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X-ray diffuse scattering in the icosahedral quasicrystal Al-Pd-Mn
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Several isointensity contour plots of diffuse scattering around Bragg reflections have been obtained at 300
and 20 K on planar sections of reciprocal space perpendicular to twofold axes. The geometry of the experi-
ments was such that circular contours were expected on the basis of elastic isotropy, demonstrated by the speed
of sound being uniform in all directions. Instead, the profiles were markedly elongated along a twofold axis, a
direct indication of scattering due to phason fluctuations. Thg @lependence of diffuse scattering was
verified in the neighborhood of thé @ 6 0_46) Bragg reflection, but not near thé 8 3 3 1_]), a possible
indication of lack of equilibrium in the phason fluctuations.
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[. INTRODUCTION fuse scattering studies that have appeared recently in the lit-
erature of quasicrystals. Previous studies of x-ray diffuse
A perfectly periodic crystal, without lattice defects such scattering in icosahedral structures were done in an Al-Cu-Fe
as vacancies, interstitials, dislocations, thermal motion, etcquasicrystal, the first high quality material that could be ob-
does not produce any diffuse scattering. The diffraction pattained in large sizé? Extensive investigations of diffuse
tern of such a crystal consists of sharp and narrow Braggcattering from the icosahedral phase of Al-Pd-Mn were per-
peaks, and no scattering is visible between Bragg peak$ormed by de Boissieet al, using elastic neutron scatter-
Strictly speaking, this statement is true for coherent scattering. This scattering, close to Bragg reflections, was mostly
ing. If incoherent scattering is present, such as ComptoWue to phason disorder. All data could be interpreted by mak-
scattering in the case of x rays, a continuous backgrounthg use of the elastic theory of quasicrystals, with two elastic
may be present, whose variations in reciprocal space areonstants. Detailed x-ray studies were performed more re-
quite smooth and do not correlate with the positions of thecently by Capitaret al,* in which the effect of stoichiometry
atoms in the crystal. Compton scattering is also inelastic, swas investigated in detail.
it can be removed, at least in principle, by an energy analy- More recently, Léoublon et al. further investigated the
sis. nature of diffuse scattering in Al-Pd-Mn by x-ray and neu-
Even the most perfect crystals, such as silicon and germdron scattering,and placed their intensity measurements on
nium, with essentially no lattice defects, exhibit an appre-an absolute scale, in order to obtain the numerical values of
ciable amount of diffuse scattering. This is due to thermalthe phason elastic constants. They also showed that diffuse
vibrations, which cause the crystal to appear disordered. Igcattering does not depend on lattice defects.
fact, the time of flight of each individual x-ray photon
through the crystal is much smaller than t_he period of ther- Il. EXPERIMENT
mal vibrations, so every phonon “sees” a different crystal, in
which most of the atoms are out of their lattice positions. The sample was the same as that used in a separate diffuse
Thermal diffuse scatteringTDS) is temperature dependent, scattering experiment in which use was made of an imaging
and is present even &t=0 K, due to the zero point energy. plate as a detect8rA detailed description of the specimen
In a perfect crystal such as silicon or germanium TDSwas given in Ref. 6, and it is partially reproduced here. The
would be the only source of diffuse scatterit@part from  sample was a thin slice of Al P sMng 5 cut perpendicular
Compton scattering But in a quasicrystal the situation is to a twofold axis(within 0.25°), and diamond polished on
quite different because there is no periodicity, and some latboth sides. The thickness was 0.385 mm, as measured with a
tice disorder is present as an inherent feature of the crystahicrometer. A perfect region was selected, in which a syn-
structure, which exhibits sharp Fourier components even ichrotron beam from a perfect Si crystal monochromator
the absence of periodicity. would produce a sharp diffraction peak with no apparent
We decided to concentrate on icosahedral Al-Pd-Mn, bebroadeningabout 20 arcsec wide or I8s§o make sure that
cause it is a very “perfect” quasicrystal, in the sense that itthe same crystal region was used in all experiments, the crys-
produces x-ray rocking curves extremely shétp—30 arc- tal was set against a thick copper plate with a 1.5-mm hole.
seg, comparable to those produced by germanium and siliThe crystal and its specimen holder were placed inside of a
con. Since diffuse scattering is quite sensitive to the atomiclosed circle refrigerator. We took two sets of data, at room
locations, we hope that this work will be useful for evaluat-temperaturg300 K) and at 20 K. All data described in this
ing models which specify atomic locations in quasicrystals. paper were taken at the National Synchrotron Light Source
Our work is meant to expand and complement other dif{NSLS) of Brookhaven National Laboratory, on beam line

0163-1829/2002/68.0)/1042027)/$20.00 66 104202-1 ©2002 The American Physical Society



ZHANG, EHRLICH, COLELLA, KOPECKY, AND WIDOM PHYSICAL REVIEW B66, 104202 (2002

Room Temperature Room Temperature
~7 ~ -0.02 -0.02
J 7 - =7 - ;
O 6™ &
N
.<
-0.01 g1 -0.01

T <

- <

R 0.00 k R 0.00 k
=] =] 1

1t 1t

= =

0.01 g : ¢ * {001
)
/' N QS’\-/\, O
65
L O~ q,k QJI\ - 6/\6,(}’ . o . 65 S~65
AV \/I LN e, — AN /\ 0.02 L T Lo 1 1 1 Lo~ 02

-0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01 0.02

[ [

FIG. 1. Experimental contour profiles of diffuse scattering on  FIG. 2. The same as Fig. 1, except that tkd plane is slightly
the (k1) plane. Units for the tfkl) axes are in A1, The Bragg off the Bragg reflection £Q,=0.003 A™%).
reflection @ 6 046 0) is at the center of the plot. The numbers are
intensities in arbitrary units, on a logarithmic scébase 2. values ofAQ, . Such a lack of symmetry was not observed
in proximity of the Bragg reflection. The same plots taken at
X18-A. The incident x-ray beam size was less than 1.020 K were almost identical, except for a small increase of

X 1.0 mnt. The x-ray energy was 17.4 KeV, correspondingintensity, in rough agreement with a change in the Debye-
to Mo-Ka, (A\=0.711 A). Polaroid photos were taken up- Waller factor®

stream and downstream with respect to the sample, to make
sure that the x-ray beam was not blocked even partially by
the sample holder for every change of orientation. All mea- lll. DISCUSSION

surements were taken in a transmission geometry. A scintil- Al scans on planes perpendicular to tk direction
lation detector was used throughout all measurements. Typgjearly show a twofold symmetry. This is to be expected,
cal scans were planar scans, on planes perpendicular topacayse the), direction is a twofold axis. LeG; be the
twofold axis, in the neighborhood of a strong Bragg reflec-

tion, the @ 6046 0) (Q,=0.790, Qy=0.0, Q,=0.0; M Room Temperature

=336; N=208). The conventions on the sixfold Miller in-
dices notation, and the conversion to a three-dimensiona
(3D) reciprocal lattice, are those of Ref. 7. A reciprocal lat-
tice vectorQ is given by Q=2 siné/\. A typical 2D scan
across the plan®,=0.790 A", at room temperature, is
shown in Fig. 1. A very similar plot was obtained at 20 K. As
we depart a little from the Bragg reflection, Qg
=0.793 A1 and AQ,=0.003 A1), the isodiffusion con- =
tour profiles keep the same shape, albeit with a weaker in-
tensity (Fig. 2. A plot taken atAQ,=—0.003 A? (not
shown hergis almost identical. While the earlier studies of 2
diffuse scattering in quasicrystafs® were done in the
neighborhood of Bragg reflections, in this work we explored
regions of the reciprocal space at some distance from the
Bragg spots.

As we depart more from the Bragg reflection, the profiles
acquire different shapes and the overall intensity become: ‘ = , ! ' =
weaker and weaker. Figure 3, for example, corresponds t¢ & A 2 = 0.02
the planeQ,=0.781 A"! (AQ,=—-0.009 A') and Fig. 4 002 : : : 0.02
corresponds to the planeQ,=0.798 A'! (AQ,= :
+0.008 A1), Notice the lack of symmetry in the diffuse  FIG. 3. The same as Figs. 1 and 2, except thaD,=
scattering around the Bragg reflection, for relatively large—0.009 A1,
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Room Temperature vi=vcq; / P, 2
¢ TN A ——— ‘%\% < -0.02
%@/\J" . ‘;b/\,.\/—/\ A A ’ m wherep is the density of the material and is the longitu-
L ).9 .<;> ’\i_ 62 %c@ dinal velocity, and two degenerate solutions corresponding
b ® 8 \//\3\% /0 to transverse waves of arbitrary polarizations:
@0/\-/-20\:* T T \_\58 ] -0.01 ’P
L/ IS - vt=VCaslp ()
- (whereuv, is the transverse, or shear velogit¢onsider now
°§ the expression for the first order x-ray diffuse scattering in-
S tensity, at a given poirf® in reciprocal space, for an isotropic
2 monoatomic crystal. It can be derived from EG1.36 of
Ref. 14. A similar expression for quasicrystals is given in
Ref. 15. The expression given here has been adapted to the
experimental conditions under which the contour plot of Fig.
. ¢ 3 2= : 1 has been obtained.
N, O ~ )
o . | AR S_ > o o KT [ISI®IN?| [coSy sinfy
LA\ Ln N\ A p— 0-02 Il(S/)\):f € Vm 2 2 + 2 ’
-0.02 -0.01 0.00 0.01 0.02 ¢ q Ui Ut
1 (4)
FIG. 4. The same as Figs. 1 and 2, except ti®, whereS=V,—V,; V, is the incident beam unit vectov's is
=+0.008 AL the scattered beam unit vectar;is the wavelength of the x
rays; f is the atomic scattering factoe ?M is the Debye-

magnitude of the 46046 0) reciprocal lattice vector ~ Waller factor;k is the Boltzmann constant; is the longitu-
(=0.790 A"). The scattering vector in our setup was per-dinal sound velocityy is the transverse sound velocifyjs
pendicular to the, =Gy plane, when the Bragg reflection the temperaturey is the volume of the unit cellm is the

(46 0746 0) was excited, which would correspond to theatomic massg is the phonon wave vector, issued at Bragg

central point of Fig. 1. The scattering vector was almost per_reflecuon, terminating at poinP=SA—G;; andy is the

pendicular to the plane of Fig. 1 at any other point of theangCIe b(_a(tjweers andg. inp . ference of arbitrar
figure. For example, the angle of the scattering vector with ~ONSIder Now a point: on a circumrerenc y
the plane of Fig. 1 would be about 88° at any of the fourradlus center_ed on the Brag_g reflection in Fig. 1 As we go
corners of the figure. It is then clear that the angle betweel’"ilround the circle, the magnitlide and the velocitiag and

the scattering vector and the plane of Fig. 1 is constant ofit are constant. Ther.efore, the intensity 1S the same at any
any circular contour centered at the center, such as th oint on the circle. This would not be true in the plots of Re_f.
shown in the figure ' . It can easily be shown that second order diffuse scattering

Icosahedral quasicrystals are considered to be elastical wo-phonon scatterings also expected to be isotropisee

isotropic, as a result of their symmetry properties. In fact, the .ec.I1.6 in It?ef. 1)4fAdr!ﬁexampIettof an '.S’O:LOF:'CfStO": g%':g
speed of sound has been measured in several directions afgeuiar contours ot diffuse scattering Is that of tung )
found to be uniform within 100 parts per millichNow, we tis the_re_zfore some\_/vhat surprising to see the contours of
know that the elastic properties of an isotropic medium cai:'g' 1 definitely departing from a circular shape. The reason

be described by means of two elastic constants, for exampl pr this is that a large fraction of diffuse scattering i_s due to
the longitudinal and the shear speeds of sound. For quasighasons, whose velocities are not supposed to be Isotropic.
The departure from circular symmetry visible in Fig. 1

rystals, this has been shown by several authSrs We will . : :
adopt the view, in this paper, that quasicrystals can be deca” therefore be directly connected with the existence of

scribed as isotropic media. For example, they can be dég_hasons in AI-_Pd-SMn, which can mdeed_produge anisotropic
diffuse scatterindg® as proved by the anisotropic ultrasonic

i [ [ in which the con- i . .
S(.:.nbed as crystals having cubic symmetry, in whi attenuation observed by Amaszit al® The question may be
dition for isotropy, . .

asked whether or not this lack of circular symmetry can also
—Ci=2 1 be observed around other Bragg reflections.
C11— C12= 2Cyy, (2) . : :

In a separate experiment, described in Ref. 6, we took
is satisfied. In fact, symmetry operations like those that leadiiffuse scattering data using a technique called the “mono-
to a reduction in the number of elastic constants, from 21 fochromatic Laue method.” This method simply consists of
a general solid with no symmetry, to 3 for a solid with cubic keeping a crystal stationary on a monochromatic x-ray beam,
symmetry, can be used for a solid with icosahedral symmetrand recording the diffraction pattern on a flat filfm our
to reduce the number to 2. In the case of an isotropic solidgase, an imaging platgerpendicular to the incident beam,
the dynamical equations for sound wavés example, Egs. placed downstream with respect to the crystal. In this way,
10.9 in Ref. 13 are simplified, and foany wave vectork  each image corresponds to a spherical cap in reciprocal space
there is one solution corresponding to a longitudinal wave, being projected on a plane. Three-dimensional regions of
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Room Temperature the profiles in Fig. 5 are very similar to those of Fig. 1. This
0.027 T T T phason scattering is present around all Bragg reflections,
most likely. This example shows the power and the conve-
nience of image plates as two-dimensional detectors. Sizable
three-dimensional regions of reciprocal space can be scanned
0.017 F . in minutes, as opposed to the hours needed to obtain two-
1 dimensional scans such as those of Figs. 1-5, obtained by
counting point by point, using a scintillation counter.
1 =
1 0.007F | .l IV. COMPARISON WITH THEORY
2 2 § Since the oval shapes of the iso-intensity contour plots in
Figs. 1 and 2 cannot be produced by phonon scattering,
which would generate circular plots, we will attempt to ana-
-0.003 - lyze the data in Figs. 1-4 in terms of phason scattering.
Compton scattering is also neglected in this analysis, because
it is rather uniform over the regions depicted in Figs. 1-4.
Diffuse scattering from equilibrium phason fluctuations
0.013 1 - are governed by the form of the elastic free enérgy/If we
-0.02 -0.01 0.00 0.01 0.02 represent byw(q) the Fourier amplitude of a phason mode
k with wavevectog=(qy,dy ,d,), then the phason elastic free
FIG. 5. Contour profiles of diffuse scattering on thel{ plane. energy 1s
The Bragg reflection (2 0 2 40) is at the center of the plot. Data 1( dq
taken with imaging plate, using the monochromatic Laue method. F= Ef (ZT)3W( —q)-C(g)-w(q), 5

reciprocal space can be explored by rotating the crystavhere the “hydrodynamic matrix” C(q)=K;C4(q)
around an axis perpendicular to the incident beam. Data weré K2C2(d) with
taken in several million data points. Two-dimensional scans

. i . 9> 0 0
on given planes in reciprocal space were then obtained by 5
interpolation. Figure 5 shows a typical contour plot around Ci(q)= 0 g O (6)
the (24 0 2 40) Bragg reflection, also located on a twofold 0 0 ¢
axis, with Q,=—0.4882,Q,=0.0, Q,=0.0, M=128, and
N=80. It is clear that the asymmetry persists. The shapes aind
|
9?3+ 9%/ 7— 70 — 20,0, — 20,0,
_ 2 2/ 2 _
CZ(Q) = 2qux q 13+ qz/T T0x zquz , . (7)
— 20,0 — 20,0, q%/3+ g5/ 7— 7ay

Although the current experiments have been performed ghtensities are given by the “11” element & 1. In the

T=300 K, and the phasons are presumably not in thermablane perpendicular t6; we setq,=0. The diffuse intensity
equilibrium, we suppose that they are frozen into a configuis then

ration representative of equilibrium at some higher tempera-

ture.
The diffuse scattering intensity can be derived from the  'c(dy.dz)
free energy[Eq. (5)] through Gaussian integratiéri>*’The G, |2
resulting diffuse intensity at the poilQ;=G;+q is propor- = .
tional to o K0+ 02) + Ko((— 13~ 1m) oy + (13- 1))
1 9)
le(q)=G,-C ()G, . 8
HereGy is a Bragg peak position, arl, is its perpendicular Figure 6 shows contours of this function. We set

space component. For the (4 6 89) and (240240) K2/K1=-0.65, a value slightly closer to the instability at
peaks, bottG| andG, lie along thex direction. Hence their K2/K1= —3/4 than reported in prior experiments by de Bois-
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100 . L . . . . . L L L
0.764 0.766 0.768 0.770 0.772 0.774 0.776 0.778 0.780 0.782 0.784 0.786
G@A™"
-0.01 FIG. 8. Diffuse scattering near a Bragg reflection: the
(046046). Its coordinates in reciprocal space &g=0, Q,
=0, andQ,=0.78995 A1, This was a scan along a straight line
going through the Bragg reflection and the origa#-26 scan.
-0.02 | Low-Q side. Values on abscissa are distances from the origin in
-0.02 -0.01 0 0.01 0.02 reciprocal space.

k
by the equation fot s(qy,q,) derived forg,#0 (not given
here is the same fortq,. Such symmetry is indeed ob-
served for planar plots located near the Bragg reflection
(gx==0.003 A"1). However, as we depart from the Bragg
reflection(Figs. 3 and 4, the plots look quite different. The
sieuet al® Note the diffuse scattering contours are elongatedy, values (-0.009 and+0.008 differ in magnitude by an

in the g, direction, with an aspect ratio similar to that seen ingmount corresponding to the experimental error. At the mo-
Figs. 1 and 5. ment we have no explanation for the difference in the iso-

As we depart from the Bragg reflectidfigs. 3 and 4 intensity contour plots of Figs. 3 and 4. This subject deserves
the oval shape is lost. The calculated profile in Fig. 7 bears gurther study.

striking resemblance with Fig. 4. We would be tempted to

conclude that the agreement between theory and experiment

persists at some distance from the Bragg reflection. The

problem is that the theory predicts perfect symmetry with Equation (4) shows that the diffuse scattering due to

respect to the sign afy. In other words, the intensity given phonons should be proportional taqt/ whereq is the pho-
non wave vector, defined by

FIG. 6. Diffuse scattering plot on the&k() plane. The Bragg

reflection @ 6 046 0) is at the center of the plot. Units for the
(hkl) axes are in A®. Calculated from elasticity theory.

V. 1/Q? DEPENDENCE OF DIFFUSE SCATTERING

0.02
SIN= G||+ g, (10

whereS/\ is the scattering vector ar@ is the Bragg reflec-
tion under consideration. The general form(l4.36 in Ref.

14 does in fact predict a 7 dependence. Equatidg) was
obtained under the assumption of elastic isotropy. The same
result applies to quasicrystdlsee Eq. 1.15 in Ref. 15.So it

Diffuse Pattern (right half)

1 0
100000
10000
-0.01 a
[=)
3
o
1000
-0.02 i
-0.02 -0.01 0 0.01 0.02 o0 L
k 0792 0794 0796 0.798 0.800 0.802 0.804 0.806 0.808 0.810 0.812
G A"

FIG. 7. The same as Fig. 6, except that thd Y plane is off the
Bragg reflection AQ,=0.008 A1), FIG. 9. The same as Fig. 8, except that this is the Iggbide.
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FIG. 10. Diffuse scattering near a Bragg reflection: the FIG. 11. The same as Fig. 10, except that this is the Rigdide,
(5333119. Its coordinates in reciprocal space ar€, ande=2.18+0.03.

=0.244 A%, Q,=0.488 A, and Q,=0.151 A", This was @ . \uidel spaced, the reciprocal space of a quasicrystal is
scan along a straight line going through the Bragg reflection and the Y SP ' P P 4 y

origin (a 6-26 scan. Low-Q side. Values on abscissa are distancesumforrnly filled with Bragg reflections, so there is no guar-

from the origin in reciprocal space. Best fit is obtained with*1/ antee. thaf[ diffuse scatterl_ng should vary a$217r.hls apgglr-
With a=2.24+0 03, ent violation of the continuum elastic scattering thédry

deserves further study. Perhaps the phason fluctuations are
not properly in equilibrium at this low temperature. Another
is interesting to verify this point. To answer this question wepossibility is the effect of second order diffuse scatteffhg.
explored the environment of two Bragg reflections. We per-
formed 6-26 scans, which are along straight lines in recip- VI. CONCLUSIONS

rocal space, going through the origin and the relevant Bragg |gqgiffusion contour plots of diffuse scattering on planes

reflection. Portions of the scans are shown in Figs. 8 and §)oryengicular to a twofold axis have been obtained for the
The relevant Bragg reflection is tHed 4 6 0 46; M=336,  icosahedral quasicrystal Al-Pd-Mn. The scattering geometry
N=208). The Q components ar®,=0.0, Q,=0.0, andQ,  was such that circular contours should have been obtained
=0.790 A"*. It is one of the strongest reflections, Wiy under the assumption of elastic isotropy. The fact that the
=0.0272 A"*. The variable in abscissa is the magnitude ofprofiles definitely depart from circumferences is a direct

the scattering vecto@=|S/\|. The two figures correspond proof that phasons contribute a significant portion of the dif-

to the two sides of the Bragg reflection. The solid lines repfuse intensity.

resent fits to a I function. The exponent is found to be The 142 behavior has been observed to hold near the
1.923+0.020 on the lowG side, and 2.07%0.012 on the (0 4 6 0 46) Bragg reflection, but not near th6 8331 J),

high G side. It is not clear whether or not the differenee 5 possible consequence of lack of equilibrium in the phason
—2 is significant. The I behavior seems to be well estab- f,ctuations at room temperature and below.

lished around theQ 4 6 0 46) Bragg reflection.
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