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���•5
5H� ƒ (topological��insulator) �_F�
�	q�¤�•�
6Š�1(™*6N¶���7
��£#�,´B.NÈ,���¦	…
A�P

�Ý�Ã���•6G�PEÃ1y�àNÆ�WCX
X#��Ø�×�f�éM’�±�§�Ä+X%Œ�Ë.��F�	q�¤,�����•5
5H�ƒ.D0¦�"���…�`4ÿ

�¨+e.ñ�Ã� #��Ã�i�W#�1yN¶��,���j�ƒ�}�)4ÿ�¨#��P�Ý,´B3�×�>AîAÑ���Ë�¶�à�°�_.��-��}�"�9�=�A

�û 4ý �� �• 5
 5H �ƒ ,´ Aê �· ,�� �v �W �J �� +e �– �F +e .ñ �– N¶ �� �j � k (Hasan��et��al.��2010,��Qi��et��al.��2011,

Asb�yth��et��al.��2016,��Ozawa��et��al.��2019),���=�ï�¾�Ë�–N¶���–65�¼�����•5
5H�ƒ�*�\�µ�é.���j!”,���\�·

6Š'V�i�W#����•5
5H�ƒ.D0¦,��(©�[�þ/ë�“CXGÿ�i2W3+5��*
��)���•5
5H�ƒ�9�£� �–�Ã(™*6�²�%

F�>|B�4ö@�Gú,���¦3+5��û4ý�ƒ�}.D0¦�0�J,´�92«���•5
5H� ƒ (Lx5
5H�ƒ�ÃBgM=�D5
5H�ƒ�Ã8��ûM=

�D5
5H�ƒ) ,´(™*6�j�f�Ã�k+k�é#��Ã#��Ø?ô�»�>�"
��Ç,´.D0¦F��….��L”�E@0�]�û4ý���•5
5H�ƒC§

$À#¹	ú�`,´(™*66ü�Ÿ���F,���·1��¦�‰G��6
w�j�Ø�1�ÃM‰�1�Ë�–�µ�é.���<�KAê�·�)�ƒ1Ç�0�…���•5


5H�ƒ.D0¦,´�Ë�–���Œ65�9�p�^�Ù.

�\�·�û4ý,´���•�€�É�k?±�7���•5
5H�ƒ,���j�¶#å-��·�]�•#¹	ú�`,´M‰�Ë�–���•)àB‘,��F	Gü5�

�0�²���j�¯�y,´�³���•�€�É�´��(topological��material).�����•5
5H�ƒ�²�%�>(™*6
¼� �–G-�9-p�ö�7,´

6„3 + (Hasan��et��al.��2010,��Qi��et��al.��2011).����� • (topology) �0Aý�•8��¾� �–�],´���•�–�6� _ (Willard

2012),���>���…�ƒ�F�íB‘,´� �–�)B‘
X�y%�F�5�
�	F�&�ý�
�1�=
�,´(©�W-(�£.�����•�–	£�_.D0¦

F	�Ë�=
��WCX,´�0L�Gý?±� �–�6�_.��"��²,��*3�’ ‘,Þ#�
¼
6O¬(æ ‘,Þ#�
X���…�:�_���•1y�',´,

�³��
w	5
 [ 0 �Z�„#N,��
X�=�6 ‘,Þ#��Å>ò,´�}���;,��FJE÷�T	»
��¯ ‘,Þ#��’(æ
X�T65�{L$-(�ÂEœ

� ’ (� * 1).���ÎLu�:,���]L$�’�1�•�>*3�ƒ���•1y�'.���²�Ì
X�T	»E÷0;�6 ‘,Þ#��Å>ò�×+O�à,´�„#N,���I

���…���•
�+O�i
�.���»�²,���×+ O 1 �Z�„#N�Ç�`,´���…�ƒ�>+L+L
8�’(æ1y�'.

�²�…�)���•F�>|�ÊGÿ�ÿF !“�_���•�–.D0¦,´�µ�é.��"��²,���:F ���…�ƒ�„#N� �a
��i�ž�Þ�6��

�…�],´Q��ß�_�µ(©�Ê* 6 (Gauss-Bonnet��theorem) �U�l
`AÑ1Ç�Ç�*

�¦�],��� + ��>˜�pG�Q��ß�")·,���˜� 
 �j���…�ƒEé+|,��� 8 �a�_���…�ƒ,´���•� �F���•�=
�G ÿ (topological

number,��or��topological��invariant).���)�+�?�y%����…�ƒ,�����:�œ�?,´
��l
w�j2î.ž�¤� .��!“
��jF	�0

&é,���ƒ���…�ƒ
X�y%�F�5�
�	F�&,���¦���•� �=�J�i
�,���õ�ƒ���…�ƒ�*)à�Å>ò1y�=F�5�
�	F�õ�å�&,

���•� �}�J
�+O0±
�.��F	�00��6�œ�?
��l�=L¿���…�ƒF�5�
�	F6<�i
�,���>�h?ô0��6�œ�?�ˆ
X�n:‡

���[,��"��²�ƒ0��IL¿���…�ƒ
�	F6<F�5�
`
�	F.

���•5
5H�ƒ�Ç
=�³���•�´�¼�‡,´�k?±	Ï
�
X�¾�¦���•(©�W.�����•5
5H�ƒ�µG��=�,+e,���v
X�¦Eé

+|�I
� �� �,+e,���DF	/ý�,+e(©�W�_�0/ý���•(©�W,��	£�€�É�F3+5�	ò� �y%�F�5�
� 	F�&�=
��¡
ý

(� * 1(b)).���>�{-(�),´�žFJ5
5H�ƒ
X�µG�
¼Eé+|�:
w�=7-�,+e,���D�é�C
��`�rCX�Ã5jL§1y�¡
ý.

���•5
5H�ƒ,´
�)à
�F-$ß� ` 20 �F4 Ú 80 �¤��,���ç
-(™*6�–� æ von��Klitzing 1 y (1980) #{Gÿ�¶�¼

5$+e�€�€�É
X�F.ñ
j �Œ+X�&,´Eé+|�,+e�W,��
� )à�€�É,´+e�, �j �* �\G ÿ �E2/� H ,´2î.ž�¤�  �=,���1��=

�NH���E2/�H,���•���?�¾	q�ï�6�{�0.��!”�F,��+e�,L¿�F.ñ
j�j�Ö,´�Î�Ð
x)à
 Lf(æ0±
�,��	£
x)à2î.žGÿ�€

	F)àB‘,���¦�D�)Eé+|5jL§1y	ò� 
�	F�=�•�O,��F	�a�_4ÿ�¨,´�³�¤� Gÿ�€M=�D�x�Ä�´(integer��quantum
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Hall��effect)��(Cage��et��al.��2012).��
�
�)àF	�0�w(©(™*6)àB‘,��von��Klitzing 9ç�Ç� ¶ 1985 �¤B*CM�D(™*6

�–�†.

�j �¶@�Gú�¤ � Gÿ �€M=�D�x �Ä,´ (™*6�j �f ,��.D0¦65 �þ �= 
<@� �ÖF�>| �¶L@G ú (Laughlin��1981,

Thouless��et��al.��1982,��Haldane��1988,��Hatsugai��1993).���þ�¦(™*6>˜)à�’�?�=Lî�Ç�*,���¤� Gÿ�€M=�D�x

�Ä�>���•�{L$�ÄB��9-p�ö�7,´6„3+.��Thouless 1 y (1982) 5	�*�¶�>���•�0�ÕF�,´@�Gú.�������þ*6Aê

�:��/j�¶+e�,�>3+5��ƒ�1�{L$,´�£3+,���¦5	�*�¶AÑ1Ç�,+e(©�W,´� �–�œ�?

�?� ] � I �j7-�V5F
',���U�I(�K,���R) �j1 \ � I �_7-�V�:#�. � � K �)�Ä,´�3#KC› Q� 1 (Bloch��mode),��(�K,���R) �jB�

�3#KC› Q�1,´�=�¡E•,��"r
¼1V
'J¸�)Ci2£7-4×���;�p�97-�V,���NH >˜Eî�?�]�£� ¾ d�K2 ,´0��6	j���j

1\�0�3Gü$:	 j (first��Brillouin��zone).��
���Añ�>,���NH �_�0�Z2î.ž,´�¤� ,��
>>Û0 � j TKNN � ,���_	ý�P

3+5��_
V�§�9Gÿ�€M=�D�x�Ä,´ �� �• �  .���� �:0� �6�œ�?�>�� �• �–�] ,´1\ �0Lx/j �W2 « (first��Chern

class) -( � £ (Qi��et��al.��2008),��+a�A
- :‡
=�  �–�æLx-1DÛ�� �* .���p �� ,��
>� • TKNN �  	ø>Û0 �jLx� 

(Chern��number)��(Hatsugai��1993).���²�Ì5
5H�ƒ,´Lx� �jM&,���I0 �j�žFJ5
5H�ƒ,��
V�I0 �j���•5
5H

�ƒ,���F�$�§�ƒ
`0 �jLx5
5H� ƒ (Chern��insulator).��� ? (2) �>AÑ1Ç���…�„#N,´� ? (1) �9�²�;-(�l�>�=


<�{�4.��1\�0,��+a�¾�B�l0ªL $ (reciprocal��space) �]�3Gü$:	j,´
˜�O�W,��� ? (2) �],´0��6	j��1y�'�¾

�1L�
6)ß�"M ’ (� * 2).��1\�¼,��F	Gü.D0¦�)B‘�=�_�¼5$
6)ß�"M’�\DÛ,��6<�_�"M’�:,´�3#KC› Q�1
j,

�_�0/ý�$�íB‘,´� �–�)B‘.���0
>,��>Û0��6�)B‘0 �jCMGü�") · (Berry��curvature),���_�k+k�"M’�:�3#K

C› Q�1�µ
X�WCX,´(™*6Gÿ.

M0?±B$�>,´�_,���:F ���•� 
�
��ã�¾�€�É,´�ƒ�1�WCX,��6<Gÿ�€M=�D�x�Ä	¤�_�€�É,´Eé+|(©�W.

F	�_���•5
5H�ƒ,´�0�Z)�(©
`�é,���¦�ƒ�1�WCX
����ã�ÊEé+|,´�,+e�WCX,��	£���•5
5H�ƒ.D0¦N¶��

:‡
=,´�ƒEé�)�Ä�£3 + (Bulk-edge��correspondence)��(Hasan��et��al.��2010,��Qi��et��al.��2011):��
XLx� �=-(1y

,´�T�Z5
5H�ƒ,´�œ�¡+|M’,���ˆ
X�>���•� �{��-(1y� -�,´���•+|M’�1,��+e�€#�
����=
��¢� 
`5�

��

��

�*����

�ÿ�}
&�X�®�!�:�ÿ�}4	4D�•�SBT.��(a)��)/�Ž�•+Ú"�	��u#ýE
4�	��Ž7��2N¨,��=”�:)/	¸�2N¨�T���•
�6�ÿ�}0u�#.��)/�Ž�•+Ú"�=×�Á=î�Ó* K 1 �V�€"J,���E�ÿ�}�ý*K	��B,�� •�"�¢�:*H*H�4�T���•�6�ÿ�}
0u�#.���€"J�œ	���,7�ˆ�21§���•+°�ÿ�}�œ;��(b)���ÿ�}4	4D�•�±F��9�(* a (�L"�),���rDå*x�(* a (�L"�),
�¢Då*x�(*a�S�[�,.ù�ÿ�}�SBT,���9�?	��\�nBT��4fK£0u�•	ù

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
��7��$�0 �������i�W���•�€�É.D0¦F��… 191



E÷5jL§�Ã�rCX
A�}�P�Ý.��F	/ý���•�WCX
����þ(™*6�:�W8$*6@��j,��+a�¾.ñ
j�ƒ.d�¶3+5�,´�&L$	ý

%D�)0 �W,��+e�€
�7-"ï	…
A�PEÃ,��
�!”�¦	£�¯Fw�`5jL§�F�rCX�•��#��×+O
>
A�“�4,��
�7-5�5�
A

�}�P�Ý.��
��9�F.ñ
j�é
A	ýEœ�&,���qAè,´���•�1�é
A�}-(�Ä
�+O	ýEœ.

Gÿ�€M=�D�x�ÄM0?±�FG��j.ñ
j�ƒ.d3+5�,´�&L$	ý%D�)0 �W,���v�j.ñ
j�=�Y�¾�ÎLu�Ä+X.��5¾
-

(™*6�–� æ Haldane��(1988) ���*�¶�0�Z�õ	5
[�µG�.ñK.,´�¼5$ Q
»,��B� Q
»�•�ƒ.d�&L$	ý%D�)0 

�W,��
����Î)àGÿ�€M=�D�x�Ä.��F	�,8$
X�¸K¯�0!å�&L$�µ,��.D0¦65G-AÔ�j,���&L$	ý%D�)0 �W.d5j�_�Î

)à���•)àB‘�p�õN«,´.��-$� ` 2005 �¤��
#,��Gÿ�€8��ûM=�D�x� Ä (quantum��spin��Hall��effect) ,´���*�ƒ

.d�¶�P5�AÔ. � (Kane��et��al.��2005a,��Hasan��et��al.��2010).��
XGÿ�€8��ûM=�D�x�Ä�],��+e�€,´�µ
X8��û(©

�WC§�`�¶2«.ñ
j�Œ+X,���:8��û+e�€
¼�;8��û+e�€"ï-p+|M’-(	ý,´�é
A�PEÃ,���D�¦+e�,(©�W�0�g
x

)à2î.žGÿ�€	F)àB‘.���{
>,��F�
�)à�¶Gÿ�€BgM=�D�x� Ä (quantum��valley��Hall��effect),���� �=M0?±�ƒ.d

�&L$	ý%D�)0 �W�•�=�ÍC†+e�€8�� û (Tworzyd��et��al.��2007,��Xiao��et��al.��2007).��F	�92«���•#��Ø)àB‘

�_-��}�¼5$�ƒ3+�].D0¦�0�¯#�,´,���6�[�)�ÄM=�D5
5H� ƒ (Hall��insulator��or��Chern��insulator)�Ã8��û

M=�D5
5H� ƒ (spin��Hall��insulator) 
¼BgM=�D5
5H� ƒ (valley��Hall��insulator).

�m1Ñ���•5
5H�ƒ�0��
XGÿ�€#�N¶���]
�)à,���v�¦���•�\CX�k?±�>#��Ø>|�j-(�£,��6<Gÿ�€(©�W

�¦�=�_�¦�õ�7�‘�&.���þ� ? (2) 
���-;�*,��F	/ý���•(©�W�•$À�¾+e�€�3#KC› Q�1,´�µ
X(©�W.���ÎLu

�:,��4ÿ�¨#��ØN¶��,´
˜�O�ûCX,���²�y�€�¦�ƒ�Ã� �€�¦�ƒ1y,���•�9-(�)�Ä,´�3#KC›#� Q�1.��
�!”,����

�•5
5H�ƒ�²�%
���8�'f
`���…�`4ÿ�¨#�N¶��.��F�	q�¤�•,��+e.ñ#��Ã� #����•5
5H�ƒ�Ç�`�¶��FO,´


�� … (Tworzyd��et��al.��2007,��Xiao��et��al.��2007).���)�Ä,´�i�W#�N¶���9�£F��…�I-(�)E³�A,��F	�>�i�W#�

�\DÛ	ú�i�W#�*6Aê�$�=�r�9�£.���»�²,��� #�
��94å#� Q�?,��+e.ñ#�
��9 Z#� Q�?,��6<�i�W#��IFJ�h

6V
8�9 Z#��>4å# � (Achenbach��2012).���=E÷�=�r�W�]�•;¤
[-p�à,´�j�J,���»�²,���i�W�ƒ>˜M’,´*Ž�Y

#��a�92«�l,´C•8��û�x� Ä (pseudo��spin)��(Long��et��al.��2018),���FAè
����$1°�ï
`AîAÑ2«8��ûM=�D5


5H�ƒ.��!” �F ,���i �W#� .D0¦ �] �± �Ã;´ �¯1y 
4 /ý#� � , (Vila��et��al.��2017;��Yan��et��al.��2018;��Miniaci��et��al.

2018;��Zhang��et��al.��2019a,��2020;��Gao��et��al.��2021) �•���Ë�¶�`�ü,´���•5
5H�ƒ�ÎP¼.D0¦�£
 .���6Gÿ�€

�],´���•)àB‘���…�`4ÿ�¨#�N¶��,���0�éM’
������…4ÿ�¨#��ØB3�×AîAÑ7-�Ë,���²�Î)à	…
A�P�Ý�Ã5j

L§�}+Û#��,1y�àNÆ�Ï7-.��
<�&,���•�j�Ò3RGÿ�€���•)àB‘���Ë�¶�à,´�£
 ,��4ÿ�¨#�)àB‘�Ž�¾�¿?òN¶

��

��

�*����

(a)��.f�·�¸4 	”�K2'4�;��(b)��*]�º	”�K2'4��T�Ê/¦K +°	”�K�S,��9��Ž�/Fø#6�f���•Då�P�P0u�#,���2
�%�ÀDå*x�(�ÑB£�‘	:,���/Fø#6�f�T���•�6�:�2(Û=”LŽ�ÿ�}0u�#.���2(Û=”LŽ û�,�0�5�%�À+°"�-��ö
"��)�œ
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��,����Aê
X?ò#{�°�_�F�_�ý�×�{!å�éM’G-"��Þ?òGÿ�€N¶���$�Ð�é�C.

�\�·�k�ƒ�v�æ���Œ65�p
X
4B.NÈ4ô�0�…,´-(�£.D0¦�j�*.p,��-pGý�û4ýBgM=�D5
5H�ƒ�ÃLx5


5H�ƒ�>8��ûM=�D5
5H�ƒAîAÑ�j*6�Ã*6Aê�k+k�é#�,���¦�²���9�£�ÎP¼P¼Añ.���j�é�ïB+65�¶@��$�˜M’

,´���•.D0¦�µ�é,���\�·F�1°	…�û4ý�¶F��O.D0¦E³�J,´Q�Lf���•)àB‘�ÃM‰�Ë�–�],´���•)àB‘.��Aê�·

�µ�é�¹�Â�²�;:��1\�¼8²�þ�05$�Ã�¼5$CXGÿ�i2W3+5��*
�,���)���•.D0¦-(�£�²�%F�>|�¶B�4öL@Gú,

	5��(ô�ù�{KU�Ã.ž�Ê�W1°�¦�Ã7-�V6+Eœ�ÃCMGü�")·�Ã���•�=
�Gÿ1y�*�\�²�%,��Gý&é�_
˜�O/ë�“

3+5�, ´ �K���Â� P �Þ� 1y�x Q
»�*0û�é#�,��	úB�1y�x�é#�
XAÑ1Ç���•� 
¼@��À"r@����•+|M’�1�],´�Ä

+X.��1\�98#1\�Ä8²�j�\ �· �k?±�µ�é,���Í!Q�jBgM=�D5
5H�ƒ�ÃLx5
5H�ƒ	ú8��ûM=�D5
5H�ƒ.D0¦F�

�….��1\�•8²1°?±�û4ý@��1Q�Lf���•5
5H�ƒ�²�%�>�*�\AîAÑ�MD�,��1\�38²�j�J0c�13+5��]�*)à,´��

�•�”0û�€�ÃMaxwell �q�æ�],´���•M&7- Q�?F	2«M‰�1���•)àB‘.���·�[�_�k5��>�…�K.��

2���������	�‡5�5N�‰�0.v
��

2.1���������65*C^H��o2]K4315�

�\�?8²���05$CXGÿ�i2WK.3+5��j�»,���û4ý�05$���•-(�£�²�%.��63<•�²� * 3(a) �p/j,´	ü	Ï�€

K. Q
 » (Chen��et��al.��2018a),���¦�¦�l�h� Aà� j �A,��	…7��µ	5
[�T�ZCXGÿ
 ‡ �M1 
 ¼ �M2,���T�Z�i2W�J�Ö�6

�[� j �K1 
 ¼ �K2.��Aà1 \ � N �Z	…7��µ,´1 \ �J(�J��=��1,��2) �ZCXGÿ
‡,´�}0+�j,���¦�wA î �M1��=���M2��=���M,��3+5�,´

F��Ø�é0;
�>˜/j�j

B�
˜�O3+5�,´�}0+
j%�Cã�3#KC›#��’�?,��	£ =���"�J��exp��[i��(�N�Q�A���±���&�T)],��� Q �j#�� ,��� & �j@�NÁ)·.���6�}

0+���•�:�?,��
��Ç�`�²�;(©�±�lL�NÈ

B� (© �± �l �é0; �k+k �¶3+5� ,´NÁ�“ (© �W.��� * 3(b) 5	 �* �¶ �9 /ý �¨ 
» �õ �å ,´NÁ�“ �"4ï ,�� �6 �[ �) �Ä

����=��0.2,������=��0 
¼����=���í0.2.���¦�],������=��(�K1���í���K2)/(�K1��+���K2),����Gÿ4â	FNÁ)· .

�²� * 3(b) �p/j,���þNÁ�“�"4ï�:-;,���´
»����=����0 
¼����=���í����0(��0���•��0) �¦���+�…	j�[,���v�T65,´���•

�WCX�¼�˜�=
<,��F		ý�P
X-(�Ä,´(©�± Q�1�:.���ƒ� � ,´�l+a!“
�CO�&,���Q��=���Œ/� A �4,´(©�± Q�1
�+O6+

Eœ.���²� * 3(b) �]��
.�p/j,���´
»����=��0.2 ,´� �–NÁ�“�6�_,´(©�± Q�1�>�´
»����=���í0.2 ,´�y�–NÁ�“�6

�_-(
<,��6<�´
»����=��0.2 ,´�y�–NÁ�“�6�_,´(©�± Q�1�>�´
»����=���í0.2 ,´� �–NÁ�“�6�_-(
<.��F	/ý7-

�V6+Eœ)àB‘�=�_�¦'f
�+O,´,���¦�õN«FJE÷�VLÉ�£L � (����=��0) F�>|E÷$Q.���;M’�6�O�Ù���•B�@0B$�>,

9��=4ÿE÷�VLÉ�£L�,����Aê�>�xB38 ² �K1 � > �K2,��
w�=�J
�+O�:F 7-�V6+Eœ)àB‘.

�j!”,���Õ�;�•.D0¦� �–NÁ�“�6�_,´���•�WCX,��AÑ1Ç#�� + a �Q��=���í���Œ/� A 
��j���Q��=���Œ/� A E÷0;�]� �–

�6�_(©�± Q�1,´-(�}0�3 _ ��.���08\
`,���)�¾�T�Z Q� j 1 ,´�=�   �Z1��=��exp��(i��1) 
 ¼ �Z2��=��exp��(i��2),���¦-(

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
��7��$�0 �������i�W���•�€�É.D0¦F��… 193



�}��� j ��2���±����1���§��sin(��2���±����1)���§��Im(�Z2)���§��Im(�/�Z),��F	Gü?±" r �/�Z��=���Z2���±���Z1���§��0.���I#�� � þ �Q��=���í���Œ/�A��
�

�j���Q��=���Œ/� A �&0�3_,´-(�}���j

�¦�]�� >˜/j	´2£&é0�,���Ë(�Q) �j� �–�6�_#��   � Q �)�Ä,´�‚�0	F(©�± Q� 1 �Ë��=�� (1,���Z/�_�Z�_),���Z(�Q)��=���K1��+

�K2��exp(i�Q�A).���6�‚�0	F(©�± Q� 1 � Ë ���•� ? (5),��
��Ç

63<•� ` �Z*(�Q)��=���Z(�í�Q),��� ? (6) 
�F��0!•	F1°�j

�����a�_�pBC, ´ Zak -(� } (Zak��1989),��2«�l�¾
>5��?8²	£�6�û4ý,´CMGü-(� } (Simon��1983).���T65
w+X

�¾�ÿF 3+5�,´�� �•�Ž�W,��	j �[ 
X� ¾ Zak -(�}(©�[J¸�)�05$�€�É,��6<CMGü-(�}+X�¾�¼5$�F�95$�€

�É.��
��F�0�Z�£�¾�05$�€�É,´���•�=
�Gÿ�_5P5��   �#��(Ryu��et��al.��2010),���¦� > Zak -(�},´�)�Ä�£3+

� j �#��=����/�Œ.��+a!”
�?ñ,��7-�V6+Eœ�?
£- p ����+ a 0 
�� j �Œ,���•�a� _ � # + a 0 
�� j 1.���j �¶�$+O�Ø
`B$�>F	

�0&é,��� 6 �Z(�Q) >˜/j,´�1L��"4ï�� ��5��f
X�=�£M’�:,���²� * 4 �p/j.��� ƒ �K1���!���K2 �&,���=�£M’	Ï&é�=>Û	5
[


X�1L��"4ï�� ���µG�,���)�Ä� ¾ �#��=��0.��� ƒ �K1�������K2 �&,���1L��"4ï����)ß5�	Ï&é�0!Q,���)�Ä� ¾ �#��=��1.��
�!”,���p

��

��

�*����

(a)���,4 �ø�Ë�|J*�M�·;��(b)���5.ù�¤�·�ñ�á+°M½�•��3ë,���þ�*=”.f,$�À%å�0+°�M�-,$�y.��0Ù�`=”.f
BT%å+°Dü�Ô�å	=.��"�� œ �Q��=���Œ/� A �0,������=��0.2 +°���’�M�-�:����=���í0.2 �"�u�’�M�-�,�c,���@������=��0.2 +°�u
�’�M�-�:����=���í0.2 �"���’�M�-�,�c.���Ÿ�î�œ� � *] •	�BK�",���&(Ü�²�M�-M¦�»�Ð�Ž,��/��w�f6)�R5'D˜
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�ÿF ,´7-�V6+Eœ)àB‘�õN«�dL¿-p�VLÉ�£L�F	�05�Aê
���-$?ò@�Gú�j:���6	Ï&é+a�1L��"4ï�� ���µG�

0+8#�FG��õ'f�dL¿-p	Ï&é0¯E÷�1L��"4ï�� ,��!”� & �K1��=���K2 � D �Q��=���d���Œ/�A,���?
£-p� �–�>�y�–NÁ�“�6

�_1°�¦	£�VLÉ�£L�.

�:F �6�À>˜�>,���´
 » �K1���!���K2 
 ¼ �K1�������K2 ,´���•�WCX�¼�˜�=
<.���³�=
<���•�´
�FJE÷�9Eé+|,´	Ï�€

K. Q
»$5�Š
`�n/j�*�•.���i �ž�ƒEé�)�Ä�£3 + (Hasan��et��al.��2010),��
X�ƒ�VLÉ93
$�µ,��5P5�� � j � # ,´

�9L€�j�(&éLe,´Eé+|�:�_� 1 � # �ZEé+|�1,��5P5�� � j �#1 
¼5P5�� � j �#2 ,´&éLe�´�@,´+|M’�:�_�1�_�#1���í

�#2�_�Z+|M’�1.��63<•
#1�
*�Ê,´
 [ 400 �Z	…7�,´&éLe5�� ´ (� * 5(a)),��� * 5(e) 5	�*�¶�=
<�J�Ö	ò� 

� � �;,´(©�±NÁBa.��� ƒ �#��=��1(�K1�������K2) �&,��
X�ƒ�VLÉ93
$�µ
�?ò��� ` 1 �_Eé+|�1 Q�?,���²� * 5(e) �]4Ò

8¢�Î4ï�p/j.��� * 5(b) 5	�*�¶����=���í0.25 �&,´Eé+|�1 Q�?,���}0+�6�3�²� * 5(d) �p/j,���}0+Lö�]�6�3

�¾&éLe5��´
#Eé+|.��	ý� { �#��=��0(�K1���!���K2) �&,���ƒ�VLÉ93
$�µ�=�ˆ
XEé+|�1 Q�?.

F��0!•63<•�T�×
4� 9 200 �Z	…7�,´
[+|M’&éLe5�� ´ (� * 6(a)),��+|M’�T�×,´	…7��],���K1 � > �K2 
�

+O�¶�Ô�’.��+a�¾+|M’�T�×�€�É,´5P5�� 5
�)���l� j 1,����Aê� � �j!“�FCO,���€�É�ƒ�VLÉ93
$�µ
w�ˆ
X

1 �_+|M’�1 Q� ? (� * 6(d)).��� * 6(b)(c) �6�[5	�*�¶����=���í0.5 
¼����=��0.5 �&,´+|M’ Q�1.��
���-;�`,���T

65�)�Ä,´�}0+�6�3F��_�9�>�n	j�[,´.���ƒ��������0 �&,��+|M’�4,´CXGÿM‰!’�D�}0+�6�3�£�¾+|M’	ý�)

0 .��6<�ƒ�����!��0 �&,��+|M’�4,´CXGÿ�§�9�0�W,´�_9‘�u�Ö�D�}0+�6�3�£�¾+|M’�)0 .��2«�l,´)àB‘�•�*

)à
X�¼5$���•3+5��],���6
X
>5�1�8²�]�û4ý.��

2.2���������Â5*=80ÓC^H��o2]315�

�\�?8²���¼5$=20ÍCXGÿ�i2W3+5��j� » (Chen��et��al.��2019),��B$�>�¼5$���•5
5H�ƒ.D0¦�9�£�²�%.

�¼5$
˜�O=20Í&éLe3+5��²� * 7(a) �p/j,��Q��Þ�•Eé�’	j���j�0�Z	…7�,��	…7��µ	5
[�T�ZCXGÿ&é,��Aà

�Œ����
¼��,���¦CXGÿ�6�[� j �M� P 
 ¼ �M�Q,���0F�FëCX&é+a�J�Ö� j � T ,´�i2WF��Õ.���j1°	F>˜Eî,��Aî�i2WK¯�Ö	ú

�J�Ö�6�[ � j �,0��=��1��m 
 ¼ �T��=��1���./m.��K¯�Ö�j ��,´ �T�Z�¦ �l .�Gÿ�j ���A1��=��(�A�X,���í�A�Y)��=��(3�,0/2,

�í ),���A2��=��(3�,0/2,�� ).���i �ž�¦�l.�Gÿ
��6!ÿ�0�Z�•Eé�’	…7�+X�T�Z� �‡F�>|5F
 ' (�M,

��

��

�*����

�î�œ� � *] •	�BK�",���9�ŸLŽ� 6 �Z(�Q) �%�À+°��3 ë � � C�Dó�|�3D   Re(z)��=��0,��2'4�4L4�� œ � # * ] 0 	�� f 1,
�Ó*K�ÿ�}	��B

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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�N),��� M 
 ¼ � N 
��l� j 0,���í1,��+1,���í2,��+2,��������.��AÑQ��Þ	j��	…7�5F
'� j (0,��0),��5F
'� j (�M,���N) ,´	…7�,��
�+a

5F
'� j (0,��0) ,´	…7�"ï.�G ÿ �M���A1��+���N���A2 �£0+�Ç�`.��� * 7(b) 5	�*�¶=20Í3+5�,´1\�0�3Gü$:	j,���T�Z

�B�l.�Gÿ� j �B1��=��(2�Œ/(3�,0),�� ),���B2��=��(2�Œ/(3�,0),�� ).���B�l.�Gÿ�>�¦�l.�Gÿ�{L$

%�Cã�£3 + �A�I���Â���B�J��=���/�I�J,���/�I� J ��>˜�{5‡�µ�{�D1V
'.

63<•M’�µ�i�W#�
XB�&éLe�],´�P�Ý.��+a�¾3+5�,´
˜�O(©�W,��
��w�Ê�¦#��Ø@��j�3#KC›�’�?,

	£�}5ž.�Gÿ-(� � �M���A1��+���N���A2 ,´CX&é,´�}0+@��õ�ˆ
X-(�}� � exp��[�íi�K����(�M�A1��+���N�A2)],��� M 
 ¼ � N �j�¤� ,

�K��=��(�K�X,���K�Y) �j �3#KC›#� .� .���}0+@� 
� �§ �ƒ>˜ /j �j ,�� ��=��exp��[�íi�K����(�M�A1��+���N�A2)],���¦ �] ,

�j 5F 
 ' (�M,�� �N) ,´ 7� �s �] �� ��CX&é ,´ �} 0+ .�Gÿ ,�� �j 7� � s (0,

0) �]�� ��CX&é,´�}0+.�Gÿ,���=
<7��s�µ�� ��CX&é,´�}0+%�Cã-(�l�£3+.

�i�ž�3#KC›#�(©�±,��
�M0?±�)	…7�F�>|�6�À,��	£
��Ç�*�¤�Z5��´,´#��P�Ý?ô�».���§�ƒ��5F
'

(0,��0) ,´7��s�j�»,���6�À�¦�� ��
¼�����TCX&é,´�£>‘�é0;.��63<•�?�u1°B@�_�ØL�NÈ,��NÁ)·Aà� j �&,��CX&é��

��

��

�*����

(a) 	 W 400 �V�•6 
 (��������0,��� Ÿ �#��=��1) +°%åKa3ÿ�°,���¢�&�ÆDå*x�6�[� - 1 �[Då*x�-�M�;,���®� * (b) �l.f;
(c)��	 W 400 �V�•6 
 (�����!��0,��� Ÿ �#��=��0) +°%åKa3ÿ�°,���¢�&�ÆDå*x�6�9�[�-Då*x�-�M�;;��(d)��� * (b) �l.f
Då*x�-�%�À�y/'�2�/;��(e)��	�0��&�Æ+°	 W 400 �V�•6
+°%åKa3ÿ�°�T�9	8�F�Ò�î�œ�7+°'¥�­M½A]
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¼�� ��
4
��`�9�Z-(FëCX&é�í�Ð,´�i�W�Ë,���¦�£>‘�é0;�j

�¦�],���E�X��=��(1,��0),���E�T��=��(cos(2�Œ/3),��sin(2�Œ/3)),���E�T�•��=��(cos(�í2�Œ/3),��sin(�í2�Œ/3)) �j�9�Z"ï�i2W�é
A,´	…

�}.�Gÿ.���6�3#KC›@��’�? ���•�:�?,��
����Ç�`�²�;.�Le>˜/j,´(©�±�l�é0;

��

��

�*����

(a)��	W*xLŽ+°%åKa3ÿ�°,���¢�P�Ó	0� 5 200 �V�•6
;��(b)������=���í0.5 �"+°*xLŽ�M�-;��(c)������=��0.5 �"+°*xLŽ
�M�-;��(d)���P�Ó	0� 5 200 �V�•6
+°	W*xLŽ%åKa3ÿ�°�T�9	8�F�Ò�î�œ�7+°'¥�­M½A]

��

��

�*����

(a)���¸4 <./ÉBTFû�e1S2'4�.f�·,�� û�,�V�•6
�1	W�P�VBT%å,���,DýEçBT%å�wK *]�e1SE
�Ñ;��(b)��0X
�,�/Fø#6�f�ö>þ% å �+�•	 ¸ �+.���*�Y�5� V � + %å,$�¾�wK EFDó�>�h-�F û �B1 	 ¸ �B2 �Ÿ/'�Ã�\,��0u�#�º	8�,
� V � + %å,��	8) 2 �+�•�‹1§�h.���‘7��³( Z (Chen��et��al.��2019)

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
��7��$�0 �������i�W���•�€�É.D0¦F��… 197



� 5 �j�� ��
¼�����T�ZCX&é,´�}0+4ô�@,´(©�±
AG ÿ �5��=���^�U�P,���U�Q�`.��CXGÿ.�L e �-4���î��4 
¼�J�Ö.�L e �+4���î��4(�K) �6

�[�j

1V
'�‚��>˜�=�¡E•Eœ5ž.��� ) � j 2���î��2 ,´	…�}.�Le.���é0 ; (9) ,´@�	£�j&éLe�]�qAè,´�3#KC› Q�1.���j�¶

�Ç�`MŽ�£��,´M&@�,��3+� .�Le,´>|�G�?�õN«�jM & Det(�&2�-4���î��4��+���+4���î��4(�K))��=��0,���ž!”
�"r@��*8¢�“

�£3 + �&(�K),����	ú�)�Ä,´ Q�1.

1°	…AÑ1Ç
>,���Ç�`�:F  4���î��4 .�Le(©�±�l, ´ 4 �Z@�,���¦8¢�“�£3+�6�[�j

�¦� ] �9��=��2[8cos(�K�X�A�X)cos(�K�Y�A�Y)��+��4cos(2�K�Y�A�Y)���í��3]/9.��(©�± Q�1,´>˜Eî�?"�E³4q*@,��F	Gü�a�=�½B�4ö

5	�*.��1 \ 1 
¼1 \ 4 Lf8¢�“�£3+�>3+5��š�7#� Q�1�)�Ä,���¦
��l�j�h� ,��F	GüGý&é�£#�1 \ 2�Ã1 \ 3 �_

8¢�“�"4ï.��1 \ 2�Ã1 \ 3 Lf8¢�“�"4ï
X�3Gü$:	j@�& é � + 
 ¼ �+�•�4Eî�`�±� l �&��=��(3�T/2�M�P)1/2,��(3�T/2�M�Q)1/2,

!”�4�pG�(©�±NÁ)·
x)à�¡BgN¦�FBg�Å�’�?,��
�!”,��#�. � � + 
 ¼ �+�•	ø>Û0 �jB g (valley),���)�Ä,´(©�±

 Q�1>Û0 �{�jBg� 1 (valley��state).��
XBg& é �+�•�4,���>(©�±NÁ) · �&��=��(3�T/2�M�P)1/2 
 ¼ (3�T/2�M�Q)1/2 �)�Ä,´

(©�± Q�1�6�[�j

+a�¾3+5�%�Cã�&L$	ý%D�)0 �W,��� + �)�ÄBg�1�j�:F Bg�1,´�=�¡E•�’�?

�)� ¾ �U1(�+)/�U1(�+�•) Bg�1,��7��s�µCX&é����
 X � X 
 ¼ � Y �é
A,´�}0+�W�?-(1y,��-(�}-(� � �Œ/2,����>˜CX&é��

5��£>‘�}5ž�ŒNª/F6�&J¸
6
˜F��Ø,��6<CX&é����M‰!’�=�Ø.���)� ¾ �U2(�+)/�U2(�+�•) Bg�1,��CX&é����5��£>‘�}

5ž�ŒF6/Nª�&J¸
6
˜F��Ø,��6<CX&é�����IM‰!’�=�Ø.

� * 8 5	�*�¶	…7��]�T�ZCX&é,´CXGÿ-(1 y (�M�P��=���M�Q��=��1.0,���T��=��1.0) 	ú�=1 y (�M�P��=��0.9,���M�Q��=��1.1,���T��=

1.0) �T/ý�õ�å�;,´8¢�“�"M’.��
���$5� 
`-;�*,��1 \ 2�Ã1 \ 3 �_8¢�“�"M’
X�3Gü$:	j@�& é �+�•
 ¼ � + �4


��±�W�Ã�±�?�l.���ƒ�T�ZCX&é,´CXGÿ-(1y� & (� * 8(a)),��8¢�“�"M’
 X �+�•
 ¼ � + �4
��Ç-(
<NÁ)·,��0 �j

1°�¦NÁ)·.��1°�¦NÁ)·LtF�8¢�“�"4ï�>#�.�4ï�W-(�£�¨�&���a���¨�_�K�_,��	£�pG�8¢�“�"M’
 X �+�•
 ¼ � + 
x)à�j	ü


6KU,��>Û0 �j(ô�ù�{KU.��	ý�{�� ��
¼����CXGÿ�=1y� & (� * 8(b)),��3+5�,´�)0 �WL}�~,��1 \ 2�Ã1 \ 3 �_8¢�“

�"M’
 X �+�•
 ¼ � + 
��l�=1y,��1°�¦>Û.d
•.��1 \ 2 �_8¢�“�"M’,´�±�W�lNÁ)·�>1 \ 3 �_8¢�“�"M’,´�±�?�l
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L$,´NÁ)·93
$0 �j3+5�,´/±�V,��3+5��=7-�P�ÝNÁ)·�4�¾/±�V,´#�.

�:F 1°�¦+a3+5�,´�)0 �W�ã�Ê,��>Û0 �j.ž�Ê�W1°� ¦ (deterministic��degenerate),���ƒ-(�Ä,´�)0 

�W>Û.d
•
>,���)�Ä,´1°�¦(æ�1�•�J>Û�ƒ.d.��J¸�)�:F =20Í&éLeCXGÿ�i2W3+5�,���ƒ�� ��
¼����CX&é-(1y

�&,��3+5�%�C ã C6v �)0 �W.���¦�],��C �)�Ä9!�·
=0 � j Cyclic,����>˜�ûEœ�)0 �W,���>� � ‡ � N 4ô
8�0C§>˜

/j3+5�!ÿ�ûE œ 360o/� N �=
�,��6 < v >˜/j3+5�F��§�9�>�ûEœE¤�£>|,´KŒ�ÿ�)0 M’.��L”�¶5��´�\DÛ,´�)

0 �W�{�F,��#�.� �}5ž,´�)0 �W�•�¸Gý?±.��J¸�)�:F 3+5�,���+�•&é
 ¼ � + &é%�C ã C3v �)0 �W,���I3+5�
X

�+�•
 ¼ � + �ˆ
X���T�_8¢�“�"M’1°�¦,´�õ�å,���§�ƒ�_���T�_�I?ö(©�Ê3+5�6<�Ê.���)�¾.ž�Ê�W1°�¦,��
�

?±M0"r,´�)0 �W�=>Û.d
•,���I1°�¦�û4ø�ˆ
X.���»�²�)�¾�:F =20Í3+5�,��� P 
 ¼ � Q CXGÿ
<�&�Î�W�F�ÿ�?

�õ�i
�1°�¦NÁ)·,���=�i
�1 \ 2�Ã1 \ 3 �_8¢�“�"M’
 X �+�•
 ¼ � + ,´1°�¦(©�±.��L”�)0 �W�V�•,´.ž�Ê�W1°

�¦,��(©�Ê,´	ò� 4ô
8�•
��¯3+5��×+O1°�¦,��0 �j�¦
�1°�¦.���i�ž�·)^�],´.D0 ¦ (Lu��et��al.��2014),���6


�7-,´��/ý1°�¦2«
»�k5��²> ˜ 1,��B+65
���	ò63�·)^�¶@�Añ�>4ö8².

����
>ž��1���������Â5*�/0&315��c(ú�ÿ�•1¶�¬�û�ë�q5	

�¦�ƒ�)0 �W K &é�)0 �W K &é�}5ž 1°�¦2«
»

C6v � FC3v C3v �3Gü$:	j@�&é .ž�Ê�W

C6 C3 �3Gü$:	j@�&é .ž�Ê�W

C3v � FC3 C3 �3Gü$:	j@�&é �¦
��W

����

2.2.1���������K���Â� P �ä�¦1•�~ W
Á

�K���Â� P �Þ� 1y�x Q
 » (Lu��et��al.��2014) �_.D0¦	ò� � �Ø�)3+5�#��Ø?ô�»�¡
ý,´�9�x�é#�,��
����6

��

��

�*����

�¸4 <./ÉBTFû�e1S2'4�0 X 2��0 X 3 �[7ž�•��LŽ.��(a)���î� œ �M�P��=���M�Q��=��1.0,���T��=��1.0,��0 X 2��0 X 3 �[7ž�•
��LŽ� T �+�• 	 ¸ � + �0	t3ë�S0¬�¢'¥�­ ,���lF�7ž�• ��LŽ� T �+�• 	 ¸ � + �0	t(Ü�øJQ,��/� �f 'ð�õ�wJ Q (Dirac
cone);��(b)���î� œ �M�P��=��0.9,���M�Q��=��1.1,���T��=��1.0,��7ž�•��LŽ�T�/Fø#6�f>þ% å �+�•	 ¸ � + �0	��9	8�­�h,��2'4�
�„�T�¸�”.­�R

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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/ë�“3+5�,´#��Ø�ÿF F�5�	F,���ï�¾�þ@��À@��Ö�6�À3+5�,´���•(©�±.��F	Gü��=20ÍCXGÿ�i2W&éLe�j

�»�€,��B$�>�²�…�Ø�,�Ç�*3+5�,´�Þ� 1y�x Q
».


X3+5��� ��
¼����CX&éCXGÿ-(1y� & �M�P��=���M�Q,��1 \ 2�Ã1 \ 3 �_8¢�“�"M’�6
 X � + 
 ¼ �+�•
�+O1°�¦,���¦�)

�Ä,´(©�± Q�1+a� ? (13)(14) 5	�*.���;M’63<•�� ��
¼����CXGÿ�=-(1 y �M�P���•���M� Q ,´�õ�å,���I3+5��)�¾�+�?

#�. � � K ,´�3#KC›@ � �U�•(�K) %�Cã�>�é0 ; (9) �0�g,´�’�?

F��0!•�w�Ê	ò� %�Cã�_�M�P���í���M�Q�_��������1,���IB�3+5�
�AÔ�j�_+a����
¼����CXGÿ
w� j (�M�P��+���M�Q)/2 ,´3+5��Þ

� 6<�•,��
>65
 X �+(�+�•) 1°�¦,���¦1 \ 2�Ã1 \ 3 Lf(©�± Q�1+a� ? (13)(14) 5	�*.��
�!”,���Þ� 
>,´3+5�
X

�+(�+�•) LtF�#�.� ,´1 \ 2�Ã1 \ 3 Lf(©�± Q�1
�+a�Þ�  �}3+5�,´(©�± Q�1,´4ï�W4ô
8F��l �Ç�`,����

�+�•LtF�#�. � �K��=���+�•��+���¨� K �j�»

�6�:F >˜Eî �?�� �• �¦ �U�l ,´#� �Ø�é0 ; (15),���¦ �6 �[ � > �U1(�+�• ) 
 ¼ �U2(�+�• ) �µ0� 
� �� �Ç�` �T�Z4ï �W

�é0;

�61°�¦3+5�(©�± Q�1���•,���¦	F1°
��Ç�`�£�¾3+�   �C1 
 ¼ �C2 ,´4ï�W�é0;4ô

�6�:�?�Z
��`�£�¾�¨� K ,´�0LfF��lN©

�¦�],�� .��#��?�`3+5�+a�� ��
¼����CXGÿ
w� j (�M�P��+���M�Q)/2 ,´1°�¦3+5��Þ� 6<�•,���I


 X �K��=���+�•��+���¨� K ,´NÁ)·
�F��l� j �&��=��[3�T/(�M�P��+���M�Q)]1/2��+���¨�&.���6NÁ)·���•� ? (19),��4ÿE÷1°	F�Ç�`�²

�;,´(©�±�lL�NÈ

�:F �é0;�],���û� ( ��>˜3+5�,´1y�x
ø�öN¯Gÿ,���Z��=���^�C1,���C2�`
T �j+a4ï�W
��Ð3+� 4ô�@,´(©�± Q�1.��	ò

�   �2��=��+1��(�í1) +X�¾	j� 6 �+�•(�+) Bg&é,���1�X,���1� Y 
 ¼ �1� Z 0 �j#��Y.�L e (Shen��2017).��	ò�   � M 
 ¼ � V >˜/j3+5�
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,´1y �x (ô �ù �{CXG ÿ (Dirac��mass) 
¼(ô �ù �{FO� Ö (Dirac��velocity).���i �ž �� �:1y �x  Q
» ,��
� �� �Ç �`

�û� & �£� ¾ �û� K ,´>˜Eî�?	ú-(�Ä,´(©�± Q�1

F	Gü,��(©�± Q� 1 � Z %�Cã�‚�0	F�‘�&�Z�_�Z��=���Z� ‚���Z��=��1.��5�
8Bg&é#�. � �+�•(�+)��
¼�"4ÿ.ž�Ê,´(ô�ù�{KU

&éNÁ) · �&0,��
� �� �Ç�`Bg&é#�. � �+�•(�+)��LtF�,´-O�Î8¢�“�£3+,��>˜/j� j �+�•(�+)��+���û�K��� > �&0��+���û� & ,´�£

3+.��
���-;�`,���:�;�TLf8¢�“�"M’�£� ¾ �û�&��=��0 �)0 ,���TLf8¢�“�"4ï�{L$/±�V�í�Ö�j�_2�M�_.���ƒ�� �Ã

CXGÿ-(1y,´�&�I,��/±�V#¸�a,���TLf8¢�“�"4ï
X�¨�K��=��0 �4�’�@�Ì)·� j � V ,´(ô�ù�{KU.��

2.3���������Â5*�o�]#��	�‡5�5N�‰�<2±

�E@0G��6�"���`,��-��}.D0¦E³�J,´�¼5$���•5
5H�ƒ�9�92«:��Lx5
5H�ƒ�Ã8��ûM=�D5
5H�ƒ	úBg

M=�D5
5H�ƒ.���:F �92«���•5
5H�ƒ�6�[+aLx� �Ã8��ûLx� ��	úBgLx� ���•� �k+k,�����•� �jM&�)

�Ä�£��5
5H�ƒ,��
V�I�j���•5
5H�ƒ.���;M’�²���92«���•5
5H�ƒ,´�*�\(©&é
¼#��P�Ý?ô�»,�����•� 

,´AÑ1Ç
X
>�·�§�ƒ�Ð��B$�>.

M=�D5
5H�ƒ�)�Ä�¾�0��
�)à,´�¤� Gÿ�€M=�D�x� Ä (Klitzing��et��al.��1980),���¦Eé+|�_�1	…
A�P�Ý

�1,��F	�)�¾7-Gÿ	…
A�PEÃ�±�§�?�y.���Î)àM=�D5
5H�ƒ,´�£K^
X�¾�ƒ.d�&L$	ý%D�)0 � W (Bansil��et��al.

2016,��Qi��et��al.��2011,��Hasan��et��al.��2010),���²�…
X�i�W#��]�Š�`F	�0&é�_AîAÑ,´�k?±Lî&é.��-��}�k?±

�9 �T /ý �MD� ,���0 �_ �6 �i �W#�3+5� �> �ûEœLp=ê-(6V
 8 (Wang��et��al.��2015a,��Suesstrunk��et��al.��2015,

Nash��et��al.��2015,��Zhao��et��al.��2020),���Y+XLp=ê8�DÛ,´�ûEœ�ƒ.d�&L$	ý%D�)0 �W;��
��0/ý�_�Y+X0�Gü

�•�Y�Ë�ƒ.d�&L$	ý%D�)0 �W,���²�63+5��n5ž�¾MŽ���W3+�ûEœ�£
  (Wang��et��al.��2015b,��Chen��et��al.

2019).����Aê�_�Y+XLp=ê�Ë�F�_0�"?�Ë,���ƒ�},´.D0¦�k?±�•
A�¾*6AêAîAÑ�F65�_�*�¾/ë�“ Q
»,´

P¼Añ,��
XF�5� ,´ �i �W�ƒ�: �0 �…,´ �ÎP¼.D0¦F� �Z�9 �ÕFƒ.���i �ž �ƒEé�) �Ä�£3 + (Wang��et��al.��2015b,

Chen��et��al.��2019),��Lx5
5H�ƒ�>�£��5
5H�ƒ4ô�@,´+|M’�_�1���•�
�Ô,´	…
A+|M’�1,��	£
X�€�É+|M’


�+O�_�"�F65�€�É�95jL§�&,��7-GÿG-
�7-�°�}�P�Ý�=�J
�+O
>
A�“�4,��0 �j
>
A�“�4�}+ Û (back-

scattering��immune).���¨
»,´Lx5
5H�ƒ+|M’�V5��´�²� * 9(a) �p/j,��
X/±�V93
$�µ�õ�9	…
A�P�Ý,´

Eé+| �1.��F	GüB$�>�0�; ,��-O0ª
� �� -; �Œ�£��5
5H�ƒ,��
� !” ,��Lx5
5H�ƒ,´Eé+| �\DÛ�• �_ �1�� �: 	…


A�1.

Lx5
5H�ƒ,´	…
A�1
X7-Gÿ���•�PEÃ�éM’�§�9%Œ�Ë,���v(™*6�:FJ�hLî���ƒ.d�&L$	ý%D�)0 �W.

L¿-p.D0¦ ,´$! �• ,��
> �• 
� )à �¶8� �ûM=�D5
5H�ƒF	2«(©!º5
5H�ƒ,���¦ �) �Ä,´ �� �• �  �j8� �ûLx� 

(Kane��et��al.��2005a,��2005b;��Bernevig��et��al.��2006).���»�Î�:,�����•5
5H�ƒ�0���a(©�78��ûM=�D5
5H�ƒ,


>�•�}F@$@#å-��$�¯�y,´Lx5
5H�ƒ�ÃBgM=�D5
5H�ƒ1y.��8��ûM=�D5
5H�ƒ�=M0?±�ƒ.d�&L$	ý%D�)

0 � W (Kane��et��al.��2005a,��2005b;��Bernevig��et��al.��2006),��
X�¦+|M’�:�ˆ
X�P�Ý�é
A-(	ý,´+|M’�1,���6

�[�)�Ä�¾�:�Ã�;�T/ý8��û,���¨
»+|M’�V5��´�²� * 9(b) �p/j.��FJE÷F9���W
`%ð
��:�F�;8��û,��
���

�Î)à7-Gÿ�P�Ý�é
A,´�×�f,��+a�¾��M0�ƒ.d�&L$	ý%D�)0 �W,��
�!”�$�Y�¾�ÎLu�Ä+X.��
�?±5jL§�=�_

(©�[�j,���=�¯�Ç8��û�F65C•8��û8�+a�Ö6+Eœ,���a7-�
�1�)5jL§,´R±���W.��+a�¾�i�W#��=�ˆ
X2«�l

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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+e�€,´�µ/ù8��û,��?±
X�i�W#��]�Î)à8��ûM=�D5
5H�ƒ,��M0?±(©�[�´FPC•8��û�1.��)à�9,´AîAÑ	5��:

�Y+X;´�¯5��´,´�)0 	ý�)0  Q�16V
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[�p���_�€,´=20Í&éLe,´NÁ�“�"4ï�²� * 15(a) �]4Ò8¢�Î

4ï�p/j.���)"�
�
�)à,��
[�p���_�€ Q
»E³Q�NÁ�4,´(ô�ù�{KU�>�P5��=
[�p���_�€,´=20Í&éLe,´(ô

�ù�{KU���~�08$.��
��F�0�ZNÁ)·E³�~,´(ô�ù�{KU�}�¾�p���¡�_�VLÉ�;+|LtF�,��>˜�>�¦NÁ)·�>�p��

�_�€�¡�_NÁ)·�ÕF�.��
����Ç�`,��� + &é�4,´
�Lf(©�±NÁ)·� j (Zhang��et��al.��2020)

� ƒ ��1��=����2��=������=��(�Mr��+���Ms)/2� - �&,��F	
��Z(©�±NÁ)·�T�T1°�¦,��	 £ �&1��=���&2 � D �&3��=���&4,���6�[�>� * 15(a)

�],´�T�Z(ô�ù�{KU�)�Ä.��
���E³�é�C
`Añ�>�Ç�`,���&1��=���&2��=���&0���� (�M0��=��(�Mr��+���Ms)/2),��>˜�>

E³�~NÁ(ô�ù�{KU,´NÁ)·�0�Ê�?�¾�p���_�€,´�¡�_NÁ)·.��
�!”,��
X�=�i
��¦�l�h� ,´�}���;,��
���

FJE÷�i
��p���_�€,´�¡�_NÁ)·B38²B�(ô�ù�{KU,´NÁ)·�}5ž.���ƒ	…7��]�T�Z�p���_�€,´CXGÿ�ˆ
X

�?�u���2,��	 £ 0�������_��1���±����2�_�������������&,��+a�¾�T�_�€,´�¡�_NÁ)·�=
<,��(ô�ù�{KU1°�¦F0	F�¦�’�@�à,´�V

LÉ,���²� * 15(b) �p/j.

Bg& é (� + � F �+�•) LtF�,´(©�± Q�1
�+aBg&é�4,´(©�± Q�14ï�W4ô
8F��l>˜/j.��	ò631\�¼8²�û4ý

, ´ �K���Â� P �Þ� 1y�x�é#�,��
����Ç�`B��p���¡�_
»BgM=�D5
5H�ƒ,´1y�x Q
»�j

�¦�],�� ,�� ;���2��=���í1(+1) +X�¾	j�6Bg& é � + 
 ¼ �+�•.���*�¾B�

1y�x Q
»�Ç�`Bg&éLtF�,´NÁ�“�"4ï�²� * 15(a) 
 ¼ 15(b) �];
8¢�Î4ï�p/j,���>-O�Î@��À5��Ì
k
8.

F��0!•
`,���i�ž+a1y�x Q
»5	�*,´(©�± Q�1,��
����Ç�`� * 15(b) �]1\�0�Ã1\�¼�‘NÁ�“�6�_�)�Ä,´

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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CMGü�")·�6�3,���²� * 15(c) �p/j.��MŽM&CMGü�")·Lö�]
XBg&éLtF�,��L¿-p/ëBg&é,´D
/ë�Î�Ð6<EõFO

>  �ÿ .�� 
X 	z �Z �3 Gü $: 	j �) CM Gü �" )· 0� �6 ,�� �Ç �` 1\ �0 �_ NÁ �“ �" 4ï 
X Bg & é �+(�+�• ) �4 ,´ Bg Lx �  �j

�í1/2(+1/2),��6<1\�¼�_NÁ�“�"4ï
XBg& é �+(�+�•) �4,´BgLx� �j+1/2(�í1/2).��-(
<Bg&é�4,´BgLx� �{

���j ,��>˜�>
XB�+a(ô�ù�{1°�¦F0	F6<�’�@,´�VLÉ�µ�ˆ
X���•+|

M’�1�P�Ý Q�?.

�*�¾�:F �i2WCXGÿ/ë�“ Q
»,��
�AîAÑ�²� * 16(a) �p/j,´�Î�ƒ�Þ5��´ Q
 » (Zhang��et��al.��2020).

�6K
� ¯ (K&,­8¢G��6,���%al��=��70��GPa,���!al��=��2700��kg/m3,���#al��=��0.33) �pG�Kr0ª�’�@�J�Ö�a	F,���>Lt�Ð

Jõ� ! (U�8¢G��6,���%l��=��17��GPa,���!l��=��11��300��kg/m3,���#l��=��0.33) �0C§�´�@�p���_�€.���¦�l�h� � j �,��=��3��cm,

K
�¯	Ê�Ö� j �H��=��2��mm;��4ö�±,´	Ê�Ö
¼�í�Ö�6�[� j �Tb��=��0.5��mm 
 ¼ �Hb��=��1��mm;��K
�¯�:Kr0ª,´
6�„	z

�´� j �2��=��7.5��mm,��Jõ�!,´	z�´� j �R��=��3.5��mm.��	…7��]�T�ZJõ�!,´	Ê�Ö�6�[Aà� j �H1 
 ¼ �H2.

��

��

�*������

(a)���l
��•�[�·AcL9�@4	4D�•.ç�•�M�·;��(b)���%�À+°0X�,�/Fø#6�f���ö�P�V�/Fø#6�f>þ% å �+�•	 ¸ �+.
�‘7��³( Z (Zhang��et��al.��2020)

��

��

�*������

(a)���•6
�Y�P�V�l
��[�|�¸�”,$	8�"+°M½�•��3 ë (%œ7ž%å3ë) ���ö�9	W�l
��[�|+°<./É%åKa+°M½
�•��3 ë (3Î7ž�Ê3ë);��(b)���•6
�Y�P�V�l
��[�|+°BTFû�„�T�;�q���.�"+°M½�•��3ë;��(c)��� * (b) �Y�y
�P�•M½�•�2�[�%�À+°BIFø��(³.���‘7��³( Z (Zhang��et��al.��2020)
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�H1��=���H2��=��2.0��mm �&,´NÁ�“�"4ï�²� * 16(b) �p/j,��NÌ8¢>˜�±�±	F Q�?,��F	Gü
��£#�NÌ8¢�l�Õ

F�� ¾ 1 ,´�*�£M’�±	F�_�Ø.��
���-;�`,��
X�£#�,´NÁ)·93
$�µ,���3Gü$:	j@�& é � + �4�ˆ
X�T�4(ô�ù�{

1°�¦.���i�ž�x�}�i2WCXGÿ/ë�“ Q
»�6�À5��Ì,��E³Q�NÁ�4,´(ô�ù�{1°� ¦ (1°� ¦ 2) �>�=
[�p���_�€,´

=20Í&éLe�p�§�9,´1°�¦ �08$,��-( �Ä,´(©�± Q�1
x)à�3�ù�l �“ �4(©�W.��
� �0�Z(ô�ù�{1°� ¦ (1°�¦

1) �}�¾B� Q
»,´�p���¡�_�VLÉ!“�;�é,���¦(©�± Q�1>˜)à�*�>�n,´�p���¡�_(©�W,��>˜�>B�(ô�ù�{1°

�¦,´NÁ)·�}5ž�k?±+a�p���_�€,´�¡�_NÁ)·�ã�Ê.��� ƒ �H1��=��2.3��mm �D���H2��=��1.7��mm �&,��B� Q
»,´NÁ�“

�"4ï�²� * 16(c) �p/j.��+a�¾	…7��]�T�Z�p���_�€,´�¡�_NÁ)·�=
<,��1°� ¦ 1 F0	F�×+O�VL É (;
8¢	j

��).��
<�&,��� * 16(d) 5	�*�¶B�	ò� �; Q
»,´�*�£M’1y�x�ö�Ö.��
���-;�`,��
X�à�×+O,´�VLÉNÁ)·93


$�µ,��1y�x�ö�Ö?±�x�jCO�l?±�x�jE³�W,´!“�l,���§�9�>�n,´�p���¡�_(©&é.

�j�¶Añ�>
X+a(ô�ù�{1°� ¦ 1 F0	F6<�’�@,´�p���¡�_�VLÉ93
$�µ�ˆ
X+|M’�1�P�Ý Q�?,��F��0

!•�6�À�²� * 17(a) �p/j,´	5
 [ 16 �Z	…7�,´�‘�V(æCµ7�,´NÁ�“(©�W.��B��‘�V(æCµ7�	5
 [ 8 � Z A 
»

	…7�
 ¼ 8 � Z B 
»	…7�,���¦�],���H1��=��2.3��mm,���H2��=��1.7��mm.��-(�Ä,´NÁ�“�"4ï�²� * 17(b) �p/j,;
8¢8¢

�7�)�Ä�*�£M’�_�Ø Q�?.��
X	…7�,´���•�p���¡�_�VLÉ93
$�µ,��?ò���`�0�‘+|M’�1�P�Ý Q�?,���²5/

8¢�Î4ï�7#��p/j.��� * 17(c) 5	�*� ¶ �F��=��2500��Hz �&,´(©�± Q�1,���}0+�k?±Lö�]�¾M•F�+|M’,´�p���_

�€�:.

�;M’.D0¦�:F +|M’�1�P�Ý Q�?�)��@�,´�}+Û(©�W.��63<•�²� * 17(d)���a��� * 17(f) �p/j,´�9/ý5�

��

��

�*������

(a)��@ê@Í+°�l
��•�[�·AcL9�@4	4D�•�Ú3ÿ�°;��(b)���•6
�±�P�V�l
��[�|�¸�”,$	8�"+°M½�•��3ë,��MÈ
7ž=”�­�­�B�M�;,���h� f 1 �%�À�&�ŸLŽ�­�B�[�Ô;��(c)���•6
�±�P�V�l
��[�|+°BTFû�„�T�;�q���.�"
+°M½�• ��3ë ;��(d)���•6
 �± �P �V �l 
� �[ �|+°BTFû�„ �T �; �q �� �. �"+° �& �ŸLŽ0u �t �ò �Ò.���‘ 7� �³ (Z
(Zhang��et��al.��2020)
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�´ ,���6�[ �) �Ä�=	5
[+|M’�Ã�³-$4ï �´ �’+|M’D��´ �Ã�³Z�´ �’+|M’D��´ ,��
w	5
 [ 16���î��16 �Z	…7�.���)5� �´

F�>|NÁ�� Q��,��
� 
˜�í�Ð�~	ý�4Eé+|,���¦
X+|M’D��´�•
��4�í�ÐNÁ)·� j 2500��Hz ,´1°B@%ð�á,���²

4Ò8¢#�#š1Ý�d�p/j.��� * 17(d) 5	�*�¶�=	5
[+|M’,´5��´,´�}0+
j,��+a�¾�VLÉ93
$�µ�=�ˆ
X�ƒ�1�P

�Ý Q�?,���}0+
XF�/ë%ð�á$À�4EõFO> �ÿ.���)�¾
[�³-$4ï�´�’+|M’D�� ´ (� * 17(e)) 
¼�³Z�´�’+|M’D��´

(� * 17(f)) ,´5��´,��%ð
�,´�_�"#�
w
�"ï+|M’�P�Ý.��(©�[
`,��� * 17(g) 5	�*�¶� * 17(e) �];
8¢<Š4ï

�:,´�_�u�6�3.����+|M’�4,´�_�u�j	ò63,���_�u> �ÿ�j�0�W�_�u,´�0	z�)�Ä,´�í� Ö (FWHM,��	£	z

Q��í) � j 1.16�,(� , �j�¦�l�h� ),��>˜�>�}0+
XF�/ë+|M’�é
AEõFO> �ÿ.��!”�F,��� * 17(h) 5	�*�¶�9/ý5�

�´
 X 2375���a��3000��Hz 93
$,´F?�4)·.��
���-;�`,��
X���•�p���¡�_�VLÉ93
$�µ,���³-$4ï�´�’+|M’D��´
¼

���³Z�´�’+|M’D��´,´F?�4)·-(�ƒ,��
wF�Q��¾�ƒ�1,´�PEÃ)·,��>˜�>B�+|M’�1
X�0�Ê0;�Ö�:
����•�
�Ô.

6<
X�žFJ,´�p���¡�_�VLÉ93
$�µ,��L”�Z�[F?�4� �F,���9/ý5��´,´F?�4)·
wMŽ�h�~.��

3.2��������BmMC�J5�5N�‰�ÔPÂ


X�i �W#�BgM=�D5
5H�ƒ�ÎP¼.D0¦ �éM’ ,��-� �} �" �9 �= �A-( �£ �� � Œ (Vila��et��al.��2017,��Pal��et��al.

2017,��Gao��et��al.��2021).��F	�éM’,´�J� .D0¦�_�*�¾�3�ù�l�“�43+5�,��	£Bg�PEÃEé+|�1,´NÁ)·�}5ž�>

�¦�l�h� -(�£.���j�¶0±.dB�L€�f,��Zhang 1 y (2020) �f�7�¶�p���¡�_
»BgM=�D5
5H�ƒ,���¦FJE÷�ÎP¼

.D0¦
X�p���¡�_�VLÉ�]?ò���`�¶Bg�PEÃ+|M’�1�P�Ý)àB‘.��!”�F,��J¸�)�ƒ�}.D0¦�]�0��AîAÑ,´���•

��

��

�*������

(a)���1	W*xLŽ+°�•�R'âB±6
;��(b)���•�R'âB±6
+°M½�•��3ë,��4+7ž�3"�+°�f*xLŽ�-�2�[;��(c)���F��=��2500��Hz
�"+°'¥�­�M�-;��(d)��(e)��(f)���F��=��2500��Hz �"�5.ù�5K|�f�$3ÿ� ° (�9�1	W*xLŽ,���³, 3ë�´�Ž*xLŽC��°,���³Z�´
�Ž*xLŽC��°) +°/_�-�y/' �f;��(g)��� * (e) �Y�3"�+°:	7ž;†3ë�6+°�[�q�2�/;��(h)���5.ù�5K|�f�$3ÿ�°
(�9�1	W*xLŽ+°�•�-,���³, 3ë�´�Ž*xLŽC��°,���³Z�´�Ž*xLŽC��°) +°E;�0(³��3ë.���‘7��³( Z (Zhang��et��al.
2020)
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�€�É�f�7�¼�@,���€�É�]�qAè�P�Ý,´+|M’�1D��´�_
*�Ê�=
�,´F	�ZL�NÈ,��Zhang 1 y (2019a) F�AîAÑ

�¶�0/ý
�5F0;BgM=�D5
5H�ƒ,���Î)à�¶
�Gý�´,´+|M’�1�P�ÝD��´.���;M’�aF	�T�éM’�…�0�§�ƒ�û4ý.��

3.2.1���������v���§�e
ÁBmMC�J5�5N�‰�ÔPÂ.J0¬

-(�£*6AêAîAÑ	ú� �l.D0¦G��6
 X 3.1 �?8²�"�Œ�û4ý,���;M’�k?±�û4ý-(�Ä,´�ÎP¼.D0¦G��6.���f

�7,´�p���¡�_
»BgM=�D5
5H�ƒ�²� * 18 �p/j,���€�É	ò� ��	ú�Þ5��´���…�j�(�>� * 16(a) �p/j Q
»

�08$.��5��´�]	5
[�0�‘�³Z�´�’+|M’D��´,���²� * 18 �]4Ò8¢�Î4ï�p/j.��+|M’�T�×,´	…7��Â�jKŒ�ÿ,���²

� * 17(a) �p/j.��%ð�_�˜5ž�¾5��´6üM’,���Ò�d
²-$
*�Ê�¾U�8¢
6&é�p/j�}5ž.

� * 19(a) 5	�*�¶� * 18 � ] A &é
 ¼ B &é�4,´NÁ
ý�"4ï.���¦�],��A &é�}�¾�³Z�´�’+|M’D��´�:,��B &é

�}�¾+|M’�0�×,´�€�É�ƒ�µ.��
���?ò���`�T�Z�>�n,´�~F?�4	j��,��+X& 8¢
¼;
8¢.��’�7#��²
..��
X

& 8¢�~F?�4	j �� �µ,��A &é
 ¼ B &é,´F?�4)· 
wMŽ�h�~,��6<
X;
8¢�~F?�4	j �� �µ,��A &é,´F?�4)·E³

B &é��	w�¶4 Ö 20��dB.��F	�?
£-p
X;
8¢	j��NÁ)·93
$�µ,���ˆ
X+|M’�1�P�Ý Q�?.��
�!”,��5�
8� * 17(h)

�]� �l Q��5	�*,´F?�4)·�"4ï
����T�Ê,��;
8¢	j���)�ÄB��p���¡�_
»BgM=�D5
5H�ƒ,´���•�p��

�¡�_�VLÉ,��6<& 8¢	j���)�Ä�¦�£���p���¡�_�VLÉ.���j�¶P¼AñB�5�Aê,���Y+X�›�ÿ�?%ð�y�J�ž	�#{�_

��Aà�…�¶5��´ 
X�9�Z��>˜�WNÁ)·�; ,´ 
w�é�iFO�Ö
j ,���6�[ � j 1500��Hz(�} �¾FJ�V93
$�µ)�Ã2045

Hz(�}�¾���•�p���¡�_�VLÉ93
$�µ)�Ã2500��Hz(�}�¾�£���p���¡�_�VLÉ93
$�µ).��
���
�)à,���ƒ%ð�á

NÁ)·�}�¾���•�p���¡�_�VLÉ93
$�µ� & (� * 19(c)),��%ð
�,´�_�"#�"ï�³Z�´�’+|M’�P�Ý,��
XF�/ë+|M’�é


AEõFO> �ÿ.��6<�ƒ%ð�áNÁ)·�}�¾�£���p���¡�_�VLÉ93
$�µ� & (� * 19(d)),���}0+Lö�]�¾�_$ÀLtF�,���Z

?ò���`�P�Ý)àB‘.���Œ�j	ò63,��%ð�áNÁ)·�}�¾�€�ÉFJ�V93
$�µ� & (� * 19(b)),��7-Gÿ�6�3�¾�¤�Z5��´.

�)"�� * 19(a) �],´�ÎP¼#{Gÿ5��Ì�>� * 17(h) �],´� �l Q��5��Ì
��� 
�)à,���ÎP¼#{�Ç,´�VLÉ

NÁ)·�>�n�~�¾� �lAÑ1Ç�],´�VLÉNÁ)·.��B����2�k?±�_+a�¾�€�É�f�7FP�@,´.���ÎP¼�],���*�ƒK
�¯�>

�p���_�€�_�6�0�Ð��,��'f
>�½+X7&"d2È�Õ�0C§,´.��
�!”�p���_�€,´�J�Ö-(�)� �l Q
»?±�?�0�Ë,

�,8$�VLÉ�}5ž
A�~NÁ�•0+.���j �¶P¼AñF	�0&é,���i �ž �ÎP¼5��Ì ,���6�  �l  Q�� �] �Þ5� �´ �±,´ 	Ê� Ö �T�B

(� * 16(a)) B3�¤� j 0.42��mm,���½!QAÑ1Ç�¶� * 17(a) �p/j�‘ �V(æCµ7�,´�V5��´,���²� * 20 �p/j.��
� ��

-;�`,���ÎP¼5��Ì�n/j,´�VLÉ�}5ž�>Cµ7��ƒ�VLÉ,´�}5ž
k
8E³�­.��M0?±B$�>,´�_,��+a�¾�_�€CXGÿ�=


�6<�J�ÖL}�~,��0ªL$	ý%D�)0 �W.d
•0;�Ö�Î�j,���,8$���•+|M’� 1 (5/8¢�Î4ï) ,´�V�í�ÿ�?.��

3.2.2��������FPD%
%5L0ABmMC�J5�5N�‰�ÔPÂ.J0¬

�j�Î)à
�Gý�´,´+|M’�1�P�ÝD��´,��Zhang 1 y (2019a) ���*�¶�0/ý
�5F0;BgM=�D5
5H�ƒ,���¦	…

7�+a
*�ƒ�*�ƒ
¼#â�ƒ�i� r (.ñ�W#q�ƒ) �´�@.��FJE÷AîAÑ,´
�5F0;.ñ
j�×�f3+5�,��
�)�0û
`B38²!ÿ�Z

	…7��],´.ñ#q�ƒ�6�3,���þ6<�i
�5��´�]���•+|M’�1�P�ÝD��´.

AîAÑ,´!“�•Eé�’=20Í&éLe�²� * 21 �p/j,���¦��>˜	…7�
[�9�T�Z
6�!�’0ª7„,��FJE÷4ö�?,´�!�’

FJFƒF�FJ.���ƒ	…7��=
[.ñ#q�ƒ�&,���i� ž 3.1 8²�û4ý,��+a�¾&éLe�€�É
<�&%�C ã C3 �)0 �W
¼0ªL$	ý%D

�)0 �W,���¦NÁ�“�"4ï
 X � + &é�44ï�W1°�¦�’�@(ô�ù�{KU,���²� * 21(a) �p/j.��M0?±B$�>,´�_,��F	Gü�õ�£

#��*�£M’�±	F�_�Ø Q�?,��	£
.�];
8¢NÁ�“�6�_.���ƒ	…7��¦�]�0�Z0ª7„�u%�.ñ#q�ƒ�&,���=�)0 ,´CX

Gÿ�6�3�ƒ.d�¶&éLe�€�É,´0ªL$	ý%D�)0 �W.��-(�Ä
`,��;
8¢NÁ�“�6�_�:,´(ô�ù�{KUF0	F�’�@�VLÉ

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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(� * 21(b)).��FÓ�x,��
XB��VLÉNÁ)·93
$�µ,��
����•�
�Ô,´+|M’�1
���"ï-p+a�§�9-(	ýCXGÿ�6�3,´&é

Le�´�@,´+|M’F�>|�P�Ý,���²� * 21(c) �p/j.���Y+XAîAÑ,´
�5F0;.ñ
j�×�f3+5�,��
�)�0ûB38²!ÿ�Z	…

7��] ,´ .ñ#q�ƒ�6� 3 (� * 21(d)),��F�6<
� �i �ž�ÎLuM0?±Gý�´+X�¾�P�Ý�� �•+|M’�1,´D��´ �’ (æ,���²

� * 21(e) �p/j.

	…7����…	ò� �²� * 21(f) �p/j,��
*�ƒ�*�ƒ
�+ a 3D �ƒ	   (�ƒ	 �j :��Object��350,��Stratasys,��USA;

6G�€:��RGD810,��VeroClear,��Stratasys,��USA) 6<�@,��U�8¢G��6�j.ñ#q�ƒ�i �r.��
*�ƒ�*�ƒ,´ QGÿ
¼�ö

��

��

�*������

�b�3+°�l
��•�[�·AcL9�@4	4D�•���ö�ÊO¸"wA�2'4�.���‘7��³( Z (Zhang��et��al.��2020)

��

��

�*������

(a)��� * 18 � Y A %å	 ¸ B %å+°�ÊO¸"w�ÃM½	ù��3ë;��(b)��(c)��(d)��M½( ³ 1500��Hz,��2045��Hz 	 ¸ 2500��Hz �"+°
�s�å�eEK�Ò�f.���‘7��³( Z (Zhang��et��al.��2020)
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��

��

�*������

���Ó:��� * 19(a) �Y+°M½	ù��3ë;��	��Ó:���ú�ÊO¸�RKÅ�y4š�ù$@�Ã�\�Ú3ÿ�°�­+°,K�Ê�F�Ò	:,��Fù�Ü@Í0Ã
+°� * 17(a) �l.f�•�R'âB±6
+°�R3ÿ�°.���‘7��³( Z (Zhang��et��al.��2020)

��

��

�*������

(a)���•6
�9	W-í"m�•�",���/Fø#6�f>þ% å � + �0�ý*K'ð�õ�w0¬�¢;��(b)���•6
�¢�Y�,�V/¦6€�q$
-í"m�•
�",��/¦K �ù$@�%/��S-`�{,���«�Ã'ð�õ�w0¬�¢E,�B�¢�Ž�<�RK Å (:	7žM½�•�2�[);��(c)���T� * (b) �Y:	7ž
M½�•�2�[�RKÅ8/� �±,���„�T�ÿ�}*xLŽ�-�L�Ù�M�;;��(d)���U*T@ê@Í+°	�4B/7-í�f	����Ó�b û�V�•6

�Y-í"m�•+°�2�/;��(e)���� •,��EFDó�e	��•6
�Y-í"m�•+°�2�/'â�-,��	���A/� *T�º�L�Ù�ÿ�}*xLŽ�-+°
*xLŽC��°+°�Ž'â;��(f)��@ê@Í+°�•6
+°���•�î�œ.���‘7��³( Z (Zhang��et��al.��2019a)

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
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�Ö�6�[� j �%��=��2��GPa 
 ¼ �!��=1200��kg/m3,��"ú�®"�� j 0.4.��	…7�,´�¦�l�h� � j �,��=��4.0��cm,��	Ê�Ö� j �H��=

4.0��mm;��
6 �!0ª7„ ,´ �F 	z �´ 
¼�ñ 	Ê�6 �[ � j 8.6��mm 
 ¼ 0.7��mm;��	…7� �T �× �9@� �! �! ,´EéK¯ � j �L��=

1.866��cm,��	…7��{L$F��Õ�4,´�í�Ö� j �A��=���,���í��2�L.

�j�¶P¼Añ
X� * 21(b) �]�VLÉ93
$�µ�ˆ
X+|M’�1�P�Ý Q�?,��F��0!•.D0¦+ a 16 �Z	…7�4ô�@,´�‘

�V(æCµ7�,´NÁ�“(©�W.��
 X COMSOL��Multiphysics �]�*0û�²� * 22(a)���p/j,´�‘�V(æCµ7�,��	5
 [ 8 �Z

.ñ#q�ƒLö�]�¾���×0ª7„,´	…7�
 ¼ 8 �Z.ñ#q�ƒLö�]�¾
#�×0ª7„,´	…7�.��F	�T/ý2«
»	…7�,´F��Õ�4

0 �{�j�³+|M’�´.��� �lAÑ1Ç�],��B��‘�V(æCµ7�,´�:�;�T1��j8�+aEé+|�‘�&,����
#�T1��j�3#KC›
˜�O

�WEé+|�‘�&.���Ç�`,´�*�£M’�±	F�_�Ø Q�?,´NÁ�“�6�_�²� * 22(b) �p/j.��
X�ƒ�VLÉ93
$� µ (4 Ö 1226���a

1441��Hz) �*)à�0�‘+|M’�1NÁ�“�6�_,���²;
8¢&é4ï�p/j.��� * 22(c) 5	�*�¶B�Cµ7�
 X 1234��Hz �;,´(©

�± Q�1,���}0+Lö�]�6�3�¾�‘�V(æCµ7�,´+|M’�46<
XF�/ë+|M’,´�é
AEõFO> �ÿ,��
x)à+|M’�1(©�±.

F��0!•,���)B� 
[#â�ƒ�i �r ,´ 
�5F0;BgM=�D5
5H�ƒ,´+|M’�1�P�ÝF�>|�¶NÁ�� Q�� .��� * 22(d)

(e)��(f) �6�[5	 �* � ¶ 16���î��16 ,´ �9L€�j �(5� �´ 
X-$4ï+|M’D��´ �Ã�³L�´ �’+|M’D��´ �Ã�³Z�´ �’+|M’D��´

�;,´0c�1�}0+
j.�� Q���],��5��´
�
˜�í�Ð�~	ý�4Eé+|�‘�&,��+|M’D��´�]L $ (;
8¢
6&é�p/j) �í�ÐNÁ

)·� j 1234��Hz ,´1°B@%ð�á.��
���
�)à,��
X�=
<+|M’D��´�’(æ�;,��%ð
�,´�_�"#�
w"ï-p+|M’D��´�P�Ý.

3D �ƒ	 �f�7,´	5
 [ 16���î��16 �Z	…7�,´#{B��g�&�²� * 23(a) �p/j.��
���-;�`,��+|M’�T�×	…7��]

,´.ñ#q�ƒ�6�3(æ�1-(	ý.���ÎP¼#{�Ç,´-$4ï�’+|M’D��´�´
»
 X 1450��Hz �;,´�*M’�}0+
j�²� * 23(b)

�p/j,��%ð
�,´�_�"#�
�"ï-p+|M’F�>|�P�Ý,��
X
²-$+|M’,´�é
AEõFO> �ÿ.���Y+XAîAÑ,´
�5F0;.ñ
j

�× �f3+5 � (� * 24),��FJE÷Eœ0+	…7� �] ,´ .ñ#q �ƒ ,�� 
�Gý �´5� �´ �]+|M’ �1D� �´ ,´ �’ (æ.��� * 23(c) 
¼

��

��

�*������

(a)���•�R'âB±6
;��(b)���&�ŸLŽ�­�B�[�Ô�M�;M½�•��3ë;��(c)���F��=��1234��Hz �7*xLŽ�-M½�•�2�[�6+°'¥�­
�M�-;��(d)��(e)��(f)���F��=��1234��Hz �7�5.ù*xLŽC��°+°/_�-�y/'�f,���2�W�%�À, 3ë�Ž*xLŽC��°���³L�´�Ž*x
LŽC��°���³Z�´�Ž*xLŽC��°.���‘7��³( Z (Zhang��et��al.��2019a)
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23(d) 5	�*�¶�³L�´�’+|M’D��´�´
»
¼�³Z�´�’+|M’D��´�´
»,´�*M’�}0+
j,���_�"#�"ï-p�à�’�@,´+|

M’D��´�P�Ý,���¦�D
��¸�­
`5�E÷��@�.��M0?±B$�>,´�_,���ÎP¼�]?ò���`,´+|M’�1NÁ)·�>� �l Q���]

,´NÁ)·�9�0�Ê���2,��F	�k?±+a� ¾ 3D �ƒ	 5��´,´���…�j�(�>� �l�],´*6�# Q
»�9�•��FP�@,´.��!”

�F,���ÎP¼#{B��g�&�_�6
‡�ƒ	 �½+X7&"d2È�Õ
X�0C§,´,��0ª7„,´�ö�1�•�¯+X�¶7&"d,��F	�)�¤�ƒ�€�É

��

��

�*������

(a)���b�3+ ° 16���î��16 "wA��c�";��(b)(c)(d)���ÊO¸"wA�+ ° �F��=��1450��Hz �7�5.ù*xLŽC��°+°/_�-�y/'�f,���2
�W�%�À, 3ë�Ž*xLŽC��°���³L�´�Ž*xLŽC��°���³Z�´�Ž*xLŽC��°.���‘7��³( Z (Zhang��et��al.��2019a)

��

��

�*������

@ê@Í+°	�4B/7-íIí�sKyKa�C2'4�.��(a)��	�4B/7�Ó�bD›�";��(b)��16 EFE•4�*a�”�,�Ÿ;��(c)��-íIí�sKyKa
�C,��4+7ž�2�4�3"�+°-íIí��*]D›�"�Ó�b�sB£;��(d)��-íIí�sKyKa�C+°�Ó>ò�*.���‘7��³( Z (Zhang��et��al.
2019a)

1\ ��2���O Lx!õ�
���P"ù �
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�Ž�W�•�9�0�Ê,´�¡
ý.

5,�:�pF ,��AîAÑBgM=�D5
5H�ƒ,´�£K^!•PÔ�_OÆ�x�Ç�`(ô�ù�{KU1°�¦3+5�,��'f
>FJE÷L}�~�)0 

�W�ƒ.d1°�¦�Î)àBgM=�D���•-(.����>˜�W,´AîAÑ�é�x�_�*�¾=20Í�F�9@��¦�l3+5�
X�3Gü$:	j@�&é

,´(ô�ù�{KU,���Y+XKŒ�ÿ�F	ý%D�)0 .d	¤AîAÑ�*BgM=�D5
5H� ƒ (Pal��et��al.��2017,��Liu��et��al.��2018).���i�W

#�BgM=�D5
5H�ƒ�ÎP¼.D0¦�""�E³�@'Ï,��� ² Zhu 1 y (2018)�ÃVila 1 y (2017) G-
X=20Í&éLe�¯3+5��]

P¼Añ�¶BgM=�D�x�Ä,���¦� ] Vila 1 y (2017) 
X=20Í�¦�l�¦�]�0�Z�l&éLt�ÐNÍ�F,´.ñJñ,��2«�l1 \ 3.1 �?

8²�]�T�Z�l&é�§�9�=
<CXGÿ.��Gao 1 y (2021) �IAîAÑ�¶�*�¾�9@��Â�3�“�4�ƒ,´BgM=�D5
5H�ƒ,���¦P¼

Añ�¶+|M’�1,´���•�
�Ô(©�W.��+a�¾4ï�i�W*6Aê,´4ï�W5Y�n(©�W,��Yan��et��al.1 y (2018) AîAÑ�¶�Þ4ã2£

�j�Ö,´BgM=�D5
5H�ƒ,���¦.D0¦�¶�=
<+|M’�i@��)�i�W#��•�6#�,´�x�Ì.��

4��������L~5�5N�‰.J0¬F��‹
��

4.1��������L~5�5N�‰AôA×

�}�08²FJE÷B38²=20ÍCXGÿ�i2W3+5�,´CXGÿ	ò� ,���ƒ.d	ý%D�)0 �W�"4ÿ�Î)à�¶BgM=�D5
5H�ƒ,

�\�?8²�6
X-(
<,´3+5��]AîAÑ�Î)àLx5
5H�ƒ.��
X�{�}6ü�Ÿ�]�"4ÿ�û4ý,���Î)àLx5
5H�ƒM0?±�ƒ.d3+

5�,´�&L$	ý%D�)0 �W.���F�Ð.ñ
j�h+X�¾�ƒ.d+e�€3+5��F+e.ñ3+5�,´�&L$	ý%D�)0 �W,��'f6<,���i�W

#��Ã� #�1y�j�à#��>.ñ
j���~�=6V
8,����#�FJE÷.ñ
j�ƒ.d�&L$	ý%D�)0 .��J¸�)F	Gü,´CXGÿ�i2W�_

�Ø3+5�,���6FJE÷0�Gü�• �Y� Ë (1°0 0�"?�Ë) �ƒ.d�&L$	ý%D�)0 � W (Wang��et��al.��2015b,��Chen��et��al.

2019),���§�ƒ�Š#�
��63+5�5ž�¾�ûEœ�*�×.

�6�{�},´CXGÿ�i2W3+5�5ž�¾�ûEœ�*�×� : (� * 25),��
X�>�ûEœ�*�×
*�Ê,´
€�73+�;�6�ÀCX&é,´

F��Ø?ô�».��
X!”MŽ�� �W
€�73+�],��F� �ØCX&é
� �`<Š��,´0�"?� Ë �&cori��=���í��2���
���î��(�M���V) �� 	ú/ë�ó�Ë

�&cent��=���M�_�
�_2�R,���¦� ] � V 
 ¼ � R �6�[�jCX&é,´FO�Ö�>�}5ž.�Gÿ.���w�Ê�ûEœ�*�×@�FO�ÖE³�?,���ICX&é
��`

,´0�"?�Ë	•�k�,,��/ë�ó�Ë
����-+•�=AÑ.��
XNÁ)·� j � & ,´1°B@�_�Ø�õ�å�;,��0�"?�Ë1y�'� j �&cori��=���í��2�� ���î

(�M���V)��=��2i�����î��(�M���A/�&),��� A ��>˜CX&é,´�ÐFO�Ö.��FJE÷�G�*CX&é,´F��Ø�é0;
���
�)à,��B�0�"?�Ë
���

FJE÷�63+5�,´CXGÿ1y�x�j	´�D2£(©�’�?�Ð��63<•,��	…7��µ
4CX&éCXGÿ1y�x� j �M�P(I��+�����1�Y),���M�Q(I��+

���1�Y),���¦�]
��€����=��2���
/� & >˜/j6V
8�j�Ö.

63<•	…7��µ�TCX&éCXGÿ-(1 y �M�P��=���M�Q��=���M0 �D0�"?�Ë�x�ÄE³�a����������1 ,´3+5�,���i �ž�{�}�Þ� 

1y�x Q
»�*0û�é#�,����1°�¦3+5�
 X �+�•��(�+) ,´(©�±�1�^�U1(�+�•),���U2(�+�•)�`(�^�U1(�+),���U2(�+)�`) �j�*,��
����Ç

�`�>� ? (21) �¼�˜-(
<,´1y�x Q
»

#��?�`,��+a�¾0�"?�Ë�ƒ.d�¶�&L$	ý%D�)0 ,���+�•��(�+) Bg&é,´1y�x Q
»�]1y�xCXG ÿ � M �Â�j-(	ý� .���D


X�ûEœ@�FO� Ö � 
 �=�jM&�&,��3+5��ˆ
X�í�Ö� j � M ,´/±�V.��2«�l�{�},��
���AÑ1Ç�Ç�`�~NÁ�6�_�)�Ä,´

CMGü�")·
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!”�&,���T�ZB g � + 
 ¼ �+�•�j�V-(
<,´CMGü�")·.���6CMGü�")·
X�¤�Z�3Gü$:	j�µ0��6,��
� �� �Ç�`Lx� ,

�•	£�_CMGü�")·
X�T�ZBgLtF�0��6,´
¼

�ƒ�ûEœ�*�×,´@�FO�Ö�=�jM&�&,��3+5�,´Lx� �a�=�jM&,��>˜�>3+5��´�@Lx5
5H�ƒ.��!”�&,��3+5��qAè	…


A�P�Ý,´+|M’�1,��
����9'—�{�},´@��À�é#�P¼Añ.��63<•2«�l� * 11(a) �]Lx5
5H�ƒ4ô�@,´+|M ’ (�X�•����

0,���M������0;���X�•���!��0,���M���!��0),���w�Ê�T�×5��´
 X �Y�•�é
A�§�9
˜�O�W
>,��
��Ç�`+|M’�1

�þ8¢�“�£3+
���-;�*,��+ a �+�•��(�+) Bg�14ô�@,´+|M’�1
w"ï+�Y�•�é
A�P�Ý,���?
£-p+|M’�1�õ"ï	…
A�P

�Ý.��
<*6
���P¼Añ,���T/ý���•-(�Ô�’�}5ž
 > (�X�•������0,���M���!��0;���X�•���!��0,���M������0),��+|M’�1"ï-(	ý�é
A�P�Ý.

F	/ý)àB‘
���
X(™*6�:*6@��j,���ûEœ�*�×,´�E�•�ƒ.d�¶3+5�
X�:�;,´�)0 �W,���¯�Ç+|M’#�
�7-"ï

���0�é
A�P�Ý.

�)�¾�0�08\,´3+5�,��	£	…7��µ�TCX&éCXGÿ�=1y�D�ˆ
X0�"?�Ë�&,��
<�g��1°�¦3+5�
 X �+�•(�+) ,´

(©�±�1�^�U1(�+�•),���U2(�+�•)�`(�^�U1(�+),���U2(�+)�`) �j�*,���Ö
����Ç�`� > (21) �¼�˜-(
<,´1y�x Q
»

�ƒ�&L$	ý%D�)0 �W	ú0ªL$	ý%D�)0 �W
<�&>Û�ƒ.d,´�&�I,���i�ž�T/ý�)0 �W,´.d
•0;�Ö,��	£�ûEœ�*

�×@�FO�Ö�W�?
¼7��s�µ�TCX&éCXGÿ��,��3+5�
����4�¾
�/ý�=
<,´���•- ( (� * 26(a)),���¦�]�T/ý�j

BgM=�D5
5H�ƒ,��
��T/ý�jLx5
5H�ƒ.����
'�µ� �l�jCMGü�")·
XBg& é �+�•
 ¼ � + ,´0��6,��Lx� �j�T�Z� 

��

��

�*������

�2.ç�•<./É2'4��j4š�º�÷D˜
&�Ó�6	����•-`�"K �ù$@�%/�,���Ê(ÜL9�@4	4D�•;���T�:�÷D˜�Ÿ	��&�Æ
+°�|�32'�6,��BT%å	��\.ýFø�‘�U�Ç�ö.ç�ï�Ç,��.ý!;�Ç�:�÷D˜
&�Ó>þEK�Ò�S�;�_�
�_3ë�S,$�Ÿ,��.ç�ï�Ç
�:>þEK�Ò�Ÿ�å�_�_2 3ë�S,$�Ÿ

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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�l�{
¼.��	ò� �4� ¾ A���a��D 
��Z	j���µG��&,��3+5��j	5
[�¼�˜/±�V,´BgM=�D5
5H�ƒ�FLx5
5H�ƒ.���ƒ

	ò� �4�¾
��Z	j��,´Eé+|�&,��3+5�"Ñ�9�¼�˜/±�V,���=�Ž�¾5
5H�ƒ.��!”�&,��1 \ 2�Ã1 \ 3 �_8¢�“�"M’�õ


XBg& é �+�•� F � + �ƒ�0�VLÉ,��
X
��0�ZBg&é�I�ý�
�11°�¦,���²� * 26(b) �]5	�*,´�V5��´�"4ï�õ�å,���¦

�]	ò� � j �M�P��=��0.95,���M�Q��=��1.05 
 ¼ �
��=���í�&0/40.��F	/ý)àB‘$À�¾�ûEœ�*�×�ƒ.d�¶3+5�,´�&L$	ý%D�)

0 �W,���)+aCXGÿ�� 
 X � + 
 ¼ �+�• �EC§,´/±�V�×+O-(	ý,´ �¡ 
ý,��� + &éLtF�,´ /±�V+a�¾�ûEœ6<�� �í �¶,

�+�•LtF�,´/±�V�I+a�¾�ûEœ6<�ÿ�a.

�j�¶P¼Añ�=
<���•-(,´���•+|M’�1,��� * 27(a)���a��� * 27(f) 5	�*�¶��� : 4 /ý���•- ( (A:���M�P��=��0.9,���M�Q��=

1.1,���
��=��0;��B:���M�P��=��1.1,���M�Q��=��0.9,���
��=��0;��C:���M�P��=��1.0��=���M�Q,���
��=���í��0.05�&0;��D:���M�P��=��1.0��=���M�Q,���
��=��+

0.05�&0) 4ô�@, ´ 6 /ýK_U¯+|M’�)�Ä�V5��´.���V5��´FJE÷"r@�� * 12(a) �]�p/j�‘(æCµ7�#��Ø�é0;�Ç

�*,���¦�]�:�;Eé+|�í�Ð�9�3#KC›F�5��W�‘�&.���V5��´�],´;
8¢�"4ï��>˜+|M’�18¢�“�"4ï,���)�¾Lx

5
5H� ƒ C/D 4ô�@,´+|M’,��
���-;�`�T�‘+|M’�18¢�“�"4ï,��6<�¦�³���•-(�´�@,´+|M’�õ�9�0�‘+|

M’�18¢�“�"4ï.��
X�P�Ý�é
A�:,��BgM=�D5
5H� ƒ A/B 4ô�@,´+|M’�_�1	ü
A�P�Ý,´+|M’�1,��6<
X	5
[

Lx5
5H�ƒ,´+|M’�õ�_�1	…
A�P�Ý+|M’� 1 (� * 27(b)���a��� * 27(f)).��M0?±�7�*,´�_,��+a�¾8�+a0ªL$
���

-;�Œ�£��,´5
5H�ƒ,��
�!”
XLx5
5H�ƒ,´Eé+|�•�ˆ
X-(�Ä,´Eé+|�1.���j�¶�V5��´�"4ï�$�Ð1°#1,����

�:
.�]�¦"Ñ�9+k�*Eé+|�1�)�Ä,´8¢�“�"4ï.

� * 28 5	�*�¶�i�W#�
X���:��/ý���•-(4ô�@,´+|M’�P�Ý Q��5��Ì,��4Ò8¢>˜/jM’�µ�}0+�_�u�W,

<Š4ï>˜/j+|M’�}5ž,��<Š4ï�µ�F�j�T/ý�=
<,´���•-(.���jP¼Añ+|M’�1,´���•�
�Ô(©�W,��B�+|M’(©�[

	5
[�¶� ² 110o 
 ¼ 80o ,´�—&øEœ@�.��
XBgM=�D- ( A/B 4ô�@,´+|M’,���i�W#�
���"ï-p	ü
A�P�Ý,��6<
X

	5
[Lx5
5H�ƒ,´+|M ’ (� * 28(b)���a��� * 28(f)),���i�W#�
�7-"ï-p	…
A�P�Ý.��� �l Q��5��Ì�>�{�},´@�

�À5��Ì
¼�V5��´AÑ1Ç
k
8,��6<�DAñ�Î�¶�i�W#�
���"ï-p�+�?+|M’�¼5¾�P�Ý,��6<�=�J
�+|M’��@��×

+O�>�n,´
>
A	ý�4�F�“�4.
��

��

��

�*������

(a)���ÿ�},$�2�/�*,���V�|�3�:
&�Ó�÷D˜�f�],$�Ÿ,��3á�|�3�:6
�o�±�PBT%åBTFû��,$�Ÿ;��(b)���•�î�œ
�0� º A 	 ¸ C ,$+°�˜�•Då*x�",���®�*�YSð7ž�2%å�l.f,��2'4��%�À+°�R3ÿ�°��3ë.���‘7��³( Z (Chen��et��al.
2019)
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4.2��������F�5#��C^Eï+‚�7

���:	…
A���•+|M’�1�*�¾
˜�O�¦�l�€�É,���¦���•#��P�Ý(©�W�6�À��7-�V*6Aê�j�*.p.��6<�h?ô


*�ƒ�Ë�–,´.D0¦�I�k?±����?¯F�5��ûCX*6Aê�j�v�æ.��9�7-FJE÷F�5��ûCX*6Aê�)���•�P�Ý(©�WF�

��

��

�*������

6 .ù�ÿ�},$3ð�<+°J[T«*xLŽ"��L�Ù7ž�•��3ë;����7ž��=”�•"�7ž�•��3ë,��:	7ž��=”*xLŽ�-7ž�•��3ë.
�‘7��³( Z (Chen��et��al.��2019)

��

��

�*������

�e�S"�! ë 6 .ù�ÿ�}*xLŽ�L�Ù�",Ø�-3ÿ�È;��MÈ7ž��=”�y/'�q�h�S�;,��3Î7ž=”.f�y/'� �S;���œ�h�M��
�f
��S7 �1	 W 78���î��90 �V�•6
.���‘7��³( Z (Chen��et��al.��2019)

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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>|�k+k,���¦��/j�€�É1y�x	ò� �)#��Ø,´�¡
ý,���)�¾���•�€�É,´AîAÑ�>�H	F�6�_MŽ�h�9,ú,´.���j�¶


X4ÿ�¨��?¯�i�W*6Aê�]�k+k	…
A�PEÃ+|M’�1,���I�õ'fM0?±�)�i�W*6AêF�>|F2�ƒ,´���…,���E�•-(�£

,´NÍ�F1y�x�€�É	ò� .���0/ý�é�?�_�6�ö�Ö1y�x� j Hermitian �’�?,��	 £ �!��=���^�!,��i�.;���íi�.,���!�`,��(™*6�:
�

�6�ûEœLp=ê�|�•�i�W�ƒ�•�Î) à (� * 29).���;M’�6L@Gú,��!”�&�€�É+|M’#��Ø�WCX
��þF�5��ûCX�Ë�–

@��Ö	ë.D0¦,���D
X(©�Ê	ò� �õ�å�;�•7-�*)à	…
A+|M’�1.

OÆ�x,��63<•�²� * 29 �p/j,´�=
8�€�É.���*�ƒ�j�i�W
*�ƒ,���i�r�j�J�ƒ,���¦�µG�6V
8�0�ZEœ�€3+

5�.���J�ƒ
XF��ØE÷0;�]�>Eœ�€
�+O-(�Â�Œ+X,���×+O6V
8�Œ+X�Ë.��Eœ�€�)�J�ƒ,´�Œ+X�Ë
���1y�x�j

�J�ƒ�§�9�{�W���WCXGÿ,´Lp=ê�Ë.���j�¶F��0!•Gÿ	F�{�W���WCXGÿ,´�W� ? (Aà�j�h�   �.),���;M’��Lp

=êEœ�€�j.D0¦�)B‘,���Ø�,B��h� �>�".�5	�Ê(™*6Gÿ,´�£3+.��OÆ�x�*0û�²� * 29(c) �p/j,´-$@�
€�7

3 + O�X�Y�Z,���¦� ] �Z,���3,��
 ¼ � � �6�[��>˜-(�)�¾Eœ�€�kE¤,´8��û@�,��F��Ø@�
¼1��Ø@�.���-+•Gý�Ë�Œ+X,��Eœ

�€	0FOEœ�Ø�& ,´F��Ø�é0;�j

�-�X,���-�Y,���-� Z �6�[�j" ï � X E¤,��� Y E¤
 ¼ � Z E¤,´�•.�.���)0��=���)�X�X��=���)�Y�Y,���)��=���)�Z� Z ��>˜Eœ�€"ï�)�ÄE¤,´Eœ�Ø��Gÿ.

63<•�?�u1°B@F��Ø�õ�’,��1��Ø@ � ��(�T)��=���,exp(�I�&�T),���D�_�,�_��������1.���wAîF��Ø@�FO�Ö�=
��DEœ�€

"Ñ�9
��`" ï � X E¤
 ¼ � Y E¤,´�•.�,��	 £ �-�X��=���-�Y��=��0,��	£Eœ�€
¼&éLe5��´�õ
�+OM’�µ6V
8.��
����Ø�,�Ç

� ` (Brun��et��al.��2012)

�: �?>˜�>,��F� �Ø@�FO)· 
¼NÁ)· �W�?-(1y,���D8�EœFO)·
¼NÁ)·%�Cã�� �: �£3+.���6�: �?�� �• � ? (41)


��Ç

AîEœ�€,´(©�±K¯�Ö� j �H,���IEœ�€N¦1��•/ ë � Z E¤,´�}0+
¼Eœ�€1��Ø@��{L$%�C ã �5��=���H��.��FÓ�x,��Eœ�€�p


��•.�
�>˜/j� j �-�Z��=���F�H��.���¦ � ] � F �j�³Lp=ê�Ë�´,���é
A
²-$�¾�&B@�}0+,���W�?� j �F��=�� �)i�&2�H�í2�5,��<Š� 

i >˜�>Lp=ê�Ë-(�)�&B@�}0+�9�0�Z
*�Ê,´-(�}��.��Lp=ê�Ë,´1V
'
¼Eœ�€,´8�Eœ�é
A�9�£,���ƒ8�Eœ

�é
A
�	F�&,���)�Ä,´1V
'�•�J�i
�.��F	Gü
���Aà8��û�h� � j �.��=���)�H�í2.��+a(‹N¯1\�9�Ê�»
�.�,��Eœ�€

�)&éLe,´	ý�Œ+X�Ë� j �Fg��=���di�&2�.�5,���¦�)�Ä,´.�Le>˜Eî�?�j

FÓ�x,���i�r
XF��ØE÷0;�],´�£>‘�é0;�j���F��ext��+���F��gyro��=���í�M�&2�5,���F��ext �j�i�W�*�ƒ�×+O,´�F�Ë

+a!”
�.�,��Lp=êEœ�€,´�Œ+X-(�ƒ�¾�¯�Ç8²&éCXGÿ�§�9�¶Lp=ê���W.���ƒ8²&é�Š1°B@�_�Ø�&,��Eœ�€�J

6V
8�×+O�{�W,´Lp=ê�Ë,���¯�Ç8²&é
X�£M’�µ,´�_�Ø+a4ï�•�_
��j�]
6�•�_.��!”�&,��+a�¾3+5�,´�&
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L$	ý%D�)0 �W>Û�ƒ.d,���þ6<
����Î)à�J/ý�w(©,´(™*6)àB‘.


XK¯#��±L€�;�)Lp=ê�=
8�€�ÉF�>|
wCX	F1y�x
>,��
����þF�5��ûCX�Ë�–@��Ö�•�6�ÀEé+|�1

,´(©�W.���)�¾�08\,´
4
A�2�W�i�W�ûCX,��Stroh *6Aê�_"r@�*Ž�Y#�,´4ÿ�¨�é# � (Stroh��1962).���ƒ�E

�•Lp=ê�ûCX��
>,���ö�Ö+a�7Gÿ
��@�¶�PGÿ,��M0?±� 6 Stroh *6AêF�>|F2�ƒ�Ø�¯,���}7-5	�*�i�WLp=ê

�ûCX,´MŽ�Â�C*Ž�Y#�@�.���61y�xLp=ê�ûCX,´�ö�Ö63<•� j Hermitian �’�?,��	 £ �!��=���^�!,��i�.;���íi�.,���!�`,���I

�i�WLp=ê�ûCX,´F��Ø�é0;�j

�)�¾	z��L€�W0ªL$,��Lp=ê�ûCX�}0+
j,´�08\>˜Eî�?�j

�¦�],��.�G ÿ � M 
 ¼ � N �6�[�j>˜M’�7
A
¼>˜M’#�
A,��.�G ÿ � X �j0ªL$�}5ž.���ƒ	ò�   � P ,´<ŠG��j!“�l�&,��>˜

�>#�
X�P�ÝE÷0;�]"ï#�
A> �ÿ.��
X>˜M’" ï � M �é
A�P�Ý,´>˜M’#�#�� � j ��,��-(FO�Ö� j �V,���±	F.�Gÿ�j

�A.���±	F.�Gÿ
����j�=� ,����>˜ Q�1E˜F)�j�]
6.��OÆ�x,���6� ? (47) ���•� ? (46) 
��Ç�£� ¾ � P ,´�¯�y(©

�±�é0;

�)�¾8�+a>˜M ’ �N���Â���X��=��0,���6�}0 + (47) ���•>˜M’�Ë.�G ÿ �T��=��(�#:���U)�Â� N 
��Ç

�¦ �] ,�� �j>˜M’ �Ë .�Gÿ �u �l .���6 � ? (48) 
¼� ? (49) F�>|4ï �W
� �’ 
� �Ç �£ � ¾ � P ,´ (©�± �é0; ,��0 �{ �j

Stroh (©�±�é0;

�¦�],��� P �j(©�±�l,��[�A���L]T �j(©�±.�Gÿ,��� . � j 4���î��4 , ´ Stroh (©�±.�Le.��"r@�B�(©�±�é0;
��Ç�`�T�)�¡

E•(©�±�l 
¼ ( ),�� 
¼ ( ),��@��7�³+�´���Ã���³�í�´��>˜� ¶ � P ,´<ŠG�1V
'
<�&�•��>˜�¶>˜M’#�

�P�Ý�é
A.���)�Ä,´(©�±�6Gÿ�6�[�j ,�� ,�� ,�� 
¼ ,�� ,�� ,�� .��
�!”,��>˜M’#�,´�}0+@�
����n�?

��

��

�*������

(a)���e�n�™>þ�¾�/+°�¸4 �e�SKl<æ�9	43ÿ�°.f�;�*;��(b)���•6
�‚LŽ�*,���6�7�f#ý/'Då*x,��
&�•�f�e
�S�•,���e�n�f�F�•,���¢�±F�5R	4�,�VKl<æD˜�|;��(c)��Dü�Ô'â�-�7+°�e�n�Ó>ò�*	¸M¢>ò�*.���‘7��³(Z
(Zhao��et��al.��2020)

1\ ��2���O Lx!õ�
���P"ù �
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5	�*,��" ï � M !“�é
A,´>˜M’#�@��j

F	G ü �V���!��0,���¦� D ����=���&/�V���!��0.��" ï � M CO�é
A,´>˜M’#�@��j

F	G ü �V������0,���¦� D ����=���&/�V������0.��-(�Ä,´>˜M’�Ë�j


¼ �j�µ�Ê3+� .���Y+X8�+a>˜M’+|M’�Ë�jM&,��	 £ �T��=��0,��
��Ç

� ƒ �.��=��0 �&,��� . �j�Î� .�Le,���)�Ä,´(©�±.�Gÿ�j�¡E•�),��	£ 
¼ ,�� 
¼ �j�¡E•(©�±�6Gÿ.��F	/ý�¡

E•(©�W�ã�Ê�¶�}
A#�
¼
>
A#��_KŒ�ÿ�)0 ,´,���D�§�9-(
<,´-(FO�Ö.��� ƒ �.���•��0 �&,��� . �j �=� .�Le,


¼ ,�� 
¼ �=�½�_�¡E•�),��+a� ? (54) �Ç�`"ï�T�Z�é
A,´>˜M’#�#�FO�*)à���2,��+J8#L¿- p � . ,´

�Î�Ð,��>˜M’#��õ�_�1	…
A�PE Ã (Zhao��et��al.��2020).

�Œ�jP¼Añ,��� * 30 5	�*�¶�=
<�j�ÖLp=ê	ò� �&>˜M’#��P�Ý Q��5��Ì,��%ð�á�’�?�j�:�;�_�Ø&é

%ð�á.��
X��Lp=ê�x�Ä� & �./�!��=��0,��>˜M’#�
X��
#�)0 �6�3,��
X
A
#�P�Ý,´*Ž�Y#��]CX&é"ï�]
6E˜F)

F6�&J¸�é
A�ûEœ,��	ý�{�INª�&J¸�é
A�ûEœ.��
XLp=ê	ò�   �./�!��=��0.5 �&,��8�+a�ƒ>˜M’��
#�P�Ý,´*Ž�Y

#� �= �½�)0 ,�� 
A 
# ,´ *Ž �Y#�FO�Ö�$ �� ,�� 
< �& ,���¦ �] 
6 �’E˜F) 
 X � X �é 
A �$ �í .�� �ƒ 	ò �   � . � j �./�!��=

1.5 
 ¼ 3.0 �&,��
A���P�Ý,´*Ž�Y#�FOF��0!•�;L},��CX&é�±	FCº
�C»F��¾4ï�±	F�š�7#� Q�?,��6<�ûCX

>˜M’�=�_�1�ÿ
#�P�Ý,´*Ž�Y#�.

��

��

�*������

(a)��LŠ�¾�?)Š�U"��L�Ù�+,K3ÿ�È,��$ì�Ý�Ž�;�f�6�7�[�Ô%å$ì�Ý;��(b)���~�,�B"�EK�ö=”LŽKpDýBT%å�y
/'�f,��� • �.��=��3.0 �",���ñ�[�-��=x"�;��(c)��=”LŽBT%å�­�BD”E%��3ë.���‘7��³( Z (Zhao��et��al.��2020)
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5,�:�pF ,��+a�¾Lx5
5H�ƒM0?±�ƒ.d�&L$	ý%D�)0 �W,���¦
X(™*6�Î)à�:"�E³
 Lî,��%Œ
XFD�´�k

?±�j���:�û4ý,´�T/ý:��(1) �E�•�ûEœLp=ê�>3+5�6V
8;��(2) �Y+XMŽ���W3+�],´0�Gü�•�Y�Ë.���T/ý�é

�x
X*6Aê
¼� �l�:G-�Ç�`�¶P¼A ñ (Wang��et��al.��2015a,��2015b;��Chen��et��al.��2018b,��2019).��
X�ÎP¼�éM’,

Nash 1 y (2015) AîAÑ�¶	5
[Lp=ê�x�Ä,´/ë�“CXGÿ�i2W&éLe3+5�,��%D/j�¶M=�D5
5H�ƒ�§�9,´	…
A�P

EÃEé+|�1(©�W,���¦�D
�)àFJE÷�i
�&éLe�´
»
���B3�×	…
A�1�PEÃ�é
A.��
XF�5�3+5��],´�ÎP¼.D0¦

F��Z?ñ�ÕFƒ.��

5��������8 ��MC�J5�5N�‰.J0¬F��‹
��

5.1��������8 ��MC�J5�5N�‰AôA×

�\�?8²�6�û4ý�²�…
 X 2.2 �?8²=20Í3+5��]AîAÑ�Î)à8��ûM=�D5
5H�ƒ.��
X4ÿ�¨#�3+5��]�Î)à2«

�l ,´8� �ûM=�D�x�Ä,���£K^
X�¾�´FPC•8� �û�1�� 	ú-( �Ä,´ 	üGý(ô�ù�{KU1°�¦ .��
X!” ,���Y+ X Wu 1y

(2015,��2016) OÆ�x���*,´Cµ7��é#�,���•AîAÑ�Î)à�i�W#�8��ûM=�D5
5H�ƒ.���;M’���}M’,´=20Í�i�W

3+5��j�»,���û4ýB��é#��*�\AîAÑ�j*6.

�²� * 31(a) �p/j,��
X�p�9CXGÿ
w-(1 y (�M0��=��1) ,´=20Í&éLe3+5�,��
.�]�•Eé�’�p/j	j��	£�j�0

�Z7��s,���¦�]CX&é�9'—Nª�&J¸�é
A� þ 1 5F
'� ` 6.��
<�0�Z7��s�{L$,´CX&é+a�J�Ö� j �T� I ,´�i2WF��Õ,

6<F��Õ�=
<7��sL$,´CX&é,´�i2W�J�Ö3+� �I � j �To,���6�[+X�¾B38²7��µ6V
 8 (intra-cell��coupling)�Ã

7�L$6V
8�j� Ö (inter-cell��coupling).��1\�0�3Gü$:	j�²� * 31(b) �]& 8¢�•Eé�’	j �� �p/j.���ƒ7��s�µ

�i2W
¼7��sL$�i2W�J�Ö-(1y� & �Ti��=���To,���0�?	…7��j� * 31(a) �],´:!�’	j���p/j,���¦�)�Ä,´1\�0�3

Gü$:	j�Ä�²� * 31(b) �]5/8¢�•Eé�’.��
XF	/ý�õ�’�;,���3Gü$:	j@�& é �+�•
 ¼ �+�•�•�*)à1°�¦NÁ)·-(1y,´

�T�Z(ô�ù�{KU.��63<•� ` �+�+�•
 ¼ �+�+�•�•�j� * 31(a) �]�•Eé�’7��s�)�Ä,´�B�l.�Gÿ,���I�3Gü$:	j@�& é �+�•


 ¼ �+�•�•�4,´�T�Z(ô�ù�{KU>Û�È
�� ` � + �’�@	üGý(ô�ù�{KU,��F	�j�´FPC•8��û�1���Ë�¶�*.p.

�;M’�)3+5�,´#��Ø?ô�»F�>|�6�À.���0�Z	…7�	5
 [ 6 �ZCX&é,���)�Ä� 9 12 �Z�£�Ø8�+a�Ö.���9'—1\

2 8²�],´�é#��*0û3+5��3#KC›#��P�Ý�é0;,��
����Ç�`�0� Z 12 5$.�Le>˜/j,´(©�±�lL�NÈ.��+a�¾CXGÿ

.�Le
¼�J�Ö.�LeMŽ�h4q*@,��F	Gü�a�=B�4ö�G�*.��B�(©�±�lL�NÈ�0�¡
� ��"r@�� * 12 �_8¢�“�"4ï,

�v!”�4�k?±�£#�
 X � + �41°�¦,´���‘8¢�“�"4ï.���)�¾�i2W�J�Ö3+� �=-(1y,´�08\�õ� å �Ti���•���To,��1 \ 5 � ` 8

�_8¢�“�"4ï
 X � + �4�T�T1°�¦
X�0C§,��6<�ƒ�J�Ö-(1 y �Ti��=���To��=��� T �&�I�’�@	üGý(ô�ù�{KU1°�¦,���)�Ä

,´(©�± Q�1	úNÁ)·5	�*�²�;

�� �: 
� �Z(©�± Q� 1 �P1,���P2,���D1,���D2 �9'—CX&é5F
 ' 1 � ` 6 ,´Nª�¿�Í!Q5	� * � X �é
A
 ¼ � Y �é
A,´�}0+.��#�

�? �` 
4CX&é,´ �}0+ �6Gÿ
w�j �Î �  ,���¦ �) �Ä ,´ �_ �Ø�’ �? �jCX&é4ÿE÷�¦ �£>‘ �}5ž �Š4ï �± 	F �_ �Ø

(� * 31(c)).��� P  Q�1
j
X0ªL$	ý%D�ý�Œ�;
x)à	ý�)0 ,��6 < � D  Q�1
j
X0ªL$	ý%D�ý�Œ�;�)0 .��F	/ý�)

1\ ��2���O Lx!õ�
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˜:W�> �
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0 �W!“�­�>	Ï� € � P 
 ¼ � D E˜Fƒ#��-� �)0 �W2«�l,��
�!”
�
=� j � P 
 ¼ � D (©�± Q�1.���P/� D (©�± Q�1,´�)

0 �W	ú1°�¦(©�±�\CX�:$À�¾3+5�(©�Ê,´�)0 �W,��	 £ C6v �)0 5Ô,��B�&é5Ô!“�­	5
[�T�Z�=
�4Ö,´�¼

5$>˜/j.��<­'f���:CXGÿ�i2W3+5��¦�=	5
[�µ/ù8��û8�+a�Ö,���v�i�ž���:"r@�,´(©�± Q�1	ú3+5��§

�9,´�)0 �W,��
����´FPC•8��û	ú�)�Ä,´	ý%D1Ç1 V (Wu��et��al.��2015)

F	Gü,��1V
'+/�Å+X�¾>˜/j�:/�;8�� û (pseudo��spin-up/spin-down),��� + ��>˜�=�¡E•1Ç1V.���)�¾+ a � P  Q

�1�´�@,´�:/�;8��û�1,��7��s�µ,´CX&é
wF6�&J¸/Nª�&J¸5��¦�£>‘�}5ž�Š
6�±	F�_�Ø;��6<+ a � D  Q�1

�´�@,´�:/�;8��û�1�]CX&é,´
6�±	F�_�Ø�é
A!“�­-(	ý.��
����é�C
`P¼Añ,���ƒC•�&L$	ý%D1Ç1V�Œ

+X�¾�´FP,´C•8��û�1�&,��8��û�é
A
�+O�i
�
<�&�*) à 180o ,´-(�}
�	F,��F	�0&é
¼�&L$	ý%D1Ç1V�Œ

+X�¾+e�€8��û8�+a�Ö,´�x�Ì�08$.

�)�¾�J�Ö3+� ���2E³�?,´�õ�å,���_�Ti���í���To�_��������1,��G÷+X�{�}�Ø�,�Þ� 1y�x Q
»,´�é#�,�����:F 
��Z

8��û�1�^�P+,���D+,���P�í,���D�í�`�Œ�j�*,��
����Ç�`3+5�
 X � + ,´1y�x
ø�öN¯Gÿ

�¦ �] ,���H+(�K)/�H�í(�K) ��>˜�>�: /�;8� �û�) �Ä,´
ø�öN¯Gÿ,��� Z �j+a�: �;8� �û>˜/j ,´(©�±
AGÿ.��	ò�   �/�T,

��

��

�*������

6)�R�Ä	��Ó*K�øFù'ð�õ�wJQ.��(a)��<./É�¾�/BTFû�e1S%åKa2'4�,���¢�Y�™Då�ŽB±6
�1	 W 6 �VBT%å,��E

�Ñ6
 �o �±BT%å+°�e1S+°�F�Ò� f �Ti,��E
 �Ñ6
 �oK BT%å+°�e1S+°�F�Ò� f �To;��(b)��D¯ �;+° �™Då�Ž�f �*
(a) �Y�™Då�ŽB±6
�%�À+°0X�,�/Fø#6�f;��D¯�S+°�™Då�Ž�f
��f�F�Ò�s�,�2�/�",��� Ÿ �Ti��=���To �%�À0X
�,�/Fø#6�f,���,0¬�•6
�f� * (a) �Y9��Ž�f
�;��(c)��� + %å�%� À � D 	 ¸ � P '¥�­�M�-+°�y/'�2�/.f�;�*,��:	7ž
�2�4=”.fBT%å�[�Ô�,�S�y4š,��/¦�ï�2�fBT%å�Ÿ=•�"�y4š.���‘7��³( Z (Chen��et��al.��2019)
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� " 
 ¼ � ! �6�[0 �j(ô�ù�{CXGÿ,��8��ûE˜Fƒ6V
83+� 	ú(ô�ù�{FO�Ö.��#��?�`�:�;8��û-(�Â@�6V,��
���

�i� ž �H+(�K)���Z+��=���¨�&���Z+
 ¼ �H�í(�K)���Z�í��=���¨�&���Z�í�6�["r@��*-(�Ä(©�± Q�1,��F�6<�Ç�`�0�)�¼Gý1°�¦@�

Q�NÁ�6�_
¼�~NÁ�6�_
48�+a�:8��û
¼�;8��û�T�Z@��´�@,��Aà�Œ� j �Z+/�Z�Å,���¦�…�0�*�j�^�P+,���D+�`/�^�P�í,

�D�í�`.��Q��~NÁ�6�_L$,´�VLÉ�W�?�j�_2�/�T�_,���ƒ�J�Ö-(1 y �Ti��=���To �&�VLÉ�£L�.���9'—�{�}���»,��F	Gü
<�g�£

#��~NÁ�6�_,���i�ž�:/�;8��û�1@�� ? (61),��
���"r@��Ç�`�)�Ä,´CMGü�")·

�:/�;8��û�)�Ä(©�± Q�1�§�9-(	ý,´CMGü�")·.���9'—�Ê�y,���68��û�1,´CMGü�")·
X�3Gü$:	j0��6,


����Ç�`
48��û�6�_,´8��ûLx� 

3+5�,´Lx� 1y�¾�:�;8��ûLx� -(�Ð,���ý'f�jM&,��F	
¼3+5�%�Cã�&L$	ý%D�)0 �W�08$.���v8��ûLx� 

�\DÛ	¤
����=�jM&,��>˜�>3+5�
����Î)à8��ûM=�D5
5H�ƒ.���ƒ	ò�   � " 
 ¼ �/� T ,´!“CO1V
'-(
<�&,��	 £ �"���î

�/�T���!��0,��3+5��j8��ûM=�D5
5H�ƒ,��	ý�{�I�j�£��5
5H�ƒ.��#��?	ò�   � " �û4ø�j!“,���I�ƒ�J�Ö	ò� D�Cº

�d+|& é �Ti��=���To �&,��3+5��6�×+O���•-(
�.���ƒ7��sL$�i2W,´�J�ÖE³�W�&,��%�C ã �"���î���/�T���!��0,���:F =20ÍCX

Gÿ�i2W3+5��j8��ûM=�D5
5H�ƒ.

�:F 8��ûM=�D-(
��•
���+a�V5��´	ý�P.��� * 32 5	�*�¶�9/ý	ò� �õ�’�;3+5��)�Ä,´7-�V5��´

(�Ti��=��1.05���!���To��=��0.90;���Ti��=��1.0��=���To;���Ti��=��0.95�������To��=��1.10),��1 \ 5 � ` 8 �_�j�£#�,´�6�_,��NÌ8¢��>˜(©�±

 Q�1� ] � P � F � D (©�± Q�1�p	•�@�6�J�A.��
X�J�Ö	ò� -(1y,´�õ� ’ (� * 32(b)),��
 X � + &é�*)à+a	üGý(ô

�ù�{KU�,8$,´
�Gý1°�¦,��6<
X�¦��	ò� 4ô
8�;,��B�
�Gý1°�¦�6>ò�j�T�Z�¼Gý1°� ¦ (� * 32(a)(c)).


<�&,���ƒ3+5�� þ �Ti���!���To 
�	F� ` �Ti�������To �&,��Q�NÁ�6�_ Q�1+ a � P (©�± Q�1�j�k
�� j � D  Q�1�j�k,��F	�07-

�V6+Eœ(©�W�•N´/j�¶���•-(
�.

�j�¶P¼Añ8��û�é
A�ÍC†,´+|M’�1,��
<�g63<•�£��5
5H�ƒ
¼8��ûM=�D5
5H�ƒ�´�@,´+|M’,���¦@�

�À"r@�-(�Ä,´+|M’�1,���w�Ê+|M’�´�@2«�l�{�}� * 11(�X�•������0,���/�T������0;���X�•���!��0,���/�T���!��0).���j�¶1°	F�6�À,���õ

�
+‰�Þ� 1y�x Q
»� ? (58) �],´�0LfF��lN©,���-+•�¼!QN©,��	£�=63<•8��ûE˜Fƒ6V
8�x�Ä,��F	
X#�.�

Cã�O�?�_�K�_��������1 �&�9�x.���¼�˜�9'—�x�},´�6�À,��FJE÷F�5��‘�&
����Ç�`�:/�;8��û�)�Ä+|M’� 1 (Shen

2017),
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+|M’� 1 �Z++a�:8��û� 1 �P+
 ¼ �D+�1�´�@,��+|M’� 1 �Z�í�I+a�;8��û� 1 �P�í
 ¼ �D�í�1�´�@.���T�Z8��û-(�£,´+|

M’�1�§�94ï�W8¢�“�£3+,���¦-(FO�Ö
w� j �!,���v�P�Ý�é
A-(	ý.��
�!”,��FJE÷�í�Ð� ; (�:) 8��û%ð�á,��
�

��F9���W
`%ð
��*
�"ï-p+|M’
A�:�F
A�;�P�Ý,´+|M’#�,��0 �j8��ûK1�Ê+|M’�1.���ƒ��
#�Ô�’8��û

M=�D5
5H�ƒ
¼�£��5
5H�ƒ,´�}5ž
>,��-(�Ä+|M’�1,´�P�Ý�é
A	ý
A.

FJE÷�‘(æ���…Cµ7��V5��´AÑ1Ç,���•
���P¼Añ�:F 8��ûK1�Ê,´+|M’�1.��� * 33(a) 5	�*�¶+a���×

8��ûM=�D5
5H� ƒ (�To��=��1.10,���Ti��=��0.95) 
¼
#�×�£��5
5H� ƒ (�To��=��0.90,���Ti��=��1.05) 4ô�@,´�‘(æCµ7�,��+|

M’" ï � Y �é
A,��-(�ƒ�¾� * 11 �], ´ ����=��0o +|M’�é
A.��� * 33(b) 5	�*�¶AÑ1Ç�Ç�`,´�V5��´�"4ï.��
X�VLÉ

	j��,��
���$5�Š
`-;�`�T�‘�Ì)·-(	ý,´+|M’�1,���¦�)�Ä,´�_�Ø Q�1�²� * 33(c) �p/j,���õ+|M’LtF�

,´CX&é�9E³�j �_�Ø.��� * 33(d)(e) 5	�*�¶+|M’LtF�CX&é�_�ØE˜F)/j �?
..���9'—� ? (64) N´�O,���) �¾

����=��0o �é
A,´+|M’,��CX&é�_�Ø�j4ï�W�±	F,��F	GüCX&é,´�_�ØE˜F)MŽ�h�ÕF��¾4ï�±	F.

FJE÷�ê�j,´�í�Ð�:/�;8��û%ð�á,��
����×+O	…
A�P�Ý,´�i�W#�,��-Ü�1� �l Q��5��Ì�²� * 34 �p

/j .���¦ �]8� �ûM=�D5
5H� ƒ (�To��=��1.10,���Ti��=��0.95,���M0��=��1) �> �£ ��5
5H� ƒ (�To��=��0.90,���Ti��=��1.05,���M0��=

1) 4ô�@�>�{�}2«�l,´�=�r�_�"+|M’.��
X� �l Q���],��%ð�á$À�47��s�µCX&é,´%ð�_�}0+�9'—8��û Q

� 1 �P+� F �P�í�í �Ð,���¦+a�&��Q� �ß79�â�� 
 ' exp(�í(�&0���T/80)2)���î��cos(�&0�T) B3�f ,���D%ð�á�] �óNÁ) · �&0��=

2�Œ/�40 �4�¾�VLÉ93
$.��
X�:8��û%ð�á� ] (� * 34(a)(b)),��1 � ` 6 
'CX&éNª�&J¸
$5��£>‘�}5ž�Œ
6�±

	F�_�Ø,���_�Ø�u�l-(
<-(�}�Í!Q-(� � 120o,��%ð
��×+O,´�i�W#�
�7-"ï-p+|M’Nª�&J¸�é
A�P�Ý,��6<

�D�¼5¾5�E÷+|M’��@�6<�=�×+O�“�4�F	ý�4.���ƒG÷+X�;8��û Q�1%ð�á�&,��+|M’�1�6"ï	ý�é
A�P�Ý

(� * 34(c)(d)).

M0?±�7�*,´�_,�����:8��ûK1�Ê,´+|M’�1�*)à
X8��ûM=�D5
5H�ƒ�>�£��5
5H�ƒ4ô�@,´+|M’.���²

+e�€8��ûM=�D5
5H�ƒ�0�g,��F	Gü,´�i�W#�8��ûM=�D5
5H�ƒ�•�_�18��ûK1�Ê,´Eé+|�1,���v�¦R±���W

��

��

�*������

7��÷L9�@,$	�.��(a)���Ti���!���To �"<./ÉBTFû�e1S2'4�+°�R3ÿ�°��3ë,��2'4��f�Ÿ�
4	4D�•;��(b)���Ti��=���To �%�À
+°�R3ÿ�°��3ë,��� + %å�RKÅ�¸�”K�	4,��2'4��0�º�ÿ�},$	��`*x'â�-;��(c)���Ti�������To �%�À+°�R3ÿ�°��3ë,��2'
4��f7��÷L9�@4	4D�•;��MÈ7ž=”.f'¥�­�M�-�1	W+ ° � P 	 ¸ � D '¥�­�M�-�<�2�F�=.���‘7��³( Z (Chen��et��al.
2019)
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�=�²�§�9�µ/ù8��û,´+e�€8��ûM=�D5
5H�ƒ.���\CX	Ï
�
X�¾C•8��û�1+aCµ7�,´�3#KC› Q�1�´�*,���>

Cµ7�, ´ C6v �)0 �W�ö�7-(�£,��.d
 • C6v �)0 �W�J.d
•C•8��û�1.���j�¶
X8��ûM=�D5
5H�ƒEé+|?ò#{

�`8��ûK1�Ê,´Eé+|�1,��M0?±Eé+|�47��s�
�1�pG � C6v �)0 �W,��
V�I�6��#�?ò#{�`8��ûEé+|�1.���²

��

��

�*������

(a)�����Ó7��÷L9�@4	4D�•�:	��Ó�Ÿ�
4	4D�•3ð�<+°�•'âB±6
,��*xLŽ! ë � Y �å	=;��(b)��B±6
@Í0Ã�Ã�\+°
�R3ÿ�°��3ë,��3Î7ž/:	7ž=”.f�6/�77��÷*xLŽ�-,��%œ7ž=”.f�•�-;��(c)���6/�77��÷*xLŽ�-�%�À+°BT%å
�y/'�q�h;��(d)(e)���6/�77��÷*xLŽ�-�Y*xLŽKpDýBT%å�[�ÔD”E%.f�;�*,��3Î7ž/:	7ž=”.fBT%å�[�Ô�f
M¦/E2�"I´�å	=.���‘7��³( Z (Chen��et��al.��2019)
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7��÷L9�@4	4D�•�•	=�L�Ù�M��3ÿ�È.��(a)(c)���é�Ì�6/�77��÷$ì�Ý�",��6
�o�±	0BT%å�[�ÔD”E%.f�;�*;
(b)(d)���6/�77��÷$ì�Ý�"�e�S"��L�Ù,Ø�-�M��3ÿ�È,��3Î7ž��=”BT%å�y/'�q�hD¯�S,���M���f
��•�1
	 W 78���î��90 �V6
�o.���‘7��³( Z (Chen��et��al.��2019)
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� * 35(b) �p/j,���ƒEé+|�9'—�¼�¤7��s�Z�Ý� & (� * 35(a)),���V5��´�"4ï�]�*)à��7-LÉ,´Eé+|�1,��6<�ƒ

Eé+|�Z
��j�=�¼�¤7��s� & (� * 35(c)),��Eé+|�=�_�1�P�Ý Q� 1 (� * 35(d)).

���:	…
A#��P�Ý)àB‘�•8��¾�´FP,´C•8��û�1.���ÎLu�:,��4ÿ�¨�i�W#��]�•�ˆ
X2«�l,´8��ûM=�D

8�+a�Ö.���»�²,���i�W�ƒ8�+a>˜M’,´*Ž�Y#�,���¦CX&é�_�ØE˜F)�08\�j�]
6��(� * 30),��>˜�>*Ž�Y#��j�V

�9�µ
X,´8�� û (Long��et��al.��2018),���D"ï+|M’
A��
#�P�Ý,´*Ž�Y#�CX&é�_�Ø�é
A-(	 ý (� * 36(a)).��
X

�i�W�ƒ+|M’�í�Ð
6�±	F,´,´�_�Ø,��
����×+O2«�l,´8��ûK1�Ê�P�Ý)àB ‘ (� * 36(b)).��M0?±#��?,´�_,
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��

�*������

7��÷L9�@4	4D�•�9	8Då*xE5	��ö�¢6)�R3ÿ�°.��(a)��(b)��Då*x�f�¸� 6
�o+°�•'âB±6
�ö�¢6)�R3ÿ�°,
3Î/:	7ž��3ë�%�À7��÷Då*x�-;��(c)��(d)��Då*x�f�9�¸� 6
�o+°�•'âB±6
�ö�¢6)�R3ÿ�°,���R3ÿ�°�Y�9
�1	WDå*x�-.���‘7��³( Z (Chen��et��al.��2019)
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�e�S"��Y+°1§7��÷7�*]�Ò.��(a)���e�S�•=”LŽ)Š�U"�+°7ž�•��3ë,��3Î/:	=”.f	=	�/���L�Ù7ž�•��3ë,
0Ù�`=”.fBT%å�÷D˜�å	=;��(b)��Då*x�é�ÌE2/M¦�"I´�2�­�B$ì�Ý$ì�ý	=	�/���L�Ù+°)Š�U"�.���‘7��³
( Z (Long��et��al.��2018)
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*Ž�Y#��j�V,´8��û�•$À�¾(™*6
j�\DÛ,���é�C
�+O�“�4,���)5jL§
¼D��´�_�",´R±���WE³��.

	»+e1y�k�Ø�×�f�°�_�h>Û+X
X�i�W#��P�Ý�×�f�],���v�>���•#��Ø5�
8,´.D0¦�=�J.��-(E³�¾�*

�¾5��´AîAÑ�Î)à(ô�ù�{1°�¦,��Li 1 y (2020) 5	�*�¶�0/ý�Y+X	»+e�k�Ø�×�f�Î)à	üGý(ô�ù�{KU,´�é

#�.��� * 37 �_�¦AîAÑ,´�•Eé�’=20Í	…7�,��@��:?¶-��9	»+e(w,��
��>	5
[CO+e�é,´+eD�F��Õ.��
X	»+e

+eD��Ý�0�&,��3+5�
 X 2200Hz ��
#�’�@�T�‘	üGý1°�¦7-�V,��
XCO+e�é�û�•+eD�
>,��
��‘7-�V�¼�˜1°

�¦�’�@	üGý(ô�ù�{KU.��F	�>B38²	ò� �Î)à,´�¦
�
�Gý1°�¦�92«�l�{�4,���=
<&é
X�¾F	Gü,´B38²	ò

� �j+eD�	ò� .��F��0!•�Y+X	»+e�k�Ø�×�f,���F
��Î)à�€�É
X�£��5
5H�ƒ
¼8��ûM=�D5
5H�ƒ�{L$

�7�’.��

5.2��������8 ��MC�J5�5N�‰�ÔPÂ


X
*�ƒ�i�W3+5��],��Yu 1 y (2018) OÆ!Q�Î)à�¶�i�W#�2«Gÿ�€8��ûM=�D�x�Ä,��P¼Añ�¶+|M’�1�)

5jL§
¼��@��}+Û�W.���*�\AîAÑ�MD��•�_�Y+XCµ7��´FPC•8��û�1.���´�*�²� * 38(a) �p/j,´=20Í&éLe

0¯�„�¯,��	…7��µ	5
 [ 6 �Z1y�W�?,´�„#N,��FJE÷B38²-(�ÂD
/ë,��
�B38²7��s�µ�Ã�F,´6V
8�j�Ö.��� ƒ �B��=

�A0 �&,���3Gü$:	j	Ï&é�4�*)à�T�)	üGý1°� ¦ (Aà� j �P�X/�P� Y 
 ¼ �D�X2���í���Y2/�D�X�Y),���T�)1°�¦NÁ)·�{L$�j�*M’

�_�Ø Q�?,´ �¼�˜�VLÉ.��� ƒ �B��=��1.12�A0 �&,���T�) 	üGý1°�¦ �ý 'f �ˆ 
X,���=E÷-(�Ä,´ Q�1
�+O6+Eœ,��	£

� P 
 ¼ � D  Q�1,´�}5ž�)B36<�T65�{L$,´�VLÉ�}5ž�*�\ �=
�+O
�	 F (� * 38(a)).��
XF	�T�Z�´
»�{L$,

� ƒ �B��=��1.087��3�A0 �&,���VLÉ�¼�˜#¸�a,���T�)	üGý1°�¦
8�j�0�Z�§�9
�Gý1°�¦(©�W,´	ü(ô�ù�{KU,��>˜

��

��

�*������

�·*a�g�ÔA/7®�Ê(Ü�øFù'ð�õ�wJQ.��(a)���1	W�·*a's+°�•6
;��(b)���·*a's	��Ñ� ‘ (c) BK*a�å*aC�.��(d)
*aC��f�,C��"�R3ÿ�°;��(e)���Ñ�‘BK*a�å*aC�	:+°6)�R3ÿ�°,�����•6)�R� T � + �00¬�¢;��(f)�����V0¬�¢�M
�-.���‘7��³( Z (Li��et��al.��2020)
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�>�´
 » �B��=���A0 �)�Ä,´5
5H�ƒ
 ¼ �B��=��1.12�A0 �)�Ä,´5
5H�ƒ�{L$M0?±
�+O���•-(
��}7--(�ÂE÷$Q.���>

�{�}2«�l,��+aF	�T
‡5
5H�ƒ�’�@,´+|M’�:,���ˆ
X�>C•8�� û pseudospin+
 ¼ pseudospin-�)�Ä,´+|M’

� 1 (� * 38(b)),��+a�§�9	üGý1°�¦(©�W, ´ � P 
 ¼ � D  Q�14ô
86<� @ (� * 38(c)��(d)��(e)).

� * 39(a)���a��� * 39(d) �j�=
<2«
»+|M’�PEÃ(©�W,´� �l Q��
¼�ÎP¼#{B�5��Ì,��Tô8¢<Š4ï>˜/j+a

���•MŽ�£��5
5H�ƒ
¼�žFJ5
5H�ƒ�´�@,´���•MŽ�£��+|M’.��� �l Q��>˜�>,����Aê�_+|M’�ˆ
X�³0ª�}�´

5jL § (� * 39(b))�Ã�³ �}KI �´5jL § (� * 39(c)) �F�_�W�u��@ � (� * 39(d)) �õ �å,���i �W#� 
w7-8Ÿ�­ �P�, .

!”�F,��� * 39(e) 5	�*�¶�ÎP¼#{Gÿ,´�:F 
�/ý2«
»+|M’D��´,´�PEÃ)·.

�*�¾�:F �� �•+|M’,´5jL§�}+Û(©�W,��Yu 1 y (2018) F�AîAÑ�¶�+�?�’(æ,´�i �W���•)ß�’B@�_

�˜,��+X�¾�i�W7-,´�fLö�>Gú�n.���p�´�*,´�*�¾�³
�N#�ñ Q�?�´,´)ß�’B@�_�˜�²� * 40(a) �p/j,��	5
[

�0 �‘ �£ -$ +| M’ #� �, 
¼ �0 �Z �} �¾ #� �, Lt F� ,´ )ß �’ B@ �_ �˜ .�� 
X �£ -$ #� �, �; 1� %ð 
 � pseudospin+

C•8��û�1,´�*M’�i�W#��¦
A�:�PEÃ.��� * 40(c) 5	�*�¶�ÎP¼#{Gÿ,´)ß�’B@�_7„�],´7-GÿNÁBa,��
�?ò

#{�`�T�ZB@�_� ,��-(�Ä,´B@�_NÁ)·�£�¾(ô�ù�{NÁ) · (#�. � �K��=��0 �4) �)0 �6�3,���² � * 40(b) �p/j.

��

��

�*������

�e�S"�B‰7��÷�-+°�°�&.��(a)���ÊO¸�c	í*]�P�ƒ�e�S"�4	4D�•�(�Ñ�°�<,�����Ó	¸	��Ó4	4D�•+°�RKÅ
8/� �,7 ,���rM¢�R	¸�Á�R�%�À+°'¥�­�M�-�¾�f�ùD ˜ (�P�Ó4	4D�•+°6)�R�£�5�9	8+°�ÿ�}�9	�Fû);
(b)���T�P�Ó4	4D�•+°�• �RKÅ8/� �±�„ �T�P�•*xLŽ�- �M�; ;��(c)��*] �� .ù0¬�¢�- �° �&+°B‰7��÷
&-�
(S � : A);��(d)���ÊO¸�Î"w�\+°*]�7	=�6�LD¿+°*xLŽ�-,���&LŽ�y/'�f	t(Ü�&�³+S���:��+A���:���íS���������´+°�"

� '¥�­,���%�À�ºB‰7��÷� - S��+��iA;��(e)���ÊO¸�Î"w�\+°*]�6	=�7�LD¿+°*xLŽ�-,���&LŽ�y/' �f 	t(Ü�&
���³+S���:���í��A���:���í��S���������´+°�"
�'¥�­,���%�À�ºB‰7��÷� - S���í��iA.���‘7��³( Z (Yu��et��al.��2018)

230 �Ë�Â�Â�Â�–�Â�Â�ÂF��Â�Â�Â�… ������� ��¤ ������1\ ��������	§




XF	�T�ZB@�_NÁ)·�4,��)ß�’B@�_�˜�>�ñEé,´�£-$+|M’#��,
�+O�³�d+|6V
8�´.��+a�¾���•5
5H�ƒEé+|

�§�9�³8��û�í�ØGÿK1�Ê�´,´(©�W,��+a�¦�´�@,´�³#��,�í)ß�’B@�_�˜�´3+5��],´�³�d+|6V
8�´�6�§�9)�(©

�H�ï.���²� * 40(d)��(e) �p/j,���ƒ�4�¾
�N#�ñ Q�?,´)ß�’B@�_�˜�>�£-$#��,
�+O�³�d+|6V
8�´�&,��7-Gÿ

���~�¼�˜�6�3�¾)ß�’B@�_�˜�].���•�a�_B$,���� �•5
5H�ƒEé+|�´�@,´)ß�’B@�_�˜�6�²
<�0�Z7-Gÿ

���³U�#N��́í
��97-Gÿ#q�•,��6<���+�…7-Gÿ#q�*.

5,�:�pF ,��
X�i�W#�3+5��]AîAÑ8��ûM=�D5
5H�ƒ,���k?±Lî&é
X�¾�´FP	ü(ô�ù�{KU1°�¦��	úC•

8��û�1.���‚4ã)à�9�é�x�k?±�9�T/ý:���0�_�Y+X;´�¯�],´�)0  Q�1�>	ý�)0  Q�1�Œ�j�*.p,��FJE÷	ò

� B38²9ç�Ç�T/ý Q�1�¦
�1°�¦,´	üGý(ô�ù�{K U (Mousavi��et��al.��2015),���þ6<�ž!”AîAÑ8��ûM=�D5


5H�ƒ,��Miniaci 1 y (2018) 5	�*�¶F	/ý�MD�,´�ÎP¼P¼Añ;��1\�¼/ý�$�žF2,´�é#��_�Y+ X 5.1 8²�"4ÿ�û4ý

,´Cµ7�7-�V�È
��j*6,���6=20Í3+5��3Gü$:	j@�&é,´(ô�ù�{KU�È
�8#	Ï&é�’�@	üGý(ô�ù�{K U (Wu

et��al.��2015;��Chen��et��al.��2018b,��2019),��F	�•�_-� �} �WG��6�i �W#�8��ûM=�D5
5H�ƒ�ÎP¼G÷+X,´�MD�

(Yu��et��al.��2018,��Cha��et��al.��2018,��Chaunsali��et��al.��2018).��

6��������Q�Ll�	�‡5�5N�‰�D@��7

�i�W#�Bg�±	F���•�1
¼C•8��û���•�1,´���•�Ž�W+a�¤� ���•�=
�Gÿ
¼�ƒ7-�V5��´,´CMGü-(

��

��

�*������

�%4fK£	¸�ü>þ�y*×+°*xLŽ�-�LD¿�Ë6).��(a)��*xLŽC��°�9	W�'�•4fK£�ö�ü>þ;��(b)��*xLŽC��°�6	W�5�,
�V*]�€"J4f�]�°�<+°�³/¦�y�´4fK£;��(c)��*xLŽC��°�6	W�5�,�V*]�€"JJE�y�°�<+°�³�yJE�´4fK£;��(d)���1
	W�P� V 120�ƒ�ü>þ+°�³Z�´�Ž*xLŽC��°;��(e)���6E���.ù*xLŽC��°+°�LD¿(³�ÊO¸"wA�3ÿ�È.���‘7��³( Z (Yu
et��al.��2018)
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�ã�Ê,��F¥�Ú�ƒEé�)�Ä	Ï*6.��F��O.D0¦
�)à,���ƒ.d���VLÉEé5H7-�V,´���•-(,���¯�¦Eœ	F�j�§�9�VLÉ,´

�£�èEé5H7-�V,���I 
X�¦ �VLÉ�µ+O�@�¶�ƒ�±	 F (bulk��polarization) �Ž�W�Ê�y,´Q�Lf�� �•- ( (higher-

order��topological��phase)��(Benalcazar��et��al.��2017).���=
<�¾�P5��0Lf���•�1,��Q�Lf���•�1�*)à
XEé+|

,´Eé+|.���)�¾�¼5$���•3+5�,��Q�Lf���•�1�*)à
X5��´@�&é;���)�¾�95$���•3+5�,��Q�Lf���•�1�*)à
X

5��´,´�!Eé
¼@�&é.��
X�j� à (Fan��et��al.��2019,��2020;��Tong��et��al.��2020;��Serra-Garcia��et��al.��2018;��Wu��et

al.��2020)�Ã� � – (Ni��et��al.��2019,��Zhang��et��al.��2019b,��Zheng��et��al.��2020) 1y3+5�,��.D0¦�ê
ˆ�@�Ï?ò���`

�¶Q�Lf���•�1.��
X�i�W#��Ø3+5��],��Fan 1 y (2019) FJE÷�ÎP¼.D0¦
X�i�W� �€�¦�ƒ�¯�]?ò���`�¶��

�•@��1.���;M’�)B�.D0¦�…�0�§�ƒ�û4ý.��

6.1��������Q�Ll�o�]�&�†�¬�‰�µ,º�C
>�y7��<�Æ

63<•�²� * 41(a) �p/j,´�=
8�s7�,���¦	5
 [ 6 �Z8²&é.���=
8�s7�
˜�O�WLe�G4ô�@� * 41(b) �p/j

,´=20Í�i�W� �€�¦�ƒ�¯.���i�W�¯�€�É	ò� �j�ö� Ö �!��=��1190��kg/m3,��"ú�®" � ����=��0.35,���˜"? QG ÿ �%��=

��

��

�*������

�e�S�ÿ�}(Û�ŽA<�[�”.��(a)���ÊO¸�c	í�1	W�,�•�Ÿ, ���,�•K�	4(Û�Ž*xLŽ;��(b)���T���Ó�Ÿ, *xLŽ�70�
$ì�ý+ ° pseudospin+B‰7��÷�-	=�6�LD¿;��(c)��(Û�ŽA<�[6€�Y+°6)FûA]�ÊO¸3ÿ�È,��	�>î"w�\�P�V�Ÿ�º
'ð�õ�wM½(³�%/��2�/+°�•�[ �� �2�/;��(d)(e)��� * (c) �Y�P�VA<�[M½(³�7+°�&LŽ�y/' �f �ö6)"m�2�/.
�‘7��³( Z (Yu��et��al.��2018)
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3.2��GPa.��=20Í�i�W� �€�¦�ƒ�¯,´	Ê�Ö� j �D��=��1.98��mm,�� Z�±,´�í�Ö
¼K¯�Ö�6�[� j �W��=��5.02��mm 
¼

�,��=��15��mm.��=20Í�i�W� �€�¦�ƒ�¯,´8²&é�:�;>˜M’
4Lt-p�0�Z.ñJñ,���²� * 41 �]#u;
8¢
6�!�p/j.

.ñJñ,´�ö�Ö�Ã"ú�®"�
¼�˜"? QGÿ�6�[� j �!��=��7400��kg/m3,������=��0.28 
 ¼ �%��=��41��GPa.��.ñJñ,´Q��Ö
¼

	z�´�6�[� j �H��=��2.0��mm 
 ¼ �R��=��2.51��mm.��.ñJñ�Œ�jLt�ÐCXGÿ
‡
¼ Z�±4ô�@�p���¡�_5��´.���=
8�s

7�,´�µG�6V
8�j�Ö�Ê�y�j7��µ6V
 8 1/�Lintra.��-(Fë�=
8�s7��{L$,´6V
8�Ê�y�j7�L$6V
 8 1/�Linter.��7�

�µ6V
8
¼7�L$6V
8,´�j�Ö
�FJE÷B38² Z�±,´K¯� Ö �Lintra 
 ¼ �Linter �•&¥#kB3�×.

�Í�žK¯#��wAî*6Aê,��B��i�W� �€�¦�ƒ�¯
���F��l�j;´�¯5��´.��G÷+ X COMSOL��Multiphysics��EŸ

�&,´
*�ƒ�Ë�– Q
‡AÑ1Ç�=
8�s7�,´7-�V5��´�&,��
˜�O�WEé+|�‘�&�í�Ð�¾�=
8�s7�,´�p�9Eé+|.��+a

�Ë(™4ï8¢�“�ÿF ,´M’�F#��Ø Q�?�>M’�µ#��Ø Q�?�_�a6V
8,´,��
�!”,��M’�F7-� V (4Ò4ï) �>M’�µ7-

� V (& 8¢4ï) �¬!”)�0û.��
X�\�?8²,���-+•�¶Cµ�*.D0¦93
$,´M’�µ#��Ø Q�?,���k?±63<•M’�F#��Ø Q�?.

� ƒ �Linter��=���Lintra �&,���i �W� �€�¦�ƒ�¯
X�=
�4Ö�3Gü$:	 j (Brillouin��zone) , ´ � + &é�*)à�¶�0�Z	ü(ô�ù

�{KU,���²� * 41(c) �p/j.��	ü(ô�ù�{KU+a
��Z7-�V4ï�W1°�¦6<�@.��� ƒ �Lintra L}�~� ` 0.836���,,���>!”
<�&

�Linter �Î �Ð� ` 1.328� , �&,��	ü(ô�ù�{KU�ƒ�0�×+O� ¶ 1461��Hz���a��1650��Hz ,´�¼�˜�VLÉ,���²� * 41(d) �p/j.

-(	ý,��� ƒ �Lintra �Î�Ð� ` 1.2�,,��6 < �Linter �ÿ�?� ` 0.6� , �&,��	ü(ô�ù�{KU>Û�ƒ�0+O�@� ¶ 1503��Hz���a��1715��Hz ,´

�¼�˜�VLÉ.��
�!”,���ƒ�=
8�s7��f5 Y (�Lintra�������Linter) 
¼7Ø6 ð (�Lintra���!���Linter) �&,��	ü(ô�ù�{KU�ƒ�06<+O�@�¼

�˜�VLÉ.��<­'f�f5Y
¼7Ø6ð�=
8�s7�,´7-�V5��´�_-(�l,´,���=7--$?ò
`	j�6,���v�_�³��
X�\CX�:�ÿ

��

��

�*������

(a)��<./É%åKa+°�9	4�o6
;��(b)��<./É�e�S���|�¢�•�«+°�lF��V�*,��9��Ž�r�3@Ü+°�•6
�f�Ë�÷�•6
,
 •�™Då�Ž�3@Ü+°�•6
�f�9	4�o6
.��:	7ž�V�­=”.f6
K 5R	4�­,���Æ�u� f �Linter.��3Î7ž�V�­=”.f6
�±5R
	4 �­ ,�� �Æ �u � f �Lintra;�� (c)�� �Linter��=�� �Lintra �" ,�� �9 	4 �o 6
 +° 6) �R 3ÿ �° ,�� � T 1517��Hz �0 �£ �5 �ø 'ð �õ �w %å ;
(d)���Lintra�������Linter �",���9	4�o6
+°6)�R3ÿ�°.���‘7��³( Z (Fan��et��al.��2019)
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F �¶�=
<,´���•�WCX.���f5Y
¼7Ø6ð�=
8�s7�,´7-�V5��´,´���•-(�_�¬!”-(	ý,´.���²� * 42(a) �p/j,

�=
8�s7�,´7��µ
¼7�L$6V
8�j�Ö
XD�E ÷ �Lintra��=���Linter��(	 £ �Lintra/�,��=��1) �&,���=
8�s7�,´7-�V�¬!”�Ô	ù

�¦6+Eœ,���,8$�£�è-(�>MŽ�£�è���•-(�{L$,´���•Eœ�’.��� * 42(b) �p/j,���Lintra/�,��=��0.836 
 ¼ �Lintra/�,��=

1.2 7-�V,´�\�±NÁ)· Q�1
.$5� ,´	ý�P�¶���•-(,´6+Eœ.���>C•8��û���•5
5H�ƒ,´�=
8�s7� Q
»2«

�l,��7Ø6ð�=
8�s7��§�9�£�è���•-(,���f5Y�=
8�s7��§�9MŽ�£�è,´���•-(.���\8²�6�k?±�£#��f5Y�=


8�s7��p%ð
�,´���•@��1.��

6.2��������!™�£Eï�˜�o�]�&�†�¬�‰�µ,ºQ�Ll@��7�<�Æ�D#•B�

� * 43(a)��(b)��(c) �j�9�Z�§� 9 37 �Z�=
8�s7�,´!“�•Eé�’�ÎP¼�g�&.��1\�0�Z!“�•Eé�’�g�&�_+a

7Ø6ð�=
8�s7 � (�Lintra���!���Linter) 4ô�@,´�£�è�g�&,���¦�\�±NÁ)·�²� * 43(d) �p/j.��� �l Q���&,��8�+aEé+|

�‘�&�í�Ð�¾�g�&,´Eé5H.��B��g�&,´�\�± Q�1
��9�ƒ Q�1,��"Ñ�9Eé5H Q�1.��1\�¼�Z!“�•Eé�’�g�&�_

+a�f5Y�=
8�s7 � (�Lintra�������Linter) 4ô�@,´MŽ�£�è���•�g�&.��B��g�&�],���~NÁ
¼Q�NÁ�\�±�ƒ Q�1�{L$,´

���•MŽ�£�è�VLÉ�]�§�9L$LÉEé5H Q�1,���²� * 43(e).��L”�\�±�ƒ Q�1
¼�\�±Eé5H Q�1���F,��
X� * 43(e)

�]F�?ò���`�¶�T4ô@� Q�1,��	£
����•�
�Ô,´@� Q� 1 (4Ò8¢�7Aà) 
¼�£�è@� Q� 1 (;
8¢�7Aà).��#��?,

�Î �Ð �= 
8 �s7� ,´ � Gÿ �9 �Y �¾ �$ �Ð$5 �  
` 
x )à �g �& ,´ �ƒ  Q �1 �ÃEé5H Q �1 
¼@�  Q �1 .�� � * 43(g)

�]�p/j,´�\�± Q�1�}0+
j>˜�>,���)�¾�ƒ Q�1,���i�W#��Ø7-Gÿ�6�3�¾�¤�Z�g�&;���)�¾Eé5H Q�1,���²� * 43(j)

�p/j ,���i �W#��Ø7-GÿLö�] �¾�• �Z@��� �F,´ �g�&Eé+|.��� * 43(h)(�� �•@� Q�1) 
¼� * 43(i)(�£�è@�

 Q) �p/j,´�\�± Q�1�}0+
j>˜�>,���i�W#�7-GÿLö�]
X���•!“�•Eé�’�g�&,´�•�Z@�&é.��Q�Lf���•�1

,´MŽ�£�è�ƒ�±	F>˜�>
����•�
�Ô,´@��1�§�98Ÿ�­,´�Ç5jL§7-�Ë.���j�¶Añ�ÎF	�0&é,��AîAÑ�¶�§�95j

L§,´�•Eé�’�g�&,��	£
 X 12 �Z�=
8�s7�,´!ÿ�Z8²&é�Î�Ð�0
‡.ñJ ñ (
X� * 43(c) �]+X4Ò8¢<Š4ï�7Aà).

� * 43(f) AÑ1Ç,´�\�±NÁ)·>˜�>,�����•@�� 1 (4Ò8¢8²&é) >Û�¸�­
`4Ö�•
 X 1555��Hz ��
#,���>�ƒ�1
¼Eé

5H �1 �¼ �˜ LÄ /ë ,��F	 �¸ �­ 
` Añ �> �¶ �� �• @� �1 �) �] 1y 5j L§ 
¼ �� �¿ ,´ �j R± �� �W .�� -( 	ý ,�� �£ �è @� �1

(� * 43(f) �] ;
8¢8²&é) ,´NÁ)· � þ 1528��Hz 0+�Ø� ` 1476��Hz,��F	>˜ �> �£ �è@��1 �)5jL§
¼�� �¿MŽ�h

��

��

�*������

(a)��0X�, �9 	�3Ò�/Fø#6� f � + %å�X�­ �M�-M½(³ �Ÿ� º �Lintra/� , +° �) �œ;��(b)���Lintra/�,��=��0.836 	 ¸ �Lintra/�,��=
1.2 �",��0X�,�9	�3Ò�/Fø#6� f � + %å�X�­�M�-+°�y/'�f�*.���‘7��³( Z (Fan��et��al.��2019)
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�•�O.

G÷+X%ð�y�7�¢�°�_�Ð� � 1.98��mm 	Ê,´�Ê�{�Ë�¯�f�7�i�W� �€�¦�ƒ�¯�g�&.��+ X HEV-20 
»%ð�_

�˜ �) �g 
ñF�>|%ð�á.��%ð�_�˜N¦ �v ,´ -$ �´ � j 4��mm,��3WCd�¾M’�¯>˜M’.��+X�J�ž 	�%ð�y#{ �_ � � (LV-

S01) �› �ÿ�}0+
j .��+a�¾#{�_�� ,´%ð�y�•
²-$�¾M’�¯,��
� !” 
� �…�y�` 
²-$�}0+�6G ÿ (	£M’�F#�7-

Gÿ).���}0+�� 
'+ a LMS-SCADAS #{B�3+5�Aà�….���£�è!“�•Eé�’ �g�&,´� ƒ (U�8¢)�ÃEé5 H (5/8¢) 
¼

@ � (4Ò8¢) �PEÃBa�²� * 44(a) �p/j.���)�¾�ƒ�PEÃBa,��G÷+X%ð�_�˜%ð�á�g�&�µG�,´���0�Z8²&é,���¦G÷

+X%ð�y�J�ž	�#{�_��#{Gÿ�g�&�µG��¦��8²&é,´�}0+
ý�Ä.���)�¾Eé5H�PEÃBa,��G÷+X%ð�_�˜%ð�á�g�&

�ÅG�Eé5H,´���0�Z8²&é,���¦G÷+X%ð�y�J�ž	�#{�_��#{Gÿ�ÅG�Eé5H�¦��8²&é,´�}0+
ý�Ä.���)�¾@��P

EÃBa,��G÷+X%ð�_�˜%ð�á�g�&,´���0�Z@�&é,���¦G÷+X%ð�y�J�ž	�#{�_��
X
<�0@�&é#{Gÿ�}0+
ý�Ä.

��

��

�*������

(a)��6Ô5ì�9	4�o6
3ð�<+° •�™Då�Ž�c�";��(b)���b4U�9	4�o6
3ð�<+° •�™Då�Ž�c�";��(c)���R�54fK£+°
�b4U�9	4�o6
3ð�<+°�c�",��3Î7ž;†3ë�r�3@Ü�f4fK£;��(d)��6Ô5ì�9	4�o6
3ð�<+° •�™Då�Ž�c�"+°�X
�­M½(³;��(e)���b4U�9	4�o6
3ð�<+° •�™Då�Ž�c�"+°�X�­M½(³,��4+7ž��3Î7ž��:	7ž	¸Sý7ž�2%å�2�W
=”.f�RKÅDå4D�M�-���ÿ�}>þ�M�-���Ÿ�ä>þ�M�-	¸�•�M�-;��(f)���R�54fK£+°�b4U�9	4�o6
3ð�<+°�c
�"+°�X�­M½(³;��(g)���a��(j)���• �M� - (1750.2��Hz)�� �ÿ �}>þ�M� - (1555.8��Hz)�� �Ÿ�ä>þ�M� - (1529.1��Hz)
	¸�RKÅDå4D�M� - (1600.1��Hz) +°�y/'�f�*.���‘7��³( Z (Fan��et��al.��2019)

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
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�þ� * 44(a) 
�.�,��
X�¤�Z�VLÉ�µ,���ƒ�ÃEé5H
¼@�,´�PEÃG-�¸�~,��F	>˜�>
X�£�è!“�•Eé�’�g�&�],���i

�W#�,´�P�Ý>Û� �€�VLÉ�9�xLk�Ý.�����•!“�•Eé�’�g�&,´� ƒ (U�8¢)�ÃEé5 H (5/8¢) 
¼@ � (4Ò8¢) �PEÃ

Ba�²� * 44(b) �p/j.���þ� * 44(b) 
�.� ,���ƒ�PEÃBa
X�~NÁ
¼Q�NÁ�ƒ	j?ò�� �`+a�¼�˜�VLÉLÄ�0,´� 

�l,��6<
X�¼�˜�VLÉ�µ�PEÃ�x)·E³�~.��Eé5H�PEÃBa
 X 1610��Hz ��
#?ò���`�0�Z� �l,���>� * 43(e) �]N´

#{,´Eé5H Q�1-(	iG}.���²� * 43(e) �]�p/j,���� �•!“�•Eé�’�g�&,´���•@��1
¼�£�è@��1MŽ�h�ÕF�.


�!”,��� * 44(b) @��PEÃBa,´���•@��1
¼�£�è@��1Gý
��@�¤�ƒ,���’� @ 1550��Hz ��
#,´� �l.��

6.3��������!™�?@��˜�o�]�&�†�¬�‰�µ,ºQ�Ll@��7�<�Æ�D#•B�

� * 45(a) �j�f5Y�=
8�s7 � (�Lintra�������Linter) 4ô�@,´!“�9@��’�g
ñ.��� * 45(c) 5��f,´�\�±NÁ)·>˜�>,

B�!“�9@��’�g
ñ�§�9�ƒ�ÃL$LÉEé5H
¼@� Q�1.��� * 45(e)���a��� * 45(g) �p/j,´�\ �± Q�1�}0+
j
.>˜

�>,���)�¾�ƒ�\�± Q�1,���i�W#�7-Gÿ�6�3
X!“�9@��’�g
ñ,´�µG�;���)�¾Eé5H�\�± Q�1,���i�W#�7-Gÿ�6

�3
X!“�9@��’�g
ñ,´Eé+ | (L”�9�Z@����F);���)�¾@��\�± Q�1,���i�W#�7-GÿLö�]�¾!“�9@��’�g
ñ,´

�9�Z@�.��
X!“�9@��’�g
ñEé+|, ´ 6 �Z�=
8�s7�,´!ÿ�Z8²&éLt�Ð�0�Z.ñJñ�fFP�g�&5jL§,���²� * 45(b)

�]4Ò8¢<Š4ï�p/j.��� * 45(d) ,´�\�±NÁ)·>˜�>,���g�&5jL§�,8$@� Q�1�6
A�~NÁ	j0+�Ø,���"4ÿ�>�n0+

�*�¶�VLÉ.��F	>˜�>!“�9@��’�g
ñ,´@� Q�1�_�£�è,´,���)5jL§MŽ�h�•�O.��
X!“�9@��’�g
ñ�]"Ñ�9?ò

���`
����•�
�Ô,´@� Q�1,��F	�>���•!“�•Eé�’�g
ñ�9-p�\CX,´	j�[.��� * 45(h) @��PEÃBa>˜�>,���=


[5jL§,´!“�9@��’�g
ñ,´� �l4Ö� j 1500��Hz,���>� * 45(c) �]@� Q�1NÁ)·�}5ž�08$.���E�•5jL§
>,��@�

�PEÃBa� �l�•0+8 # 1450��Hz.��

6.4��������Q�Ll�o�]�&�†�¬�‰�µ,º�	�‡�=�¦�<�Æ

�i�ž� * 43 !“�•Eé�’�g�&
¼� * 45 !“�9@��’�g�&,´�=
<@��1
�.�,��
����•�
�Ô,´@� Q�1
��*

)à
 X 2�Œ/3 ,´JÍ@��4,��6<�=�*)à
 X �Œ/3 ,´K@@��4.���j�¶@�GúF	�0)àB‘,���E�•���•�7�   �.��=�_�.+���í���.�í�_.

���•�7�   � . �ÿF �ƒ
ø�öN¯Gÿ,´���•5��´
¼5jL§,´���•5��´�{L$,´-(�Â�Œ+X,��>Û�Ê�y�j@�&é,´0c

��

��

�*������

(a)���Ÿ�ä •�™Då�Ž�c�"+°� • (Sý7ž)��Då4 D (4+7ž) 	¸> þ (3Î7ž) �LD¿A];��(b)���ÿ�} •�™Då�Ž�c�"+°�•
(Sý7ž)��Då4 D (4+7ž) 	¸> þ (3Î7ž) �LD¿A].���‘7��³( Z (Fan��et��al.��2019)
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�Ê  Q �? �   (Noh��et��al.��2018).���� �•@�  Q,���•0 �j �³M& Q�´ ,���_ �{ �± �)0 1Ç1V ,´ �\ �± � 1 (Bao��et��al.

2019).���.+
 ¼ �.�í+X�¾AÑ1Ç���•+e9§�j+1 
¼�í1 ,´ ,´�\�±�1� .���{�±�)0 1Ç1V %�Cã

�((�K,���R) �_
ø�öN¯Gÿ,´�0/ý�62«,���Ø�¯�¶�ƒEé�)�Ä	Ï�I,���6�ƒ
ø�öN¯Gÿ,´���•5��´�>5jL§,´��

�•5� �´6„3+C§� • (Altland��et��al.��1997,��Teo��et��al.��2010).��� K �Ê �y � j � D 5$ �3Gü$: 	j ,��� R �Ê �y �j )ß5� 
X

� $ 5$>˜M’,´5jL § (	£�\8²�ÿF ,´@�&é).��
 X �Œ/3 K@@��4,���9
�/ýM& Q�?,���²� * 46(a) �p/j.���¦�]�T/ý

 Q �? �§ �9 �� �• +e 9§ +1,�� 
� �T /ý  Q �? �§ �9 �� �• +e 9§ �í1.�� 
� !” ,�� �� �• �7 �  � j �.��=�� �.+�� �í�� �.�í��=��2�� �±

��

��

�*������

(a)����4fK£ •�5>þ�Ž�c�"�*;��(b)��	W4fK£+° •�5>þ�Ž�c�"�*;��(c)����4fK£ •�5>þ�Ž�c�"+°�X�­M½(³;
(d)��	W4fK£+° •�5>þ�Ž�c�"+°�X�­M½(³,��4+7ž��:	7ž	¸Sý7ž�2%å�f�RKÅDå4D�M�-��>þ�M�-	¸�•�M
�-;��(e)���a��(g)���RKÅDå4 D (1610.4��Hz)��> þ (1498.9��Hz) 	¸� • (1719.1��Hz) �M�-+°�y/'�f�*;��(h)����4fK£
 •�5>þ�Ž�c� " (3Î7ž) 	¸	W4fK£+° •�5>þ�Ž�c� " (Sý7ž) +°>þ�LD¿A].���‘7��³( Z (Fan��et��al.��2019)

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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2��=��0.��F	�?
£-pK@@��4"Ñ�90c�Ê Q� ? (� * 45(c)).��
 X 2�Œ/3 JÍ@��4,���9�9/ýM& Q�?,���² � * 46(b) �p

/j.���¦�]�T/ý Q�?�§�9-(
<,´+e9§,��
��0/ý@� Q�?�§�9-(	ý,´+e9§.��
�!”,�����•�7� � j �.��=���_�.+���í���.�í�_��=

�_1���í��2�_��=��1,��	£0c�Ê Q�?
��pL€�¾JÍ@�� 4 (� * 43(e)).��

7��������M•�Ñ�œ�	�‡
��

7.1���������	�‡�š1��†

�”0û# � (solitary��wave) �_ �0/ý0ªL$�p�� ,´ �Ã�’ (æ�
 �1 �=
� �D	…
A0c�Ê�PEÃ,´MŽ4ï �W#� 	5

(Russell��1845).��6<�”0û� € (soliton) �I�_�0/ý�§�9�j�•0c�Ê�W,´�”0û# � (Russell��1845).���þ(™*6�–,´

@��Ö,���”�€�_+a3+5�MŽ4ï�W�x�Ä�>8¢�“)àB‘-(�Â�£>‘6<�×+O,´�02«0c�Ê,´0ªL$-(�¢5�� ´ (���¿5�

�´),���¬!”.à�Î�}
>7-Gÿ�=8¢�“�Ã#��’�>FO�Ö�
�1�=
�6<�§�9�ö2Â�€�Ž� W (Dauxois��2006).���þ� �–

,´@��Ö,���³�_�02«�ÿF 
�0�3+5�,´MŽ4ï�W�Þ�6�é0 ; (� ² KdV,��NLS,��Toda,��Sine-Gordon ��	 ú �34 �é

0;1y) ,´0c�Ê�”#�@ � (Dauxois��2006).

�”�€
��¦
X6G�“�ûCX�]0c�•�PEÃ,´�p��	F(©�W,����	ú���9-p
X(™*6�Ã	F�–
¼+O(™1y3+5��]

D� �& 0ª �j �Ö �P FB �� �Ÿ 
¼ 7- Gÿ ,´ %Œ �Ë ,�� �E C§ �¶ �G �J N¶ �� 0� �– �æ �� ,´ �¯ #� �£ # � (Dauxois��2006,

Remoissenet��2013).���”�€*6Aê�Œ�jMŽ4ï�W0��–Gý?±6<#kCó,´�6�_,���=�v�Ø�Ø�¶G��6�P5�� �–*6Aê

(�²
�0�3+5�) ,´
� �…,���$
X�k+k
¼��/j8� 'f0��–)àB‘,´�\CX�]
� �U-pGý?±�Œ+X:���²�¦ �ƒ�],´�}

KI�ÃJñ+e�ƒ�],´+¤�ñ�Ã6Š
8(™,´�,+e�ÃK¯4Ö*•�[��5�,´.ñFJ�€�Ã	F�–	ý�Ä�™�“�Ã��	 ú DNA 
¼

<û,­CX1y+O(™3+5�,´MŽ4ï�W%ð
�1 y (Dauxois��2006).

�)�¾�ÎLu,´�Ë�–3+5�,��6G�“�>8¢�“�žF}�ˆ
X,���UGýLk.½�¶�j�à��
 ' (�T�¦�_B@#�1y) ,´K¯D
/ë

0c�Ê�PFB.��L¿-p�”0û�€1y.D0¦'�%ž,´�¤C§��	úCµ�€�É,´
�AîAÑ�W�H�ï,��%ð
��¶�Ë�–�æ���)6G�“3+

5��]�p��	F#�	5,´%ð
��>�PEÃ,´�Ò3R.��
X�Ë�–Cµ�€�É3+5��],���”�€FJ�h>˜)à�j�p��	F,´�Ä
�#�	5

�F0c�•,´MŽ�£6„�Î� ƒ (Dauxois��2006).���»�²,���O� Ù Hertz �Õ@�	ú�¦2«"��M�#,���ê��
XNÇ2Â�ûCX�Ã�P

�ù 5� �´ �Ã �È 4è Cµ �€ �É 1y �] %ð 
� �* �” 0û # � (Nesterenko��1983,��Daraio��et��al.��2006,��Fraternali��et��al.

��

��

�*������

(a)�� •�5Då�Ž3ÿ� ° �Œ/3 J<>þ+°���VL"�M�-;��(b)�� •�™Då�Ž3ÿ� ° 2�Œ/3 IÉ>þ+°�5�VL"�M�-;��4+7ž	¸2W7ž
�2%å=”.f+°�w�­� # (chiral��charge) �f+1 	¸�í1.���‘7��³( Z (Fan��et��al.��2019)
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2014,��Yasuda��et��al.��2019).��!”�F,���*�¾0±D#-(
��]+¤�ñ,´F��Ø
¼-(�Ä,´7-Gÿ>•5	,���6�[
X.ñ�£6„,´

	ü0c�1Cµ�€�É��	 ú 3D �ƒ	 ,´EŸCX	ü0c�1Cµ�€�ÉK.�]�Î)à�¶�p��	F,´�Ë�–��
'
X6G�“3+5��],´

	…
A0c�Ê�W�PE Ã (Nadkarni��et��al.��2014,��2016;��Raney��et��al.��2016).��-(�)�¾�”0û# � (0c�Ê�W
�+a3+5�

6G�“�>MŽ4ï�W,´�Ø�1�Œ+X�•�_�Á),���Ë�–Cµ�€�É�]�”�€,´%ð
�,���¦� �–(™*6�‘�&�I-(�)9��k:���×�f

�é0;@��À@�,��3+5�8¢�“�>MŽ4ï�W,´� �ƒ�£>‘.���m1Ñ�²!”,��FJE÷2«"��i�W#�,´�±	F(©�±,���ê��
XEŸCX

Cµ�€�É�]%ð
��¶�¬�§�£�Ø�>Eœ�Ø�±	F,���¦
�+a�¼!QMŽ4ï� W Klein-Gordon �é0;�p�k+k,´.�Gÿ�”�€

(Deng��et��al.��2017),���¦�*�¾�9!QMŽ4ï� W Klein-Gordon �é0;,��.D0¦�¶�05$.�Gÿ�”�€,´�u�l�VLÉ�Ã	ý

�h.à�Î�>	ý�41y�03+�G�WC X (Deng��et��al.��2018,��2019a),��
<�&F��Ò3R�¶�05$Cµ�€�É�],´
˜�O�W.�Gÿ

�”� € (Mo��et��al.��2019) 
¼�¼5$EŸCµ�€�É�].�Gÿ�”�€,´6Š'V
¼ Q�?�6/ë1y>|� j (Deng��et��al.��2019b).

�>���:�£��,´�”�€%ð
�-(�)�Ä,��
X
jAê�]F��qAèMŽ�£��,´�”�€%ð
�,��	£���•�”� € (topologic-

al��soliton)��(Manton��et��al.��2004).�����•�”�€%ð
�,´�0�Z�õ?±�‘�&�_�ï7-M’�91°�¦�*� 1 (-O0ª) ,´�ˆ


X,���Ö	£
X��0§F��4,´0ªL$
��ˆ
X�=
<,´1°�¦�*�1
¼Eé+|�‘�&.��6<MŽ���•�”�€,´%ð
��I�=?±"r�*

�11°�¦,���¦@ � (��Aê�_
V�j�”�€@�) 
X��0§F��4G-�9-(
<,´Eé+|�‘� & (�²JÏ�’�”�€).���þ
jAê?ò&é�•

-;,���m1Ñ�”�€G-�_-(�Ä4ÿ�¨
j,´MŽ�£�è@�,��'f6<,���=
<�”�€�¦0c�Ê�W,´�•$À	¤�Z'f�=
 < (G��ÿ�Ç

1987,��Manton��et��al.��2004):��MŽ�� �• �” �€,´0c�Ê�W�k?±+a
j4ô�1,´ �Ø�Ë�–�j �f �• �Î )à,���³$À8� �¾

N�|ether �Ê*6�;,´�¸�‚G ÿ (N�|ether 9§);�����•�”�€�I�_�*�¾M Ž Abel ?ô93*6Aê,���ÿF �¦,´���•�¸�‚

Gÿ� > Lagrange �-� ,´�=
��W���£,��6<�_$À�¾
j,´�µ/°8�+a�Ö,���)�Ä�¾�µ/°0ªL$#q�’L$,´MŽ�£��

�P�4.��+a�¾M Ž Abel ?ô93*6Aê�]MŽ4ï�W
j�é0;,´�=�r�W,�����•�”�€-��}�õ
X�0�Ë(©�Ê� �–5��´�]

�Ç��"r@�,��� ² 1D 0ªL$,´�•5�@ � (kink),��2D 0ªL$,´#Ñ�û@ � (vortex),��3D 0ªL$,´�µt��Hooft .ñ	…�±�€@�

(monopole) �� 	 ú 4D !W "? 0ª L$ , ´ Polyakov -Ü �€ @ � (instanton) 1 y (G� �ÿ �Ç �� 1987,�� Manton�� et�� al.

2004).

-("��¾�íB‘,´� �–B�Gú,���j�à3+5��]���•�”�€,´%ð
��I-(�)-$?ò,���DE³�h?ñ,´� _ 1D 0ªL$.����

�O,´� ² Scott 	…�vK. Q
 » (Scott��1969),��
X!”3+5��]
�%ð
��*MŽ���•�”�€�Ã+ a Sine-Gordon �é0;�ÿ

F , ´ kink/antikink ���•�”�€
¼� J (
˜�O) �”�€1 y (� * 47(a)).��L¿
>,���ê��	ø
X2«�vK.>õ5ž�]3+5�.D

0¦ � ¶ kink �” �€ ,´ .à �Î �Ã �Ø �1 �W7- ,���� 	 ú kink-antikink �¦ � l (
˜ �O �” �€ )�Ã3W�” � € (compaction)


¼ �™ �“ �” � € (diffusive�� soliton) ,´ %ð 
� 1 y (Dusuel�� et�� al.�� 1998)�� (� * 47(b)).�� !” 2 « kink 
» �� �• �”

� € (�¦ �l ),�� �¦MŽ �£ �� (© �± 
� 
X �� �9 �JGý �F 	üGý1° �¦ �* �1 ,´ 3+5�7-Ba0ªL$ �] ,�� �Ð �� �’ B‘ �k+k

(� * 47(c)(d)).���0F�,���Ë�–Cµ�€�É,´�¤C§,���½�0!Q�6�ê��
X�Ë�–3+5��]�Ò3R���•�”�€,´'��õ�Ø
A

�¶�à,´Q��Ö.��E³��
h�E�–65�¤CÓ,´�9�05 $ SSH Cµ�€�ÉK . (Chen��et��al.��2014,��Zhou��et��al.��2017,��Sato

et��al.��2018)�Ã�±�?�"M’
¼�i �W�‘ �V1y�],´ �� �• �” �€%ð
 � (Machon��et��al.��2016,��Bartolo��et��al.��2019,

Sun��et��al.��2021).����>˜�W���Œ� ² Chen 1 y (2014) �Î)à,´�6�[+ a �34 
 ¼ Sine-Gordon �é0;�ÿF ,´6+Eœ

�>�ûEœ�?���•�”�€,���¦ 
�+aK|�k
 X 3D 
6)ß�:�´
»0ªL$,´�� �•5��´�•�62 « (Chen��et��al.��2014).��L¿


>,��Snee 1 y (2019) �• 
X�¼5$�� �• �Ë �–Cµ�€�É�]%ð
� �* �� �• �
 �Ô,´Eé+| �” �€ ,���¦ �\CX�_+a�¼Lf

NSL �é0;�p�ÿF ,´�Þ�”� € (bright��soliton) �>�Ç�”� € (dark��soliton).

�»�Î�:,���m1Ñ�”0û#��>�”0û�€ �í�&0ª�p��	F,´MŽ4ï�W(™�1,���"
X�j�à3+5���	ú�Ë�–Cµ�€�É

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
��7��$�0 �������i�W���•�€�É.D0¦F��… 239



�]�Ç�`�¶�ÎP¼%ð
�
¼�0�Ê0;�Ö,´�Ò3R,��'f6<�ƒ�}�ÕFƒ,´5��Ì	¤>˜�>,���³���žF}
x)à�*�}5žL¿�j�Ã

�j�Ö���£,´/ë�“�F	…�”�€(æ�1,���Í 'f�_�G�p
˜.�,´Lî���×�f.��F	�¯�Ç,���³�²�…�0
����•5��´	ë�µ�ë

5��¶
¼�×�f�”�€,��F�6<�Î)à�9�¿�p��	F
��’,´B3�×�Û�´�ý���_�0�ZK¯�O���°,´�u%��A�H,´L�NÈ.��F	

Gü�6���02«EŸCX�J�„�Ë�–Cµ�€�É�j�»,���û4ýM‰�1���•�”�€�¦�l,´%ð
���	ú5F0;�9�¿�p��
��’,´

�žF2�W(™*6�v� æ (Zhang��et��al.��2019c,��2019d).

�´�*�02«�J�„�Ë�–Cµ�€�É�²� * 48(a) �p/j,���¦�s7�+a!“�Ô,´�]
6FJ�„
XEŸCX�*�ƒ�]Le�G6<

� @ (� * 48(b)).���¦ �] ,��B�EŸCX�ûCX
�+ a Mooney-Rivlin �=
� 	»Cµ�i �W�\�´ �é0;�ÿF .���j>˜F �é�ï,

!”�4�Ê�y��Gÿ4â	ò�   ����=���A2/�A1,�� ��=���W/�A1 
 ¼ ����=���B1/�A1��=���A2/�B2 �•>˜�±�³,´���…(©�±.��FJE÷�:F ��

Gÿ4â	ò� ,´F�5�
�	F�a
��Ç�`Cµ�€�É,´�0�Z�`�ü,´���…0ªL$.��F	Gü�£#�� ¾ � � � > 1 ,´�W�?�£3+,���¦

��!”�6B����…0ªL$�62«.��
 X �/�X� Y M’�µ,���)Cµ�€�É�í�Ð" ï � Y �é
A,´�öM‰�1�}0+	»5 Y (� * 48(c),���ÎP¼

�] ��=��3.1���î��10�í5��s�í1),��5��Ì>˜� > (Zhang��et��al.��2019c,��2019d),����������1 
 ¼ �����!��1 ,´Cµ�€�É�6
�+O�£��%ð


�,���6�[>˜)à�j�¿?ò
w	0,´!“�ÃCO"ú�®"�
��’;��6 < ����=��1 ,´Cµ�€�É	¤
�+O�¶MŽ4ï�’���•%ð
�,��>˜)à

�j?ô�I �9 �¿,´ �p �� 
� � ’ (� * 48(d)(e)).��
� �� 
X5� �0 �v �æ� ; (�+ � ? ��) �*0û*6Aê Q
»,��
X7-B a ((æ

�1) 0ªL$�]��/j�_G}�T2«%ð
�,´�µ
X
�3P��	ú�9�¿�p��
��’,´(™*6�\CX.

�j J¸ �) !” 2« �� >˜ �W �s 7� �* 0û 5� �0 ,´ @� �À  Q 
 » (� * 49(a)),��63 <• �± 1� �õ �’ �� ������1.�� 
X �} 0+

��

��

�*������

(a)��Scott �rJ*2'4��Y�ÿ�}�•� | (kink/antikink) +°$ì�ý�°�·;��(b)��1§�rJ*2'4��Y�ÿ�}�•�|�:�•�|�¢
�h+°$ì�ý�°�·;��(c)���T�rJ*2'4��FFù0¬�¢
&�-+°6)A]3ÿ�°�Y=”�­+°�ÿ�}�:LŠ�ÿ�}�•�|;��(d)��1§�rJ*
2'4����5�øFù0¬�¢
&�-+°6)A]3ÿ�°	¸�ÿ�}�•� | (�•�|�¢�h),���¢� Y antikink M§2SK » kink 58$ì�ý.���‘
7��³( Z (Zhang��et��al.��2019c)
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E­9§�d�U� Y �Œ+X�;,��
��’�´
»,´�Ä
�7-�I�k?±Lö�]�¾�„L$,´N¸�V�4,��
�+a�i�W�v,´�h5 Y (�J� Ö �+)�Ã

N¸G� �i 2W,´ �_ � " (�J � Ö �#v,�� �#h) �> �š � 7 (�J � Ö �#s) �• �k+ k (� * 49(b)).�� �w �Ê �s7� �M �û �n@� � j ��0,

�ƒ�} �´ 
»�n@�� j ��,���I 
� �Ê�yEœ@ � �.��=�������í����0 �j �¿	òGÿ�• �ÊGÿ>˜�±�s7� ,´ 
� �’ (æ� 1 (� * 49(b)).


X5	�Ê�Ä
 � �0� Y �;,����>˜�W�s7�,´�Ä
�7-#��-
�>˜/j� j �5cell��(��;���.�N)��(� * 49(c)).���*�¾�ÎP¼�> Q��5�

�Ì 
� .� ,�� �ƒ  Q 
» �j � ( �.�Y/�.�X�� ������1 �& ,��
� �’ �´ 
» )�0û �¾�j � ( �.�Y��(� * 49(d)(e)),��Cµ �€ �É 
�1° 	F �j

�.�Y�� =�� 1 ,´ �ö �0 5$ 5� � ´ (� * 49(d)).�� 63 <• �s 7� L$ ,´ -( �Â �Œ +X ,�� 3+ 5� , ´ Lagrangian 
� >˜ /j �j

.��
X�}0+�ÐE­E÷0;�],��	Ï �} � ï �5cell ,´ �’ �?F@$@%D	F,��6<3+5�,´
�

�’�´
»�I
��ã�¾�s7�L$-(�Â�Œ+X7- �>	Ï�}� ï �5cell ,´1��¹,��F	�0(™*6E÷0;
�+a5ž�¾	Ï�}

�ï
j�D�¬!”-(�Â�Œ+X,´�³*3�íK.�´ Q
»�’B‘
`�ÿF  (� * 49(e)).��
X
��’Aè
�,´�´
»/(æ�1�],���ÎLu�´


»�I�¯�Ç3+5� 
��±�?�l.��+a�0�?�ï7-	Ï*6 ,��
��Ç/ë�“�×�f�é0 ; (Zhang��et��al.��2019d)

��

��

�*������

(a)(b)��D›BT�Ç�’B±�|�Å�ÊO¸�M�·�ö�o6
;��(c)���òL…�-�y/'D©8£�7B±�|�Å+°�I�÷�°�·,���À	�(³3Ò� f ���Y��=
3.1���î��10�í5��s�í1;��(d)(e)���ÊO¸	¸�5K|�o�M���Y$ì�ý+°L…�-�•�|�¢�h,��kink � : antikink 	”�K�S�\�Ð�+	t
(Ü�º�P.ù�f�Ü�­�B�f
��wK .���%�À+°�»>î�·4U�À	�3Ò� f �0�Y��=���í0.11.���‘7��³( Z (Zhang��et��al.��2019c)

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
��7��$�0 �������i�W���•�€�É.D0¦F��… 241



�*�¾B��×�f�é0;,�������•��1 �&,��
X�p63<•,´�Ä
�93
$� µ (�²�_�0�Y�_������0.2),���5cell �£� ¾ � . MŽ�)0 �D�õ�ˆ
X

(™*6�:�qAè,´�_�0�*� 1 (� * 49(c)).������=��1 �&,���5cell �£� ¾ � . �û4ø�)0 ,���DL ¿ �0� Y %D	F�6+a�M�û,´	…�0

�*�1�6�Ä�j1°�¦,´	ü�*� 1 (� * 49(c)(e)).���k�{,��� � �k�,�¶	Ï�}�ï
¼�×�f�é0;�£�¾�¿	òG ÿ � . ,´�)0 

�W	ú�¦7-Ba0ªL $ �5cell(�.;���0�Y) �],´�6�Ä&é� ,���þ6<�_G}�¶Cµ�€�É0c�1%D	FD��´
 ¼ (MŽ) �£��%ð
�,´�õ

?±�‘�&.��F��0!•
�.�,�������•��1 ,´Cµ�€�É�¦�¿?ò
w	0
��’�\CX�:�)�Ä�¾�×�f�é0;�£��@ � �.�N��=���.0��(�N��=

1,��2,��������,���.�X;���˜�5eff��(�.;���0�Y)/�˜�.�_�.=�Å�.0��=0)(Zhang��et��al.��2019d).

����=��1 Cµ�€�É,´�9�¿�p��
��’�)�Ä�¾MŽ�£��%ð
�.��!”�&,���.��=����.���jF��0!•�Ç�`�×�f�é0;,´@��À

�’�?,��F	Gü�E�•�T�Z�*�\�wAî:

�wA î (1)���?Eœ@��wA î ���N��������1��(�N��=��1,��2,��3,��������)

��

��

�*������

(a)����=”�S�o6
���•�ö�x�g�¢�Y+°0¬�B�M�·,���2%å=”.f�P1§M´�e1S;��(b)���o6
0¬�B�M� · (�I�÷�j>þ
��0) �ö�¢	��Ž�°� · (�•�y�j> þ ��),��D˜> þ �.��=�������í����0;��(c)�����•/¦K �î� œ � � �%�Ë�y� ë �5cell +°
&�-	¸�%/�
�S+°�21§;��(d)��� ò 1D B±�|�Å3ÿ� ° (�.�X���î��1) �ö�¢0¬�B�M� · (����=��1 �",����0��=��0,���.��=����);��(e)��1D�³)/�íJ*�´�f
)2�M�·,���e1SJ*�:$@�B+°�Ë�y�ë� f (�•
&�-�:�ø
&�-) ,$�¾�ˆ*T,�����g*gB±�|�Å�«	��y/'�·4UDó/7;
(f)���ÊO¸���M��� : �34 )2@æ?�,$�¾@æ@í�²L…�-�•�|�¢�h+°$ì�ý.���‘7��³( Z (Zhang��et��al.��2019c)
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+a!”� 9 sin����=�������í������3/6��+��(����5) �� 	 ú cos����=��1���í������2/2��+��(����4).���I �×�f�é0;� ? (66) 
�F��0!•

�É�j

�¦ �] ,�� �j 3+ 5� ,´ 1y �x 	Ï �} �ï ,�� �,eff��=�� �,eff�� (�+;�� �#v;h;�� �,0;

�0�Y) ,´1V
'�>� �l�ã�Ê�¶ ,´�*�1
¼�ï
Â(©�±,����
#-p�³*3�íK.�´ Q
»�s8#Cµ�€�É,´
��’ Q�?

(Zhang��et��al.��2019c).

9 � �#v��+���#h���1�� ,��� I �,eff������0,�� �§�9�_�0�*� 1 ���N��=��0.��
X�¤�Z�p63<•,´�Ä
�93
$�µ,

Cµ�€�É5��´
w+a�³�ù	»�´�k�,,���õ
�+O4ß	»5Y
��’,´�£��%ð
�.

9 � �#v��+���#h������ ,�� �]�I�ˆ
X-p+a	…�ï�Å
A	ü�ï�Å,´Eœ
�.��
X�ÐE­,´�M�ûLf! å (�²�_�0�Y�_���0

�_�0sys�_),���,eff���0��0,�� �§�9	…�00c� 1 ���N��=��0,���)�Ä�¾Cµ�€�É4ß	»5Y,´
��’.��L¿-p�Ä
��15��Î�W8#Cµ

�*�d+|� l (�_�0�Y�_���!���_�0sys�_),���,eff���!��0,��Eœ
��j���91°�¦	ü�*�1 ,���)�Ä�¾Cµ�€

�É�µ�) �Ã�F�( 
� �’ �± 	F,���¦ �] �_G} �ï7-0c�1 �WCXEœ
� ,´ �d+| �Ä
� ,��
�+a ,´ �a �( �W6<�Ç

�0sys��=���0�Y��(�,eff��=��0).

�wA î (2)���j6V
8�‘� & 4�#s ���!�!���5e���,eff

�l�Ç�jB3,´�_,��1y�x	Ï�}�ï 	…�Ã	ü0c�1�WCX,´Eœ
���	ú1°�¦�*�1,´�ˆ
X,���õ�jCµ�€�É

�a0c�6� Ä (�p��
��’) ��	ú5��´-(
��],´���•%ð
����Ë�¶�õ?±�‘�&.��+a�¾�s7 � (�F�³*3�íK.�´) L$�ˆ


X-(�Â�Œ+X,��Cµ�€�É�]�ÎLu,´
��’%ð
�	q�6�=�r.��Cµ�€�É5��´-(
�,´�§�ƒ2«
»
��ã�¾�s7�1y�x	Ï

�}�ï7-
Â�>�s7�L$6V
87-,´-(�)�W�?.���³��,´-(�Â1��¹�ã�Ê�¶3+5��ˆ�Ø�>Gú�n7-Gÿ,´�é�?.��
�

6<,��F�M0?±�E�•�j6V
8�‘� & 4�#s ���!�!���5e���,eff,����.ž�
�}0+
»-(
�,´
�+OF�6<�Î)à�9�¿�´
»,´%ð
�

(Zhang��et��al.��2019c).��!”�&,���s7�(©�±Eœ@ � � � 
X"ï"d�£�é
A5C�’
�	F,��
�6<
����E�•�7�ö,´F�5�
j

F��l:�����N���:������(�X��=���N�,�X) ��	 ú ���N�d1���:����(�N�,�X)���d���,�X�˜����(�N�,�X)/�˜�X��+�� .��/ë�“,´�×�f�é

0;
�>ÛF�5�	F�¦�¤*6� j (Zhang��et��al.��2019c)

�¦�],���6(��)��=����/4��(����2���í���,eff/(1���í���,eff))
2 ��	 ú ����=��2�5e��(1���í���,eff)/(�#s ).��!”	£�j?ô93
jAê��	ú5��´

-(
�N¶���]:‡
=, ´ ���34 
j �é0 ; (� F Higgs 
j�é0;).��L”�¶�*�1,´	üGý1°�¦,��1y�x	Ï�}�ïF�
����§�9

�JGý1°�¦�*�1,��� ² �6(��)��=����sin��,���I� ? (68) >˜/ j Sine-Gordon �é0 ; (Remoissenet��2013).���)� ? (68) �0

!Q0��6
�� Ç 1/2��(�˜��/�˜�X)2���í���6(��)��=���%0.���� �•�”�€?±"r3+5��*�11°�¦�D�k7-G ÿ (0��6�h�   �%0) �•5J


XEé+ | �X���:�� (�)�Ä
 ` �����: ) �{L$,´�0�Ê93
$�µ,���9L€�D�=�U�“.���)�¾M‰�1	…�”�€@�,��
�

��0��6�h�   �%0��=��0 �¦�wAî�”�€�}�¾0ªL $ �X0 �4,��+a!”
�� Ç �X���í���X0��= (B��?
�0�).��!”	£

3+ 5� 
X B� (© �Ê Eé +| �‘ �& �; ,´ �0 �~ 7- �1 ,�� 	q �6 0c �Ê .��M0 ?± �7 �* ,´ �_ ,�� �* �¾ 3+ 5 � Lagrangian ,´

Lorentz �=
��W,���õM0�)B�M‰�1�”�€@�� Š Lorentz 
��’	£
��Ç�`�Ø�1�”�€@ � (Dauxois��et��al.��2006).

� � ���34 �é0;�j�»,��
��Ê�yMŽ�£��,´���•9 § (�•� )� 1 �•�)�”�€F�>|���•�62«,���³�_# q �*� V �¸�‚,´

5��Ì,��	 £ �*�Æ��=��1/2�� (�ë01��=���ë10��=��1,���ë00��=���ë11��=��0),��� I (G��ÿ�Ç��1987,��Dauxois��et��al.��2006)

1\ ��2���O Lx!õ�
���P"ù �
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���?,®�H�
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�)� ¾ kink(antikink) � 9 �1��=��+1(�í1),���jMŽ�£���P�4;���)�¾�*�1�I� 9 �1��=��0.��+a�¾�*�11°�¦,���T�Z

�*�1
�
 X �����:���í����	ý�4�;-(�ÂEœ�’,��6 < Kink �I�|�•
 X �X��=���d�’�4,´�T�Z�*�1�{L$,���¦�>�¦
X��0§

F��4C»F�.���*�¾���•9§,´�¸�‚ �W,��
j ,´ �� �•4Ö�•
�?ö�j �0��L€,´�}
Â,��
� !” 
j4ô� 1 kink � > anti-

kink ,´-(�ÂEœ�’�Á�F6G�“�j-O0ªG-M0?±��L€�W7-Gÿ.��	£,�����•�”�€�=> �ÿ,´�j�•0c�Ê�W(©�±�\CX

�:$À�¾
j,´�*�11°�¦.���>!”2«�l,���)� ¾ Sine-Gordon �é0;,���¦���•9 § �1��=��1/2�Œ����[�Ë��(+�’)���í���3��(�í�’)]��=

�N,���¦�] �j�¤� ,���D�_�N���_���!��1 �)�Ä�J�”�€@�,���Ö0 �”�€�¦� l (soliton-lattice) @ � (Remoissenet��2013).


X� * 49 �p�´�*,´Cµ�€�É�],��63< • ���_�X��=��0��=��0 ��	ú
˜�O�WEé+|�‘�&,��
��Ç+ a ���34 �é0 ; (68) �p�ÿ

F ,´
˜�O�W���•�”�€@��j

�¦�],���A��= ,���B��=���A/ .��sn��[�X��;���M]�jLõ
�"��]
6�-� ,���M��[0,��1]�j�)�Ä,´

 Q� ,��
X(™*63+5��]
�+a�§�ƒ,´Eé+|�‘�&�•.ž�Ê.���*� ¾ �34 *6Aê,��� ? (70) �p�k+k,´(™*6�Î�ƒ	£�jCµ

�€�É-(
�E÷0;�]�p%ð
�,´M‰�1���•�”�€,���³�6� � kink � > antikink �Ô�/,´�’�?
˜�O�W
`�6�3
X0ª

L$�{�] .��3+5�+a!”6<�’ �@,´
˜�O�W0ªL$-(�¢5��´	£�j �� �• �” �€�¦ � l (topological��soliton-lattice),

�¦�‚�0	F,´
˜�O
�>˜/j� j �4��=��4�+[�M]/(�B�,�X ).���l�Ç�jB3,´�_,�����:�}0+
»-(
�E÷0;�]#¹	ú,´

5��´�J�Ö�Ã6V
87-�Ã1y�x�ï7-
Â,����	ú�p%ð
�,´M‰�1�”�€
˜�O1y,���ÎCX�:G-
���FJE÷�s7�,´���…

�•5F0;AîAÑ.��63<•�T/ý(©!º�õ�å,��	 £ �M���:��0,��� ? (70) �6�a	ë�”�€(©�±;��6<� ƒ �M���:��1 �&,���4���:���’,���?

(70) �IF0	F� j (L$LÄ��L€F�,´) 	 … kink @ � ����=���Ak��tanh(�Ak ),���¦ � ] �Ak��= .��!” �F,

B�M‰�1
˜�O�”�€@�� ? (70) �=�½�§� 9 �34 �é0;	Ï�û, ´ (�X,����)���:��(�í�X,����) �)0 �W,��	£�)0 �W.d5j,��>Û�¦
˜

�O�W
`�6LÄ�0,´�T/ý�±	F+¤	j�)�Ä-p3+5�,´1°�¦�*�1.

�i�ž� * 49(f) 
���
�)à,�����•�”�€@�� ? (70) 
¼�ÎP¼�>�9L€�s Q��5��Ì�08$�WE³�­,��Añ�Î�¶�9

�¿�p��
��’�g�?�]�}�¾�T-(+|M’�4,´���•5jL§	£�j+ a ���34 �é0;�p�k+k, ´ kink-antikink �).��B�*6Aê

 Q
»,´���•%ð
�,��$À8��¾Cµ�€�É3+5��],´�s7��ˆ
X-p�T�Z�±	F-(	ý,´1°�¦�*�1 �í�µ�)�>�F�(

�±	F
��’.��
XB��9L€�j�(,´�”�€�¦�l�],��!ÿ�0� Z kink �{
>G-�9�0� Z antikink ,´3WL¿+O� @ (� * 48(d)(e)


¼� * 49(c)).��2«�l,´)àB‘F��¯#��ˆ
X�¾�¦��MŽ4ï�W(™*6N¶��,���¨
»,´�²�Ë�–�PEÃ4ï�Ã�,+e6Š
8(™

��	úJñ+e�ƒ3+5�1 y (Dauxois��et��al.��2006,��Remoissenet��2013).

M0F��0!•�7�*,´�_,��M‰�1���•�”�€,´MŽ4ï�W%ð
��¦�=�pL€�¾(©�Ê�g�?,´Cµ�€�É5��´,��6<
��ã

�¾�s7��J0c�1	Ï�}�ï�>�s7�L$�j6V
87-,´1��¹�],���p�k�,,´3+5�-(
�2«
»��	ú7-Gÿ�ˆ�Ø
¼Gú�n

,´�é�?,��B�*6Aê�j*6�§�9�¯#�,´F2+X�W.��+a!”,��
�F��0!•�*0û
XCµ�€�É�]%ð
�M‰�1�”�€�¦�l�Ã5F

0;�9�¿�p��
��’,´5��0�W1†+•,�����*�žF2�W(™*6�v�æ:

(1) �* �1Eœ
� 
» �s7� .��AîAÑCµ�€ �É �s7� �� �¯ �Ç :��L¿ �F+|%ð�á �15� �Î �W�¦Cµ�* �d+| � l (�_�0�_���1

�_�0�C�_) �&,���s7�	Ï�}�ï 
�4ÿ	¶+a	…�*�1
A1°�¦	 ü (�J) �*�1,´Eœ
�.����� * 50 �j�»,���¦�Ë�–GÿN«

%�C ã �#v��+���#h���� .��F	�0�J�Ö�‘�&�>.ž�¶Cµ�€�É
��’ Q�?Eœ
��&,��
�@�
�3+5��¿	òG ÿ � � �6�Ä
¼

5��´-(
�,´
�+O,���´�@MŽ4ï�W���•%ð
�,´�õ?±�‘� & (� * 50(a)(b)).

244 �Ë�Â�Â�Â�–�Â�Â�ÂF��Â�Â�Â�… ������� ��¤ ������1\ ��������	§



(2) %�Cã�j6V
8�‘�&.���j�¶�Î)à?ô�I�9�¿,´MŽ�£��%ð
�,��-(�)�¾�*�1L$�ï
ÂQ��Ö,���s7�L$F��Ä

B�%�Cã�j6V
8�Œ+X�‘ �&.���¦ �Ë�–GÿN«%�C ã 4�#s���!�!���5e���,eff.��F	 �0�J�Ö�‘ �&.ž�
 �¶	Ï �} �ï �* �1Eœ


� �� 	ú �¿ 	ò Gÿ �) 0 �W .d 5j �& ,��Cµ �€ �É �} 0+ 
» -( 
� ,´ 
� +O �� 	ú M‰ �1 
˜ �O �W �� �• �” �€ ,´ %ð 
�

(� * 50(c)).

� * 50 �’B‘ 
` �k+k�¶F	 �0�žF2�WM‰�1�” �€�v�æ,´(™*6
. �ÿ.���* �¾B�*6Aê�v�æ,��AîAÑ�³ �é
‡ �́�Ã

���³ �v3+�´�>�³
6�í�] 
6�´�J�„Cµ�€�É,��
X�>� * 48 -(
<,´�ÐE­�>Eé+|�‘ �&�;,���Í !Q
�%ð
�� * 2,��3,��2 �)

antikink/kink �”� € (� * 50(d)).���¿	òGÿ0ªL$�6�3,´�ÎP¼�Ã Q���>*6Aê5��Ì�>.žAñ�Î�¶�žF2�W�v�æ

,´�9�x�W
¼�Î+X� W (� * 50(e)).��B�(™*6�v�æL€�Ê�¶+a�Ë�–Gÿ>˜�±,´7-Gÿ�£3+,��6<
4�J�ÖGÿ	ø�£6„

�¾�s7����…	ò� .���»�Î�:,��FJE÷F2�ƒ���…AîAÑ,��
 X ����=��1 2«,´Cµ�€�É�],��F�7-�Î)à�¿?ò
w	0,´�£��

%ð
� �� 	ú �¦ ��2« 
» ,´MŽ�£ ��%ð
� :���74Ö� • (1) �= �@0û,���Á �F4Ö� • (1) �@0û�v �ˆ 
XNÍ �F4Ö� • ����=

const..���³*3K.�´�6�û4ø�˜G�0c�Ê�¾3+5��_�0,´�*�1,���Á�F�J�*�1�{�0.��!”�&,��Cµ�€�É
�+O�¿?ò
w	0


��’,��3+5����•9 § �1��=��0.���84Ö� • (1) �@0û,���v4Ö� • (2) �=�@0û.���I�s7�L$�a6V
 8 (6V
87-F��?�¾1y

�x	Ï�}�ï7-
Â).��
X!”�õ�’�;,���aF��Õ,´MŽ4ï�W�³*3K.�´L¿�j,´�6�3�¾�*�1 �{

L$.���>!”�)�Ä,��Cµ�€�É�6�J
�+O�9�¿�í��� ¿ (order-disorder) -(
 � (Chaikin��et��al.��1995),��>˜)à�jL¿�j

,´�p��	F�g�?,��3+5����•9 § �1���•��0 �D�ÍC†�¾Eé+|�‘�&.

+aB�(™*6�v�æ�p�_G},´���•�”�€�¦�l%ð
�,��
X�Ë�–Cµ�€�É�]�=�õ�…)à�*�¶�³	ý�h�´,´(©�±�j

��

��

�*������

(a)��
&�º0u�t �Ë�y�ë'¥�­+°B±�|�Å�21§,$�*;��(b)��LŠ�Ÿ�
B±�| �Å0u�t�Ë�y�ëK»�À	�+°$@�B'¥�­;
(c)��B±�|�Å3û�²3ÿ�°,$	����%/��S-`4f7�L…�-�•�|$ì�ý+°�šE.'•)2�r�â;��(d)��
&�º�šE.�S�r�â,���T
���³�å�ƒ�´�������³�r2'�´�:�³�2�í�Y�2�´�F�€B±�|�Å�Y$ì�ý�&L…�-�ÿ�}�•�|;��(e)��*]B±�|�Å�»�îFû=”�­+°�ÿ
�}�•�|+°�ÊO¸���M���:)2@æ3ÿ� È (�0�Y��=���í0.01).���‘7��³( Z (Zhang��et��al.��2019c)
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�Ö�>�j�Ö�x�Ä,���$�_0±.d�¶K¯�O���•�ê��AÔ�j�p��
��’FJ�h�_5jL§�•�O�D�¦�j�(
¼�}5žL¿�j�W

�j6<Lî��N´#{,´�P5�AÔ.�.���»�Î�:,���=�õ
X�¿?ò�Ë�–�ƒ3+,��!”2«R±��,´MŽ�£��%ð
�F��¯#��ˆ
X�¾

�G�JD��j �Ö,´�J�*�13+5��{ �] ,���² 
�L€0ªL$�],´2Â�€EÃF � (Sisan��et��al.��2014),��DNA��.á�*,´ �ûEœ

(Peyrard��et��al.��1989),��Jñ+e+¤
 � (Frazier��et��al.��2017) 
¼K¯4Ö*•�[��5�,´.ñFJGÿ�€�PE Ã (Frazier��et��al.

2017) 1y�í-;�l�³"��=�£6„�´,´�ÃD��–0�N¶��,´8�'f)àB‘6ü
>,��
w
�+a-(
<,´� �–(™*6�\CX�p�_

G}.���´�*6„3+!”2«)àB‘6ü
>,´�$�08\,´� �–(™*6�v�æ,���6�J�j
X�$�í�¯,´(™*6�³Fw�]�Ò3RQ�5$3+

5�,´MŽ4ï�W�� �•%ð
� �Ã
� �×,´ �� �…-(
� ,���� 	ú�� /j �$�=�r �p�� 	F)àB‘,´ �j*6�\CXK*
Û�] �à,´

FƒD�.��

7.2���������	�‡M,73 W�E

�q�æ5��´�i�ž�¦0c�Ê�>
V
����6�jCµM‰�Ê5��´�ÃM‰�Ê5��´
¼�j�´.���i�ž5��´�]	5
[,´8²&é


¼F��v� -�7-�O2Ç+•�`1Ç7-
V�´�@0c�Ê�q�æ,��Maxwell��(1864) �0��5	�*�¶�´�@M‰�Ê�q�æ5��´,´�õ

?±�‘�&.��F��O.D0¦>˜�>,���)�¾(©�Ê�q�æ5��´,���¦�j�´ Q�?
¼8��Ä�Ë Q�?
�7-��
A�ƒ�µ> �ÿ,´Eé+|

�1�’�?�ˆ
X,��
<�&�•�§�9�>�}F #��Ø)àB‘2«�l,´�ƒ�íEé�)�Ä�£3+,��	£Eé+|M&7- Q� ? (zero��mode) 
�

�`��L€�W�ƒ,´7-�V���•�WCX,´�
�Ô.��Kane 1 y (2014) 
�)à%�C ã Maxwell �d+|�‘�&,´�q�æ�§�9�µ/°

�7
A�W,��+a�0���•�±	F.�Gÿ>˜�±.���>+e�±	F�€�É�]!“CO+e9§
A�€�É,´�TEé6ŠLö2«�l,��MŽ�£�����•

�±	F, ´ Maxwell �q�æ5��´,��M&7- Q�?�>8��Ä�Ë Q�?�•�i�ž+|M’�>���•�±	F,´-(�)�é
A
A�€�É�T

�×6ŠLö.��M&7-Eé+|�1,´�6�3+a�ƒ�1���•�WCX�ã�Ê,���)Eé+|�pG��v�&K¯�Ö�Ã�J�Ö
¼8²&éCXGÿ1y� �Ø

�=�•�O.��B����Œ�0
_�¶�öM‰�15��´�Ë�–�WCX���•�é
A�W,´.D0¦,���»�²,���*�¾���•�
�Ô,´8��Ä�Ë(æ

�1�Î)à&éLe�€�É�pG�
��×�x�"
�� ’ (Paulose��et��al.��2015a),���6���•�±	F
AGÿ� > Burgers .�Gÿ-(5�
8

�´FP�¶&é�´
»�®�“ Q� ? (Paulose��et��al.��2015b),��AîAÑ�F.œ�µEŸ,´Lb�Ô�˜�&1 y (Mao��et��al.��2018).���\

�?8²�)F	�0�à�é
A�Š1°?±�û4ý.

63< • �Nb �i�v
 ¼ �Ns �Z8²&é�´�@, ´ � D 5$8�+a�q�æ,���´�@0c�Ê5��´�pM0�0�A�v� -�+ a Maxwell �ö

� I �Nb��=���D�Ns���í���F(�D) 5	�*,���¦� ] �F(�D)��=���D(�D+1)/2 �j�J�ƒF��Ø� .���0�Z�q�æ�ˆ
X,´M&7- Q�?� + a �.0��=

�D�Ns���±���Nb��=���-��+���F(�D)��5	�*,��L ” �F(�D) �Z�J�ƒ Q�?�F,��
�� 9 � - �Z�j�´ Q�?,��
X(™*6�–N¶���•0 �®�“ Q�?

(floppy��mode).���08\�6�J�­%�CãB��ö�I�D�4�¾�d+|0c�Ê(æ� 1 (�-��=��0) ,´�q�æ0 � j Maxwell 5��´,

�F1yM‰�Ê5�� ´ (isostatic��structure),���»�²� * 51(a).��� v Maxwell �ö�I�¦MŽF2+X�p�9�õ�’,���)�¾� * 51(b)

,´5��´,��� ¦ �Nb,���Ns �>� * 51(a) -(
<,��	¤�n'f� 9 �-��=��1.��Calladine��(1978) �7�7�Ê*6� ) Maxwell �ö�IF�

>|�¶��!“

�¦ � ] �.SS �j5� �´ 	5
[,´8��Ä� Ë (self-stress��state,����M0�FG�8²&é�Ë	£7-8��£>‘,´�v�µ�Ë) (æ�1� .

� * 51(b) �]5��´�]���×CµM‰�Ê,��
[8��Ä�Ë(æ� 1 �.SS��=1,��
�!”,��� ? (71) 5	�*�Œ�j�¤� ƒ �.0��=��4,���-��=��1.

�)�¾��L€�W
˜�O&éLe�q�æ,���E�•G}�}�   (!ÿ�Z8²&é�pF��v� )�:���A��2�Nb/�Ns,���i� ž Maxwell �‘�&�d+|G}

�}� %�C ã �:��=���:C��=��2�D���í��2�F(�D)/�Ns���§��2�D,���� �¼5$5��´�j �»,���£
wG}�}�   �:��=��4,���² � * 52(a) 
 ¼ 52(c)

�]�p/j, ´ Kagome &éL e (?ô�I
»�>�•�"
») �_�ƒ�}.D0¦�0�¯#�
¼�0$!�•, ´ Maxwell 
˜�O&éLe�€�É.
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˜�O��L€� W Maxwell 5��´8²&é�>F��v� -�%�C ã �Nb��=���D�Ns,��
�6<�‚� 9 �.0��=���.SS,���¦�6�ÀFJ�hG÷+X	…

�Z7��s5�
8
˜�OEé+|F�>|.��
˜�OEé+|	ëL”�¶�J�ƒ�ûEœ Q�?,��� 9 �F(�D)��=���D,���v�•
<�&L€�f�¶7��s�×+O

�¤�ƒ�¿?ò�Ä
�,���¯5��´,´�Ø�Ê�ÃM‰�Ê�‘�&+|�Ê"��9L€5��´-(�)�=� r (Guest��et��al.��2003).���)�¾��L€

�W
˜�O�q�æ5��´,��9�%�C ã Maxwell �‘� & �-��=��0,���õ� 9 �.0��=���.SS��=���D.

�Ê�W�6�À�þ
˜�O��L€� W Maxwell �q�æ�]�Z�Ý-(�Ä�v�&,���’� @ �.�X���î���.� Y �Z7��s�´�@,´�9L€5��´.

Aî�9L€5��´	5
[8²&é�   �Ns,���IM0�Z�Ý�v�&� �j Gÿ4×.���i�ž� ? (71),��+a� ¾ �Nb �ÿ�A,���.0���í���.SS �6

+ a 0 �Î8#�>�ÿ�A�v�&-(
<Gÿ4×;��
<�&,��5��´�Z�ÝFJ�h�dL¿8��Ä�Ë(æ� 1 �.SS ,´#¸�a,���7�7�Ê*6?±"r

�Z
�,´�9L€5��´	5
 [ �.0���a�� Gÿ4×,´M&7- Q�?.���v�_,��Calladine �7�7�Ê*6��#�5	�*F	�ËM&7-

 Q�?�j�ƒ�1F��_Eé+|�1��	ú�6�3�õ�å.

�q�æ5��´�6�ÀFJ�hG÷+X.�Le�é#�,��5�
8�w�2�l�6@�7-�O$5� 5	�*�¦�j�´
¼8��Ä�Ë Q�?,���¦-$

��

��

�*������

�r� œ �Nb��=��9,��7®%å� œ �Ns��=��6,��$
B ß Maxwell �ò�E+°�5K|�m�â3ÿ�°.��(a) 0uL…�Æ�m�â3ÿ�°,���.0��=��3,���-��=
0,���.SS��=��0;��(b)��LŠ0uL…�Æ�m�â3ÿ�°,���.0��=��4,���-��=��1,���.SS��=��1

��

��

�*������

(a)��>ð� E Kagome 3ÿ�°,��	8�"�j.f�²	”�KDå*x�•�"�7�f�°�M�;	¸7��À�Ç�M�;;��(b)��>ð� E Kagome 3ÿ
�°0X�,�[7ž�•��LŽ+°L"M½(³0uM½3ë;��(c)���™� � Kagome 3ÿ�°;��(d)���™� � Kagome 3ÿ�°0X�,�[7ž�•��
LŽ+°L"M½(³0uM½3ë;��(e)���,7 X Kagome 3ÿ�°+°�î�œ�B;��(f)��Kagome 3ÿ�°E
4�	��Ž+°�ÿ�},$�*

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
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�Õ�,� * Calladine �7�7�Ê* 6 (Pellegrino��1993),��B��é#��•F2+X�¾�6�À
˜�O��L€5�� ´ (Hutchinson��et��al.

2006).��5��´�� �…	•B3�£3++ a �"�U��=��� E �ÿF ,��� E 
 ¼ � U �6�[�j �v�hK¯
¼8²&é�}0+
AGÿ,��� " � j �Nb���î���D�Ns 	•

B3.�Le;���q�æ�£>‘�£3++ a �!�T��=���í��� F 5	�*,��� F 
 ¼ �T���6�[�j�FG�8²&é�Ë
¼�v�&�µ�Ë
AGÿ,���D+a<Š�Ï	Ï*6

�é�C�Ç� ` �"��� > � ! �Â�jEœ5ž.��8��Ä�Ë(æ�1�>M&7- Q�?�6�[�}�¾�£>‘.�L e � ! 
¼	•B3.�L e �"��,´M&0ª

L$.��
��v�J�Ö
¼8²&éCXGÿ
w�j	…�}�l,���$��=���!�!T���´�@5��´,´�)0 �J�Ö.�Le,��3+5��Ø�Ë�–�é0;�j ��+

�$�U��=���F.���)�¾
˜�O�q�æ�],´�3#KC›#�,���:F 	•B3�é0;�Ã�£>‘�é0;	ú�Ø�Ë�–�é0;F�> | Fourier 
��’

�Ç�`

!”�&,���T(�Q),���E(�Q),���U(�Q),���F(�Q) 
w�j7��s�µ8²&é
¼�v-(�£,´�=�_�u,���!(�Q) � > �"(�Q) �Â�j	´2£�¡E•,��� Q �j�3

#KC›#�.�,��� & �j@�NÁ)·.���l �Ç#��?�)� ¾ Maxwell 
˜�O�q�æ,��.�L e � ! 
 ¼ � " �j �éLe.��Calladine �7�7�Ê

*6
X#�.�0ªL$�ý'f�@0û.

�)� * 52(a) �p/j,´?ô� I Kagome 5��´�Y+X�é0 ; (72) F�>|�3#KC›#��6�À,��	…7�8²&é
¼�v� �6

�[� j 3 
 ¼ 6.��+a�¾?ô� I Kagome �q�æ�ˆ
XC_0¯5��´,´-$4ï�v3+,��
X
˜�O�‘�&�;!ÿ�‘C_0¯-$4ï�v3+

7-�O�_�Á8��Ä�Ë(æ�1.��C_0¯�v3+" ï 3 �Z�=
<�é
A,���>-(�Ä�3Gü$:	j�], ´ �+� - 4ï
²- $ (� * 52(b)),��
�

!”�)�¾F	�Ë4ï�:!ÿ�Z#�. � �Q,��
w�ˆ
X8��Ä�Ë(æ�1.���i� ž Calladine �7�7�Ê*6,���)F	�Ë#�.��•�õ�ˆ
X

-(
<� Gÿ,´M&7- Q�?.��� * 52(a) �]�•�6�[��;
8¢
‡
¼4Ò8¢-$4ï5	�*�¶M&7- Q�1�>8��Ä�Ë Q�?,´

/j �»,��F	�T�Z Q�?�j#�LeM’"d�£,´79�â�’�?,��
�?ö�j
²- $ �+� - 4ï�:�03+�GM& Q� 1 (4Ò8¢&é) ,´
�

�Ð.��� * 52(b) ,´5/8¢4ï�»�Î�:5	�*�¶1\�0�_8¢�“�"M ’ �&��=��0 ,´1yNÁ4ï,��
�?ñ�>�J� 0c�Ê5��´�=
<,

?ô� I Kagome �q�æ8¢�“�"M’M&NÁ)·&é�=�õ�õ�}� ¾ � + &é.��9��Z
�� * 52(a) �p/j,´�9L€5��´�¦ 	ëL”


˜�OEé+|,��C_0¯-$4ï�v3+,´8��Ä�Ë>ÛGú�n,��� Gÿ�:1y
<�¾�v�í8²&é� -�-("��¾
˜� O Maxwell �‘�&

,´�aG},��
�!”,��?ô� I Kagome �q�æ�]�=�J�Î�ÐM&7- Q�?,���DM&7- Q�?�ý�j� * 52(a) �p/j,´�ƒ�1.���)

� * 52(c) �p/j,´�•� " Kagome �q�æF�>|-(
<�6�À,���6�Ç�`F��2,´5��Ì.���m1Ñ8²&é�>�v�&F��Õ�£3+

�>�}65-(
<,���v+a�¾5��´�]C_0¯-$4ï�v3+
��j�"�È,��
X�9L € � Q �;�=7-�ˆ
X8��Ä�Ë(æ�1.��
 X � + &é�4

�.0��=���.SS��=��2,���) �Ä�¾�J�ƒ�£0+,��L”!”�{ � F �.0��=���.SS��=��0.��
� !” �• � " Kagome �q�æ
 X �&��=��0 �&
XL”

� + &é�F�ƒ�01°�¦.��
<�g63<•�Z
�� * 52(c) �p/j,´�9L€8�+a5��´,��+a�¾�=�ˆ
X	Ï�98��Ä�Ë(æ�1>•�¯

�v-8²&é�aG},��
�!”�9L€5��´�]�õ'f�*)à�à,´M&7- Q�?;��	ø+a�¾�•� " Kagome �q�æ5j�•M&7-�ƒ�1,

F	�ËM&7- Q�?
�7-�ˆ
X�¾5��´Eé+|,���¦
A�ƒ�µ> �ÿ.���}F �6�À
�?ñ:��(1) �m1ÑF��Õ�£3+-(
<,��?ô�I

�> �• � " Kagome �q �æ �§ �9 �n :‡ �= 
< ,´ � �€>| �j ,��Calladine �7 �7 �Ê *6 �� #� �ƒ )à ;��(2) �9L € Max-

well �q�æM&7- Q�?,´�6�3�>��L€�W�ƒ,´7-�V5��´�§�9�ö�7�£3+.

Maxwell �q�æ�§�9�µ/°�7
A�W,��+a�0���•�±	F
AGÿ>˜�±

�¦� ] �A� I �j�¦�l.�Gÿ,���N� I �j�=�£>‘.�L e �!(�Q) >|�G�?-(�},´5P5�� ,���Ê�y�j
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�¦� ] � Ë � j det���!(�Q) ,´-(�}@�,���#� I �jF��Õ�3Gü$:	j�T&é[�Q,���Q��+���B�I],´L�
80��6D��´,���B� I �j�B�l�*.�Gÿ.

+|M’/Eé+|M&7- Q�?
¼8��Ä�Ë Q�?�6�3
����•�±	F�¡
ý,��
<�&
X�¤�ƒ�:�•�õN«�=� þ Calladine �7

�7�Ê*6,��
�!”,��5,
8F	�T/ý
�3P5	�*Eé+|/+|M’�1M&7- Q�?,´�7�7�Ê*6.��63< • Bravis �l&éLe�€�É+|

M’ �FEé+|,���¦#� 
A
�+a�0�B�l .�G ÿ � ' �7 �Ê,��Aî+|M’ �: !ÿ �Z	…7�,´M&7- Q�?
¼8� �Ä�Ë Q�?�  �j


¼ ,���I+|M’�7�7�Ê*6+a�;�?5	�*

�¦�] ��=���'���2T/2� Œ 
��ã�¾���•�±	F
¼+|M’�é
A,�� ��=���'���2L/2� Œ 
��ã�¾+|M’,´�Z�Ý�é�?�,8$,´�7

�7�aG } (Kane��et��al.��2014).��
�!”,���þ�¤�ƒ5��´�•-;���•�±	F�¦�=�i
�� ? (71) ,´�˜� p Calladine �7�7

�Ê*6,���v7-�O�,8$M&7- Q�?�F8��Ä�Ë Q�?
X-(�)+|M’/Eé+|,´�=�)0 �6�3.

� * 52(c) �p /j ,´ �• � " Kagome �q �æ �_ �� �• �£ �� , ´ (�2T�� =�� 0),�� �j �× +O �� �• �± 	F M0 ?± �)

Kagome 5��´F�>|�$�08\,´
� �’ ,���²� * 52(e) �p/j.���•�"E÷0;�ý'f�
A ñ Kagome &éLe, ´ Bravis �l

�=
�,���Y�¾�
Añ�=
<���•-(, ´ Kagome �q�æ7-�ONª�YF��Õ���´�@+|M’.��+a�¾
�
*�Ê�9�Z	…7�)�0û

8²&é�],´�0�Z�=
�,��Kagome �q�æ,´�08\
��’+a
��Z	òGÿ�ã�Ê.��G÷+X�·) ^ (Kane��et��al.��2014) ,´	ò

� 	F,��5	�Ê�9�Z�¦�l.�G ÿ (�A1,���A2,���A3��=���±���A1���±���A2),��	…7�8²&é�}5ž+a
��Z)�0û	ò�   (�X1,���X2,���X3;���Z) .ž�Ê:

�D1��=���A1/2��+���S2,���D2��=���A2/2���±���S1,���D3��=���A3/2,���¦� ] �S1��=���X1(�A3���±���A2)��+��(�Z/3��+���X3���±���X2)�A1,���S2��=���X2(�A1���±���A3)��+

(�Z/3��+���X1���±���X3)�A2.��	ò'—� * 52(e) 	ò� ,´���…�?�y,��	ò�   �X� I �ÿF 
��’�q�æ-(�)�¾?ô� I Kagome �q�æ

�]C_0¯�v3+,´�"�È0;�Ö,��� Z 5	�Ê�T�Z-(Fë�9@��’�j�(.��(0,��0,��0;��0) � > (�X,���X,���X;��0) �6�[�)�Ä?ô�I�>�•

� " Kagome �q�æ.��� * 52(f) 5	� * Kagome �q�æ
 X �Z��=��0 
 ¼ �X1��+���X2��+���X3��=��const.4Ö�•�;F�5�
��’,´-(


.,��5��´
 X �X� I 
�
'�&�×+O���•-(
��þ6<�§�9�µ/°�7
A�W,���§�9���•�±	F
AGÿ

� * 53(a) �p/j�j�=
<���•-(, ´ Kagome �q�æ�p�´�@,´+|M’3+5�,���¦�]�T�×	j���j���•�£��,´

�•� " Kagome �q� æ (	òG ÿ (0.1,��0.1,��0.1;��0)),���]L$G��6�j	òG ÿ (0.1,��0.1,���í0.1;��0) ,´
��’�q�æ,�����•�±

	F
AGÿ�²
.�p/j.���)B�5��´�í�Ð
˜�OEé+|,��+a�¾"Ñ�9�Z�Ý�v�&,��
�!”�=�×+O�pG��7�7�aG } ( =��0),

6<
X��
#�T�Z+|M’�4�6�[�9 =��1 
¼ =���í1.��+a�¾�T�Z+|M’�4�� ��	ý
',���)�¾5��´�¤�ƒ6<@0%�Cã�˜

� p Calladine �7�74Ö� • �.0���í���.SS��=��0,���v���•�±	F�,8$M&7-�j�´ Q�?Lö�]�¾���×+|M’,��6<8��Ä�Ë Q

�?Lö�]�¾
#�×+|M’.��� * 53(b) 5	�*�¶Cµ7�5��´L ¿ �Q�X��(�>+|M’�£>|) 
�	F,´8¢�“�£3+,���¦�]CONÁ)·�"

4ï+a�J�Ö.�L e �$��=���!�!T ,´Cµ�)0 �dL¿.�L e �!T� ! �Ç�`.��
.�]�T�ZM&NÁ)·�6�_�6�[�)�Ä�T�Z+|M’�:

,´�j�´ Q�?
¼8��Ä�Ë Q�?.���>#��Ø>|�j�],´���•)àB‘2«�l,��
X
�� ’ Kagome �q�æ�ƒ�0L”�3Gü$:	j

	Ï&é�4,´M&NÁ)·1°�¦,���¦�D�ƒ�1�§�9MŽ�£�����•-(�&,��B�M&7- Q�?
��`���•�
�Ô.��� * 53(a) �]�•

5	�*�¶�)� Ä �Q�X��=��� Œ ,´�j�´�>8��Ä�ËEé+|�1,���6�[��1Ý�d
¼8¢4ï>˜/j.

Maxwell �q�æ3+5��4�¾�d+|0c�Ê(æ�1,���¦M&7- Q�?,´.D0¦�)�¾*6@��€�É,´(™�1Eœ�’�Ã�J�Ö�>

�j�Ö,´�\CX�Ã�“�ƒ#q�Ø�j�f�§�9Gý?±�?�y,��K¯�O�j�€�É(™*6�–+|�£#�.�����•�±	F�WCX��#�+a�pG�

F��Õ�£3+
¼���…�´
»-$�Õ
x)à,��Añ�>F	�01°	…3+5�
�;¤
[�±�`�ü,´(™*6�j�f.���ƒ�},�����•M&7- Q

�?,´.D0¦F��pL€�¾�U�l, ´ Maxwell �q�æ3+5�,��
X�6�À�:�*�¾.�Le
ø�öN¯1Ç1V.���)�¾�=%�C ã Max-

1\ ��2���O Lx!õ�
���P"ù �
���P�ÊO��
���?,®�H�
���H�ƒ�± �
��
˜:W�> �
��Lx�hM‚�
��7��$�0 �������i�W���•�€�É.D0¦F��… 249



well �‘�&,´�aCµM‰�Ê�q� æ (MŽ�éLe1Ç1V) +J8#F�5��ƒ�=
8�€� É (�Þ�61Ç1V),���_
V�ˆ
X2«�l,´���•

���³EŸ�´ Q�?�_�l�Ç�Ò3R,´L�NÈ.��!”�F,�����•�é
A�W�Œ�j�€�É�0/ý�à,´�µ/°�Ž�W,��
X�P5�F�5��ûCX�Ë

�–
¼�\�´�£3+�v�æ�]��#��Ç�`�ƒ)à,���+"rQ�LfF�5�	F*6Aê��>˜�±F	�0�WCX�•!“
X�EC§�£# � (Mao

et��al.��2018,��Sun��2020).��+a�¾
˜�O5��´,´ �~NÁ Q�?�ã�Ê�€�É�¿?ò�Ë�–
ý�Ä,���� �•M&7- Q�?,´�` �ü

�W�ÃR±���W
¼
��ý�×�W��+Á�j�P5�&éLe�€�ÉAîAÑ�V�•�à,´�•�j.��

8���������q5	�D�‹�Q

�\�·3+5��û4ý�¶F��¤�•�i�W#����•5
5H�ƒ-(�£.D0¦F��….��Aê�·
X�E@0G��6�)���•5
5H�ƒ
X

+e�€#�.D0¦�],´C§$À�Š�¶
�N®.��L¿
>,����/ë�“CXGÿ�i2W Q
»�j�»�)���•5
5H�ƒ.D0¦�9�£�²�%�ÃAî

AÑ�>�6�À�é#�1y�Š�¶B�4öL@F .��1 \ 3���a��1 \ 5 �?8²�6�[�û4ý�¶BgM=�D�ÃM=�D	ú8��ûM=�D5
5H�ƒAîAÑ

	Ï *6 �Ã #� �Ø ?ô �» 	ú 
� �Ç ,´ .D 0¦ F� �… .��1 \ 6 �? 8² �� �¼ 5$ @� :m �1 �j �» 1° 	… �û 4ý �¶ Q� Lf �� �• 5


5H�ƒ.

-��}�•-;,��J¸�)�¼5$�i�W#�,´���•5
5H�ƒ.D0¦"�E³�¼�´,���h?ñ���•5
5H�ƒG-�"�Î)à�¦�Ç�`P¼

Añ,��
>5�.D0¦�k?±
����þ���;�éM’F��0!•���…:

(1) �95$�i�W#����•5
5H�ƒ.D0¦.���95$�€�É�9�$�`�ü,´�V5��´(©�±,���»�²,��7-�V
�
X�95$�ØGÿ

0ªL$���0�}5ž�’�@4ï�W1°�¦,��B�1°�¦&é0 �j�F�D& é (Weyl��point),��1°�¦&é
���-(�ÂF��Õ�´�@�1L�

,´���•8²4 ï (nodal��line),�����•8²4ï
�F��0!•-(�Â�|�‡�@8²4ïK . (nodal��chain),��F	�Ë�pBC���•	zH�

� Ž (topological��semimetal) �€�É
w�ˆ
X)�(©>˜M’�1.��-(�£.D0¦
X� #��Ã+e.ñ#�3+5��].D0¦E³�J,���•

F@$@>Û���…�`�i�W#�N¶� � (Ganti��et��al.��2020).���95$���•5
5H�ƒ,´Q�Lf���•(©�W�•�9�$�J
�7-,���²


XM&5$@�&é,´���•@�:m�1�>�05$Eé+|,´K K.�1.

(2) MŽ	´2£( © (non-Hermitian) 3+5�,´�� �•)àB‘�•�_F��• '�L�.D0 ¦ (Leykam��et��al.��2017,��Shen

et��al.��2018,��Zhang��et��al.��2019,��Gao��et��al.��2020).���Î)àMŽ	´2£(©�W�08\M0?±3+5�	5
[�•6G�F65�Î,ú

��

��

�*������

(a)���£�5�9	8�ÿ�},$+ ° Kagome �m�â3ÿ�°*xLŽ�0+°L"6)�M�;,��0Ù�`=”.f�f �°�M�;+°��K|�;�y/' ,
3Î4+3ë�•�j.f7��À�ÇDå*x�-,��3Î��4+7ž�2�W��=”�õ���·�±�Ç;��(b)��!ë*xLŽ�Ÿ=x�å	=+°7ž�•�Ÿ2'.���‘
7��³( Z (Kane��et��al.��2014)
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�x�Ì,��F	�,8$3+5�,´7-Gÿ�=�½�¸�‚,��3+5�,´(©�±NÁ)·�þ�Î� 
��j�=� .��F	2«3+5��•
���FJE÷���•

�=
�Gÿ�k+k,��3+5�Eé+|�•�qAè�h?ô���•5
5H�ƒ�],´���•�
�Ô�1,���v�¦���•-(
��=�_FJE÷7-�V1°�¦

6<�Î)à,��6<�_FJE÷�w�2& é (exceptional��point) F�>|Eœ
�.��
X�i�W
¼�j�à3+5��],��F	2«�à�w���•)àB‘

,´.D0¦"�E³�A.

(3) �i�W#����•5
5H�ƒ,´�Ä+X�Ò3R.��
>5�.D0¦L”�¶��/j�i�W#����•5
5H�ƒ�j*6�F,���$�ÄB�#�

Gý���•+|M’�1�>�ÎLu#��Ø�×�f�Ä+X,´5�
8,��F	�_-��}���•5
5H�ƒ.D0¦"�E³!P5j,´.���Y+X�i�W#���

�•Eé+|�1�§�9,´�}+Û5jL§�Ã6ü�“�4�Á�f1y(©�W,���0�éM’,��
�AîAÑ7-Gÿ�PEÃ�x)·�$Q�,´���•�ð#{�Ã

� #��P�O�˜���•�˜�&;��
��0�éM’,��
�L}�~�˜�&�)5��´�Ð��2î�Ö1y,´?±"r,���$�Y�¾�ÎLu�Ä+X.

(4) ���•)àB‘,´F�5�	F�ÿF .��-��}���•)àB‘�J� �_FJE÷�§�ƒ�Þ5��´�•
x)à
¼AØAê,´,��F	�f4Ö

�¶�à���•�€�É,´AîAÑ,���²�Ì7-
XF�5��ûCX�v�æ�;�*0û�ÿF ���•)àB‘,´-(�£*6Aê,���F�6�óF����•�€

�É,´AîAÑ�>�0
�.

(5) M‰�1���•)àB‘,´F��0!•
��È.D0¦.��L”�¶1 \ 7 �?8²,´���•�”0û�€�ÃMaxwell &éLe�],´���•

M&7- Q�?�F,���¦��M‰�Ë�–)àB‘�],´���•�F
�F��0!•
��È,���²
*�ƒ�],´�}KI�a�)�Ä-p���•5jL§,���F
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Abstract��Topological�� insulators,��originated�� in��quantum��systems,��are�� recently��generalized�� to��electro-

magnetic,��acoustic,��and��elastic��wave��fields��due��to��interesting��wave��controlling��provides,��such��as��unidirec-

tional��and��dissipationless��energy��transportation.��This��new��kind��of��materials��provide��unprecedented��pos-

sibilities�� for��engineering��wave�� flows.��This��paper��will�� introduce�� the��basic�� theory��of�� topological�� insulators

and��summarize��the��research��progress��of��topological��insulators��in��elastic��fields.��Based��on��one-dimensional

and��two-dimensional��discrete��models,��preliminary��concepts��of��topological��insulators,��such��as��Dirac��cone,

band��inversion,��Berry��curvatures,��topological��invariants,��are��introduced.��The��design��and��progress��of��val-

ley��Hall��insulators,��Chern��insulators��as��well��as��spin��Hall��insulators��are��introduced��afterward,��followed��by

discussions��on��high-order�� topological�� insulators.��The�� last��part��of�� this��paper��covers�� topological��phenom-

ena��in��static��mechanics,��including��topological��solitons��and��toplogical��zero��energy��modes.

Keywords��topological��insulators,��elastic��waves,��unidirectional��propagation,��topological��static��mechan-

ics,��high-order��topological��insulators
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