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±Ï5õUá���´�Æ[�a,��ï
Äé�, l��Ná�ì��1f¬NÑ®��

ã��¤Ò. Cc5, ïÄ<
qJÑ
(f¬N
�Vg. �1f¬N(�aq, (f¬N´dØÓ
��5á�±Ï5ü�¤�EÜõUá�. nØ
Ú¢�Ñ®y², 3·��^�e, �5Å3(f
¬N¥DÂ�¬�)�1f¬N�q�B� [1−3],

(f¬N�B�A5¦Ù3~�üD9(ÆõU
ì�+�kX2,�A^cµ [4]. ��1f¬NØ
Ó, >^Å�kîÅ, �5Å3ØÓ0�¥DÂ
� �G�òk¤ØÓ, 36N¥DÂ��kpÅ,

3�N¥DÂ�QkîÅqkpÅ, �k�U�3
pÅ�îÅ�ÍÜ. ¤±(f¬N�Y�¼�9O
���E,, AO´�$ª�Y�¼��´¤�L

k]Ô5�JK.

( f ¬ N � B � Å n Ì � k Û � � � Å
n [5]!.5��Ån [6] ÚÙ.�Ñ�Ån [7],

ÄuØÓÅn�(f¬N(�Ú�YA5��Ø
Ó. Û���Ån�,�±ÏL�º�(�¼��
$��Y, �Ù�Y���Ä, ���4�E,.
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�Ñ�Ån, �
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¿Â, ¤±ÄuÙ.�Ñ�Ån�(f¬N�Y�
�)�N�E´8c(f¬NïÄ�:. ïÄu
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¿�´¼�(f¬N�Y�´¶��, ü$(f¬
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�{. Äuù�g�, ïÄ<
^õ«�{5ü$
��(f¬N�é¡5, X^=��ÎÑ�N [8,9],

æ^Eª(�� [10,11]. Cc5, É1f¬NïÄ
�éu, ïÄ<
ÏL3��(f¬N¬�¥2V
\,�ÎN (�\N) ��ª5ü$¬��é¡5,

�±²w/O��Y. ��éù��{�ïÄ, 8
c�=�u�\N� �é�Y�K� [12,13], d
u3Ù.�Ñ�.�/íNX(f¬N¥, �YÌ
�uÑ�N����m��Å�Ó�U\, ´Ñ
�N�¬�(��Ó�^�(J, ¤±UC�\N
�/GÚ��, lÅnþwÓ��±¢yé�Y�
N�. 3dÄ:þ, �©±��g/íNX(f¬N
��., æ^²¡Å{ïÄ
¬�¥%�\N�é
¡59����Y�'X, uy�\N�é¡5é
�Yk��K�, ��\N�/G�¬�a.�Ó

�, �ÓW¿Çek|u¼��°��Y, ¬�
¥%´ÄV\,	�Ñ�N, ��é�Y�K�²
wØÓ.

2 �.9O��{

�¦O�äkÊH¿Â, ·�3�Î��¬�
98�¬�ü«ØÓ�(f¬N(�¥, ©OV\
o�Î!8�Î!l�Î9�Îo«ØÓ�ÎN,

Ùî�¡é¡5�gJp, Xã 1 9ã 2 ¤«. �
\N� �ÀJ3ü«¬��¥% (ã 1 ¥ü�J
��¤3� �), Ï�ù� �N´�)�Y, q
3é�§Ýþ;�{�Ùp�«u)Cz�O�
�5ØB [14].

ã 1 (��. (a) ��¬�9Ùp�«; (b) 8�¬�9Ùp�«

ã 2 �\Nî�¡«¿ã (a) o�Î; (b) 8�Î; (c) l�Î; (d) �Î

©¥æ^�/íNX(f¬N���²¡Å{
?1O� [11], ��ÑU�(�, IO��§∑

G

M−1Nϕk (G′) = ω2ϕk (G) , (1)

Ù¥ ω ´�ªÇ, Ý
 M 9 N ©O�

MGG′ = P (G − G′)
(
∆C−1

11

)
(1 − δGG′)

+ δGG′C−1
11 , (2)

NGG′ =
[
P (G − G′)

(
∆ρ−1

)
(1 − δGG′)

+δGG′ρ−1
]
(k + G) (G + G′) , (3)

G ���¥, k �Å¥, C11 Ú ρ ©O�á��p�
5~êÚ�Ý, P (G) �(�Xê, ÙO�ª�

P (G) = S−1

∫
d2re−iG·r, (4)

ª¥ S ���¡È, È©=3ÎN�î�¡þ?
1, dd��Ño«ÎN�(�Xê, ù´�Y
O��'�. ¦) (1) ª¥Ý
 M−1N �A��
Ò��Ñ�ªÇ ω, lxÑU�(� k-Hz. ©
¥±g/�íNX�ïÄé�, ÙÔnëê�: ρ =
7800/1.21 kg·m−3, Cl = 6100/343 m·s−1. ¬�~
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ê a �� 10 cm, ��yÂñ5, � 61 � k : 441

�²¡Å?1O�.

3 (J�?Ø

3.1 �Y��\Né¡5�'X

ã 3 � � Î � � ¬ � ¥ % V \ Ø Ó Î N

���Y©Ùã, §�N
ªÇ3 10 kHz ±e
��Y�¥%�\N�W¿Ç F2 Cz��¹,

p�I�ªÇ f , ü � kHz, ÒKÜ©���
�Y. �V\ÎN���ÎN�W¿Ç F 1 ��
0.3, �±ØC, 3dÄ:þ, ¥%o�Î���
W ¿ Ç � 0.32, 8 � Î � 0.43, l � Î � 0.52,

�Î� 0.50. �Bu'�, î�I F2 ���þ�
0—0.5.

ã 3 �Y�¬�¥%�\NW¿Ç F2 Cz�©Ùã (a) �\o�Î; (b) �\8�Î; (c) �\l�Î; (d) �\�Î

dã 3 �±wÑ, Ø+¬�¥%2�\Û«Î
N, �X�\NW¿Ç F2 �Cz, þN´Ñy��
�Y, ©Ù���°�Ñ´1��Y, Ñ�X F2 �
O\C�, �Ù¥%ªÇþ���C, `²�\
NW¿Çé1��Y°Ý�K���wÍ, é 
��K���. 8�Î¥Ø
1��Y	, Ù{�
YÑ¥�[��G©Ù, l�Î3 F2 �u 0.43 �
O\ü��°��Y©Ù, �Î3 F2 �u 0.39 �
�Y×�OõC�, 3 F2 ����Y�°, �3Ù
{W¿Ç��S�Y�¥�[��G©Ù. ÏLé
'±þn«(��±uy, î�¡é¡5�p��

\Nk|u¼�°�Y©Ù, 8�¬�¥�k�Ó
�5Æ. 3ïÄ¥, ·��O�
ý�Î�\N�
é¡5é�Y�K�, �uyý��á�¶�Ý�
'��C 1 �, �N´¼��Y. ù�y����
�Ï´dupé¡5��\NN´¢yéÅ�þ
!Ñ�, ÙÑ�¡�XW¿Ç�O�O\, ¦�
����m��Å�Ó�U\�AOr, lO�
�Y.

?�Ú©Û�±uy, ã 3(a) ¥�1��Y
��3�ÓW¿Çe�wÍ°uÙ{n«�\N
(��1��Y©Ù, F2 � 0.32 �, 8�Î!l
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�Î9�Î�\N�1��Y°Ý©O� 0.68,

1.21, 1.23 kHz, o�Î�\N�1��Y°Ýp
� 2.2 kHz, ¿�3 F2 �u 0.32 �, o�Î¥ko
�����Y©Ù«, Ù{�\N(�þ�k��
���Y©Ù. ã 4(a) Ú (b) �Ñ
o�9�Î�
\Nd��U�(�. �±wÑ, o�Î(��¤
±N´3$W¿Çe�)�Y, ´duU���
{¿����k��©l, U��C���²w,

AO´3 Γ :9 M :?�{¿�©l��²w.

`²o�Î�\N�k|u3$W¿Çe¼��
°��Y©Ù, ùéu~�(�º�9ü$¤�ä
k�¿Â. Ó�, ·�O�
�Î8�¬�¥%

�\o«ÎN��U�(�, uy�\8�ÎN�
�N´�)�Y, Xã 4(c) Ú (d) ¤«. 3�ÓW
¿Çe, �\8�ÎN'�\�ÎN�3$ª«õ
Ñ�^�Y, 3pª«õÑn^�Y, U�{¿�
©l�²w. dd�±�Ñ(Ø, ��\N��¡
/GÚ¬�a.�Ó�, �ÓW¿Ç^�e, �k
|uU�{¿��©l¼��Y. ùÌ�´Ï�
��\N��¡/GÚ¬�a.�Ó�, ¬�¥�
\N��Ñ�¡¤¡é�«����Ó, Å3�\
N�¡þ�Ñ�äkûÐ�é¡5, �±Ï5¬�
��p�^��¿©, ?�ÚOr
Ó�U\�A,

l�N´�)�Y.

ã 4 U�(� (a) ��¬�¥%�o�Î (F1 = 0.3, F2 = 0.32); (b) ��¬�¥%��Î (F1 = 0.3, F2 = 0.32); (c) 8�¬
�¥%�8�Î (F1 = 0.4, F2 = 0.2); (d) 8�¬�¥%��Î (F1 = 0.4, F2 = 0.2)

3.2 ����Y�'X

ã 5 �Ñ
�Î��¬�¥�o�Î�\N
9�Î8�¬�¥�8�Î/�\N7Ù¥%¶
^=��Y©Ù�Cz�¹. 3��¬�¥, o�
�\N���é�Yk��K�, �X�\N^=
�Ý�O�, ØÓ ���Y°ÝCz²wØÓ,

1��Y°Ý~�, 1��YkO��~�, �
pªã«��YCz��õ�, `²�\N��
�Ué�ªã��Y?1k��N�, ±|u¼
�k�é5��Y. �38�¬�¥, 8��\N
�^=é�$�n^�Y°ÝA�ÃK�, �p�
ü^�Y�^=�Ý�O\�úCÄ, `²�\N
���38�¬�¥K�¿ØwÍ, ùÌ�Ú�\
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N�W¿Ç��k', Ï�3ïÄ¥·�uy~�
8��\N�W¿Ç�k|u�Y�¼�, ùÚ©
z [10] �(Ø´�q�.

®k�ïÄL², do�Î (©¥¡���Î)

3�í¥ü�¤��¬�(f¬N�, �Y�Ñ
�N7Ù¥%¶�^=�ÝO\C°, 1��Y
�Cz��wÍ, Ù�â´^=�±ü$¬��é
¡5 [8]. 3ùp, ·�?�Ú&?T(�¬�¥%
2�\o�ÎN�^=�Aé1��Y�K�, ¥
%�\ÎN�Ú\�±¦¬��é¡5?�Úü
$. lã 6(a) �±wÑ, ¬�¥%�\o�Î�, =
��Î^=��\NÚ��ÎNÓ�^=�', 1
��Y�Cz´�Ó�, üö�þ>�Ä�þ´
Ü�, Ó�^=�e>��pu=��Î^=�
��¹, e>�Ñ�^=�Ý�O�þ,, þ>
�eü, ±��YCÄ, ù�y��¬�¥%�V

\ÎN��Cz�¹����. d	, =��Î^
=��Y�e>��Ã�\��Y�þ>�k�
°���Ü, ¤±�\ÎN�1��Y� ��
puÃ�\���¹. ã 6(b) ´��Î3^= 0◦,

15◦ 9 30◦ �, üÕ^=�\N�1��Y�Cz,

�±wÑ, Ø+�ÎN���XÛ, �X�\N�
^=, �YÑ´CÄ, ��ÎN�^=�Ý��,

�Ó^�e�Y�Ä. ù�y�`²ÏL�ÎN^
=�Ó�Ú\�\N5?�Úü$¬��é¡5,

¿ØU¼��°�$ª�Y, �Ø|u$ª�Y
�¼�. lÅnþ©Û�±��, �\ÎN�^=,

ò¬¦gd�m~�, Å3DÂ�É��õ�Ñ�,

»�5Z6Ï�Oõ, Å3�\N�¡þ�Ñ�é
¡5ü$, ¦��YCÄ. ¤±ÏL^=5ü$¬
��é¡5±¼��Y��{3Eª¬�¥¿Ø
�½�1, ùÚ®k�(Ø´ØÓ�.

ã 5 �Y©Ù�¬�¥%�\N���Cz (a) ��¬�¥%�o�Î (F1 = 0.3, F2 = 0.3); (b) 8�¬�¥%�8�
Î (F1 = 0.4, F2 = 0.2)

ã 6 1��Y��ÎN9�\N���Cz (a) ��¬�¥%��\ÎN���ÎNW¿Ç F = 0.5, �\o�ÎN
� F1 = F2 = 0.25; (b) ��ÎN^= 0◦, 15◦ 9 30◦ �, �\N���é1��Y�K�, W¿Ç F1 = F2 = 0.25
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4 ( Ø

�©Ì�±��¬�98�¬�g/íNX(
f¬N��., ^²¡ÅÐm{ïÄ
¬�¥%�
\N�é¡59��é�Y�K�. uy3o�¬
�¥%�\o�ÎN�98�¬�¥%�\8�
ÎN��YA5�Ð, `²��\N��¡/GÚ
¬�a.�Ó�, �ÓW¿Ç^�e, �k|uU
�{¿��©l¼��Y, î�¡é¡5�p
��\Nk|u3pW¿Çe¼�°�Y©Ù. Ï
LUC�\N����±k�/é��¬�¥�
�Y?1N�, 8�¬�¥��Yé�\N���
UCØ²w. 3o�Î��¬�(f¬N¥, ·�
uyüÕ^=�\N9ÓÚ^=�\NÚ�ÎN

�1��Y�Cz5Æ�Ã�\N�^=��Î
�1��YCz�¹����,  ���'��\
� p, �¬�¥%�\ÎN�, ��Î^=�
Ý��, �Y��, `²3^=�ÎN�Ó�Ú\
�\N�,U?�Úü$¬��é¡5, �¿ØU
¼��°�$ª�Y. ù´Ï�Ù.�Ñ�.�/í
NX(f¬N��YÌ�´dÑ�N�Ñ�Ú(
�±Ï5�Ó�^�(J, 3ü$(�±Ï5é¡
5�Ó�, 7L���ÄÑ�N��^, AO´�
\N�é¡5Ú��é�Y�K�, l¼��k
�é5��Y. 3¢SA^¥, A�é¬��äN
/G5ÀJ�\N�a.. �
¼�ªÇ¦�U$
��Y, 3��¬�¥, ØV\,	�ÎN, =^
=�ÎN��n�.
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The two-dimensional phononic crystal band gaps
tuned by the symmetry and orientation of the

additional rods in the center of unit cell∗
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Abstract

The effects of symmetry and orientation of the additional steel rods on the band gaps of two-dimensional phononic crystals with

steel-air system are numerically investigated by using the plane wave expansion method. The original steel rods of the phononic

crystals are of columns in square and hexagonal lattices, and the additional steel rods are of regular square, hexagon, octagon prisms

and columns, which are placed, respectively, in the center of each unit cell of the two kinds of lattices. The gap maps are introduced

to illustrate the influences of the filling fraction and orientation of the additional rods on band gaps. It is found that in the case of the

additional rods with low filling fraction, the band gaps can be obtained most easily because the degeneracy of bands is lifted when

the cross section of additional rod has the same shape as that of lattice, but the widest band gaps appear under the condition of the

additional rods with highest symmetry and largest filling fraction. The influence of orientation on band gap in square lattice is more

obvious than that in hexagonal lattice. If the column lattice points are changed by square prisms in simple square lattice, the lower and

wider band gaps can be produced by rotating the square prisms, which is contrary to the scenario that emerges in square lattice with

additional rods at the center of unit cell. Using one of the methods of adding additional rods or rotating the original prisms is more

beneficial to the generation of band gaps than combining effect of these two means in simple lattices. Furthermore, the mechanisms of

above results are analyzed.

Keywords: phononic crystal, band structure, band gap, plane wave expansion method
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