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ABSTRACT Based on the linear elasticity theory of the cubic quasicrystals, we have derived the equations
of wave propagating in the cubic quasicrystals and the analytical expression of the phase velocity of
wave propagation. Moreover, we extend the Debye hypothesis of continuous elastic medium to study
the specific heat of the cubic quasicrystals, for which we obtain an analytic expression of the specific
heat as well as an approach to calculate the Debye temperature O,
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INTRODUCTION

Since the discovery of the icosahedral quasicrystal
in Al-Mn alloys, the quasicrystals with noncrystallo-
graphic symmetry, such as decagonal, dodecagonal and
octagonal phases have been extensively studied.'**
For resent years in the process of the rapid solidified
V(Ni,Si, alloy, Feng et al* discovered a kind of
quasicrystal with cubic symmetry, which has been a
new subject in the field of quasicrystals. Wang et al”
have discussed the projection description of the
cubic quasicrystals and Yang et al® have studied their
linear elasticity theory. There are still many physical
properties of the cubic quasicrystals have not been
studied yet. For example, one of the important physical
properties, the specific heat of cubic quasicrystals
has not been studied. It is well-known that for the
general quasicrystals it is impossible to obtain an
analytical solution of lattice vibration properties.
Therefore it is impossible to get an analytic result
for the physical properties related to the quasicrystal-
lattice dynamics. Due to the special structure of the
cubic quasicrystals, we can obtain some analytical
results on its lattice dynamics. In the present article
we will report our study on the specific heat of cubic
quasicrystals. We have first derived the equation of
wave propagation in the cubic quasicrystals and then
obtained the specific heat expression of the cubic
quasicrystals. It is well-known that the calculation
of the specific heat for both of the crystals and
quasicrystals has to base on the knowledge of their
lattice vibration modes. In order to simplify the
calculation, Debye® assumed that the lattice wave of
the solid is an elastic wave of continuous medium.

Based on this hypothesis he successfully obtained
the specific heat formulas and explained the
experimental phenomenon that the specific heat of
crystals decrease by T° at low temperature. In this
paper, following the Debye hypothesis we will extend
the continuous medium model to the cubic quasi-
crystals, in which the contributions of the phonons,
phasons and their couplings on the specific heat are
considered in the six-dimensional space but the wave
propagaation still exists in the physical spaee.’® By
this generalized Debye hypothesis we first derive the
wave equations to obtain the wave velocity
expression, then we derive the analytical expression
of specific heat for the cubic quasicrystals and
provide a set of formulas to calculate the Debye
temperature 0. This paper is organized as follows:
In Section II based on the linear elasticity theory we
derive the wave propagation equation and phase
velocities for the cubic quasicrystals. In Section III,
based on the results of Section II, we derive the
formulas to calculate the specific heat of the cubic
quasicrystals. The Section IV is a brief conclusion.
Because up to now there is no related experiment
dates reported yet, therefore in this article we only
present the theoretical results.

LiNEAR ELAsTICITY THEORY AND WAVE
PropracATiON EQuATION OF THE CuBIC
QUASICRYSTALS

According to the result of Wang et al’, the cubic
quasicrystals can be obtained by projecting a six-
dimensional periodic structure onto a three-

dimensional physical subspace. Letting E be a
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displacement vector in the six-dimensional space,

u and W be the components of & in the parallel
subspace (ie, physical subspace V) and per-
pendicular subspace (ie, complementary subspace
V), respectively, then we have

E=u+w. (D

For the cubic quasicrystals which possess the
crystallographic point-group symmetry, physical-
property tensors in V¢ and V, can be transformed
under the same irreducible representation. Therefore,
they will induce the same elastic behavior in that
two subspaces. If u,, U,, U, stand for the displacement
components of the phonon field u, and w,, w,, w,
for the displacement components of the phason field
W along main-axis X,, X,, X;, respectively, then we
have

ui = ui (Xp sz X3; t) (I = 1’ 27 3)7
W, =W, (X, X, X3 1) (i=1,2,3). (2)

According to the linear elasticity theory of the cubic
quasicrystals developed by Yang et al®, the stress-
strain relations become

T,,= C,,E} + C By, + CHE + RIF, + R Py, + RF,
1= CLE, + CoEnt CLEL+RF, + R Fat RF.
o= CLE, + CoEnt CLEL+RF, +RFs+RFo
T, =2C.E, +RF, =T,

T31 = 2C44E31 + 2R3F31 = T13

T21 = 2044E12+ 2R3F12: T12

H11: R1E11+ R2E22+ R2E33+ K11F11+ K12F22+ K12F33
HZZ: R2E11+ R1E22+ R2E33+ K12F11+ K11F22+ K12F33
H33: R2E11+ R2E22+ R1E33+ K12F12+ K12F22+ K11F33

H23_ 2R3E23+ 2K44F23 = H32
H31_ 2R3E31 + 2K44F31 = H13
H12: 2R3E12+ 2K44F12: H21 (3)

where E;; are the strain components associated with
phonon field u, F; the strain components associated
with phason field w and

gy =l (M My g LM O,
2 X, o 20X oK

); (4

T;; are the stress components similar to those in
conventlonal crystals, H; the stress components due
to the existence of the phason field, C; the elastic
constants of the phonon field, K;; the elastic constants
of the phason field, and R;, the phonon-phason

ScienceAsia 27 (2001)

coupling elastic constants. The corresponding
equations of mass-point vibration are

J’u, :@.Fd-r“ +&
J’u, :&_'_d-rzz +0T23
pdzuz :del +dT32 +dT33
pdzwl :ﬂ"n +dHu +0Hu
o0*w, - oH,, + oH,, +d'|23
pdzws - oH;, + oH;, +sts (5)

where p is the mass density of the quasicrystals.
Because a cubic quasicrystal is an anisotropic crystal
with nine independent elastic constants, the pro-
pagation of vibration varies with the polarization
direction. In the following we first discuss the wave
propagation in the direction 0 of the physical space.
Let 1, m, n stand for the direction-cosines of (I , we
can rewrite the Eq (4) as follows:

L N ST L]
o’ a’ 2 (?D (91]
3 =—(N %),EZS :l(ldh +m%),
2 00 od 2 o0 o
F11:|%,Fzz:m% Fn—ndM Fs = 1( o éw})
od 2 {ﬂ] 7
1 le dNZ
Rzl My g =L
2 (9\] (?D 2 (9D

Substituting Eq (6) into Eq (3), then into Eq (5)
again, we can obtain

2, -r 2, rudul ruzm i, aow, rhd |.wdwg

e i g g g i

z}uz:r au, |.Ndu r,}dui |.Hd dw i, aw,

et e

dfujzr“(?u‘ |.H(7u7 |.3}(3u3 rﬁ(? I'de7 |.36(?1w3
a /A A/ I R I BN Ik ik
ow, _rﬂdu] r40“7 +rﬂdu} +|.Hdw (?fwZ +|.%dw3(7)

¥ o o o "o T
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pdzwz & rﬂmduwr,,ﬂwn(f r(?W3
@ /A AL ER IE iR iR

A AR L Ak

P T e g T o o

)

where

Brn =CylI* +C44(mz +nz) E_zl =Culm +Cyulm

EI_“ =Cplm +Cylm g_zz =Cym? +C44(|2 +n2)

5=Chin+Cyln Hu =C,mn +C,,mn
0 ®
T, =RI> +R;(m? +n*) [T, =R,Im +R;Im
a

EI’H =R,Im +R;Im El'zs =Rim* +R,(I* +n?)
H‘w =R, In +R;1n, H‘lﬁ =R,mn +R,mn,
El'nzculn+c44ln EI'H:RIZ+R(mZ+n )
%’n =C,mn +C..mn Ell' RJm +RIm

5 =Can? +Cy( +m) Hy =R, In +R,ln
0 0 )
05 =R,In+R;1In Oy =Kul* +Ky(m? +n?)
0 0
Eh,i =R,mn +R,mn Er s =Kulm + K, Im
H‘% =Rin? +R;(I* +m?), H‘ 2Mn +Rymn,
5 =R,Im +R,Im g =R,In +R;In
i U
Ei’ =Rm* +R,(I* +n?) EI'GZ:RzmMR;mn
H‘ =R,mn +R;mn H'M:R,nZ+R3(I2+mZ)
O O (10)
05 =Kp,lm +KyIm e =KyIn+Kyn
O 0
Bhs =K,m? + Ky (I* +n?) Eh,ﬁ =K,;mn +K,mn

H_se =Kumn +Kymn H_se =Kun? +K44(|2 +m2)-
Let ¢ stand for elastic displacement vector related

to the wave propagation along [ direction, and p,
g, r, P, q, r for its direction-cosines in the six-
dimensional space, then

up =pé& u, =gé,u;s =ré,w, =p'é,w, =€, w; =€,
E=pu, +qu, +ru; +p'w, +q'w, +r'w;,(11)

where £ is the length of £. Substituting Eq (11) into
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Eq (7), we obtain the following wave equation
2 2
0 f = C*ﬁ, (12)
ot od:

which implies that the phase velocity v = V C*/p,C*
is the effective elasticity coefficient, and satisfies the
following equations:

pro+qr, +d +pT o +qT 5+ s =pC*
pro+qry, +0 5 +pT o +q7 5 +10d  =qC*
prs +qrs + 5 +pT s +97 55 + 1§ 5 =rC*
pro +qly, +M 4 +pT o +q7 & +1 4 =p'C* (13)
prs +qs +1 5 +pTs +q7 5 +158 5 =q'C*
Plo + Qe + Mg +PT o +qT s + 1 o =1'C*.

Providing that the Eq (13) has a solution, then we have

rll_C*l—ll r13 rH rli rlﬁ
rll rzz -C* r23 rz+ rzs rzs
r}l_c*l—32 rxs'c* ru |—37 r}e

=0, (14)

rﬂ ru rn r44_C* rﬁ r««

I—il I-il |—33 |_5+ rii -C* rib

la Mo s M s le-C*
Above Eq (14) is a secular-equation of effective
elastic constants C*. In principal, combining Eqs (8-
10) we can solve the Eq (14) to obtain C* and then
calculate the phase-velocities of wave propagation
along any direction. It is however very difficult to
analytically solve the Eq (14) for all propagation
direction. To simplify the calculation and obtain a
possible analytical solution, we consider the wave
propagating along the (100) direction of cubic
quasicrystals in physical subspace. In this special
cace Eq (14) reduces to

Cll_C*O 0 R1 0 0
0 C.-C*0 0 R, 0

0 0 Cy-C*0 0 R,
=(. (15)
R, 0 0 K, -C*0 0

0 R 0 0 Ki=C* 0

0 0 R 0 0 K -C*
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The solutions of above equation are, respectively,

Ci=C; = ‘(Cn +K11) + , (16)

(Cu K11)2+4R2

C:=C; =C; =C; =1(Cyy +Kuy) +

i)
(C44 K44 )2 +4RZ

then the six velocities, v,(i = 1, ... 6), of wave
propagating along the (100) direction of the cubic
quasicrystals in physical-subspace have the following
expressions:

/ (Cn +K11)+

NEE K11)Z+4R2

V, =V, =
\ P

H(Cu K ) S
\(644 K44 ) +4R5

=.(17)

Vy =V3 =Vs =V = —\

From above formulas we can see that Eq. (17)
contains only four parameters C,,, K,;, R, and R,. If
we consider other propagation dlrectlon, says, to
calculate the phase velocities of wave propagating
along the (111) direction, then from Eq. (14) we
will see that the velocity expression would involve
nine independent elastic constants of the cubic
quasicrystals. Obtaining an analytic solution is
therefore very difficult. For these more general cases
ones can only expect to have a numerical solution.

SpeciFic Heat oF THe Cuic QUASICRYSTALS

After obtaining the above velocity expressions
we now can evaluate the specific heat of the cubic
quasicrystals by extending the Debye hypothesis to
the studied systems. Debye® considered the crystals
as a continuous elastic medium to propagate the
waves of elastic vibration. Under this hypothesis he
calculated the specific heat of ideal crystals, which
was in good agreement with the experimental results
at low temperature. We will now try to extend the
Debye hypotheses to the cubic quasicrystals, i.e., we
also consider the cubic quasicrystal as a continuous
elastic medium. Noting that the phason do not form
new degrees of freedom, the total number of freedom
degrees remains three times the number of atoms
contained in the cubic quasicrystal. Therefore, there
are 3N independent harmonic vibration modes,
where N is the number of atoms in the cubic
quasicrystal. Denoting w for the atom vibration
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circle-frequency and g(w) for the frequency
distribution function, then g(w)dwis the number of
the harmonic vibration modes between w and w +
dw, and we have

I: g(w)dw=3N. (18)

For the cubic quasicrystals containing phonon as
well as phason by the Debye hypothesis we have

g(w)dw=B wd w (19)
where
B= v L +L +L +L +L +L)’ (20)

27 VP V3 V3 viov: Vi

and V represents the volume of the cubic quasi-
crystals, v(i = 1, ..., 6) are defined by Eq (17).
Considering that the total number of freedom
degrees should be finite, so there is a maximum
frequency wy, then Eq (18) can be rewritten as

[, g(w)dw=3N, Q1)

Substituting Eq (19) into the above formula and
because the phase velocities v, i = 1,2, ...6 are
independent of the frequency, so we easily obtain

w3 =9N/B. (22)

If we introduce an effective average energy , then
the total energy reads

E=E, +y&w) =E, +IO“’D Hwy( wd @ (23)

where E_ is a constant and

= hiw
E=——"—,
ehw/kT _1

(24)

where K is the Boltzmann constant, T is the absolute
temperature, respectively. According to the definition
of specific heat,

)V ’ (25)

Using Eqs (22-24) we obtain
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eﬁw/ka (uzd w

2
(ehm/kT _l)z ! ( 6)

/=B (12

where B is given by Eq. (20). If we introduce two
new parameters x and y as following:

10) X = hab eD

T , 27
KT kT T @D

y:

where ©, is the generalized Debye characteristic
temperature for the cubic quasicrystals, and evaluated
as

i ON

@D—th/k—f( h 18Nn

)1/3 _7( )1/3

with

1 1 1 1 1 1

X=(—+—+—+—+— +), (29)
Vi o vi o ovioviowv:ov?
then the Eq. (26) can be rewritten as
4ey
Cy =BK[*(KT/h) —Y°
v IO( ) (ev 1) y
y
9Nk x y'er 30)

x> o (e’ —l)2

Above Eq (30) is an analytic expression of specific
heat for tbe cubic quasicrystals. It is also one of
the main analytic results which we expect to obtain.

CONCLUSION

In this paper, we first obtained the wave pro-
pagation equation of the cubic quasicrystals. Based
on this equation, we derived the formulas of wave
velocities propagating in the cubic quasicrystals. By
extending the Debye’s continuous medium hypothesis
forideal crystals to the cubic quasicrystals, we obtained
the analytic expresion of specific heat for the cubic
quasicrystals and provided an approach to calculate
the Debye temperature ©p. Formally the present
specific heat and Debye temperature expressions for
cubic quasicrystals are almost same as that of the
ideal crystals, but the @, contains the contributions
of the phonons, the phasons, and the coupling
between phonons and phasons. Thus, the present
theoretical results on the specific heat of the cubic
quasicrystals are an meaningful extension of the
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Debye theory for ideal crystals, and also only because
the special geometric structure of the cubic quasi-
crystals we can obtain these interesting analytical
results, for other kinds of quasicrystals we generally
can not obtain such impact analytical solution. Ones
can only expect a numerical result, but it is a heavy
and tedious work.
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