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In 1984 0. Shechtman and coworkers
published electron diffraction patterns
from rapidly quenched, metastable
samnples of Al Mn that exhibited rela-
tively sharp diffraction peaks arranged
ina pattern with icosahedral point group
symmetty (contaming twofold, threefold,
and fivefold symmetry aces) [1]. This
marked the beginning of a new class of
structures called “quasicrystals”. Dif-
frachon patterns from quasicrystals de-
fied a century old belief that sharp dif-
frachon peaks signify the presence of
lomg-range periodic order while it is well
known that penodic structures cannot
exhibit crystallographically forbidden ro-
tatiomal symmetnes (eg, fivefold, eight-
fold, tenfold and teelve-fold rotation
axes)|2]. It was soon realzed thatour
motion of the equality of order and peri-
odicty was a rather restnictive view of
the full range of possibilities for ordered
structures. Whike sharp diffrachon spats
ame, indeed, the signature of long-range
positiomal arder, the posibonal order in
the icosahedral phase alloys i= called
apeniodic rather than penodic.

Theoretical models for the icosahedra
phase alloys range from the icosahedral
glass {orrandom packing) descriptions,
which preserve bond-omentational order
but lead to only relatively short posi-
tiomal coherence, to “perfect” Penrose til-
ing models (Fig. 1) which yield perfectly
sharp Bragg peaks in an x-ray diffraction
pattern. Soon after the discovery of the
original Al-Mn quasicrystaks, other alloys
weme discovered to exhibit stable or
metastable icosahedmal phases [3-5].
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Prior to 1988, all known icosahedral al-
loys exhibited strong structural disorder
evidenced by relatively broad peaks inx-
ray diffraction patterns.

In 1988 a new class of quasicrystals
was discovered and was labeled the Face
Centered lcosahedral (FCT) alloys. A
large rumber of ternary alloys such as
Al-Cu-Fe, Al-Cu-Fu, Al-Pd-Mn, etc. fall
into this category [6.7]. What was most
surprising about this new set of alloys
was that, when prepared properly, they
presented no evidence of the disorder
that plagues the original quasicrystals,
now called Simple Teosahedral (S1) alloys
[8,9]. Today, alarge number of alloys
have been discovered to present S sym-
metry and FC symmetry. The degree of
disorder varies greatly from the S alloy,
Al-Li-Cu, with correlation lengths of
~300 A to nearly perfect FCT alloys, Al-
Cu-Ru and AFCu-Fe, with correlation
lengths greater than 1 mm [8,9].

One of the most interesting and fun-
damental issues conceming quasicrystals
has been the degree of perfecrtion pos-
sible in apeniodic structures. The dicov-
ery of neady perfect samples of FCI
quasicrystals compelled us to ask “How

film

(Fgure 1) (top) Shown is & random assortment of
orignted pentsgons viewed 55 & o dimsnsona/
analog of an icosahedrsl glsss. [Bomom) Penrose
pling is an example of & weo dmensonsl quasipsn-
odlic oroeang of two fypses of s, (in fis case “min”
and &l fombuses ). Diffscbon pafterns fom
siffier siruchrs wouln il the crystogsphicaly
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perfect can a quasicrystal be? The reso-
Iution of this question was our initial
goal. We have focused on revealing the
degree of order achievable by
quasicrystalline alloys by performing x-
ray diffraction studies on carefully pre-
pared samples of APd-Mn quasicrystal.
This work has led to the study of dy-
namical diffraction m quasicrystals.

Samples of FCI Al-Pd-Mn
quasicrystals were prepared by means of
a Bridgman slow growth technique. The
grow th parameters were optimized to
pmduce individual grains as large as 2
om %1 om %1 cm. By means of neutron
scattering, the mozaic width of the grams
wemwe found to be resolution limated
{AR<.02%),

In order to resolve disorder over
length scakes longer than 1 mm, rather
than applying typcal high resolution dif-
fraction techniques, we dedded to take
advantage of the coherent x-ray speckle
technique [13] at the X25 wiggler source
atN5L5. The results of the expenment
was that the sample of AFPd-Mn
quasicrystal scattered coherently over re-
gions larger than 6 pm. The transverse
width of diffraction peaks were resolu
tion limited {A8<0.001).

These results suggested that this alloy
might be of suffident quality to be con-
sidered a “perfect” icosahedml
quasicrystal. In general, as the defect
density decreases and, thewfore, the size
of the coherent scattering region in-
creases, the kinematical scattenng theory
fails to be an appropriate description of
the diffaction from arystalline solids.
For an accurate description of the diffac-
tiom of x-rays from a perfect arystal it is
necessary to apply the dynamical theory
of x-ray scattening, first introduced by P.
P. Ewald in 1917 and reformulated by M.
von Laue in 1931,

Briefly, the dynamical theory consid-
ers the mteraction between the atoms
and the wave field in the crystal which is
asolution of Maxwell’s equations m a
medium with a periodic, or perhaps
aperiodic, complex diglectnic comstant.
One comsequence of the dynamical
theory, discussed in more detail below, 15
the anomalous transmission of x-rays
thmugh a thick crystal set at the correct
angle for diffraction. The theory of dy-
namical scattering in crystaline maten-
ak has been thoroughly reviewed in sev-
eral articles [14]. The anomalous trans-
mizsion of x-rays through an ncommen-

surate or aperiodic crystal has been
treated in some detail by Berenson and
Birman for the special case of a one-di-
mersional Fbonaca lathce [15] The
effectis present when scattering from a
stmongly reflecting set of planes ina per
fect crystal The x-rays that scatter once
al=o satisfy the Bragg condition for the
same set of planes and can be reflected
agan (into the forward direction). The
result of this multiple scattering 15 the ex-
istence of forward scattered x-rays as
well as the promotion of a wavefield in
the arystal, the perindidty of this
wavefield 15 equal to the d-spacing of the
reflecting planes. Some components of
the wave field have minima of intensity
at the absorbing atomic positions, suffer
relatively

Two emerging beams were recorded on
Polaroid film placed behind the sample
Iright side of Fig. 2). The H beam 15 the
diffracted Laue beam found at an angle
of 26, from the incident beam direc-
tiom. O beam is the anomalous
trarsmatted {forward diffracted) beam
parallel to the incident beam direction.
When the sample was rotated by 004°
away from the correct Bragg angle, no in-
tereity at these posibons was recorded.
The ohservation of the O beam is clear
evidence of dynamical diffraction from
the sample.

The intensity profile of the O beam
was mcorded by replacing the film with
a Mal santillation detector and apertume
to isolate the O beam from the H beam
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evidence for dynamical diffraction of x-
rays fom single grains of the Al-Pd-Mn
icosahedral phase alloy through the ob-
servation of anomalous transmission {the
Borrmann effect). For this experiment a
single gramn of the AlPd-Mn icosahedral
alloy was cutand paolished in the form of
a pamllel faced wafer. The expeniment
was performed on beamline X23A3 at the
NSLS using 12 keV x-rays. The sample
was st at the cormect Bragg angle fora
reflection in the Laue (tansmission) ge-
ometry. The chosen reflection was one of
the most intense found for icosahedral
Al-Pd-Mn. In this configuration the (.4
mm thick sample presented appron:
mately ten absorption lengths for 12 kel
w-mays (Fig. 21 The x-ray beam 1sina-
dent from the leftand strikes the sample
at the correct Bragg angle for diffraction
in the Laue {or transmission ) geometry.

{Figuse 3) intensity of fe forwan dfffscted beam
{0 Beam ) 58 the sample & misted frough the
aiffrsotion condibon. The nominsl zero of Hie
forizontsl scale was chosen st fie centsr of Me
anguisr mngs of the efscrion.

and other background radiation. Fg 3
shows the intensity in the forward scat-
tenng direction as the crystal angle 1=
seanmed through the diffraction condi-
tiom, again cleary showing the phenom-
enom of anomalous transmission. From
this measurement a reasonable upper
limit om the intrinsic rockdng curve of the
reflection is 0004°. Thiscan be com-
pared to the rockdng curve width of the
(111 reflection of shcon which is ap-
proximately (002%

Hawving demomstrated the phenom-
enom of anomalous fransmission m icosa-
hedral Al-Pd-Mn we next considered
how the dynamical theory, originally for-
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mulated for perfect periodic arystals, is
relevant to diffraction from quasicrystals.
It turns out that the theory does not have
to be modified, although in the case of a
quasicrystal it may be difficult, in prac-
tice, to avoid smultaneously exciting re-
flectioms from more than one set of scat-
tenng planes (since the quasiorystal re-
aprocal space is densely filled with
strong and weak reflections), dynam-
cal diffraction should be obsaved for
the strongest reflechons as long as
the size of the region that diffracts
s suffidently large
for dynamical,
rather than kine-
matical, scattermg.
We tested this
conclusion through
an attempt to observe the phenomenon
of Pendellisung fringes, a dynamical dif-
fraction effect that 1s sensitive to subtle
lomg-range crystalline imperfections.
The dynamical theory predicts an effec-
tive birefringent character for the perfect
crystal causing mterference fanges in the
intenzity exiting the crystal. The expern-
ment is represented schematically in Fig,
4. Inour experiment, the thickness of the
samiple, 0.4 mm, places it in the thin orys-
tal limit {~2 absorption lengths for the
2015 keV x-rays) allowmg all the compao-
nents of the wave field to suffer a rela-
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tively small degree of attenuation. The
experiment was carried out at beamline
B2 at CHESS. From the results shown in
Fig. 5, we observe evidence of the charac-
teristic Borrmann Fan as predicted by the
dynamical theory and although the ex-
pected fringe pattern was not observed,
definite fringes are present. In addition
to the Pendellisung pattern there 1= a
large contribution to the scattering inten-
sity due to what appears to be lanemat+
cal scattering of x-rays in the sample.
The observation of dynamical dif frac-
tion from quasicrystals holds some im-
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portant implications for structural imves-
tigations of these phases. First, we point
out that primary extincion effects associ-
ated with diffraction from single grains
of AFPd-Mn, and presumably many of
the other FCL alloys, may be very signifi-
cant and should be carefully corrected
for prior to the use of diffraction data as
input to structural determimations. Sec-
omd, we note that several probes based
upon dynamical diffraction effects, such
as x-ray standing wave fluorescence
techmgues multiple beam interference
effects and x-ray transmission
topographs, may now be employed to
study the bulk and surface structure of
some quasicrystals. More generally, the
observation of dynamical diffraction
from icosahedral AlPd-Mn 1s a strlang
comfirmation of the fact that quasicrystals
can present a degree of structural perfec-
tion comparable to that found in the best
peniodic intermetallic arystals.
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