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You can calculate the properties of water, but it makes so much more sense just to measure them.

- Lev Landau
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V� 1 *�× "�Òeµ: _9câ«�	ö '�×Ça�ÐÏ�(Maxwell equation)�+ e��ï

p��è "é¶ìøÍ(microdisk)[1]s��� p��è l�Ñüæ /BN���l�(micropillar)[2]_� �â
Äº ½̈�̧ ���̂�� t���� �r��� @/g�A$í


Ü¼�Ð ���
�#� /BN��� �̧×¼_� K�$3�&h���� ì�r$3�s� ��0px
���. 
�t�ëß� F�g���&ñ
 /BN���l�_� �â
Äº F�g���&ñ
 J����s� t�

��� 4�¤ú̧�$í
Ü¼�Ð ���K� /BN��� �̧×¼_� :£¤$í
�̀¦ K�$3�&h�Ü¼�Ð ì�r$3�
���H ��s	כ ��_� Ô�¦��0px
����¦ ½+É Ãº e����.

Õª�QÙ¼�Ð ���íß� �̧��(numerical simulation)_� ~½ÓZO��̀¦ s�6 x
�#� F�g���&ñ
 /BN���l�\�¦ ì�r$3�½+É Ãº µ1Ú\� \O�>�

÷&��HX<, @/³ð&h�Ü¼�Ð ú́§s� s�6 x÷&��H ��s	כ ‘Ä»ô�Ç ¹�èכ r�çß� %ò
%i� ~½ÓZO� (Finite-Difference Time Domain;

FDTD)’s���.

FDTD ~½ÓZO��Ér /BNçß�õ� r�çß��̀¦ Ä»ô�Çô�Ç ß¼l�_� 7£xì�r 4xü< 4t�Ð ��&ñ

��¦, /BNçß�_� y�� !sq(cell)\�

0Au�ô�Ç ���l��©�  7�'� ~E(i4x, j4y, k4z)ü< ��l��©�  7�'� ~H(i4x, j4y, k4z) X<s�'�[þt�̀¦ Ð�oÛ¼R/÷ ~½Ó&ñ


d��(Maxwell equation)�̀¦ ëß�7á¤
��̧2�¤ \O�X<s�àÔ
�#� r�y�� n4t \�"f_� X<s�'�\�¦ >�íß�
���H �.���s	כ 2�©�

\�"f ¶ú�(R�Ð��xt�ëß� 4x → 0ü< 4t → 0 ��� �FGô�Ç\�"f ���íß� �̧��_� ���õ���H &ñ
SX�K������. 7£¤, (��ÉÓ'�_�

Bj�̧o�ü< >�íß� 5Åq�̧�� )�6 x
���H #3�0A?/\�"f þj&h�_� 4xü< 4t\�¦ ���×þ�
�#� >�íß�
����,1 >�íß� %ò
%i� ?/\�

e����H �̧��H &h�\�"f_� �̧��H field $í
ì�r�̀¦ r�çß�_� �<ÊÃº�Ð ·ú���è­q Ãº e��Ü¼Ù¼�Ð, ÅÒ#Q��� F�g���&ñ
 /BN��� �̧×¼

_� #��Q��t� :£¤$í
[þt(\V: /BN��� ÅÒ��Ãº, �̧×¼_� J����, ¾¡§0A°úכ 1px)�̀¦ >�íß�
���HX< Ä»6 x
�>� ��6 x|̈c Ãº e��

��.[3] ¢̧ô�Ç>�íß� ½̈�̧�� ��Ö�¦@/g�A$í
�̀¦t�m��¦e������, ÅÒl�$í
�̀¦°ú��¦e��Ü¼��� ‘��Ö�¦�©��â
>� �̧|	�(miror

boundary condition)’ s��� ‘ÅÒl�&h� �â
>� �̧|	�(periodic boundary condition)’�̀¦ &h�6 x
�#� >�íß�_� ò́Ö�¦

$í
�̀¦ Z�}{9� Ãº e����. FDTD ·ú��¦o�7£§\� �'aô�Ç �Ð�� U�·�Ér �7H_���H Taflove Õþ�[4]�̀¦ �ÃÐ�̧
�l� ��êøÍ��.

s� �©�\�"f��H Ä»ô�Ç¹כ�è r�çß� %ò
%i�_� ~½ÓZO�Ü¼�ÐÛ�¦>�|̈c Ð�oÛ¼R/÷ ~½Ó&ñ
d��\�@/ô�Ç l��:r t�d���̀¦��ÀÒl��Ð

ô�Ç��. Ð�oÛ¼R/÷ ~½Ó&ñ
d���Ér Ãº�<Æ&h���� +þAI�ëß� �Ð��� ���l��©� ~Eü< ��l��©� ~B�̀¦ ���Ãº�Ð 
���H p�ì�r~½Ó&ñ
d��s���.

s� ~½Ó&ñ
d���̀¦ Û�¦>� ÷&��� ~Eü< ~B_� ��� /BNçß� %ò
%i�\�"f_� r�çß� ����o\�¦ ·ú�>�÷&�¦, Õª�Ü¼�Ð	כ �����l�_� �����

�©�S!�\� @/ô�Ç �̧��H &ñ
�Ð\�¦ ½̈½+É Ãº e����H �.���s	כ #�l�"f ��ÀÒ��H �����l��©��Ér  7�'��©�(vector field)s���.2

Õª�QÙ¼�Ð Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ �:r���&h�Ü¼�Ð ��ÀÒl� ���\�  7�'��©�s� {9�ìøÍ&h�Ü¼�Ð ëß�7á¤K��� 
���H $í
|9�\� @/K�

"f ú́�
��¦ e����H Helmholtz_� &ñ
o�\�¦ ¶ú�(R�:r��. ��6£§Ü¼�Ð Û¼ºú��� �íJ$�¶û�(potential)õ�  7�'� �íJ$�¶û� �<Ê

Ãº\�¦ ��6 x
�#� Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ ���8̈�
��̧2�¤ 
���x��. s� õ�&ñ
�̀¦ :�xK�"f Ð�oÛ¼R/÷ ~½Ó&ñ
d��s� ?/�í
��¦ e��

��H �����l��©�_� K�_� $í
|9�\� �'a
�#� �Ð�� ú̧� s�K�½+É Ãº e���̀¦ �.���s	כ

1.1 Helmholtz�+ Ça�h�

“e��_�_� 7�'��©� ~C(~x)��H��6£§õ�°ú s�q�SX�íß�(divergence-free) 7�'��©�õ�q��r���(irrotational)

 7�'��©�Ü¼�Ð ì�rK�|̈c Ãº e����.

1ź» ]X�\�"f ��ÀÒ��xt�ëß�, 4xü< 4t\�¦ e��_��Ð ���×þ�½+É Ãº e����H ��Ér	כ ��m���. Ãºu� îß�&ñ
$í
(numerical stability)�̀¦ ëß�7á¤
��̧

2�¤ 4xü< 4t ��s�\� $í
wn�K���ëß� 
���H �'a>�d��s� e����.
2
J$�"f ���8̈� �'a>�d���̀¦ ëß�7á¤
�#��� ô�Ç��. Arfken[5]�̀¦ �ÃÐ�̧.
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7£¤, ~C(~x) = ~D(~x) + ~F (~x) {9� M:, ~D(~x)ü< ~F (~x)��H

∇ · ~D(~x) = 0

∇× ~F (~x) = 0 (1.1)

\�¦ ëß�7á¤ô�Ç��.”

7£x"î
�Ér ��6£§õ� °ú ��. ~Dü< ~F�� ëß�7á¤K��� 
���H 0A_� �̧|	�Ü¼�ÐÂÒ'�,

~D = ∇× ~A

~F = −∇Φ (1.2)

\�¦ ëß�7á¤
���H  7�'� �íJ$�¶û� ~Aü< Û¼ºú��� �íJ$�¶û� Φ\�¦ ¹1Ô�̀¦ Ãº e����. d�� (1.2)�̀¦ d�� (1.1)\� @/{9�
����,

∇ · ~C = −∇2Φ

∇× ~C = ∇×∇× ~A (1.3)

\�¦ %3���H��. Õª�QÙ¼�Ð e��_�_�  7�'��©� ~C\� @/K�"f 0A_� ~½Ó&ñ
d���̀¦ ëß�7á¤
���H  7�'� �íJ$�¶û�õ� Û¼ºú��� �íJ$�

¶û�s� �>rF��<Ê�̀¦ �Ð{9� Ãº e������� Helmholtz &ñ
o�\�¦ 7£x"î

�>� �)a��. Õª���X<, 0A_� d�� (1.3)�Ér Helmholtz

~½Ó&ñ
d��Ü¼�Ð ·ú��9��� Ä»"î
ô�Ç +þAI�_� ~½Ó&ñ
d��s��¦, Õª��_	כ K� ¢̧ô�Ç ú̧� ·ú��94R e����. 7£¤ K�\�¦ ��6£§õ� °ú s�

&h��̀¦ Ãº e���¦,3 ë�H]j_� 7£x"î
�Ér =åQèß���.

Φ(~x) =
1

4π

∫

d3x′∇ · ~C(~x′)

|~x − ~x′|

~A(~x) =
1

4π

∫

d3x′∇× ~C(~x′)

|~x − ~x′|
(1.4)

��×�æ\�q�SX�íß��©��̀¦ transverse�©�Ü¼�Ð,q��r����©��̀¦ longitudinal�©�Ü¼�ÐÂÒ\�¦��#¼s���.ô�Ç	כ Helmholtz

&ñ
o�_� ¢̧ ���Ér +þAI��� e����. s���Ér	כ  7�'��©�_� Ä»{9�$í
\� @/K�"f ú́�
���H �,Ü¼�Ð	כ “∇ · ~Cü< ∇× ~C�� &ñ


K�t����  7�'��©� ~C��H Ä»{9�
�>� &ñ
K������.” ��[jô�Ç �7H_���H Arfken�̀¦ �ÃÐ�̧
�l� ��êøÍ��.[5]

1.2 _9câ«�	ö '�×Ça�ÐÏ��+  ï��dM²Ó B�

��×�æ\� FDTD ~½ÓZO��̀¦ ��6 x
�#� Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ Û�¦>� |̈c_�t�ëß�, #�l�"f��H ~Eü< ~H\� �'aô�Ç Ð�oÛ¼R/÷ ~½Ó

&ñ
d���̀¦ ¿º >h_� �íJ$�[>� �<ÊÃº( 7�'� �íJ$�[>�, Û¼ºú��� �íJ$�[>�)\�¦ ��6 x
�#� ���+þA�<ÊÜ¼�Ð+� Û�¦#Q�:r��. ���$�

��6£§õ� °ú �Ér Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ Òqty��ô�Ç��.

3s��¦̀�	כ �Ðs���H �¦̀�	כ s� �©�_� õ�]j�Ð ô�Ç��.
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∇ · ε(~r) ~E(~r, t) = ρ ∇× ~E(~r, t) +
∂ ~B(~r, t)

∂t
= 0

∇ · ~B(~r, t) = 0 ∇× ~H(~r, t) − ε(~r)
∂ ~E(~r, t)

∂t
= ~J(~r, t) (1.5)

#�l�"f ~J��H field\�¦ Òqt$í

���H source �½Ó(¢̧��H gain)s� |̈c Ãº�̧ e���¦, field_� \��-t�\�¦ �è�̧r�v���H

dissipation �½Ó(¢̧��H loss)s� |̈c Ãº�̧ e����. Õª�QÙ¼�Ð ~J = ~Jsource + σ ~Eü< °ú s� ��¾º#Q &h�6£§Ü¼�Ð+� _�p�

\�¦ ì�r"î
y� ½+É Ãº�̧ e����.4 s� ]X�_� �7H_�\�¦ 0A
�#�"f��H ~J�� source �½Ó�̀¦ ¬¹��
��¦ e�����¦ Òqty��ô�Ç��. ô�Ç

¼#� �½Ó�©� µ = 1s� $í
wn�ô�Ç���¦ ��&ñ

���. Õª�QÙ¼�Ð ~B = ~Hs���. Õªo��¦, ~D = ε ~E��� ���+þA Óüt|9��̀¦ Òqty��ô�Ç

��.

��l��©�_� divergence-free �'a>�d��Ü¼�ÐÂÒ'�

~B = ∇× ~A (1.6)

�Ð Ñüt Ãº e���¦, s� d���̀¦ ���l��©�_� curl ~½Ó&ñ
d��\� @/{9�
����,

∇×
(

~E +
∂ ~A

∂t

)

= 0 (1.7)

\�¦ %3���H��. 0A ~½Ó&ñ
d��_� curl-free ���õ��ÐÂÒ'�, Û¼ºú��� �íJ$�[>� �<ÊÃº Φ\�¦ �̧{9�½+É Ãº e����.

~E = −∇Φ − ∂ ~A

∂t
(1.8)

0A d���̀¦ ��r� ���l��©�_� divergence ~½Ó&ñ
d��\� @/{9�
����,

∇2Φ +
∂

∂t
(∇ · ~A) = − ρ

ε0
(1.9)

d�� (1.6)�̀¦ ��l��©�_� curl ~½Ó&ñ
d��\� ��r� @/{9� &ñ
o�
����

∇2 ~A − 1
c2

∂2 ~A
∂t2

−∇
(

∇ · ~A + 1
c2

∂Φ
∂t

)

= −µ0
~J (1.10)

���²DG ~Eü< ~H\� �'aô�Ç 4>h_� Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ 0A_� d�� (1.9)ü< d�� (1.10)\�"f %�!3�, ¿º >h_� �íJ$�[>��̀¦

s�6 x
�#� ���+þA
�%i���(=Û�¦%3���). s�ü<°ú �Ér Ãº�<Æ&h���� ���+þA�̀¦ :�xK�"f %3�#Q��� ¿º >h_� �íJ$�[>� ~½Ó&ñ
d���Ér

�:rA�_� Ð�oÛ¼R/÷ ~½Ó&ñ
d��\� q�K�"f �s̀��� Û�¦l��� ~1���.5

·ú¡ ]X� ÊêìøÍÂÒ\�"f ���/åLÙþ¡~�� Helmholtz &ñ
o�_� ¿º ���P: +þAI�\� ��ØÔ���,  7�'� �íJ$�[>� ~A��H d�� (1.6)ëß�

��t��¦"f��HÄ»{9�
�>�&ñ
K�t�t�·ú§��H��."é¶A�_����õ� ~B\�¦��Ë̈t�·ú§��H#3�0A?/\�"f ~A\�¦ ~A′ = ~A+∇Λü<

°ú s� ���+þA
���H ��s	כ ��0px
���.

4Taflove Õþ�[4]_� Chap. 3_� Ð�oÛ¼R/÷ ~½Ó&ñ
d��õ� q��§
�#� �Ð��.
5��z�́ #�l�"f %3�#Q��� �íJ$�[>� ~½Ó&ñ
d��[þt�Ér���²DG Helmholtz ~½Ó&ñ
d��õ�1lx{9�
�>� �)a��. ô�Ç¼#� (��ÉÓ'�\�>���H�:rA�_� Ð�oÛ¼R/÷ ~½Ó

&ñ
d��s� �s̀��� ��ÀÒl� ~1���. ÕªA�"f +'\� ���̀¦ FDTD ~½ÓZO�\�"f��H Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ f��]X� Ä»ô�Ç ¹�èZO�Ü¼�Ðכ ³ð�&³ô�Ç��.
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s�]j ~A\� @/
�#� ��6£§õ� °ú �Ér ¿º ��t� divergence �̧|	��̀¦ Òqty��
�#� �:r��.

1.2.1 Lorenz �¿�
>

s���Ér	כ ∇ · ~A + 1
c2

∂Φ
∂t = 0��� �̧|	�s���.6 Lorenz �̧|	��̀¦ ¿º >h_� �íJ$�[>� ~½Ó&ñ
d��(d�� (1.9)ü< d�� (1.10))\�

@/{9�
�#� &ñ
o�
���� ��6£§õ� °ú �Ér Helmholtz ~½Ó&ñ
d���̀¦ %3���H��.

∇2 ~A − 1

c2

∂2 ~A

∂t2
= −µ0

~J

∇2Φ − 1

c2

∂2Φ

∂t2
= − ρ

ε0
(1.11)

s�ü< °ú �Ér +þAI�_� ~½Ó&ñ
d��_� K���H ú̧� ·ú��94R e����. Ãº�<Æ&h�Ü¼�Ð K�\�¦ ½̈
���H ��Ér	כ s� �̧àÔ_� ÅÒ]j\�¦

#Á	#Q��Ù¼�Ð ��ÀÒt� ·ú§l��Ð ô�Ç��.7 ���õ�ëß� 
���¹כ����, ��6£§õ� °ú �Ér +þAI�_� 4	�"é¶ Helmholtz ~½Ó&ñ
d��\�"f

∇2Ψ − 1

c2

∂2Ψ

∂t2
= −4πf(~x, t) (1.12)

f(~x, t)�� source �½Ó_� %i�½+É�̀¦ 
�>� ÷& 9, {9�ìøÍK���H source �½Ó_� retardation�̀¦ �¦�9
�#�8 ��6£§õ� °ú s�

�)a��.

Ψ(~x, t) =

∫

[f(~x′, t′)]ret

|~x − ~x′|
d3x′ (1.13)

#�l�"f [· · ·]ret��H t′ = t − |~x − ~x′|/c ��� retardation�̀¦ �����·p��.

7£¤, source �½Ó ~Jü< ρ\� _�ô�Ç �íJ$�[>�s� d�� (1.13)Ü¼�Ð ÅÒ#Qt��¦, ��r� d�� (1.6)õ� d�� (1.8)\� @/{9�
�#�

~Eü< ~B\�¦ ½̈
�>� �)a��.

1.2.2 Coulomb �¿�
>

s���Ér	כ ∇ · ~A = 0��� �̧|	�s���. s� �̧|	��̀¦ ëß�7á¤
���H ~A\�¦ Coulomb gauge ¢̧��H radiation gaugae ¢̧��H

transverse gauge���¦ ÂÒ�Ér��.9 Coulomb �̧|	��̀¦¿º >h_��íJ$�[>�~½Ó&ñ
d��(d�� (1.9)ü< d�� (1.10))\� @/{9�
�

#� &ñ
o�
����,

∇2Φ = − ρ

ε0
(1.14)

∇2 ~A − 1

c2

∂2 ~A

∂t2
=

1

c2
∇∂Φ

∂t
− µ0

~J (1.15)

6s� �̧|	�s� "é¶A�_� Eü< B\�¦ ��Ë̈t� ·ú§6£§�̀¦ �Ðs���H ��s	כ s� �©�_� õ�]js���.
7JacksonÕþ��̀¦ �ÃÐ�̧.[6]
8causality\�¦ ëß�7á¤
�l� 0A�<Ê
9�= s�XO�>� ÂÒ\�¦ Ãº e����Ht���H �:rë�H_� ?/6 x�̀¦ :�xK�"f "î
Ñþ�K������.
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_� ¿º ~½Ó&ñ
d���̀¦ %3���H��. #�l�"f d�� (1.14)��H ���è _�ü@_� ���õ��� ½+É Ãº e����. s� �â
Äº Û¼ºú��� �íJ$�[>� �<Ê

Ãº��H &ñ
&h�(static)s� 910 \V\�¦[þt��� "é¶&h�\� Z�~#�e����H &h����
�_� r�çß� ����o\� @/K�"f Φ(~x 6= 0)��H 7£¤y��&h�

Ü¼�Ð(instantaneously) ìøÍ6£xK���ëß� ô�Ç��! s���Ér	כ #Q*�ô�Ç ��� ñ�̧ F�g5Åq�̀¦ �Å��̀¦ Ãº \O�����H �©�@/$í
 "é¶o�\�¦

0AìøÍ
���H ��3!�%	כ �Ð�����. 
�t�ëß� 0A_� Φ\�¦ ��6 x
�#� %3�#Q��� ~Eü< ~B��H ���²DG #Q*�ô�Ç gauge\�¦ ��6 x
��8

���̧ 1lx{9�ô�Ç ���õ�\�¦ %3�>� �)a��. 7£¤, �íJ$�¶û� �<ÊÃº ���̂��H Óüto�&h� _�p�\�¦ °ú�t� ·ú§��H��. ��ëß� ~Eü< ~B\�¦ ¼#�

o�
�>� >�íß�½+É Ãº e���̧2�¤ �̧ü<ÅÒ��H Ãº�<Æ&h���� ���©�_� �ª�{9� ÷�rs���.11

ô�Ç¼#� ¿º ���P: ~½Ó&ñ
d���Ér 4	�"é¶ Helmholtz ~½Ó&ñ
d��_� +þAI�s���. ���ÀÓ 7�'� ~J\�¦ transverse $í
ì�rõ� lon-

gitudinal $í
ì�rÜ¼�Ð ì�rK�K�"f &h�Ü¼��� Äº���_� source �½Ó�Ér ���²DG −µ0
~Jt�Ð &h��̀¦ Ãº e����.12 7£¤,

∇2 ~A − 1

c2

∂2 ~A

∂t2
= −µ0

~Jt (1.16)

Coulomb gauge\�¦ ��6 xô�Ç �â
Äº ���
� ��H%�\�"f_� near-field �©�S!�õ� ���
��Ð ÂÒ'� YO�o� b��#Q4R e����H

far-field �©�S!�_� ¿º ÂÒì�rÜ¼�Ð ��¾º#Q"f Òqty��
���H ��s	כ /'0>�����. {9�ìøÍ&h�Ü¼�Ð ���
� ¢̧��H source ��H~½Ó

_� field��H ���
�\�"f YO�#Q|9� Ãº2�¤ t�Ãº&h�Ü¼�Ð /åL���
�>� y���èô�Ç��. Õª�QÙ¼�Ð �̧��H �>rF�
���H ���
� ¢̧��H

source�Ð ÂÒ'� YO�o� b��#Q��� /BM_� field��H ��z�́�©� d�� (1.16)Ü¼�Ðëß� l�Õüt|̈c Ãº e����. s�M:_� ���l��©�  7�'�

��H ~E ∼= −∂ ~A
∂t�Ð jþt Ãº e����.13

1.3 l� *�×�+ ø�V�

1. d�� (1.4)�� d�� (1.3)_� K��� H�d�̀¦ �Ð#���. ( 7�'� �íJ$�¶û� ~A\� @/K�"f ∇ · ~A = 0��� �̧|	��̀¦ ��6 x
���.

2. ��l��©�  7�'� ~B��H  7�'� �íJ$�¶û�õ� ~B = ∇× ~A��� �'a>�\� e����. ¢̧ô�Ç ���l��©�  7�'� ~E��H Û¼ºú��� �íJ$�

¶û�õ� ~E = −∇Φ − ∂ ~A/∂t��� �'a>�\� e����. Helmholtz &ñ
o�\� ��ØÔ���,  7�'� �íJ$�¶û� ~A\�¦ Ä»{9�
�>�

&ñ

�l� 0AK�"f ∇ · ~A�̀¦ &ñ
_�
�#��� ô�Ç��. Lorenz �̧|	� ∇ · ~A′ + (1/c2)(∂Φ/∂t) = 0
�\�"f "é¶A�_�

~Eü< ~B\�¦ ��Ë̈t� ·ú§��H ��6£§õ� °ú �Ér �<ÊÃº Λ\�¦ �½Ó�©� �¦\�¦ Ãº e��6£§�̀¦ �Ð#���.

~A′ = ~A + ∇Λ

3. ���ÀÓ 7�'� ~J\�¦ transverse �©� ~Jtü< longitudinal �©� ~Jl_� ½+ËÜ¼�Ð ����?/%3��̀¦ M:, (1/c2)∇(∂Φ/∂t) =

µ0
~Jls� H�d�̀¦ �Ð#���.

4. ���l��©�  7�'� ~E\�¦ transverse �©� ~Etü< longitudinal �©� ~El_� ½+ËÜ¼�Ð ����?/%3��̀¦ M:, ~El = −∇Φ,

~Et = −∂ ~A
∂t�Ð jþt Ãº e��6£§�̀¦ �Ð#���.

10Helmholtz ~½Ó&ñ
d��_� p�ì�r �½Ós� 3	�"é¶s���.
11
�t�ëß� �ª���%i��<Æ s��:r\� ��ØÔ��� ~B �Ð����H ~A�� Óüto�&h� z�́�̂\� �8 ��¾ú���. Aharonov-Bohm ò́õ�\� �'aô�Ç ��[jô�Ç �7H_���H

Sakurai Õþ��̀¦ �ÃÐ�̧.[7]
12s��¦̀�	כ �Ðs���H ��s	כ s� �©�_� õ�]js���.
13s�M:_� ~E��H transverse field s���.
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V� 2 *�× ËÂø5�³À�¿ k�ë5Ñ ÆZ��]� '�×ß��(FDTD)�+ e��ï

��1lx ~½Ó&ñ
d��\����̧��H p�ì�r ³ðl�\�¦ 4xü< 4t_� Ä»ô�Ç¹כ�è(finite difference)�Ð ����?/��H ��s�Ãºu	כ >�íß�

_� l��:rs���. �Ð:�x_� {9����Ãº p�ì�r ~½Ó&ñ
d��_� �â
Äº��H 4x_� ß¼l�\�¦ e��_��Ð ���>� ú̧����̧ �©��'a \O�t�ëß�, ·ú¡

Ü¼�Ð ��ÀÒ>� |̈c Ð�oÛ¼R/÷ ~½Ó&ñ
d��õ� °ú �Ér �����Ãº ¼#�p�ì�r ~½Ó&ñ
d��_� �â
Äº /BNçß�_� Ä»ô�Ç¹כ�è4xü< r�çß�_� Ä»

ô�Ç¹כ�è 4t�� 1lqwn�&h�s�t� ·ú§Ü¼ 9 Ãºu� îß�&ñ
$í
(numerical stability)�̀¦ ëß�7á¤r�v�l� 0AK�"f ����'a÷&#Q e��

#Q�� �<Ê�̀¦ ·ú�>� |̈c �.���s	כ s� �©�\�"f��H ���$� K�$3�&h���� K��� ú̧� ·ú��94R e����H 1	�"é¶ Û¼ºú��� ��1lx ~½Ó&ñ


d���̀¦ Ä»ô�Ç¹כ�è r�çß� %ò
%i� ~½ÓZO�Ü¼�Ð ]X���H
�#� �:r��. 1	�"é¶_� çß�éß�ô�Ç �̧4Sqe��\��̧ Ô�¦½̈
��¦ ·ú¡Ü¼�Ð ���̀¦

Ð�oÛ¼R/÷ ~½Ó&ñ
d��_� FDTD1 \�¦ s�K�
�l�0Aô�Ç ×�æ¹כ >h¥Æ�[þt�̀¦ �̧¿º {���¦ e��6£§�̀¦ �Ð{9� �.���s	כ Êê\� 2.4]X�

\�"f Yee �� �̧{9�ô�Ç Ä»"î
ô�Ç Yee Cell_� ��s�n�#Qü< �<Êa� 3	�"é¶ FDTD ~½ÓZO��̀¦ [O�"î

��̧2�¤ 
���x��. ��

t�}��Ü¼�Ð FDTD >�íß� õ�&ñ
\�"f %3�#Q��� ���õ�[þt�̀¦ z�́]j [j>�\�"f_� Óüto�&h���� °úכ[þtõ� ����'ar�v���H ~½ÓZO�

\� @/K�"f �7H_�
���x��.

2.1 1	�xjS â«Q±Ó�� ���â '�×Ça�ÐÏ��+ ¦�>ñ5Ñ �¿�� '�×ß��

��6£§õ� °ú �Ér 1	�"é¶ Û¼ºú��� ��1lx ~½Ó&ñ
d��_�

∂2u

∂t2
= c2 ∂2u

∂x2
(2.1)

{9�ìøÍK� u(x, t)��H ��6£§õ� °ú s� e��_�_� �<ÊÃº Fü< G_� �̧½+ËÜ¼�Ð ����è­q Ãº e��6£§s� ú̧� ·ú��94R e����.

u(x, t) = F (x + ct) + G(x − ct) (2.2)

¢̧ô�Ç d�� (2.1)\� î̈
����� K� ei(ωt−kx)\�¦ @/{9�
���� ì�ríß� �'a>�d��(dispersion relation) ω2 = c2k2�̀¦ %3�6£§

�̀¦ ~1�>� �Ð{9� Ãº e����. 0A�©� 5Åq�̧ vp��

vp =
ω

k
= ±c (2.3)

�Ð {9�&ñ

�Ù¼�Ð ����� õ�&ñ
\�"f ì�ríß�s� {9�#Q��t� ·ú§��H�� (dispersionless). s� ��z�́�Ér (2.2)_� Ãºu�K�\�

"f ��������H ì�ríß��̀¦ q��§½+É M: ��6 x|̈c �.���s	כ

s�]j (2.1)_� ��1lx ~½Ó&ñ
d��\� e����H 2	� ¼#�p�ì�r�̀¦ Ä»ô�Ç ¹�èכ ~½ÓZO�Ü¼�Ð ³ðl�K��Ð�̧2�¤ 
���. \V\�¦[þt#Q

��6£§õ� °ú �Ér 2	� s��©�_� �½Ó�̀¦ Áºr�ô�Ç Taylor ���>hd��Ü¼�ÐÂÒ'�

u(xi + 4x)|tn = u|xi,tn + 4x
∂u

∂x
|xi,tn +

(4x)2

2

∂2u

∂x2
|xi,tn (2.4)

1·ú¡Ü¼�Ð FDTD\�¦ Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ Ä»ô�Ç ¹�èכ r�çß� %ò
%i�Ü¼�Ð ]X���Hô�Ç ~½ÓZO��̀¦ ���/åL½+É M: ��6 x
�l��Ð ô�Ç��.
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u(xi + 4x)|tnü< u(xi −4x)|tn\�¦ "f�Ð �8
���� x\� @/ô�Ç ¼#�p�ì�r�̀¦ ��6£§õ� °ú s� ����è­q Ãº e����.

∂2u

∂x2
=

[

u(xi + 4x) − 2u(xi) + u(xi −4x)

(4x)2

]

tn

≡ un
i+1 − 2un

i + un
i−1

(4x)2
(2.5)

��ðøÍ��t� ~½ÓZO�Ü¼�Ð t_� ¼#�p�ì�r�Ér

∂2u

∂t2
|xi,tn =

un+1
i − 2un

i + un−1
i

(4t)2
(2.6)

0A_�¿º���õ�\�¦"é¶A�_�¼#�p�ì�r~½Ó&ñ
d�� (2.1)\� @/{9�
�#�&ñ
o�
����,��6£§õ�°ú �ÉrÄ»ô�Ç¹כ�è 1	�"é¶��

1lx ~½Ó&ñ
d���̀¦ %3���H��.

un+1
i = (c4t)2

[

un
i+1 − 2un

i + un
i−1

(4x)2

]

+ 2un
i − un−1

i (2.7)

s��¦̀�	כ (��ÉÓ'�\�¦ s�6 x
�#� >�íß�½+É M: ��6£§õ� °ú s� ô�Ç��. Äº��� r�y�� n − 1õ� n\�"f �̧��H /BNçß� ýa³ð

i\� @/ô�Ç K��� Bj�̧o�\� $��©�÷&#Q e�����¦ ��&ñ
ô�Ç��. s�M: ��6£§ r�y�� n + 1_� K�\�¦ >�íß�
�l� 0AK�"f 0A

_� d�� (2.7)�̀¦ ��6 x½+É Ãº e����. s�ü<°ú s� s���� r�çß�õ�Õª s���� r�çß�_� X<s�'����9¹כ�ô�Ç s�Ä»��H��1lx ~½Ó

&ñ
d�� (2.1)\� 2	� ¼#�p�ì�rs��í�<Ê÷&#Qe��l�M:ë�Hs� 9, ��ðøÍ��t��Ð i cell0Au�_� /BNçß�X<s�'�\�¦\O�X<s�àÔ


�l� 0AK�"f�̧ i − 1 cellõ� i + 1 cell_� ¿º ���]X�ô�Ç X<s�'��� ¦Ê�̀>�¹כ��9 �̂¦ Ãº e����. f�����½+É Ãº e��1pws�,0A

_� 4xü< 4t�� �����|9� Ãº2�¤ &ñ
SX�ô�Ç K�$3�K� (2.2)\� ����0>f���̀¦ �Ð{9� Ãº e����. ¢̧ô�Ç n + 1 r�y��_� X<s�

'�\�¦>�íß�½+ÉM:,/BNçß�&h�Ü¼�Ð���]X�ô�Ç¿º cell ��s�_�X<s�'�[þtëß�����'a�)a����H��z�́M:ë�H\� 4xü< 4t��s�

\� :£¤Z>�ô�Ç �'a>�d��s� É+½¹כ��9 �¦����s	כ ÆÒ8£¤K� �̂¦ Ãº e����. \V\�¦[þt#Q 4t r�çß� Êê\� ynCs� �����
���H ��o�

c4t�� 4x�Ð�� ß¼>� ���×þ�÷&%3������, ynC_� ����� õ�&ñ
�̀¦ ]j@/�Ð ¬¹��½+É Ãº�� \O��̀¦ �.���s	כ z�́]j�Ð 2.3]X�

\�"f �̀¦���Ér >�íß� ���õ�\�¦ %3�l� 0AK�"f c4t ≤ 4x��� �'a>�\�¦ ëß�7á¤K��� H�d�̀¦ �Ð{9� �.���s	כ

Äº��� s� ]X�\�"f��H c4t = 4xs� ÷&�̧2�¤ 4xü< 4t\�¦ ���×þ�
����, d�� (2.7)s�

un+1
i = un

i+1 + un
i−1 − un−1

i (2.8)

�Ð çß�éß�K�t� 9, s� Ä»ô�Ç¹כ�è ~½Ó&ñ
d��_� {9�ìøÍK���2 &ñ
SX�ô�Ç K�$3�K� (2.2)_� Ä»ô�Ç¹כ�è ³ð�&³���

un+1
i = F [i4x + c(n + 1)4t] + G[i4x − c(n + 1)4t] (2.9)

�� �)a����H&h�\�"f s�d���Ér &ñ
SX�
���. Talyor ���>hd��\�"f 2	� s��©�_��½Ó�̀¦ Áºr�
�%i�6£§\��̧Ô�¦½̈
��¦&ñ


SX�ô�Ç Ãºu�K�\�¦ ½̈½+É Ãº e��6£§�Ér B�Äº Z�t��î�r ��z�́s���.3 z�́]j�Ð s�ü< °ú �Ér �&³�©��Ér 1	�"é¶ ��1lx ~½Ó&ñ
d��\�

"fëß� ������ 9 {9�ìøÍ&h�Ü¼�Ð��H Ãºu� >�íß�\� ���Ér ����Ér �̧ÀÓ�� �½Ó�©� ������>� �)a��.

2��[jô�Ç 7£x"î
�Ér Taflove [4], Chap. 2\�¦ �ÃÐ�̧. s��¦̀�	כ 7£x"î

���H ��s	כ s� �©�_� õ�]js���.
3ÕªA�"f 4t = 4x/c \�¦ magic steps����¦ ÂÒØÔl��̧ ô�Ç��.
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2.2 ÊÁn� &P�ñ5Ñ (Numerical Dispersion)

Ä»ô�Ç¹כ�è 1	�"é¶ ��1lx ~½Ó&ñ
d�� (2.7)\� î̈
����� K� ei(ωt−kx)\�¦ @/{9�
�#� ωü< k ��s�\� $í
wn�
���H �'a>�

d��(dispersion relation)�̀¦ ½̈K��Ð��. d�� (2.7)�� &ñ
SX�½+É Ãº2�¤ î̈
����� �����\� ���Ér ì�ríß��Ér ������t� ·ú§�̀¦

����s	כ (d�� (2.3) �ÃÐ�̧).

��6£§õ� °ú s� Ä»ô�Ç¹כ�è ~½Ód��Ü¼�Ð ³ð�&³�)a 1	�"é¶ î̈
����� d��\�"f

un
i = ei(ωn4t−k̃i4x) (2.10)

k̃\�¦ k̃ = k̃real + ik̃imag ��� 4�¤�èÃº�Ð ��&ñ
ô�Ç��. s��¦̀�	כ d�� (2.7)\� @/{9�
����,

eiω4t =

(

c4t

4x

)2

· (e−ik̃4x − 2 + eik̃4x) + 2 − e−iω4t (2.11)

&ñ
o�
����,

cos(ω4t) =

(

c4t

4x

)2

[cos(k̃4x) − 1] + 1 (2.12)

k̃ =
1

4x
cos−1{1 +

(4x

c4t

)2

[cos(ω4t) − 1]} (2.13)

·ú¡\�"f ���/åL
�%i�1pws�, 0A d��\� c4t = 4x��� �̧|	�(magic step)�̀¦ @/{9�
���� k̃ = ω/c = k �� H�d�̀¦ ~1�

>� �̂¦ Ãº e����. ô�Ç¼#� 4tü< 4x �� 0Ü¼�Ð ����H �FGô�Ç�̀¦ 2[
����,

k̃ =
1

4x
cos−1{1 +

(4x

c4t

)2

[1 − (ω4t)2

2
− 1]}

=
1

4x
cos−1[1 − 1

2

(

ω

c

)2

(4x)2] → 1

4x
(k4x) = k (2.14)

k̃ = k, 7£¤ ¢-a#4�ô�Ç K��Ð &h���H�<Ê�̀¦ �̂¦ Ãº e����. 4 s�ü<°ú s� Ä»ô�Ç¹כ�è r�çß�%ò
%i� ~½ÓZO�_� Ä»{9�ô�Ç ��&ñ
���

/BNçß�õ� r�çß�_� Ä»ô�Ç¹כ�è\�¦ &h�&h� ���>� ��4R����� �:rA�_� ��&ñ
�Ér ����t��¦, Ãºu� ì�ríß��̧ \O�#Q����� (K���

¢-a#4�K������).

7á§ �8 {9�ìøÍ&h���� �â
Äº_� �7H_���H Taflove_� Õþ�([4])�̀¦ �ÃÐ�̧
�l� ���� 9, 4t�� Ãºu� îß�&ñ
$í
 �'a>�\�¦ ëß�

7á¤
��̧2�¤ ���×þ��)a �â
Äº, 4x�� �����|9� Ãº2�¤ %i�r� Ãºu� ì�ríß� ò́õ���H ×�¦#Q[þU�̀¦ �Ð{9� Ãº e����.

2.3 ÊÁn� ò5ÑÇa�Å]� (Numerical Stability)

#�l�"f��H Ãºu�îß�&ñ
$í
 ë�H]j\�¦ ��ÀÒl��Ðô�Ç��. ���$� îß�&ñ
$í
_� &ñ
_�\�¦|9��¦ �Å�#Q���̧2�¤
���. Ãºu� >�íß�

s� îß�&ñ
&h�s�����H >pw�Ér >�íß�_� steps� ���'��÷&���"f %3�#Qt���H Ãºu�K��� Ä»ô�Çô�Ç °ú̀�כ¦ ��t� 9 µ1Ïíß�
�t� ·ú§

4#�l�"f ω4t < 1s�l�ëß� 
����, ·ú¡\�"f 4�¤�èÃº�Ð ��&ñ
Ùþ¡~�� k̃��H z�́Ãº�� H�d�̀¦ �̂¦ Ãº e����. ��z�́ ω4t < 1��� �̧|	��Ér ÅÒ#Q���

ÅÒ��Ãº ω\� @/K�"f 4t�� ëß�7á¤K��� 
���H l��:r&h���� �̧|	�s���.
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6£§�̀¦ _�p�ô�Ç��. ·ú¡\�"f�̧ ���õß� ���/åL
�%i�t�ëß�, Ä»ô�Ç¹כ�è r�çß�%ò
%i� >�íß�ZO�_� �â
Äº 4t�� ÅÒ#Q��� 4xü<

�'aº��
�#� #Q�"� °úכ�Ð�� &�t���� >�íß�s� Ô�¦îß�&ñ
K������. 7£¤, un
i°úכ_� s��©�ô�Ç '��1lx, \V\�¦[þt#Q µ1Ïíß��̀¦ �Ð>�

�)a��. r�çß�\� @/ô�Ç s�ü<°ú �Ér îß�&ñ
$í
�̀¦ ì�r$3�
�l� 0AK�"f ·ú¡\�"f ��ê�r î̈
����� ��&ñ
K�( (2.10))\�"f ωëß�

�̀¦ 4�¤�èÃº�Ð 2[/åL
��¦, k̃��H &ñ
SX�ô�Ç K�_� kü<��H �̧�FK ��\�¦ Ãº e��t�ëß� z�́Ãº���¦ ��&ñ
ô�Ç��5.

un
i = ei(ω̃n4t−k̃i4x) (2.15)

0A_� ��&ñ
K�\�¦ d�� (2.7)\� @/{9�
�#� &ñ
o�
����, d�� (2.12)�Ð ÂÒ'�,

cos(ω̃4t) =

(

c4t

4x

)2

[cos(k̃4x) − 1] + 1 (2.16)

ω̃ =
1

4t
cos−1{

(

c4t

4x

)2

[cos(k̃4x) − 1] + 1} =
1

4t
cos−1(ξ) (2.17)

#�l�"f S ≡ c4t/4x�Ð ¿º��� (Courant stability parameter),

ξ = S2[cos(k̃4x) − 1] + 1 (2.18)

s� �)a��. �̧��H ��0pxô�Ç k̃\� @/K�"f 1 − 2S2 ≤ ξ ≤ 1�̀¦ ëß�7á¤K��� ô�Ç��.

(1) −1 ≤ ξ ≤ 1 {9� M: (0 ≤ S ≤ 1) :

ω̃imag = 0 s�Ù¼�Ð, îß�&ñ
&h���� K�\�¦ %3���H��.

(2) 1 − 2S2 ≤ ξ ≤ −1 (S > 1) :

ω̃imag 6= 0 s�Ù¼�Ð, Ô�¦îß�&ñ
ô�Ç K�\�¦ %3���H��.

s��©�_� ��z�́�̀¦ 7áx½+Ë
����, K�_� Ãºu� îß�&ñ
$í
�̀¦ 0AK�"f ��6£§õ� °ú �Ér �̧|	��̀¦ ëß�7á¤
�#��� ô�Ç��.

S =
c4t

4x
≤ 1 → 4t ≤ 4x

c
(2.19)

2.4 Yee Cellø� 3	�xjS FDTD

s�]j ��6£§õ� 3	�"é¶ Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ Ä»ô�Ç¹כ�è_� ~½ÓZO�Ü¼�Ð ����?/�Ð��.

∇ · ~D = 0 (2.20)

∇ · ~B = 0 (2.21)

∂ ~E

∂t
=

1

ε
∇× ~H (2.22)

∂ ~H

∂t
= − 1

µ
∇× ~E (2.23)

5/BNçß� �����\� ���Ér îß�&ñ
$í
�̀¦ ��&ñ

��¦ ��"f r�çß� ����o\� ���Ér îß�&ñ
$í
 �̧|	��̀¦ ¹1Ô���:r��.
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Figure 2.1: (i, j, k)\� 0Au�ô�Ç éß�0A Yee Cell_� �̧_þv. y�� cell ���� Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ ëß�7á¤r�v�l� 0AK�"f,

6>h_� field $í
ì�r[þts� 1/2 grid 	�s�_� p��è C��¾Ó�̀¦ °ú��¦ e��6£§�̀¦ �̂¦ Ãº e����.

#�l�"f source free (ρ = ~J = 0)��� /BNçß��̀¦ ��&ñ

�%i���. 6 FDTD\�"f��H 0A_� 4>h_� ~½Ó&ñ
d�� ×�æ\�"f

2>h_� curl ~½Ó&ñ
d��ëß��̀¦ ��6 x
�>� ÷&��HX<, Õª s�Ä»��H �� Qt� 2>h��H FDTD_� cell ½̈�̧_� :£¤$í
�©� ��1lx

&h�Ü¼�Ð ëß�7á¤÷&l� M:ë�Hs���.7 s� Ð�oÛ¼R/÷ ~½Ó&ñ
d��\���H �̧f�� 1	�_� p�ì�r�½Ó ëß�s� �í�<Ê÷&#Q e��Ü¼Ù¼�Ð, ·ú¡\�

"f ��ÀÒ%3�~�� 1	�"é¶ Û¼ºú��� ��1lx ~½Ó&ñ
d���̀¦ �©�l�
���� Z>����Ér #Q�9¹¡§ \O�s� Ä»ô�Ç¹כ�è_� ~½ÓZO�Ü¼�Ð ����

è­q Ãº e���̀¦ �Ü¼�Ð	כ �Ð�����. 
�t�ëß� s� �����l� ~½Ó&ñ
d��\���H field\�¦ ¬¹��
�l� 0Aô�Ç 6>h�� ÷&��H Û¼ºú��� $í


ì�r(Ex, Ey, Ez,Hx,Hy,Hz)�̀¦ ��ÀÒ#Q�� ô�Ç��. s� �â
Äº\� y�� (i, j, k) Bj�̧o� cell\� 0Au�
���H field $í
ì�r[þt

_� p�[jô�Ç C�u��� ×�æ¹כ
�>� ÷&Ù¼�Ð \V�©�ëß��pu çß�éß�
�t���H ·ú§��. \V\�¦[þt#Q °ú �Ér (i, j, k)\� 0Au�ô�Ç Exü<

Hx\�¦ ��Ò�¦M:\�, °ú �Ér cell ?/\�"f 1/2 ëß��pum��_� 0Au� 	�s�ü<  7�'�_� ~½Ó�¾Ó 	�s�\�¦ �¦�9K� ÅÒ#Q�� ô�Ç��

��H �s���.8	כ

s�ü< °ú �Ér >h¥Æ�[þt�Ér 1966�̧�\� Kane Yee�� ]jîß�ô�Ç Yee cell ½̈�̧[8]_� �̧_þv�̀¦ ¶ú�(R�Ð��� ~1�>� s�K�

|̈c Ãº e���̀¦ �.���s	כ ÕªaË> 2.1\� (i, j, k) cell 0Au�\� K�{©�÷&��H 6>h_� field $í
ì�r[þt_� p��è C��¾Ó�̀¦ ����?/

%3���. #�l�\� ����èß� field $í
ì�r[þt�Ér, \V\�¦[þt#Q (��ÉÓ'� Bj�̧o� �©�_� 0Au��Ð ³ðl�½+É M:\���H Ex[i][j][k]%�

!3� °ú �Érýa³ð (i, j, k)\�¦ °ú�>�÷&t�ëß�, (���Ér $í
ì�r\� @/K�"f�̧ ��ðøÍ��t�) 1/2 grid ��t� &ñ
SX�y�����?/���

Ex|i+1/2,j,k�Ð ����è­q Ãº e����. °ú �Ér ~½Ód��Ü¼�Ð Hx[i][j][k] ↔ Hx|i,j+1/2,k+1/2 s� H�d�̀¦ ~1�>� �̂¦ Ãº e����.

ô�Ç¼#� ÕªaË> 2.1\� �����·p éß�0A Yee cell�̀¦ ìøÍ4�¤&h�Ü¼�Ð Áú¢Ü¼��� ����̂ 3	�"é¶ /BNçß��̀¦ ���:£§\O�s� G�¹¡§�̀¦ ·ú� Ãº

6FDTD>�íß�\� �íl� field\�¦ ëß�[þt#Q?/��H source\�¦ V,�l� 0AK�"f ���l� ���ÀÓ  7�'�( ~J)ü< ��l� ���ÀÓ  7�'�( ~M)_� �̧{9�s� ¹כ��9


���.
7s��¦̀�	כ �Ðs���H �¦̀�	כ s� �©�_� õ�]j�Ð ô�Ç��.
87£¤, °ú �Ér cell?/\�"f�̧ Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ ëß�7á¤
��̧2�¤ field $í
ì�r[þt�̀¦ &ñ
�§
�>� C�u�K��� ô�Ç����H �.���s	כ
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e����. ¢̧ô�Ç y�� (i, j, k)0Au����� ���Ér ß¼l�_� /BNçß¹כ��è (4xi,4yj,4zk)\�¦ ��&ñ

�%i���.9

s�]j Ð�oÛ¼R/÷ ~½Ó&ñ
d��\� e����H 1	� ¼#�p�ì�r�̀¦ ��6£§õ� °ú s� Ä»ô�Ç¹כ�è_� ~½ÓZO�Ü¼�Ð ����?/���,10

∂u

∂x
(i4x, j4y, k4z, n4t) =

un
i+1/2,j,k − un

i−1/2,j,k

4x
(2.24)

∂u

∂t
(i4x, j4y, k4z, n4t) =

u
n+1/2
i,j,k − u

n−1/2
i,j,k

4t
(2.25)

s� ~½Ód���̀¦ ��6 x
�#� \V\�¦[þt#Q ��6£§õ� °ú �Ér curl ~½Ó&ñ
d��_� ô�Ç $í
ì�r�̀¦,

∂Hz

∂t
=

1

µ

[

∂Ex

∂y
− ∂Ey

∂x

]

(2.26)

Ä»ô�Ç �_¹�èכ ~½ÓZO�Ü¼�Ð ����?/���,

Hz|n+1/2
i+1/2,j+1/2,k − Hz|n−1/2

i+1/2,j+1/2,k

4t
=

1

µi+1/2,j+1/2,k
{
Ex|ni+1/2,j+1,k − Ex|ni+1/2,j,k

4yj

−
Ey|ni+1,j+1/2,k − Ey|ni,j+1/2,k

4xi
} (2.27)

&ñ
o�
���� ��6£§õ� °ú s� jþt Ãº e����.

Hz|n+1/2
i+1/2,j+1/2,k = Hz|n−1/2

i+1/2,j+1/2,k +
4t

µi+1/2,j+1/2,k
· [ 1

4yj
(Ex|ni+1/2,j+1,k − Ex|ni+1/2,j,k)

− 1

4xi
(Ey|ni+1,j+1/2,k − Ey|ni,j+1,k)] (2.28)

0A_� d���̀¦ (��ÉÓ'� Bj�̧o� �©�_� cell_� 0Au��Ð ³ðr�
����,

Hz[i][j][k] = Hz[i][j][k] +
4t

µ[i][j][k]
· [ 1

4y[j]
(Ex[i][j + 1][k] − Ex[i][j][k])

− 1

4x[i]
(Ey[i + 1][j][k] − Ey[i][j][k])] (2.29)

�� �)a��.

��ðøÍ��t� ~½Ód��Ü¼�Ð Ez $í
ì�r_� \O�X<s�àÔ d���̀¦ >�íß�
���� ��6£§õ� °ú s� H�d�̀¦ ~1�>� �Ð{9� Ãº e����.

Ez|n+1
i,j,k+1/2 = Ez|ni,j,k+1/2 −

4t

εi,j,k+1/2
· [ 2

(4yj−1 + 4yj)
(Hx|n+1/2

i,j+1/2,k+1/2 − Hx|n+1/2
i,j−1/2,k+1/2)

− 2

(4xi−1 + 4xi)
(Hy|n+1/2

i+1/2,j,k+1/2 − Hy|n+1/2
i−1/2,j,k+1/2)] (2.30)

9>�íß� ½̈�̧\� ÂÒì�r&h�Ü¼�Ð [jx9�ô�Ç /BNçß� ¬¹���� ¹ô�Çכ��9 �â
Äº, Õª ÂÒì�rëß��̀¦ [jx9�ô�Ç Ä»ô�Ç¹כ�è�Ð ����è­q Ãº e��Ü¼Ù¼�Ð ò́Ö�¦&h�

��� Bj�̧o� C�u��� ��0px
�>� �)a��.
10
O(4x2), O(4t2) s��©�_� �̧	���H Áºr�
�%i���.
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#�l�"f d�� (2.28)õ� (2.30)�̀¦ ¶ú�(R�Ð���, Eü< H X<s�'�_� \O�X<s�àÔ r�y��s� 1/2 ëß��pu ��ØÔ>� H�d�̀¦

·ú� Ãº e����. Õª�QÙ¼�Ð FDTD\�"f ô�Ç steps�êøÍ, r�y�� n\�"f E\�¦ \O�X<s�àÔ
��¦ r�y�� n + 1/2\�"f H\�¦

\O�X<s�àÔ
���H �.���s	כ s�XO�>� 
���� ��6£§ step r�y�� n + 1\�"f E\�¦ \O�X<s�àÔ½+É M:\� ���Ð ���\� >�íß�Ùþ¡

~�� n + 1/2\�"f_� H\�¦ s�6 x½+É Ãº e��>� �)a��. s�ü<°ú �Ér í�H	�&h���� \O�X<s�àÔ ~½ÓZO�\� _�K�"f r�çß�\� @/ô�Ç

field_� ����o\�¦ ½̈½+É Ãº e��>� ÷&��H �.���s	כ �� Qt� $í
ì�r[þt\� @/ô�Ç \O�X<s�àÔ d���Ér Taflove_� Õþ�([4])�̀¦ �ÃÐ

�̧
�l� ���� 9, ��t�}��Ü¼�Ð 3	�"é¶ FDTD\�"f_� Ãºu� îß�&ñ
$í
 �'a>�d���̀¦ ���/åL
��̧2�¤ 
���x��.

Ä»�̧ õ�&ñ
�Ér Òqt|ÄÌ
��¦ ����:rëß� ����?/���,11 d�� (2.19)\� @/6£x
���H 3	�"é¶ Ãºu� îß�&ñ
$í
 �̧|	��Ér ��6£§õ�

°ú ��.

4t ≤ 1

c
√

1
(4x)2

+ 1
(4y)2

+ 1
(4z)2

(2.31)

#�l�"f 4x��H {4xi} ×�æ\�"f þj�è°úכs��� (���Ér $í
ì�r\� @/K�"f�̧ ��ðøÍ��t�).

2.5 Real world vs. FDTD Space

FDTD ]X�_� ��t�}��Ü¼�Ð FDTD /BNçß�\�"f_� Ãºu�ü< z�́]j [j>�\�"f_� °úכ[þt ��s�_� �'a>�d���̀¦ ¶ú�(R�Ð�̧

2�¤ ô�Ç��. #�l�"f FDTD\�"f_� 4x, 4y, 4z�� /BNçß�\� @/K�"f ç�H{9�(uniform)
��� "f�Ð ��\�¦ Ãº e�����¦

��&ñ
ô�Ç��. Õªo��¦ 4t ��H Courant stability �̧|	� (2.31)�̀¦ ëß�7á¤
��̧2�¤ ���×þ�÷&%3���.

(1) Grid_� ß¼l�

KAIST\�"f>hµ1Ïô�Ç FDTD\�"f12 /BNçß�_� grid 4x, 4y, 4z ß¼l���HU�́s� 1(a)�Ð ��&ñ
ô�Ç13 F�g���&ñ
���

��\�¦ ��è�H ß¼l��Ð {9�§4� ~ÃÎ��H��. s� ß¼l�\�¦ y��y�� latticex, latticey, latticez���¦ ¿º���, \V\�¦[þt#Q ���y��+þA

����� ½̈�̧\�¦ ¬¹��½+É M:\� x~½Ó�¾ÓÜ¼�Ð_� þj�è �����_� ß¼l��� 1(a)/(latticex)�� �)a��. 
�t�ëß� Ãºu� >�íß�

\�"f s�ü< °ú �Ér ì�rÃºd���Ér "é¶u�·ú§��H ÂÒ&ñ
SX�$í
14�̀¦ ��l�½+É Ãº e��Ü¼Ù¼�Ð, z�́]j�Ð��H &h�{©�ô�Ç þj�è/BNC�Ãº\�¦

Y�L
�#� ��6£§õ� °ú �Ér [j Ãº q�Ö�¦_� þj�è &ñ
Ãº°úכÜ¼�Ð grid °ú̀�כ¦ &ñ

�%i���.

The smallest integers of the ratio
1

latticex
:

1

latticey
:

1

latticez
(2.32)

s�[j°ú̀�כ¦y��y��4x(q), 4y(q), 4z(q)�Ð³ðl�
�l��Ðô�Ç��.#�l�"f q��HU�́s�_�	�"é¶�̀¦��t� 9 grid_�

ß¼l�\�¦ ¬¹��
���H þj�èéß�0A�� �)a��.15

11Ä»�̧õ�&ñ
�Ér Taflove Õþ�([4]), Chap. 4 �ÃÐ�̧. s��¦̀�	כ s� �©�_� õ�]j�Ð ô�Ç��.
12�̂�²DG�&³s� >hµ1Ïô�Ç ver. 3.4\�¦ l�ìøÍÜ¼�Ð
�#� �̂�[j��³s� Ãº&ñ
 �Ð¢-a
�%i���. �&³F� ver. 6.57 ��t� >hµ1Ï÷&#Qe����.
13F�g���&ñ
 ½̈�̧�� ����� �â
Äº\�¦ >�íß�½+É M:��H �©�S!�\� ú́�>� éß�0AU�́s�\�¦ e��_��Ð &ñ
½+É Ãº e���̀¦ �.���s	כ \V\�¦[þt#Q microdisk >�

íß�_� �â
Äº disk_� t�2£§�̀¦ 1(a)�Ð Ñüt Ãº e����.
14\V\�¦[þt#Q í�H8̈�
�t� ·ú§��H Áºô�Ç �èÃº�� ÷&����, í�H8̈�_� ÅÒl��� B�Äº 	�H �â
Äº &ñ
SX�ô�Ç Ãºu� >�íß�s� #Q§>�>� �)a��.
15\V\�¦[þt#Q latticex = 20, latticey = 20, latticez = 30��� �â
Äº, 1/20 : 1/20 : 1/30_� þj�è &ñ
Ãºq���H 3 : 3 : 2�� ÷&Ù¼

�Ð,4x = 3(q), 4y = 3(q), 4z = 2(q) �� �)a��.
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0A_� [j °ú̀�כ¦ z�́]j /BNçß�\�"f_� °úכÜ¼�Ð 8̈�íß�
���H {9��Ér B�Äº çß�éß�ô�Ç��. ÅÒ#Q��� F�g���&ñ
 �����_� ÅÒl�

\�¦ a(m)���¦ 
����,16

4x(m) =
a(m)

latticex
4y(m) =

a(m)

latticey
4z(m) =

a(m)

latticez
(2.33)

(2) F�g5Åq�̧

z�́]j /BNçß�\�"f F�g5Åq�̧ c�� ��� 3 × 108(m/sec)Ü¼�Ð ÅÒ#Qf���Ér "î
Ñþ�
���. FDTD /BNçß�\�"f�̧ F�g5Åq�̧

Ãºu���H 0A_� �©�Ãº�Ð >á¤°ú s� ÅÒ#Q�����. FDTD time \O�X<s�àÔ d��\�"f /BNçß� ýa³ðü< r�çß� ýa³ð_� Ä»ô�Ç¹כ

�è�o\�¦ ]jü@
��¦��H &ñ
SX�ô�Ç Ð�oÛ¼R/÷ ~½Ó&ñ
d���̀¦ ��6 x
�%i�l� M:ë�H\�, FDTD\�"f_� c�̧ 3 × 108(m/sec)�Ð

³ð�&³÷&��H °úכs���.

(3) r�çß� éß�0A_� ß¼l�

FDTD /BNçß�\�"f r�çß� step_� ß¼l� 4t��H Courant stability �̧|	�( (2.19), (2.31))�̀¦ ëß�7á¤
��̧2�¤ ���×þ�

÷&#Q e����. s�ü< °ú �Ér �̧|	��̀¦ ëß�7á¤
���H 1/(c4t)\�¦ S�Ð ³ðl�
����,17 S��H ��6£§_� �̧|	��̀¦ ëß�7á¤K��� 
��¦

S >

√

1

(4x)2
+

1

(4y)2
+

1

(4z)2
(2.34)

#�l�"f 4x, 4y, 4z\�¦ q_� éß�0A�Ð 
����, S_� éß�0A��H q−1�� �)a��. 4t_� éß�0A��H FDTD time \O�X<s�

àÔ_� þj�èéß�0A (update)�� ÷&�¦,

4t(sec · q · m−1) = 1(update) =
1

cS(q−1)
(2.35)

#�l�"f c = 3 × 108(m/sec)s���. ¢̧��H 0A_� d���̀¦ ���+þA
�#�

c =

(

1

S

)

q

(update)
(2.36)

\�¦ %3���H��. #�l�"f 5Åq�̧ c_� î̈
�������H FDTD /BNçß��©�\�"f time step 1 Êê\� qëß��pu �������<Ê�̀¦ �̂¦ Ãº

e����.

ô�Ç¼#� z�́]j /BNçß�\�"f r�çß� step_� ß¼l���H S\�¦ m−1_� éß�0A�Ð 8̈�íß�
�#� d�� (2.35)\�¦ s�6 x
�#�

4t(sec) =
1

3 × 108(m/sec) · S(m−1)
(2.37)

�� �)a��.

(4) ½©��� ÅÒ��Ãº(normalized frequency)

16#�l�"f éß�0A qü< m(meter) ��s�_� �'a>�d���̀¦ %3��̀¦ Ãº e����. 7£¤, 4x q = a m / latticex �� �)a��.
17s� Sü< d�� (2.19)_� Courant parameterü< �D¥1lx
�t� ú́� �	כ
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F�g���&ñ
�̀¦ ��Ò�¦M: ú́§s� s�6 x÷&��H ½©��� ÅÒ��Ãº��H F�g���&ñ
 �����_� ß¼l��Ð ½©����o�)a ÅÒ��Ãº�Ð Áº	�"é¶

_� °úכs���. Õª�QÙ¼�Ð FDTD /BNçß�õ� z�́]j /BNçß�\�"f °ú �Ér °ú̀�כ¦ °ú���H��. 7£¤,

ωn =
a(q)

λ(q)
=

a(m)

λ(m)
=

a(u)

λ(u)
(2.38)

#�l�"f u��H >�íß� cell�̀¦ [j��H þj�è éß�0A�Ð, uü< q ��s�\���H ��6£§õ� °ú �Ér �'a>��� e����.18

a(u) = latticex(u)

a(q) = 4x(q) · latticex (2.39)

(5) ���/BN\�"f_� ���©�

·ú¡_� ½©��� ÅÒ��Ãº �'a>�d�� (2.38)�̀¦ s�6 x
����, FDTD /BNçß�\�"f

λ(u) =
a(u)

ωn
=

latticex(u)

ωn
(2.40)

z�́]j /BNçß�\�"f,

λ(m) =
a(m)

ωn
(2.41)

�� �)a��.

(6) ÅÒ��Ãº

y��ÅÒ��Ãº ω��H ���/BN\�"f_� ���©� λü< ��6£§õ� °ú �Ér �'a>�\� e����.

ω = ck =
2πc

λ
(2.42)

d�� (2.36), (2.40)�̀¦ ��6 x
�#� FDTD /BNçß�\�"f_� éß�0A�Ð 8̈�íß�
����,

ω(update−1) =
2πc

λ
= 2πc × ωn

a(q)
=

2πωn

S(q−1)a(q) · 1(update)
(2.43)

ÅÒ��Ãº f��H

f(update−1) =
ωn

S(q−1)a(q) · 1(update)
(2.44)

z�́]j /BNçß�\�"f_� y��ÅÒ��Ãº��H

ω(1/sec) = ck =
2πc

λ
= 2πc × ωn

a(m)
(2.45)

18#�l�"f xü< y ~½Ó�¾ÓÜ¼�Ð Z�~��� F�g���&ñ
 _þtêÁ��̀¦ ��&ñ

�%i���.
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(7) ÅÒl�

ÅÒl���H çß�éß�y� ÅÒ��Ãº f (2.44)_� %i�Ãº�Ð ½̈½+É Ãº e����.

FDTD /BNçß�\�"f

T (update) =
2π

ω
=

S(q−1)a(q) · 1(update)

ωn
(2.46)

z�́]j /BNçß�\�"f

T (sec) =
2π

ω
=

a(m)

cωn
(2.47)

(8) Ô�¦SX�&ñ
$í
 �'a>�d��

FDTD\�"f Gaussian �̧�ª�_� envelope�̀¦ °ú���H dipole source\�¦ �̧{9�½+É M:\�19 :£¤&ñ
 /BN��� �̧×¼\�¦ ���

×þ�&h�Ü¼�Ð (̀Äºl� 0AK�"f source_� r�çß�;�¤ 4Tü< ÅÒ��Ãº_� ���;�¤ 4ωn ��s�_� �'a>�d��s� Ä»6 x
�>� �)a��.

z�́]j /BNçß�\�"f_� s�ü< °ú �Ér Ô�¦SX�&ñ
$í
 �'a>�d���Ér

4T 4f = 1 (2.48)

s��¦, FDTD /BNçß�\�"f_� �'a>�d���Ér 0A_� d�� (2.48)\� d�� (2.44)\�¦ s�6 x
����,

4t(update)4
(

ωn

S(q−1)a(q) · 1(update)

)

= 1 (2.49)

&ñ
o�
����,

4t(update)4(ωn) = S(q−1)a(q) · 1(update) (2.50)

_� Ô�¦SX�&ñ
$í
 �'a>�d���̀¦ %3���H��.

(9) ¾¡§0A°úכ(Quality factor)

/BN���l�_� ¾¡§0A°úכ�Ér ��6£§õ� °ú s� /BN��� ÅÒ��Ãº\� Áº�'aô�Ç /BN���l� ëß�_� �<Hz�́�̀¦ ¬¹��
���H �ª�Ü¼�Ð &ñ
_�

�)a��.20

Q = ωτ (2.51)

19
z�́]j FDTD >�íß� õ�&ñ
_� \V��H 3\�"f ��Ò�¦ �.���s	כ

20\V\�¦[þt#Q 1lx{9�ô�Ç ìøÍ��Ö�¦�̀¦ °ú���H ¿º >h_� mirror�Ð ½̈$í
�)a /BN���l�_� �â
Äº /BN��� y��ÅÒ��Ãº(ω)�� 2C��Ð &�t���� r�çß�\� @/

ô�Ç \��-t� �<Hz�́Ò�¦(γ)�Ér 2C��� ÷&�¦ lifetime(τ )�Ér 1/2C��� �)a��. Õª�QÙ¼�Ð ω × τ��H {9�&ñ

� 9 ÅÒ#Q��� mirror\� _�ô�Ç �<Hz�́ëß��̀¦

¬¹��
���H �ª�s� �)a��. Q_� &ñ
_���H [3]\�¦ �ÃÐ�¦.
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Õª�QÙ¼�Ð/BN��� �̧×¼_� lifetime τ�� FDTDr�çß�_�éß�0A(update)�Ð·ú��9&���̀¦M:,¾¡§0A°úכ�Érd�� (2.43)�̀¦

s�6 x
�#�

Q =
2πωn

S(q−1)a(q) · 1(update)
τ(update) (2.52)

�Ð jþt Ãº e����. ô�Ç¼#� /BN��� �̧×¼_� lifetime�Ér /BN����̧×¼_� \��-t� y���è q�Ö�¦�Ð &ñ
_� �)a��.

U(t(update)) = U0 exp(−t(update)/τ(update)) (2.53)

2.6 l� *�×�+ ø�V�

1. d�� (2.8)_� {9�ìøÍK��� d�� (2.9)�Ð ÅÒ#Qf���̀¦ �Ð#���.

2. {9�ìøÍ&h�Ü¼�Ð dipole source\�¦ �í�<Ê
���H FDTD\�"f��H ��6£§õ� °ú �Ér 2>h_� Ð�oÛ¼R/÷ ~½Ó&ñ
d��ëß� ��t��¦

field \O�X<s�àÔ\�¦ 
�>��)a��.

∇× ~E = −∂ ~B
∂t ,

∇× ~H = ∂ ~D
∂t + ~J

#�l�"f dipole source_� ò́õ���H ���ÀÓ 7�'� ~J\�¦ :�x
�#� ³ð�&³�)a��. 0A_� ¿º ~½Ó&ñ
d��Ü¼�Ð ÂÒ'� Ø�¦µ1Ï
�

#� ��6£§õ� °ú �Ér Ð�oÛ¼R/÷ ~½Ó&ñ
d��_� ���Ér ¿º d��s� $í
wn��<Ê�̀¦ �Ð#���. ô�Ç¼#�, FDTD >�íß� �íl�\� �̧��H

field_� °úכ�Ér 0Ü¼�Ð ��&ñ
ô�Ç��. (Xu_� �7Hë�H[9]õ� Taflove_� Õþ� pp.75 - 79 �ÃÐ�̧)

∇ · ~B = 0

∇ · ~D = ρ.

3. ��6£§õ� °ú s� ���+þA�)a Yee cell�̀¦ ¶ú�(R�Ð��.

s��¦̀�	כ ÕªaË> 2.1ü< q��§K� �Ð���, Eü< H_� 0Au��� ��7
#Q4R e��6£§�̀¦ �̂¦ Ãº e����. s� ���+þA�)a Yee

cell�̀¦ l�ìøÍÜ¼�Ð
�#� d�� (2.26)_� Ä»ô�Ç �_¹�èכ ³ð�&³(d�� (2.28))�̀¦ &h��¦, Õª�¦̀�	כ (��ÉÓ'� Bj�̧o� �©�

_� cell 0Au��Ð ³ð�&³(d�� (2.29))
���. s� ���+þA Yee cell�̀¦ ��6 x
�#��̧ 1lx1pxô�Ç FDTD >�íß��̀¦ Ãº'��½+É

Ãº e��6£§�̀¦ �Ð#���.
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4. d�� (2.31)_� Ãºu� îß�&ñ
$í
 �̧|	��̀¦ 7£x"î

�#���. (Taflove_� Õþ�_� Chap. 4 �ÃÐ�̧.) Õªo��¦, &ñ
$í
&h����

[O�"î
�̀¦ ��6 x
�#� c4t ≤
√

(4x)2 + (4y)2 + (4z)2ü< °ú s� ³ð�&³|̈c Ãº�� \O���Ht� [O�"î
K��Ð��.

5. a(t)\�¦ /BN���l� ?/ÂÒ\� $��©��)a \��-t� amplitude�Ð ¿º��. (7£¤, |a(t)|2 = a∗(t)a(t) = U(t)) {9�ìøÍ&h�

Ü¼�Ð, $��©��)a \��-t���H r�çß�\� @/
�#� t�Ãº&h�Ü¼�Ð y���èô�Ç��. Õª�QÙ¼�Ð,

a(t) = a0e
iω0te−t/(2τ)

�Ð jþt Ãº e����. #�l�"f ω0��H /BN��� �̧×¼_� /BN��� ÅÒ��Ãºs���. s� M: /BN���l�_� ¾¡§0A°úכ Q\� �'aô�Ç ��

6£§_� [j ��t� ³ð�&³s� Ãº�<Æ&h�Ü¼�Ð "f�Ð 1lx1px�<Ê�̀¦ �Ð#���.

(a) Q = ω0
U(t)

−dU/dt

(b) Q = ω0τ

(c) Q = ω0

4ω = λ0

4λ

#�l�"f λ = 2πc/ωs��¦, 4λ ü< 4ω��H a(t)_� Fourier transform_� Power spectrum\�"f_�

FWHMs���.21

21ÅÒ_�: (c)\�¦ 7£x"î
½+É M:\� 4λü< 4ω�� B�Äº �������H ��H��\�¦ ��6 x
�t� ú́� �.	כ
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V� 3 *�× Contour FDTD

{9�ìøÍ&h�Ü¼�Ð z�́]j F�g���&ñ
 Ò�re�¦�̀¦ ]j���
����, ]j��� õ�&ñ
\�"f �̧{9�÷&��H #��Q��t� ¹���Ü¼�Ðכ ���
�#� ½̈�̧

&h� ����<Ês� ����±ú� Ãº e����. s�ü<°ú �Ér Ô�¦¢-a���ô�Ç ½̈�̧\�"f µ1ÏÒqt
���H /BN��� �̧×¼_� :£¤$í
�̀¦ s��©�&h���� >�

íß� ½̈�̧ü< q��§ô�Ç����H ��Ér	כ /'î�r {9�s� ��m���.1 ëß����\� ]j����)a ½̈�̧_� ������&³p��â
(Scanning Electron

Microscope; SEM) �����Ü¼�ÐÂÒ'� z�́]j J�����̀¦ {9�§4�~ÃÎ��"f ��0pxô�Çô�Ç z�́]j\� ����î�r ½̈�̧\�¦ ��6 x
�#�

>�íß�
�>� ÷&���, z�́+«> X<s�'�\�¦ K�$3�
���H {9�s� �s̀��� çß�éß�K� |9� �.���s	כ s�ü< °ú �Ér {9��̀¦ ��0px
��̧2�¤ 
�

��H ~½ÓZO�s� Contour FDTD s���.

s� �©�\�"f��H contour FDTD~½ÓZO��̀¦ ��6 x
�#� F�g���&ñ
 /BN���l�\�¦ K�$3�
���H ���+þA&h���� õ�&ñ
\� @/K�"f

¶ú�(R�:r��.2 #�l�"f��ÀÒ>� |̈c F�g���&ñ
/BN���l� ½̈�̧��HÕªaË> 3.1\� ������ e����.s���Ér	כ InAs�ª���&h��̀¦�í

�<Ê
��¦ e����H GaAs _þtêÁ�\� /BNl� ½̈"í
s� Ýü��9e����H éß�{9�����<Ê F�g���&ñ
 /BN���l�s���.[10, 11] z�́+«>\���6 x�)a

InAs �ª���&h��Ér ∼ 950nm \�"f PL peak�̀¦ ��t� 9 PL_� inhomogeneous broadening ;�¤�Ér ∼ 50nm &ñ
�̧

s���. F�g���&ñ
 _þtêÁ�_� ¿ºa���H 200nm s���.

Contour FDTD>�íß��̀¦0AK�"f��H���$�]j����)aÒ�re�¦_�������&³p��â
������̀¦n��#Q��ô�Ç�� (ÕªaË> 3.1(a)).

������&³p��â
 �����Ü¼�ÐÂÒ'� ]j����)a F�g���&ñ
_� ÅÒl��� ∼285nm�Ð 8£¤&ñ
÷&%3���. Õª���X<, ]j����)a /BNl� ½̈"í


_� �̧�ª�s�Ô�¦½©gË:&h�s�Ù¼�Ð ½̈"í
_�ìøÍ�â
�̀¦&ñ
_�
�l���~1�t�·ú§��.s��â
Äº������&³p��â
�����\�"f�Ðs���H

@/�Ð ½̈"í
 �̧�ª�_� contour\�¦ Õª@/�Ð FDTD epsilon ½̈�̧\� ìøÍ%ò
½+É Ãº e�������z�́]j �©�S!��̀¦ Õª@/�Ð ìøÍ%ò



���H�Ð��&ñ
SX�ô�Ç>�íß�s���0pxK�|9��<s���.ÕªaË	כ 3.1(b)�� FDTD >�íß�\�z�́]j�Ð��6 x|̈c FDTD epsilon

½̈�̧\�¦ �Ð#�ï�r��. FDTD >�íß��̀¦ 0Aô�Ç ����̂ domain_� ß¼l���H x − y ~½Ó�¾ÓÜ¼�Ð��H 18 × 14 s��¦ z ~½Ó�¾Ó

Ü¼�Ð��H _þtêÁ�_� ¿ºa� T = 200/285\�¦ �í�<Ê
�#� 3 + T�Ð 
�%i���.3 >�íß� ½̈�̧_� �â
>� �̧|	��Ér Perpectly

Matched Layer (PML)�Ð ·ú��9��� f�̈Ãº �â
>�8£x�̀¦ ��6 x
�%i���. s��¦̀�	כ ��6 x
���� Ä»ô�Çô�Ç >�íß� domainÜ¼

�Ð Áºô�Çy� 	�H C��â
�̀¦ ¬¹��½+É Ãº e����.4 PML\� �'aô�Ç ��[jô�Ç �7H_���H Taflove Õþ��̀¦ �ÃÐ�̧
�l� ��êøÍ��.[4]

FDTD>�íß�_�/BNçß� cell_�ß¼l���H���~½Ó�¾ÓÜ¼�Ð°ú �Érß¼l����∼20 grids/a�Ð
�%i���.Õª�QÙ¼�Ð, (latticex,

latticey, latticez) = (20, 20, 20)s���. d�� 2.32\� &ñ
_�÷&#Q e����H the smallest integers of the ratio °úכ�Ér

(1 q,1 q,1 q)�� �)a��. s��¦̀�	כ mks éß�0A>�\�¦ ��6 x
�#� ����?/���, 4x = 4y = 4z ' 14.25 nm �� �)a

��. s�]jÃºu� îß�&ñ
$í
 �̧|	��̀¦ �Ð�©�
���Hr�çß� cell_� ß¼l� 4t\�¦ ½̈K��Ð�̧2�¤ô�Ç��. d�� 2.34\� ��ØÔ���, S��H
√

12 + 12 + 12 =
√

3�Ð��ß¼>� ���×þ�÷&#Q��ëß�ô�Ç��.#�l�"f��H S\�¦ 2 q−1�Ð&ñ

���.Õª�QÙ¼�Ð, FDTD /BN

çß�\�"f ynC�Ér ô�Ç���_� FDTD \O�X<s�àÔ 1lxîß�\� 1/2 grid\�¦ �����K� ����>� �)a�� [d�� 2.36. s� FDTD r�çß�

1\V\�¦[þt#Q z�́]j]j����)a ½̈�̧\�"fµ1Ï���ô�Ç YUs�$� �̧×¼��#Q�"� �̧×¼\�"f l����
�%i���Ht�\�¦¶ú�(R�Ðl� 0AK�"f, FDTD >�íß�õ�

z�́]j µ1Ï��� �̧×¼_� ���©��̀¦ q��§
���H {9�s� ��ìøÍ��s���.
2þj��H\� ���:r Taflove_� Dh edition\�"f(The finite-difference time-domain method, Artech House, 3rd ed.) Äºo�_�

contour FDTD\�¦ �è>h
�%i���.
3#�l�"f �̧��H ½̈�̧_� ß¼l���H ����� �©�Ãº a(= 1)_� éß�0A�Ð ����?/%3���.
4ëß����\� PML �â
>� �̧|	��̀¦ ��6 x
�t� ·ú§��H����� #Q�"� {9�s� µ1ÏÒqt½+É��? >�íß� ½̈�̧ �â
>� �- Q_� %ò
%i��Ér ��z�́�©� �̧��H field\�¦

0Ü¼�Ð ��&ñ
ô�Ç �Ü¼�Ð	כ �̂¦ Ãº e��Ü¼Ù¼�Ð, Perfectly conducting mirror�� Z�~��� ��õ	כ °ú �Ér ò́õ�\�¦ %3�>� �)a��.
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Figure 3.1: (a) ]j����)a éß�{9� ����<Ê F�g���&ñ
 /BN���l�_� ������&³p��â
 �����. s� /BN���l���H InAs �ª���&h��̀¦ �í�<Ê


��¦ e����H GaAs _þtêÁ� 0A\� ]j���÷&%3���. ���y��+þA F�g���&ñ
_� ����� ÅÒl� a��H ∼285 nms��¦ _þtêÁ�_� ¿ºa���H

200nms���. (b) ]j����)a Ò�re�¦_� FDTD epsilon ½̈�̧. _þtêÁ�_� ÏãJ]X�Ò�¦�Ér 3.5�Ð ���×þ�÷&%3���. FDTD >�íß�

\� ��6 x�)a /BNçß� cell_� ß¼l���H ∼20 grids/a%i���. ]j����)a /BN���l�_� ×�æd�� ÂÒ��H�̀¦ FDTD >�íß� ½̈�̧_� "é¶

&h�Ü¼�Ð 
�%i���.

éß�0A 4t\�¦ �í_� éß�0A�Ð ����?/���, 1 q−1 = (1/14.25 × 10−9)m−1s�Ù¼�Ð, d�� 2.37\�¦ ��6 x
����

4t(sec) =
1

3 × 108(m/sec) · (2/14.25 × 10−9)(m−1)
' 2.4 × 10−17(sec) (3.1)

s� °úכ�Ér �����l� field_� ���1lx�̀¦ ��[jy�¬¹��½+É Ãº e���̀¦ &ñ
�̧�Ð B�Äº �����. \V\�¦[þt#Q ���©� 1 µm���ynC

_� �â
Äº ô�Ç ÅÒl���H ∼ 10−15�í s���. Õªo��¦ 10 000���_� \O�X<s�àÔ r�çß��Ér ��� 2.4 ps\� K�{©��)a��.

3.1 Ù��7��]� source��· l�£� ø5� <�ë«כ� �¿Þ« P±Øe�

FDTD >�íß�s� }�� r����
��9�¦ 
���H r�&h�\���H �̧��H FDTD >�íß� cell_� field °úכs� 0s���. Õª�QÙ¼�Ð Áº%Á	

�����\�¦ >�íß�
��¦ z�·����� ynC�̀¦ V,�#QÅÒ#Q�� ½+É �.���s	כ FDTD ½̈�̧\� �íl� ynC source\�¦ V,�#QÅÒ��H @/³ð

&h���� ~½ÓZO��Ér ��6£§õ� °ú ��. Ð�oÛ¼R/÷ ~½Ó&ñ
d��\� ���l� ���ÀÓ  7�'� ~Jü< ��l� ���ÀÓ  7�'� ~M�̀¦ �í�<Êr�&� �Ð��.

∂ ~E

∂t
=

1

ε
∇× ~H − 1

ε
~J (3.2)

∂ ~H

∂t
= − 1

µ
∇× ~E − 1

µ
~M (3.3)
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"é¶A� Ð�oÛ¼R/÷ ~½Ó&ñ
d��\� ��l� ���ÀÓ  7�'� ~M�½Ó�Ér \O���.5 Õª�Q�� FDTD\�"f��H >�íß�_� ¼#�_��©� �̧{9�½+É

Ãº e����! \V\�¦[þt#Q �íl�\� :£¤&ñ
 /BNçß� t�&h�\� Ex field $í
ì�r�̀¦ ÅÒ�¦ z�·����� Jx $í
ì�r\� °ú̀�כ¦ ÅÒ��� �)a��

(d�� (4.1)�ÃÐ�̧). ô�Ç¼#� Hz field $í
ì�r�̀¦ ÅÒ�¦ z�·����� Mz $í
ì�r�̀¦ s�6 x
���� �)a��. s�ü<°ú s� ���ÀÓ 7�'�\� _�

ô�Ç source �½Ós� �í�<Ê÷&#Q e����H �â
Äº ·ú¡\�"f Ä»ô�Ç¹כ�è_� ~½ÓZO�Ü¼�Ð ����?/%3�~�� Ð�oÛ¼R/÷ ~½Ó&ñ
d��_� ô�Ç $í


ì�r, \V\�¦[þt��� d�� (2.28)��H ��6£§õ� °ú s� SX��©��)a��.

Hz|n+1/2
i+1/2,j+1/2,k = Hz|n−1/2

i+1/2,j+1/2,k +
4t

µi+1/2,j+1/2,k
· [ 1

4yj
(Ex|ni+1/2,j+1,k − Ex|ni+1/2,j,k)

− 1

4xi
(Ey|ni+1,j+1/2,k − Ey|ni,j+1,k) − Mz|ni+1/2,j+1,k] (3.4)

��ðøÍ��t� ~½ÓZO�Ü¼�Ð ���Ér $í
ì�r_� ~½Ó&ñ
d��[þt�̧ source �½Ó�̀¦ �í�<Êr�&� &h��̀¦ Ãº e���̀¦ �s���.6	כ

/BN��� �̧×¼\�¦ (̀Äºl�0AK�"f���©� ú́§s���6 x
���H source �<ÊÃº_�+þAI���H Gaussian �<ÊÃº_� envelope�̀¦

°ú���H harmonicÜ¼�Ð ���1lx
���H �.���s	כ Äºo���H s��¦̀�	כ Gaussian dipole source���¦ ÂÒ�Ér��.7

~J(~r0, t) ∝ sin(2πft + φ) exp{− [(t − t0)/δt]
2} (3.5)

/BN��� �̧×¼_� node����u�́ ��Ü¼�Ð\V�©�÷&��H/BN���l�?/_�:£¤Z>�ô�Ç&h	כ ~r0\� dipole source\�¦×�¦Ãºe����.

#�l�"f ~J(¢̧��H ~M)��H Ex, Ey, Ez,Hx,Hy,Hz 6>h_� field $í
ì�r [þt ×�æ_� 
����� |̈c Ãº e����. ô�Ç¼#� KAIST

FDTD\�"f��H, exp(−32) ' 0.2%����H ��z�́�̀¦ s�6 x
�#� field_� [jl��� þj@/�� ÷&��H &ñ
&h�\�"f_� r�y��

t0\�¦ 3δt�Ð &ñ

�%i���. r�y�� t = 0\�"f Gaussian dipole source�� r����½+ÉM:��H exp{−(3δt/δt)2}_� ß¼l�\�¦
°ú���H��. Õª��� Êê\� r�y�� t = 3δt\�"f &ñ
&h�_� °ú̀�כ¦ °ú��¦ ��r� field_� [jl���H y���èô�Ç��. ���²DG Gaussian

source�� ���1lx
���H ����̂ r�çß�_� U�́s���H 6δt�� ÷&�¦ FWHM��H 3δts���. Õª�QÙ¼�Ð source\� _�
�#� (̀0>

���(exicited) /BN��� �̧×¼_� :£¤$í
�̀¦ ì�r$3�
�l� 0AK�"f��H 6δt s�Êê_� field\�¦ �'a¹1Ï
�>� �)a��.

���$�,ÅÒ#Q���/BN���l�?/\��>rF�½+ÉÃºe����H �̧��H �̧×¼\�¦�'a¹1Ï
�l�0A
�#�V,��ÉrÅÒ��Ãº@/%i�;�¤�̀¦°ú���H

Gaussian dipole source\�¦ ��6 x
�%i���. #�l�"f��H Hz Gaussian dipole source\�¦ ��6 x
�%i���HX<, Gaussian

envelope_� r�çß�;�¤ (FWHM)s� 3δt = 4T = 600 (update)s��¦ ×�æd�� ÅÒ��Ãº��H (½©��� ÅÒ��Ãº) ω0 = 0.3

%i���. Dipole source_� 0Au���H (0.0,−0.3a)�Ð 
�%i���. ·ú¡\�"f Ä»�̧ô�Ç r�çß�-ÅÒ��Ãº Ô�¦SX�&ñ
$í
 �'a>�d��\�

��ØÔ��� [Eq. 2.50], 4T = 600_� r�çß�;�¤�ÉrÅÒ��Ãº @/%i�\�"f_� 4ωn ' 0.067 ëß��pu_����;�¤�̀¦ ����ÍÇr�̀¦·ú�

Ãº e����.

5���
�(electric charge)��He��t�ëß���l����
�(magnetic charge)��H\O�l�M:ë�Hs���.��l����
���\O�l�M:ë�H\��½Ó�©�∇· ~B = 0�Ð

jþt Ãº e����H �.���s	כ s�ü< �'aº���)a <Éªp��Ðî�r �7H_���H Jackson_� “On the question of magnetic monopoles”\�¦ {9�#Q�Ðl� ��êøÍ

��.[6]
6s�ü< °ú s� �̧{9��)a source��H Óüto�&h�Ü¼�Ð �����Û¼XO���. ëß����\� FDTD /BNçß��©�_� ô�Ç &h�\� field °ú̀�כ¦ e��_��Ð &ñ
K���� °ú̀�כ¦ ï�r

���¦ ��&ñ
K��Ð��.s� �â
Äº�����s� ëß�[þt#Q�·p field \� _�K�"f source �� ���½+É Ãº�� \O���! s���Ér	כ B�Äº q�Óüto�&h�����©�S!�s���.{9�

ìøÍ&h�Ü¼�Ð ynC�̀¦ ~½ÓØ�¦
���H "é¶����H ÅÒ��� 8̈��â
\� _�K�"f Õª ~½ÓØ�¦ :£¤$í
s� ���ô�Ç��. s���_	כ @/³ð&h���� \V��H Purcell ò́õ��Ð ·ú��94R

e����.[12] s�ü< °ú �Ér �&³�©���t� &ñ
SX�y� ¬¹��
�l� 0AK�"f��H ���ÀÓ 7�'� �½Ó�̀¦ ��Ë̈#Q�� ô�Ç��.
7r�çß� %ò
%i�\�"f_� Gaussian �<ÊÃº��H ÅÒ��Ãº %ò
%i�\�"f�̧ Gaussian +þAI��� �)a��. Õª�QÙ¼�Ð ÅÒ��Ãº %ò
%i�\�"f dc $í
ì�r�̀¦ ú̧�

ëß�[þtt� ·ú§��H����H �©�&h�s� e����.
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Figure 3.2: (0.0,−0.3a) t�&h�\�"f 8£¤&ñ
ô�Ç Hz field X<s�'�. /BN���l�\� �>rF�
���H �̧��H �̧×¼\�¦ (̀Äºl� 0A


�#�, ×�æd�� ÅÒ��Ãº�� ωn = 0.3s��¦ q��§&h� Âúª�Ér r�çß�;�¤ [4T = 600 (update)]�̀¦ °ú���H Gaussian dipole

source\�¦��6 x
�%i���. (a)r�çß�_��<ÊÃº�Ð8£¤&ñ
�)a Hz field. (b) Fourier���8̈�Ü¼�Ð%3�#Q��� power spectrum.

Figure 3.3: (0.0,−0.3a) t�&h�\�"f 8£¤&ñ
ô�Ç Hz field X<s�'�. 
���_� /BN��� �̧×¼ëß��̀¦ ���×þ�&h�Ü¼�Ð (̀Äºl�

0AK�"f, Hz Gaussian dipole source_�r�çß�;�¤�̀¦U�́>����×þ�
�%i��� [3δt = 4T = 4500 (update)]. ���Ér���

Ãº��H ·ú¡_� �â
Äºü< 1lx{9�
�>� 
�%i���.
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Figure 3.4: /BN���l� ?/\� �>rF�
���H ¿º >h_� �̧×¼\�¦ ì�ro�
�%i���. y�� �̧×¼\� @/
�#�, _þtêÁ� ×�æ�©�\�"f 8£¤

&ñ
ô�Ç Hz field ì�r�íü< ���l��©� [jl� ì�r�í |E|2\�¦ ����?/%3���. (a) �̧×¼ 1, ωn = 0.2844, λ = 1002 nm,

Q ∼ 470. (b) �̧×¼ 2, ωn = 0.3076, λ = 927 nm, Q ∼ 100.

s�]j Hz field\�¦ FDTD r�çß�(update)_� �<ÊÃº�Ð source\�¦ ÅÒ%3�~�� 1lx{9�ô�Ç 0Au�\�"f 8£¤&ñ

�%i��� (Õª

aË> 3.2(a)). X<s�'�\� ³ðr��)a r�çß�»¡¤_� ����̂ U�́s���H z�́]j r�çß�Ü¼�Ð 8̈�íß�
���� ∼ 10 ps &ñ
�̧s���. ����̂

&h���� �̧_þvs� t�Ãº&h�Ü¼�Ð y���è
��¦ e��Ü¼�� ���Ér �̧×¼�� �<Êa� [O�#� e��l� M:ë�H\� Ð�oZ�ts�_� �̧_þv�̀¦ ì�r"î


y� �'a¹1Ï½+ÉÃº e����. ÕªaË> 3.2(a)_� X<s�'�\�¦ Fourier ���8̈��̀¦ K��Ð���¿º >h_� �̧×¼���>rF��<Ê�̀¦ SX�z�́y� �̂¦

Ãº e����.

3.2 
����+ <�ë«כ� �¿Þ«ï5Ñ£�· ¤n>f9c
�e�


���_� /BN��� �̧×¼ëß��̀¦ ���×þ�&h�Ü¼�Ð (̀Äºl� 0AK�"f, Hz Gaussian dipole source_� r�çß�;�¤�̀¦ U�́>����×þ�
�

%i��� [3δt = 4T = 4500 (update)]. ���Ér ���Ãº��H ·ú¡_� �â
Äºü< 1lx{9�
�>� 
�%i���. s�ü< °ú �Ér |�� r�çß�;�¤�Ér

ÅÒ��Ãº%ò
%i�\�"f_����;�¤4ωn < 0.009\�K�{©��)a��.s����;�¤�Ér¿º �̧×¼��s�_�çß���� (ωn(2)−ωn(1))/2 '
0.011 �Ð�� ì�r"î
y� �����.


���m�� >hZ>�&h�Ü¼�Ð �̧×¼\�¦ (̀î�r �â
Äº r�çß� %ò
%i�\�"f �Ð��� field_� [jl��� L:�FM
�>� t�Ãº&h�Ü¼�Ð y��

�è
���H �¦̀�	כ �̂¦ Ãº e����. s� y���è �â
�¾ÓÜ¼�Ð ÂÒ'� /BN���l� �̧×¼_� Q °ú̀�כ¦ ÆÒ&ñ
½+É Ãº e����. /BN��� �̧×¼_�

lifetime�Ér d�� 2.53�Ð ÂÒ'� ½̈½+É Ãº e����. Q °úכ�Ér d�� 2.52�Ð ÂÒ'� ½̈K������. s� ~½ÓZO�Ü¼�Ð ½̈K���� Q °úכ�Ér

�̧×¼ 1_� �â
Äº ∼470%i��¦ �̧×¼ 2_� �â
Äº��H ∼100%i���.
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ô�Ç¼#� _þtêÁ�_� ×�æ�©�\�"f 8£¤&ñ
ô�Ç Hz field_� ì�r�íü< ���l��©� [jl�_� ì�r�í\�¦ ÕªaË> 3.4\� ����?/%3���. "é¶

A� s�ü< °ú �Ér éß�{9� ����<Ê /BN���l�\�"f /BN���l�_� �̧�ª�s� ¢-a#4�ô�Ç ¹¢¤~½Ó @/g�A$í
�̀¦ °ú��¦ e��%3������ ¿º �̧×¼��H

1lx{9�ô�Ç ÅÒ��Ãº\�¦ °ú��¦ e��#Q��ëß� ô�Ç�� (degeneracy).8 
�t�ëß� ]j��� õ�&ñ
\�"f µ1ÏÒqtô�Ç ½̈�̧_� Ô�¦ç�H{9�$í


Ü¼�Ð ���
�#� ¿º �̧×¼��H ì�ro�(split)÷&%3���. Õª���X<�̧ <Éªp��Ðî�r ��z�́�Ér ¿º >h_� ì�ro��)a �̧×¼_� ���1lx ~½Ó

�¾Ós� "f�Ð Ãºf��s�����H &h�s���.[14] s���õ	כ �'aº���)a �7H_���H �:r �̧àÔ_� #3�0A\�¦ #Á	#Q��Ù¼�ÐÒqt|ÄÌ
�l��Ð ô�Ç

��.

3.3 l� *�×�+ ø�V�

1. ÕªaË> 3.1(a)_� F�g���&ñ
 /BN���l�\�¦ contour FDTD ~½ÓZO��̀¦ s�6 x
�#� ì�r$3�K� �Ð�9�¦ ô�Ç��.

(a) (latticex, latticey, latticez) = (30, 30, 20)

(b) (latticex, latticey, latticez) = (40, 40, 20)

0Aü< °ú s� ¿º ��t� /BNçß� cell ß¼l�\� @/K�"f 1) d�� 2.32\� &ñ
_�÷&#Q e����H the smallest integers of

the ratio °ú̀�כ¦ q_� éß�0Aü< mks éß�0A�Ð ����?/�¦, 2) Ãºu� îß�&ñ
$í
 �̧|	��̀¦ ëß�7á¤
���H S\�¦ ���×þ�
�#�
q−1_� éß�0A�Ð ����?/#Q��. 3) ��t�}��Ü¼�Ð 4t (d�� 3.1)\�¦ >�íß�
�#���.

2. 1) Ð�oÛ¼R/÷~½Ó&ñ
d���̀¦s�6 x
�#� r�y�� t\�"f displacement vector ~Dü<���ÀÓ 7�'� ~J ��s�\� ��6£§õ�°ú 

�Ér �'a>�d��s� $í
wn��<Ê�̀¦ �Ð#���.

∇ · ~D(~x, t) = −
∫ t
0 dt′∇ · ~J(~x, t′)

2){9�ìøÍ&h�Ü¼�Ð ~J\�¦ dipole source�Ð
�%i��̀¦M: t > tDS s���� ~J = 0Ü¼�Ðëß���H��.\V\�¦[þt#Q Gaussian

envelope�̀¦°ú���H dipole source_��â
Äº t = 6δts�Êê\���Hy©�]j&h�Ü¼�Ð ~J = 0s�÷&�̧2�¤ô�Ç��. (d�� 3.5

�ÃÐ�̧) Õª�QÙ¼�Ð /BN��� �̧×¼ ëß�_� :£¤$í
�̀¦ �'a¹1Ï
�l� 0AK�"f��H t > tDS s�Êê_� r�çß� ����o\�¦ ¶ú�x�>�

�)a��.

·ú¡ ë�H]j_� ���õ�\�¦ s�6 x
�#� {9�ìøÍ&h�Ü¼�Ð ~D(~x, t = ∞) 6= 0 e���̀¦ �Ð#���. (7£¤, �̧�½� r�çß�s� t�èß� Êê

\� /BN���l� ?/\� °ú�)�e��~�� �̧��H \��-t��� �����÷&#Q ��4R �����8���̧ field �� �>rF�ô�Ç��! )

3) ~D(~x, t = ∞) ��H longitudinal field e���̀¦ �Ð#���.

4) ~J(~x, t) = d̂e−Γt cos(Ωt + Φ)δ(~x − ~x0) ��� dipole source \�¦ ��6 x½+É M:, ~D(~x, t = ∞) = 0 Ü¼�Ð ëß�

×¼��H 0A�©�(Φ)�̧|	��̀¦ ½̈
�#���.

8s���Ér	כ ç�H�:r(Group theory)Ü¼�Ð ÂÒ'� �����Û¼XO�>� ���̧��H ���õ�s���. �r��� @/g�A$í
õ� »¡¤�@\� �'aô�Ç �Ð�� �§¹¢¤&h���� �7H_���H

��6£§ �7Hë�H�̀¦ �ÃÐ�̧.[13]
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V� 4 *�× UdV��× :�ËÁÐM� FDTD

s� �©�\� [O�"î
÷&#Q e����H �̧��H \V]j��H KAIST FDTD ver.6.65\�¦ l�ìøÍÜ¼�Ð 
�%i��� (s�
� KFDTD). \V]j

\�¦ [O�"î

�l�\� ·ú¡"f, KFDTD\�¦ [O�u�
���H ~½ÓZO�ÂÒ'� [O�"î
ô�Ç��.

KAIST ���̧�í�Ð_��Û¼ ���½̈z�́\�"f ��6 xô�Ç (��ÉÓ'� $í
0px�Ér ��6£§õ� °ú ��. RAM 2Gbite, CPU��H In-

tel(R) Pentium(R) 4 CPU 2.80GHz s���. ô�Ç¼#� ��6 x
��¦ e����H OS��H Red Hat Linux 8.0s���.1 C��í�)a

KFDTD_� ·ú�»¡¤�̀¦ Û�¦��� ��6£§õ� °ú �Ér n��7��Ðo� ½̈�̧\�¦ °ú��¦ e��6£§�̀¦ �̂¦ Ãº e����.

\example - README

example.c

\source - pFDTD

energy.c

farfield.c

input.c

memory.c

output.c

parameter.c

sigma.c

source.c

timeupdate.c

transmap.c

pFDTD.h

pFDTDvar.h

makefile

s��¦̀�	כ �����_� >h��� n��7��Ðo�\� �̀��� Z�~�¦"f [O�u�\�¦ r����ô�Ç��. �����_� n��7��Ðo�\� \bin n��7��Ðo�

�� \O������,2 [O�u� ���\� \bin\�¦ Òqt$í
K� ï�r��.

[foo@linux foo] mkdir bin

s�]j \FDTDv665 n��7��Ðo� ?/ÂÒ�Ð s�1lxô�Ç��.

[foo@linux foo] cd FDTDv665

1KFDTD\�¦ ���çß� Ãº&ñ
K�ÅÒ���Windows XP\�"f�̧ ���1lx ��0px
���. 
�t�ëß� Unix >�\P�_� (��ÉÓ'�\� [O�u�
���H �¦̀�	כ &h��FG �Ý¶

�©�ô�Ç��.
2binary_� ������Ð {9�ìøÍ&h�Ü¼�Ð z�́'�� ��{9��̀¦ �̧��Z�~�̀¦ M: ��6 xô�Ç��.

24



���$� makefile�̀¦ \P��¦ ¼#�|9�K�ï�r��.

[foo@linux foo] vi makefile

install :

cp libpFDTD.a /home/camel/bin/

cp $(SDIR)pFDTD.h /home/camel/bin/

cp $(SDIR)pFDTDvar.h /home/camel/bin/

rm *.o

chmod +x $(SDIR)pFDTD

cp $(SDIR)pFDTD /home/camel/bin/

0A\�"f /home/camel/bin/ ÂÒì�r�̀¦ �����_� bin n��7��Ðo� 0Au��Ð �¦5gï�r��.

s�]j makefile�̀¦ z�́'��r������.

[foo@linux foo] make

\source n��7��Ðo� ?/ÂÒ\� e��~�� c ��{9�[þts� >hZ>�&h�Ü¼�Ð (����{9�÷&#Q 3lq&h� ��{9� (object file)s� Òqt$í
�)a��.

��t�}��Ü¼�Ð 3lq&h���{9�[þts� Óü�s����"f ��s�ÚÔ�Qo� ��{9� libpFDTD.a�� Òqt$í
H�d�̀¦ �̂¦ Ãº e����.

s�]j Òqt$í
�)a ��s�ÚÔ�Qo�, K��8��{9�, z�́'����{9�[þt�̀¦ &ñ
K���� n��7��Ðo��Ð �̀�l���H ���\O��̀¦ K�ï�r��.

[foo@linux foo] make install

s�]j [O�u��� ¢-a«Ñ÷&%3���. s�ü< °ú �Ér [O�u� õ�&ñ
�̀¦ K�ÅÒ��� KFDTD\�"f ]j/BN
���H Ãºú́§�Ér �<ÊÃº[þt�̀¦

:£¤Z>�ô�Ç&ñ
_�\O�s���6 x½+ÉÃºe��>��)a��.\V\�¦[þt#Q��A�\�, 4.1]X�\�"f��6 x½+É\V]j c��{9��̀¦'��ÂÒ
�%i���.

�íl�\� pFDTD.hü< pFDTDvar.h \�¦ includeK�ÅÒl�ëß� 
���� structure size(), latice size(), pml size(),

background(), propagation(), outplane() 1pxõ� °ú s� KFDTD\�"f p�o� (����{9�÷&#Q ��s�ÚÔ�Qo�\� $��©�

�)a �<ÊÃº[þt�̀¦ s�6 x½+É Ãº e��>� �)a��.

#include "/home/camel/bin/pFDTD.h"

#include "/home/camel/bin/pFDTDvar.h"

main() /* This function is a main part of 3D FDTD code. */

{

float x,y;

int i,j,k;

float WC; //dipole frequency
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long DT,DD,DS;

//----------------------------------------------------------------------------//

/////////////////////////////////////////

/////// Basic Parameters (START) ////////

/////////////////////////////////////////

///// dipole source parameter /////

DT=100;

DS=DT*6;

DD=3000;

WC=0.5;

//--------------------------------

structure_size(5,5,5);

lattice_size(20,20,20);

pml_size(0,0,0,0,0,0); // without using absorbing layers

set_default_parameter(2);

Hz_parity(0,0,0);

memory();

///////////////////////////////////////

/////// Basic Parameters (END) ////////

///////////////////////////////////////

//----------------------------------------------------------------------------//

/////////////////////////////////////////

/////// Input Structure (START) /////////

/////////////////////////////////////////

background(1.0);

///////////////////////////////////////

/////// Input Structure (END) /////////

///////////////////////////////////////
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//----------------------------------------------------------------------------//

make_epsilon();

out_epsilon("x",0,"epsilon.x");

out_epsilon("y",0,"epsilon.y");

out_epsilon("z",0,"epsilon.z");

coefficient();

//----------------------------------------------------------------------------//

/////////////////////////////////////////////////////////////

//////// Do something during the iterations (START) /////////

/////////////////////////////////////////////////////////////

for(t=0;t<DD;t++)

{

Gaussian_dipole_source("Hz",0,0,0,WC,0,3*DT,DT);

propagate();

out_point("Hz",0,0,0.5,0,DD,"mode1.dat");

out_point("Hz",0,0,1,0,DD,"mode2.dat");

out_point("Hz",0,0,2,0,DD,"mode3.dat");

if(t%5==0)

out_plane("LogH^2","y",0,".LogH2");

}

///////////////////////////////////////////////////////////

//////// Do something during the iterations (END) /////////

///////////////////////////////////////////////////////////

//----------------------------------------------------------------------------//

}

0A_� c �ï×¼\�¦ çß�éß�y� ¶ú�(R�Ð�¦ �Å�#Q��l��Ð 
���. #include ������ë�H s�Êê\���H {9�ìøÍ&h���� c �ï×¼_�

main() �<ÊÃº�� ���:r��. main() ?/\�"f��H ���$� ���Ãº ������ÂÒ�� e����. ��6£§Ü¼�Ð��H 1) Basic parameters ��
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�����̧��HX<, #�l�"f��H FDTD >�íß� %ò
%i�_� ß¼l�,3 FDTD grid_� ß¼l�,4 Ãºu� îß�&ñ
$í
�̀¦ 0Aô�Ç ����p�'�

S,5 f�̈Ãº �â
>�8£x_� ¿ºa�,6 >�íß� ½̈�̧�� @/g�A$í
�̀¦ °ú��¦ e���̀¦ M: ��6 x½+É Ãº e����H @/g�A$í
 �â
>� �̧|	�7 1px

�̀¦ {9�§4�~ÃÎ��H��. ��6£§Ü¼�Ð��H 2) Input structure �� ���:r��. #�l�"f��H >�íß� ½̈�̧Óüt(epsilon structure)\�¦

{9�§4�ô�Ç��.8 �&³F� KFDTD\�"f��H real ε(~r)�Ð ³ð�&³÷&��H Ä»����̂ ½̈�̧ëß�{9�§4� ��0px
���. ��t�}��Ü¼�Ð 3) z�́

]j FDTD time update�� Ãº'��÷&��H >�íß� ÂÒì�rs���. #�l���H FDTDvar.h \�"f \V����)a ���%i� ���Ãº “t”\�¦

��6 x
�#� FDTD _� time step�̀¦ ����?/ 9, s� time loop �� for() ë�H\� _�
�#� Ñüt�Q��#� e����. B� time

step ���� dipole source\�¦ ÅÒ����,9 z�́]j Maxwell’s equation �̀¦ ��6 x
�#� field X<s�'�\�¦ update 
���

��,10 field_� î̈
��� ÕªaË> ¢̧��H &h� X<s�'�\�¦ Ø�¦§4�
���H {9�11 1px�̀¦ Ãº'��½+É Ãº e����.

>�íß�½+É ?/6 x�̀¦ ú̧� &ñ
_�ô�Ç c �ï×¼\�¦ ¢-a$í
ô�Ç Êê\���H ��6£§õ� °ú s� pFDTD����H "î
§î
#Q\�¦ ��6 x
�#� >�

íß��̀¦ r����ô�Ç��.

[foo@linux foo] pFDTD example.c

�:r �©�_� 3lq³ð��H KFDTD\�"f ]j/BN
��¦ e����H Ãºú́§�Ér �<ÊÃº[þt�̀¦ ��Ä»��F��Ð ��6 x½+É Ãº e���̧2�¤ �̧ü<

ÅÒ��H �.���s	כ ·ú¡Ü¼�Ð [O�"î

�>� |̈c 4 ��t� \V]j\�¦ :�xK�"f KFDTD �<ÊÃº_� �Ö̧6 x ~½ÓZO��̀¦ C�î�r��.12 z�́]j

KFDTD áÔ�ÐÕªÏþ� ���$í
r�\� �ÃÐ�̧½+É Ãº e���̧2�¤ ÂÒ2�¤\� KFDTD �<ÊÃº &ñ
_�³ð\�¦ �¹���Kכ Z�~��¤��.

4.1 Point Dipole Sourceÿ? ©8ìÊÁ ¿R�N� �¿�
>

3.1]X�\�"f [O�"î

�%i�1pws�, FDTD >�íß��íl�\� �̧��H field_�°úכ�Ér 0s���.Õª�QÙ¼�Ð��6£§õ�°ú �Ér Maxwell

~½Ó&ñ
d��\�"f

∂ ~E

∂t
=

1

ε
∇× ~H − 1

ε
~J (4.1)

∂ ~H

∂t
= − 1

µ
∇× ~E − 1

µ
~M (4.2)

���ÀÓ  7�'� ~Jü< ��l�  7�'� ~M\� &h�]X�ô�Ç �<ÊÃº\�¦ ��&ñ
�<ÊÜ¼�Ð+� "é¶
���H >�íß��̀¦ ½+É Ãº e����.

s� ]X�\�"f��H"é¶��\�"f~½ÓØ�¦
���H ynC�̀¦¬¹��½+É Ãºe����H &h� F�g"é¶+þAI�_� source\�¦ ��6 x
���H ~½ÓZO��̀¦C�

î�r��. Õªo��¦ FDTD >�íß�\� e��#Q"f f�̈Ãº �â
>� �̧|	�s� ¹ô�Çכ��9 s�Ä»\�¦ ¶ú�(R�Ð�¦, ���©� V,�o� ��6 x÷&�¦

e����H Perfectly Matched Layer (PML)�̀¦[4] &h�6 xK� �Ðl��Ð ô�Ç��.

3structure size()
4lattice size()
5set default paramter()
6pml size()
7Hz parity()
8background(), input object()
9Gaussian dipole source()

10propagate()
11out point(), out plane()
12���̧�í�Ð_��Û¼ ���½̈z�́ R/Û�̀s�t� http://pbg.kaist.ac.kr\�"f #�l�"f ��Ò�¦ \V]j c�ï×¼ü< ���õ� ��{9�[þt�̀¦ ��î�r�Ð×¼ ~ÃÎ�̀¦ Ãº

e����.
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Figure 4.1: FDTD >�íß� ½̈�̧. ����̂ /BNçß��Ér ���/BNÜ¼�Ð 
�%i��¦, "é¶&h�\� point dipole source\�¦ ¿º%3���.

Figure 4.2: ô�Ç &h�\�"f 8£¤&ñ
ô�Ç Hz field_� °úכ. (a)PML�̀¦ ��6 x
�t� ·ú§�Ér �â
Äº. �â
>�\�"f ìøÍ���)a ynCs� ÷&

[�t�� �̧���"f 4�¤ú̧�ô�Ç �ª��©��̀¦ �Ð#�ï�r��. (b) PML�̀¦ ��6 xô�Ç �â
Äº. þj�í_� Ò�Û¼�� ��4R ��çß� Êê\� �â
>��Ð

ÂÒ'� ÷&[�t���̧��H $í
ì�rs� \O���.

4.1.1 �@ ©8ìÊÁ ¿R�N� �¿�
>l� !�
³Àø5���?

s� ]X�\�"f Äºo���H point dipole source\�¦ ��6 x
�#� &h� F�g"é¶Ü¼�Ð ÂÒ'�_� ynC_� �����\�¦ >�íß�½+É �.���s	כ >�

íß� /BNçß�_� ß¼l���H ÕªaË> 4.1\� ¬¹���)a ��3!�%	כ 5 × 5 × 5�Ð 
�%i��¦,13 C��â
 Óüt|9��Ér ���/BN(ε = 1.0)Ü¼�Ð14


�%i���. ô�Ç¼#� FDTD\�"f_� éß�0A U�́s� 1�Ér 20>h_� grids�Ð 
�%i���.15 d�� 3.1%�!3� Mz $í
ì�r�̀¦ s�6 x
�#�

dipole source\�¦ ¬¹��
�%i��¦, ��6£§õ� °ú s� Gaussian envelope�̀¦ °ú���H sin �<ÊÃº\�¦ "é¶&h�\� &h�6 x
�%i���.16

Mz(~r0 = 0, t) ∝ sin(2πft + φ) exp{− [(t − t0)/δt]
2} (4.3)

13structure size(5,5,5)
14background(1.0)
15lattice(20,20,20)
16Gaussian dipole source("Hz",0,0,0,WC,0,3*DT,DT)

29



Figure 4.3: (1lx%ò
�©�) y=0 î̈
���\�"f8£¤&ñ
ô�Ç | ~H|2�̀¦ Log scale�Ð����?/%3���. (min=-8, max=-1) (a)PML

�̀¦ ��6 x
�t� ·ú§�Ér �â
Äº. �â
>�\�"f ìøÍ���)a ynCs� ÷&[�t�� �̧���"f 4�¤ú̧�ô�Ç �ª��©��̀¦ �Ð#�ï�r��. ìøÍ���)a ynC_�

J����s� @/g�A&h�s�t� ·ú§�Ér s�Ä»��H Yee Cell ���̂�� t���� 1/2 ëß��pu_� q�@/g�A$í
 M:ë�Hs���. (b) PML�̀¦ ��

6 xô�Ç �â
Äº. ìøÍ��÷&��H ynCs� ���)� \O�6£§�̀¦ SX����½+É Ãº e����. >�íß� ½̈�̧_� �â
>�\� e����H µ1ß�Ér ��y��+þA�Ér PML

\�"f ynCs� f�̈Ãº÷&��H õ�&ñ
�̀¦ �����·p��.

#�l�"f ÅÒ��Ãº ωn = 0.5 (normalized frequency),17 δt = 100 (FDTD time steps)�Ð &ñ

�%i���. Õªo��¦

detection_� 0Au�\�¦ ��Ë̈#Q �����"f Hz field \�¦ 3000 step��t� 8£¤&ñ

�%i���.

ÕªaË> 4.2(a)_� ���õ��� �Ð#�ÅÒ1pws�, (��ÉÓ'� Bj�̧o�_� ô�Ç>��Ð ���
�#� ��Ä» /BNçß�\�"f_� ynC_� �����\�¦

¬¹��
���HX<#Q�9¹¡§s� ���Ér��. 7£¤, &h� F�g"é¶Ü¼�ÐÂÒ'�������)a ynCs� >�íß�/BNçß�_� �â
>�\� ²ú¢Ü¼���ìøÍ���� {9�

#Qèß���! s� ìøÍ��\�¦ \O�E�l� 0AK�"f >�íß� ½̈�̧_� ß¼l�\�¦ >�5ÅqK�"f v�Ö�¦ Ãº��H \O���H �.���s	כ Õª�QÙ¼�Ð {9�

ìøÍ&h���� ynC_� {9���\� @/K�"f ìøÍ���� ���)� {9�#Q��t� ·ú§��H Ãº�<Æ&h����18 �â
>� �̧|	�s� 
¹כ��9���. s�ü< °ú �Ér

���©�_� �â
>� �̧|	��̀¦ ‘f�̈Ãº �â
>�8£x’ (Absorbing boundary condition)s����¦ ô�Ç��. FDTD >�íß� /BNçß� #4�

îß�Aá¤\� ú̧� �̧]X��)a f�̈Ãº >�Ãº\�¦ °ú���H q�1px~½Ó$í
 Óüt|9��̀¦ ��&ñ

�>� ÷&��HX<, ���©� V,�o� ��6 x÷&��H ~½ÓZO�s�

PMLs��� Ô�¦o���H �̧|	�s���. ��[jô�Ç ?/6 x�Ér Taflove_� Õþ�[4]�̀¦ �ÃÐ�̧
�l� ���� 9, #�l�"f��H PML�̀¦ ��6 x


�%i��̀¦M:ü<19 ��6 x
�t�·ú§�̀¦M:_�20 	�s�\�¦ FDTD>�íß��̀¦:�x
�#��Ð#�ÅÒ��H�
�Ü¼�Ð��Áºo	כ���x��.(Õª

aË> 4.3)

4.1.2 Electric Dipoleø� Magnetic Dipole

·ú¡\�"f ¬¹��ô�Ç &h� F�g"é¶Ü¼�ÐÂÒ'�_� �����(radiation)��H Ãº�<Æ&h�Ü¼�Ð��H ��×�æ �FG���½Ó(multipole)[þt�Ð ì�rK�


�#� ¬¹��½+É Ãº e����.[6] s�ü< °ú �Ér &h� F�g"é¶_� �â
Äº {9�ìøÍ&h�Ü¼�Ð s�×�æ �FG���½Ó(dipole)_� [jl��� ���©� ß¼

>� �)a��. ¢̧ô�Ç ~J ¢̧��H ~M�̀¦ ��6 x
�%i�Ö¼��\� ����"f ���l� s�×�æ �FG��(Electric dipole) ¢̧��H ��l� s�×�æ �FG

��(Magnetic dipole)_� ¿º ��t��Ð ��*'>� �)a��.21 #�l�"f��H ���l� s�×�æ �FG�� ~½ÓØ�¦õ� ��l� s�×�æ �FG�� ~½Ó

17Normalized frequency ωnõ� f ��s�_� �'a>�d���Ér d�� 2.44\�¦ �ÃÐ�̧.
18#�l�"f ‘Ãº�<Æ&h����’s�êøÍ ³ð�&³�Ér Óüto�&h���� ‘z�́]j’ [j>�\���H �>rF�
�t� ·ú§6£§�̀¦ y©��̧ô�Ç��.
19pml size(10,10,10,10,10,10)
20pml size(0,0,0,0,0,0)
21s� ¿º ��t���H "f�Ð Ãº�<Æ&h�Ü¼�Ð Ãºf��(orthogonal)
���.
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Figure 4.4: (1lx%ò
�©�) y=0 î̈
���\�"f 8£¤&ñ
ô�Ç |Ex|2 + |Ez|2õ� |Hx|2 + |Hz|2�̀¦ Log scale�Ð ����?/%3���.

(min=-8, max=-1)

Ø�¦�̀¦ >�íß�
�#� �:r��.

���l�(��l�) s�×�æ �FG�� ~½ÓØ�¦�̀¦ ëß�×¼�9���, ·ú¡\�"f (d�� 4.3) ô�Ç ��3!�%	כ Jz(Mz)\�¦ s�6 x
���� �)a��.22 #�

l�"f Gaussian dipole source_� �̧|	��Ér ·ú¡ ]X�õ� 1lx{9�
�>� 
�%i���. 7£¤, ÅÒ��Ãº ωn = 0.5ü< δt = 100�Ð &ñ



�%i���.

ÕªaË> 4.4\� ����èß� �,�3!�%	כ ���l�(��l�) s�×�æ �FG�� ~½ÓØ�¦_� �â
Äº |Hx|2 + |Hz|2(|Ex|2 + |Ez|2)\�"f ��
Áº��� $í
ì�r�̧ ������t� ·ú§��H��. s���Ér	כ ���l�(��l�) s�×�æ �FG�� ~½ÓØ�¦s� θ(φ) ~½Ó�¾ÓÜ¼�Ð ¼#�F�g÷&#Q e��6£§�̀¦

SX�z�́y� �Ð#�ï�r��.[6]

4.1.3 Gaussian Dipoleø� Lorentzian Dipole

d�� 4.3\� ÅÒ#Q��� dipole source_� �â
Äº r�çß� %ò
%i�\�"f Gaussian �<ÊÃº +þAI�_� envelope�̀¦ °ú��¦ e����. s�

�¦̀�	כ Fourier ���8̈�
�#� ÅÒ��Ãº %ò
%i�\�"f ¶ú�(R�Ð��� #�l�"f�̧ %i�r� Gaussian �<ÊÃº_� +þAI�\�¦ 
��¦ e���̀¦

�s���.[15]	כ

ô�Ç¼#� r�çß� %ò
%i�\�"f ��6£§õ� °ú s� exponential decay 
���H envelope�̀¦ ����� dipole source\�¦ Òqty��ô�Ç

��.

Mz(~r0 = 0, t ≥ t0) ∝ sin(2πft + φ) exp{−(t − t0)/τ} (4.4)

s�ü< °ú �Ér �<ÊÃº\�¦ ÅÒ��Ãº %ò
%i�\�"f �Ð>�÷&��� Lorentzian �<ÊÃº_� +þAI�\�¦ 
��¦ e���̀¦ �s���.[15]	כ Õª�QÙ¼

�Ð d�� 4.3\�¦ Gaussian dipole, d�� 4.4�̀¦ Lorentzian dipoles����¦ ÂÒØÔl��Ð ô�Ç��.

22Gaussian dipole source("Ez",0,0,0,WC,0,3*DT,DT) Gaussian dipole source("Hz",0,0,0,WC,0,3*DT,DT)
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Gaussian dipole_��â
Äº,/BN���ÅÒ��Ãº fü<�íl�0A�©� φG s�ü@\� Gaussian envelope_� +þAI�\�¦���&ñ

�

��H δtü< envelopes�þj@/°ú̀�כ¦°ú���H&ñ
&h�\�"f_�r�y�� t0 \�¦ �̧]X����Ãº�Ð��6 xô�Ç��.23 Lorentzian dipole_�

�â
Äº,/BN���ÅÒ��Ãº fü<�íl�0A�©� φL, Õªo��¦ exponental decay_� lifetime��� τü<�íl�r�y�� t0\�¦ �̧]X����

Ãº�Ð ��6 xô�Ç��.24δt ¢̧��H τü<, ÅÒ��Ãº %ò
%i�\�"f_� /BN���ÅÒ��Ãº f_� Ô�¦SX�&ñ
$í
 δf ��s�_� �'a>�d���Ér 3.1]X�

\�"f ��ê�r ��3!�%	כ Fourier ���8̈� �'a>�d���̀¦ :�xK�"f ÅÒ#Q�����. 
�t�ëß� °ú �Ér &ñ
�̧_� ÅÒ��Ãº Ô�¦SX�&ñ
$í
�̀¦ ��

&ñ

��8���̧ Gaussian �<ÊÃº�� Lorentzian �<ÊÃº\� q�K�"f �8 a%~�Ér ÅÒ��Ãº 6£x²ú� :£¤$í
�̀¦ °ú��¦ e����.25

s� ]X�\�"f��H dipole source_� �íl� 0A�©� ���×þ�_� ×�æ¹$כí
�̀¦ ��ÀÒl��Ð 
���x��. s� ?/6 x�Ér 3�©�_� õ�]j

2��� ë�H]j\�"f ��ê�r ��õ	כ x9�]X�ô�Ç �'a>��� e����. 7£¤, �̧��H source �½Ó ~Jü< ~Ms� t = tDS\�"f ����&���8���̧

{9�ìøÍ&h�Ü¼�Ð t → ∞ \�"f z����e����H field $í
ì�rs� e����. s�ü< °ú s� dipole source\�¦ �̧{9�
���H õ�&ñ
\�"f z��

>� ÷&��H static longitudinal field\�¦ �©��W
�l� 0AK�"f��H �íl� 0A�©�°ú̀�כ¦ ���×�æ
�>� ���×þ�
�#��� ô�Ç��.

��6£§õ� °ú �Ér Lorentzian dipole source_� �â
Äº

~J(~x, t) = d̂e−Γt cos(Ωt + φL)δ(~x − ~x0) (4.5)

�íl�0A�©� φL�Érd�� sinφL = Γ/
√

Ω2 + Γ2ü< cos φL = Ω/
√

Ω2 + Γ2\�¦ëß�7á¤K���
� 9, Gaussian dipole

source_� �â
Äº

~J(~x, t) = d̂e−
(

t−t0
δt

)2

sin(Ωt + φG)δ(~x − ~x0) (4.6)

�íl� 0A�©� φG��H φG = −Ωt0\�¦ ëß�7á¤K��� ô�Ç��. KFDTD \���H s�ü< °ú �Ér �íl� 0A�©��̀¦ >�íß�K� ÅÒ��H

�<ÊÃº�� &ñ
_�÷&#Q e����.26

ÕªaË> 4.5\� z = 1.0\�"f 8£¤&ñ
ô�Ç Hz field_� °ú̀�כ¦ ����?/%3���. ���$� �íl� 0A�©�°ú̀�כ¦ 0Ü¼�Ð &ñ
ô�Ç �â
Äº

t = 2000\�"f27 8£¤&ñ
ô�Ç field_� ß¼l���H y��y�� −3.82 × 10−8 (Gaussian)õ� −4.17 × 10−5 (Lorentzian) s�

%3���.28 d�� 4.5ü< 4.6\�"f &ñ
ô�Ç &h�]X�ô�Ç �íl� 0A�©�°ú̀�כ¦ ��6 xô�Ç �â
Äº, field_� ß¼l��� y��y�� −1.13 × 10−10

(Gaussian)õ� −9.64 × 10−6 (Lorentzian)Ü¼�Ð &h�#Q�̧ ����� 10 ëß��pu�Ér ×�¦#Q[þU�̀¦ �̂¦ Ãº e����. s� ���õ���H

"é¶&h� ��H~½Ó\� z����e����H static longitudinal field $í
ì�rs� ×�¦#Q[þt%3�l� M:ë�Hs���.

4.1.4 Poynting Uc�/m� N�ñ5ÑTÒ» D1 ÌÁ�+TÒ» �\�

4.1.3]X�\�"f ¶ú�(R�Ð��¤1pws� dipole source�� �>rF�
���H %ò
%i� ��H%�\���H y©�ô�Ç static field �� e����. s��¦̀�	כ

near-field ¢̧��H \���W1��HàÔ�� (evanescent wave)���¦ ÂÒ�Ér��. FDTD >�íß��̀¦ 
����Ð��� #Q�"� {���2³ �̀/BG

����̀¦ (<�Ê�Ér \P��2; /BG���) ��4R���̧��H Poynting energy_� ß¼l�\�¦ >�íß�K��� ½+É 
¹$íכ��9s� Òqt|����. Poynting

23KFDTD\�"f t0 = 3 × δt�Ð &ñ
K�4R e����. 3.1]X�_� ?/6 x �ÃÐ�̧
24Gaussian dipole source("Hz",0,0,0,WC,Gphase,3*DT,DT) Lorentzian dipole source("Hz",0,0,0,WC,Lphase,T0,DT)
25s��¦̀�	כ �Ðs���H ��s	כ s� �©�_� õ�]js���.
26Gaussian phase(WC,3*DT) Lorentzian phase(WC,T0)
27tDS = 600 � t = 2000s�Ù¼�Ð s� r�y���̀¦ t = ∞�Ð �̂¦ Ãº e����.
28Gaussian �<ÊÃº_� @/g�A&h���� +þAI� M:ë�H\�, Lorentzian source �â
Äº\� q�K�"f Gaussian source_� dc $í
ì�rs� �s̀��� ���>� ��

��èß���.
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Figure 4.5: z = 1.0\�"f 8£¤&ñ
ô�Ç Hz field °úכ. �íl� 0A�©��̀¦ &h�]X�
�>� &ñ
K�ÅÒ��� þj7áx&h�Ü¼�Ð z��>�÷&��H Hz

field_� dc $í
ì�r_� ß¼l��� ×�¦#Q[þU�̀¦ �̂¦ Ãº e����.

vector ~P��H ~P = ~E × ~Hü< °ú s� &ñ
_�÷& 9[6] s���Ér	כ éß�0A r�çß�{©� éß�0A ���&h��̀¦ ��4R���̧��H energy flux

s���. Õª�QÙ¼�Ð ��6£§õ� °ú �Ér �ª�

Ep =

∫

dt

∫

A

~P · d~S (4.7)

�Ér &ñ
K���� r�çß� 4t 1lxîß� /BG��� A (\P��2; <�Ê�Ér {���2³)\�¦ :�xõ�
���H Poynting energy\�¦ ¬¹��
�>� �)a��.

s� ]X�\�"f��H 0Aü< °ú �Ér >�íß��̀¦ Ãº'��½+É M:\� ÅÒ_�K��� 
���H ���½Ó�̀¦ ��ÀÒ�̧2�¤ ô�Ç��. ÕªaË> 4.6\� ¬¹

��ô�Ç ��3!�%	כ "é¶&h�\� Mz Gaussian dipole source\�¦ ¿º%3���. ��6 xô�Ç dipole source_� ����p�'���H s���� ]X�

_� ��þtõ]	כ 1lx{9�
���.29 s�M: ô�Ç ���_� U�́s��� L��� &ñ
¹¢¤����̂ �̧�ª��̀¦ ��&ñ

��¦, s� �̀/BG����̀¦ ��4R���̧��H

Poynting energy_� ß¼l�\�¦ FDTD time step���� >�íß�
�#� ½+Ëíß�
�%i���.30 7£¤,

Ep(t) =

∫ t

0
dt

∫

cube

~P · d~Sdt (4.8)

&ñ
¹¢¤����̂ ô�Ç ���_� U�́s�\�¦ 0.5 \�"f 2.0��t� ��Ë̈#Q �����"f >�íß�
�#� �:r ���õ� Ep(t = 2000) (¢̧��H

Ep(∞))_� °úכs� 279.74 (L = 0.5), 260.07 (L = 1.0) , 254.66 (L = 1.5), 252.02 (L = 2.0) Ü¼�Ð &h�	� ×�¦

#Q×¼��H �â
�¾Ó�̀¦ �̂¦ Ãº e����. ô�Ç¼#� ÕªaË> 4.7\� Ep(t)_� ���õ�\�¦ ����?/%3���. &ñ
¹¢¤����̂_� ß¼l��� ����Ér �â
Äº

29ωn = 0.5, δt = 100
30Poynting block(x0,y0,z0, Lx,Ly,Lz)
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Figure 4.6: "é¶&h�\� point dipole source\�¦ ÅÒ%3���. ���©�_� �̀/BG���(À1Ïy©� z�́���Ü¼�Ð ����èß� &ñ
¹¢¤����̂)_�

ß¼l�\�¦ ��Ë̈#Q �����"f r�çß�\� @/K�"f &h�ì�rô�Ç Poynting energy\�¦ >�íß�
�%i���.

Figure 4.7: "é¶&h�\� point dipole source\�¦ ÅÒ%3���. ���©�_� �̀/BG���(À1Ïçß� z�́���Ü¼�Ð ����èß� &ñ
¹¢¤����̂)_�

ß¼l�\�¦ ��Ë̈#Q �����"f r�çß�\� @/K�"f &h�ì�rô�Ç Poynting energy\�¦ >�íß�
�%i���.
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Figure 4.8: p��è "é¶ìøÍ /BN���l�_� epsilon ½̈�̧. FDTD >�íß� %ò
%i�_� ß¼l���H 6 × 6 × 3 s��¦ "é¶ìøÍ_� ìøÍt�

2£§�Ér 1, ¿ºa���H 0.5�Ð 
�%i���. FDTD grid_� ß¼l���H 1/20 �Ð 
�%i���.

Ep(t)\�"f ����Ér ���1lx�̀¦ �'a8£¤½+É Ãº e��%3���. 7£¤, Poynting energy_� °úכs� 6£§��� r�çß� ½̈%i�s� �>rF�ô�Ç����H

>pws���. s���Ér	כ Õª ½̈çß�\�"f energy flux_� ~½Ó�¾Ós� 6£§_� ~½Ó�¾ÓÜ¼�Ð (&ñ
¹¢¤����̂ îß�Aá¤Ü¼�Ð) ÷&%3�6£§�̀¦ ����

�·p��!

s�ü<°ú �Ér ���õ���H source_� near-field ��H~½Ó\�"f��H energy flux_� ~½Ó�¾Ós� éß�í�H
�t� ·ú§�¦ 4�¤ú̧�ô�Ç ���

1lx �ª��©��̀¦ (̀�¦ e��6£§�̀¦ ·ú��9ï�r��. z�́]j�Ð near-field %ò
%i��Ér propagating wave $í
ì�rõ� non-propagating

wave (static field ¢̧��H \���W1��HàÔ��)�Ð ½̈$í
÷&#Q e����HX<, exp(iωt)�Ð ���1lx
���H \���W1��HàÔ��_� :£¤$í


Ü¼�Ð ���
�#� s�ü< °ú �Ér ���õ�\�¦ %3�>� �)a��. Õª�QÙ¼�Ð ���©�_� �̀/BG���s� source_� near-field %ò
%i�\� Z�~#�

e��Ü¼��� �̀¦���Ér Poynting energy\�¦ %3�t� 3lw
�>� �)a��. \V]j_� �â
Äº L = 2.0��� �̀/BG����̀¦ ��6 x
�%i��̀¦ M:

7á§ �8 &ñ
SX�ô�Ç ���õ�\�¦ %3�%3����¦ �̂¦ Ãº e����.

4.2 Microdisk <�ë«כ� �¿Þ« &P��7�

s� ]X�\�"f��H p��è "é¶ìøÍ /BN���l�(microdisk)\� �>rF�
���H �̧×¼\�¦ ì�r$3�K� �Ðl��Ð ô�Ç��. p��è "é¶ìøÍ /BN���

l���H S. L. McCalls� þj�í�Ð ]jîß�
�%i���HX<[16] ÕªaË> 4.8\� ¬¹���)a ��3!�%	כ ‘"é¶ìøÍ’+þAI�s���. l�
� F�g�<Æ

_� �'a&h�\�"f s�ü< °ú �Ér "é¶ìøÍ ½̈�̧ ?/ÂÒ\���H "é¶ìøÍõ� /BNl� �â
>�\�"f {9�#Q����H ‘���ìøÍ��’(Total internal

reflection) õ�&ñ
Ü¼�Ð���
�#�ynC_�y©�ô�Ç ½̈5Åqs�{9�#Q±ú�Ãºe����."é¶ìøÍ_�ìøÍt�2£§s�ynC_����©�õ�q�5pwK�t�

��� Maxwell’s equation�̀¦ &h�6 x
�#� Òqty��K��� 
���HX<, {9�ìøÍ&h�Ü¼�Ð whispering-gallery mode ���¦ Ô�¦o�

��H +þAI�_� �̧×¼�� �>rF��<Ês� ·ú��94R e����. McCall_� �7Hë�H�̀¦ ���½ÓÜ¼�Ð s� p��è "é¶ìøÍ �̧×¼_� :£¤$í
�̀¦ çß�

éß�y� &ñ
o�K� �Ð��x��.
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Äº��� /BN���l� ½̈�̧_� @/g�A$í
�̀¦ ¶ú�(R�:r��. "é¶ìøÍ_� ¿ºa� ~½Ó�¾Ó�̀¦ z�Ð 
��¦, "é¶ìøÍs� x − y î̈
���\� Z�~#�

e�����¦��&ñ

���. ¢̧"é¶ìøÍ_�×�æd��s�"é¶&h�\�Z�~#�e�����¦
���.31 s�M: z = 0��� î̈
����̀¦×�æd��Ü¼�Ð��Ö�¦�©�

@/g�A$í
�̀¦°ú��¦e����.Õªo��¦ x−y î̈
���\�"f�Ð���"é¶:�x+þA@/g�A$í
32�̀¦°ú��¦e��6£§�̀¦ �̂¦Ãºe����.Õª�QÙ¼�Ð

"é¶ìøÍ\� �>rF�
���H �̧×¼��H, Äº��� z = 0 î̈
���\� @/K�"f even �̧×¼ (¢̧��H TE)ü< odd �̧×¼ (¢̧��H TM)�Ð ��

¾º#Q t��¦,"é¶+þA éß����Ü¼�Ð ���
�#�ìøÍt�2£§ ~½Ó�¾Ó�ª���Ãº Nõ�y��î�r1lx|¾Ó �ª���Ãº M�̀¦ s�6 x
�#� ����è­qÃº

e��>� ÷&%3���. #�l�"f "é¶ìøÍ_�¿ºa��� #QÖ¼ e��>�°úכ s�
��Ð�����t���� (�Ð:�x λ/2neff ) TE �̧×¼ëß�s��>rF�½+É

Ãº e����. s���� �̧|	�
�\�"f��H ���l��©�  7�'���H x − y î̈
���\� Z�~#� e���¦, ��l��©�  7�'���H z ~½Ó�¾Ó�̀¦ °ú�>� �)a

��. ·ú¡Ü¼�Ð ��ÀÒ>� |̈c p��è "é¶ìøÍ /BN���l���H s�ü< °ú �Ér ¿ºa� �̧|	��̀¦ ëß�7á¤ô�Ç��. ô�Ç¼#� �ª���Ãº (M,N)Ü¼�Ð

³ðr�÷&��H p��è "é¶ìøÍ �̧×¼\�¦ �¦�9K��Ð��. #�l�"f M�Ér whispering-gallery mode_� y��î�r1lx|¾Ó 7£¤, �r���
�

��H $í
|9�õ��'aº��s� e����. 7£¤ M °úכs� 9þt Ãº2�¤"é¶ìøÍ ?/\�"f ynCs���4R�����9��H $í
|9�s� &�|9��.���s	כ ynCs�

p��è "é¶ìøÍ\� ½̈5Åq÷&�9��H$í
|9��Ér p��è"é¶ìøÍ ���̂�� t�m��¦ e����HZ�}�Ér ÏãJ]X�Ò�¦M:ë�H���X<, s�ü< °ú �Ér���§4�

�íJ$�[>��Ér M 2/r2\�q�YV
���H ìøÍµ1Ï�í9\�[>�õ� �̧�o�Ðs�ÀÒ���"f"é¶ìøÍÅÒ���\� ÄºÓüt �̧�ª�_��íJ$�[>��̀¦+þA$í



�>� �)a��. 7£¤, RD\�¦ "é¶ìøÍ_� ìøÍt�2£§Ü¼�Ð ¿º���, whispering-gallery mode��H @/|ÄÌ r ∼= Mλ/2π ∼= neffRD

&ñ
�̧��t� (�4Re��>� �)a��. s� M:_� r °úכs� ��z�́�©� p��è "é¶ìøÍ �̧×¼_� Ä»ò́ ìøÍ�â
�̀¦ &ñ

�>� �)a��. ô�Ç¼#� M

°úכ�Ér �ª�Ãºü< 6£§Ãº ¿º ��t��� ��0px
� 9 (+M,N)õ� (−M,N) �̧×¼��H "f�Ð Ãºf��(orthogonal)s� 9 »¡¤�@

÷&#Q e����.33

4.2.1 Ù��7��]� source��· l�£� ø5� <�ë«כ� �¿Þ« P±Øe�

ÕªaË> 4.8\� ����èß�p��è "é¶ìøÍ\��>rF�
���H �̧×¼\�¦¹1Ôl� 0AK�"fF�g@/%i� Gaussian dipole source\�¦s�6 x
�

%i���. ¿º >h_� Mz dipole source\�¦ ýa³ð (0,0.85)ü< (0.1,0.9)\� &h�6 x
�%i���. δt = 300Ü¼�Ð 
�%i��¦ ½©���

ÅÒ��Ãº ωn�Ér y��y�� 0.4ü< 0.7s�%3���. [j ��t� ���Ér 0Au�\�"f 8£¤&ñ
ô�Ç Hz field_� °ú̀�כ¦ ÕªaË> 4.9\� ����?/

%3���.

B\�"f 8£¤&ñ
ô�Ç field X<s�'�\�"f source ÂÒì�r�̀¦ ]jü@ô�Ç Fourier ���8̈��̀¦ :�x
�#� power spectrum�̀¦ >�

íß�
�%i���. (ÕªaË> 4.10) Dipole source_� ×�æd�� ÅÒ��Ãº��� 0.4ü< 0.7 ��H~½Ó\� /BN��� �̧×¼ peak [þts� �̧#� e��

6£§�̀¦ �̂¦ Ãº e����. #�l� ����èß� �̧��H peak [þt�Ér ¿º >h_� �ª���Ãº (M,N)Ü¼�Ð ¬¹��½+É Ãº e����. \V\�¦[þt#Q

ωn
∼= 0.7 ��H~½Ó\� e����H �̧×¼_� y��î�r1lx|¾Ó �ª���Ãº M�̀¦ \V�©�K� �Ð��. ·ú¡\�"f ���/åL
�%i�1pws� whispering-

gallery mode_� /BN��� �̧|	��Ér

2πRDneff = Mλ (4.9)

�Ð ����è­q Ãº e���¦, RD = 1(a)34s��¦ ωn = a/λ ∼= 0.7 s�Ù¼�Ð, 2π · 1(a) · neff = M(1/0.7)\�"f M ∼=
2π × 0.7neff ∼ 4.2neff �� �)a��. neff��H @/|ÄÌ 2 &ñ
�̧�Ð �̂¦ Ãº e��Ü¼Ù¼�Ð M ∼ 8 &ñ
�̧�� |̈c �Ü¼�Ð	כ \V�©��)a

��.

31input object("rod",EMP,0,0,0,1,0.5,0,11.56)
32rõ� θ�Ð ¬¹��|̈c Ãº e��6£§
33s��©�&h���� "é¶ìøÍ_� �â
Äº °ú �Ér /BN��� ÅÒ��Ãº\�¦ °ú���H��.
34#�l�"f a��H FDTD\�"f_� éß�0A U�́s�\�¦ �����·p��. 2.5]X�_� ?/6 x�̀¦ �ÃÐ�̧

36



Figure 4.9: t=0 \�"fÂÒ'� t=65536 ��t� 8£¤&ñ
ô�Ç Hz field. t ≤ 6δt = 1800 ½̈çß�\���H dipole source\�"f

~½ÓØ�¦�)a field $í
ì�rs��í�<Ê÷&#Q e����. Õªs�Êê\���H #�l��)a/BN��� �̧×¼[þt_� exponential decay 
���H �̧_þv�̀¦

�'a¹1Ï½+É Ãº e����. ô�Ç¼#� #��Q �̧×¼[þt�Ð ���ô�Ç 4�¤ú̧�ô�Ç beatings� ������ e����.

Figure 4.10: F�g@/%i� dipole source\�¦ ��6 x
�#� #�l�r���� p��è "é¶ìøÍ /BN���l�_� �̧×¼[þt.
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Figure 4.11: F�g@/%i� dipole source\�¦ ��6 x
�#� #�l�r���� p��è "é¶ìøÍ /BN���l�_� �̧×¼[þt. x = 0 î̈
���\� @/

K�"f even(1,0), odd(-1,0)_� @/g�A$í
�̀¦ ��&ñ

�%i���.

4.2.2 
����+ <�ë«כ� �¿Þ«ï5Ñ£�· ¤n>f9c
�e�

s�]j½©��� ÅÒ��Ãº 0.7 &ñ
�̧\�0Au�ô�Ç/BN��� �̧×¼\�¦���×þ�&h�Ü¼�Ð#�l�r�&��Ðl��Ðô�Ç��. 4.2.1]X�\�"f ���/åL


�%i�1pws� M °úכ\� _�ô�Ç »¡¤�@ M:ë�H\� dipole source_� δtëß� �̧]X�ô�Ç���¦ K�"f 
���_� �̧×¼ëß��̀¦ ���×þ�&h�Ü¼

�Ð #�l�r�~�́ Ãº��H \O���. s���� �â
Äº\���H ½̈�̧_� @/g�A$í
�̀¦ s�6 x
�#� �̧×¼\�¦ ì�rÀÓ
���H ~½ÓZO��̀¦ ��6 x½+É Ãº

e����. KFDTD\���H x = 0, y = 0, z = 0 î̈
���\� @/K�"f ��Ö�¦�©� @/g�A �̧|	��̀¦ jþt Ãº e����.35 ���̧�í�Ð_��

Û¼ ���½̈z�́\�"f ÅÒ�Ð 2	�"é¶ F�g���&ñ
 _þtêÁ� ½̈�̧\�¦ ��ÀÒÙ¼�Ð, ¼#�_��©� Hz field_� @/g�A$í
�̀¦ l�ï�rÜ¼�Ð &ñ
_�


�%i���. ÕªaË> 4.11�Ér x = 0 î̈
���\� @/K�"fëß� even(1,0), odd(-1,0)_� @/g�A$í
�̀¦ ��&ñ
ô�Ç �â
Äº, Fourier ���

8̈�Ü¼�Ð %3�#Q��� �̧×¼_� power spectrums���. 
�t�ëß� x»¡¤\� @/ô�Ç @/g�A$í
 �̧|	�ëß�Ü¼�Ð��H M°úכ »¡¤�@\�¦ ì�r

o�
�l�\���H jËµ��H �Ü¼�Ð	כ Òqty���)a��.

ÕªaË> 4.12�Ér (1, 0) @/g�A$í
 �̧|	�ëß��̀¦ ��&ñ

��¦"f, δt = 1500, ωn = 0.7043���36 Gaussian dipole

source\�¦ ��6 x
�#� ½̈ô�Ç Hz field_� r�çß� ����o\�¦ �Ð#�ï�r��. #����y� s�×�æÜ¼�Ð »¡¤�@�)a ±M �̧×¼�Ð ���ô�Ç

beating �&³�©��̀¦ �̂¦ Ãº e����.37 Fourier Û¼&7�àÔ!3�\�"f ¶ú�(R�Ð��� ¿º >h_� peak s� ����z���̀¦ �̂¦ Ãº e����HX<,

p��è "é¶ìøÍ /BN���l�\�"f {9�ìøÍ&h�Ü¼�Ð ��������H M »¡¤�@�Ð ���ô�Ç ���õ��Ð Òqty���)a��.

s����\���H y = 0 î̈
���\� @/K�"f�̧ ��Ö�¦�©� @/g�A$í
 �̧|	��̀¦ ��6 x
�%i���. ÕªaË> 4.13_� ���õ�\�¦ �Ð���,

(x = 0, y = 0)=(even,odd)��� �̧|	��̀¦ ��6 x
�%i��̀¦ �â
Äº\� Hz field _� L:�FMô�Ç exponential decay\�¦ �̂¦ Ãº

e��%3���.s� �̧×¼_����l��©�[jl�(log | ~E|2)ü<��l��©�[jl�(log | ~H |2)_� î̈
���s�p�t�\�¦8£¤&ñ

�#������·p���
õ�\�¦ ÕªaË> 4.14\� ����?/%3���. "é¶ìøÍ_� ���©���o�\�¦ ���������"f +þA$í
÷&#Q e����H field node_� Ì�	Ãº��H y��

î�r1lx|¾Ó �ª���Ãº M��� �̧×¼\� @/K�"f 2Ms� �)a��. ���l��©� [jl�ü< ��l��©� [jl� ì�r�í\�"f field node_� Ì�	

35Hz parity()
36Fourier Û¼&7�àÔ!3�\�"f ¹1Ô�Ér °úכe��
37FDTD >�íß� ½̈�̧_� Ä»ô�Çô�Ç grid ß¼l��Ð ���
�#� ¿º »¡¤�@�)a �̧×¼ ��s�_� ���çß�_� ÅÒ��Ãº 	�s��� e����. s�ü< °ú �Ér �&³�©��Ér

z�́]j ]j����)a p��è "é¶ìøÍ /BN���l�\�"f�̧ �'a8£¤ ��0px
���.[16]

38



Figure 4.12: δt = 1500, ωn = 0.7043��� Gaussian dipole source\�¦ ��6 x
�#� #�l�r���� p��è "é¶ìøÍ /BN���l�

_� �̧×¼[þt. x = 0 î̈
���\� @/K�"f even(1,0) @/g�A$í
�̀¦ ��&ñ

�%i���. s�×�æÜ¼�Ð »¡¤�@�)a ±M �̧×¼ ��s�_�

beating �&³�©�s� ����èß���.

Figure 4.13: δt = 1500, ωn = 0.7043��� Gaussian dipole source\�¦ ��6 x
�#� #�l�r���� �̧×¼_� Hz field.

x = 0 î̈
���\� @/K�"f��H even @/g�A$í
�̀¦, y = 0 î̈
���\� @/K�"f��H evenõ� odd��� ��Ö�¦�©� @/g�A$í
�̀¦ ��&ñ

�

%i��� ((1,1),(1,-1)). (1,-1)��� �â
Äº\� éß�{9� �̧×¼_� L:�FMô�Ç exponential decay\�¦ �'a8£¤½+É Ãº e����.
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Figure 4.14: (1lx%ò
�©�) ωn = 0.7043��� whispering-gallery mode_� log | ~E|2ü< log | ~H|2. r�>� ~½Ó�¾ÓÜ¼�Ð �̧
��H �̧×¼ü< ìøÍr�>� ~½Ó�¾ÓÜ¼�Ð �̧��H �̧×¼ ��s�_� çß�[O�Ü¼�Ð ���K� standing wave +þAI�_� ���1lx�̀¦ 
��¦ e����.

"é¶ìøÍ_� ���©���o�\� Z�~��� field node_� Ì�	Ãº(2M)�� 14s�Ù¼�Ð M = 7��� �̧×¼e���̀¦ ·ú� Ãº e����.

Ãº�� 14s�Ù¼�Ð, ωn = 0.7043��� �̧×¼��H M = 7��� �̧×¼e���̀¦ ·ú� Ãº e����.38 ô�Ç¼#� ���l��©� [jl� ì�r�í_� 1lx

%ò
�©��̀¦ ¶ú�(R�Ð���, whispering-gallery mode�� "é¶ìøÍ ìøÍt�2£§_� ��� 2C� &ñ
�̧��t� (�4R e��6£§�̀¦ �̂¦ Ãº e����.

s���Ér	כ r ∼= neffRD &ñ
�̧ �)a����H 4.2 ]X�_� ?/6 xõ� {9�u�ô�Ç��.

��t�}��Ü¼�Ð, s� ]X�\�"f ���×þ�&h�Ü¼�Ð #�l�r���� ωn = 0.7043��� �̧×¼_� /BN���l� Q °ú̀�כ¦ >�íß�K� �Ðl��Ð

ô�Ç��. d�� 2.52\�¦ s�6 x
�#� >�íß�K��Ð��� ��� 2100 &ñ
�̧%i���.

4.3 l�	�xjS Ù��Úr
Ça� ¢æ·©5hø� ��L±Ó '�×��· �¿â�


4.3.1 Purcell ¹ôø�ÿ? ��L±Ó '�×��· �¿â�
 l�Òeµ

s� ]X�\�"f��H {9�ìøÍ&h���� p��è /BN���l�39 �� "é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦ ����o\� p�u���H ò́õ�\� @/ô�Ç s��:r�̀¦ ��ê�r

��. "é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦�Ér "é¶��ëß�_� �¦Ä»ô�Ç :£¤$í
s� ��m� 9 ÅÒ���_� F�g�� ì�r�í x9��̧(photon density of

state)\� _�K� ���
���H �ª�s���. "é¶���� {9�ìøÍ&h���� /BN���l� ?/\� �>rF�½+É M:_� ��µ1Ï ~½ÓØ�¦Ò�¦(γ1)õ� ç�H{9�ô�Ç Ä»

����̂ ?/\� �>rF�½+É M:_� ��µ1Ï ~½ÓØ�¦Ò�¦(γ2)_� q�Ö�¦(γ1/γ2)�̀¦ Purcell factor���¦ 
� 9 Purcells� %�6£§Ü¼�Ð

Ä»�̧
�%i���.[17]

Õª�Q�� ��µ1Ï ~½ÓØ�¦�Ér ���/BN �\¹1lxכ _�K�"f ��l�÷&��H Ä»�̧ ~½ÓØ�¦�Ð s�K�½+É Ãº e���¦, ���/BN �_¹1lxכ �>rF�

���̂�� �ª��� F�g�<Æ s��:r�̀¦ :�xK�"fëß� &ñ
|¾Ó�o|̈c Ãº e��Ü¼Ù¼�Ð, Purcell factor\�¦ Ä»�̧
�l� 0AK�"f��H ���$�

ynC�̀¦ �ª���&h�Ü¼�Ð ��Ò�¦ Ãº e��#Q��ëß� ô�Ç��. ���$�, "é¶��ëß��̀¦ �ª���&h�Ü¼�Ð 2[/åL
���H ï�r�¦��� s��:r�̀¦ s�6 x
�

#� s�ï�r0A "é¶��ü< ynCõ�_� �©� ñ���6 x�̀¦ ��ÀÒ%3���. "é¶��_� ynCõ�_� �©� ñ���6 xs� ß¼t� ·ú§�Ér %ò
%i�\�"f ���s�

384.2.1]X�_� ��t�}�� ÂÒì�r\�"f M = 8�Ð \V8£¤Ùþ¡%3���.
39>h~½Ó&h���� +þAI�_� éß�{9� ìøÍ���â
(mirror)\�"fÂÒ'� y©�ô�Ç F�g�� ½̈5Åq§4��̀¦ t���� 4�¤ú̧�ô�Ç +þAI�_� F�g���&ñ
 /BN���l�\� s�ØÔl���t�,

‘{9�ìøÍ&h����’ +þAI�_� /BN���l�\�¦ _�p�ô�Ç��.
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SX�Ò�¦s� Fermi’s Golden Rule�Ð ³ð�&³H�d�̀¦ �Ðs���x��. Õªo��¦ s� d��s� ��µ1Ï ~½ÓØ�¦Ò�¦ >�íß�\��̧ &h�6 x|̈c Ãº

e��6£§�̀¦ t�&h�½+É �.���s	כ ��6£§Ü¼�Ð, ynC��t� �ª���&h�Ü¼�Ð 2[/åL
���H ¢-a���ô�Ç �ª���s��:r�̀¦ :�x
�#� ï�r�¦��� s�

�:r\�"f_����õ�_�&ñ
{©�$í
�̀¦�7H_�
���x��.��t�}��Ü¼�Ð,ç�H{9�ô�ÇÄ»����̂\�Z�~���"é¶��_���µ1Ï~½ÓØ�¦Ò�¦õ�{9�ìøÍ

&h���� p��è /BN���l�?/\� Z�~��� "é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦�̀¦ >�íß�
��¦, Purcell factor\�¦ Ä»�̧
���x��. s� �©�\� �í

�<Ê�)a ú́§�Ér ?/6 x[þt�Ér s�K�Ö�æ_� ‘ynC_� �ª���s��:r’[18]�̀¦ �ÃÐ�̧
�%i�6£§�̀¦ µ1ß)�é�H��.

©8ìÊÁ ��� ËÂ�¿ '�×��·�+ )K��§¦�> l�Òeµ

1. Jaynes-Cummings �̧4Sq

"é¶��_� ynC_� f�̈Ãºü< Ä»�̧ ~½ÓØ�¦�̀¦ �ª��� %i��<Æ&h�Ü¼�Ð >�íß�
�l� 0AK�"f ï�r�¦���(semiclassical) s��:r

�̀¦ ���$� ¶ú�(R�Ðl��Ð ô�Ç��. #�l�"f��H "é¶��_� \��-t� ï�r0Aëß��̀¦ �ª����o
��¦ ynC�Ér �¦���&h���� Óüto�|¾Ó

Ü¼�Ð ��ÀÒ>� ÷&��HX<, s� ~½ÓZO��Ér 1963�̧� Jaynes ü< Cummings�� %�6£§Ü¼�Ð r��̧
�%i���.[19] s� �̧

4Sq\�"f s�ï�r0A (E1,E2) "é¶��\�¦ ��&ñ

� 9 ü@ÂÒ\�"f V,�#QÅÒ��H F�g��_� \��-t���

E2 − E1 ≈ h̄ω (4.10)

��� �©�S!��̀¦ ��&ñ
ô�Ç��. ¢̧ô�Ç Schrödinger ~½Ó&ñ
d��_� Hamiltonian�Ér ��6£§õ� °ú s� "é¶��_� \��-t� ï�r

0Aëß��̀¦ l�Õüt
���H H0ü<ü@ÂÒ ynCõ�_��©� ñ���6 x�̀¦����?/��H Hi_� ¿ºÂÒì�rÜ¼�Ð ½̈$í
÷&#Qe�����¦��

&ñ
ô�Ç��. #�l�"f �©� ñ���6 x Hamiltonian Hi�Ér

Hi = − e

m
~̂p · ~A (4.11)

s��̧4Sq\�"fynC�̀¦�¦���&h�Ü¼�Ð2[/åL
�Ù¼�Ð0A_� 7�'��íJ$�¶û� ~A��H���íß�������m���.����̂ Schrödinger

~½Ó&ñ
d���Ér

ih̄
∂ |ϕ(t)〉

∂t
= H |ϕ(t)〉 = (H0 + Hi) |ϕ(t)〉 (4.12)

�Ð jþt Ãº e��Ü¼ 9, ��&ñ
K���H

|ϕ(t)〉 = a1(t)e
−iE1t/h̄ |1〉 + a2(t)e

−iE2t/h̄ |2〉 (4.13)

s� ��&ñ
K� (4.13)�̀¦ ~½Ó&ñ
d�� (4.12)\� @/{9�
��¦, ýa���\� 〈1| ¢̧��H 〈2|\�¦ Y�L
�#� &ñ
o�
����

da1

dt
=

1

ih̄
{〈1|Hi |1〉 a1 + 〈1|Hi |2〉 e−i(E2−E1)t/h̄a2} (4.14)

da2

dt
=

1

ih̄
{〈2|Hi |1〉 ei(E2−E1)t/h̄a1 + 〈2|Hi |2〉 a2} (4.15)
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0A_� d��\�"f ¹�èכ=<§��' H12 = 〈1|Hi |2〉\�¦ çß�éß�y� 
���� ��6£§õ� °ú ��. Äº��� �©� ñ���6 x Hamiltonian

Hi�Ér

Hi = − e

m
~p · ~A = − ie

h̄
[H0, ~r] · ε̂(Â0e

−iωt+i~k·~r + Â∗
0e

iωt−i~k·~r) (4.16)

#�l�"f �©��FG�� ��H��(dipole approximation)\�¦ 40 2[
���� exp(i~k · ~r) ≈ 1�Ð Z�~�̀¦ Ãº e���¦, �r�����

��H��(rotating wave approximation)\�¦ 2[
����¿º >h_� t�Ãº�<ÊÃº�½Ó×�æ\�"f exp(iωt) �½Ó ëß�s�z����H

��.41 "é¶�� y��ÅÒ��Ãº ω0 = (E2 − E1) /h̄�Ð ³ðr�
����,

H12 ≈ ie

h̄
〈1| [H0, ~r] |2〉 · ε̂(A∗

0e
iωt) = 〈1| e~r |2〉 · ε̂(iω0A

∗
0e

iωt) = −1

2
~d12 · ~E∗

0eiωt (4.17)

#�l�"f ~d12��H ���l� �©��FG�� �̧F'pàÔ_� ¦��¹�èsכ=<§��' ~E0��H ���l��©� ���;�¤_� ß¼l�\�¦ °ú���H 4�¤�è  7�'�

s���. H21�½Ó_� �â
Äº�̧ °ú �Ér ~½Ód��Ü¼�Ð >�íß�
����, �r����� ��H��\�¦ ëß�7á¤r�v�l� 0AK�"f exp(−iωt)�½Ó

s� z��>� ÷&�¦,

H21 ≈ 1

2
〈2| e~r |1〉 · ε̂(−iω0A0e

−iωt) = −1

2
~d21 · ~E0e

−iωt (4.18)

ô�Ç¼#� H11 = 〈1|Hi |1〉�� H22 = 〈2|Hi |2〉��H ~r_� l��<ÊÃºs�Ù¼�Ð %ò
s� H�d�̀¦ ~1�>� ·ú� Ãº e����.42 Ṽ12 ≡
−~d12 · ~E0\�¦ynCõ�"é¶��ü<_��©� ñ���6 x\��-t�\�¦����?/��H�½ÓÜ¼�Ð¿º���, ���²DG Jaynes-Cummings �̧

4Sq_� l��:r ~½Ó&ñ
d���Ér

da1(t)

dt
=

1

2ih̄
V12e

i(ω−ω0)ta2(t) (4.19)

da2(t)

dt
=

1

2ih̄
V21e

−i(ω−ω0)ta1(t) (4.20)

s�]j ���©� çß�éß�ô�Ç �©�S!���� ω = ω0\� @/K�"f 0A_� ~½Ó&ñ
d��_� K�\�¦ ½̈
�#� �:r��. �íl�\� �̧��H �����

�� ��{�� �©�I�(state 1)\� e�����¦ ��&ñ

���. s� �â
Äº Rabi ���1lx[21]Ü¼�Ð ·ú��9��� K�\�¦ ½̈
�>� ÷&�¦,

s���Ér	כ {9���
���H ynCs� �����_� #�l�ü< ~½ÓØ�¦�̀¦ >�5ÅqK�"f Ä»�̧
�l� M:ë�H\� ��������H �&³�©�s���. {9�

ìøÍ&h���� �â
Äº(ω 6= ω0)\� Rabi ���1lx_� ÅÒ��Ãº Ω��H

Ω =
√

(ω − ω0)2 + |V12|2/h̄2 (4.21)

s��¦, {9���F�g_� ÅÒ��Ãº�� "é¶�� \��-t�ï�r0A 	�s�ü< {9�u�
���H �â
Äº(ω = ω0)_� K���H

40
{9���F�g_� ���©��̀¦ λ ∼ 600 nm �Ð ��&ñ

����, {9�ìøÍ&h���� "é¶��_� ß¼l� a0 ∼ 0.1nm ?/\�"f_� ���;�¤_� ����o��H ��_� \O���.

41exp[−i(ω + ω0)t]ü< °ú s� À1Ïo� ���1lx
���H �½Ó�Ér a1_� ����o\� ��_� %ò
�¾Ó�̀¦ p�u�t� 3lwô�Ç��.
42s�ü< °ú s� ���l� �©��FG�� ���s��� %ò
��� �â
Äº ���Ér ���s�(��l� �©��FG��, ���l� ��×�æ�FG��)\� _�ô�Ç ò́õ��� ß¼>� ����±ú� Ãº e����.

��[jô�Ç �7H_���H ��6£§ "f&h��̀¦ �ÃÐ�̧. [20], Chap. 5.3
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a1(t) = cos(Ω0t/2) (4.22)

a2(t) = −i
V21

|V12|
sin(Ω0t/2) (4.23)

s���.

Jaynes-Cummings �̧4Sq�Ér 0A\�"f ���]jô�Ç ��&ñ

�\�"f ¢-a#4�
�>� $í
wn�
���H K�\�¦ ï�r��. 7£¤ ü@ÂÒ ynC

õ� "é¶��ü<_��©� ñ���6 x�̀¦����?/��H_� ß¼l���"é¶A�_� Hamiltonian ü<q�5pwô�Ç &ñ
�̧�� ÷&�8���̧$í


wn�
���H d��s���. ���²DG s� �̧4Sq�̀¦ s�6 x
�#� YUs�$� /BN���l� ?/ÂÒ\�"fü< °ú s� y©�ô�Ç ynCs� �>rF�½+É M:

\��̧ "é¶��_� Ä»�̧ f�̈Ãº, ~½ÓØ�¦�̀¦ l�Õüt½+É Ãº e����.

2. Fermi’s Golden Rule

s�]j ��t�}��Ü¼�Ð �©� ñ���6 x Hamiltonian_� ß¼l��� Ø�æì�ry� ����Ér �â
Äº |Hi| � |H0|_� ��H��K�\�¦ ½̈
K��Ð�̧2�¤ 
���. s� �â
Äº\� Fermi’s Golden Rule�Ð ·ú��9��� Ä»"î
ô�Ç K�\�¦ %3�>� ÷&�¦ ���ô�Ç /BN���l� �©�

 ñ���6 x(weak coupling)\�"f_� Ä»�̧ ~½ÓØ�¦ ¢̧��H ��µ1Ï ~½ÓØ�¦�̀¦ Ä»�̧½+É M: Ä»6 x
�>� �)a��.

·ú¡_� �â
Äºü< ��ðøÍ��t��Ð �íl� �̧|	�s� a1(0) = 1, a2(0) = 0{9� M:\�¦ Òqty��ô�Ç��. {9�ìøÍ&h���� �â
Äº(ω 6=
ω0)_� Jaynes-Cummings �̧4Sq_� K�\�¦ ½̈
����,

a2(t) =
1

ih̄

V21

Ω
e−i(ω−ω0)t/2 sin(Ωt/2) (4.24)

�©� ñ���6 x Hamiltonian_� ß¼l��� ����Ér �â
Äº V21�̧ ���>� ÷&Ù¼�Ð, Rabi ���1lx_� ÅÒ��Ãº d�� (4.21)\�¦

s�6 x
�#� 0A_� ��H��K�\�¦ ½̈
����,

a2(t) ≈
1

ih̄

V21

(ω − ω0)
e−i(ω−ω0)t/2 sin ((ω − ω0)t/2) (4.25)

�©�I�1\�"f �©�I�2�Ð_� ���s� SX�Ò�¦ P12(t) = |a2(t)|2\�¦ >�íß�
����,

P12(t) =
π|V12|2

2h̄2 { 2

π
· sin2[(ω − ω0)t/2]

(ω − ω0)2t
} · t (4.26)

#�l�"f { }�½Ó�Ér t � 1 ��� �FGô�Ç\�"f Dirac delta �<ÊÃº�Ð ��H��½+É Ãº e����.43

2

π
lim
t→∞

sin2[(ω − ω0)t/2]

(ω − ω0)2t
= δ(ω − ω0) (4.27)

Õª���X< #�l�"f_� �7H_�\�¦ z�́|9�&h�Ü¼�Ð Rabi ���1lx�̀¦ �̂¦ Ãº \O���H %ò
%i�Ü¼�Ð ]jô�Ç
����, r�çß� t��H 0A_�

{ }\�¦ delta �<ÊÃº�Ð 2[/åL½+É Ãº e���̀¦ ëß��pu ß¼�¦ (steady state limit) 1lxr�\� Ωt � π\�¦ ëß�7á¤K��� ô�Ç

43Loudon Õþ��̀¦ �ÃÐ�̧. [20],p.52
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��. z�́]j �©�S!�\�"f {9��� ynC�Ér Ä»ô�Çô�Ç ;�¤(4ω)_� ÅÒ��Ãº ì�r�í\�¦ °ú��¦ e���¦, "é¶��_� ï�r0A�̧ ρ(ω)�Ð

l�Õüt÷&��H ���5Åq&h���� ì�r�í\�¦ °ú�Ü¼Ù¼�Ð,

P12(t) =
π|V12|2

2h̄2

∫

dωρ(ω)δ(ω − ω0) · t (4.28)

0A d��\�"f ω\� �'aô�Ç &h�ì�r�Ér ω ≈ ω0��H~½Ó�̀¦ Ø�æì�ry� �í�<Êô�Ç���¦ 
����, éß�0A r�çß�{©� ���s� SX�Ò�¦�Ér

dP12(t)

dt
=

2π

h̄2 ρ(ω0) · |M12|2 (4.29)

s� d��s� Ä»"î
ô�Ç Fermi’s Golden Rule s���. #�l�"f Dh�Ð &ñ
_�ô�Ç ¹�èכ=<§��' |M12|��H

M12 ≡ −~d12 ·
~E0

2
= −~d12 · ~e0 (4.30)

#�l�"f ~e0��H ���l��©� ���;�¤_� ]X�ìøÍ\� K�{©�÷&��H  7�'�s���. ô�Ç¼#� 0A_� ¹�èכ=<§��' M12_� �ª���%i��<Æ&h�

³ð�&³�̀¦ %3�l� 0AK�"f��H ~e0\�¦ ���l��©�  7�'� ���íß���_� �ª�ÅÒ��Ãº ÂÒì�r <�Ê�Ér 6£§ÅÒ��Ãº ÂÒì�rÜ¼�Ð @/�̂


���� �)a��.

ô�Ç��t� <Éªp��Ðî�r ��z�́�Ér ï�r�¦��� s��:r�̀¦ :�xK� %3�#Q��� Fermi’s Golden Rules� ynC_� Ä»�̧ ~½ÓØ�¦ >�

íß��̀¦ 0Aô�Ç �,�s�%3�t�ëß	כ °ú �Ér +þAI�_� d�� (4.29)�̀¦ "é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦ >�íß�\� 1lx{9�
�>� &h�6 x½+É Ãº

e������H &h�s���. "é¶��_� ��µ1Ï ~½ÓØ�¦�Ér ���/BN �\¹1lxכ _�K�"f Ä»�̧÷&��H ynC_� ~½ÓØ�¦s���. ���/BN �_¹1lxכ

�>rF� ���̂�� �¦���&h�Ü¼�Ð��H [O�"î
½+É Ãº \O���H �ª��� �&³�©�s�Ù¼�Ð, ¢-a���ô�Ç �ª��� s��:r�̀¦ :�xK�"fëß� �����

Û¼XO�>� �̧{9�÷&��H �ª���� �.���s	כ Õª!3�\��̧ Ô�¦½̈
��¦ d�� (4.30)\�"f ß¼l��� |~e0| =
√

h̄ω/2ε0V��� ���

l��©�  7�'�\�¦ ��&ñ

�#� 44 �_¹�èכ=<§��' ß¼l� |M12|2\�¦ >�íß�
���� ÏãJ]X�Ò�¦s� n��� ç�H{9�ô�Ç B�|9� 5Åq\�"f

_� "é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦ ÷�rëß� ��m���, p��è /BN���l� ?/\� 0Au�ô�Ç "é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦�̧ ~1�>� (Õªo�

�¦ �ª��� s��:rõ� &ñ
SX�
�>� {9�u�
���H) %3��̀¦ Ãº e����. s�ü< °ú �Ér ��z�́�Ér p��è /BN���l� 5Åq\�"f_� ��µ1Ï

~½ÓØ�¦ ò́õ�(~½ÓØ�¦Ò�¦, ~½ÓØ�¦ J����_� �̧�ª� 1px)\�¦ >�íß�
�l� 0AK�"f �ª��� s��:rs� 
¹כ��9�t� ·ú§Ü¼ 9[22],

�¦��� �����l� s��:rëß�Ü¼�Ð Ø�æì�r�<Ê�̀¦ ·ú��9ï�r��.

ËÂ�¿ '�×��·ø� ��L±Ó '�×��·�+ )�×�� l�Òeµ

s� ]X�\�"f��H ·ú¡ ]X�\�"f ��ê�r ï�r�¦��� s��:r�̀¦ SX��©�
�#� ynC�̧ �ª���&h�Ü¼�Ð 2[/åL
���H ¢-a���ô�Ç �ª��� �̧4Sq�̀¦

�7H_�
���x��. l��:r&h�Ü¼�Ð Jaynes-Cummings �̧4Sqõ� °ú �Ér K�\�¦ ÅÒt�ëß�, ï�r�¦��� �̧4Sq�Ð��H [O�"î
½+É Ãº \O�

��H �&³�©�(\V: Rabi ���1lx_� Ô�æõ�ü< F��&³[23])�̧ [O�"î
 ��0px
���. s� �̧4Sq\�"f��H "é¶��ëß� ��m��� ynC�̧ �ª���

&h�Ü¼�Ð 2[/åL
�>� ÷&Ù¼�Ð, Óüto�&h� �©�S!��̀¦ l�Õüt
��¦ e����H �©�I� �<ÊÃº��H ��6£§õ� °ú s� "é¶��_� ï�r0Aü< 4�¤��

�©�_� �©�I�(\V: F�g��Ãº)\�¦ �í�<Ê
��¦ e��#Q�� ô�Ç��

44s���Ér	כ ���õ��:r&h�Ü¼�Ð Ä»�̧�)a ~½ÓZO�{9� ÷�rs���. ¢-a���ô�Ç �ª��� s��:r�̀¦ :�x
�#�"fëß� ��µ1Ï ~½ÓØ�¦ õ�&ñ
�̀¦ �����Û¼XO�>� [O�"î
½+É Ãº

e��>� �)a��.
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|1〉 ⊗ |n〉 ≡ |1, n〉 (4.31)

\V\�¦ [þt#Q 0A d��\�"f ¢,aAá¤_� |1〉�Ér "é¶��_� ï�r0A\�¦ ����?/�¦ �̧�ÉrAá¤_� |n〉�Ér 4�¤���©�\� �í�<Ê�)a F�g��
Ãº\�¦ �����·p��. #�l�"f "é¶��_� �©�I��<ÊÃºü< F�g��Ãº �©�I��<ÊÃº, y��y���Ér ¢-a��� |9�½+Ë(complete set)�̀¦ s�ê�r

��. Õª�QÙ¼�Ð ë�H]j\�¦ &h�½+Ë
�>� l�Õüt
���H Hamiltonian�Ér F�g��_� Hamiltonian Hpü< "é¶��ü< F�g��_� �©�

 ñ ���6 x�̀¦ ����?/��H Hamiltonian Hi�̀¦ �í�<Ê
�#��� ô�Ç��.

H = H0 + Hp + Hi = H0 + h̄ω

(

a†a +
1

2

)

− e

m
~p · ~A (4.32)

Schrödinger ~½Ó&ñ
d���Ér ��6£§õ� °ú s� jþt Ãº e����.

ih̄
∂ |ϕ(t)〉

∂t
= (H0 + Hp + Hi) |ϕ(t)〉 (4.33)

1. "é¶��_� [þt��H �©�I��Ð_� ���s�

���$� &ñ
K���� �̧×¼ k_� F�g��\�¦ f�̈Ãº
����"f "é¶��_� \��-t� ï�r0A�� |1〉\�"f |2〉�Ð #�l�÷&��H õ�&ñ
�̀¦
�ª���s��:rÜ¼�Ð >�íß�
�#� �:r��. 7£¤ |1, n〉ü< |2, n − 1〉��s�_� ���s�ëß��̀¦ �¦�9
���� ��&ñ
K���H

|ϕ(t)〉 = a1n(t)e−i[E1+(n+1/2)h̄ω]t/h̄ |1, n〉 + a2(n−1)(t)e
−i[E2+(n−1/2)h̄ω]t/h̄ |2, n − 1〉 (4.34)

��&ñ
K� (4.34)\�¦ Schrödinger ~½Ó&ñ
d�� (4.33)\� @/{9�
��¦ &ñ
o�
����

da1n(t)

dt
=

1

ih̄
〈1, n|Hi |2, n − 1〉 ei(ω−ω0)ta2(n−1)(t) (4.35)

da2(n−1)(t)

dt
=

1

ih̄
〈2, n − 1|Hi |1, n〉 e−i(ω−ω0)ta1n(t) (4.36)

0A_� d���̀¦ ï�r�¦��� s��:r\�"f_� ���õ� d�� (4.14), (4.15)õ� q��§
����, ¿º �©�I� ��s�_� ���s�\�¦ ���&ñ

�

��H '��§>= ¹�è��Hכ

〈1, n|Hi |2, n − 1〉 = i

√

nh̄ω

2ε0V
ε̂ · 〈1| e~r |2〉 (4.37)

�� H�d�̀¦ ·ú� Ãº e���¦, #�l�"f

h̄g12 ≡ i

√

h̄ω

2ε0V
ε̂ · ~d12 (4.38)

�Ð &ñ
_�
����, "é¶��_� Ä»�̧ f�̈Ãº\�¦ ¬¹��
���H ¢-a���ô�Ç �ª��� s��:r_� ~½Ó&ñ
d���Ér ��6£§õ� °ú s� &h��̀¦ Ãº

e����.
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da1n(t)

dt
= −i

√
ng12e

i(ω−ω0)ta2(n−1)(t) (4.39)

da2(n−1)(t)

dt
= −i

√
ng21e

−i(ω−ω0)ta1n(t) (4.40)

#�l�"f d�� (4.19), (4.20)ü< q��§K� 4�§Ü¼�Ð+�, ï�r�¦��� s��:rõ� �ª��� s��:rõ�_� @/6£x�̀¦ ¶ú�(R�̂¦ Ãº e��

��. ï�r�¦���s��:r\�"fü<��ðøÍ��t��Ð�©� ñ���6 x�̀¦l�Õüt
���H�½Ó�Ér���l��©�_�[jl�\�q�YV (
√

n)
� 9,

√
ng12 ↔ V12

2h̄
(4.41)

�� H�d�̀¦ �̂¦ Ãº e����. l��:r&h�Ü¼�Ð d�� (4.41)_� @/6£xd��ëß� �¦�9K�ÅÒ��� ï�r�¦��� s��:r\�"f �̂¦ Ãº e��%3�

~�� 1lx{9�ô�Ç Rabi ���1lx_� ���õ�\�¦ %3���H��. s� M: Rabi ���1lx_� ÅÒ��Ãº��H

Ω =
√

(ω − ω0)2 + 4n|g12|2 (4.42)

2. "é¶��_� ��{�� �©�I��Ð_� ���s�

s�]j F�g�� 
���\�¦ ~½ÓØ�¦
����"f "é¶��_� \��-t� ï�r0A�� |2〉\�"f |1〉�Ð ?/�9����H õ�&ñ
�̀¦ �ª���s��:rÜ¼
�Ð >�íß�
�#��:r��.7£¤ |2, n〉ü< |1, n + 1〉��s�_����s�ëß��̀¦�¦�9
����¿º �©�I���s�_����s�\�¦���&ñ

�
��H ¹�è��Hכ=<§��'

〈1, n + 1|Hi |2, n〉 = i

√

(n + 1)h̄ω

2ε0V
ε̂ · 〈1| e~r |2〉 = −i

√
n + 1g12 (4.43)

s��¦̀�	כ d�� (4.37)õ� q��§K��Ð���
√

ns�
√

n + 1�Ð ��7
%3�6£§�̀¦ �̂¦ Ãº e����. #�l�"f n = 0{9� M:\�

�̧(�íl�\� "é¶���� ���/BN �©�I�\�e���̀¦ �â
Äº) \��-t� ï�r0A_����s��� {9�#Qz���̀¦ ·ú� Ãºe��Ü¼ 9, s��¦̀�	כ

"é¶��_� ��µ1Ï ~½ÓØ�¦s����¦ ô�Ç��. 7£¤, ¢-a���ô�Ç �ª��� s��:r�̀¦ ��6 x
���� "é¶��_� ��µ1Ï ~½ÓØ�¦õ� Ä»�̧ ~½ÓØ�¦

s� �����Û¼XO�>��í�<Ê�)a d�� (4.43)�̀¦ %3�>� H�d�̀¦ ·ú�Ãº e����. s� ���õ��ÐÂÒ'��= Fermi’s Golden Rule

(4.29)s� Ä»�̧ ~½ÓØ�¦÷�rëß� ��m��� ��µ1Ï ~½ÓØ�¦�̧ &ñ
SX�y� l�Õüt½+É Ãº e����H t� s�K�½+É Ãº e��>� �)a��. 7£¤

d�� (4.29)_� ¹�èכ=<§��' >�íß�\� |~e0| =
√

h̄ω/2ε0V���  7�'�\�¦ ��&ñ

���H ��s	כ ∼
√

1\� _�ô�Ç(��µ1Ï ~½Ó

Ø�¦) \��-t� ï�r0A ���s�\� K�{©�H�d�̀¦ ·ú� Ãº e����. n s� 	�H �â
Äº (�¦���&h���� [jl�_� ynC) ���s� SX�Ò�¦�Ér

∼ √
n(���l��©� [jl�)\� q�YV�<Ê�̀¦ ·ú� Ãº e���¦, %i�r� Ä»�̧ f�̈Ãºü< Ä»�̧ ~½ÓØ�¦�̀¦ �̀¦��ØÔ>� l�Õüt�<Ê�̀¦

·ú� Ãº e����.

��t�}��Ü¼�Ð Einstein_� A, B >�Ãº\�¦ s�6 xK��̧ °ú �Ér ���õ�\�¦ %3��̀¦ Ãº e��6£§�̀¦ çß�éß�y� [O�"î
ô�Ç��.[20]

>�íß� õ�&ñ
\� ���̧��H �½Ó[þt_� &ñ
_�\�¦ &ñ
o�
���� ��6£§õ� °ú ��.

W̃ (ω) : ÅÒ��Ãº ω \�"f_� 4�¤���©�_� \��-t� x9��̧
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A21 : Einstein_� A >�Ãº, 2 → 1�Ð_� ���s� SX�Ò�¦�̀¦ ����ÍÇr

B21, B12 : Einstein_� B >�Ãº

N1, N2 : \��-t� ï�r0A 1,2 \�"f_� �����_� >hÃº

�����_� >hÃº\� @/ô�Ç Ö�¦~½Ó&ñ
d��(rate equation)�Ér

dN2

dt
= −N2A21 − N2B21W̃ (ω) + N1B12W̃ (ω) (4.44)

\P�&h� î̈
+þA �©�I�\�"f dN2/dt = 0 s��¦,

N1

N2
= exp(h̄ω/kBT ) (4.45)

s��©�_� ���õ�\�¦ @/{9�
�#� &ñ
o�
����,

W̃ (ω) =
A21

(N1/N2)B12 − B21
(4.46)

s� d���̀¦ Planck_� 4�¤��ZO�gË:õ� q��§
���� ��6£§_� ���õ�\�¦ %3���H��.

B12 = B21 (4.47)

h̄ω3

π2c3
B21 = A21 (4.48)

0A_� ���õ� ×�æ\�"f :£¤y� (4.48)�Ér Ä»�̧ ~½ÓØ�¦ >�Ãº�ÐÂÒ'� ��µ1Ï ~½ÓØ�¦ >�Ãº\�¦ ½̈
���HX< Ä»6 x
�>� æ¼

{9� Ãº e����. Planck_� 4�¤�� ZO�gË:Ü¼�ÐÂÒ'� Ä»�̧ô�Ç 4�¤���©�_� î̈
ç�H F�g��Ãº n�̀¦ s�6 x
����

n =
1

exp(h̄ω/kBT ) − 1
(4.49)

��6£§_� ×�æ¹כô�Ç ���õ�\�¦ %3���H��.

B21W̃ (ω) = A21n (4.50)

B21W̃ (ω) + A21 = A21(n + 1) (4.51)

��t�}�� d�� (4.51)_� ���õ��ÐÂÒ'� Ä»�̧ ~½ÓØ�¦Ö�¦õ� ��µ1Ï ~½ÓØ�¦Ö�¦_� ½+Ë�Ér (n + 1)\� q�YV�<Ê�̀¦ ·ú� Ãº e��

�¦, d�� (4.29), (4.43)_� ���õ�ü< {9�u��<Ê�̀¦ ·ú� Ãº e����.
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i��¿ +��"ë�>e�Uc«כ� ��L±Ó '�×��·

1. ÏãJ]X�Ò�¦s� n��� B�|9� 5Åq\�"f_� ��µ1Ï ~½ÓØ�¦

���©�_� ÂÒx� V ?/\� �����l� �̧×¼�� �ª����o ÷&#Q e�������, �̧×¼_� density of state ρ(ω)45��H

ρbulk(ω) =
ω2V n3

π2c3
(4.52)

#�l�"f �̧×¼Ãº dN = ρbulk(ω)dωs���.

Fermi’s Golden Rule (4.27)\�"f

1

τbulk
=

2π

h̄2 ρbulk(ω)

〈

∣

∣

∣

~d · ~e0

∣

∣

∣

2
〉

(4.53)

0A\�"f ½̈ô�Ç F�g��_� density of state\�¦ @/{9�
�#� &ñ
o�
����,

1

τbulk
=

2π

h̄2 · ω2V n3

π2c3

〈

|~d|2|~e0|2 cos2 θ
〉

=
2ω2V n3

h̄2πc3
· 1

3
|~d|2|~e0|2 (4.54)

"é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦�̀¦ ½̈
�l�0AK�"f |~e0| = emax =
√

h̄ω/2ε0n2V\�¦ @/{9�
�����)a��. s���_	כ _�p�

\�¦ 7á§ �8 ¶ú�(R�Ð��� Äº��� ~e0(= ~E0/2)��H ���l��©� ���;�¤_� ]X�ìøÍs��¦ (4.30), ���©�_� ÂÒx� V 5Åq\� �í�<Ê

�)a �����l� \��-t�_� 8úx½+Ë�Ér

1

2
ε0n

2| ~E0|2V (4.55)

s���. 0A_� d��\�"f ����� 1/2�Ér �̧�o ���1lx��_� r�çß� î̈
ç�HÜ¼�ÐÂÒ'� ��M®o��. s��¦̀�	כ h̄ω�Ð �ª����oô�Ç

��s	כ 0A_� ���õ�s���.

∣

∣

∣

~E0

∣

∣

∣

2
=
√

2h̄ω/ε0n2V = |2~e0| (4.56)

Õª�QÙ¼�Ð emax\�¦ ’maximum field per photon’s����¦ ÂÒØÔl��̧ ô�Ç��.[24] @/{9�ô�Ç ���õ���H

1

τbulk
=

ω3n

3πε0h̄c3
·
∣

∣

∣

~d
∣

∣

∣

2
(4.57)

Õª�QÙ¼�Ð ¢-a���ô�Ç �ª��� s��:r�̀¦ ��6 xô�Ç >�íß� ���õ�ü< 1lx{9�ô�Ç ���õ�\�¦ %3���H��.

2. p��è /BN���l� ?/ÂÒ\�"f_� ��µ1Ï ~½ÓØ�¦

p��è /BN���l�_� ß¼l��� Ø�æì�ry� �����"f ωc\�"f Lorentzian peak�̀¦ °ú���H éß�{9� �̧×¼ëß��̀¦ °ú��¦ e����

�¦��&ñ

���.s�M:F�g��_� density of state��H ��6£§õ�°ú s�½©����o�)a Lorentzian �<ÊÃº+þAI����)a��.

45Ä»�̧õ�&ñ
�Ér ��6£§ "f&h��̀¦ �ÃÐ�̧. [20],Chap. 1
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ρcav(ω) =
2

π4ωc
· 4ω2

c

4(ω − ωc)2 + 4ω2
c

(4.58)

s� M:
∫

ρcav(ω)dω = 1�Ð ½©����o(normalization)÷&#Q e���� (éß�{9� �̧×¼ ��&ñ
).

Fermi’s Golden Rule (4.53)\� @/{9�
����

1

τcav
=

2π

h̄2

2

π4ωc
· 4ω2

c

4(ω − ωc)2 + 4ω2
c

〈

∣

∣

∣

~d · ~f(~r)
∣

∣

∣

2
〉

|~e0|2max (4.59)

#�l�"f ~f(~r)��H þj@/°úכs� 1�Ð ½©����o�)a ���l��©�  7�'� ì�r�í�Ðp��è /BN���l� �̧×¼_� ���l��©�ì�r�í�ÐÂÒ

'� ½̈K������. d�� (4.55)\�"f ô�Ç �,�3!�%	כ p��è /BN���l� �̧×¼_� Ä»ò́ �̧×¼ ÂÒx� Veff ?/\� �í�<Ê�)a ���

��l� \��-t�\�¦ h̄ω�Ð �ª����o
����,

1

2
(ε0n

2)|2~e0|2maxVeff = h̄ω (4.60)

#�l�"f n�Ér ���l��©�_� [jl��� þj@/��� /BM\�"f_� ÏãJ]X�Ò�¦s���. 0A_� d���̀¦ (4.59)\� @/{9�
����,

1

τcav
=

2Q

h̄(ε0n2)Veff
· 4ω2

c

4(ω − ωc)2 + 4ω2
c

∣

∣

∣

~d · ~f(~r)
∣

∣

∣

2
(4.61)

#�l�"f Q = ωc/4ωc\�¦ ��6 x
�%i���.

3. Purcell Factor

"é¶��_� ��µ1Ï ~½ÓØ�¦Ò�¦\� @/ô�Ç p��è /BN���l� ò́õ�\�¦ ¶ú�(R�Ðl� 0AK�"f l�ï�rs� ÷&��H Óüt|9��̀¦ ú̧� ���×þ�
�

#��� ô�Ç��. 7£¤, p��è /BN���l�_� �â
Äº\� ~½ÓØ�¦ "é¶���� ÏãJ]X�Ò�¦s� n��� /BM\� 0Au�ô�Ç����� q��§ @/�©�Ü¼

�Ð ��6 x
�>� |̈c l�ï�r Óüt|9��̧ °ú �Ér ÏãJ]X�Ò�¦ n�̀¦ ��4R�� ½+É �.���s	כ s�]j ·ú¡\�"f ½̈ô�Ç d�� (4.61)õ�

(4.57)\�¦ q��§
����

τbulk

τcav
=

2Q

h̄(ε0n2)Veff
· 3πε0h̄c3

ω3n
· 4ω2

c

4(ω − ωc)2 + 4ω2
c

· |
~d · ~f(~r)|2

|~d|2

=
3Q

4π2Veff

(

λc

n

)3

· 4ω2
c

4(ω − ωc)2 + 4ω2
c

|~d · ~f(~r)|2

|~d|2
(4.62)

(4.63)

#�l�"f 1)/BN��� �̧×¼_� ÅÒ��Ãºü< "é¶��_� ~½ÓØ�¦ ÅÒ��Ãº�� {9�u�
��¦ ω = ωc, 2)���l��©�  7�'�_� ~½Ó�¾Ó

s� s�×�æ�FG�� �̧F'pàÔü< {9�u�
� 9 3)"é¶���� ���l��©�_� [jl��� þj@/��� /BM\� 0Au�
���H �â
Äº þj@/_�

��µ1Ï ~½ÓØ�¦Ò�¦ 7£x��\�¦ °ú�>� H�d�̀¦ ·ú� Ãº e����. 7£¤ ÅÒ#Q��� p��è /BN���l� (Q, Veff )\�¦ ��6 x
�#� %3��̀¦ Ãº
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Figure 4.15: 2	�"é¶F�g���&ñ
_þtêÁ�_� FDTD epsilon ½̈�̧._þtêÁ�_� ε=11.56Ü¼�Ð,C��â
Óüt|9��Ér���/BN ε=1.0Ü¼

�Ð ��&ñ

�%i���. F�g���&ñ
 _þtêÁ�_� ¿ºa���H 0.5a, "é¶l�Ñüæ_� ìøÍ�â
�Ér 0.35a s���. s�M: F�g�½�×¼Ì�s�Ér ��� 0.28 ∼
0.39 (éß�0A��H ½©��� ÅÒ��Ãº)\�"f ����èß���.

e����H þj@/_� ��µ1Ï ~½ÓØ�¦ 7£x��Ö�¦�̀¦ Purcell factor ���¦ 
� 9 1946�̧�\� Purcells� %�6£§Ü¼�Ð Ä»�̧
�

%i���.[17]

Fp ≡ 3Q

4π2Veff

(

λc

n

)3

(4.64)

0A_� ���õ�\�¦ B�Äº 	�H Qü< ����Ér V\�¦ °ú���H /BN��� �̧×¼\� &h�6 x½+É M:��H ÅÒ_�
�#��� ô�Ç��. �=��
����

/BN��� �̧×¼ü< "é¶��ü<_� �©� ñ ���6 x(g ≡ d · emax/h̄)s� Õªo� ß¼t� ·ú§�Ér �â
Äº���̧, /BN��� �̧×¼_� F�g�<H

z�́Ò�¦(κ ≡ 4ω = ω/Q)s� B�Äº ����Ér �â
Äº��H z�́f��&h���� "é¶��ü<_� �©� ñ ���6 x r�çß�s� Zþt#Q��>� ÷&Ù¼

�Ð Rabi ���1lx�̀¦ �̂¦ Ãº e��>� �)a��. Õª�QÙ¼�Ð y©�ô�Ç �©� ñ ���6 xõ� ���ô�Ç �©� ñ ���6 x�̀¦ ½̈ì�r
���HX< e��#Q

"f éß�í�Hy� gëß�Ü¼�Ð��H ú́�½+É Ãº \O��¦, g/κ_� ß¼l�\�¦ ��t��¦ �7H_�
�#��� ½+É �.���s	כ [25] 7£¤,

g/κ =
demax

h̄
· Q

ω
=

Qd

h̄ω

√

h̄ω

2ε0n2Veff
∝ Q
√

Veff
(4.65)

Q/
√

V_� ß¼l��� 9þtÃº2�¤ y©�ô�Ç �©� ñ ���6 x_� ���õ�\�¦ �̂¦ SX�Ò�¦s� &�f���̀¦ ·ú� Ãº e����.

4.3.2 Ù��Úr
Ça� ¢æ·©5h£�· l�£� ø5� ��L±Ó '�×��· �¿â�


FDTD\�¦:�x
�#���µ1Ï~½ÓØ�¦Ò�¦�̀¦>�íß�½+ÉÃºe������H��z�́�Ér Xu\�_�K�"f%�6£§�7H_�÷&%3���.[9, 26]q�2�¤��

µ1Ï~½ÓØ�¦�&³�©�s��ª����&³�©�s�t�ëß��¦��������l��<Æ(Maxwell’s equation)\�"fÄ»�̧�)a��µ1Ï~½ÓØ�¦Ò�¦(γ cavity
classic)õ�

&ñ
SX�ô�Ç �ª��� %i��<Æ_� ����:r(γcavity
quantum)õ���H ·ú¡\� ·¡­��H �©�Ãº\�¦ ]jü@
���� q�YV �'a>�\� e����. Õª�QÙ¼�Ð l�ï�r
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Figure 4.16: (1lx%ò
�©�) F�g���&ñ
 _þtêÁ� ×�æ�©�\�"f 8£¤&ñ
ô�Ç Hz field_� ì�r�í. δt = 1000��� Gaussian dipole

source\�¦ ýa³ð (-0.2,-0.3)\� &h�6 x
�%i���. Dipole source�� F�g�½�×¼Ì�s ?/\� e��Ü¼��� source�Ð ÂÒ'�_� ynC ~½Ó

Ø�¦s� ��_� \O�6£§�̀¦ �̂¦ Ãº e����.

Óüt|9�(\V\�¦ [þt���ç�H{9�ô�Ç ÏãJ]X�Ò�¦ n��� bulkÓüt|9�)\�"f_� ��µ1Ï~½ÓØ�¦Ò�¦�Ð ½©����o\�¦
����, ��6£§õ� °ú �Ér�'a>�

d��s� $í
wn�ô�Ç��.

γbulk
quantum

γcavity
quantum

=
γbulk
classic

γcavity
classic

(4.66)

s� ]X�\�"f��H s�	�"é¶ F�g���&ñ
 _þtêÁ� îß�\� Z�~��� dipole source_� ��µ1Ï ~½ÓØ�¦Ò�¦ ����o\�¦ FDTD\�¦ ��6 x
�

#� >�íß�K� �Ð��x��. ÕªaË> 4.15�Ér >�íß�\� ��6 xô�Ç F�g���&ñ
 _þtêÁ�_� ½̈�̧s���. s� ½̈�̧��H ���̧�í�Ð_��Û¼ ���½̈

z�́\�"f ú́§s� ��6 x÷&��H ½̈�̧�Ð, 2	�"é¶ ~½Ó�¾ÓÜ¼�Ð_� F�g�½�×¼Ì�s ò́õ��Ð z ~½Ó�¾ÓÜ¼�Ð��H _þtêÁ�õ� ���/BNõ�_� ÏãJ

]X�Ò�¦ 	�s��Ð ynC�̀¦ ��Ñüt Ãº e��>� �)a��. "é¶l�Ñüæ_� ìøÍ�â
s� 0.35a{9� M: z ~½Ó�¾Ó_� even (TE-like �̧×¼)\� @/

K�"f V,��Ér F�g�½�×¼Ì�s (��� 0.28 ∼ 0.39)s� +þA$í
�)a��.[27]

δt = 1000��� Gaussian dipole source\�¦ ýa³ð (-0.2,-0.3)\� 0Au�r�v��¦"f, dipole source_� ×�æd�� ÅÒ��

Ãº\�¦����or�&������"f FDTD >�íß�%ò
%i��̀¦:�x
�#���4R������HF�g~½ÓØ�¦\��-t�\�¦>�íß�
�%i���. (4.1.4]X�_�

?/6 x �ÃÐ�̧.) ÕªaË> 4.16\� F�g���&ñ
 _þtêÁ� ×�æ�©�\�"f 8£¤&ñ
ô�Ç Hz field_� î̈
��� s�p�t�\�¦ ����?/%3���. Dipole

source_� ÅÒ��Ãº�� F�g�½�×¼Ì�s ?/ÂÒ\� e���̀¦ M:ü< ü@ÂÒ\� e���̀¦ M:_� ~½ÓØ�¦ �ª��©�s� B�Äº ��2£§�̀¦ �̂¦ Ãº e��

��. F�g�½�×¼Ì�s ü@ÂÒ\� e���̀¦ M:��H Õª ÅÒ��Ãº\� K�{©�÷&��H :£¤&ñ
 Bloch �̧×¼\�¦ #�l� r�v���H �Ü¼�Ð	כ s�K�½+É

Ãº e���¦, Õª ���õ� dipole\�"f ~½ÓØ�¦�)a \��-t��� _þtêÁ� ~½Ó�¾Ó_� Bloch �̧×¼�Ð ���s��)a��. ô�Ç¼#� F�g�½�×¼Ì�s ?/

\� e����H �â
Äº��H, _þtêÁ� ~½Ó�¾Ó_� Bloch �̧×¼�Ð ���½+Ë|̈c Ãº�� \O�Ü¼Ù¼�Ð @/ÂÒì�r_� \��-t���H _þtêÁ�_� 0A ��A�

�Ð ��4R ���̧>� �)a��. ��z�́ s�ü< °ú �Ér "é¶o�\�¦ s�6 x
���� �¦ò́Ö�¦ F�g~½ÓØ�¦ LED_� [O�>��� ��0px
���.[28]

ÕªaË> 4.17\���H r�çß�\� ����"f ��4R���̧��H Poynting energy\�¦ r�çß�\� @/K�"f ¾º&h�ô�Ç ���õ�\�¦ �Ð#�ï�r

��. ì�r"î
y�, °ú �Ér ß¼l�_� Mz source\�¦ ��6 x
�%i�6£§\��̧ Ô�¦½̈
��¦ Purcell ò́õ��Ð ���
�#� ����̂ ~½ÓØ�¦|¾Ó�Ér

B�Äº ��ØÔ��. Dipole source_� ×�æd�� ���©�\� ����"f 7176(ωn =0.24), 534(ωn =0.325), 8851(ωn =0.45)

��� ���õ�\�¦ %3�%3���.
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Figure 4.17: FDTD >�íß� ½̈�̧\�¦ ��4R���̧��H Poynting energy\�¦ r�çß�_� �<ÊÃº�Ð &h�ì�r
�%i���. °ú �Ér ß¼

l�_� Mz source\�¦ ��6 x
�%i�6£§\��̧ Ô�¦½̈
��¦ Purcell ò́õ��Ð ���
�#� ����̂ ~½ÓØ�¦|¾Ó�Ér B�Äº ��ØÔ>� �)a��.

Dipole source_� ×�æd�� ÅÒ��Ãº�� F�g�½�×¼Ì�s ?/\� e��Ü¼��� ~½ÓØ�¦|¾Ós� 10C� s��©� ���>� H�d�̀¦ �̂¦ Ãº e����.

4.4 l�	�xjS Ù��Úr
Ça� �ë�>e«כ� �¿Þ« &P��7�

·ú¡ ]X�\�"f ��ê�r 2	�"é¶ F�g���&ñ
 _þtêÁ�\� ���0A&h���� ½̈�̧&h� ����<Ê(defect)�̀¦ �̧{9�
���� ynC_� y©�ô�Ç ½̈5Åq�̀¦ s�

Ò�¦ Ãº e����. 7£¤, ����<Ê ÅÒ����Ér F�g�<Æ /BN���l��Ð ���1lx½+É Ãº e��>� �)a��. s� ]X�\�"f��H ���̧�í�Ð_��Û¼ ���½̈z�́\�

"f %�6£§Ü¼�Ð ]jîß�ô�Ç ���+þA éß�{9� ����<Ê (Modified single cell) /BN���l�_� /BN��� �̧×¼\�¦ ì�r$3�K� �Ð��x��.[29]

ÕªaË> 4.18�Ér FDTD epsilon ½̈�̧�Ð ³ð�&³�)a ���+þA éß�{9� ����<Ê /BN���l�\�¦ �Ð#�ï�r��. _þtêÁ�_� ÏãJ]X�Ò�¦�Ér ���

3.4�Ð ��&ñ

�%i��¦, C��â
 Óüt|9��Ér ���/BNÜ¼�Ð 
�%i���. F�g���&ñ
 _þtêÁ�_� ¿ºa���H z = 0 î̈
���\� @/K�"f even �̧

×¼ëß� �>rF�½+É Ãº e���̧2�¤ ∼ λ/(2neff ) &ñ
�̧�� ÷&�̧2�¤ T = 0.5a�Ð &ñ

�%i���. ô�Ç¼#� even _þtêÁ� �̧×¼\� @/K�

"f V,��Ér F�g�½�×¼Ì�s�̀¦ ��|9� Ãº e���̧2�¤ "é¶l�Ñüæ_� ìøÍ�â
�Ér 0.35a�Ð ��&ñ

�%i���. ����<Ê ÅÒ���_� ���+þA /BNl� ½̈

"í
_� ìøÍ�â
�Ér 0.25aÜ¼�Ð 
�%i���.

4.4.1 Ù��7��]� source��· l�£� ø5� <�ë«כ� �¿Þ« P±Øe�

���$�F�g���&ñ
/BN���l�\��>rF�½+ÉÃºe����H �̧��H �̧×¼\�¦¶ú�(R�Ðl�0AK�"fF�g@/%i�Gaussian dipole source\�¦��

6 x
�%i���. Dipole source_�0Au���H ½̈�̧_�@/g�A$í
�̀¦�¦�9
�#� (0,-0.5), (-0.2,-0.3)�Ð &ñ

�%i���. δt = 500,

×�æd�� ÅÒ��Ãº��H ωn = 0.30 Ü¼�Ð 
�%i���.

ÕªaË> 4.19\� Hz field_� 8£¤&ñ
 X<s�'�ü< Õª��_	כ Fourier Û¼&7�àÔ!3��̀¦ ����?/%3���. Û¼&7�àÔ!3�\� 0Au�ô�Ç

peak_� 0Au��Ð ÂÒ'� [j >h_� �̧×¼\�¦ #�l� r�(��6£§�̀¦ SX����
�%i���. (½©��� ÅÒ��Ãº��H y��y�� 0.2886, 0.3143,

0.3179) s���� ���½̈ ���õ�\� ��ØÔ��� s� [j >h_� peak�Ér y��y�� dipole, quadrupole, hexapole �̧×¼\� K�{©�H�d

�̀¦·ú�Ãºe����. :£¤y� dipoleõ� quadrupole �̧×¼_��â
Äº��H C6v @/g�A$í
Ü¼�Ð���
�#�s�×�æÜ¼�Ð»¡¤�@÷&#Qe��
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Figure 4.18: 2	�"é¶ F�g���&ñ
 éß�{9� ����<Ê /BN���l�_� FDTD epsilon ½̈�̧. _þtêÁ�_� ε=11.56 Ü¼�Ð, C��â
 Óüt|9�

�Ér ���/BN ε=1.0Ü¼�Ð ��&ñ

�%i���. F�g���&ñ
 _þtêÁ�_� ¿ºa���H 0.5a, F�g���&ñ
 "é¶l�Ñüæ_� ìøÍ�â
�Ér 0.35a, ����<Ê ÅÒ���

"é¶l�Ñüæ_� ìøÍ�â
�Ér 0.25a s���.

Figure 4.19: F�g@/%i� Gaussian dipole source\�¦ ��6 xô�Ç �â
Äº_� Hz field X<s�'�. Dipole source��H (0,-

0.5), (-0.2,-0.3)\� 0Au�
�%i���.#��Q �̧×¼_�4�¤ú̧�ô�Ç beating�̀¦ �̂¦Ãºe����. Fourier���8̈�
�#� ½̈ô�Ç power

spectrum\�"f #��Q /BN��� �̧×¼_� ÅÒ��Ãº\�¦ SX����½+É Ãº e��%3���. 0.2886, 0.3143, 0.3179 s���.
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Figure 4.20: (1lx%ò
�©�) F�g@/%i� Gaussian dipole source\�¦ ��6 xô�Ç �â
Äº_� Hz field ì�r�í.

��.[13]

ÕªaË> 4.20\� Hz field ì�r�í_� 1lx%ò
�©� ���õ�\�¦ ����?/%3���. #��Q �̧×¼�� 1lxr�\� �>rF�
�Ù¼�Ð B�Äº 4�¤

ú̧�ô�Ç���1lx�ª��©��̀¦�Ð�����. ({9�ìøÍ&h�Ü¼�Ðéß�{9� �̧×¼�� #�l��)a�â
Äº field nodeü< antinode��/BNçß��©�\��¦

&ñ
÷&#Q e����H standing wave_� ���1lx�̀¦ ô�Ç��.)

4.4.2 
����+ <�ë«כ� �¿Þ«ï5Ñ£�· ¤n>f9c
�e�

#�l�"f��H ωn = 0.3442\� 0Au�ô�Ç monopole �̧×¼\�¦ ���×þ�&h�Ü¼�Ð #�l�r�&� �Ðl��Ð ô�Ç��.46 δt = 1500, ×�æ

d�� ÅÒ��Ãº ωn = 0.3442��� Gaussian dipole source\�¦ ��6 x
�%i���. Source_� 0Au���H monopole mode_�

field ì�r�í\�¦ �¦�9
�#� (-0.2,-0.2)�Ð &ñ

�%i���.

ÕªaË> 4.21\� Hz field_� 8£¤&ñ
 X<s�'�\�¦ ����?/%3���. B�Äº L:�FMô�Ç exponential decay\�¦ �̂¦ Ãº e����HX<,

s���Ér	כ éß�{9� �̧×¼ëß�s� #�l�÷&%3�6£§�̀¦ ·ú��9ï�r��. Field energy_� decay �©�Ãº�Ð ÂÒ'� �̧×¼_� Q°ú̀�כ¦ íß�Ø�¦

K�è­q Ãº e����HX<, 11000 &ñ
�̧%i���. Fourier ���8̈��̀¦ :�x
�#� ½̈ô�Ç power specturm \�"f éß�{9� �̧×¼e���̀¦ ��

r� ô�Ç��� SX����½+É Ãº e����. #�l�"f peak_� �̧�ª�s� ¢-a���ô�Ç Lorentzian �̧�ª�s� ����� s�Ä»��H, Hz field 8£¤&ñ


0Au��� dipole source_� 0Au�#�"f source_� dc $í
ì�rs� ���çß� �í�<Ê÷&%3�l� M:ë�Hs���.

ÕªaË> 4.22\� Hz field ì�r�í_� 1lx%ò
�©� ���õ�\�¦ ����?/%3���. field node ü< antinode�� /BNçß��©�\� �¦&ñ
÷&

#Q e����H standing wave_� ���1lx �ª��©��̀¦ �Ð#�ï�r��. ¢̧ô�Ç /BN���l� ×�æd��\�"f Hz field ì�r�í�� þj@/s�Ù¼�Ð,

ìøÍ@/�Ð |E|2_� �â
Äº��H node�� H�d�̀¦[30] ~1�>� \V8£¤K� �̂¦ Ãº e����.47

46s���� ���½̈ ���õ��Ð ÂÒ'� /BN��� ÅÒ��Ãº�� ·ú��94R e��6£§.[11]
47
{9�ìøÍ&h�Ü¼�Ð ~E_� ì�r�íü< ~H_� ì�r�í��H "f�Ð Faraday ZO�gË:Ü¼�Ð ������÷&#Q e��Ü¼Ù¼�Ð node_� 0Au�ü< antinode_� 0Au��� "f

�Ð %i���� �'a>�\� e����. s���õ	כ �'aº���)a a%~�Ér �7H_���H Joannopolous_� Õþ� “Photonic Crystals”\�¦ �ÃÐ�̧.[31]
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Figure 4.21: δt = 1500, ωn = 0.3442��� Gaussian dipole source\�¦��6 xô�Ç�â
Äº_� Hz fieldX<s�'�. Dipole

source��H (-0.2,-0.2)\� 0Au�
�%i���. éß�{9� �̧×¼_� L:�FMô�Ç exponential decay\�¦ �̂¦ Ãº e����. Fourier ���8̈�


�#� ½̈ô�Ç power spectrum\�"féß�{9� �̧×¼\�¦SX����½+ÉÃºe����. (Lorentzian �̧�ª�s������s�Ä»��H source_�

$í
ì�rs� ���çß� �í�<Ê÷&%3�l� M:ë�H)

Figure 4.22: (1lx%ò
�©�) ωn = 0.3442\� 0Au�ô�Ç �̧×¼��H monopole mode e���̀¦ SX����½+É Ãº e����.
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4.5 l� *�×�+ ø�V�

1. ÅÒ��Ãº %ò
%i�\�"f ��6£§õ� °ú �Ér Lorentzian �<ÊÃºü< Gaussian �<ÊÃº\�¦ Òqty��ô�Ç��.

L(ω) =
(Γ/2)

(ω − ω0)2 + (Γ/2)2
, G(ω) = exp{−α

(ω − ω0)
2

Γ2
} (4.67)

(a) ω = ω0 ± (Γ/2) \�"f L(ω) = L(ω0)/2 �� H�d�̀¦ �Ð#���. Õª�QÙ¼�Ð Γ��H ÅÒ#Q��� Lorentzian �<Ê

Ãº_� FWHM (Full Width at Half Maximum) s���.

(b) ω = ω0 ± (Γ/2) \�"f G(ω) = G(ω0)/2 �� ÷&��H �©�Ãº α\�¦ ½̈
�#���. Õª�QÙ¼�Ð ¿º Gaussian

�<ÊÃºü< Lorentzian �<ÊÃº_� FWHM�Ér 1lx{9�K������. (°ú �Ér Q factor\�¦ °ú���H��.)

(c) ω = ω0 + 3Γ \�"f ��6£§ ¿º ��t� °ú̀�כ¦ q��§
�#���.

L(ω)

L(ω0)
,

G(ω)

G(ω0)
(4.68)

Õª�QÙ¼�Ð °ú �Ér ���;�¤�̀¦ °ú��8���̧ Gaussian �<ÊÃº_� ÅÒ��Ãº ���×þ�$í
s� �8 8A#Q����. 
�t�ëß�

Lorentzian �<ÊÃº��H z�́]j "é¶��_� ��;s� õ�&ñ
\�"f µ1ÏÒqt
���H ynC�̀¦ ú̧� ¬¹��
�Ù¼�Ð, �Ð�� z�́]j&h�

��� ���íß� �̧��\� &h�6 x ��0px
���.

2. z�́]j ]j����)a p��è "é¶ìøÍ /BN���l�\�¦ ì�r$3�
�l��Ð ô�Ç��. ÕªaË>(a)��H z�́]j ]j����)a p��è "é¶ìøÍ /BN���l�

_� SEM �����s���. ]j����)a /BN���l�_� t�2£§�Ér 5µm, "é¶ìøÍ_� ¿ºa���H 1500 Ås���. "é¶ìøÍ_� F�|9����

InGaAs/InP_� ÏãJ]X�Ò�¦�Ér 1.55 µm ���©�\�"f 3.5�Ð ��&ñ
ô�Ç��. ÕªaË>(b)��H z�́]j F�g*3�iç
 z�́+«>�̀¦ :�x
�

#� %3��Ér YUs�$� Û¼&7�àÔ!3�s���. YUs�$� �̧×¼ ��H%�\� e����H ����Ér peak�Ér M -�ª���Ãº »¡¤�@\�"f l�"é¶


���H �Ü¼�Ð	כ Òqty���)a��.(McCall_� �7Hë�H �ÃÐ�̧.[16])

(a) ��� 1525nm \�"f µ1Ï���ô�Ç s� whispering-gallery mode_� M °ú̀�כ¦ FDTD >�íß��̀¦ :�x
�#� ½̈
�

#���.

(b) 0A_� �̧×¼_� /BN���l� Q°ú̀�כ¦ FDTD >�íß��̀¦ :�x
�#� \V8£¤
�#���.
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3. 4.3.2]X�\�"f ��ê�r F�g���&ñ
 _þtêÁ�\�"f_� F�g~½ÓØ�¦ \��-t�\�¦ dipole source_� ×�æd�� ÅÒ��Ãº_� �<ÊÃº�Ð ½̈


��9�¦ ô�Ç��.

(a) ωn�̀¦ 0.25\�"f 0.45��t�4ωn=0.01éß�0A�Ð����or�&������"f ½̈
��9�¦ô�Ç��. Gaussian dipole

source_� þj&h�_� δt��H \O��������? (s� �â
Äº 20���_� FDTD >�íß�s� 
¹כ��9���.)

(b) ô�Ç ���_� FDTD >�íß�Ü¼�Ð s� ���õ�\�¦ %3�l� 0AK�"f��H Poynting energy &h�ì�r�̀¦ Ãº'��½+É ���©�_�

���_� y�� 0Au�\� @/
�#� DFT(Discrete Fourier Transformation)�̀¦ Ãº'��
�#��� ô�Ç��. \V\�¦[þt

#Q ~E_� x $í
ì�r\� @/K�"f��H

Exreal|i,j = Exreal|i,j + Ex|ni,j · cos(ω · n∆t) (4.69)

Eximag|i,j = Eximag|i,j + Ex|ni,j · sin(ω · n∆t) (4.70)

#�l�"f FDTD �©�\�"f_� y��y��_� grid 0Au� (i, j)\� @/K�"f F�)
&h����  »	!lr�̀¦ Ãº'��
����, z�́Ãº

$í
ì�rõ�(Exreal) )�Ãº $í
ì�r�̀¦(Eximag) %3��̀¦ Ãº e����. ��z�́�©� 0A_�  »	!lr�Ér ��6£§_� &h�ì�rd��

Ẽx(~r, ω) =

∫

Ex(~r, t)eiωtdt (4.71)

_� DFT ³ð�&³s���.

s�ü<°ú �Ér~½Ód��Ü¼�Ð&h�ì�r�̀¦Ãº'��½+É���©�_����\�@/
�#� ~̃Eωü< ~̃Hω\�¦ ½̈
����, Sω = ~̃Eω× ~̃Hω\�¦

>�íß�½+É Ãº e����.

s� ~½ÓZO��̀¦ s�6 x
�#� F�g~½ÓØ�¦ \��-t�\�¦ ½©��� ÅÒ��Ãº_� �<ÊÃº�Ð(0.25 \�"f 0.45��t�) ½̈
�#���.

(c) �= Poynting vector_� DFT\�¦ :�xK�"f��H ½̈½+É Ãº \O���Ht� [O�"î

�#���. 7£¤,

~Pω 6=
∫

( ~E(t) × ~H(t))eiωtdt (4.72)

4. 4.4]X�\�"f ��ê�réß�{9�����<ÊF�g���&ñ
/BN���l�_�/BN��� �̧×¼\�¦>�íß�
��9�¦ô�Ç��.ÕªaË>\�����èß� dipole,

quadrupole, hexapole �̧×¼\�¦ 
���m�� (̀Äº�¦, �̧×¼_� ½©��� ÅÒ��Ãºü< /BN���l� Q°ú̀�כ¦ >�íß�
�#���.
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V� 5 *�× ÉÙ��́ : KAIST FDTD Áþ�ÊÁ à�
ÃZ�

5.1 FDTD e�Ôeµ £o>ÊÁ à�
Ça�

1. void structure size(float x, float y, float z) :

FDTD >�íß� %ò
%i�_� ß¼l�\�¦ x(a) × y(a) × z(a) �Ð [O�&ñ
ô�Ç��. #�l�"f a��H FDTD /BNçß� ýa³ð_� éß�

0A U�́s��Ð"f F�g���&ñ
 /BN���l�_� �â
Äº ���&ñ
 ������Ð &ñ

���� ¼#�o�
���. >�íß� %ò
%i�_� ×�æd���Ér "é¶&h� ýa

³ð (0,0,0)Ü¼�Ð ô�Ç��.

2. void lattice size(int lx, int ly, int lz) :

FDTD >�íß� %ò
%i�_� /BNçß� ì�rK�0px�̀¦ [O�&ñ
ô�Ç��. \V\�¦[þt#Q 4x = a/lx �� �)a��. 7£¤, lx��H 2.5]X�\�"f

��6 xô�Ç latticexü< 1lx1px
���. {9�ìøÍ&h���� >�íß�\�"f lx=ly=lz=20 s� ��6 x�)a��.

3. void pml size(int il,int ir,int jl,int jr,int kl,int kr) :

x(a) × y(a) × z(a) ß¼l�_� FDTD >�íß� %ò
%i� ?/ÂÒ\� 0A\�"f [O�&ñ
ô�Ç ¿ºa��Ð PML8£x�̀¦ [O�&ñ
ô�Ç��.

#�l�"f il, ir °úכ�Ér x =-(x/2)(a)��� #4����õ� x =+(x/2)(a)��� #4����\� y��y�� &h�6 x�)a��. (j��H yî̈
���, k��H

z î̈
���\� &h�6 x�)a��.) {9�§4�°úכ_� éß�0A��H lattice size()�<ÊÃº\�"f &ñ
_�ô�Ç grid�Ð \V\�¦[þt#Q latticex=20

s��¦ il=10s���� PML 8£x_� ¿ºa���H 0.5(a)�� �)a��. �Ð:�x il=ir=jl=jr=kl=kr=10s� ��6 x�)a��.

4. void set default parameter(float S) :

s� �<ÊÃº��H FDTD >�íß�\� ¹ô�Çכ��9 #��Q��t� l��:r �©�Ãº[þt�̀¦ [O�&ñ
ô�Ç��. #�l�"f [O�&ñ

���H �©�Ãº[þtõ�

l��:r°úכ�Ér ��6£§õ� °ú ��.

(a) π=3.141592

(b) ε0 = 8.854 × 10−12

(c) µ0 = 4π × 10−7

(d) F�g5Åq�̧ c = 1.0/
√

ε0µ0

(e) FDTD Ãºu� îß�&ñ
$í
 �̧|	� S��H 0A �<ÊÃº_� ���Ãº�Ð {9�§4�~ÃÎ��H��. 7£¤, S=S.

(f) S\�¦ s�6 x
�#� FDTD r�çß� ýa³ð_� ì�rK�0px�̀¦ [O�&ñ
ô�Ç��. 7£¤, 4t = 1/(cS)

(g) PML 8£x_� �̧|	��̀¦ [O�&ñ

���H #��Q��t� �©�Ãº[þt�̀¦ ��6£§õ� °ú s� [O�&ñ
ô�Ç��.

orderxl = 3.5; orderyl = 3.5; orderzl = 3.5;

orderxr = 3.5; orderyr = 3.5; orderzr = 3.5;

sig_axl = 1.0; sig_ayl = 1.0; sig_azl = 1.0;
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sig_axr = 1.0; sig_ayr = 1.0; sig_azr = 1.0;

kx = 1.0; ky = 1.0; kz =1.0;

5. void set sigma max(float axl, float axr, float ayl, float ayr, float azl, float azr) :

set default parameters() �<ÊÃº\�"f [O�&ñ
ô�Ç PML l��:r �©�Ãº\�¦ ��ÜãJ M: ��6 xô�Ç��. #�l�"f��H sig axl .

. sig azr _� °ú̀�כ¦ ��õ�H��.

6. void set sigma order(float oxl, float oxr, float oyl, float oyr, float ozl, float ozr) :

set default parameters() �<ÊÃº\�"f [O�&ñ
ô�Ç PML l��:r �©�Ãº\�¦ ��ÜãJ M: ��6 xô�Ç��. #�l�"f��H orderxl

. . orderzr _� °ú̀�כ¦ ��õ�H��.

7. void set kappa(float kappa x, float kappa y, float kappa z) :

set default parameters() �<ÊÃº\�"f [O�&ñ
ô�Ç PML l��:r �©�Ãº\�¦ ��ÜãJ M: ��6 xô�Ç��. #�l�"f��H kx, ky,

kz_� °ú̀�כ¦ ��õ�H��.

8. void Hz parity(int x,int y,int z) :

>�íß� ½̈�̧�� @/g�A$í
�̀¦ °ú���H �â
Äº ��Ö�¦�©� @/g�A$í
 �̧|	��̀¦ &h�6 x½+É M: ��6 xô�Ç��. {9�§4� Ãºu�_� °úכ�Ér

-1,0,+1 _� [j °úכ ×�æ_� 
���#��� 
� 9, 0�Ér @/g�A$í
 �̧|	��̀¦ ��6 x
�t� ·ú§��H �â
Äºs���. 1(-1)�Ér ÅÒ#Q

��� î̈
���(\V\�¦[þt#Q x°úכ�Ér x = 0 î̈
����̀¦ _�p��<Ê)\� @/
�#� Hz field�� even(odd) @/g�A$í
�̀¦ °ú��¦ e��

6£§�̀¦ _�p�ô�Ç��. 7£¤, Óüto�&h���� even, odd_� &ñ
_�ü<��H &ñ
SX�y� ìøÍ@/�� �)a��.

9. void memory() :

FDTD >�íß�\� ��6 x|̈c #��Q��t� 3	�"é¶ ���Ãº[þt�̀¦ ������ô�Ç��.

5.2 FDTD N�ñ5Ñ Ä©�¿ à�
Ça�

KFDTD\���H #��Q��t� l�
��<Æ&h���� ½̈�̧ [O�&ñ
�̀¦ 0Aô�Ç �<ÊÃº�� ?/�©�÷&#Q e����. ½̈�̧ {9�§4�r�\���H ��×�æ\�

{9�§4�ô�Ç ½̈�̧�� ·ú¡\�"f [O�&ñ
÷&#Q e��~�� ½̈�̧\�¦ W=�#Q �(î�r��.

1. void background(float epsilon) :

FDTD >�íß� %ò
%i� ����̂\�¦ epsilon °ú̀�כ¦ °ú���H ç�H{9�ô�Ç Ä»����̂�Ð G�î�r��. C��â
 Óüt|9��̀¦ /BNl��Ð [O�&ñ


½+É �â
Äº epsilon=1.0s� �)a��.

2. void input object(char *shape, char *matrix file, float centerx, float centery, float centerz, float size1,

float size2, float size3, float epsilon) :

*shape\�{9�§4�½+É ½̈�̧\�¦{9�§4�ô�Ç��.{9�§4���0pxô�Ç ½̈�̧ü< ½̈�̧Z>�{9�§4����Ãº_�?/6 x�Ér��6£§õ�°ú ��.

(��6 x
�t� ·ú§��H {9�§4� ���Ãº��H EMP(Empty ���Ãº)�Ð ô�Ç��.)
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(a) “rod”��� �â
Äº, "é¶l�Ñüæ �̧�ª�_� ½̈�̧\�¦ [O�&ñ
ô�Ç��.

*matrix file : EMP

centerx, centery, centerz : "é¶l�Ñüæ_� Áº>� ×�æd�� ýa³ð

size1 : "é¶l�Ñüæ_� ìøÍt�2£§

size2 : "é¶l�Ñüæ_� Z�}s�

size3 : EMP

epsilon : "é¶l�Ñüæ_� epsilon °úכ

(b) “sphere”��� �â
Äº, ½̈ �̧�ª�_� ½̈�̧\�¦ [O�&ñ
ô�Ç��.

*matrix file : EMP

centerx, centery, centerz : ½̈_� Áº>� ×�æd�� ýa³ð

size1 : ½̈_� ìøÍt�2£§

size2 : EMP

size3 : EMP

epsilon : ½̈_� epsilon °úכ

(c) “ellipse”��� �â
Äº, ��"é¶ l�Ñüæ �̧�ª�_� ½̈�̧\�¦ [O�&ñ
ô�Ç��.

*matrix file : EMP

centerx, centery, centerz : ��"é¶ l�Ñüæ_� Áº>� ×�æd�� ýa³ð

size1 : x»¡¤ ìøÍt�2£§ (Rx)

size2 : ��"é¶ l�Ñüæ_� Z�}s�

size3 : y»¡¤ ìøÍt�2£§õ� x»¡¤ ìøÍt�2£§_� q�Ö�¦ (Rx/Ry)

epsilon : ��"é¶ l�Ñüæ_� epsilon °úכ

(d) “block”��� �â
Äº, ¹¢¤����̂ �̧�ª�_� ½̈�̧\�¦ [O�&ñ
ô�Ç��.

*matrix file : EMP

centerx, centery, centerz : ¹¢¤����̂_� Áº>� ×�æd�� ýa³ð

size1, size2, size3 : ¹¢¤����̂_� y�� �̧"fo�_� U�́s� (y��y�� x~½Ó�¾Ó, y~½Ó�¾Ó, z~½Ó�¾Ó)

epsilon : ¹¢¤����̂_� epsilon °úכ

(e) “contour”��� �â
Äº, ‘{9�ìøÍ �̧+þA’-‘l�Ñüæ’ �̧�ª�_� ½̈�̧\�¦[O�&ñ
ô�Ç��.7£¤, x−y î̈
����©�\�+þA$í
�)a{9�

ìøÍ �̧+þA�̀¦ z ~½Ó�¾ÓÜ¼�Ð #î
��� r�~�́ M: ëß�[þt#Q t���H l�Ñüæ �̧�ª�_� ½̈�̧\�¦ [O�&ñ
ô�Ç��. ({9�ìøÍ �̧+þA

ô�Ç >h_� l�Ñüæ ¢̧��H #��Q �̧+þA_� C�\P�_� l�Ñüæ�̧ |̈c Ãº e����.)

*matrix file : 2	�"é¶ matrix +þAd��_� M × N X<s�'� ��{9�. s� X<s�'� ��{9��ÐÂÒ'� 2	�"é¶ {9�ìøÍ

�̧+þA_� contour\�¦ {9�§4� ~ÃÎ��H��.

centerx, centery : matrix X<s�'� ��{9�_� "é¶&h��̀¦ &ñ
_�ô�Ç��. s� &h�s� FDTD >�íß� %ò
%i�_� "é¶&h�

\� Z�~s�>� �)a��. {9�§4� éß�0A��H matrix ��{9�_� grids���.
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centerz : {9�ìøÍ �̧+þA l�Ñüæ ½̈�̧_� z ~½Ó�¾Ó ×�æd�� ýa³ð. {9�§4� éß�0A��H FDTD éß�0A U�́s� as���.

size1 : 2	�"é¶ matrix ��{9�\�"f ‘{9�ìøÍ �̧+þA’Ü¼�Ð ���×þ�½+É l�ï�r°ú̀�כ¦ {9�§4� ~ÃÎ��H��. l�ï�r°úכ �Ð��

����Ér °ú̀�כ¦ ����� %ò
%i�s� ‘{9�ìøÍ �̧+þA’_� contour\�¦ ���&ñ
ô�Ç��.

size2 : {9�ìøÍ �̧+þA l�Ñüæ_� ¿ºa�. {9�§4� éß�0A��H FDTD éß�0A U�́s� as���.

size3 : »¡¤�èÖ�¦. matrix X<s�'�\�¦ {9�§4� Ãºu� ëß��pu »¡¤�è
�#� FDTD 2	�"é¶ î̈
���\� 0Au�r����

��. \V\�¦[þt#Q matrix X<s�'�_� 30 grid\�¦ FDTD >�íß� %ò
%i�\�"f 20 grid�Ð »¡¤�èr�v��9���,

20.0/30.0 �̀¦ {9�§4�
���� �)a��.1

epsilon : ���×þ��)a %ò
%i�_� epsilon °úכ

3. void make epsilon() :

input object() �<ÊÃº[þt�Ð &ñ
_�ô�Ç ½̈�̧\�¦ z�́]j (��ÉÓ'� Bj�̧o�\� Òqt$í
ô�Ç��.

4. void coefficient() :

Maxwell’s equation�̀¦ :�xô�Ç time update õ�&ñ
\�"f ¹ô�Çכ��9 #��Q��t� C�\P�[þt�̀¦ &ñ
_�ô�Ç��. ìøÍ×¼r�

make epsilon() �<ÊÃº s�Êê\� z�́'��
�#��� ô�Ç��.

5.3 FDTD N�ñ5Ñ ÊÁ�ßjk� !�
³Àø5� Áþ�ÊÁ

1. void propagate() :

z�́]j Maxwell’s equation�̀¦ :�xô�Ç time update�� Ãº'��÷&��H ÂÒì�rs���. (\V\�¦[þt#Q d�� 2.29 �ÃÐ�̧)

2. void Gaussian dipole source(char *component,float x,float y,float z,float frequency,float phaes,long

to,long tdecay) :

Gaussian dipole source\�¦ [O�&ñ
ô�Ç��.

(a) *component : field$í
ì�r�̀¦{9�§4�~ÃÎ��H��. ~J\�¦ÅÒl�0AK�"f Ex, Ey, Ez\�¦ ~M�̀¦ÅÒl�0AK�"f Hx,

Hy, Hz\�¦ ��6 xô�Ç��.

(b) x,y,z : &h� dipole source_� /BNçß��©�_� 0Au�

(c) frequency : Gaussian dipole source_� ×�æd�� ÅÒ��Ãº. éß�0A��H ½©��� ÅÒ��Ãº (ωn = a/λ)

(d) phase : Gaussian dipole source_� �íl� 0A�©�.

(e) to : Gaussian dipole source_� envelope �<ÊÃº�� þj@/°ú̀�כ¦ °ú���H r�y��. KFDTD \�"f t0 =

3 × δt�Ð &ñ
_�÷&#Q e����.

(f) tdecay : Gaussian envelope_� r�çß� %ò
%i�\�"f_� ;�¤. FWHM�Ér 2δt = 2 tdecay s���.

1���íß�_� ���õ��� floating Õüw���� ÷&�̧2�¤ ‘.’�̀¦ =�G V,�#QÅÒ#Q�� ô�Ç��.
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3. void Lorentzian dipole source(char *component,float x,float y,float z,float frequency,float phaes,long

to,long tdecay) :

Lorentzian dipole source\�¦ [O�&ñ
ô�Ç��.

(a) *component : field$í
ì�r�̀¦{9�§4�~ÃÎ��H��. ~J\�¦ÅÒl�0AK�"f Ex, Ey, Ez\�¦ ~M�̀¦ÅÒl�0AK�"f Hx,

Hy, Hz\�¦ ��6 xô�Ç��.

(b) x,y,z : &h� dipole source_� /BNçß��©�_� 0Au�

(c) frequency : Lorentzian dipole source_� ×�æd�� ÅÒ��Ãº. éß�0A��H ½©��� ÅÒ��Ãº (ωn = a/λ)

(d) phase : Lorentzian dipole source_� �íl� 0A�©�.

(e) to : Lorentzian dipole source�� r����
���H �íl� r�y��.

(f) tdecay : exponential decay_� lifetime. éß�0A��H FDTD time steps���.

4. float Gaussian phase(float Wn, long t peak) :

Gaussian dipole source _��íl� 0A�©��̀¦ &ñ
K�ÅÒ��H �<ÊÃº. Wn�Ér dipole source_� ×�æd�� ÅÒ��Ãº(ωn)s�

�¦ t peak�Ér Gaussian envelpes� þj@/�� ÷&��H r�y�� t0s���.

5. float Lorentzian phase(float Wn, long tdecay) :

Lorentzian dipole source_��íl�0A�©��̀¦&ñ
K�ÅÒ��H�<ÊÃº. Wn�Ér dipole source_�×�æd��ÅÒ��Ãº(ωn)s�

�¦ tdecay��H exponential decay_� lifetimes���.

6. void Poynting block(float centerx, float centery, float centerz, float size1, float size2, float size3) :

Poynting energy&h�ì�r�̀¦Ãº'��ô�Ç��.(4.1.4]X�_� ?/6 x�ÃÐ�̧)&h�ì�r�̀¦Ãº'��
�>� |̈c���©�_�¹¢¤����̂_�0A

u�ü< ß¼l���H centerx, centery, centerz, size1, size2, size3\�"f {9�§4�~ÃÎ��H��. B� FDTD time step\�"f

r�çß� &h�ì�rô�Ç °úכ�Ér Sumx, Sumy, Sumz ���Ãº\� $��©��)a��. \V\�¦[þt#Q, Sumx��H ���©�_� ¹¢¤����̂_� ���

×�æ\�"f y − z î̈
���õ� î̈
'��ô�Ç ���(x = −size1/2, x = +size1/2)�̀¦ :�xõ�
���H Poynting energys���.

5.4 Úr
ø� ��·�]� Áþ�ÊÁ

1. void out epsilon(char *plane,float value,char *name) :

Bj�̧o�\�Òqt$í
�)a FDTD>�íß� ½̈�̧(epsilon ½̈�̧)_� î̈
���s�p�t�\�¦Ø�¦§4�ô�Ç��. *plane�Ér “x”,“y”,“z”

×�æ\� 
����� |̈c Ãº e����. value��H epsilon ½̈�̧\�¦ �Ð�¦ z�·�Ér î̈
���_� 0Au�\�¦ ���&ñ
ô�Ç��. \V\�¦[þt#Q

*planes� “z”s��¦ value�� 0 s���� z = 0 î̈
���\�"f_� epsilon ½̈�̧\�¦ Ø�¦§4�ô�Ç��. value_� éß�0A��H

FDTD_� éß�0A U�́s� a�� �)a��. *name\���H Ø�¦§4� ��{9�_� s�2£§�̀¦ &h�#Qï�r��.

2. void out plane(char *component,char *plane,float value,char *lastname) :

FDTD >�íß� ���õ�Óüt_� î̈
��� s�p�t�\�¦ Ø�¦§4�ô�Ç��.
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(a) *component : Ø�¦§4�
��¦ z�·�Ér ���õ�Óüt�̀¦ &h���H��.

“Ex” : Ex field

“Ey” : Ey field

“Ez” : Ez field

“Hx” : Hx field

“Hy” : Hy field

“Hz” : Hz field

“Eˆ2” : | ~E|2 = |Ex|2 + |Ey|2 + |Ez |2

“Hˆ2” : | ~H |2 = |Hx|2 + |Hy|2 + |Hz|2

“Sx” : x ~½Ó�¾Ó Poynting vector. EyHz − EzHy

“Sy” : y ~½Ó�¾Ó Poynting vector. EzHx − ExHz

“Sz” : z ~½Ó�¾Ó Poynting vector. ExHy − EyHx

“LogEˆ2” : log10 | ~E|2

“LogHˆ2” : log10 | ~H|2

“EM Energy” : ε| ~E|2 + µ| ~H|2

“E Energy” : ε| ~E|2

“Ex2Ey2” : |Ex|2 + |Ey|2

“Ey2Ez2” : |Ey|2 + |Ez|2

“Ez2Ex2” : |Ez|2 + |Ex|2

“LogEx2Ey2” : log10(|Ex|2 + |Ey|2)
“LogEy2Ez2” : log10(|Ey |2 + |Ez|2)
“LogEz2Ex2” : log10(|Ez |2 + |Ex|2)
“Hx2Hy2” : |Hx|2 + |Hy|2

“Hy2Hz2” : |Hy|2 + |Hz|2

“Hz2Hx2” : |Hz|2 + |Hx|2

“LogHx2Hy2” : log10(|Hx|2 + |Hy|2)
“LogHy2Hz2” : log10(|Hy|2 + |Hz|2)
“LogHz2Hx2” : log10(|Hz|2 + |Hx|2)

(b) *plane : ���õ�\�¦ �Ð�¦ z�·�Ér î̈
����̀¦ &h���H��. “x”,“y”,“z” ×�æ\� 
����� |̈c Ãº e����.

(c) value : epsilon ½̈�̧\�¦�Ð�¦z�·�Ér î̈
���_�0Au�\�¦���&ñ
ô�Ç��.\V\�¦[þt#Q *planes� “z”s��¦ value��

0 s���� z = 0 î̈
���\�"f_� epsilon ½̈�̧\�¦ Ø�¦§4�ô�Ç��. value_� éß�0A��H FDTD_� éß�0A U�́s� a��

�)a��.
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(d) *lastname : Ø�¦§4� ��{9�_� extension�̀¦ &h�#Qï�r��. s� �<ÊÃº\�¦ FDTD time-loop 5Åq\� &h�6 x
����

r�çß�\� ���Ér î̈
��� s�p�t��� ���5Åq&h�Ü¼�Ð Ø�¦§4��)a��. ��{9�_� s�2£§�Ér FDTD time step�̀¦ s�6 x


�#� ��1lx&h�Ü¼�Ð &ñ
K������.

3. void out point(char *component,float x,float y,float z,long ti,long tf,char *name) :

FDTD >�íß� ���õ�Óüt_� &h� X<s�'�\�¦ Ø�¦§4�ô�Ç��.

(a) *component : Ø�¦§4�
��¦ z�·�Ér ���õ�Óüt�̀¦ &h���H��. (void out plane() �<ÊÃº_� �â
Äºü< 1lx{9�)

(b) x,y,z : ���õ�\�¦ �Ð�¦ z�·�Ér &h� ýa³ð\�¦ &h���H��. éß�0A��H FDTD_� éß�0A U�́s� as���.

(c) ti, tf : &h� X<s�'�\�¦ Ø�¦§4�½+É FDTD r�çß� ½̈çß��̀¦ {9�§4�ô�Ç��. ti��H �íl� r�y��, tf��H þj7áx r�y��s�

��.

(d) *name : Ø�¦§4� ��{9�_� s�2£§�̀¦ &h�#Qï�r��.

4. void print energy() :

�̧��H FDTD time-loop�� =åQèß� Êê\� Poynting energy &h�ì�r ���õ�\�¦ Ø�¦§4�ô�Ç��. Ø�¦§4� ��{9�_� s�2£§�Ér

VQSQ.ens���. (\V\�¦[þt#Q void Poynting block() �<ÊÃº\�¦ s�6 xr� &h�6 x ��0px
���.)

5.5 e��� Áþ�ÊÁ

�:r y©�_� �̧àÔ\�"f [O�"î

�t� ·ú§�Ér far-field >�íß�\�"f ��6 x÷&��H �<ÊÃº[þts� e����. ¢̧ô�Ç random ½̈�̧\�¦ {9�

§4�
�l� 0Aô�Ç �<ÊÃº[þts� e����. #�l�"f��H �<ÊÃº_� 6 xZO��Ér [O�"î

�t� ·ú§�¦ �<ÊÃº_� "é¶+þAëß� &h�l��Ð ô�Ç��.

1. void random object(char *shape, float radius, float height, float epsilon, float x min, float x max, float

y min, float y max, float z min, float z max, int gen number, int seed)

2. void random Gaussian dipole(char *component, float frequency, float tdecay, float x min, float x max,

float y min, float y max, float z min, float z max, int gen number, int seed)

3. void far field param(float *OMEGA, float DETECT)

4. void make 2n size(int NROW)

5. void far field FFT(int NROW, float NA, float Nfree, float *OMEGA)

6. float grid value(char *component,int i,int j,int k)

7. void total E energy()

8. void total E2()
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9. void Poynting total()

10. void Poynting side(float value, float zposition)

11. void print energy()

12. void Poynting UpDown(float value, float zposition)

13. void transform farfield(int NROW, int tnum)

14. void add farfield(int tnum)

15. void print amp and phase()

16. void print real and imag()

65



½ÇÔ �§ %K� «¹�

[1] N. C. Frateschi and A. F. J. Levi, “The spectrum of microdisk lasers,” J. Appl. Phys., vol. 80, p.

644, 1996.

[2] J. M. Gérard, D. Barrier, J. Y. Marzin, R. Kuszelewicz, L. Manin, E. Costard, V. Thierry-

Mieg, and T. Rivera, “Quantum boxes as active probes for photonic microstructures: The pillar

microcavity case,” Appl. Phys. Lett., vol. 69, p. 499, 1996.

[3] P. R. Villeneuve, S. Fan, and J. D. Joannopoulos, “Microcavities in photonic crystals: Mode

symmetry, tunability, and coupling efficiency,” Phys. Rev. B, vol. 54, p. 7837, 1996.

[4] A. Taflove and S. C. Hagness, Computational Electrodynamics: the finite-difference time-domain

method. Boston: Artech House, Inc., 2000.

[5] G. B. Arfken and H. J. Weber, Mathematical methods for physicists. London: Academic Press,

1995.

[6] J. D. Jackson, Classical Electrodynamics. New York: Wiley, 1974.

[7] J. J. Sakurai, Modern Quantum Mechanics. Addison Wesley, 1994.

[8] P. R. Villeneuve, S. Fan, and J. D. Joannopoulos, “Numerical solution of initial boundary value

problems involving maxwell’s equations in isotropic media,” IEEE Trans. Antennas and Propaga-

tion, vol. 14, p. 302, 1966.
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