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A theory of both thermal and quenched diffuse scattering from incommensurate crystals and
quasicrystals is developed. We explore, in particular, the effects of strain fluctuations due to
phasons which have dropped out of equilibrium at high temperatures, providing a source of
quenched, spatially varying disorder. The theory leads to anisotropic peak shapes, in analogy with
Huang scattering in ordinary crystals. In contrast to Huang scattering, the peak shapes vary greatly
along a given direction in reciprocal space. Analysis of peak shapes can be used to infer informa-
tion about phason elastic constants. We illustrate the theory with explicit computations using
icosahedral quasicrystal elastic constants taken from recent density-functional calculations.

I. INTRODUCTION

A number of recent reviews, "2 collections of 1::211:><:x's,3’4
and books® attest to the explosion of research generated
by the experimental discovery® of icosahedral quasicrys-
tals. The relative sharpness of the icosahedral diffraction
spots initially led to the suggestion’ that these materials
could be described by atomic decorations of the two unit
cells embodied in the Ammann tiling® a three-
dimensional version of the Penrose tiling.® Decorations
(based on the known crystallography of large unit-cell
conventional crystals) for two broad classes of materials
have indeed been proposed.'®!! Various kinds of disorder
must then be invoked to account for the detailed experi-
mental observations. Elser, for example, has argued (us-
ing the projection technique'?) that one can relax the rig-
id constraints of a literally self-similar Penrose tiling by
locally scrambling the tiles. He gave plausible arguments
that this could be done in three dimensions (but not for
one- or two-dimensional quasiperiodic tilings) in a way
which preserved the delta-function character of the
peaks, but made pronounced changes in the relative peak
intensities.'”> A combination of long-wavelength phason
strains and dislocations have been invoked'* to account
for details of the spot positions and the observed peak
widths.

The finite linewidths (leading to translational correla-
tion lengths which are at most several hundred
angstroms) observed in rapidly quenched materials'> have
stubbornly refused to go away, even in samples grown
slowly from the melt.'® These results lend credence to
computer generated “icosahedral glass” models, in which
strict long-range icosahedral bond orientational order is
imposed on sequentially deposited clusters which need
not have infinite range translational order.!” Although
Stephens and Goldman find finite translational correla-
tion lengths with this method,'” Elser has shown that
growth with a modest amount of annealing can sharpen
the peaks considerably.'®

Although we have no strong opinion on this controver-
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sy, we think it worthwhile to explore further the conse-
quences of long-range icosahedral translational order,
and study in particular the shapes of various Bragg
spots.® Socolar and Wright®® have recently examined
this question, and postulate a superposition of uniform
phason strains, arising from growth anisotropies, to ac-
count for some of the experimentally observed shapes;
the main peak is replicated in slightly different positions
to give rise to an apparent anisotropic shape.

Here, we study an alternative mechanism, triggered by
spatially varying strain fluctuations due to an initially
thermalized phason population which has dropped out of
equilibrium at an elevated temperature. Similar strains
due to quenched random impurities in conventional crys-
tals are well known to lead to anisotropic diffuse scatter-
ing, often called Huang scattering.?! Diffuse scattering is
likely to be much weaker than the mechanism proposed
in Ref. 20. It is usually down relative to the main peak
by an amount proportional to the ratio of a unit-cell size
to the translational correlation length. We shall see,
however, that there are special enhancement effects pecu-
liar to quasicrystals. Large translational correlation
lengths are required to distinguish diffuse scattering from
the contribution of a broadened main peak. Experimen-
talists are probably just at the limits of being able to
detect diffuse scattering in quasicrystals.?

The theory we construct describes both thermal and
quenched diffuse scattering in quasicrystals. If a sample
is cooled rapidly, one expects phasons to drop out of
equilibrium quickly during the solidification process.?
The continuum elastic free energy of a well-equilibrated
icosahedral crystal with both phonon displacements u(X)

and phason displacements W(X) is24~28

F=F jpon[U]+ Fppas [W]+Fip [0, W] , (1.1
where the pure phonon and phason parts are

Foponl 0= [ (uul +1Aud )d*x (1.2)
and
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Fal 1= [ | @B P+

and the coupling between phonons and phasons is contained in

m
Fim[ﬁ,v'v’]=fﬁ{[a,wl(u“——Tu22+‘r‘1u33)+2u12(7“181w2—762w,)]+cyc1ic permutations}d’x .

The quantities m;, m,, and m are elastic constants, A
and p are the Lamé coefficients, and u;; = 3(0;u;+0;u;).
Suppose the phasons drop out of the equilibrium at an
elevated temperature T, during the cooling process. At
lower temperatures, the frozen phason displacement field

W, (X) will appear in a quenched random effective free en-
ergy

Feﬁ'=th0n[ﬁ]+Fint[ﬁ’)Wq] ’ (1.5)

where ensemble averages calculated with (1.5) must now
be averaged over a quenched probability distribution
P,[w,],

thas[ﬁ;q ]

ks T, (1.6)

Pq[Wq]G exp | —

Because of the complexity of the quenched quasicrys-
talline elasticity theory embodied in Egs. (1.5) and (1.6),
we have found it illuminating to compare our results with
the simpler case of ordinary Huang scattering from a spa-
tially varying impurity concentration c¢(X).2! In continu-
um models of Huang scattering, the phonon displacement
field W(X) is coupled to quenched random impurity con-
centration fluctuations 8¢ (X)=[c(X)—c(]/c,, where ¢, is
the average value of ¢(X). Instead of Egs. (1.5) and (1.6),
we now have an effective elastic free energy density?’

Fep= [ (pud+huf +yuy 8c)d’x (1.7)
and a quenched probability distribution for §¢(X),
P,[8¢(X)] « exp [—%Afd3x(8c)2/kBTq . (1.8)

where A has the dimensions of an elastic constant. Note
that we have assumed an isotropic crystal, and that 8¢ (X)
couples to the phonon field in much the same way as the
quenched phason field VW(X) does in quasicrystals.

In Appendix A, we show that the structure factor near
a reciprocal-lattice vector Q for Huang scattering at tem-
peratures small compared to T, takes the form

S(@) « {8(K)+Q,[C~1(K)],;0;} fo(Q) (1.9)

where f, 0(6 ) is analogous to the usual Debye-Waller fac-
tor,

fo(@)=exp [—fd3pQ,-[C“‘(f>’)],-ij , (1.10)
and k=G—Q is assumed small compared_to an inverse
lattice constant. The 3X3 matrix C~!(K) is given in
terms of the elastic constants i and A and the coupling to
the quenched impurities y by
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‘;gi(akwk 2 —£(3;w; 2 +[(13,w, +77'3,w, )*+cyclic permutations]} |d’x , (1.3)
(1.4)
|
, 2kpT, k;k;
[y = 2t =1 (L1

AQu+A)? k*

As illustrated in Fig. 1, the second, diffuse scattering
contribution to S(q) leads to contours of constant intensi-
ty which are pairs of spheres whose common tangent is
perpendicular to the radial direction. The intensity in-
creases like k ~2, and the shapes of the contours around
any particular spot are identical. When the anistropic
elasticity appropriate to, say, a cubic crystal is incor-
porated into the theory, one finds that the shape of the
contours depends only on the direction of that spot rela-
tive to the origin and not on its distance away.’

Before quoting the analogous result for icosahedral
quasicrystals, we first recall that Bragg spots are most
conveniently indexed with_ szx-dunensxonal hypercubic
reciprocal-lattice vectors (Q Q*), where Q is the projec-
tion of a hypercubical reciprocal-lattice point onto a
three-dimensional subspace with icosahedral symme-
try.!»3031 This subspace is the usual physical space in
which the Bragg peaks are actually observed, so Q plays a
role of a conventional reciprocal-lattice vector. With this
notation, the structure function for icosahedral quasicrys-
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FIG. 1. Constant intensity contours in the (g,,q,) plane for
Huang scattering from quenched random impurity concentra-
tion fluctuations at zero temperature. We have assumed a cubic
crystal with isotropic elastic constants for simplicity.
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tals near G=Q has the form (see Secs. I C and III)

-

S(@) e |8(K)+4HQ GHe~ (k) [91

Q

xfo(QQH | W(Q,QY|?, (1.12)
where k=G— Q, W is a function characteristic of a par-
ticular quasilattice, and f; is a Debye-Waller-like factor

:
Q"l

We have again suppressed thermal diffuse scattering
for simplicity. The phason-mduced quenched diffuse
scattering which remains is determined by the 6X 6 ma-
trix C~1(k), which, like Eq. (1.11), is proportional to
kp T, and inversely proportional to k2. It varies with the
direction of k in a complicated and interesting way which
depends on all five quasicrystal elastic constants.

To illustrate our results, we have evaluated Eq. (1.12)
using elastic constants extracted from a simple density-
functional calculation for quasicrystals.!>32=3% Density
correlations of a dense random packing model of metallic
glasses are used as input. As shown in Fig. 2 for
diffraction normal to twofold, threefold, and fivefold sym-
metry axes, the shapes of intensity contours vary
kaleidoscopically from spot to spot, even for spots
aligned with a particular direction in reciprocal space.
We expect a similar rich variation in real experiments,
even though the precise magnitudes of the elastic con-
stants obtained in Ref. 32 may not be reliable. If a
diverse set of shapes like those in Fig. 2 could be detected
and measured with precision, one could work backwards
and use the theory presented here to extract information
about phason and phonon elastic constants. Then the
phason-phonon coupling constant m, in particular, is an
especially important parameter in interpreting experi-
ments.

At higher temperatures, or if phasons are not
quenched, thermal diffuse scattering might become im-
portant. For ordinary crystals, contours of constant
diffuse scattering intensity sufficiently near a reciprocal-
lattice vector Q are given by

3 [Qe(k)]2
a=1 [Vq (k)]2

folQ.Q=exp | — [d%(Q Q"HC~'(H) (1.13)

) (1.14)

where v (k) and € (k) are the three velocities and polar-
izations of phonons propagating in direction k. To estab-
lish a contact with the subsequent formula for quasicrys-
tals, we note that € (k) are elgendxrectlons of the 3x3
hydrodynamic elastic matrix ck) [see Eq. (1.11)], while
the [v,,,(k)]2 are proportional to its eigenvalues.

In the case of icosahedral quasicrystals, Eq. (1.14) gen-
eralizes to

[Q-E,(k)+Q k)
(v (k)?

where now the hydrodynamic elastic matrix Ck) is a

6
' 3 , (1.15)
a=1
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FIG. 2. Contours of constant diffuse scattering in planes per-
pendicular to (a) twofold, (b) threefold, and (c) fivefold symme-
try axes of an icosahedral quasicrystal with quenched random
phason displacements at zero temperature. Only contours near
Bragg spots with indices 0 or +1 are shown.
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6 X 6 matrix with six eigendirections and six eigenvalues.
If phasons are quenched, the form Eq. (1.15) remains, but
the elasticity matrix is replaced by an effective, quenched
elasticity matrix whose eigenvalues and eigenvectors do
not correspond any more to real propagating modes. It
should be noted that phonon and phason degrees of free-
dom will generally be mixed so that for any given
a=1,...,6both €, and €. will be nonzero.

The theory of diffuse scattering from quasiperiodic
crystals, summarized above for icosahedral quasicrystals,
is developed in detail in Sec. II. The general theory al-
lows for both thermal diffuse scattering from equilibrated
phasons and phonons, and also for the thermal and
quenched scattering present when phasons drop out of
equilibrium.>® Characteristic scattering contours similar
to Fig. 2 for other circumstances in icosahedral quasi-
crystals are tabulated in Sec. IIl. A discussion of ordi-
nary Huang scattering, which parallels the more compli-
cated calculations for incommensurate crystals and quasi-
crystals, is given in Appendix A. Derivation of some for-
mulas used in Sec. IT and III is given in Appendix B. The
coordinate systems which we use for icosahedral quasi-
crystals are specified in Appendix C.

II. SCATTERING FROM DISORDERED
QUASIPERIODIC CRYSTALS

A quasiperiodic crystal is a crystal whose three-
dimensional Fourier transform (or diffraction pattern)
vanishes except on a discrete, but dense set of wave vec-
tors generated by a finite set of basis vectors. This set can
be called the reciprocal quasilattice. The smallest num-
ber d of wave vectors which generate a reciprocal quasi-
lattice is necessarily greater than three. Quasiperiodic
crystals can be further divided into incommensurate crys-
tals and quasicrystals depending on whether or not the
rotation symmetry of the reciprocal quasilattice is crys-
tallographic. Since this distinction is not important here,
we shall use the term quasicrystal generically.

We want to evaluate the effects of positional disorder-
ing on diffraction from quasicrystals. First, we shall in-
troduce necessary notation and a description of the densi-
ty of a “perfect” quasicrystal. By ‘perfect,” we mean a
quasicrystal with 8-function peaks and no diffuse scatter-
ing; such a crystal need not be generated by literally self-
similar inflation rules. We shall also associate an elastic
energy with phonon and phason positional disordering.
Then, we shall use this elastic energy to derive correc-
tions to the ideal structure factor due to thermalized pho-
nons and thermalized or quenched phasons.

A. Quasicrystal density and its Fourier transform

The set of ideal atomic positions of a quasicrystal can
be always represented as a cut through a higher dimen-
sional periodic arrangement of surfaces.’®~3 These
““atomic” surfaces have dimension equal to the dimension
of the higher dimensional space minus the dimension of
the physical space and can have complicated topolo-
gy.3** For example, to obtain the three-dimensional
Ammann quasilattice it is necessary to consider a three-
dimensional (physical space) cut through a six-
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dimensional hypercubic periodic lattice whose vertices
are covered by identical (three-dimensional) rhombic
triacontahedra perpendicular to the cut. The triacon-
tahedra are projections of a six-dimensional unit hyper-
cube onto the three-dimensional complement of the
three-dimensional physical subspace.® !

Generally, a quasilattice can be represented by density

plixh=p(xl, x!=0), 2.1

where p is a periodic density in the hyperspace. Explicit-
ly,

px)=3 [ 8(x—R—£)6N(EI—sl(&)d%
R (4
=3 [ sUxI-RI-sl(£h))
R v
X8 xt —R!—EH)d? 3¢t

= 3 8l(xI—RI—sl(x!—R))W(x—R),  (2.2)
R

where || and L denote the physical subspace and its or-
thogonal complement, R=(R/!,R!) is a hyperlattice
point, v, denotes unit hypercell (or its volume), and

§I|=sll(§l), glevl

is the equation of the atomic surface decorating the unit
hypercells. This surface is defined over the domain
(“window””) v! which can be characterized by the window
function

(2.3)

1 if xtev!
0 otherwise.

Wi(x)= (2.4)

Since there must be a minimal separation between the
ideal atomic positions the domain v* must be finite.*! We
shall assume here that there is a single atomic surface per
unit hypercell. The extension to a more general case is
obvious.

As a result of Egs. (2.1)-(2.4) the quasicrystal density
can be written as

plixh= 3 8I(x!—RI—sl(—RY)W(—-RYH . (2.5
R

Since there is a one-to-one correspondence between R,
RY, and R/, a functional dependence on R* can be re-
placed by a dependence on R or R!. However, both s
and W would be highly irregular functions of these vari-
ables.

The Fourier transform of the hypercrystal density Eq.
(2.2)is

) 1
p@)=[plxle %% =23 8(q-QW(Q), (2.6
cQ

where

W(q):-ll- fu e—“l'é’all(xﬂ__sH(gl))W(gl)ddg
v ¢
=L‘L lexp[ __,‘qn.sll(gl)___iql.gl]dd——351 , Q.7
v v

and Q=(Q!,Q") is a reciprocal hyperlattice vector. A
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particular normalization is chosen so that W(q) is dimen-
sionless and equal to unit at q=0. Since the Fourier
transform of a cut is equal to a projection of a Fourier
transform,>®

pliq)l= fp(q”,ql)d"‘3ql ,

we can immediately write the Fourier transform of the
physical, quasicrystal density Eq. (2.5) and obtain a set of
weighted delta functions

(2.8)

1
pl(q')= ‘;— 3 8l(q'—QHW(Q) . (2.9)
e Q

B. Phonon and phason disordering of quasicrystals

A perfect quasilattice can be disordered by allowing
displacements of the surface s!(£!). That is, the surface
associated with the hypercell at R should be replaced by
sl(&H)+ul(R,£&'). In addition, all the singular points £:
(that is, the branching points of the surfaces or the
boundary of vl) could be allowed to move. However,
only displacements of the surfaces at the intersection
with the physical subspace are relevant. Consequently,
without lack of generality, we can restrict our attention
to rigid surface displacements u(R!) which are indepen-
dent of £ (u might also carry another index to label
different sheets, if s' is multivalued*!). That is, R+£ in
Eq. (2.2) should be replaced by R+ £+u(R!") rather than
by R+£&+u(R,£), which would be appropriate if we
were interested in disordering of the hypercrystal itself.
Therefore the quasicrystal is disordered by substituting

R—R+u(R") (2.10)

in Egs. (2.2) and (2.5). It is important to note that disor-
dering of a quasicrystal requires the new, “phason” dis-
placements u*(R!) in addition to the usual, “phonon” dis-
placements u'(R!). With this substitution, Fourier trans-
form of the hypercrystal density, Eq. (2.6), becomes

p(q)=v!I eiaR+uBIpg(q) 2.11)
R

while Eq. (2.9) is replaced by
pligh=v'3 [e-R+uPIp (k)5i(k!—ql)d% .
R

(2.12)

Thermodynamic potential of a quasicrystal does not
change under uniform phason or phonon displacements
so that nonuniform displacements must be considered.
Such displacements can be described by a d X3 strain
matrix, €, which, in the long-wavelength limit, is defined
as the gradient of the displacement field,

du

€=

ax!

In the block-matrix form, nonzero components of € are
the usual, 3 X 3 symmetric strain matrix

I
b= O

oxll

(2.13)

(2.14)
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and the new, (d —3) X 3 phason strain matrix
Ly dut
~ox!

The elastic free energy F of a uniformly strained quasi-
crystal of volume V! is, to lowest order, quadratic in the
strain,?

F=1Vl(eM:€)+ - -

(2.15)

=1Vle, M, € )+ ", (2.16)
and defines the elastic modulus tensor M. That is,
2
=L |&E 2.17)
VI | 0€de |,_o
or, in the component notation,
2
M i-vj=“1_ ______BF , (2.18)
Bty VI | 3€,,i0€,; |._o

where indices i and j run over the physical, || coordinates,
while 1 and v run over both || and 1 coordinates. The
tensor M can be also written in the block form with the
blocks MH,II;N,H’ ML= tMl,II;II,II’ and MYBLI For a
slowly varying strain, expression (2.16) for the elastic free
energy generalizes to

du Ju
—1 22 oM 22 g3
F=1[ o Mo [ (2.19)
or, in terms of the Fourier transforms u(p'),
F=1[u(—phH-(p!-M-p)-u(ph)d’p! . (2.20)

The elastic free energy Eq. (2.20) can be also written in
terms of phonon, phason, and phonon-phason interaction
contributions,

F=F% . [u']+F o [u']+Fip [0, u'] (2.21)
where
thon[uu]=%full(_pll).(PII.MII,II;II,Il.pII).uII(PIl)d?ipll ,
(2.22)
Fpm[ul]z%ful(_pn).(pu.ML,n:Lu.pu).ul(pn)dspu ,
(2.23)
and

F[ul,u']= ful(_pu).(pu.Ml.u;u,u.Pn).uu(pu )d3p!
(2.24)

These elastic free energies will determine probability dis-
tributions over which functionals of phonon and phason
displacement fields will be averaged.

C. Structure factor of disordered quasicrystals

From Eq. (2.9) we can immediately obtain the struc-
ture factor for the perfect quasilattice
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g2 o
Su(qu)E_I_E%L 2 3 8iq—Q) | W(Q) |2,
Y Q

(2.25)
where we used a generalization of the usual substitution
for the square of the delta function, proved in Appendix

B, and where N' is the number of the quasilattice points.
N equals the number of the surfaces s' cut by the physi-

ik, 'R,

S II)_.__
- R

where f denotes the average

f=[Drule™ M Ripgy (2.27)
As we shall see below, independently of whether
phasons are thermalized or quenched, the distribution

P[u] will be Gaussian,

Plu]« exp |—4 [u(—p")-C(p')-u(p)dp! (2.28)
where u(p') is a Fourier component of u,
u(RN= e Rly(pliaipl (2.29)

and d Xd matrix C(p'), which is even under p'— —p/,
Hermitian, and positive definite, is related to the elastic
modulus tensor M. Then, following the derivation given
in Appendix B, the structure factor can be written as an
expansion,

S’”(q"):Sﬂ(q“)—Q—S‘](q")+ cee

whose first two terms are the Bragg scattering

(2.30)

1
S&(q”)=%—(21r)2"‘3 3 8l(q'—Q") | W(Q) | 2,(Q)
¢ Q

(2.31)
and the lowest-order diffuse scattering
l(q”)— (2
vC
qli
X E (qll Ql).c—l(qu_Qn). i
Q Q
X | w(q,QY | fo(d,Q"),  (2.32)
where
fol@)=exp [_% [a-c'(p')-qdp’ (2.33)

is analogous to the Debye-Waller factor.
As can be seen from formulas (2.30)-(2.33), near a par-
ticular quasilattice point Q the structure factor can be

R e (k) W (K,)8 (g — Kk

cal subspace.

In order to calculate structure factor of a disordered
quasicrystal, the density given by Eq. (2.12) rather than
by Eq. (2.9) must be substituted into Eq. (2.25). More-
over, the resulting structure factor corresponds to a par-
ticular realization of disorder u(R) so it has to be aver-
aged over a distribution P[u] of displacements. There-
fore we can write the structure factor, averaged over a
distribution of u, as

k))8'(q'—kl)d %, d%, , (2.26)

[

written as

1
S“(Q"+k")z%(27)""3[8"(k“)+%Q'C"(k“)-Q]

X | W(Q)|%fo(Q) . (2.34)

This is a generalization of the formula (1.12) quoted in
the introductory section. It follows from the second term
in the above equation that sufficiently near a Bragg spot,
contours of constant diffuse scattering are given by

Q-C(k')-Q=const . (2.35)

It will be shown in the last part of this section that C(k')
is quadratic in k!. Therefore Eq. (2.35) can be written
more explicitly as

d [Qe kNP
| k| 2=const X azl ———[va(k")]z

4 [Qlel(kh+Qelk M
=const X 2 ’
a=1 [va (k]

(2.36)

where € (k“) denotes the d unit eigenvectors of C(k!)
while [v (k)]? are proportional to the corresponding d
positive eigenvalues of C(k!). Clearly, for a very large
Q' and relatively fixed Q!, the shape of the contours will
be dominated by the Q' contribution. Equation (1.15)
quoted in the Introduction is a special case of the above
formula.

It should be also noted, that unlike for ordinary crys-
tals, even for a fixed direction Q!, the shape of the con-
tours depends also on the magnitude |Q|. The reason
is that spots with collinear Q' need not have collinear Q.
For example, in icosahedral quasicrystals there are
diffraction spots Q! which are collinear and in proportion
to the golden mean. Such spots, however, do not have
collinear Q’s and, consequently, they should have
different diffuse shapes.?’

The d X d matrix C(p') which determines the probabil-
ity distribution Eq. (2.28) can be related to the elastic
modulus tensor of the quasicrystal. If phasons, as well as
phonons, are thermalized, then the distribution function
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Eq. (2.28) is simply the Boltzmann distribution associated
with the elastic energy given by Eq. (2.20). Consequently
the matrix C(p') in Eq. (2.28) is in this case

1
C,;,V(P“)EE‘;(P)‘M,,,,-;v,jp}‘) , 2.37)

where T is temperature and kp is the Boltzmann con-
stant. We shall call this matrix the hydrodynamic ma-
trix. It is easy to verify from corresponding hydro-
dynamic equations that eigenvalues of C(p') are propor-
tional to the squares of velocities of the eigenmodes asso-
ciated with the wave vector p/.

If, however, phasons drop out of thermal equilibrium
at a temperature T, then at a lower temperature 7, pho-
nons will equilibrate in the presence of a quenched
phason displacement field uj. Therefore, the average in
Eq. (2.27) will require two steps. First, the ensemble
average over phonons must be completed using the
effective Boltzmann distribution

Feﬂ'
kT

Pg[u'] < exp , (2.38)

where the quenched random effective free energy F ¢ i$

Feﬂ‘=thon[u”(p”)]+Fim[u"(p”)au$(p")] ’ (2.39)

and where F,,, and Fj, are given in Egs. (2.22) and
(2.24). Second, this ensemble average must be averaged
over a quenched probability distribution P, [uj 15

thas[ué(p“ )]

- k,T, ) (2.40)

P,[u;]x exp

where F;, is given in Eq. (2.23). The average over the
phason distribution can be viewed as an average over an
ensemble of different samples, or as “self-averaging” in a
single, but very large sample.

It can be easily verified, using the results of Appendix
B, that the two averaging steps with Eqgs. (2.38) and (2.40)
are equivalent to a single step as in Eq. (2.28) with CIl,
CYl, and C** blocks of the matrix C given by Eq. (2.37)

A

1
[Clp1y =, = ele)+ 1%, .

[Chlphl,; = 2\/1'36 (Gplp)—Ip'1%8;)

[eﬁ’l(P")]ij =1 p' | 28ij ’
1P 2477 -

~ —1

Ciph=—= -2

—2plp|

and

pPP =P+ 277 'plp}
—27plp|
27~ 'plp}

A 1
Cliph= Vo

—2mplp}

—2plp}
Lp | 247 p P —mp?

—2plp}

pP—mpP+r71pP
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and the C"! block given by
Cl,l(pll)=Cé.1(pllH_Clxll(pl)).[CII,N(pII)]—l.cll,l(pll) ,
(2.41)
where

1 .
(Cq Lo = 7, pIMle)
q

(2.42)
The last term in Eq. (2.41) compensates for a spurious
term which would arise from averaging over the phonon
field. It should be emphasized that elastic modulus ten-
sor M will generally depend on temperature so its values
at T and T, should be used in Egs. (2.37) and (2.42), re-
spectively.

III. RESULTS FOR ICOSAHEDRAL
QUASICRYSTALS

A density p'(x') whose diffraction pattern consists of
Bragg peaks which can be completely indexed with the
six vertex vectors of an icosahedron, can be always
viewed as a cut through a six-dimensional hypercubic
crystal.’® The orientation of the icosahedral group with
respect to the coordinate axes in the physical and the
complementary spaces can be specified by specifying the
orientation of the projections (components) of the six
orthonormal vectors, which span the six-dimensional
space and which are assumed perpendicular to the five
faces of the hypercubic unit cell. With the specific orien-
tation given in Appendix C, and using group theory, it
can be shown that the hydrodynamic matrix C(p') can be
represented as a sum of five basic matrices: >~

CHiph=c,CUph+c,Chiph, @3.1)

Cli(p)=c;C4p") +c,CLhiph , 3.2)
and
Chph='CHi(pl)=c,C(p) (3.3)
where prefix ¢ denotes transpose, and*’
(3.4)
(3.5)
(3.6)
—2plp}
—2plp} , 3.7
LIp |2l
—27p|p}
277 'plpl (3.8)

pY—mp P+ pf
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The coefficients c; are simply related to the five indepen-

dent elastic moduli*’ m; by
e 1,...,5 (3.9)
a=gp i=bho .

In order to obtain equations quoted in the Introduction
it is necessary to change the notation according to
(ul, u)e(T, W), X%, plop, klok, (el,e!) (g E"), and
(Q" 0YH)(Q Ql) Also, by projecting longitudinal and
transverse components out of Egs. (3.4) and (3.5), it is
possible to verify that the Lammé coefficients A and p
which appear in Eq. (1.2) are related to m, and m, by

my=(2u+11)V6 and m,=A(1)12.

A metastab]e quas1crystallme icosahedral structure®?
and its elastic modulus tensor'®3? M have been previous-
ly investigated for hypothetical icosahedral quasicrystals
using a density-functional theory. This theory is based
on an expansion of the interaction part of the Helmholtz
thermodynamic functional around a reference, super-
cooled liquid state. The expansion is usually truncated at
the second order so that the information about interparti-
cle interactions is manifested only through the direct pair
correlation function in the reference liquid state.

Structure factor of a reference supercooled liquid at its
glass temperature T, can be identified with structure fac-
tor of the glass at T' < Tg. On the other hand, structure
factor of metallic glasses, such as amorphous iron and
nickel, can be successfully represented by dense random
packing models.** As a result, the coefficients c; of the
corresponding icosahedral quasncrystal33 at T= T were
found to be?

¢, =~1.6x10°,
c,=~2.2X10%,
c:,z4.9><102 ,
ce=~—5.9%10',
cs=~9.2x 10!

(3.10)

in units of the average quasicrystal density (=v'/v,).

The interaction coefficient ¢s is particularly important
for diffuse scattering. Sufficiently large c5 destabilizes*?
matrix C. Therefore, even for elastically stable quasicrys-
tals, a large coefficient ¢ s could lead to some anomalously
small eigenvalues v (k) and, consequently, to anomalous-
ly large diffuse scattering. Similar anomalously large
scattering could be also observed in certain directions
around wave vectors Q' which have a large Q' com-
ponent, provided corresponding contribution to the
Debye-Waller factor,

[t»:l(p")]2
) ll)]2

—zdp',

(3.11

1 fulci@hap =1 [ 2

is sufficiently small. Note that for icosahedral quasicrys-
tals the Debye-Waller factor Eq. (2.33) can be written as

FIG. 3. Same as in Fig. 2, except at finite temperature
T=1T,.
34

@ O O QO
OOO OO0 oOQ
0098939 900°
080PE 3080
0060920280600
0%0 00 0%
@) =) @)

(b)

O
O

o000 O

o
O

O 00 O
O 0000 O
O OOOOO

O O Oo
O o0 OOo
O Ooo0o0O0 O
O OO O




MARKO V. JARIC AND DAVID R. NELSON 37

4466
@ O @) @)
Ooo OOO oOQ
C0°80°9352°0Q°
O0g0eg 20,0
00500-030-00500
000 o®Po ooO
@) (@) @)
® @) ° @)
O~ o ~O
0] OOoOoOO @)
0 6% O, 0
o O
o (@]

O 5 0% 0 %0 O
0 00200 0
OO OO
O

© @) @)

O

O

oo oo O
0 o o O

(@] O o o
o

O oo

o
(o) QO o o

°O (@]
o0 0O O
‘o o

Q o o 0O

o O

oo (O
o

FIG. 4. Same as in Fig. 3, except that phasons are assumed

thermalized.

2
°

fo(Q)=exp

2

. tr C—l( Iy gl
J |lQ"|2—[—J’——]—3

+|Ql’2tr[__p_J_—C—l3( “) . ’d3p"} .

(3.12)

With the above values for the coefficients c;, we calcu-
lated contours of constant diffuse scattering using Eq.
(2.36) or its equivalent Eq. {1.15). In Fig. 2 we showed
contours in the planes perpendicular to the twofold,
threefold, and fivefold symmetry axes for quenched
phasons in the limit 7=0. We assumed that the phason
quench temperature T, is approximately equal to the
melting temperature of the stable crystal, T,~T,,, and
that T, =~37,.* It was also assumed that ms(T,,)
~ms(T,) and that the ratios of the moduli m;,,
i=1,2,3,4 are approximately the same at T=0 and
T=T,.

In Fig. 3 we also show the results for quenched
phasons, but now we take T'=T,. Finally, in Fig. 4 we
show analogous results for the case when both phonons
and phasons are thermalized at T=T,.

IV. CONCLUSIONS

The effect of phonon and phason disordering on
scattering from quasicrystals was examined in this paper.
An explicit formula was derived to relate the Debye-
Waller factor of a quasicrystal to its elastic moduli [Eq.
(2.33) and Egs. (2.37) and (2.42)]. Lowest order diffuse
scattering from quasicrystals has been also described ex-
plicitly in terms of the elastic moduli [Egs. (2.32) and
(2.36) and Egs. (2.37) and (2.42)].

The derived general formulas were applied to a specific
case of icosahedral quasicrystals. Representative con-
tours of constant diffuse scattering were calculated for
cases of quenched and thermalized phasons. Two main
observations could be made: shape of the contours is
much more complicated than what would be possible in
the case of ordinary crystals (or isotropic solids); unlike
ordinary simple crystals, shape of the contours varies
even among the collinear Bragg spots. These are signa-
tures of phason degrees of freedom. Moreover, for large
Q! both the Debye-Waller factor and the diffuse scatter-
ing contours are dominated by Q' components. There-
fore these are the characteristic features which can exper-
imentally identify quasicrystals.

A careful experimental measurement of diffuse scatter-
ing in quasicrystals might be the best way to evaluate
their elastic moduli. Such measurements should be done
as a function of temperature (so that the quenched,
temperature-independent contribution can be isolated)
and as a function of quench rates (so that the
temperature-dependent contribution can be isolated).
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APPENDIX A: CONTINUUM ELASTIC THEORY
OF HUANG SCATTERING

In this appendix, we review the continuum elastic
theory of Huang scattering from a fluctuating impurity
concentration 8¢(X). Although the results are not new,
they illustrate the notation and calculational techniques
employed for quasicrystals in the body of this paper and
in Appendix B.

As discussed in the Introduction, we consider an iso-
tropic elastic free energy with a linear coupling of the lo-
cal dilation u (¥)=V-u(X) to 8c(X),

Feﬁ=%fd x(2puf +Aud +2y 8c uyy) . (A1)

We assume for simplicity an isotropic crystal in a period-
ic box of volume ¥V, and make the Fourier decomposition,

W(x) = —ze REG) (A2)
where
W= [ d’x e Tux) . (A3)

Upon passing to Fourier variables for &c(X) as well, the
free energy becomes
Fe,,_FO+—7’— 3 [-u(@)]8e(— (A4)
q
where F, can be written in terms of longitudinal and
transverse projection operators in reciprocal space as

49 q q,q,

+(2p+A)—~

1
0— qu

Xui(Qu;(—q) . (A5)

To calculate the thermodynamic average of a quantity
A using (A4) for a fixed impurity distribution 6¢(X), we
must first carry out a functional integral over the dis-

J

iQ-[E(X)—u(0)]—

<exp

(efé'ﬁ’(i‘)—m(‘)')]) -

-lffd3x'ukk(i")8c(i")}>

placement field u(X),
[ Dl(x)14 exp(—F 5 /kpT)
[ DlEx)] exp(—F g /kpT)

where the square brackets denote the thermodynamic
average. We must then average over the quenched im-
purity field. When expressed in Fourier-transformed
variables, the quenched probability distribution of Eq.
(1.8) is

(4)=

) (A6)

A
~ T, Vz | 8c(q) |2

P [8c]x exp (A7)

Denoting impurity averages by an overbar, we can aver-
age over both displacements and the impurity distribu-
tion (A7) as follows:

[ D81 4)P,(8¢)
[ DL8c(x)1P, (5¢)

(4)=

(A8)

We now investigate fluctuations in the particle density
p(x),
p(X)= 3 8(x—R—u(R)), (A9)
R
where the sum runs over the sites {R’}_pf a regular lattice

with reciprocal lattice vectors {Q}. The Fourier
transformed density reads

P( (—1>) — Z e 17]'-[i+i'(1?)]
R

—

— Zeizi’ei’i'ﬁl ) , (A10)
R

where we have set q =6 +k. The quantity measured in
diffraction experiments is the structure factor S(q),

S(@=(|p@|*)/N

— Eeizi(ei$m(i)—i(6)]) . (A11)
We shall be interested here in the behavior of S(q) for q
near a particular_reciprocal-lattice vector Q, and will
therefore set §=Q inside the averages of Eq. (A11). We
can also replace the sum over R by an integral over X in
this limit.

The thermodynamic part of the average in (All) can
be simplified as follows:

0

(exp

—%fd&'ukk(i')ac(i')

)

= exp [—%Qin([u,»(i()—ui(6)][uj(i)—uj(6)])o

_—}/_T'Qj fd3x'Bc(x’)(ukk(f')[“j(m

—uj(6)1>o} , (A12)
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where { ), denotes an average with respect to the free energy F,, and we have used standard properties of Gaussian in-
tegrals. The two exponentiated thermal averages in (A12) are readily evaluated using Fourier variables and the free en-

ergy (AS5):
([u;(X)—u; (0)][u (X)—u; (0)])0_U (X)
2kgT _ 1 =11 PiP; 1 PP
= 2—2‘(1“—9’;,.)() - 8” 2 2 > (A13)
V = n p 2u+A p
(g (X[ (X)—u;(0)])g=V,;(X",%)
__ T 1 (BT _1)e - (A14)
- 2u+7» V = p ’
The required thermal average is thus
(e QWO-TON) _ exp | — 10,0, U, (X)— ijd3x’8c( NWiR'X ”)l : (A15)
To carry out the remaining quenched average in Eq. (A11) we need to evaluate
exp |10, [ d’x' 8e(X"V;(X',x) (A16)
B
which, using Eq. (A7), is readily found to be equal to
1 -
where
o 2kBTq 1 PiP; Fote
;i (X)= A Vg »* (1—e'P™) (A18)
3
Combining everything together, we have finally
—_— o —— | kgT Dj kgT kpT,v? | pip,
Q@ -TO0)]y _ oo Ls L __wx |28 - Pip; B By iPj Al19
(e ) exp[ Q,0, Vg s(1—e®™X) T R RNy . (A19)

The small k behavior of the structure factor (A11) is dominated by the large X behavior of the averages discussed
above. The term of (A19) proportional to e in particular, behaves like 1/x for large x, and can be expanded down
from the exponential. Upon inserting Eq (A19) into Eq. (A11) and expanding in this way, we obtain our final result:

kik; kgT kpT,y* | kik;
S(q)me—QZHu(f)lz) 8(K)+ Q‘QJ RB7 'Sij_ 21 B "B qY : 21 , (A20)
u k 2u+A  A(2u+A) k
[

where the Debye-Waller prefactor $5(qg—Q)= Ve _ Ze’q'k ’ B1)

T TS S L T
T 3eu+A) P T 3A02u A where R is a vector of a hyperlattice whose unit-cell
volume is v, while Q is a vector of the corresponding re-

1 1 ciprocal hyperlattice, and

X v g — (A21) p

. . . 8(q'=0)=Nl—7—, (B2)

Passing to limit of large volumes V and setting T =0 we (2 )
obtain the result (1.9) quoted in the Introduction. where v’ is volume of a domain in 1 subspace which

APPENDIX B: STRUCTURE FACTOR FORMULA

In this Appendix we shall derive formulas (2.30)-(2.33)
and also Eq. (2.41) for the case of quenched phasons. As
a preliminary step, we must prove two simple formulas,

decorates every hyperlattice point, and N is the number
of intersections of these domains with the physical, || sub-
space. The first formula can be proved by integrating
both sides of this equation over a reciprocal unit cell.
The second formula can be proved by setting q' =0 in Eq.
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(B1) and then integrating both sides over q' with the
weight
l)dd——le .

w(q)= f exp(—igqhx (B3)

This weight is the | Fourier transform of the function

W(xl)___ 1, KJ'EU'L
0 otherwise .

(B4)

In deriving Eq. (B2) it is necessary to recall that
Q=0=Q'=0=Q"'=0, and to observe that

N'=3 W(R") . (BS)
R

There are two immediate consequences of Eq. (B2).
First, the usual substitution for the square of the delta
function,

8(q)*=N 8(q), B6)

[6(q)] 2 )3 q (
used for periodic lattices, generalizes to

[8(q"P= N" 8"(q") (B7)

in the case of quasilattlces. Second, since v' is arbitrary,
Eq. (B2) implies that points {R'] fill 1 space uniformly.

Using the standard results for Gaussian integrations
the average in Eq. (2.27) can be easily evaluated,

—ipll. i
f=exp [~—%f(k2e P R!—k,e P RU) cl(ph

ip“"Rg

iol.R
ket i—kse't Q)a!3 I (B8)

and can be seen to depend only on the difference R, —R,.
This can be used to simplify the structure factor in Eq.
(2.26). We first make the substitution

R,—R,>R,
R,—R’. (B9)

Then, by using (B1), summation over R’ can be immedi-
ately carried out to give the factor

2’” S S a0 (B10)

However, since the two 8's in Eq. (2.26) force
k|=kj=q', and since Q'=0=Q=0, the only term sur-
viving in the above sum is the Q=0 term. Therefore, the
integral over one of the k’s can be performed, and after
applying Eq. (B7) we are left with

Sligh=v'2m)? 33 [e~*Rf(R,k)| W(k)|?
R

x 8ltq'—khd % , (B11)

where
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S(R,k)=exp [—%k- [f[l_ cos(p!-R1]

xC~(phd’p "] k] (B12)

follows from Eq. (B8) with substitutions k;=k,=k and
R,—R,=R.

In order to evaluate the remaining sum and integral in
Eq. (B11), we first observe that the integral in Eq. (B12) is
dominated by the contribution from the first term in the
integrand since the positive and the negative contribu-
tions from the cosine will tend to cancel each other.
Therefore we can expand the exponent to obtain

FRK)=fo(K[1+£,(RK)+ -], (B13)
where

folk)=exp | — Ik [fc- (phd’p "} k], (B14)
and
FiRK)=4k- [ [ cos(pl-RICTphdp! | k. (BIS)

Associated expansion of the structure factor Eq. (B11) is

Sligh=s}(q")+S|(q"+ (B16)
where
Shigh=v'@m? >3 [e % Rfyk)| Wik)|?
R
x 8l(q'—k"d % , (B17)

and

Sl(@h=v'@m? >3 [e ™ Rf (k)f | (R,k)| W(k)|?
R

x 8l(q'—k"d % . (B18)

The zeroth-order contribution to the structure factor,
Eq. (B17), can be easily evaluated by using Eq. (B1). This
gives Eq. (2.31) and we see that f,(Q) is analogous to the
usual Debye-Waller factor. f,(Q) is Gaussian in the
physical Q' as well as in the complementary Q' com-
ponents of the diffraction vector. Of course, since there is
a one-to-one correspondence between Q! and Q!, one
could view f as a function only of Q'. However, an im-
portant difference from the usual Debye-Waller factor is
that for a quasicrystal this would be a highly irregular
function of Q.

In analogy to ordinary crystals, we expect that S,(q)
describes diffuse, Huang scattering characterized by alge-
braic peaks overlapping the usual Bragg, &-function
peaks. Indeed, this is the case, as can be seen by explicit-
ly evaluating Eq. (B18). The sum in this equation can be
evaluated by writing the cosine as the sum of two ex-
ponentials and, then, using once more Eq. (B1). The re-
sulting 8 function and already present §' function make
the integrals over k and p' trivial so that we obtain Eq.
(2.32).
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We shall conclude this section by sketching derivation
of the effective hydrodynamic matric C.p') appropriate
for the case of quenched phasons. The average of

exp[ik,-u(R,)—ik;-u(R,)]

now involves first averaging over P.[u'] given in Eq.
(2.38) and then over Pq[ui] given in Eq. (2.40). The two
averaging steps are not independent because of the ué

(CII,I|)~1_Hcll,ll)—l.Cllyl.(c‘lll)—-1.Clyll.(cli.il)—1
_(Cé,i)-l.cl,ll.(cls,u)—l

—1_
eff —

where we suppressed the implicit p! dependence. By in-
verting the last equation it can be verified that
chl clt

Cer= chl chtyghi(chht.obt | 2

as claimed in Eq. (2.41).

APPENDIX C: COORDINATE SYSTEMS
FOR ICOSAHEDRAL GROUP

The orientation of the icosahedral group with respect
to the coordinate axes in the physical and the comple-
mentary spaces can be specified by the projections (com-
ponents) of the six orthonormal vectors ’é“, u =1,
2,...,6, which generate the six-dimensional hypercubic
lattice.?’ In the ||, physical space, we specify these pro-
jections in the following way:

e|=n(r,0,1),
e}=n(r,0,—1),
el=n(1,7,0),
(Ccn
el=7(0,1,7),
el=n(0,—-1,7),
el=n(1,—7,0).
Similarly, in the 1, complementary space we specify
e;=n(1,0,—7) ,
e;=7(1,0,7),
ei=n(=-1,1,0),
(C2)
ei=7’(09—7,1) ’
ei=7(0,7,1),
eé:n(—r,—-l,O) .

The projections of the unit vectors will have magni-
tude 1/v2, so that

n=1/V2r4+4,
where T=1(1+ V'5) is the golden mean.

(C3)
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dependence in the normalization of P. However, the
two steps can be made independent if a change of vari-
ables is made in the first integration,

ull_,‘-,-ll___-ull+[CII,II]—1.CII,l.u$ . (B19)

Now, by completing the usual Gaussian averages one
finds the same results as in (B8), except that C~! is re-
placed by

_.(CII.N)—l.Cu,l.(C;,l)—1

(chiy! : (B20)

Our choice of the orientations of the icosahedral group
is guided by the fact that icosahedral group has
tetrahedral group as its subgroup. We choose the orien-
tations so that the two inequivalent representations of the
icosahedral group, spanned by || and L subspaces are
identical when restricted to a tetrahedral subgroup.
Orientation of the tetrahedral subgroup is a standard one,
with the coordinate axes coinciding with the twofold
axes. This facilitates efficient extension of the available
results from tetrahedral to icosahedral symmetry. Obvi-
ously, selection of a particular permutation of the basis is
irrelevant to the above point.

With the above orientation, a hyperlattice vector

R=an #'é“ , (C4)

where a is the hyperlattice constant and n, are integers,
has projections

Rl=an e}, (C5)
and
Ri=ange, . (C6)
Similarly, a reciprocal hyperlattice vector
27, A
Q= —;—l A (C7)

has projections

21
Qn__a 1€, (C8)
and
Qi= —2”1 L (C9)
PR

Integers I, can be used to index Bragg peaks of
icosahedral quasicrystals.

In order to obtain an icosahedral quasicrystal with
atoms at the vertices of the Ammann quasilattice, one
decorates hyperlattice vertices with “flat”” surfaces

slgh)y=0,

whose shape in 1 space is a rhombic triacontahedron with
edges ta eﬁ, that is, the projection of the unit hypercube.

(C10)
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Consequently,

vi=(10+4v'5)"233~4.352 500> . (C11)

In order to establish a correspondence with coordinate
systems of other authors, it is generally necessary to first
make a correspondence between the labelings of the six
vectors e,, and then give transformations between the
coordinate frames. For example, if we denote vectors
and coordinates given in Ref. 25 by an overbar, the fol-
lowing transformation can be established:

e, e
-100000)|

) 0 1000 0f][%

ey 0 00100||&

es|=|0 0000 1| (C12)

e 001000
0 00010

96 ?6

]|

x'] 0

01
xil=]0 10/l|%}|, (C13)
x| (=10 0]z
and
xi| (-1 0 o |[F1
xil=|0 1 o ||%} (C14)
x§ 0 0 -1 f%

Obviously, the first transformation is not unique, but
once chosen it uniquely fixed the coordinate transforma-
tions. If the first transformation is changed by an ele-
ment of the icosahedral group, the coordinate transfor-
mations must be changed by the same element.
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