
���������	��
���������������������������� �
��!#"%$�&(')'+*,!#"-&(.0/+.214365879���:�;�<���8�:7=���)>@?@AB>)�C79�:�<��?D7
EGFAB�IH0/�/0$

J�KML�N�OQP

R4SBTVU0WYXBZ�[Y\^]Y_a`cb=](dCe�]gf,`cb=]Yhid�]kj(`cb=](d0]Yl,`mb=]ad0]kna`mb=]ad0b,oY`cbk_ad0bk_,`mbk_,d0bgfB`cbY_
prqts [6U,[�uvTxwk[�yz[�U s={ \ p}| SBy�~zU0W {�� WYy�Z | f��9u�`}o�]gbkb�e p W s uv[�� q y {kq SBy�WYX,~���[�yz~ q XI� | [4uvWY~����0Wg�k[Y`ch
� X,� q yz��Wg�zT q X2\

��� XBuV[�~�~ q � | [�y���Tv~�[4~���W;��[�U�d0TV��Tv~�Wg~z~zS,��[�U�� | Wg��� | [4~ { ~���[���Tv~}TvX%[�uv[�Zi��y q ~���Wg��TVZ6[��9SBTvuVT s y�TvSB��`

��� XBuV[�~�~ q � | [�y���TV~z[}~���Wg��[�U2dr��� q ��[�X9�zT�WYuV���t[�WYXB~6��[�uV[�Z��zy q ~���Wg�zTvZ�� q �z[�X=��TvWYuv�BdYWYXBU�Z q yzyz[�~z� q XBUBTVXB�ku {
� q yt��� q ��[�X=��T�Wgu�[�X,[�yz� { �,`

��� XBuV[�~�~ q � | [�y���TV~z[�~���Wg�z[�U2d+��[�y q e�[�uv[�Z���y q ~���Wg��TVZ:h�� q �z[�X=��TvWYu�WYXBU�� q ��[�X=��T�Wgur[�XB[�y�� { TV~�Z |Bq ~z[�X TVXa¡
¢0XBTx��[�u { ��WYy�W��#W { `

�¤£ q S��¥W { XB[�[�U�~ q �t[ q ��� | [�~z[Y\#o�¦gfY§2¨;©�ª¬«M�o:bY®^¯°�t±�²Y³#±:d9´�ªµok¶mlM�o:b(·0¸�®�³�dk¹Iº^ª¬«,¶xoko2�o:b(·(»z¸
�9�Bd0¹�¼�ª½ok¶clkn�=o:b(·(±¿¾��(�,dBÀ�ªÁ«a¶cÂ��¥²g~z±

�GÃ { � s)q uv~ÄWYy�[��kTxwk[�X@TvXDTV��WYuvTVZ�~te�[g`m�,`�Å�� q yÄ� q ��[�X9�zT�WYu�h°� | TvuV[�SBXBTV�z~�Wgyz[t�kTVwY[�XD��Tx� |Bq S,��Tx��WYuVTvZ�~
e�[g`m�B`�ÆÇ� q y�w q uV��hi`

o�hÉÈ�XÊWYy s TV�zy�WYy�Tvu { ~ | WY�)[�U¤Z q XBUBSBZi� q y | WY~�XB[���Z | WYyz�k[%Ë�`DÌ | Wg� | WY�B�)[�X,~�TvXÍ� | [I� q TVX=��ÎÏTx�}� | [
Z | WYyz�Y[ q X�� | [4Z q XBU,SBZ�� q y�Tv~}TvX,Z�yz[�WY~z[�U�� q ]YË�Ð
È Ñ�XBu { � | [4� q ��[�X9�zT�WYu�Tv~}U q S s uv[�U2`
Ò Ñ�XBu { � | [4[�uV[�Zi��yzTVZ�¢0[�uVU%~���y�[�XB�g� | TV~}U q S s uv[�U�`
³ Ò#q � | � | [4� q ��[�X=�zT�WYu�WgXBU�� | [4[�uV[�Z��zyzTVZ�¢0[�uVU
~��zyz[�X,�Y� | WYyz[4U q S s uv[�U2`

Ó ¯°[�TV� | [�y�� | [Ä� q �z[�X=��TvWYu2X q y}� | [4[�uv[�Z��zyzTvZ�¢B[�uvU
~��zyz[�X,�Y� | Tv~}U q S s uv[�U2`

Ô Ò#q � | � | [4� q ��[�X=�zT�WYu�WgXBU�� | [4[�uV[�Z��zyzTVZ�¢0[�uVU
~��zyz[�X,�Y� | WYyz[ | WguVwk[�U2`

Q

P

]kh�ÈµZ q ���BWYZ����t[���Wgu�~z� | [�yz[ | WY~�� q ~�TV�zTVwk[4Z | Wgyz�k[ÉËt` p}| [ÉU,Tv~���WYXBZ�[Ä�8y q �Õ� | [ÉZ�[�X=��[�y q �r� | [Ä~z� | [�yz[
� q � | [�� q TvX=�4Ö×Tv~ | WYuV�Ø� | [tU,Tv~���WYXBZ�[�� q � q TVX9�6Ù¥`�Ú�[�y q � q ��[�X=��T�Wgu�Tv~6Z |Bq ~z[�XÍWg�4TvX,¢BXBTV� { ` p}| [�X-�#[
| W�wk[4� q y�� | [4[�uv[�Zi��y�TvZ�¢0[�uvU%~��zyz[�X,�Y� | Û WYXBU%� | [4� q ��[�X9�zT�WYu�ÅÜTVXI� | [6�Ý� q � q TvX=�z~�\
È Û�Þ ªßf Û�à d)Å Þ ªÁf=Å à
Ò Û�Þ ªßf Û�à d)Å Þ ªá]YÅ à
³ Û�Þ ªßf Û�à d)Å Þ ªáÅ à
Ó Û�Þ ªÁ] Û�à d)Å Þ ªá]YÅ à
Ô Û�Þ ª Û°à d)Å Þ ªáÅ à

A

Q

B

o



_=h p}| yz[�[�Tv~ q u�Wg�z[�U��t[���WguM~z� | [�y�[�~tokd�]adCWYXBU-_-e�T<`m[g`Vd+� | [ { U q X q �4TVX��0SB[�XBZ�[������	��
��������h�[�WYZ |-| W�wk[
W%� q ~�TV��Txwk[�Z | Wgyz�k[tË�` p}| [tU,T�WY�t[��z[�y q �^� | [t~�� | [�yz[�~ÉTv~Ä]��0d�_��0dCWYXBU@j��0dCyz[�~z�)[�Z��zTVwY[�u { `�� q � TV~�� | [
� q �z[�X=��TvWYu q XI� | [6� | y�[�[Ä~z� | [�yz[�~°y�[�u�W;��[�UI� q [�WYZ | q � | [�y�Ð e�Å�e�� h ª¬bkh
È Å ¸ ª¬Å ± ªáÅ »Ò Å ¸�� Å ±�� Å »³ Å ¸�� Å ±�� Å »Ó Å ¸ ª¬Å ±�� Å »Ô Å ¸ ª¬Å ±�� Å »

2a 3a
5a

Q Q
Q

1 2 3

f9h � ��WY�kTVXB[��Ý� q UBT���[�yz[�X9�#[��a�)[�yzTV��[�X=��~�d s+q � | ~���WYy���TvX,�É��TV� | � q Tv~ q u�Wg�z[�U2d9TVUB[�X=��TVZ�WYu�� q TvX=��Z | WYy��k[�~}Ë�\
e�T	h}È e8� q ~�TV�zTVwk[�h�� q TvX=��Z | WYyz�Y[! �TV~ s y q SB� | ���8y q � TvX,¢BXBTV�z[�u { ��Wgy�W���W { � q W¥UBTV~���WYXBZ�[#"t�8y q � q XB[ q �
� | [tË4~�`�e�TVT	h°È e8� q ~�TV�zTVwk[�h�� q TvX=�4Z | WYy��k[�]$ �Tv~ s y q SB� | �4�8y q � TvXa¢0XBTV�z[�u { ��WYy4W��#W { � q WIUBTv~���WYXBZ�[�]$"
�8y q � � | [ q � | [�y�Ë�`ØÌ | [�X%� | [�~z[4�Ý� q [��a�)[�yzTV��[�X=��~ | W�wk[ s [�[�X��+[�y�� q y���[�U2d,� | Wg��TV~�� | [�X&%'
���zyzSB[�Ð
È p}| [4� q ��[�X=�zT�WYu�W;��UBTv~���WYXBZ�[("�e�T�` [Y`xd,� | [�yz[4� | [4Z | Wgyz�k[( �TV~�h#Tv~�� | [4~�WY�t[
WY~}� | [4� q ��[�X=��T�Wgu2Wg��UBTV~���WgXBZ�[É]$"%e8T�` [Y`xd,� | [�yz[4� | [4Z | WYy��k[É]$ �TV~�hi`

Ò � X�� | [6�Ý� q [��a�)[�y�Tv�t[�X=��~�dB� | [6� q yz�IU q XB[4Tv~�� | [Ä~zWY�t[Y`
³ � X�� | [6�Ý� q [��a�)[�y�Tv�t[�X=��~�dB�#[Ä[�XBU�SB�%��TV� |
� | [4~zWY��[6� q �z[�X=��TvWYu2[�X,[�yz� { `

Ó p}| [4Z | WYy��k[) �Wg��UBTv~���WYX,Z�[("�Tv~}TVX��0SB[�XBZ�[�U s={ W�u�WYy��k[�y
yz[��BSBuv~�TVwY[4� q yzZ�[6� | WYXI� | [4Z | Wgyz�k[É]$ �Wg��U,Tv~���WYXBZ�[�]"a`

Ô p}| [4y�Wg�zT q�s [��Ý��[�[�X � | [6� q y�Z�[�~°WgZ���TVXB� q X* �WYXBU�]$ �TV~}X q �
� | [4~zWY��[4Wg~�� | [4y�Wg�zT q�s [��Ý��[�[�X � | [4[�uv[�Zi��y�TvZ�¢0[�uvU%~��zyz[�X,�Y� | ~
Wg��UBTV~���WgXBZ�[("�WYX,U ]$"(`

2r

Q q

r

2qQ

(i)

(ii)

jkh p}| [4Z q y�yz[�Z���¢0�kSBy�[6~ |Bq ��~�[�uV[�Z��zyzTVZ�¢0[�uVU�uVTvXB[�~�TvX�W��BuvWYXB[6�0WY~�~zTVXB��� | y q SB� | � | [ÄZ�[�X=��[�y q ��W��t[���WYu
~z� | [�yz[4��TV� | X,[���Z | WYy��k[ÄË � b,`È
Ò
³
Ó

A B DC

l=h p}| [}Z q yzyz[�Z��Ø¢0�kS,yz[}~ |,q ��~^[�uV[�Zi��yzTVZ#¢0[�uvU�uvTVXB[�~�TVXtW��Bu�WYX,[}�0WY~z~�TvXB�6� | y q S,� | � | [}Z�[�X=��[�y q �+W6Z | WYy��k[�U
��[i��WYua~z� | [�yz[Äe�Ë � b=hrSBX,TV� q y���u { Z q wk[�yz[�U s={ W�uvW { [�y q �Me8[�uv[�Z��zyzTvZ�WYuvu { XB[�Sa��y�Wgu	hr�BuvWY~��zTvZ�e8��TV� | ¨ � ¨;© h `p}| [4~zSBy�y q SBX,UBTvXB�t�t[�UBTVSB�ÕTV~�WYTvy�`
È
Ò
³
Ó

A C DB

]



nkh p}| [¥Z q yzy�[�Z��Ä¢0�kS,yz[t~ |Bq ��~�[�uv[�Zi��y�TvZ�¢0[�uVUDuVTvXB[�~6� q yÄW��0WYyzWYuvuV[�u��,u�Wg�z[tZ�WY�0WYZ�TV� q y�� | W;��TV~ | WYuV��¢0uvuV[�U
��TV� | W�UBTV[�uV[�Z��zyzTVZ e8T�` [Y`xdr� | [ | W;��Z | [�U yz[��YT q X | WY~Ä¨ � ¨g©ih ` p}| [¥uVTvXB[�WYy4UBTv�t[�XB~�T q X q ��� | [¥�,u�Wg�z[�~ÄTv~u�WYy��k[4Z q �t�0WYy�[�U � q � | [�UBTV~���WgXBZ�[ s [i�Ý�#[�[�X�� | [��BuvWg��[�~�` p}| [�S,�B�+[�y��BuvWg��[ | WY~°XB[��kWg��Txwk[�Z | WYyz�k[���Ë�d
� | [4u q ��[�y��BuvWg��[ | WY~�� q ~�TV�zTVwk[6Z | WYyz�k[ÉË�`
È
Ò
³
Ó DC

A B

Â=h�È Z q ���BWYZ��Ä�t[���Wgu ~z� | [�yz[t��TV� | y�WgUBTvSB~ � | Wg~�W%XB[��ÉZ | WYy��k[� � b,` � �ÄTV~ÄZ q wk[�y�[�UÍ��Tx� | W�uvW { [�yq ��e8[�uv[�Z��zyzTvZ�WYuvu { XB[�S,��yzWYu	h��BuvWY~��zTvZ���Tx� | � | TVZ��(X,[�~z~ �a¦Y]a` Ñ�S,�z~zTvU,[�� q uVu q ��~�WYXáe�[�uV[�Zi��yzTVZ�WYuVu { XB[�Sa��y�Wgu	h
��[i��WYuVuvTvZ�~z� | [�y�TvZ�Wgu�~ | [�uvu q �4� | TvZ��9XB[�~z~ �a¦Y]a`×Ñ�S,��~�TvUB[ � | Tv~�d���[ | W�wk[ wgWYZ�SBS,��` p}| [ �Bu�WY~���TVZ Tv~%W
UBTv[�uv[�Zi��y�TvZ°��Tx� | �)[�yz�tTV����TxwaTx� { ¨ ¸ ªµo�bg¨;©�` � XI� | TvZ |�q �C� | [6ftuvW s [�uv[�U�� q ~zTx��T q XB~�� d���d�� q y��ÏTv~�� | [[�uv[�Z��zyzTvZ}¢0[�uvUt~��zyz[�X,�Y� | u�WYy��k[�~�� Ð p}| [°U,Tv~���WYXBZ�[��8y q � � | [°Z�[�X=��[�y q �+� | [�~z� | [�y�[�Tv~ØTVX�� \ �(¦k](d	��\(j$�a¦;fBd
�¥\0n��(¦gfBd���\�j��(¦k]a`

È
Ò
³
Ó

3a/2
2a

a

ε0

5a/2
B CD

ε1

metall

metall

A

«=h�
 q SBy � q TvX=� Z | WYyz�k[�~^WYyz[}u q Z�Wg��[�U�TvX�� | [�����BuvWYXB[Y` p � q4q �)� | [�� | W�wY[°� q ~zTx��Txwk[�Z | Wgyz�k[  6WgXBU�uvTv[�TvX
e�����,h ª e ����� �(h}WYXBU@e�� ��� �ah ` p}| [Ä�Ý� qtq � | [�yz~ | W�wk[ÉXB[��kWg��Txwk[6Z | WYy��k[��  �WYX,U�uVTv[�TVX@e�����,h ª e ���	�(h
WYXBU e�� ����� �(hi`}Ì | Wg�°Tv~�� | [�UBTVyz[�Zi��T q X q �M� | [�[�uV[�Zi��yzTVZ6¢0[�uVU�� q X�� | [��-W�aTv~�e<WY~�~zSB�t[�� � �(hid)T�` [Y`xd
TvXDe�����bkhzÐ

È È�u q XB�����`
Ò È�u q XB������r`
³ È�u q XB����`
Ó È�u q XB��� �+`
Ô � ��UB[��)[�X,UB~�SB� q X��C`

x

y

−q

q−q

q

a−a

−a

a

_



o:b=h�
 q y�� | [Ä~ { ~���[�����TV� | � | [4� q SBy}� q TvX=��Z | WYy��k[�~�TvX%[��a[�yzZ�TV~z[É«,dB��[ÉZ |Bq(q ~�[É��[�y q [�uV[�Zi��yzTVZ6� q ��[�X=�zT�WYu<d
Å½ªÁb,d0Wg��TVX,¢0XBTx� { `�Ì | Wg��TV~�� | [�X Å�e������ªÁb=hidBT<`m[g`Vd q X%� | [ ��W�aTV~�Ð
È ÅÇª¬b
Ò ÅÇª  k¦;fY§2¨;© �
³ ÅÇª  k¦�§2¨;© �
Ó ÅÇª  k¦;fY§2¨;© � e�� � �ah ±�� � ±
Ô ÅÇª �  Y¦gfY§�¨g© � e�� � �(h ±�� � ±

oko�h�È �t[���WYuvuVTvZ�~z� | [�yz[6��Tx� | y�WgUBTvSB~�� Z�WYyzy�Tv[�~�W�X,[���Z | WYy��k[4Ë�`ØÌ | Wg�}Tv~�� | [6� q ��[�X=��T�Wgu�[�X,[�yz� {�� q �
� | [6~�� | [�y�[:Ð e	Ì@[6Z |Bq(q ~�[ � ª¬b�� | [�X WYuVu+TVX,¢0XBTx��[�~zTv��WYu�Z q X9�zyzT s S,��T q XB~#� q Ë WYy�[6TvX,¢BXBTV�z[�u { ��Wgy}W���W {
�8y q � [�WYZ |�q � | [�y�`ch

È � ª �°ËÄ±i¦�§2¨;©	�
Ò � ª �°ËÄ±i¦gÂg§2¨;©
�
³ � ª¬Ë4± ¦;§2¨;©	�
Ó � ª¬Ë4± ¦YÂg§�¨g©
�
Ô � ª¬Ë4± ¦gfY§�¨g©
��±

R

Q

metallkule

o�]kh p � q �0WYy�Wguvuv[�u��Bu�W;��[4Z�WY�BWYZ�Tx� q y�~�WYy�[ÉZ q XBXB[�Z��z[�U�TvX������ ��� �� d)WY~°~ |Bq ��X�TvX%� | [4¢0�kS,yz[Y` p}| [ÉSB�B�)[�y
��[i��WYu=�BuvWg��[�~MWgyz[^Z q XBX,[�Z��z[�U�w(T�W�WYXÉ[�uv[�Z��zyzTvZØZ q XBUBSBZi� q y�e�[g`m�B`rW°Z q �B�)[�yC��Tvy�[:h�~ q � | Wg��� | [�~z[^�Ý� q �,u�Wg�z[�~
�kuvTV[�� q X�� | [�~zWY�t[}[�uv[�Z��zyzTvZ}� q �z[�X=��TvWYu�` p}| [�~�WY�t[�WY�B�BuVTv[�~M� q � | [��Ý� q u q �#[�yØ��[i��WYuB�,u�Wg�z[�~�` p}| [�y�[�� q y�[Yd
� | [I� q ��[�X=��T�Wgu#UBT���[�yz[�X,Z�[-e q y � ������
� � ���������	
	�,h���Å TV~�� | [I~zWY�t[¥� q y�� | [I�Ý� q Z�Wg�0WYZ�Tx� q y�~�`-Ì | Wg�
Tv~°� | [É� q ��WgurZ�WY�0WYZ�TV��WgXBZ�[�� � q y��Ý� q ~�SBZ | Z�WY�BWYZ�Tx� q y�~�Z q XBXB[�Zi��[�U-TVX �0Wgy�WYuVuv[�u�Ð e p}| [É�Ý� q Z�WY�0WYZ�TV� q yz~
| W�wk[ÄZ�WY�0WgZ�TV��WYXBZ�[�~�� ¸ WgXBU�� ± dByz[�~z�)[�Z��zTVwY[�u { ` h

È � ¸ ��� ±Ò � ¸ � � ±³ e�� ¸ � � ± hz¦k]Ó e�o�¦ � ¸ ��o�¦�� ± h�·0¸Ô e�o�¦ � ¸ � o�¦�� ± h ·0¸
V∆C1 C2

Q1

−Q1

Q2

−Q2

f



o:_=h p � q �BWYy�WYuVuv[�u��Bu�W;��[tZ�WY�0WgZ�TV� q yz~ÉWYy�[�Z q XBXB[�Z���[�U TvX�� ���������idrWY~Ä~ |Bq ��X TVX-� | [�¢0�YSByz[g` p}| [¥u q ��[�y
��[i��WYu)�Bu�W;��[ q �rZ�WY�0WYZ�TV� q y�o6TV~#Z q XBXB[�Zi��[�U�� q � | [6S,�B�+[�y��t[���Wgu��BuvWg��[ q �CZ�WY�BWYZ�Tx� q y�]ÉwaTvW�W�Z q XBUBSBZi� q y
e�[Y` �B`%W�Z q �B�)[�y4��Tvy�[:h6~ q � | Wg�4� | [�~z[��Ý� q �,u�Wg�z[�~Ä�kuvTV[�� q XD� | [t~�WY�t[�[�uv[�Z���y�TvZt� q ��[�X=�zT�WYu<` p}| [t� q ��WYu
� q �z[�X=��TvWYu9UBT �+[�y�[�XBZ�[6e q y ��
� ������� ���	
	�,h �tÅ¬WYZ�y q ~�~r� | [��Ý� q Z�WY�BWYZ�Tx� q y�~M[��9S0Wguv~C� | [�~zSB� q �B� | [�w q uV��WY�k[
UBy q �,~ ��Å ¸ WYXBU �tÅ ± WYZ�y q ~�~6[�WYZ |-q �Ø� | [��Ý� q ` p}| [�XB[i�4Z | WYyz�Y[ q X � | [�wgWYy�T q SB~���[i��WYur�Bu�Wg�z[�~�TV~6WY~~ |Bq ��X�TVX � | [I¢0�kS,yz[Y` Ì | W;��Tv~�� | [%� q ��Wgu�Z�WY�BWYZ�Tx��WYXBZ�[�� � q y��Ý� q ~zS,Z | Z�Wg�0WYZ�Tx� q y�~�Z q X,XB[�Zi��[�UQTvX
~z[�y�Tv[�~�Ð e p}| [4�Ý� q Z�WY�0WYZ�TV� q yz~ | W�wY[ÉZ�WY�0WYZ�TV��WgXBZ�[�~ � ¸ WYXBU�� ± dBy�[�~��+[�Z���Txwk[�u { `ch

È � ¸ ��� ±Ò � ¸ � � ±³ e�� ¸ � � ± hz¦k]Ó e�o�¦ � ¸ ��o�¦�� ± h ·0¸Ô e�o�¦ � ¸ � o�¦�� ± h�·0¸

C1

C2

V1

V2

Q

−Q

Q

−Q

∆

∆

∆V

o�f9h�ÈÏ�BWYy�WYuVuv[�u}�Bu�Wg�z[%Z�WY�0WgZ�TV� q y�Tv~t�¥WgUB[ q ���Ý� q �0WYyzWYuvuV[�u}�t[���WYu}�Bu�W;��[�~t~z[��0WYyzWg��[�U s={ W UBTV~���WgXBZ�[
� ` p}| [��Ý� q �t[���WYu �BuvWg��[�~ | W:wY[¥Z | Wgyz�k[�Ë WYXBU �°Ë�dMyz[�~z�)[�Zi��TVwY[�u { `�È ��[i��WYu ~ | [�[i����Tx� | � | TVZ��(X,[�~z~
� � � TV~}TvXB~�[�y��z[�U�TvX s [i�Ý�#[�[�X � | [6�Ý� q �Bu�W;��[�~}��Tx� |Bq Sa�}� q SBZ | TvXB��WYX {Iq �r� | [���` p}| [�X�� | [Ä� q �z[�X=��TvWYu
UBT �+[�y�[�XBZ�[ s [��Ý��[�[�X � | [ÄZ�WY�0WYZ�TV� q y}�Bu�W;��[�~ s [�Z q �t[�~
È ~��¥WYuVuv[�y�`
Ò s TV�k�k[�y�`
³ SBX,Z | WYXB�k[�U2` ∆V

−Q

Q

h d

o�jkh°È �BWYy�WYuVuv[�ur�BuvWg��[ÉZ�WY�BWYZ�Tx� q y�TV~���WYUB[ q �Ø�Ý� q �0WYy�Wguvuv[�uC��[i��WYur�Bu�Wg�z[�~�~�[��0Wgy�Wg�z[�U s9{ W�UBTv~���WYX,Z�[ � `
p}| [°�Ý� q �t[���WYu��Bu�Wg�z[�~ | W�wk[�Z | WYyz�Y[�Ë½WYXBU ��Ë�day�[�~��+[�Z���Txwk[�u { `�Ì | TvZ | �9S0WYX=�zTV� { yz[��¥WgTvXB~ØSBXBZ | WYXB�k[�U
TV�C�#[ÄTvX,Z�yz[�WY~z[6� | [4UBTv~���WYXBZ�[ s [i�Ý�#[�[�X � | [4�Bu�Wg�z[�~�Ð
È p}| [4Z�WY�BWYZ�Tx��WYXBZ�[ q �r� | [4Z�WY�BWYZ�Tx� q y�`
Ò p}| [4[�uV[�Z��zyzTVZ�¢0[�uVU s [��Ý��[�[�X�� | [Ä�,u�Wg�z[�~�`
³ p}| [4� q ��[�X=�zT�WYu2[�XB[�y�� { ~�� q yz[�U�TVXI� | [4Z�Wg�0WYZ�Tx� q y�`
Ó p}| [4� q ��[�X=�zT�WYu2U,T �+[�yz[�XBZ�[ s [��Ý��[�[�X � | [4�BuvWg��[�~�`

j



o:l=h°È �BWYy�WYuVuv[�ur�BuvWg��[ÉZ�WY�BWYZ�Tx� q y�TV~���WYUB[ q �Ø�Ý� q �0WYy�Wguvuv[�uC��[i��WYur�Bu�Wg�z[�~�~�[��0Wgy�Wg�z[�U s9{ W�UBTv~���WYX,Z�[ � `
p}| [��Ý� q �t[���WYu,�BuvWg��[�~ | W�wk[}Z | WYyz�k[�Ë¬WYXBU��°Ëtd=y�[�~z�)[�Zi��Txwk[�u { ` ÈGU,Tv[�uV[�Zi��yzTVZ���Tx� | �)[�yz�tTV����TxwaTx� { ¨ � ¨;©¢0uvuV~Ä� | [�uv[i�	� | WYuV� q �}� | [¥w q uvS,��[ s [i�Ý�#[�[�X � | [¥Z�WY�0WgZ�TV� q y��,u�Wg�z[�~�d�WY~�~ |Bq ��XÊTVXD� | [¥¢0�kS,yz[Y` � XÍ� | [
yzTv� | � | WYux�¿d=�#[ | W:wY[�wgWYZ�S,SBSB��`ØÑ�X¥� | [°uv[i�	� | WguV� q ��� | [°��[i��WYu��BuvWg��[�~�d9�#[ | W:wY[�Z | WYy��k[�Ë ¸ WYXBU ��Ë ¸ dyz[�~��+[�Z��zTVwk[�u { d q X%� | [4yzTV� | � | WYuV�¿d(�#[ | W�wk[ÄZ | WYy��k[ÄË ± WYXBU �°Ë ± d0y�[�~z�)[�Zi��Txwk[�u { ` p}| [�X2d

È Ë ¸ ª Ë ±Ò Ë ¸ � Ë ±³ Ë ¸ � Ë ±
ε0 V∆εr ε0ε=

Q1

−Q1 −Q2

Q2

o�nkh°È �BWYy�WYuVuv[�ur�BuvWg��[ÉZ�WY�BWYZ�Tx� q y�TV~���WYUB[ q �Ø�Ý� q �0WYy�Wguvuv[�uC��[i��WYur�Bu�Wg�z[�~�~�[��0Wgy�Wg�z[�U s9{ W�UBTv~���WYX,Z�[ � `
p}| [��Ý� q �t[���WYu,�BuvWg��[�~ | W�wk[}Z | WYyz�k[�Ë¬WYXBU��°Ëtd=y�[�~z�)[�Zi��Txwk[�u { ` ÈGU,Tv[�uV[�Zi��yzTVZ���Tx� | �)[�yz�tTV����TxwaTx� { ¨ � ¨;©¢0uvuV~M� | [�uV[��	� | WYux� q �+� | [}w q uVSB�t[ s [i�Ý�#[�[�X¥� | [�Z�WY�0WgZ�TV� q y �BuvWg��[�~�d9WY~Ø~ |,q ��X�TvX�� | [}¢0�kSBy�[Y` � X�� | [�y�Tv� | �
| WYuV�¿d(�#[ | W�wk[4wgWYZ�S,SBSB��` p}| [�X�� | [ÄWYy�y q ��~�TvXI� | [6¢0�YSByz[4UB[�X q ��[6¢0[�uvU�uvTVXB[�~�� q y

È [�uv[�Zi��y�TvZ6UBTV~z�BuvWYZ�[���[�X9���
Ò [�uv[�Zi��y�TvZ�¢0[�uvU �
³ � q u�WgyzTv��Wg��T q X�� ε0 V∆

Q

−Q

ε d

o:Â=h°È �BWYy�WYuVuv[�ur�BuvWg��[ÉZ�WY�BWYZ�Tx� q y�TV~���WYUB[ q �Ø�Ý� q �0WYy�Wguvuv[�uC��[i��WYur�Bu�Wg�z[�~�~�[��0Wgy�Wg�z[�U s9{ W�UBTv~���WYX,Z�[ � `
p}| [��Ý� q �t[���WYuØ�Bu�Wg�z[�~ | W�wk[¥WYXÍWYy�[�W%ÖÕWgXBUÍZ | WYy��k[�Ë WgXBU �°ËtdMyz[�~��+[�Z��zTVwk[�u { `IÈ UBTV[�uV[�Z��zyzTVZ���Tx� |
�+[�yz�tTV�z�zTVw(TV� { ¨ ªÏ¨���¨;© � ¨;©�¢0uVuv~É� | [Iuv[i�	� | WYux� q ��� | [�w q uvSB�t[ s [��Ý��[�[�X¤� | [�Z�WY�0WYZ�TV� q y��BuvWg��[�~�d^WY~~ |Bq ��X TVX�� | [6¢0�kSBy�[Y` � X�� | [4yzTv� | � | WguV�¿d,��[ | W:wY[ÄwgWYZ�SBSB��`^Ì | Wg��Tv~}� | [4Z�WY�0WYZ�TV��WgXBZ�[��td0[ �a�Byz[�~z~z[�U
TvXI��[�yz�t~ q ����©#ª ¨;©�Ö�¦ � d,� | TvZ | � q SBuvU | W�wk[ s [�[�X%� | [ÄZ�WY�0WYZ�TV��WYXBZ�[6��Tx� |Bq Sa�}� | [4UBTV[�uv[�Z��zyzTvZ�Ð
È � ª�� ];¨���¦,e8¨�� � o�h
	���©
Ò � ª�� ¨�� ¦Be	¨�� � o�h
	 ��©
³ � ª ¨��	��©
Ó � ª e	¨�� � o�h ��©
Ô � ª��xe8¨�� � o:hz¦k]�	 ��©

ε0 V∆εr ε0ε=

Q, A

−Q, A

d

l



o:«=h°È �BWYy�WYuVuv[�ur�BuvWg��[ÉZ�WY�BWYZ�Tx� q y�TV~���WYUB[ q �Ø�Ý� q �0WYy�Wguvuv[�uC��[i��WYur�Bu�Wg�z[�~�~�[��0Wgy�Wg�z[�U s9{ W�UBTv~���WYX,Z�[ � `
p}| [��Ý� q �t[���WYuØ�Bu�Wg�z[�~ | W�wk[¥WYXÍWYy�[�W%ÖÕWgXBUÍZ | WYy��k[�Ë WgXBU �°ËtdMyz[�~��+[�Z��zTVwk[�u { `IÈ UBTV[�uV[�Z��zyzTVZ���Tx� |
�+[�yz�tTV�z�zTVw(TV� { ¨�ªÜ¨���¨g© � ¨;©Ä¢Buvuv~°� | [�u q ��[�y | WYux� q ��� | [�w q uVSB�t[ s [i�Ý�#[�[�X@� | [�Z�WY�0WgZ�TV� q y6�BuvWg��[�~�dCWY~~ |Bq ��XITvX�� | [�¢B�kSByz[g` � X¥� | [�SB�B�)[�y | WYuV�¿d=��[ | W�wk[�wgWYZ�SBSB��`�Ì | Wg��TV~�� | [�Z�Wg�0WYZ�Tx��WYX,Z�[ ��d,[ �a�Byz[�~z~z[�U
TvXI��[�yz�t~ q ����©#ª ¨;©�Ö�¦ � d,� | TvZ | � q SBuvU | W�wk[ s [�[�X%� | [ÄZ�WY�0WYZ�TV��WYXBZ�[6��Tx� |Bq Sa�}� | [4UBTV[�uv[�Z��zyzTvZ�Ð
È � ª�� ];¨���¦,e8¨�� � o�h
	���©
Ò � ª�� ¨�� ¦Be	¨�� � o�h
	 ��©
³ � ª ¨��	��©
Ó � ª e	¨�� � o�h ��©
Ô � ª��xe8¨�� � o:hz¦k]�	 ��©

V∆
ε0

εr ε0

Q, A

−Q, A

d
ε =

]Yb=h#ÈÇZ { uvTVXBUBy�TvZ�Wgu2Z�WY�BWYZ�Tx� q y}Z q XB~zTV~��z~ q �r�Ý� q e8� | TvX0h}�BWYy�WYuVuv[�u�Z q XBZ�[�X9�zyzTVZÉ�t[���WYu2Z { uVTvXBUB[�yz~�dB� | [ÄTvXBX,[�y
q XB[���TV� | y�WYU,TvSB~ ��WYXBUt� | [ q S,��[�y q XB[���Tx� | y�WYUBTVSB~���` p}| [°�Ý� q Z { uVTvXBUB[�yz~ | W�wk[�uV[�XB�g� |�� WgXBU¥Z | Wgyz�k[
�By SBXBTx�Øuv[�X,�Y� | [��9S0Wgu�� q�� e8� | [�TvXBXB[�y q XB[�hØWgXBU � � e	� | [ q S,�z[�y q XB[�hi`�È U,Tv[�uV[�Zi��yzTVZ���TV� | �)[�y���Tx�z�zTVw(TV� {
¨t¢Buvuv~�� | [Éw q uvSB�t[ s [��Ý��[�[�X � | [�TVXBXB[�y�WYXBU q S,��[�y��t[���Wgu�Z { uvTvX,UB[�y�` p}| [�[�uv[�Z���y�TvZÄ¢0[�uVU TvX�� | [�y�[��kT q X
� � " � �#Tv~ �-e "kh ª e � ¦Y];§2¨"kh �"=dk� | [�y�[ "°UB[�X q ��[�~Ø� | [�UBTv~���WYX,Z�[��8y q �µ� | [�W�aTv~ q �)� | [}Z { uvTvX,UB[�y�~�d9WYXBU
�"°TV~ W�SBXBTx�Mwk[�Z�� q y UBTvy�[�Zi��[�U��)[�y��+[�XBUBTVZ�SBuvWYyzu { W��#W { �8y q � � | [}Z { uvTVXBUB[�y�W�aTv~�`rÌ | W;�ØTv~r� | [�Z�WY�0WYZ�TV��WgXBZ�[
� q �+� | Tv~ØZ { uVTvXBU,yzTvZ�WYuBZ�WY�0WYZ�TV� q y�Ð � ��TvX=��\ p}| [°� q �z[�X=��TvWYuBUBT���[�yz[�X,Z�[ s [i�Ý�#[�[�X¥� | [�TvXBXB[�y^WYXBU�� | [ q S,�z[�y
Z { uvTVXBUB[�y}TV~��tÅµªÁÅ����ÊÅ	�rª ��
 �� Û e "Yh � "a` 	

È � ª §2¨ � ± ¦��
Ò � ª §2¨ � ± ¦��
³ � ª §2¨ � » ¦���
Ó � ªá];§�¨ � ¦�uvX�e �(¦��ih
Ô � ªá];§�¨ � ¦�uvX�e��i¦��(h a

b

λ

−λ

ε r

∆V

L

E

n



� w(TVXB�tÂ�T Ô uV[��=��y q �¥Wg�kXB[��zTv~���[4² Ô uv[��=��yzTV~zTx��[�� q �t��WY�kX,[���TV~z�t[�w��WYyz[�X ]gbkbYf
prqts [6U,[�uvTxwk[�yz[�U s={ \ p}| SBy�~zU0W {�� WYy�Z | f��9u�`}o�]gbkb,`

¯�W�w(X2\

� w(TVXB�k~z�YyzSB�B�)[Y\

Ñ��B�,�=W�wk[ È Ò ³ Ó Ô
o
]
_
f
j ���������

l ���������

n ���������

Â ���������

«
o:b
oko
o�]
o:_
o�f ��������� ���������

o�j ���������

o:l ��������� ���������

o�n ��������� ���������

o:Â
o:«
]Yb

����������\�X q ��Wty�[�uv[iwgWYX=��WYuV�z[�yzXBWg��Txwk[

Â


