 
distribution of the inner level which is involved in the x-ray transition. Moreover, the x-ray 
transitions are dependent on the transition probabilities, and these are usually constant or 
vary slowly as a function of energy in the spectral range analysed; note that, because of these 
transition probabilities, when the inner level hole is p-like, transitions from (or to) states 
with d character are favoured with respect to those from (or to) s character. So, the shapes 
of the experimental x-ray spectra are directly related to those of the DOSS. However, since 
the electronic distribution curves are normalized to their respective maximum intensity in 
the c a e  of SXES experiments, no absolute DOS values can be derived from the experiments 
but comparison between curves of same spectral character in various samples is possible. 

From x-ray photoelectron spectroscopy experiments, binding energies are obtained, 
making it possible to measure those corresponding to the inner levels involved in the x-ray 
transitions. It follows that we can locate the Fermi level on the various x-ray transition 
energy scales and that the different partial electronic distributions can be adjusted in the 
binding energy scale (BE) by taking the Fermi level position as the origin. Consequently, 
combining the results of sxs and XPS allows direct comparison of the various electronic 
distributions in BE, providing insight into the electronic interactions and describing both VB 
and CB. 

Figure 4 shows the result of the adjustment of the experimental curves corresponding to 
Mn 3d, AI 3p and AI 3 4  states distributions for A16Mn. As already discussed elsewhere 
(Belin et a1 1992). this points out that Mn d states are located close to the Fermi level in 
interaction with AI s-dp hybridized states, AI s-p states are found in the middle of the VB 
while the high binding region is almost AI s-like. 

4. Discussion 

We have recalled above that the experimental curves reflect the product IMIZ. N ( E )  * L ( E )  
where M is the matrix element of the transition probability, N ( E )  is the partial DOS and 
L(E) a Lorentzian function whose full width at half maximum intensity (FWHM) is the 
energy width of the inner level involved in the x-ray transition. We also mentioned that in 
general, the transition probabilities are nearly constant in the energy range investigated. So, 
to compare the theoretical results with the experimental ones, we simulated theoretical x-ray 
spectra as follows: we broadened each partial calculated DOS by a convenient function L 
and, to account for the instrumental functions of our apparatus, we have smoothed out the 
result with suitable Gaussian functions, G. The widths of the functions L and G are given 
in table 4. The final results for the AlaMn VB are displayed in figures 5(a), ( b )  and (c)  
respectively together with the Mn 3d, A1 3p and AI 3s-d experimental curves. 

The Mn 3d simulated curve is displayed in figure 5(a). Its FWHM is 2.5 f 0.1 eV, the 
maximum is at +0.9 i O . 1  eV and the intensity at EF is 56% that of the maximum These 
values are respectively 3.0f0.1 eV, +0 .8f0 .1  eV and 79% in the experiment. The Mn 3d 
spectrum in the one-electron model is produced by the decay of a 3d VB electron to the 2 ~ 1 2  
hole. In fact, during the experiment. the spectrum is excited with photons of energy higher 
than that strictly necessary to create a single hole in the 2~312 inner level. It turns out that 
multiple ionizations are generated and thus satellite lines, wider than the principal one and 
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Binding en erg^ (&I 

Figure 5. (a) Mn 3d simulated (full line) and 
experimental (dotted line) CUNW. (b) AI 3p simulated 
(full line) and experimental (doned line) N N ~ S .  (c )  
Ai 3(st1.9 d) simulated (full line) and experimental 
(doned line), curves. 

Table 4. FWHM of the Lorentzian distribution (L) corresponding to the inner levels involved in 
the x-ray lmitions and of the Gaussian distribution (C) for the instrumental functions. 

LvB ' '  CVS ' ECB Cue 
,. .~ .  :. Mn d 0.5 0.S 

Mn P 1.3 0.5 

AI d 0.1 0.3 
AI s 0.1 0.3 

AI  p 0.5 0.2 0.5 0.5 

located at lower BE, are emitted during the x-ray process; the result of this many-body effect 
is to shift somewhat the maximum and broaden the spectral distribution mainly towards low 
BE and so slightly enhance the intensity at EF with respect to the expected value within the 
one-electron approximation. Once accounting for this experimental artefact, there is a fair 
agreement between the results of experiment and theory. 

The AI 3p distributions are shown in figure 5(b). The intensity at EF is about 96f4% of 
that corresponding to pure AI. The calculated curve is wider here than the experimental one 
towards high BE, and the edge close to EF is less steep and the states near EF,  over about 
1.5 eV, are less populated than in the experiment. We have already emphasized that near 
EF there is a p-d hybridization and that the states from +4 eV to high BE are principally 
s-p hybridized. The discrepancies observed between experiment and calculation might be 
overcome with a slight modification of the p states distribution by somewhat increasing p d  
and decreasing s-p hybridizations. Indeed, on doing so, the states near the edge increase 
in intensity and the edge itself straightens up and becomes closer to the Fermi level, at the 
same time the high-bonded p states become less intense. Let us recall that the maximum of 
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the AI p states distribution is split into two parts (denoted ( U )  and (b )  on the figure) which 
correspond within the experimental accuracy to the peaks A, A' and B, B' of the calculated 
p and d DOS curves. 

Concerning AI s-d VB states distributions, whose intensity at EF is about 92 =k 4% of 
that corresponding to pure AI, we display in figure S(e) the experimental curve and compare 
with the calculated curve, which results from the sum of the s and d DOSS contributions 
corresponding to all the A1 sites. In order to simulate the experimental curve, we assign to 
the d DOS contribution a higher weighting than the s DOSS because the transition probabilities 
favour iransitions from d states with respect to s ones. The best fit to the experiment is 
obtained for (s+ 1.9 d) broadened calculated DOSS. Here also, we observe a discrepancy 
between calculation and experiment: the intensity of high binding energy calculated states 
(beyond f4  eV) is overestimated compared to the experiment and there are two features 
located at about f 7  and +8.5 eV from EF which are not present in the experimental 
result. However, note that the experimental edge is very well fitted by the calculation. 
This emphasizes that at EF, there should actually be almost pure d states, which are 
underestimated by the calculation and that s-d hybridization exists only over the energy 
range beyond N +2 eV. 

Figure 6. (a) lea side = AI p padal DOSS as calculated within the LMX) framework for the 
differen1 AI (I), AI (2) and A1 (3) sites. (b)  right side = AI d partial DOSS a calculated within 
t h e m  framework for the different AI (I), AI (2) and AI (3) sites, 
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Figure 7. Total partial AI p DOSS: lower C U N ~ ,  this work, upper curve, from Fujiwara (1989, 
1990). 

Let us mention two other effects which could contribute to the slight discrepancies we 
observe. Firstly, as already mentioned above, in the LMTO method the partial Doss on one 
site can be influenced by states which are centred on neighbouring spheres. Secondly, the 
experimental results give the partial Dos provided that the square matrix element [MI2 is 
nearly constant. Indeed, from model calculations of Trambly de Laissardi&re et a1 (1993), 
it is clear that eigenstates are linear combinations of several plane waves. As a result, an 
eigenstate 4 ( E ,  r )  of energy E ,  @ ( E ,  r)' varies rapidly with position and energy. This 
could lead to some variation of the matrix element [MIZ with energy and thus to some 
discrepancies in the composition between theory and experiment. 

We will not discuss in detail here the CB states distribution, let us simply recall that AI 
p and Mn p distribution curves both exhibit a tan-'-like edge in the vicinity of Ep followed 
by a structureless plateau or a monotonic increase of intensity (Belin et a1 1992). These 
results are in full agreement with the curves simulated from the theoretical results. 

Finally, despite the observed discrepancies in occupied states distributions which we 
discussed above, there is a satisfactory qualitative agreement between expenmental VE and 
CB states distribution and calculation. 

In the VB energy range close to EF,  the A1 p 4  hybridization seems to play an important 
role in AI-Mn alloys; in particular, it seems to be quite sensitive to the structural arrangement 
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Figure 8. Comparison between the calculated bmdened parlial DOSS curves and experimental 
results (a) Calculated curve for site AI ( I )  (full line) and the experimental AI p DOSS curve for 
quasicrystalline icosahedml piuse (dotted line). (b) calculated curve for site AI (3) (full line) 
and the experimental AI p DOSS curve for quasicrystalline decagonal phase (dotted line). The 
calculated curve for site AI (2) is given in the insert of figure 8(b). 

of the alloys. Indeed, when going from crystalline to icosahedral (I) and to decagonal (T) 
quasicrystalline phases it has been evidenced and reported previously (Traverse eta! 1988, 
Belin and Traverse 1991, Belin et a1 1991), that (i) the AI DOS at E p  decreases in the 
quasicrystals with respect to the corresponding crystal (ii) the edge of the AI 3p states 
distribution is less steep and bends towards high BE in the quasicrystals as compared to 
the crystalline phases, and this effect is more marked for T than I quasicrystals, (iii) there 
is a modification of the shape of the AI 3p curve in the energy range of the maximum 
distribution: this one is rounded for the I phase and split into two parts for the T phase. So 
the relevant result is that there is a progressive depopulation of VB states in the range Ep 
to +2 eV in T and I phases as compared to the crystals. 

For AlaMn, our calculations point out that in the partial p and d DOSS for the various 
AI sites: (i) the p DOSS are stronger for AI (2) and AI (3) sites than for site AI (I), (ii) the 
partial AI d DO.% are decreased in AI (2) and AI (3) sites with respect to the site A1 ( I )  
(figures 6(a) and (6)); note that the p DOSS are twice or thrice higher than the d Doss. 
Therefore differences exist in the p-d hybridization according to the AI site. 

Let us recall that Fujiwara (1989, 1990) has calculated total and partial DOS using the 
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LMTO approximation for a cubic A1114Mnx cluster simulating the local order of the I-A1-Mn 
quasicrystalline phase. We show in figure 7 Fujiwara's result for the partial AI p DOS. The 
corresponding curve is very spiky. However, near EF, there are two principal structures 
denoted 01 and p which are located at approximately +0.7 and +1.2 eV. These structures 
are analogous to the peaks A and B of OUT A1 p DOS curve for A16Mn. The intensity of 
feature B with respect to A is higher than that of feature p with respect to 01 (figure 7(b)). 
This result together with our own calculation lead us to suggest that in I and T quasicrystals, 
the depopulation of VB in the region near EF could be the consequence of a drastic decrease 
of the strength of the A1 pd hybridization with respect to the crystalline alloys. This could 
be due to partial AI p and A1 d DOSS modifications near EF when changing the atomjc 
structure. Indeed, let us consider the partial AI p DOSS and broaden them by functions L 
and G as indicated previously. For site A1 (I), a curve with a rounded shape is obtained. 
For site A1 (2), the curve displays two well resolved peaks, the narrowest being closer EF. 
For the site AI (3), the curve also displays two peaks; the one close to EF is less intense and 
the edge itself is less steep than for A1 (2). We propose the structural change from crystal to 
quasicrystal might be due to the presence in the I quasicrystals mainly of AI sites analogous 
to the AI (I)  sites of A16Mn while in T alloys there might be mainly AI (3)-like sites with 
possibly a few A1 (1) and AI (Z)-like sites. We show in figure 8(a) and (b)  the comparison 
between the experimental AI p DOSS curves for I and T phases and the calculated broadened 
parrial DOSS curves of sites AI (1) and AI (3). The curve for site AI (2) is given in the 
insert. 

Note that the framework of our suggestion the progressive repulsion from EF of the AI 
valence band edge (which has been demonstrated in A1-Mn quasicrystals when comparing 
to crystalline alloys of same or close nominal composition (Traverse et a1 1988, Belin and 
Traverse 1991)) results from the decrease of AI p states near EF as a consequence of the 
modification of the kind of AI sites. 
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