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X-ray diffuse scattering from icosahedral Al-Pd-Mn quasicrystals
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The diffuse scattering of the thermodynamically stable icosahedral pha$&Mn has been studied by
means of x-ray-diffraction technique. The overall diffuse intensity shows two main charactefi$ficke
global diffuse scattering intensity map is well taken into account by a Huang effect in the formalism developed
by Jaricand Nelsor{Phys. Rev. B37, 4458(1988] for icosahedral symmetry which reproduces at once both
the “background” diffuse intensity and the profile shape around the Bragg p&aksie intensity level of the
diffuse scattering is crucially dependent on the chemical composition of the sample; it varies drastically from
almost free diffuse scattering samples close to an “ideal” composition, up to an overall increase by a factor of
20 of the diffuse scattering for samples with an off-stoichiometry less than 0.5% in manganese and palladium
content. The relative shapes of the diffuse scattering contours around the Bragg peaks are qualitatively fairly
well reproduced using the sole phason-phason term of hydrodynamical modes in the formalism ahdaric
Nelson[Phys. Rev. B37, 4458 (1988], suggesting that phasons in theSaype icosahedral quasicrystals
induce minor relaxations in the atomic positions surrounding the flip locati&@4.63-182@09)06729-9

[. INTRODUCTION samples they used. On one hand, the diffuse intensity in the
vicinity of the Bragg peaks has been studied® on large
After the discovery of quasicrystalsa large number of Al-Pd-Mn single crystals. They showed the presence of
studies have been performed with the aim of determining thetrong diffuse scattering intensity with specific shapes that
atomic structure of these intriguing materials. Stable icosacould be well reproduced in the formalism of Jjaand
hedral phases likeAIPdMn andi-AlCuFe have shown to be Nelson® Other studies have even evidenced a weakly modu-
of exceptional high structural quality — the average peaMlated diffuse background signal that has been attributed to an
widths measured on single grain samples are roughly onlgpparently significant chemical and geometrical partial
twice larger than those observed in the best silicon crystaldisorder'® Both features have been considered as intrinsic of
— as compared to usual intermetallic structures. However, &osahedral structures. On the other hand, high-resolution
close examination of the diffraction peaks by high-resolutionx-ray-diffraction studie¥"'®do not show evidence of diffuse
diffraction show typical peak shapes related to a Huang scatntensity. However, they show numerous well-resolved low
tering effect that has been theoretically discussed short aftentensity Bragg peaks—whose number increases with the
the discovery of quasicrystal by Baknd Jaricand Nelsort.  resolution since the Fourier transform of a quasiperiodic ob-
Over the last years, an intensive theoretical research has dect is a dense set of peaks—are present in the same area of
veloped in the field of diffuse scattering in icosahedral quathe reciprocal space, and that could be the origin of the dif-
sicrystalline phases in an increasing number of stutiis.  fuse signal of the neutron studies. The existence at room
In contrast with this substantial amount of theoreticaltemperature of an icosahedral phase free of defects should
works, the number of experimental studies has remainethdicate an extremely high structural stability. This point jus-
relatively low*'"‘®because of the high level of measurementtify the importance of the diffuse scattering studies.
accuracy it requires for being soundly extracted from the The present paper reports a set of experiments performed
many possible experimental artifacts that can hide the pheat the European Synchrotron Radiation FacilifySRF-
nomenon. Presently available results shows some discrepa@renoble, Frangemotivated by our concern of clarifying
cies in both the results and interpretations obtained by théhis apparent contradiction between neutrons and x-ray-
various authors according to which technique and whictdiffraction studies in performing a data collection through a
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high-resolution scan including at once both the shapes of thesually called the parallel space; the perpendicular 3D space,

Bragg peaks and the overall diffuse scattering in an uniqgueomplement in 6D of the physical space is called the perpen-

intensity map for two different samples of close chemicaldicular space. Thus the quasicrystal lattice vectbere 6D

composition. Using the ESRF allowed us to take advantageectors that decompose into two 3D components

of the possibility of combining a high-resolution configura- =(V|,V,), whereV| is a vector of the physical space, and

tion with a brilliance that is still comfortable for recording V, its image in the perpendicular space. In the notations of

diffuse scattering maps of a very fine mesh within quite anCahnet all8, the 6D lattice vectors are defined by six inte-

extended part of a plane in reciprocal space. gersV=(h/h’,k/k’,1/1") such that, irrespective of a global
scale factor, Vj=(h+h'7,k+k'7,I+1"7) and V,=(h’
—hr,k'—kr,I’—17), where 7=(1+5)/2 is the golden

IIl. EXPERIMENTAL DETAILS mean. The icosahedral reflections can be classified into fami-

Two single grains of the icosahedral phase of the ternaryies of equal length wave vectors, notedl,M), where the
Al-Pd-Mn alloy with tiny differences in their composition, WO integersN and M, given by N=h?+k?+1%+h'?+k’?
were grown from the melt by the Czochralski method using™!'? and M=h"?+k’?+1"2+2(hh’+kk'+11") are such
a fivefold axis seed quasicrystal. The final samples were thatgf=N+Mr andq?=N7—M.

mm thick disks with a diameter close to 1 cm. They were cut We chose the convention of indexing t(#8,29 Bragg
perpendicularly to the growth direction from the motherpeak along the fivefold axis perpendicular to the surface as
single grain that had been previously annealed at 1073 K(1/2,2/3,0/Q. The part of the reciprocal space measured be-
The disks were mechanically polished and subsequently afongs to the[0/0, 0/0, 0/3 zone axis. The window selected
nealed at 873 K in high vacuum in order to relax the internalfor the scans is shadowed in Fig. 1 and it corresponds to a
stresses produced during the polishing. The samples wegart of reciprocal space around tf#12 Bragg peak(0/0,
rapidly cooled down in order to avoid the formation of sec-2/2, 0/0. The scan step used =5x10"* A~!) was cho-
ondary phases. The final compositions of the two samples &&n as two times the full width at half maximuFWHM) of
obtained by inductively coupled plasri€P) emission spec- the experimental resolution function in order to recover com-
trometry are A}oPdy Mng, (sample 1 and AkPd,;Mng plete information on the selected part of reciprocal space
(sample 2, respectively(compositions are given in at.%  Wwith a minimum of overlap. Because we are interested here

Careful preliminary synchrotron x-ray experiments werein low intensity signals, the experimental ddtee, for in-
made in order to scan for possible residual phases leading §ance, Fig. Rare presented in this paper on a logarithmic
to the conclusion that both disks were single phased. A closgcale.
examination of the linewidths of 18 peaks that are character-
istic of the icosahedral phase revealed that the quasicrystal-
line quality of the samples was excellent.

In order to record the x-ray diffuse scattering in a high- The experimental intensity map recorded with sample 1 is
resolution configuration and with a large dynamical detectiorshown in the left part of Fig. 2. The frame of the map con-
range, we took advantage of the high brilliance offered bytains the three peaks not¢8,12 (notedA in the lower left
the IDO1 beamline of the ESRF. The anomalous scatteringand corner;, (11,16 (notedB at intermediate heights at the
beam line ID01 is equipped with a six-circle goniometer right-hand edge of the mapand(14,23 (notedC, higher up
setup, which has been used in our experiments. The beaand towards the center of the mafhese three peaks are
line optics use a double-crystal monochromat6i(311)] used as spatial reference poles. Other additional low-
with fixed exit. The first crystal is nitrogen cooled. The de-intensity peakgnot explicitly indexed on the figure for not
tection was done by means of a Nal scintillator detector comeverloading the drawingcan also be observed which all cor-
bined with a Si111) crystal analyzer. The use of this ana- respond to well-defined icosahedral peaks. Two important
lyzer crystal increases the angular resolution and the signafeatures can be noticed:
to-background ratio by suppressing fluorescence. The (1) There are zones in reciprocal space, between Bragg
instabilities of the incident beam are automatically correctegeaks, where the diffuse background intensity is extremely
for by a monitor detector which records diffuse scatteringlow, down to the standard background noise.
from a Kapton foil. The data are recorded as angular scans in (2) The Bragg peaks exhibit specific line shapes which
a vertical scattering plane. differ from one peak to another.

The incident energy was adjusted to 6.450 keV on the To appreciate the experimental pertinence of these fea-
basis of extended x-ray absorption fine struct(EXAFS)  tures, the same portion of the reciprocal space region for a
reference spectra from a Mn foil. The accuracy of the energyerfect silicon single crystal has been recordfetf.was ob-
determination is 1 eV and the wavelength resolutioR/\ served that the lowest background signals obtained on the
of the triple-axis configuration used is X490 2. In order to  silicon sample fits those recorded for the quasicrystal: for
tune to this energy we operated the beam within the thirdexample, at a distance of 0.25 A from the Bragg peak
harmonic of a wiggler with a gap of 36 mundulator re- (8,12 in the quasicrystal the intensity drops down the detec-
gime). The beam size used at the sample position was 0.2on limit (6 count/$ as it does in the silicon sample. The
mm (vertical) X3 mm (horizonta). only difference between the two maps is a higher density of

From the crystallographic point of view, icosahedral qua-Bragg peaks in the icosahedral case which shrinks the re-
sicrystalline structures are best described as irrationally origions free of diffuse scattering.
ented three-dimension&BD) cuts of 6D periodic objects. The peak shapes of silicon are different from those of the
The 3D cut space represents the actual physical space beiggasicrystal: in the former case, the Bragg peak intensity is

Ill. EXPERIMENTAL RESULTS
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FIG. 1. Diffraction map in a mirror plane
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spread out along thev direction (because of mosaicity both cases, maxima of intensity are observed as elongated
whereas, in tha-AlPdMn quasicrystal, it extends mainly diffuse intensity tails issued from the nearby Bragg reflec-
along the threefold directions. In order to determine the 3Dtions along a threefold direction. The overall shape in recip-
extension of this diffuse region, additional scans around theocal space of this diffuse intensity region was determined by
(0/0, 2/2, 0/) Bragg peak have been performed. The polarmeans of additional scans in a mirror plane perpendicular to
cross section along directions parallel to the high symmetrghe one under study. Observing the same FWHM width

axes, and away from the Bragg peaks are shown in Fig. 3 half maximum for the diffuse scattering signal in two
The open circles in Fig. 3 correspond to the diffuse intensitytransverse directions, we conclude that the diffuse intensity
of sample 1 and the full circles to the one of sample 2. Inis elongated along threefold directions.
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to usual ordered fcc-based metallic alloys. Both the very
sharp stoichiometry domain and the absence of Laue diffuse
scattering are consistent with quasicrystals being typical ex-
amples of complex intermetallic definite compounds.

The peak shapes appear to be robust features with respect
to compositional fluctuations. This raises the question of the
structural origin of these shapes as atomic displacements
rather than chemical substitution. As will be shown below,
they can all be fairly reproduced within the theoretical
framework in 6D space proposed by Jagtcal >4 using the
Huang effect in icosahedral structures. Assuming “elastic”-
type basic interactions, they were able to calculate the diffuse
scattering intensity that would result from a statistical distri-
bution of interacting phonons and phasons in a perfect icosa-
hedral phase at thermal equilibrium. For the icosahedral

symmetry, the & 6 hydrodynamical matrixC decomposes
into 3D submatrices depending on five independent elastic

modull The diffuse scattenng amphtudi(aQHJr qH) at offset
q” from a 6D Bragg peaIQ (Q” QL) is given by

1000.0

Intensity (arb. units)

500.0

, o 60 9 e -G
0. (degree) |(QH+qH)= (tQH ,th)Cl(q)( (j ) . (1)
€L

FIG. 3. Cross section in they plane of the diffuse scattering
intensity as a function of the polar angle on a ring away from theThe hydrodynamical matrlfi(q”) is written as
Bragg peaks around th@,12 reflection. Open circles correspond
to sample 1 and full circles to sample 2. The full lines correspond to

the numerical fits as explained in the discussion section. C(qH) CH I G

()

CL,H C, L
Sample 2 differs from sample 1 by less than 0.5% in Mn

and Pd content. It has been prepared and studied in the vevyhereC,H I CH , andC, . are the 33 matrices containing
same way with the unique difference in the experimentathe phonon-phonon, phonon phason, and phason-phason in-
setup that the step size of the mesh scan has been doubledtétactions, respectively, as explicitly given in the Appendix.
order to reduce the measuring time and to scan a slightly The phonon-phonon hydrodynamical matrix depends on
larger portion of reciprocal space in th@, direction. To the elastic constantg and A. The phonon-phason matrix
preserve the same ratio between the step and the resolutiaiepends on the coupling constéty and the phason-phason
the incident energy was adjusted to 11.0 keV by reference tmatrix on the parametets; and K, similar to elastic con-
the EXAFS spectrum of the Mn foil. The resolution in this stants in perpendicular space. Widbhas made a very in-
setup with a InSb(1,1,1) analyzer crystal is2 B0 3 A=t teresting and exhaustive study of the above hydrodynamic
The data obtained in the two different configurations couldmatrix by calculating its eigenvalues and eigenvectors: re-
be put on a common basis of normalization by using thegions can be defined in th&(,K,,K3) space that would
integrated intensities from a silicon single crystal. The resulteventually lead to specific instabilities along fivefalso-
ing corrected diagram is presented on the right-hand side afalled vertex instability, threefold (face instability, and
Fig. 2. Although the Bragg peak intensitfare the same for twofold (edge instability directions. The calculated diffuse
both samples, the overall level of diffuse scattering in samplescattering maps in reciprocal space typical of these three
2 is considerably higher, by an overall factor of 20, in samplecases for typical values of the coupling constants is presented
2 than in sample 1. Nevertheless, the anisotropic shapes of Fig. 4. For the vertex instability, the diffuse scattering
the Bragg peaks are qualitatively the same. In particular, tharound the Bragg peaks is elongated along the fivefold direc-
“streaks” along the threefold direction are even more clearlytion, along the twofold directions for the edge instability and
visible in sample 2. along the threefold directions for the case of the face insta-
bility. Instead of confining the calculation of the diffuse scat-
tering given by Eq(1) around each reflection independently,
we summed up, at each point of the reciprocal space, the
Our experiments show that the diffuse intensity dependsontribution issued for all reflections of the plane. A com-
crucially on composition. This can be attributed to off- parison of this calculation with our experimental resydse
stoichiometry defects introduced in the sample 2. In thafig. 2 and the cross section shown in Fig.sBows that the
scheme, sample 1 would be closest to an “ideal” well- diffuse scattering observed in our samples corresponds best
defined composition for which the diffuse intensity drops into coupling constants belonging to the threef@lte insta-
some regions of the reciprocal space to the level of the exbility region.
perimental background noise. To that aspect, the quasicrystal To evaluate the relative contribution of the three types of
behaves as a remarkably well-ordered structure as compareabdes(phonon-phonon, phason-phonon, and phason-phason

IV. DISCUSSION
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FIG. 4. (Color) Calculated diffuse scattering intensitggarithmic scalgfor the three kinds of instabilities described by Wid¢Ref. 5),
vertex K;=1, K,=0.7), face K;=1, K,=-0.7), and edgeK,;=1, K,=0, K;#0) in the reciprocal region corresponding to the
experimental scans.

couplings the intensity for two normalized20,32 and The fitted K,/K; ratio has been found to bK,/K;
(40,60 Bragg peaks with significantly differer@®, values =—0.50+0.02 for sample 1 withy?=0.19 andK,/K,
has been compared in sample 2 where the diffuse intensity is —0.60+ 0.02 for sample 2 withy?=0.09. These values
more pronounced. As shown in Fig. 5, the relative intensityare consistent with those reported by Boudatdl!* who
at the feet of the Bragg peaks increases with@helength

whereas the dependence on t parameter is much 2-fold axis

weaker. Hence, the observed diffuse scattering in sample 2 is sample 2

mainly dominated by the phason-phason mode: most of the 1000 ' * ' '
disorder revealed by diffuse scattering in this sample can be * (20,32) Q =0.045

attributed to phason defects. In a good approximation, the - (40,60) G -0.1627

R 14
diffuse scattering intensity in the vicinity, of the Bragg It
peak @” ,Qi) is well reproduced by

(ap~'Q,C; 1 (aq)q, . 3)

A least-squares fit of the experimental data has been per-
formed for both samples using E(B) to obtain the simu-
lated diffuse intensity map shown in Fig. 6. Because of the
large dynamical range of the sign@he ratio of the peak
intensity to the background noise is approximatel§)1@ve
used a logarithmi¢ merit function y?:

100 q

Intensity (arb.units)

Npts

1
XZ:NptsT >, {logyd 1c(i)]—l0gsd (i) 12,

pari=1

wherel,, and | are, respectively, the measured and calcu-
lated intensities at thith of the N scan points andl,,,, is %05 003 001 0.01 0.03 0.05

the number of fitting parameters. The peak contributions are Q,

considered to be proportional to the maximum peak intensi- £ 5 pecay of the diffuse scattering intensity along the two-
ties of each peak. The free parameters in the pure phasqfy direction around the Bragg peak®0,32 (full circles) and
mode are a global scale parameter and the KjitK,. The (40,60 (open circles with significantly differentQ, values in
accuracy of the parameters have been estimated in changig@mple 2. The maximum of intensity, out of range in the figure, has
one parameter with the other parameters relaxed Mﬁﬂﬂas been arbitrarily normalized to 35000 counts. The full line curve
increased by 1K s~ Npg) from its minimum valué? corresponds to a standardyd/decay.
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found K, /K;=—0.52 in single peak analyses for a samplebecause of the inaccuracy of these values, the opposite signs
with a slightly different composition. This suggests the three-obtained for the elastic constants can be taken as an indica-
fold (face phason mode to be a common feature between aliion of a large Poisson coefficient in these materials.

these samples, which is robust with respect to composition
fluctuations.

On the contrary, the scaling factor varies drastically from
sample 1 to sample 2 by a factor of 20. Such a huge variation We have shown that diffuse scattering intensity in
cannot be due to differences in the annealing temperaturgsAlPdMn quasicrystals is well reproduced in all its parts as
between the two samples which were heat-treated in than “icosahedral” Huang effect, which is described in Ref. 3
same way. It was observed that the overall fit is b&tter  in the framework of a Landau-Ginsburg approach. A compo-
sample 2 than for sample 1. Indeed, even with a logarithmigition exists where the Laue-type diffuse intensity reduces to
merit function, the least-squares fit technique is still mostlythe natural background noise, hence confirming the idea that
driven by the large signals, i.e., close to Bragg peaks, at thquasicrystals have a narrow, well-defined composition range
expense of the small signals of the diffuse wings. As thewhere they exhibit an exceptionally high degree of chemical
Bragg peak intensities are identical for both samples, thigrder. These experiments have shown, however, that the dif-
tendency to bias the fit values must be stronger in sample fuse intensity is strongly dependent on the composition: it
than in sample 2. A small improvement of the fit, decreasindncreases by a factor of 20 when the sample composition is
x°* to 0.17—which is still way above the value of 0.09 ob- slightly modified with respect to the “ideal” icosahedral
tained for sample 2—is obtained by introducing the remain-composition by less than 0.5% change in Mn and Pd content.
ing instability parameters in the minimization. This high sensitivity to composition fluctuation could explain

In fact, sample 1, being closer to the “ideal” composition the discrepancies found in the literature between the various
(as revealed by its very low background diffuse intensity groups who use different techniques on different samples. In
may contain fewer phasons defects than sample 2. Thereforgarticular, it might be plausible that the large samples needed
phonon-phonon and phason-phonon coupling effects—thabr neutron diffraction present small composition gradients
could have been hidden in the case of sample 2 that is offaround the ideal composition that would be responsible—
stoichiometry—could become detectable in sample 1. Theogether with the inherent low-resolution of the apparatus—
fitted values for the elastic moduli are thet;=0.97  for the diffuse signal reported by Caudrenal®
+0.02, K,=—-0.52+-0.01, andK3=—3.62+0.04. Thepu Apart from this overall scaling factor, the anisotropic
and N values have a large inaccuracy because they are dgeak shapes do not change significantly with composition:
pendent on the inverse of an ill-conditioned or nearby singuthey have well-defined characteristics depending on the
lar matrix (see, for instance, Ref.)9The following fitted peaks themselves. They are well reproduced as a Huang ef-
values are simply orders of magnituge~30+10 GPa and fect adapted for the icosahedral case long ago by Jawit
A~—50+20 GPa. The negative value af indicates that, Nelson® Our results follow from the icosahedral symmetry
despite the poor accuracy of the present calculation, the Poisnd do not suggest the necessity of the proximity of a phase
son coefficientv=N/2(\ + n) is expected to be larger in transformation. In particular, the intriguing diffuse scattering
these materials than in the usual periodic metallic alloysdescribed as “streaks” along the threefold directions are
Although it is not possible to draw any sound conclusionsproperly reproduced by the above calculations and are there-

V. CONCLUSIONS
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fore essentially built-in features of the icosahedral symmetrya (a )
They are, to some extent, the signature of the true icosahe"I" I

dral nature of these solids.
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APPENDIX

The elastic constants used here can be related witmthe
constants introduced by Jarit al® by the relationships:
K1=m3/3, K2:m4/2\/§, K3:m5/2\/I5, }\:\/Emzl\/IS
and A= (\/5my—m,)/2/303*° Let q;=(q;,d2,9s) be the

running offset vector from a Bragg reflection in reciprocal

space. The hydrodynamicax3 matrices are defined by

61 (u+MN)g10, (w+N)d10;3
=T (m+2N)0g20; 05 (r+2N)ds0z |,
B
(k+N)0sd;  (m+MN)dsq; 03
(A1)
< 71 277010, — 279405
éu;(au):kB—?r —270,0; Y2 2771050 |,
271030, — 27930, V3
(A2)
with v =0~ 797 1+ 7 1% 5,
b1 20192 20103
CL,L(aH):ﬁ 20201  ¢2 20203 |, (A3)
B
2030; 20302 @3

with ¢;=(K1/Ky)|al*~[a|%3+ 77197, — 707, ,.
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