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Piezoelectric effects in quasicrystals
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Piezoelectric effects in quasicrystals induced by both phonon and phason fields are investigated. Some
characteristic features are predicted. Nonvanishing piezoelectric coefficients are deduced for two-dimensional
quasicrystals with crystallographically allowable and forbidden symmetries as well as three-dimensional icosa-
hedral and cubic quasicrystals. Our results show thatvhile there may be no piezoelectric effect in quasi-
crystals induced by phonon fields, the effect may yet be nonzero due to phason fiel@), thedoiezoelectric
effect may be duéa) only to phonon fields(b) only to phason fields, dic) to both.[S0163-18207)01129-6

I. INTRODUCTION phason degree of freedom in hydrodynamics for QC’s, which
leads to two kinds of strain fields, the phonon strain
Since the discovery of a quasicryst®C) in an Al-Mn

alloy in 1984, significant progress has been made concerning
the structural and static properties. However, the knowledge
and understanding of the physical properties beyond those
are still limited. Some investigations on elasticity have beerand the phason strain
made by a number of authots? Fujiwara, Laissardiere, and
Yamamotd have discussed the electronic structure and elec- Wij=djw;

tron transport of quasicrystals. Brandien and Clau8 have as well as two kinds of stress fields: the phonon stigss

calculated the piezoelectricity tensor which is restricted to 34 . !
that part associated with the phonon degree of freedom, Otg1d the phason strek; .*"In this case, the first and second

viously, a full description of piezoelectric effects in QC's 1aWs of thermodynamics take the following form:

requires one to consider both phonon and phason fields.

Yang and co-workef€ have recently studied the thermody- dU=T;;dE;+H;;dW; +F;dD;+ 6dS. @)

namics of' equilibrium propert.ies of QC"S, which is realized The Gibbs free energy is

by extending related formulation for ordinary crysfais the

case of QC’S' . . . G:U_T”El]_H|]W|]_F|D|_08 (3)
On the other hand, the extensive usage of piezoelectric

crystals has made a great change in this wotflit is natu-  Combining it with Eq.(2) we have

ral to ask what is the piezoelectric behavior of a quasicrystal.

Although it is still difficult to investigate this property ex- dG=—E;;dT;;—W;;dH;; —D;dF;—Sdo, (4)

perimentally because of the small size of the samples for ] o ) o

most of the quasicrystals and the difficulty to measure effect@/hereF is the electric fieldD is the electric displacement,

pertaining to the phason field, we think it is worthwhile to iS the temperature, anl is the entropy. In isothermal con-

propose a theoretical insight into it. This is the purpose ofditions, the electric displacement caused by stregdiesct

this paper. We will use group theory to explore the piezo-piezoelectric effegtobeys

electricity of QC’s including the contribution from both pho-

non and phason fields. With the help of this method we dis- B 9°G 7°G

cuss piezoelectric effects in all two-dimension&D) dbi=- IF 19T}y k™ IF 1 0H dHj,

guasicrystals with crystallographically allowable and forbid- o o

den symmetrié and three-dimensional3D) icosahedral :di<.1k>d-|-jk+di<_2k>d|-|jk_ (5)

and cubic quasicrystals. It is found that the piezoelectric be- . .

havior of QC’s is more complicated than that of ordinary For the converse piezoelectric effect

crystals because of the presence of the phason field. The

1
Eij=3 (djui+aiuy), 1)

nonvanishing piezoelectric constants are tabulated for all 2D 9°G i
and 3D QC’s in Tables I-lll. The following section is de- dEj=- JT; IF dF=dijcdFy,
voted to deducing the nonvanishing piezoelectric compo- N o (6)
nents of QC’'s by means of thermodynamic and group- 26
theoretical methods. Conclusions are given in Sec. lll. dW, = _(_) dF.=d?dF,.
0"H|JO"FK P =ijk

Il. NONVANISHING PIEZOELECTRIC CONSTANTS

The coefficientsl[?, df), d), d3) are called piezoelectric
constants, which are the tensors of rank 3. The components
It is well known that a prominent feature that distin- can be divided into two types denoted by supersc(iptaind

guishes QC's from ordinary crystals is the appearance of th€2), which are associated with the phonon and phason fields,

A. Thermodynamic consideration
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TABLE I. Piezoelectric constants for 2D QC'’s with crystallographically allowable symmetries. In this table the ijidicethe phason
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strainW,, are arranged in the order of 11, 22, 23, 12, 13, and 21.

Piezoelectric constants

Point groups d® d®
df dF iy df Y o df d dE o o
1 dif dfy diy dyi i i dify diy digs il dify di)
dsf diy diy dyl dy dg)) dsy di di3s il dify d/
0 0 0 df o af 0 0 df df 0 df
2
) df dp dF o df o d dZ 0 0 dfy o
? 0 0 0 d¥ o d¥ 0 0 d3; d3, o d2.
34 36 8 323 312 321/ ¢
0 0 0 di dy o diZs 0 dify 0
2
) 0 0 0 4 &Y o a0 di 0
df dyy dy 0 0 di/, dfy d, 0 di; 0 d)/
dy dif dy 0 dE 0 difpy di% 0 0 dif; O
(L) 0 0 o df o dy 0 0 df df 0 df)
df df diy 0 di 0/ dy d, 0 0 dfy 0/
df dY oy 0 o df o 0 df 0 d
m
(M%) iy dy  dy 0 dy dfy d, 0 di, 0 d)
: 0 0 0 d¥ d¥ o 0 0 d3; o di, o
34 35 10 32 313 10
0 00d¥Y o0 o0 0 0 d%% 0 0 o0
222 0 0O d¥ 0 00 0 o0 di o
0 00 0 dy/, 00 0 df 0 df/,
0 0 0 o0 d¥ o 0 0 O0 0 d3Z o
21&23) 0 0 0 d¥ o o 0 0 d& 0 0 0
dsy dif dy o 0 o/ d$, d¥» 0 0 o0 o0/,
dy df d¥ 0 o o df df% 0 0 0 o
(2;")2) O 0 0 0 0 d¥ 0 0 0 d? o0 dg
0 0 0 0dy 0/, 0 0 0 0 dfs 0/,
0 0 o df d¥ o df 0 df 0
4 0 0 0 dif -di 0 d2, 0 —d2, o
dy df d o o o/, diy dsi 0 di 0 —diD/,
0 0 0 d¥y d¥ o 0 d2, o d3 o
4 0 0 0 -dy dy o 0 —dify 0 dif O
d -diy 0o 0o 0 dg/, dfy —dy 0 di; 0 dfy/,
o 0oo0d¥ o0 o 0 0 dZ, o 0 0
422 0 00 0 -d¥ o 00 0 o0 -d3 o0
000 0 o 0, 00 0 df o —dd/,
0 0 0 o0 d¥Y o 0 0 0 0 dZ o
Amm 0 0 ©0 d¥Y o0 o 0 0 d3% o 0 o
diy dif dy o o o/, d2, d2, 0o 0 0 o0
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TABLE I. (Continued.

Piezoelectric constants

Point groups d® d®
. 0 00dy 0 o0 0 0 d3 0 0 o0
(422”r)'(‘1) 000 0 d¥ o 00 0 0 d2 o
000 0 0 d¥/, 0 0 0 df, 0 dfy/,
df  -dd 0 o d -2df df  -dd B -df df -d
3 Ay dy o i -af -2dd ~d%, df, df -df -dB -di
dy  dy d 0 0 0/, dén  dir 0 di, 0 —dfy/
i -dy o 4 o0 o df - df 0 0 o
i 0 0 0 0 -dj -2df 0 0 0 -df -df -di
o 0 00 o 0], o 0 o df o —dif,
0 o 0 o df -2df 0 0 0 -df df -d
frTqu) —dy dy 0 dif 0 0 —dy, di, dis 0 0 0
dy d¥ d¥ o o o/, d2 d% o o o o/,
0o o o0 d¥ d¥ o 0 o0 d3 o d3 0
6 0 0 o0 df —dY o 0 0 df, o0 -—dZ o
d) dyy d o o o/, dfy dfy 0 di, 0 —di/,
di -di 0 0 0 -2d3 d -dd 0 -df 0 -df,
6 4y df 0 0 0 -2df 4% df 0 —df o —di
0 o 000 0/, 0 o o o o o0/,
0 00d¥ o0 o0 0 0 d2 o© 0 0
622 0 00 0 -d¥ o 00 0 0 -d% o
000 0 0 O 00 0 df 0 -—d,
0 o0 0 o0 d¥Y o 0 0o 0 o04d? o0
6mm 0 0 0 dY o0 o 0 0 d2% o 0 o
df df df o o o, d2, dZ o0 o 0o o,
_ 0 0 0 0 0 -2d 0 0 0 —-dg, 0 -d%3,
fr:“]fxl) —d¥ d¥ 0o 0 0 o0 —d2, d2, 0 0 0 0
0 0o ooo0 o0/, 0 0o 0o 0 o0 o0/,
In other cases dM=d@=0

respectively. From the symmetry propeBy =E;; provided inherent in the quasicrystal considered and generally lead to
by their definition(1) we have a reduction in the number of independent piezoelectric con-
stants. This is discussed in the following.

diR=dij, di=dj. )

Furthermore, by comparing Eq) and(6) we have B. Number of independent piezoelectric constants

dgjll():g}&i), di<j2k>:gj(lfi>_ (8) According to the higher-dimensional description of QC’s
a quasicrystal structure can be generated by projecting a

Consequently, the number of the independent piezoelectrigigher-dimensional lattice () onto the physical space
constantsd[) and d}) is 18. The number of independent (V¢) whereV=Vg+V, with V, being the complementary
coefficientsd(y) andd{?) is 27 for 3D QC’s and 18 for 2D space. Consequently, a vector W transforms under the
QC's, since for 2D QC’'8V;; with i =1,2 have only six com- vector representation'() of the symmetry group of the
ponentsW,;, Wa,, Wys, Wp,, Wy3, andW,,. However, structure considered, whereas a vectoW|ntransforms un-

additional restrictions arise from the point-group symmetryder another irreducible representatidrgf. Once the trans-
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TABLE II. Piezoelectric constants for 2D QC'’s with noncrystalline symmetries. In this table the indideshe phason straik;, are
arranged in the order of 11, 22, 23, 12, 13, and 21.

5,10,8,12
0o o0 o0 d¥ d¥ o 0
db= 0 0o 0 d¥ -d¥ o dv=[ o
dy dfy di o 0 0/« dsy
52,1022,8221222
0 00d¥y o0 o0 d2)
d={0 0 0 0 -d¥ o d?=| d2,
000 O 0 01 0
52,102m(with 21 x,)
d2 -d2? o o0 0 o0 0
d?=| 0 0 0 -df 0 -df d?=| ditp
0 0 0 0 0 0 /1 0
8,12
0 d2; o d3 o 0
d?=| 0 0 -df o0 d¥Z, o0 d?=| 0
diy —dii 0 df, 0 dpy/ 4 0
8m2,12m2(with mL x,)
0 0 0 0 dZ o
d?=| 0 0 -d% o o0 o0
d2, -d%, o 0 o0 2

5m,10mm8mm,12mm

111

3

0 0 o0 d¥ o
0 o0 d¥ o0 o0
i d¥ o 0 0
5,10
~d% 0 d 0 df
~d3, 0 -d3 0 -d¥
0o 0 0 o0 O

5m,10m2(with mLx;)
0

—di3, 0
0o 0

0
0

82m, 122m(with 2l1x;)
0 d2 o0 o0
0 O 0 d?2

123
0 0 d3, o

In other cases
Eitherd®=0
ord®@=0

0
0

0

0

0 dif0 0 dif
0
0

1

3)
diih/ 2

TABLE lIl. Piezoelectric constants for 3D QC's. In this table the indiglesn the phason strailv;, are arranged in the order of 11, 22,

33, 23, 31, 12, 32, 13, and 21.

Piezoelectric constants

Point groups d® d®
0 00d¥Y o0 o0 0 00d2%% 0 o0 dZ o0 o0
23 0 00 o0 d¥ o 0 00 0 d2 0 0 d3 o
000 0 0 d7/, 000 0 0 df 0 0 d/,
0 00dy o o0 0 0 0d2% 0o 0 d2 0 0
43m 0 00 o0 d¥ o 0 00 0 d2 0 0 dZ o
000 0 0 df/, 000 0 0 d¥ 0 0 d@,
0 0 0d2 0 o0 -d% o0 0
432 d®=0 0 00 0 d? o0 0 -—d% o
0 00 0 0 dZ o 0 —d%/,
mzmgn dD=d@=0

235m35
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formation properties of these vectors are specified, the physiFhe piezoelectric constant tensor for point gr(ﬁgﬁg can
cal property tensor of any rank can be determined by groupe also written in the matrix form

representation theory.
To illustrate this procedure, consider the example of oc-
tagonal quasicrystals witBg(8) symmetry. This point group

(2) (2)
is a cyclic group, which has eight elements, and hence eight 0 0 di%3 0 djz O

irreducible representatiort$.All are one-dimensional1D). d2=( o 0 —d2, o d& o |,
Among them one is the identity representatidi ), one is e 42 0 42 0 g2
the alternate representatiohi4), and the six other represen- 311 Ys1 312 312/ 4

tations are decomposed into three paifg,(4,I's). Two (15
representations of each pair are conjugate to each other. In
this casel'n=T,+T'3 andI'g=T",. Therefore, the compo-

nentsd(iy) (d{i})) transform under where the subscript 4 stands for the number of independent
components. The double indices labeling the phason strains
(T Ta) X[(Fp+ ) X (I +T3) Js=4T+ 43+ 1y are arranged in the order of 11, 22, 23, 12, 13, 21. Using this

method we can determine the matrix forms of the piezoelec-

+2l’s, ©) tric properties for all QC'’s. All the results for 2D and 3D
Where[. . .]S iS the Symmetric part Of the direct product_ The QC’S are g|Ven in Tables I—”I Most of the plezoelectrlc
componentsl?) (d%) transform under constantsd™ for 2D QC’s with crystallographically allow-
able symmetries listed in Table | have already been given in
(T+T ) X[(T,4+T3) XT,]=4T ;+ T3+ 4T 4+ 2T s. Refs. 9 and 13. The forms of the piezoelectric tensors for

(10 some crystallographically forbidden symmetries can also be

o o found in Refs. 6 and 14. These results coincide with our
As it is well known, the number of nonvanishing |ndepen-d(1) given in this paper.

dent components of a physical property tensor is just the
number of the identity representations which are contained in

the direct product. Since there is no identity representation in lIl. CONCLUSION
Eq. (9), di(jlk)=0. This means that there is no piezoelectric o ]
effect caused by the phonon field. From E#Q) it follows Our results show thal) 2D QC'’s with crystallographi-

that there are four independent componentsdﬁﬁf. The cally al'lowable Symr.”e”'es can be d|V|Qed Into two classes
ccording to their piezoelectric properties. One consists of

number of in ndent piezoelectric constants for h poi . . :
umber of independent piezoelectric constants for each po those QC’s with central symmetry, which have no piezoelec-

group pon5|dered in this paper IS listed in Tables I-Ill as 8ric effects. The other consists of those QC'’s without central
subscript attached to each matrix. ) . . .
symmetry, which have piezoelectric effects induced by both

phonon and phason fields.

(2) 2D QC's with crystallographically forbidden symme-

The determination of explicit forms for these independenttries can be divided into four classes. The first class consists
components is much more complicated than counting theiof those QC’s with central symmetip,5m,N/m, N/mmm
number. From Eqs5) and(6) we can see that the transfor- with N=10,8,12, which have no piezoelectric effects. The
mation properties oﬁi(jzk) (g}ﬁ?) follow directly from those second class consists of those QC’s with fivefold symmetry
for Di(F;) andH(Wj,). If we find the precise components (5,52,5m), which have piezoelectric effects induced by both
of D; and Wy, that transform under the same constituentphonon and phason fields. The third class_consists of those
representations we can construct all the invariants formed b)C's with evenfold rotoinversion symmetiN,Nm2 with
their combinations, and then establish the independent cooN=10,8,12, which have only a piezoelectric effect induced
ponents (ji(jzk)). Using the same method given in Ref. 12, we by the phason field. The fourth class consist of those QC's
find thatW;;—W,,, W5+ W;,, andD5 transform under the with evenfold proper rotation symmetrig,N22, Nmm

C. Matrix form of the piezoelectric constants

same representatiod’§) giving two invariants with N=10,8,12, which have only a piezoelectric effect in-
duced by the phonon field.
D3(W13—Wy), Da(Wo+Wyy). (11 (3) 3D _QC's can be divided into three classes. The first

class(m3,m3m, 235m35) has no piezoelectric effects. The

Thus, we obtain the nonvanishing components ) ) :
g P second class (233n) has piezoelectric effects induced by

d@=—d2,, d2=d2,. (12) both phonon ar_1d phasqn fields. The third cla<$$2) has
only piezoelectric effect induced by the phason field.
Similarly, (D,,D,) and (W,3,W,5 transform under the From the above characteristics it follows that we can
same representatiod’§) giving two other invariants separate the influence of the phonon and phason fields on
piezoelectric effects in some QC’s. An important conse-
D1Wy3+DoWi3, DyWi3—DoWos. (13) quence may be that experiments on piezoelectric effects in

) o QC'’s of different classes can provide information about the

Then the corresponding nonvanishing components are  phonon and phason fields, respectively. If such experiments
2 — A2 @D 42 could be_performed, one coulq work packwards and use the

diz=ds13,  die= —do. (14 results given here to extract information about the phonon
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and phason fields. This would help in further understandingrhis has been corrected in the present paper.
the physics of QC'’s.
Finally we would like to say something about our two ACKNOWLEDGMENT
papers.®in which the piezoelectric behaviors of some QC'’s
were discussed and where a mistake slipped in. The third This project was supported by the National Natural Sci-
class(dV=0, d®0) mentioned in item2) was left out. ence Foundation of China.
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