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Abstract. The atomic structure of the perfect AlPdMn icosahedral phase has been studied on 
a single grain by aoadous x m y  diaaction close to the Pd edge. A method is proposed for 
relative normalization of the data, in order to extract the partial smclwe factor Fm of the Pd 
atom. The Pd is found to be very ordered in the six-dimensional description of the quasicrystal, 
ar; war; previously infemd from x-ray and neutron single-crystal diffnction data. However, a 
phason Debye-Walier-like term has to be introduced to account for the data. Comparison of 
the present data set with low-resolution data indicates the existence of diffuse sanering located 
close to the Bragg reflections whose intensity scales as [I -exp(-B,,, Q$,)] as expend from 
random Rumations of the atomic surfaces. The average fluctuation is found to be of the order 
of 1 A. Moreover the comparison of the data with a spherical model shows that the atomic 
surface describing Pd atom is likely to be made of s e v d  disjointed pieces. 

1. Introduction 

The atomic structure of quasicrystals has been the focus of many experiments since the 
discovery of the ‘perfect’ quasicrystal in the AlCuFe and AIPdMn systems 114.1. These 
quasicrystals have very sharp Bragg peaks [5,6] and can be grown as centimetre size grains 
in the AlPdMn system [6-8]. The quality of these large grains is such that dynamical 
diffraction can take place on a microscopic scale. In particular the Bormann effect, normally 
associated with crystals of high perfection, was experimentally shown to occur on a single 
grain of AlPdMn [9]. 

The most fruitful approach to the quasicrystal structure determination so far has been 
through the use of the so called ‘high-dimensional’ description of quasicrystals (for a recent 
introduction to the subject see [lo]). In this scheme the periodicity is recovered in a 
six-dimensional space for structures presenting icosahedral symmetry. The periodic space 
decomposes into two subspaces: EF,  the physical space, and EpeQ the complementary 
space. The periodic lattice is decorated with three-dimensional objects called atomic surfaces 
and lying in the perpendicular space. The physical (three-dimensional) strncture is obtained 
by a cut through the periodic decorated lattice. This leads to a factorization of the reciprocal 
lattice into QPm, the physical momentum which govems the condition for constructive Bragg 
interference, and Qpq, which governs the intensity of each Bragg peak through the Fourier 
transform of the atomic surfaces. Any given Bragg peak is indexed by six integers, from 
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which Qpm and QFlp are uniquely defined. Six-dimensional Patterson analysis, obtained 
by a Fourier transform of the measured intensities, provides some insight into the atomic 
structure. Experimentally, significant progress may be made in determining the atomic 
structure if the contributions of different chemical species may be separated by contrast 
variation [11-13]. 

Surprisingly, ten years after the discovery of quasicrystals [14], and despite intensive 
efforts, no model has yet achieved an agreement with data comparable with what is 
customary in 3D crystallography. Crudely speaking one can say that there is a relatively 
good agreement with ‘poor quality data’ (i.e. corresponding to samples containing a large 
number of phason strain defects (defined below), for instance i-AlLiCu [13,15,16]) and a 
bad agreement with good-quality data (as is the case with ‘perfect’ icosahedral AlCuFe and 
AlPdMn i phases). Indeed most of the models fit relatively well the 1 0 w - Q ~ ~  data but are 
far from reproducing the high-Qperp data, which are mainly sensitive to the details of the 
atomic structure. This means that all models still are low-resolution models, where the term 
‘low resolution’ refers to the perpendicular space where atomic surfaces are confined. The 
consequence is that all models will have a common ‘hard core,, details of the atomic surfaces 
remaining to be specified. This implies that probably 80% of the atoms are correctly placed 
but the remaining 20% still have to be specified [17]. In principle, the task to be fulfilled 
is not so large: at most 400-1000 independent reflections have to be reproduced. The 
difficulty in accomplishing this job raises the problem of the modelling of quasicrystalline 
atomic structure and questions the validity of the hypotheses used in the modelling process. 

Because of their non-periodic symmetry, quasicrystals have additional degrees of 
freedom called phasons. The name phason was coined by reference to modulated structures. 
The free energy of a quasicrystal may be expanded as a functional of the mass density. 
Because of the periodicity in 6D space there are six phases in each term of this expansion, 
corresponding to translations of the cut in Epar (phonons) and EpeT @hasons) 118-211. 
Because of the way that the phason degrees of freedom govern atomic positions in a 
quasicrystal, phasons are not propagative modes. Starting with an idealized quasicrystal, a 
rigid translation of the cut surface rearranges some of the atoms, but yields a macroscopically 
indistinguishable quasicrystal. However, localized distortions of the cut surface will create 
atomic rearrangement, by so-called phason jumps. In the simplest case, an atom will jump 
from one site to another one close by (for instance at a distance of 1 A for A1 atoms in the 
AlPdMn case), creating a phason defect. Both sites have almost the same local environment, 
and thus a very similar energy, but only one is occupied in a perfect quasicrystal. 

Phason disorder has been used with various meanings, and so we shall specify briefly our 
use of this concept. Depending on the correlation between the phason defects, two degrees 
of disorder can be distinguished. On one hand the defects are introduced through a slope 
change of the cut, which is equivalent to a shear strain in EFT or phason strain. A uniform 
shear strain of the 6D lattice results in correlated phason jumps, and to a displacement of the 
Bragg reflections from their ideal positions. If the sample contains a uniform distribution 
of shear strain, this will result in the broadening of diffraction peaks scaling with Qm 
1221. Indeed such broadening was observed in all samples before the discovery of ‘perfect’ 
quasicrystals r22.231. On the other hand, one can introduce phason defects by a random 
fluctuation of the atomic surfaces in .Epelp. If the fluctuations are bounded, they will not 
destroy the delta function Bragg reflections; in this case the long-range quasiperiodic order 
is preserved [24,25]. 

Atomic models for quasicrystals fall into two families: idealized quasicrystalline long- 
range order and random tiling. Both models predict sharp Bragg diffraction peaks, but differ 
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in the degree of disorder. It is important to emphasize that these are the extremes-which 
bound a continuum, rather than specifying a dichotomy. 

Specifying an ideal quasicrystal model is apriori a very difficult task, since in principle 
an infinite nuinber of parameters are necessary to model the atomic surfaces. A number 
of supplementary constraints have thus been introduced. The simplest one comes from 
atomic density and chemical composition, which will govern the overall volume of the 
atomic surfaces. Another constraint was proposed recently, and concems the connectivity 
of the atomic surfaces [26,27]. This constraint is related to the possibility of atomic phason 
jumps. Imposing the condition that the matching of certain unit cells should be defined 
by local rules, such as a Penrose tiling, Katz and co-workers derived a set of ten atomic 
surfaces which should be used for modelling [28]. These atomic surfaces are faceted objects, 
bounded by twofold planes, and have been used for the modelling of the perfect i-AlCuFe 
phase [28,29]. One should note however that such a restriction is already very severe. 
There are several examples of tilings which are ideal quasicrystals, and which cannot be 
described by atomic surfaces with simple boundaries. For instance the 12-fold tiling of the 
plane with squares and triangles, which is obtained by inflation constructions, has an atomic 
surface whose border is fractal [30-32]. 

The random tiling viewpoint abandons the requirement of matching rules to impose 
quasiperiodicity. Given a set of tiles, one considers all of the different configurations 
that will tile the 3D space, and gives them an equal weight [33-361. The fact that any 
configuration can be accessed via pbason jumps implies that the random tiling corresponds 
to a high-temperature limit. Because no energy is given to the matching  of^ tiles, there is 
only an entropy term arising from the different possible configurations. The statistics of 
such an ensemble has been studied numerically and theoretically [35,37-45]. The main 
results are (i) the average slope of the cut space is the one of the icosahedral phase (Le. 
the long-range quasiperiodic order is maintained; (ii) the entropy of the system varies as 
the squared gradient of the phason strain. The consequence of such a dependence for 30 
systems is that the random tiling is well approximated by an ideal quasicrystal with bounded 
random fluctuations of the atomic surfaces. This does not destroy the Bragg reflections, 
but produces an intensity decrease, with a perpendicular Debye-Waller term, together with 
the appearance of diffuse scattering located close to the Bragg reflections [42,46]. Note 
that, analytically, the situation is completely analogous to the case of thermal vibrations. 
Because of the fluctuations of the atomic surfaces in perpendicular space, they might be 
viewed, in an average picture, as atomic surfaces with smooth boundaries. 

Henley proposed three years ago a set of four tiles called a ‘canonical cell’ [34], designed 
to induce a high connectivity of icosahedral atomic clusters. It is believed that the packing 
fraction of icosahedral clusters will be higher with a random packing of such cells than 
with an ideal quasicrystal model. Such cells have been used to generate a largeunit-cell 
approximant modelling different icosahedral quasicrystals [47,48]. Note that, up to now, 
no ideal quasicrystal model built up with these four tiles has been discovered, but it is 
conjectured that the shape of the atomic surface is made of several disconnected pieces, 
possibly fractal as is the case for the square and triangle tiling. Such a complex shape is 
directly related to the atomic density, which is higher in these tilings [34,47,48]. 

Ideal quasicrystal and random tiling have frequently been viewed as opposite limits, i.e., 
energetic against entropic quasicrystal. However, even if the ground state of a 3D system is 
a quasicrystal, there exists a critical temperature above which the system enters a random 
tiling type phase or ‘unlocked’ phase, i.e. the entropy of the system varies as the squared 
gradient of the phason strain. Below the critical temperature there are isolated phason 
defeck and the quasicrystal is referred as being in a ‘locked’ phase [35]. This behaviour 



10728 M de Boissieu et a1 

was conjectured by Tang and Jaric, Henley and Kalugin [35,43,49] and has been verified 
recently numerically on a Penrose tiling model [50,51]. The transition temperature is of 
the order of the energy associated with a matching rule violation. What can we expect 
for real quasicrystals? The matching rule violation is certainly of very low energy cost 
and some upper bound can be evaluated. It was observed in the AlCuFe system that a 
phase transition between a microcrystalline state and a perfect quasicrystal occurs around 
650°C 152-541. This phase transition obviously involves phason jumps. In the same 
system Coddens et a1 obtained experimental evidence for the existence of atomic jumps 
in the perfect quasicrystalline state when the temperature is higher than 650°C [55,56]. 
Above 800°C the mechanical properties of the icosahedral AlPdMn phase studied on a 
single grain dramatically change: it goes from a fragile regime to a superplastic one [8,57]. 
This might be the result of a high diffusion rate assisted by a phason jump as postulated 
theoretically by Kalugin and Katz [58]. Finally phason strain disorder present in AlCuFe 
or AIPdMn quasicrystalline samples obtained by rapid quenching is annealed rapidly when 
the temperature is higher than 650°C. All these results strongly suggest that the energy cost 
for a matching rule violation is probably quite low so that in the high-temperature range 
(above 7OO0C), a real AlCuFe or AIPdMn quasicrystal is likely in an ‘unlocked phase’ . 
Even though phason diffuse scattering has not been directly observed, it is of interest to 
look look for evidence of random phason fluctuations in the Bragg peak intensities. 

This paper presents the results of an x-ray diffraction experiment carried out at the Pd 
x-ray absorption edge on a single grain of the AIa.7PdZ1.6Mn9., icosahedral phase. Using 
the anomalous scattering amplitude of Pd near its x-ray absorption edge, we have extracted 
a reliable partial structure factor for the Pd atom alone. Furthermore, by comparing the 
present high-resolution synchrotron measurements with previous data taken with a x-ray 
laboratory source, we have found evidence for a phason dependent diffuse scattering. The 
results of this experiment have been briefly described in a previous communication 1591. 

Previous contrast variation measurements and simultaneous analysis of single-crystal 
x-ray and neutron diffraction data allowed the formulation of a low-resolution image (in 
EPq) of the atomic structure [60,61]. We will refer to this as the SP (for spherical) model, 
and it is sketched in figure 1. The reciprocal 6D lattice is a BCC one, corresponding to an FCC 
direct lattice. As previously shown [62], this 6D FCC lattice may be described as resulting 
from a supercell on a primitive lattice with translation vector a = 6.451 A (figure l(a)). The 
six icosahedral indexes (nil are then either all integers, producing a family of primitive (P) 
reflections, or all half-integers, producing the superlattice (s) reflections. The observation 
that the P reflections are generally stronger than the s reflections emphasizes the naturalness 
of this division. 

In the SP model, the atomic surfaces are modelled by spheres and spherical shells in 
the Epv direction, located on three special positions of the (doubled) six-cube unit cell 
(figure 1): 

(i) Three successive shells are located on no = [OOOOOO]: a spherical core of Mn (radius 
0.83a), surrounded by an intermediate shell of Pd (extending up to 1.26~) and an outer shell 
of A1 (up to 1.55~). 

(ii) On n~ = [lOOOOO], we find a core of Mn (radius 0.52~) surrounded by a shell of 
A1 (up to 1.640). 

(iii) A ball of Pd (0.71~) is located at the bcl = 1/2[ 11 111 i] position. 

Note that only the sites no and bc, are occupied by Pd atoms. This strong chemical 
ordering produces the FCC centring of the lattice. In 3D, this results in a quasiperiodic 
packing of two types of Mackay icosahedron, each one with a different chemical decoration. 
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Figure 1. lllustration of the svucture of the i-AIPdMn phase. (a) Section of the 60 superspace 
containing fivefold axes in E,, and E-. The tme unit cell has a parameter equal to 20 and 
corresponds to an FCC lattice (solid line). The svunure can be described as resulting from a 
supenVucture on P lattice with paramefa II (dashed line). Three sites have to be cansidered: 
n ~ .  n~ and h q .  The atomic surfaces in no and nl are different leading to an FCC lattice. (b) 
Sketch illustrating the size of the different atomic surfaces in E,, that define the SP model. 

A knowledge of the precise shape of the atomic surfaces which describe the Pd atomic 
position is certainly an important step towards a finer understanding of the atomic structure 
of qoasicrystals. Since all these atomic surfaces are in close contact their shapes are 
interrelated. In order to proceed to a more detailed description, it is very useful to seek 
information on a single atomic species. Working close to the Pd x-ray absorption edge 
allows us to gain information on the Pd sublattice. 

The paper is organized as follows: section 2 presents details on the procedure used 
to extract the partial Pd structure factor; section 3 presents the experimental results with 
emphasis on the data analysis. For the first time the Pd partial structure factor has been 
extracted. Those readers mainly interested by the results on the atomic structure can jump 
directly to section 4 where the comparison with the SP model is presented. The strong 
chemical order previously inferred from x-ray diffraction experiment is confirmed. However 
a perpendicular DehyeWaller factor has to be introduced to fully account for the data. In 
section 5 we show the existence of a diffuse scattering located close to the Bragg reflections, 
whose intensity scales with [ I  -exp(-BmQ&,.&], in comparing the present measurements 
with measurements which integrate over the diffuse scattering. This is a good indication that 
random fluctuations of the atomic surfaces exist in the perfect AlPdMn icosahedral phase. 
Moreover, a comparison of the obtained partial structure factor with the SP model indicates 
that the atomic surfaces are likely to be formed of several disjointed pieces. Implications 
for the quasicrystal modelling are discussed. 

2. Partial structure factor extraction 

When tuning the energy of an x-ray beam close to an absorption edge, anomalous scattering 
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effects take place. The atomic scattering form factor is written 
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f = fo + f'+ if" 

where fo is the usual x-ray atomic form factor, dependent on scattering wave vector, and 
f '  and f"  depend on the x-ray wavelength, but not on scattering angle. f' is in phase with 
fo, whereas f" presents a n/2 phase difference with f, (imaginary component). 

The usual procedure when such an experiment is carried out, in biocrystallography or 
crystallography, is to measure a set of data at two or three different energies and, combined 
with direct methods, to refine a model with a few reasonable free parameters 1631. Such 
methods are not yet available for quasicrystal structure determination and one would like 
to extract the partial structure factor corresponding to the Pd atoms. If a structure factor is 
measured for two different energies E1 and E2 of the incoming x-ray beam, then the partial 
structure factor of the Pd, Fpd,  can be extracted. In effect one can write 

(1) 

(2) 

(3) 

where the structure factor FO is a constant which does not depend on the x-ray energy, 
and fA,. fMn and fpd are the x-ray atomic form factors. When working below the 
absorption edge, the variation of f" may be neglected. and the corresponding term in 
(1) and (2) can be included in Fo. Moreover it has been shown previously that to a good 
approximation the quasicrystal structure can be considered as centrosymmetrical [64]. (Note 
that multiple-scattering experiments performed on similar samples indicate a weak deviation 
from centrosymmetry [65,66]. However an intermediate-energy measurement showed that 
the centrosymmetric hypothesis is justified, see subsection 3.3). Since f" is a small quantity, 
one can consider that FO and F p d  are either in phase or in opposition. In other words these 
two quantities are real numbers with only a + or - sign. Finally, because the contrast 
variation is weak, one can assume that F1 and Fz have the same sign. With all the above 
hypotheses, and if both sets of data are on the same relative scale, a simple difference 
between IF1 I and IF21 will give the amplitude of the partial structure of the Pd. Note that 
the obtained partial structure factor is similar to the one obtained with neutron scattering, 
without the usual Q-dependent atomic form factor. 

One experimental difficulty in this procedure is the relative rescaling of both sets of data. 
Since the expected intensity variation is~small, one must find a way of rescaling data with a 
very good accuracy. When variation is large enough, measuring~ at four different contrasts 
allows one to get the scale factor from a fitting procedure [67]. However, anomalous x-ray 
contrast is weak, and this technique cannot be employed here. Because we are working 
with a small sample, bathing in a larger beam, direct rescaling techniques, such as the 
one employed for diffuse scattering measurement, are difficult to work out [68]. We thus 
have used another method for data rescaling. The crude SP model is known to reproduce 
quite well the 1 o w - Q ~ ~  data, corresponding to strongest reflections. This is because in the 
low-Qp,, region, the Fourier transform of the atomic surfaces is mainly sensitive to their 
size, and not to their precise shape. We have thus compared the 30 low-Qp,, reflections 
(Qpe? < 0.4 .&-I) of both data sets to the SP model taking into account the f' value at the 
worlung energy. In this procedure the only free parameters are a scale factor and a parallel 
Debye-Waller factor, which allows us to put on the same relative scale both sets of data. 
An important consistency check is described below in subsection 3.3. 

I& I = I F 0  f f;FPd f if;& 

IF21 = IF0 f f;FPd + if[FPdl 

Fo(&) = f A l ( Q ) F A I  f f ~ d Q ) h  + fPd(Q)FPd  
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3. Experimental details 

A single grain was extracted from the upper part of a Bridgman ingot. It is a 'perfect' 
icosahedral phase, With a composition &8.+'d~1.6Mn9.7. The sample was ground into 
a spherical shape, with a diameter of 200 pm, and glued on the tip of a glass fibre. 
Data collection was carried out at the X3A2 beam line of the National Synchrotron Light 
Source, Brookhaven. An Si(220) double monochromator selected the incident energy of 
the unfocused beam. The sample consisted of two domains with a 0.08" misorientation, . 
each one with a mosaic spread of about 0.03" (figure 2(a)). Two sets of data were taken at 
20 eV and 1390 eV below the Pd edge (24 350 ev). The values of  the anomalous scattering 
coefficients were obtained from a Kramers-Kronig k"form of the fluorescence spectrum 
measured through the Pd edge. At an energy of 24330 eV, f' and f" are -6.5 and 0.8 
respectively. These values are equal to -2.5 and 0.5 at 22960 eV. The contrast is of -4 
electrons to be compared to f (0) = 46 electrons for Pd. 

14000 J 

Figure 2. Typid U-scans used for data collection. (a) Spherically ground sample. There me 
two grains, each one with a narrow mosaic. Note the tails of the Bngg reflections, which are 
caused by the surface damage induced by the grinding. (b) Unground sample. Note that the 
U-range is half ss large as in (a). There are no longer any tails. 

3.1. Monitoring of the intensity 

Special care has to be taken when measuring intensity on a synchrotron x-ray source, 
especially when using a small sample. This is because of beam intensity and position 
fluctuations and inhomogeneity. As a result, standard normalization with a total flux monitor 
(ion chamber) is in general not sufficient. We present in the following section a few of the 
standard tests, which allow us to evaluate the accuracy of the measured intensity. 

The absorption length is calculated to be 0.45 and 0.40 cm-' close to and away from the 
edge respectively. With the spherical sample used, this will correspond to an attenuation 
factor of about 1.9, almost independent of the scattering angle. This small attenuation 
is indeed a crucial point, for expected intensity variations are small, and high accuracy 
is needed for their measurement. A @ scan, in which the sample is rotated around the 
scattering vector, showed very little intensity variation, the statistical standard deviation 
being of the order of 1.5%. 
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The integrated intensity of 330 reflections in the range Qpx = 0-1 1 A-' and QpeP = 0- 
1 A-' was measured by performing o-scans. Each peak was first precentred in o. A subset 
of 32 weak reflections in the Qm range 1-1.3 A-' were measured with a triple counting 
time. 

To get rid of any beam fluctuation, a standard reflection was measured every 30 min. 
Indeed on a time scale of the order of a few hours, significant variations of the order 
of 5% were noticed. However, the intensity variation was found to be smooth, so that 
a simple linear interpolation of the scaling factor between two standards was accurate 
enough. The reliability of this kind of rescaling was checked by measuring the same subset 
of reflections several times. The agreement was found to be better than 1%. This shows 
that the reproducibility of the measurement is very good. 

All reflections were measured in the same asymmetric unit. For a few of them, all of 
the accessible equivalent reflections have been measured. After renormalization, variation 
of symmetry-equivalent intensities were found to be of the order of 1% for weak reflections 
and 4% for stronger ones, probably to be related to the profile of the w-scan which changes 
(the two grains have a different relative orientation). 

Finally, to insure a good energy stability below the edge, where the f' variation with 
energy is very steep, an energy calibration was perfarmed every 3 h. The resulting energy 
stability was found to be about 4 eV, corresponding to an f '  variation of 0.2 electron. 

3.2. Integrated intensity measurement 

A well known problem with grinding is the introduction of surface strain on the sample 
[69]. This results in long wings extending far away from the Bragg peak in a mosaic effect 
(figure 2(a)), with the wings extending to the order of il" in transverse or w-scans, but 
not for radial scans. It is impractical to perform the integration on such a large range. All 
o-scans were performed with a 0.4" full width in 0.002" steps. In doing this a portion of 
the Bragg intensity is not integrated, the intensity left in the wings being 15% of the total 
intensity. We have checked on a few reflections that the intensity left in the tails indeed 
is proportional to the total intensity, and does not depend on any other parameter. As a 
result and since all peaks were measured in the same way (i.e. with the same centring), 
the integration can be performed in a simple way by subtracting a constant background 
measured with 20 points on each side of the scan. 

In order to check that the grinding does not affect the obtained result, the same 
experiment has been repeated on an unground sample taken from the same Bridgman- 
grown ingot. It had roughly the form of a tetrahedron, with edges - 0.2 mm. The sample 
consists of a main crystallite, with a very sharp mosaic (O.Olo), and two or three small 
companions, 10% in volume (figure 2@)). Comparing figures Z(a) and (b), it is obvious 
that this unground sample does not present the tails characteristic of the surface damage, 
so that now all the intensity is integrated. About 120 reflections were collected on the X17 
high-energy wiggler beam line at the two energies 20 eV and 1390 eV below the Pd edge, 
with a double Laue Si[ZZO] monochromator. To our initial surprise, the intensity at 24 keV 
from the wiggler line was comparable to what we obtained at the X3 bending magnet. In 
fact, this is somewhat below the energy range of the x-ray optical design of that beam line. 
Specifically, it has graphite filters to absorb the relatively low-energy part of  the spectrum, 
and its 0.7 mm thick Si( 11 1) crystal in Laue (transmission) geometry has a limited efficiency 
at 24 keV. 

We took care to cover the entire range of Qm in these comparisons, since the high- 
QpW reflections are the most sensitive to any phason disorder. Due to the very irregular 
shape of the single grain, no absorption correction has been carried out. However, the 
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situation is not very serious, because the asymmetric unit of the icosahedron is small, so 
the relative movement of the sample during the measurement is restricted. Moreover the 
absorption is small at these energies. 

Surprisingly enough, both sets of data (spherical' sample and unground sample) did 
agree very well. For the two energies, the weighted R factor, defined as [ [ ~ ( l / u & ) ( l o ~ r  - 
Z ~ ) 2 1 / ~ ( l / u ~ ~ ) ~ ~ , l ' / 2 ,  calculated when comparing the two data sets, is 0.04 . Because 
of the very good quality of the unground sample, the three strongest reflections were clearly 
affected by extinction. Their intensities, when compared to the spherical sample data set, are 
significantly smaller (as large as 25% for the strongest reflection). The intensity difference 
is directly related to the value of the structure factor, which is a signature that indeed 
dynamical diffraction is taking place. As a consequence, this allows us to put some limit 
on the effect of extinction on the other integrated intensity measurements. In particular, this 
shows that the data obtained with the spherical sample are not affected by any extinction. 

The Pd partial structure factor extracted from the unground sample showed exactly the 
same behaviour as the one obtained with the spherical sample: all the conclusions discussed 
in the following sections were found to be strictly identical. This clearly demonstrates 
that the spherical grinding does not introduce any errors in the measurement of integrated 
intensities. In the following all results presented concern data taken with the spherically 
ground sample. 

3.3. Consistency check 

As an internal consistency check, and to verify the important hypotheses of centrosymmetty, 
same sign for FI and Fz, and weak variation of y, a subset of 100 reflections was measured 
at an intermediate energy of 24203 eV, where f' = -4.5. If the relative normalization and 
other hypotheses are correct, the normalized structure factor should follow a linear variation 
with f'. Let us define AF1 and AFz as follows: 

where PI, &heck. and F' stand for the normalized structure factor at 22960, 24203, and 
24330 eV respectively. Since f' = -2.5, -4.5, and -6.5 at these energies, one should 
have AFI = -A&. This is indeed what was observed experimentally as shown in figure 3, 
where the ratio AFl/AFz is represented. A statistical analysis of this ratio shows that the 
average value of the ratio is 0.99 with a standard deviation of 0.2, the data ensemble having 
an almost Gaussian distribution, which is an indication that errors are random and that no 
large systematic errors were introduced during the procedure. From this, one can deduce 
that the standard deviation of the partial Pd structure factor is well accounted for if the 
standard deviation of each measured intensity is expressed as 

2 2 2  
U2 = upPoirr + 01 I 

where upopoiss is the standard deviation obtained by the counting statistics and LY is a constant 
equal to 0.02, i.e. errors on the intensity measurement are equal to 2% for strong reflections. 
This (Y term accounts for the reproducibility of the measurement. Propagating this error leads 
to the standard deviation in Fpd called m2 in  table 1. Note that the relative error is larger 
for P reflections where the intensity variation is smaller. 
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Figure 3. Variation of the ratio AFiIAF2 using data collected at three different energies (see 
text). If the rescaling procedure is correct this ratio should be unity, within statistical mors. 

Table 1. Results for the selected reflections shown figure 4. N md M are the dect ion indices 
defined by Cahn et a1 [70]. Mul is the reflection multiplicity. and QPc,,, a e  the parallel 
and perpendicular wave vectom I &  and I2 are the normalized intensities measured at 1390 aod 
20 eV below the Pd edge, corresponding to an f' value equal to -2.5 and -6.5 respectively. 
Fw is the partial Pd structure factor extracted from the normalized intensity. U, is the siandard 
deviation in Fw, obtained when only the counting statistic is taken into amunt. u2 is obtained 
by adding a 2% fluctuation on each measured intensity (see text and expression (6)). Data for 
all 330 reflections are available from the authors. 

N M Mtd QW C2m h r2 FRI m U2 

A 18 29 12 2.990 0.170 I946600 1865000 29.5 2.1 19.6 
B 20 32 30 3.150 0.280 17.53392 1089000 76.0 2.2 15.5 
C 52 84 30 5.100 0.180 1736390 1441000 117.3 2.7 18.0 
D 102 165 20 7.140 0.090 773311 647600 74.6 3.2 12.3 
E 70 113 60 
F IO4 168 60 
G 136 220 30 
H 188 304 12 
1 188 304 60 
J 15 24 20 
K 47 76 12 
L 91 147 60 
M 123 199 12 
N 175 283 60 
0 195 315 60 
P 195 315 20 
Q 79 127 60 
R 79 127 60 

5.910 
7.210 
8.240 
9.690 
9.690 
2.730 
4.850 
6.740 
7.840 
9.350 
9.870 
9.870 
6.270 
6.270 

0.240 
0.250 
.Q.110 
0.210 
0.210 
0.250 
0.100 
0.230 
0.060 
0.190 
0.340 
0.340 
0.430 
0.430 

434441 
405 701 
738 223 
289541 
249 220 
63922 , 

60533 
109983 
123 967 
65 MO 
35 234 
17913 
43 530 
11024 

369400 
315500 
568 700 

171 900 
37620, 
21 610 
55210 
51410 
27960 
18650 

30950 
7036 

191200 

, . 10480, 

51.3 1.9 9.2 
75.3 2.1 8.8 

iO5.1 2.2 11.6 
100.8 2.4 7.3 
84.6 2.4 6.9 
58.9 1.3 3.4 
99.0 1.7 3.3 
96.7 2.0 4.5 

125.4 2.1 4.7 
87.8 2.4 3.9 
51.1 2.0 2.4 

32.7 0.9 2.6 
21.1 0.8 1.6 

33.4 2.0 3.1 

4. Atomic structure of Pd 

As explained in section 2, the data taken at two different energies were put on the same 
relative scale after comparison of the 30 low-Q, peaks with the SP model. The only fitted 
parameters were a scale factor and an overall parallel Debye-Waller factor which was found 
to be equal to 0.0044 A' in both cases. Introducing the anomalous correction, an R factor 
of 0.05 was obtained for the agreement between the two subsets of data. This scale factor 
is then applied to the remaining data (300 reflections), and the partial Pd structure factor is 



Atomic structure of the AlPdMn icosahedral phase I0735 

2.0 1 0 5  

P Reflections 
> 1.5 10' 

U) 
c 

L - 
m 1.0 1 os 
c - 

3.0 1 os 

0 
A B C D E F G H I  

1.4 l o 5  , , , , , , , , , , 
1.2 I os S Reflections 

E 1.0 1 o5 
8.0 1 o4 

2 6.0 i o4 

4.0 1 o4 
2.0 1 o4 

- 
v1 

m 
- 

" - 
J K L M N O P   OR^ 

Figure 4. Comparison of a few integrated intensities after relative rescaling. Dark and light 
boxes correspond to measurement at -1390 eV and -20 eV respectively. The top panel 
wrrrsponds to P reflections. the bottom one to s rellections (see text). Intensity variation is 
generally greater fors reflections. 

extracted from the difference between the two rescaled data sets. 
A few of the rescaled data are presented in table 1 and figure 4. Recal1,that the reciprocal 

lattice is body-centred icosahedral. Reflections fall then in two classes: primitive reflections 
(e), with all integer indices, and superstructure reflections (s) , ,  with all half-integer indices. 
When expressed with the N and M indices [28,70] the s reflections have N odd, and the P 
reflections have N even. As might be expected the intensity variation is generally stronger 
for superstructure reflections. Since the chemical ordering is essentially due to Pd, s-type 
reflections are expected to present a stronger variation when the energy is tuned close to 
the Pd edge. As can be seen in figure 4, this is indeed the case, and variations as large as 
50% are observed. Note the importance of working with a single grain instead of a powder. 
Degenerate reflections like 0 and P would have been attributed an equal weight in a powder 
experiment, which is obviously not the case. 

According to the SP model, the Pd is located on only the sites no and bcl in the 6-cube. 
Indeed a 6D Patterson analysis of the data, obtained by a Fourier transform of the square of 
the partial Pd structure factor, shows correlation only in no and bcr , which is a confirmation 
of the Pd ordering. Figure 5 presents a rational cut of the 6D Patterson map in a plane 
containing a fivefoId axis in both Ew and EFT. The primitive unit cell is outlined. Only 
conhibutions in no and bcl have a significant intensity. 

This result can also be found looking at the Qpq dependence of the Pd structure factor, 
once it is corrected for the parallel DebyeWaller factor. Since there is Pd in only two sites, 
the structure factor is written 

FPd = G(Qpq) + Gz(QFT) exp(iQ. R) (7) 
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where GI (Qpv) and Gz( Qpv) are the Fourier transforms of the atomic surfaces located 
in no and bcl, and R = 0.5[11111i]. The phase factor exp(iQ. R) is real and can only 
take the value f l  or -1 depending only on the parity of the sum of the six indices. When 
expressed with the N and M indices [70] this phase factor is +I when N and M have the 
same parity and -1 when N and M have opposite parity. This &pap dependence is shown 
in figure 6, where the two families of indices have been separated, and the partial structure 
factors have been corrected for a single parallel Debye-Waller factor equal to 0.0044 AZ. 

200 . , . , . , , , , , , , . 

150 

0 

t 
--I00 
Y 
a 

50 

0 

Figure 6. Qpnp dependence of the partial s m c t m  factor FW extracted from the data. The 
partial stmmre factor is corrected for a parallel DebyeWaller term. Upper panel corresponds 
to reflections having N and M ~ t h e  same parity and lower panel to reflections with N and M 
having different parity. In both cases, the filled (open) circles are the P (s) refleaions having N 
even (odd). The solid line carresponds to the calculation with the SP model. 

In the general case, the interference between the different atomic surfaces produces four 
families of reflections based on the parity of N and M [28]. However, since Pd atoms are 
found only at no and bcl, these collapse to two families, depending on the phase factor 
defined above. In particular each family contains reflections labelled P and s (see section 1). 
As shown in figure 6 all data points fall only on two curves as expected from expression 
(7). This clearly demonstrates the strong Pd chemical order. In the SP model, G1 and GZ 
depend only on the magnihlde of Qw Even for arbitmy compact atomic surfaces, thii 
will be true for small Qm. The partial structure factors in figure 6 fall nicely onto two 
smooth curves for Qperp i 0.4, which demonstrates that (i) the SP model is a useful starting 
point, (ii) the overall extraction procedure of the partial structure factor is valid, and (iii) 
the lattice formed by Pd atoms is strongly FCC rather than the superlattice observed in the 
raw data. Similar results on the approximate position of Cu atoms (analogous to Pd atoms) 
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have been obtained on powder samples in the AlCuRu [71] and AlCuFe [72] icosahedral 
phases, although- far fewer reflections were involved. 

Looking at the Qpeq dependence of the partial structure factor, it is tempting to 
perform a phase reconstruction. In effect we observe an oscillating function, and since the 
quasicrystalline structure is centrosymmetric, only a plus or minus sign has to be attributed 
to the partial structure factor. The phase reconstruction was done in the following way. 

(i) N and M have the same parity, (figure 6 (top)): Fpd is positive for Qpeq lower than 
0.5 or larger than 1, otherwise it is negative. 

(ii) N and M have opposite parity, (figure 6 (bottom)): Fpd is positive for QpT lower 
than 0.4 or greater than 1, otherwise it is negative. 

Obviously one does not expect this phase reconstruction to be completely rigorous, 
especially in the large-Q,, region, but at least 80% of the phases should be determined 
correctly (i.e. in regions of figure 6 where the oscillation is clearly visible). This can give an 
insight into the local smcture to guide further modelling. The 6D density map shows only 
two features located at no and bcl. The shape of both atomic surfaces is mainly spherical, 
with very little faceting, which is rather a disappointment. This is certainly to be attributed 
to the severe truncation effects occurring. However, when looking at the density profile 
of the no atomic surface, one find a qualitative agreement with the previously proposed SP 
model, i.e., Pd atoms are located on a spherical shell. The centre part is occupied by Mn 
atoms, whereas the outer part will be enclosed in an AI shell. The bc, site has mainly a 
spherical shape and contains only a small proportion of the Pd atoms. The shape and size 
of the density profile is smooth and in agreement with the SP model once truncation effects 
have been accounted for [73]. 

Both the Patterson map and the density map show atomic surfaces with a spherical 
shape. This makes any further modelling with faceted objects extremly difficult. It is clear 
from the QpeT dependence of the partial structure factor that the spherical model is incorrect, 
for degenerate reflections (having the same value of Qpq but belonging to different orbits) 
do not have the same shucture factor. Such anisotropy can only be reproduced by more 
complex atomic surfaces, with the possible addition of some small ‘parallel’ component [74]. 
Moreover for the no Pd shell, constraints on unphysically short distances (i.e. interatomic 
distances shorter than 2.3 A) are extremely weak contrary to what occurs for the external 
shell of AI atoms. This makes the field of possible solutions extremely large, and precludes 
the proposition of a less crude model as was possible in the AlLiCu case for instance [13]. 
We will thus restrain ourselves to the comparison of the data with the SP model and try to 
extract some further useful information. 

It is more informative to compare the data and model in reciprocal space. The solid 
lines in figure 6 represent the calculated Pd structure factor of the SP model. The data fall 
significantly below the SP model for high-Q,, reflections. This observation leads us to 
consider bounded fluctuations of the atomic surfaces in perpendicular space. Such random 
phason disorder does not affect the long-range order of the structure so Bragg peaks are still 
observed, hut their intensities are affected by a phason Debye-Waller term. The observed 
structure factors should be written 

M de Boissieu et a1 

(8) 

where fideal stands for the ideal structure without phason disorder. As a first approximation, 
we may say that it corresponds to the SP model. Now, plotting h(F,b,/&,l) against Q&, 
should show a linear decay. This is actually observed in figure 7, which demonstrates a 

2 
Fobs = Fidd exp(-B,,QW) 
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fairly clear trend with Bpep = 1.35 A'. Note that the deviations from a straight line in 
figure 7 are strongest near the nodes of thessp model prediction, where the data points 
have greater statistical errors. Bpep = 1.35 A' is also obtained by fitting the Fpd data to 
the modified SP model when an overall Bpep is introduced as a free parameter, with the 
important result that the fitted R factor improves from 50% to 20%. 

2 1  . . 

Figure 7. In(F,,b,/Fsp) as a function of Qzm for the experimental Pd partial structure factor. 
There is linea dependence. corresponding to a Bpm value of 1.35 A'. 

What is the physical meaning of this perpendicular Debye-Waller factor? The above 
Bp9 determination is strongly dependent on the model used as a reference, here the SP 
model. In particular, the analysis presented so far cannot distinguish a diffuse atomic surface 
due to phason fluctuations (called Bpg) from a more complex, non-spherical atomic surface. 
In that case, our Bpeq term would be a measure of departure of the 'true' atomic surface 
shape from sphericity (called We show in the following that both terms contribute. 

5. Evidence for diffuse scattering 

One clear signature of phason disorder would be diffuse x-ray scattering with an integrated 
intensity comparable to what is lost in the phason Debye-Waller factor. This has not 
been detected directly; however, we can see evidence for such phason diffuse scattering 
in comparison of high-resolution measurements of the Bragg intensity with low-resolution 
experiments, which integrate a significant fraction of the diffuse intensity. For this purpose, 
we use the total Bragg intensity from the present synchrotron results (away from the Pd 
edge, h = 0.54 A) and previous measurements performed on a standard x-ray tube (MO 
Ka, h = 0.7 A). The volume of reciprocal space integrated with a low-resolution x-ray 
tube experiment is about three orders of magnitude larger than what is obtained with the 
synchrotron so that part of the diffuse scattering located close to the Bragg reflections is 
integrated. Indeed when x-ray tube data are compared to the SP model they do not show 
any Qw dependence as is the case with synchrotron data. That the diffuse intensity is 
related to random p h o n  disorder can be shown by plotting In(Fvc/F,,,~) as a function 
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of Q&. F,,, and FNk stand for structure factors measured on the synchrotron (high 
resolution) and with an x-ray tube (low resolution). As shown in figure 8, there is a 
clear linear decrease which shows the existence of excess intensity in FNbe proportional to 
Fsync[exp(BperpQ&,) - 11, where BW is a perpendicular Debye-Waller factor. We find a 
perpendicular Debye-Waller factor, BW. equal to 0.7 A*, implying an RMS fluctuation of 
the atomic surfaces in perpendicular space equal to 1.2 A. We stress that the two sets of data 
(each with 330 reflections), except the phason Debye-Waller term, are perfectly consistent. 
In particular Qm anisotropies of the structure factor, which are correlated to the details 
of the atomic surfaces, are identical in both cases. This is demonstrated by figure 9, where 
the high-resolution data measured and corrected for an overall perpendicular Debye-Waller 
factor are compared to the data obtained on the standard x-ray tube: note the very good 
agreement in the high-QPw region where the two data sets follow the same trend. The 
weighted R factor of agreement between the two data sets is 10% when the phason Debye- 
Waller factor is considered, compared to 20% when the Bw correction is not canied out. 
This is also visible in figure 8, where the large majority of the 330 points lie very close to 
a straight line, with fluctuations well below 10%. This diffuse scattering demonstrates the 
existence of random fluctuations in perpendicular space of the atomic surfaces describing 
the atomic structure of the present AlPdMn icosahedral phase. 
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Figure 8. In(Fv.,/Ft.ac) as a function of Q2m. mere is a linear decrease corresponding to a 
Qp.,-dependent diffuse scattering. 

Further work, such as a direct determination of the shape of the diffuse scattering and 
its temperature dependence, is required to determine to which phenomenon it corresponds. 
The diffuse scattering can result from a random tiling type phase (‘unlocked phase’), from 
isolated phason defects (‘locked phase’), or from a phase transition. Indeed isolated phason 
defects would also give rise to a phason Debye-Waller decrease of the intensity. However, 
in that case, the diffuse scattering should be broad and extend far away from the Bragg 
reflection [49], whereas in a random tiling model the diffuse scattering is located close 
to the Bragg reflections and decreases as IlkZ [42,46]. Finally the phase diagram in 
the vicinity of the icosahedral i-AIF’dMn phase is complex. In particular there exist a 
modulated icosahedral phase with a composition very close to the icosahedral one; it presents 
satellite reflections along the threefold axes 1751. Similarly to what has been observed in the 
i-AICuFe modulated phase [76,77] it seems that the modulation is related to a phason sine 
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Figure 9. CompaIison of the synchrotron dam (open circles), once corrected For a perpendicular 
Debye-Waller factor with the x-ray mbe data (filled circles). (a) is for P reflections and (b) for 
s reflections. The WO data Sets show the same anisotropy 3s a function of QPev, even in the 
higi-Qpcrp region (inset). 

wave [78]. A precursor to this modulated phase could also give rise to dif ise  scattering 
scaling with QPq. 

If one assumes that all the diffuse scattering has been integrated with the low-resolution 
data, one can conclude that the partial Pd structure factor Qpq decay contains two 
comparable conlributions: the first is the result of random phason disorder ( B g d ) ,  and 
the second must be reproduced by the precise geometry of the atomic surface which is 
certainly not a spherical shell or a sphere (Bym). The geometrical roughness is of order 
1.2 A, to be compared to the spherical shell thickness equal to 2.8 A (RI = 5.35 A, 
Rz =~8.12 A). This suggests that the node Pd atomic surface is strongly stellated, or even 
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made of several disjointed pieces. 
In order to evidence possible anisotropy of the node Pd atomic surface we have looked 

for anisotropy of the perpendicular DebyeWaller factor, in particular along high-symmetry 
directions, when comparing the data and the SP model [79]. Such a comparison did not show 
any significant differences: the three perpendicular Debye-Waller factors were found to be 
identical when using the (small) subset of data of reflections along a twofold, threefold, 
and fivefold axis. However one should note that there are very few reflections along 
these symmehy axes, which makes the comparison difficult. This is fairly consistent with 
figure 7 where the majority of the points lie quite close to a straight line, and where 
possible anisotropies are small. This fairly well rules out strongly stellated polyhedra and 
we conjecture that in order to reproduce the observed geometrical roughness the node Pd 
atomic surface is made of several disjointed pieces. 

This raises the question of the precise modelling of the atomic surfaces. Let us consider 
the comparison of the present study with ideal and random-tiling-lie models. 

The volume found for the bcl Pd atomic surface is significantly larger than what is 
proposed in the AlCuFe case [28,29]: in that work, the extemal shell of the atomic surface 
located in b q  is a triacontahedron 5 times smaller than the standard one, whereas the 
external shell located at no is a triacontahedron z times larger than the standard one, and 
truncated along the fivefold axis to avoid short distances. In our result the volume of the bcl 
site is directly proportional to the difference between the 1 0 w - Q ~ ~  limit of the two curves 
shown in figure 6,  and is significantly larger than the small triacontahedron (V = 402 k3 
instead of 281 A’ ). The size of the bc site cannot be increased without a serious diminution 
of the atomic density. A possible solution would be to add small atomic surfaces on mid- 
edges, in the elongation of the bcl site. It has recently been pointed out that these small 
sites on mid-edges would hardly be seen on Patterson maps [SO]. 

In order to evaluate the geometrical roughness of the other atomic surfaces, we also 
compared the SP model with the raw data measured close to the absorption edge where the 
scattering power of Pd atoms is smaller. As a free parameter a perpendicular Debye-Waller 
factors was introduced for each one of the six atomic surfaces. None of the perpendicular 
Debye-Waller factors could be neglected, for they significantly increased the agreement with 
the SP modeI. This was particularly true for the one associated with the A1 atomic surface 
located at nl (note that there are practically only AI atoms on the site nl). Similarly to the 
case of Pd atoms this perpendicular Debye-Waller factor contains both the geometrical and 
the random component, each one corresponding to RMS fluctuations of the order of 1 A: 
this might aIso be an indication that the extemal shape of the nl atomic surface is more 
complex than the large biacontahedron as proposed in the Cornier-Quiquandon model. 

The random phason fluctuation found here is of the order of a recent calculation of the 
phason fluctuation for a random tiling of canonical cells [SI, 821. However, the canonical 
cell model is based on chemically defined clusters of radius 10 A (Mackay icosahedron), 
which put severe constraints on the Pd atomic surface shape. In particular, if Pd atoms 
are located precisely on the external shell of the Mackay icosahedron this would define its 
corresponding atomic surface. It is thus a crucial test to compare such a model with the 
present partial shucture factor. 

We have pointed out in section 1 the current difficulties of obtaining a satisfactory 
comparison between model and data. We conjecture that this is the result of an extremely 
complex shape of atomic surfaces, together with the occurrence of random fluctuations. 
That random fluctuations exist is not a serious problem since they can be incorporated in 
the modelling procedure similarly to what is done for thermal vibration. The complexity 
of the atomic surface shape is more serious. Unfortunately, because of truncation effects, 
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very little is learned when looking at the Patterson or density map. Because no constraint 
on short distances can be put forward for the Pd no atomic surface, the field of possibilities 
is widely open and one needs either higher-Qm data or more efficient data treatment in 
order to proceed further in the modelling. A possibility is the use of the maximum entropy 
method for Fourier map calculation [83,84]: this has been shown to be an efficient way of 
avoiding truncation effects. Another possibility, which partly avoids the truncation effect 
problem, is to perform a surface harmonic expansion of the atomic surface shape [85,86]. 
Nevertheless the present partial structure. factor data should simplify the atomic structure 
problem, since only one chemical species has to be considered. 

6. Conclusion 

Anomalous x-ray difiaction measurements with an AlPdMn single-grain quasicrystal have 
produced a reliable Pd partial structure factort. We have shown that the comparison of a first- 
order model (SP model) with low-Qm data is a very efficient way of data renormalization. 
This technique could also be employed for partial structure factor determination of a large- 
unit-cell approximant, where the same kind of first-order model is in general easy to derive. 
The present measurements of the scattering amplitude from a single atomic species will 
make important contributions to the detailed determination of the atomic structure of a 
highly ordered quasicrystal. The very strong chemical order of Pd in the six-dimensional 
image of the structure has been shown unambiguously: the large majority of the Pd atomic 
surfaces definitively lie on no and bcl sites only. In comparing the present high-resolution 
measurement with low-resolution data we have obtained strong experimental evidence for 
the existence of diffuse scattering located close to the Bragg reflections and whose intensity 
scales with [I - exp(-BmQ&,)], as expected from random fluctuations of the atomic 
surfaces in perpendicular ‘space. The value of BFrp has been determined to be equaI to 
0.7 A* corresponding to an RMS fluctuation of the atomic surfaces in perpendicular space 
equal to 1.2 A. Moreover, a comparison with the SP model has shown that the geometrical 
irregularity of the atomic surface describing the Pd atoms is also of order 1 A. This suggest 
that the Pd node atomic surface is built up from several disjointed pieces. 

A determination of the origin of the diffuse scattering in the present perfect icosahedral 
phase (random tiling type phase, isolated phason defects, . . .) requires further measurement 
of its shape and temperature dependence. This is in progress. 
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