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√
√
√

εdεm(ω)

εd + εm(ω)

u��oT.�
ky =







√
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ε εm d

(1) (2) (3)

εm

z

ky=

x

x

y

notations des vecteurs d’onde :

kx (2)=

kx (1 ou 3)=

w

h
Λ

α
β

zone d’étude
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~∆~u + k2εm~u = 0
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Tip ~∆~u + k2εd~u = 0
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k = 2π
λ

= ω/c
���Ò�.�«�

~u = ~u(x, y, z)
�yT.{`�y�.UmT.nqp�TQu��~UmUy�Bw~��T.n ~E

�d�`T ~H
�
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Hz = Hz(x, y)
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Hx = Hy = 0 = Ez
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Ex =
i

ωε0εr

∂Hz

∂y

TDp
Ey =

−i

ωε0εr

∂Hz

∂x

εr
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H(1)
z |x=−w/2,y = H(2)

z |x=−w/2,y

1

εm

∂H (1)
z

∂x
|x=−w/2,y =

1

εd

∂H (2)
z

∂x
|x=−w/2,y

�0/



H(2)
z |x=w/2,y = H(3)

z |x=w/2,y

1

εd

∂H (2)
z

∂x
|x=w/2,y =

1

εm

∂H (3)
z

∂x
|x=w/2,y

£|À
H(j)

z
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SBu �o�.l��t�Dp��y��T �mT.�ip�u�n~�o�`sÃu����yTÑn~l��~U×u��`p�l��y�vUmTÁr �k}~T.�m�k}~T.�×z~TiU×Umlosv�¥p��vl�n~U�{xu��AsvuÈp�Ti�k}¥®
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u(x, y) = X(x) · Y (y)
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ky = Λ
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λ
°±�¨£|n­u,u�s�lo�yU ∀x ∈ R Tip ∀y ∈ [−h, 0]
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H(1)
z (x, y) = (A1e

iβx + B1e
−iβx).(C1e

iΛy + D1e
−iΛy)
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H(2)

z (x, y) = (A2e
iαx + B2e

−iαx).(C2e
iΛy + D2e

−iΛy)
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H(3)
z (x, y) = (A3e

iβx + B3e
−iβx).(C3e

iΛy + D3e
−iΛy)
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





α =
√

k2εd − Λ2 (= kx
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β =
√

k2εm − Λ2
©
= kx
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�¾TJsÃu^�mT.sÃu[p��vl�n
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cm−1 õÜ � ÝdÞmß�á³äiå �Dí²Þmí²ðïß�ì¹âDð¸âiìÒê¸î¹ð¸è´ß¿ê«èéô.í²ÞmßxëÌÞyß�Þ¹ç�ê«Þ¹åOß¿è´äDå[ßÏß¿àOâkê«èéâ±á´Þmß�ß¿í²è$�kâ±å.ê
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 ��ìÍäií²á³Þmí²ðïß  ���Q�kâ±ð¸è´â±ê«è´äDå�ëÌÞ�á�æ è³åOëÌè´ì¹Þ�Þ8��ÞyìÒê«è³ñ��Yß«äDá´íÌê¸è³äiå�ÞÍç²âDìÍê«Þ�ëÌÞ�á�æ � ¤��  ë²âDå[ßÙí[å²Þ�ß¿ê«ðïâkê¸Þ� � 2±â±è´ð 2 � �Oó²Þ¹åFñ÷äDå[ìÍê«è´äDåQë²Þ
w ! Þ¹åH�iÞ¹ð«ê � ×  � 2000cm−1

�
λ = 5µm

ÞÍê
εAg = −909  ó�ÞÍê=Þ¹åFð¸äDí �DÞ ���  �

20000cm−1
�
λ = 500nm

Þ¹ê
εAg = −8.57  Òõ ÝdâNìÍäiå[ß�êïâ±å.ê«Þ½ëÌí�ã�î¹ê¸âDá.Þyß�ê~à²ð¸è´ß«Þ½ð«îmÞ¹á´á³ÞÏàOäií²ð~á´âµð«Þmà²ð¸îmß«Þ¹å.ê¸â±ê«è´äDå õ� �U�kâ±ð¸è´â±ê«è´äDåFëÌÞ�ávæ è´å[ëÌèéìÍÞ�Þ;�oÞmìÍê«è³ñ�óoê«äií ��äDí²ðïß=ë²â±åOßµí[å²Þ�ß¿ê«ðïâkê¸Þ � � 2±â±è´ð 2 � �[óOÞ¹åFñ÷äDå[ìÍê«è´äDåbëÌÞRáéâ�ñ÷ð«îyôií[Þ¹å[ì¹ÞRÞmå

cm−1
�Yè³åÌñ÷ðïâ±ð¸äDí �DÞ�Þ¹êW��èéß¿è$�²á´Þ  àOäií²ð`í²å²Þ½á´âDð �iÞ¹í²ð �²çÌî¹Þ w = 50
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couplage symétrique

couplage antisymétrique

w Métal

plasmon de paroi

+
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w = 1µ
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10000cm−1

�
λ = 1µm  ÞÍê 25000cm−1

�
400nm  óàOäií²ð

w = 1µm
�YÞ¹å
�[âDíÌê  ÞÍê 400nm
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k2

y = Λ2
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Λ2 < 0  ß«è w << λ
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λ < 11000cm−1
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w = 400nm õ
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£ �há.ñYâDí[ëÌðïâBð¸Þ8�DÞmå²è´ð`âDíÙð¸âDà²à�äDð«ê`ëqæ è³ã�à�îmë²âDå[ìÍÞ½ÞÍç²âiìÒê

Z(kx)
ß«è�äDåU�iÞ¹íÌê~îÍê¸í[ëÌè´Þ¹ðxëÌÞmß`à<�[î¹å²äiã��må²Þmß¥á´è³îyßW�µávæ Þ¹ç��ìÍè³ê¸âkê¸è³äiå5ëqæ äiå[ëÌÞyß�ëÌÞ �ið¸âDå[ë²ß

kx

�¿ø �Ëþ��.ê¸ð��yß¨á´äÌì¹â±á´èéß¿îmÞmß¨ß«à[âkê¸è´âDá³Þmã�Þ¹å.êmóDß«í²ðÏá´â�ß«í²ð«ñYâDìÍÞ��²äDð¸è��mäDå.ê¸âDá³Þ  ókå²äDê¸âDã�ã�ÞmåiêëÌÞmß(ß«í²ð«ñYâDìÍÞyß �5ì¹â±ðïâDìÍê��mð«ÞNëÌîmß«äDðïëÌäDå[å²î õ Ý�ÞÙìmâ±áéìÍí²á�ë²Þmß�à²ð¸ä ��ÞyìÒê«è´äDåOß(ëÌÞ8��è´Þ¹å.ê(à²á³íOßBìÍäiã�à[á³èéô.í²î õ
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�yu���p

Z
′

= 1
cε0

√
εm

��©¿��&�p��	�t�Dpku�sÃ°JTipt{~�y�iUy�~{`{ÏloUmT.�yu���ptz~lon~�O�Ù{Ïlo�`�7ÊDp��mT��m�~U¹p��YÂx�.TO�����~T
β =√

k2εm − Λ2 ≈ k
√

εm
�=��T.sÃuÎ�v�7{~sv���d�`T.��uO��p�z�¦³u��olo���bz~TiUJ�Ou�svTi�~�yUQ{~�ylo{`�yT.U

Λ2 p�l��`p�TiUbn~�.��sv�Y®��T�u�w~s�T.U�Tin×�7ldz~�~svTJz~Ti�Ou�nqpFsÃu^�ilon~U¹pku�nqp�T7z~���.svTi�ipy�y�v���~T3©¿�7l¥z~TiU|�Ou��y�vu�nqp�svTin�pyT.�7T.nqp?Uy�`���Ou�nqp
y
°D�Ï��T����~�µn~Tb{�T.�`p�ÊDp��mTJ�d��u��«�½rt�tlo��n~U¾z`TbUyTb�mT.U¹p��yTi�vn~z`�yT�u��d¤­pylo�~U|{~�mT.�7�vTi�yU¾�7ldz~T.Ui�½U.¦§�vs�U
Um�.-7UyTin�p|r��yT.n`z~�yTF���xu�nqp��YpkuOpy���oTi�tTinqp��ilo�7{`p�T�z~TFsÃub�m�.{�lon~UmTQlo{¥p��v���~T�Âxn~u�svTO� �J¦´uO�`p��mTF{~u��mp.�
l�n	TiUmp���uO�tTin~�Fr,�m�.Umlo�~z~�mTQs«¦³�i�d�~uOp���lonCp��yu�n~Uy�iT.n~z~u�nqp�T

cos(αw)− i

2
[

α

εdZ
′
+

εdZ
′

α
] sin(αw) = 0

{�lo�~�,p��mlo�`��T.�Csvu"wxu�UmT­z~TiUC�7l¥z~TiU^{~�mlo{~�mT.U.�Rwxu�UmT����~��n½¦³TiUmp3{xuOU^lo�¹p�}~lo��lonxu�s�TÎz~�È�¿u���ptz~�
�.u���uO�ip��i�yT­jk][\¾V�Wvc��¥cJz~T

Z
′ ���iT��d�`�=�.lo�7{~s��v���~TQ��l��mp�Ti�tTinqp�sÃutpyT.�k}~n`�v���~T,z~T�{~�ml[�mT.�Dp��vl�nAT.��®

{`svlÌ�o�iTF{`sv�~U5pkuO�yz ©¿UyTi�ipy�vlonÎ·`�³·`�é¶�°D�xS�¦³u�{~{~�mlÌ¤¥���^uOpy�vlon3{�T.�m�tTDpypy��u��Yp5�.Ti�mp�TiU�z`TQ{~�mT.n~z`�yTF�t��T.�¥¤
TinÈ�ilo�7{`p�T3s�T	�.u���uO�ip��i�yT@�y�iT.s9z~TiU7{~u��ylo��U�z~T@��u��d��py�.U­©¿T�	ÏTipyUtz`T	s«¦´uOw~Uylo�m{`p���lon¨°±�N�tu��vUbn`lo�~U
UmT.�m�vlon~U��.l�n`���ylonqpy�.U�r?�~n"jk][_ �RÆhÅ�adc?jk][_�a�ÆhÅ¿Æ¸][_`Z|X�e ��WËÆh\�ÆhÅÒckZ¾Ç�cDf�Z�WvckZFjk][Æh_`Z¾adckZµg�cD_xÅÒckZD�¥��Tipmp�T
uO{~{~�yld�k}~T?T.U¹p�z~lon~�?wxu�n`��u�s�T��

�Òs¨T.U¹p�{`sv�~UÙ�y���olo�~�mT.�¥¤Ï�q���~�Ypyp�T�r��¿u��v�mT9z~T.URu�{~{~�ml�¤`���^u[p��vl�n~U.�oz`T��ilon~Uy��z~�.�mT.��svTiU�{~u��ylo��U=�oTi�¹®
py�v�.u�svTiU�{~u��m�¿u��Yp�Ti�tTin�p��ilon~z~�~�Dp��m�v�.TiU.�[z~T�Umlo�mpyT�����¦³u��¥¤Q�.l��vn~U��t�Dpku�s�sv���d�`T.U.�.sÃu9�.lon~z`��p�l�n 'i{xuO�ylo��U
{~u��m�¿u��Yp�TiU0'¾U.¦³u��m�yÊipyT?sÃr�loÀ@�.lo�7�7T.n~�iTFsvub�.lon`z~��py�vlon 'i���t{��.z~u�n~�.T�z`TFUm�~�m�¿uO�.Te'[�

��n`Âxn½�[s«¦³}q�d{�l�p�}~�iUyTÙz~TÙ{xu��mlo�vU({~u��m�¿u��Yp�TiU(z~lon~n~T�z~TiU��7ldz~T.UB{~�mlo{~�yTiUB{xu��m�¿uO��p�Ti�tTinqp(�.lon`nd�`U.�
�ilon~U¹p���py�xu�nqp9�~n~T?wxuOUyTFlo�mpy}~lo�olon~u�svTO�
�'��� ��� 
�� ��� � � � ����� ������� � 
�� �	� � � � !	! ��
�� ��� � 
���
 �

�J¦³u�{~�m�.U�svutUyTi�ipy�vlon×¶¥�§º~� @ Uy�`�|s¸¦§�vn~z`�v�.TFT�	ÏT.�Dp��Y�Ùz�¦³�`n~Tb��u��d��py�bUy�`w¥®
λ
�½s«¦´u�{`{~�yl�¤¥�v�tuOp���lon@z~T

{~u��ylo��UR{~u��m�¿u��Yp�Ti�tTin�p��ilon~z~�~�Dp��m�v�.TiU��.l�n~z~�~����u��Yp�pylo�[�mlo�`�yU.�d{�lo�~��s�T��7ldz~T����~�vz~�O�`r
Λ/k = nd

�
��lo�~�¹pku�nqp���lon��oT.�m��u?����¦³Tin^z~TiUyUmlo�~U�z�¦³�`n7�iT.�¹pku���n7UmT.�~��s~z�¦§lo�`��T.�mpy�~�yT

w
��svT��ilo�~{~svu��oT5z~TiU�{`sÃu�UÍ®

�7lon~UFz~TC{~u��ylo��UQ�ilo�7�tTin~�.T^r,�mlo�~Ti�J�~nÑ�A&osvT7z~TC{`sv�~UQT.nÁ{~s��~UJ{~�m�.{�lon~z~�i��u�nqp3Ö�svT,�oTi�ipyT.�~�
ky = Λ

u��~���tTin�pyTb{�lo�~�¾s�Tb�7l¥z~TF��lon~zxuO�tTin�p�u�s¸�¨�k}~l�UyT,���~�Nn�¦§T.U¹p?{xu�U|{`�y�vUmTbT.n �ilo�t{¥p�TJ���.�«�
S�¦³u�{~{~�ml�¤`���^u[p��vl�n 'i{xu��mlo�vU9{xu��¹�¿u���pyT.UO'?TiUmp¾u��vn~Um�`�m�~Umpy��Âx�iTQ{�lo�~�9z~TiU¾sÃuO�y�oTi�~�yU9z~TF��T.nqp�T

w
{~u�U

py�ylo{­{ÏTDp���pyT.U�z~Ti�Ou�nqp�svu^svlon`�o�~T.�`��z�¦§lon~z`T��vn~�i�vz~Tin�pyT3©�Uy�µpylo�`pyTi��lo��U
εm << 0

°D� �`¦´uO�µTin��d��U�u��o�
�`n�� ����
�� ���Cz~TJ�d�~u�sv�Yp��Fz~Tb�.TDpypyT�u�{~{~�ml�¤`���^u[p��vl�n"Ö��.Tisv�~���.lon`Uy�vU¹pku�nqp|r^z~�v�mTJ���~TJp�u�nqp|���~TbUm�
s«¦³��n~z~���.T?�o�.�m��p�u�w~svT

neff/nd ≤ 1.1
s«¦´u�{`{~�yl�¤¥�v�tuOp���lon	T.Ump|��u���Uylon~n~u�w~svTO�ÏUmlo��p 1

kw
√

|εm|
≤ 1/10

�
�O¦³TiUmp¹®Ír[®ïz~�v�mT

1 > kw ≥ 10/
√

|εm|
©?�±°±�

� 4-	
4BÖ |εm(Or)| = 30.52 r λ = 5µm
©
2000cm−1 °±�~Ú¾{~{`�yl�¤Ï�¨�Ou�svu�w~s�T|Uy� w > 260nm

�
��n`Âxn½�Ns¸¦§}q�d{Ïl�py}~�.UmT^z~T^{xu��yl��vU?�oT.�¹p�����u�s�T.UJ{~u��m�¿u��Yp�Ti�tTin�pF�ilon~z~�~�Dp��m�v�.TiUbT.U¹p�z~Tt�tlo��n~U?T.n

�7lo��n~U�Umlo�`p�Tinxu�w~s�T|���xu�n~z@svuJ{~�ylO��lon~z~Ti�~�
h
z`T.U5��T.nqp�TiU5z~Ti�d��T.nqp5p��mlo{@�o��u�n`z~T��¥{~�~�vUm���~T��~z~u�n~U

svuC�y�.u�sv�Yp����½sÃuC{~�mlo{xu��qu[p��vl�nAz~T.UFlon~z~TiUQs�T�svlon`�	z`T.U?�b�~�mUF�7�ip�u�svs��v���~TiU|U.¦³u��.�ilo�7{xu��oTin�pFz�¦§�~n
uO�tlo�¹p���UyUyTi�tTinqp�� �Òs(n`T?�¿uO�`p9z~lon~�?{xuOU�T±¤`u��o�.�mT.��Uy�~�9s�T���u�{~{�lo�¹p5z�¦³u�Uy{�T.�Dp

w/h
�

�¹Ý�æ èéëÌîmÞÙëqæ Þmã�à²á³äT¡iÞ¹ð�í²å|è´å[ëÌèéìÍÞ�Þ;�oÞmìÍê«è³ñ¨ëÌÞÙì¹âC��è³ê«îNê«äiíÌêBÞ¹å¾ã5â±è´åiê¸Þ¹å[âDå.êBá³Þyß�à[â±ð¸äDèéß½à[â±ð«ñYâ±è³ê«Þmã�Þmå.ê�ìÍäDåOëÌí[ì �ê«ð¸è´ì¹Þmß`Þmß¿ê¨è³å.ê¸î¹ð¸Þmß¸ß«âDåiê¸ÞÏã5âDè´ß~è´á�ñYâ±íÌêxñYâDè³ð¸Þ(âkê«ê«Þ¹å.ê¸è³äiå��Nå²Þ�à[âißZ�.è´äDá´Þ¹ðxáéâ=ìÍäiå[ß¿Þmð��kâ±ê«è´äDå�ëÌÞ(ávæ î¹å²Þmð �iè³Þ-�÷ávæ îyô.í[âkê¸è³äiåëÌÞ	�BÞ¹á´ã�äDá³ê��
k2

x + k2
y = k2  ó[ß«è neff

ë²Þ8��è³Þmå.ê �ið¸âDå[ë õ
· (
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∀x ∈ [−w/2, w/2],







HI |x,y=0 = HII|x,y=0

HII |x,y=−h = HIII|x,y=−h

¶¥�9SBu � 
�� � � 
���
 � � � ��� � � 
�� � ! � � ��� ����!	� � ��� � � �	� � � ��� � � � � ! !	��
�� ��� � �¨�9u��
n~����T�u��	z~TiU���n�pyT.�¹�¿u��.TiU��7�ip�u�svs��v���~TiU�}~lo�m�vÉilonqpku�s�T.U�Ö

∀x /∈ [−w/2, w/2],







1
εI

∂HI

∂y
+ ikZHI = 0

T.n
y = 0

1
εIII

∂HIII

∂y
− ikZHIII = 0

T.n
y = −h

Ú���T.�
Z = 1√

εm

��S(T.U��.���xu[p��vl�n~Ublow`pyT.n��~TiUtUmlonqp,T.nÁ�¿u���p	c��oÅÍcD_`ZDÆ �.WvckZ3u��Án~�Y�oT�uO�ªz`T.U
lo�`��T.�mpy�~�yTiU.��{xu��5�ilonqp��vn��~�Yp���z~T

Ex

TDp
Hz

�xUy�(w~��T.n@���~TtÖ

�µl��~�5p�lo�`p
x,







1
εI

∂HI

∂y
+ ikZHI = 1

εd

∂HII

∂y
+ ikZHII Tin

y = 0

1
εd

∂HII

∂y
− ikZHII = 1

εIII

∂HIII

∂y
− ikZHIII Tin

y = −h

� � 
�� � 
�� � ��� � ��� � � � � 
������`��Ti�y�7�.T.U�u��@��lon~z"©��y�.���vlon
(III)

�mT.�7{~sv��T|z~�	�tÊi�tT��7�ip�u�s
���~T×sÃuÑ�m�.�o��lon

(II)
°±�5lon �yT.�7{~svu��.TAUm�v�7{~svTi�tTin�pCsvT.U@�i�d�~uOp���lon~U@z~T×��u��i�.lo�mz r&s¸¦§�vnqp�Ti�m�¿u��iT

II/III
�.�÷®Òz~TiUyUy�`U.�¨{xu��5svu,�ilon~z~�Yp���lon3z�¦§�v�7{Ï�izxu�n~�iT�z~T?Uy�~�¹�¿u��.TFu�zxuO{`p��iT7Ö

∀x ∈ [−w/2, w/2],
1

εd

∂HII

∂y
+ ikZHII = 0

Tin
y = −h
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uO{~{~�yl�¤¥�v�tuOpy�vlon~UÏ{~�y�iUyTin�py�.TiU={~sv�`U(}xu��`p�©¿�7�ipy}~ldz~T��tldzxu�s�T=�yTiUmpy�yT.��nqp�TÌ°±�ÌTip���uOsv�.�`svT.�(svu��y�i{Ïlon`UyT
Um{ÏTi�ipy��u�s�T�z�¦§�~n~TA��u��d��py���vUmlosv�iT���lo� z�¦§�~n �y�iUyT.u��Ä{Ï�i�y�vldz~���d�`T­z~TA�.uÌ�d�Yp��.Ui�5S(T.UCUm�v�b�`sÃuOpy�vlon~U
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z`TFUm�~�m�¿uO�.TFu�{~{~�ml�¤`���t�iT��xuO�	��lon`z	z`TFsvub��u��d��py�^©
y = −h

°±�����t{`sv�v���~T¾u�svl��yU

Dp/Cp = r(p) = (
Λp/εd + kZ

Λp/εd − kZ
)e−2iΛph

£|À
Z = 1√

εm

TiUmp�s¸¦§�v�7{Ï�izxu�n~�iT|z~T?Uy�`�m�¿u��iTC©
= 0

T.n	�t�Dpku�sÏ{xu��¹�¿u���pk°D�
(Λp/k)2 = εd − ( pλ

2w
)2 (p ≥ 0)

�~TDp
Dp

Tip
Cp

s�T.U5�il¥T -t�i�vTin�pyU�z`�iÂxn~��U9T.n	{xu��oTF¶ @ �
�|uOn~UR�`n~T9��u��d��p��9�7�ip�u�svs��v���~T�z`T�{~�ml���lon~z`T.�~�

h
�q�.Tin�py�y�iT�Tin

x = x0

�qz~T9�.lon`UmpkuOn�pyT�z`�v�.s�T.�±®
py�y���d�`T

εd = n2
d

�(svT��k}~u��t{ �tu��on~�Dp����d�`T	©¿T.n×{�losÃu��m�vUyuOp���lon­Ð�¬�°|Ui¦³�i�.�y�Yp��(Tin×pyT.nxu�nqpF�.l��t{`pyT
z`T?pylo�~U5s�T.U9�tldz~TiU�Ö

H(II)(x, y) =
+∞∑

p=0

Ap cos(pπ(
x− x0

w
+

1

2
)) · (eiΛpy + r(p)e−iΛpy)

S(T.U9�il¥T -t�i�vTin�pyU
Ap

Umlonqp�n~loU9�vn~�ilon~n��~TiU.�
�|uOn~U�s�T¾�y�i�o�v�7T9Uy�~wd®Òsvl�n~�o�~Ti�~�Rz½¦³lon`z~T

kw < 1
��UyTi�~s½s�T��7l¥z`T

p = 0
T.U¹p5{~�yl�{xu��qu[p�����©¿{xuOU

z`T|���y�.���~Tin~�.T?z~T?�ilo�~{~�~�mTÌ°�TDp9Uy�~{~{�lo�¹p�T?{~�yTiUy���~T�p�lOpku�s�T.�7T.nqp5svT¾�k}xu��7{	��nqp�T.�mn~T?rbsÃub�.u��¥�Yp��O�
£|n@{�T.�`p�u�s�lo�yU��yu��vUmlon~nxuOw~svTi�tTin�p9UmT?�yT.U¹p��mT.�vn`z~�yTFu��@��lon~zxuO�tTin�p�u�s�TDp�{�loUmT.�.�

∀y ∈ [−h, 0], ∀x, H (II)
z (x, y) = A(eindky + re−indky) u (x)

£|À
r = (1+ndZ

1−ndZ
)e−2indkh Tip�svu,z`�vUmpy�y��w~�`p���lon 'i{�lo�¹p�Te' u (x) =

∣
∣
∣
1 si x∈[−w/2,w/2]

0 sinonSBu|�yTiUmpy�y�v�Dp���lonb�~n~���tldzxu�s�TRUmT.�yu?T±¤dp��yÊi�tTi�tTinqp����y�~�Dp�T.�`UyT9{Ïl��~�=�7T.n~Ti�=s¸¦§�ipy�~z~T9u�nxuOs���p����d�`T
z`�i�oTisvlo{`{Ï�iTF{`sv�~U9svl��vn��
�$(���� � ��! � ��� � ��� � � 
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SBu3�o��u��d�~�mT7�7�ip�u�svs��v���~TFUy�~wd®Òsvl�n~�o�~Ti�~��z�¦§lon~z~T,{�T.�`pFÊipy�yT�{�T.���.�~T,�.l��t�7T��~n z~�i�¿uO�`p?z~T
Um�~�m�¿uO�.T��(���~�«�½Umlo�~�7�vUyT,r3s«¦³T±¤`�i��p�uOp���lon�z�¦§�~n~T,lon~z`T7{`sÃu�n~TJ�tlon`l¥�k}~�mlo�tuOp����d�`T��½{�T.�¥p?z~� 	Ï�~UyTi�
svuAsv�~�7�v�i�yT���X	V�f±Æ¸][f±ÆJz~u�n~Utpylo�`pyT.U^s�T.U,z~���yT.�Dp���lon~U7z~��z~Ti�t�÷®ÒTiUy{xu��iT

y ≥ 0
©¿�y�i�o�vl�n/�¹°±�RS(T

�k}~u��t{	�y�&
x�.�k}`�µ{�T.�`p�ÊDp��yTFnxuOpy�~�yTisvs�T.�7T.nqp9z~�.�i�y�Yp�{~u��9�~n~TFUylo�7�tT?�ilonqp��vn��~TFz�¦§lon~z~TiU�{`sÃu�n~TiU
'DUylo�¹pku�nqp�TiU0'O�xz`TF�7Ê.�7T�{~�~s�U�uOpy�vlon½�`Uyl��~U9sÃub��lo�y�7T|z�¦§�~n~T?p��yu�n~U¹��lo�y�7�.T�z~TFØxlo�~�m�vTi�|Ö

Hreflechi(x, y, t) =
∫ +∞

−∞
R(Q)ei(Qx+qy−ωt)dQ

R(Q)
�yTi{~�y�iUyTin�pyT@s¸¦³u��t{`sv��py�~z~TÎ©¿��n~�.l�n~n��~TÌ°Qz`�Á�k}xu��7{Á�y��
~T.�k}~��z`T^�oTi�ip�Ti�~�,z�¦§lon~z~T

(Q, q)l�À
q =

√
k2 −Q2

© �k°±�=S(T.Ubl�n~z~T.UQp�T.s�svTiUJ���~T |Q| > k
Umlonqp�Uy�`�m�¿u��i�v���~T.Ui�=svTiUbu��¥p��yTiUbUyl�n�p

�yu��olon~n`�.T.Ui�~S(T��.lonqp���n��~�~��z�¦§lon~z~TiU
(eiQx)Q∈]−∞;+∞[

�.l�n~Umpy��p��`T�Tint�¿u��YpRsvuFw~u�UyT�{~�yl�{~�yT�z~T�svu
�m�.�o��lon � � ��S(T5�k}xu��7{,pyl�pkuOs¸��z~u�n~UÙsÃu|�m�.�o��lon �k�o�.l��t{~�mT.n~z,Tint{~s��~U�s¸¦§lon~z`T5�vn~�i�vz~Tin�pyT��quO�y�y�Y�Ou�nqp
u���T.�F�~n	u�n~�os�T

θ
�+�Òs��d�vTin�p5Â~nxu�svTi�tTinqp

HI(x, y) = eik(sin θx−cos θy) +
∫ +∞

−∞
R(Q)ei(Qx+qy)dQ



R(Q)

Þmß¿ê(ß«è´ã�à[á³Þmã�Þmå.êBá´âRê«ðïâ±åOß�ñ÷äið«ã�î¹Þ=ëÌÞU�[äDí²ð¸è³Þmð(ëÌí�ì��[â±ã�à|ë²â±å[ßBá³Þ=à²áéâ±å
z = 0' �Nâ±åOßtá´ÞAì¹âiß^ë²Þmß^ð«îyß¿Þyâ±íÌç&ë �Ãà�î¹ð¸è³äÌëÌèéô.í²Þmßmó�á´â �[âDß«Þ­à²ð«äià²ð¸ÞÎëÌí!ì��[â±ã�àÈð«î¹ò[îmì��²è|Þyß�ê3ëÌèéß«ì¹ð«î¹ê«èéß¿îmÞ !

(eikγnx)n∈]−∞;+∞[

ó[âC�iÞmì
γn = sin θ + nλ
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S�¦§TD¤¥{~�yTiUyUm�vlon �o�in~�.�yu�svT	z~TiUC�k}xu��7{~U^�Dpku�nqp^{ÏloUm�.TO�Rs�TÎ�il¥T -t�i�vTin�p
A
TDpCsÃu z~��Ump��m�vw~�¥p���lon

R(Q)
Umlonqp5n~loU�z`T.�¥¤^�vn~�ilon~n��~TiU.�~S(Ti�~��z~�Dp�T.�m�t��nxuOpy�vlon7{ÏTi�y�7Tipmp���uQz~T|�.l�n~nxu���p��yT�svTiU��k}xuO�t{~U

��nqp�T.�mn~T�Tip�T±¤¥pyT.�mn~TJr�svu,�.u��¥�Yp��O�
S(T.UF�.l�n~z~��py�vlon`U�z~Tt�yu��.�ilo�yz�©¿z`�ipkuO�vsvs��.TiU�T.n×Uylo�~UÍ®ÒUmT.�ipy�vlon ·`�´¶¥�´·o°D�(z~lon`n~T.nqpQ�d�~uOp��mTt�i�d�~u[®

py�vlon`U.�½���~�N�.lon~UmT.�¹�oT.nqpJ�~n~T�z~�i{ÏTin~zxu�n~�iTtTin
x
�(�µlo�`�FUi¦´u 	½�yu�n~�k}~���|z~T,�.TDpyp�T�z`�.{�T.n~zxuOn~�.TO��svu

pyT.�k}~n`�v���~T��ilon~Uy��UmpyT�r {~�ml[�mTipyT.�C�ilonq�oTinxu�w~s�T.�7T.nqp3svTiUtz`� 	Ï�.�yTinqp�T.U^�.���xuOpy�vlon~UtUy�~�^svT.Utwxu�UmT.U
z`TJz~�i�.lo�7{Ïl�Uy��py�vlon	z~���k}~u��t{Á©¿sÃu7{~�yld�.�iz~�~�mTJT.U¹p�z~�Dpku���svsv�iT?T.n�Ú�n~n~TD¤¥TO��{xu��oTb¶o¶�·`�¨{�lo�~��n~T
{~u�UJuOsvlo�~�mz~�v��s�Tt�ilo�y{`UJz~�"��u�{~{�lo�¹p±°D� ��lo�~UFlow`p�Tin~lon~UQz~T^svu	Umlo�mpyT^�~n&Z 0²ZDÅ �D\^cCa(� Ó�2.e~X�Å¿Æ¸][_`Z
WËÆh_½ÓyX�Æhf�ckZ|\^].aqX�WvckZD�~�yTisv�ÃuOn�p

A
Tip

R(Q)
�x�y�.z`�~�ipy�vw~s�T?r,z`T.�¥¤	�i�d�~uOp���lon~U � Ö

A · [1 + r − w

λ
(1 + Z)(1− e−2ikh)

∫ +∞

−∞

sinc2(Qw/2)

q + kZ
dQ] = V0

©¿·`� @ °
ÚB�oTi�

V0 = 2 cos θ
cos θ+Z

sinc(kw sin(θ)/2)
�~s�T��.ldT -7�.��T.nqp¾z½¦³T±¤`�i��p�uOp���lon��

Tip
R(Q) = Rsp · δ(Q− k sin θ) +

w

λ
(1 + Z)(1− e−2ikh)A

sinc(Qw/2)

q + kZ

©¿·`�é¶�°

£|À
Rsp = cos θ−Z

cos θ+Z

TiUmp�sÃub�m��
xTi�ip��Y�d��p��?Um{Ï�i�.�~svu��v�mT�z�¦³�`n~T?Uy�~�¹�¿u��.TF�t�Dpku�s�sv���d�`T�V�WYX�_½cD�
S(T?{~�yl�w~sv�i�tT|TiUmp¾u�svl��yU � ��� 
�� �Ù�

δ(Q − k sin θ)
T.U¹p�sÃuÎ��l�n~�ipy�vlonÑz`T.s�p�u�z~T �¾����u��O�=S(T3{�&osvTt�.lo�7{~svT±¤¥TCz~TCsvu­{xu��¹p��vTtn~lon¥®

Um{Ï�i�.�~svu��v�mT3z~T
R(Q)

�.lo�m�yTiUy{�lon~z�{`}��dUm�v���~T.�7T.nqpCr×s«¦³lon`z~T@z~�È{`sÃu�Um�tlon&z~T	Uy�`�m�¿u��iTÎz�¦§�~n~T
��nqp�T.�¹�¿u��.T�{`sÃu�n~TO�

S�¦§�vnqp��i�o��u�s�T���n�pyT.�¹�oT.n~u�nqp�zxuOn~U�s¸¦§TD¤¥{~�mT.UyUm�vlon,z~�,�il¥T -t�i�vTin�p�z~T5�k}~u��t{,Ú UmT.��u?u�{`{ÏTisv�.T �����

 � �"������� �	� �	��� �	� ��
���� �|u�n~U�s�T¾�.u�U�{~s��~U��o�in~�.�yu�s½z�¦§�~n3U¹�¥U¹p��i�tT?r

n
��T.nqp�TiU.�~�k}xuO�.�~n~T?�m�.�o��T

{~u��?svT��7l¥z~T���lon`zxu��7T.nqpku�s«��svT,{~�mlow~s��.�7T�UyT7�y�.Um�~�7T^r@�y�iUylo�~z`�yT����.TDpypyT7��lo��U.���`n~Tt�i���xuOp���lon
�tuOpy�y�v�i�vTisvsvTRz~�tpÒ�d{�T MA = V ©¿loÀ M TiUmpR�~n~T��^uOpy�y���.T9z�¦§�vnqp��i�o��u�s�T.UÙz~T���u�n`�

n
���.u���u��Dp��i�y�vUÍ®

py�v���~T|z`�ÎU¹�¥U¹p��i�tTO� A TiUmp�svT��oT.�Dp�Ti�~����n~�.l�n~n��	z`T.U5�.ldT -7�i�vT.nqpyU
(A1, A2, ..., An)

z~TiU5�k}xu��7{~U
z~u�n~UJs�T.UF��u��d��py�.U.��Tip V svT,�oTi�ipyT.�~�bT±¤¥�.��p�uOp���lon¨°±�µ��s��~Uy��T.�~�mUQ��n�py�.�o�yu�svTiUQz`T^z~� 	½�~Um�vlon"T.nqp��mT.nqp
uOsvlo�mU�TinQ�mT.���dsv���.TiU�u��t{~}~�.n`lo�t�in~T|z~T¾�y�ipy�yldz~� 	Ï�~Um�vlon~UÙ�b�`s�p���{~svTiUÙT.nqp��mT|�k}xu����~T��.uÌ�d�Yp���©�lonCs�T
��T.�m��u,zxu�n~U9svTiU���}xu�{~�Yp��mT.U9º,Tip ( °D�
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��TDpyp�T3Umlo�~UÍ®ÒUyTi�ipy�vlonÁn�¦³u�{xu�UJ{Ïlo�`�bw~�`p�z`TC{xu�UmUyT.��TinÁ�yTD�¥�`T	svu	py}~�.lo�m�vTCz`T.Ub�m�.UyT.u��¥¤&TDp
s�T.UÙ�ip�u�{�T.U��.u�sv�i�~sÃu[p�lo���yT.UÙuOnxu�svl��o�~T.U�rF�.T.s�svTiU�T&	½Ti�ipy�~�.TiU�{~sv�`UR}xuO�`p����tu��vU�z�¦§TD¤¥{�loUyTi���~nt{Ïlo��nqp
z`T^�d�~T3���~���.l�n~z~�~�Yp�r�s¸¦§T.UmUyTin�py�vTis�z~T.U��m�.Um�~s�p�uOp�Ui�=SBu���u��d��py�CUy�~wd®

λ
TiUmp,s«¦³�isv�.�7T.nqpJ{xu���uOz~�v�O®

�tuOpy�v���~T�UyTi�m�Ou�nqp|z`TQ{�lo�vnqp�z~TFz~�.{~u��mp���lon~zxuO�tTin�p�u�s�r,pylo�`pyTQU¹p��y�`�ip��`��uOpy�vlon	{~sv�`U��ilo�t{`svTD¤¥TO�
¼�n~T��7l¥z`�~sÃuOpy�vlon

d
®ï{Ï�i�y�vldz~���d�`TRTiUmp�Um�v�7{~svTi�tTin�pN�~n~T��ilon~z~�Yp���lonJUm�~{~{~s��.�7T.nqpku����yTR{Ïlo�¹pku�nqpNUy�~�
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s«¦³T±¤¥{~�yTiUyUy��lonÑz~� �k}xu��7{Á�.svTi�ipy�ylo�tu��on~�Dp����d�`T���r­U�u���lo�v�QsÃuÎ�ilon~z~�Yp���lon"z`TtVxZÌcDe~ad] �vVxÓDf±Æ¸].a�Æ¸jDÆhÅÒÓ
{�lo�~��pylo�`pt�k}xu��7{

u
�Ùz~�.{�T.n~z~u�nqpCTD¤¥{~s��v�i��p�Ti�tTinqptz`T.UC�ilon~z~�Yp��vl�n~U,z�¦³��n~�.��z~T.n`�.T�� �¥�`{~{Ïl�U�u�nqp

s«¦³l�n~z~T��vn`�.�vz`T.nqp�T�Umlo�~U�sÃuJ��lo�m�tT
eik(sin θx−cos θy) �~lon	{ÏTi�`p��tlonqpy�yT.�5���~T,Ö

∀n, u(x + nd, y) = ein(k sin θ)d · u(x, y)
S(TJ�¿u��Dp�Ti�~�

ein(k sin θ)d TiUmpFu�{`{ÏTisv�b�il¥T -t�iT.nqpFz~Tb{~UmT.�~z`lO®Ò{��.�m�vldz~�v�i��p��C©¿Um�=�.Tisv�~�÷®Ò�.�B�Ou��`p @ �l�n^z~�Yp�����¦§lon3T.U¹p�zxuOn~U��~n`T|�.lon`z~��py�vlon7z~T|S(�Ypyp��ml ¯ °D�¥��Tipmp�T|{~�mlo{~�m�v�ipy��{�T.�m�tTDp�z~T�z~�i��T.s�lo{~{�T.�s�T��k}xuO�t{��m��
x�i�k}~�B©¿l��bp���uOn~Uy�7�vU�°�{xu��N�~n��y�iUyT�uO�7Umlo�~U=svu���lo�m�tTRz�¦³�`n~T5Uy�i�y�vT�z~T5Øxlo�~�m�vT.�RÖ��O¦³TiUmp
s�T	adÓDÇ�cDWv]kVqVxcD\^cD_xÅ�adc.��X?0OWvcDÆYÔ �È¡ @ C ¢ �BS(T,�k}xu��7{"�m��
x�i�k}~�RUi¦³�i�.�m��pQu�svl��yU��.l��t�7T��~n~T7Uylo�7�7T
�ilonq�oTi�y�oTin�pyTJz�¦§lon~z`T.U9{~sÃuOn~T.U 'iUmlo�mp�u�nqp�T.UO',Ö

u(x, y) = eik(sin θx−cos θy) +
+∞∑

n=−∞
Rneik(γnx+βny)

ÚB�oTi�
γn = sin θ + nλ

d

�(TDp
γ2

n + β2
n = 1

���~��n½¦³TiUmpJu��`p��mT����~Ttsvu^p��yu�z~�~�Dp��vl�n×z`T7s«¦³�i���xuOp���lon
z`T ��Tisv�7los�pyÉ3�o�.�m��Âx�iT�{xu��7�k}xu����~TAl�n~z~T­z`� 	Ï��u��Dp��.TÑ©¿{�lo�~�7�~n~T��m��
xT±¤¥�vlon!z~u�n~U^s«¦´uO�v�k°±�ÙS(T.U
�ilon~U¹pku�nqp�TiU�z~T�{~�ylo{~u��quOpy�vlon

γn

Tip
βn

{~�mlÌ�¥��T.n~n`T.nqp5z�¦§�~n~T�z~� 	Ï�~Uy��lon^�ilo}~�i�yT.nqpyT�rQs«¦³�i�k}~T.s�svT9z~T
pylo�`pJsvT^U¹�dUmp��i�tTO�=n~lo�`U�u�svs�lon~U?�"��T.n~���.�µS(TC�k}xu��7{Ñp��yu�n~Uy�7�vUQr­p��yu��oT.�mUbsvTt�y�iUyT�uO���=U.¦§�.�i�y����u
�ilo�7�tT|�`n~T?Uylo�7�tT�s��.�o�i�yTi�tTin�p9z`� 	Ï�.�yTinqp�T

u(x, y) =
+∞∑

n=−∞
Tneik(γnx−ηny)

ÚB�oTi���.TDpyp�Tb��l��vU
γ2

n + η2
n = εt

��loÀ
εt
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py��u�n`Uy�7�vUyUm�vlon½�
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z`TQsvu7U¹p��y�`�ip��`�yTb{��.�m�vldz~�v���~TO�xn~l�pkuO�t�7T.nqp����xu�n~z��iT.s�svTD®ï�.�(TiUmp�r7�.lo�m�y�~�ouOp���lon@{~�yl���l�n~z~T���Tip¾r
{`sv�~U7��lo�mpyT­��uO�vUyl�n!���xu�n~z TisvsvTÎT.U¹p3z~�.�i�y�Yp�T�{xuO�^z~TiU3{~�yl�Â~svU^n`lon¥®ÍuOnxu�s���py�v���~T.U­¡ @ ¶ ¢ ®k¡ @ · ¢ ��S(T
�7�vTi�¥¤ TiUmp�z�¦³u�{~{`sv�v���~Ti�Q{`�ylo{~�mT.�7T.nqpQsvT.UQ�.lon`z~��py�vlon~UFu��d¤ s��v�7��pyT.U��vnqpyT.�yn`T.UbuO�Ñ�y�iUyT�uO�Ñ{Ïl��~�
py�ylo�¥�oT.�9s«¦³T±¤`{`�yT.UmUy��lonÎ���.n~�i��u�s�T�z~�Î�k}~u��t{×Ö~�O¦³TiUmp�svT7adÓDÇ�cDWv]kVqVxcD\^cD_xÅ�\^].aqX�WË�
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√
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β0 = cos θ
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SBub�ilo�t{`�y�.}`T.n~Um�vlon3�os�lowxu�s�T¾z~TiU5�y�iUylonxuOn~�.TiU��isv�.�7T.nqp�u��v�mT.U�{�T.�m�tTDpypy��ubz�¦³u�w�lo�yz~Ti�5{~sv�`U�UyTi�yT.�÷®
n`T.�7T.nqp�svT.U5T±¤dp�T.n`Uy�vl�n~U¾r�z~TiU����.lo�7�ipy�y�vTiU�{~s��~U9�.lo�7{~svT±¤¥T.UQ©«�µu��mpy�vT ���¹°±�

������� a ~voKc � x;rOt � m_u ��� {WuT�Cx]w;u � ~eubw;�C{ZrOc � ub{ew;� � uCc4x;� � ~voKc � �Tu w8oK{e{ZrOw]x#l m_u � s0w8oKcv~euCtew �N� rOcFx
cvrOw]dHoKmJ| � �Tu � f � oKc � ~V|JdNuCc � |_rOc2h6i��nu����DoKd�{ dHoKs0cv�Cx]|_}Ftvu�|Jcv�C|_~euCc4x H0 �Cx8oKc4x�~eu�dNrF~Vtem_u �0l Hz u � xoKtex;rOdHoKx]|_}4tvuCdNuCcFxUcvrOw]dN�0i	�nu^� �DoKd�{
�Cm_uT�Cx]w]|_}4tvu0l�{DoKw��TrOc4x]w;u0leo�~euCtV�b�TrOd�{Zr � oKc4x;u � Ex uCx Ey 
 rOcm_u � cvrOw]dNuCw8o�x;rOtex;u � m_u � � {DoKwUm_u����DoKd�{(�Cm_uT�Cx]w]|_}4tvu =�M0=�.OI |Jcv�C|_~euCcFx E0 = (cε0)
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�|uOn~U9�.Tipmp�T?UyTi�ipy�vlon@z~�Dpku���svsv�iT��dn~lo�~U9�Dp��~z~��lon~U5svub�y��uO�ip���lon3�.s�T.�Dp��yl��^u���n~�ipy�v���~T|z�¦§�~n~T?�.u[®
�d�Yp��¾Um�~w¥®ïsvlon~���~T.�~�Rz�¦§lon~z~T��~n~�v���~T ©���T.�m�t�iT|u��t��lon~z¨°±�`�o�yuÌ���.T|z~u�n~U�z~T�s¸¦§lo�.�dUyl��~U�s¸¦§�vn`�.�vz`T.n~�iT
z½¦³�~n`TAlon~z~T��7lon~ld�k}~�mlo�^u[p��v���~T	�vn¥����u[®ï�ylo�~��TÑ©�{Ïlosvu��y��Uy�iT­Ð�¬�°±��zxu�n~U^svT.U^�.lon~z`��p���lon~Utz�¦´uO{¥®
{`sv�v�.uOp���lon z`T3sÃu��7�ip�}`l¥z~T^�tldzxu�s�T^�yTiUmpy�yT.��nqp�T���£|n&U.¦§�vnqpy�.�yTiUyUmT­u��d¤Á�.l�n~z~��py�vlon`Ub�i��T.nqp��~Tisvs�T.U
{�lo�~�¾svT.Um���~T.s�svT.U¾sÃuCsv�`�t���.�yTFUyT,�ilon~�.Tinqp��yT,UmT.n~Um�vw~s�T.�7T.nqpFrCs¸¦§�vnqp��i�y��T.�~��z~� Uy�vs�svlon½���ilo�7{Ïlo�¹p�T±®
�7T.nqpF����¦§lon T±¤`{`sv�v���~Ti��u	{~}q�¥Um�v���~Ti�tTin�p.�NS(TiUJUy���b�~svuOp���lon~U|UmlonqpQ�¿u��Yp�TiUFTin �7�ip�u�s��y�iT.s¸�(�tu���U
s«¦´uO{~{~�yld�k}~T,u�n~u�s���p������~T���UmT.�¹��uOn�pQr@TD¤¥{~s��v���~T.��s�T.U?low~UmT.�¹��u[p��vl�n~U.�(UmT.��u3p��yu���py�.T,u��oTi�ts�T��t�Dpku�s
{~u��m�¿u��Yp5{�lo�~�5Uy���t{`sv��Â~T.�.�

£|n@{ÏTi�`p5�ol��v�.�`Uy�~�5s�T.U5Uy{�T.�Dp��mT.U�z~T�sÃu�ØN���o�~�mT�·`� @ �~���~T�z~T���lo�¹p�T.U5T±¤`u�s�p�uOp���lon~U�z~T�s«¦³��nqp�T.nd®
Um��py� |Hz|2

z~�t�k}xu��7{7�tu��on`�ip������~T9lonqpRs��vTi�,u��tUmT.��ntz~T9svu?�.u��¥�Yp��9�vUmlosv�iTF©«·���uO{~{Ïl��mp�UÙz�¦³u�Um{ÏTi�ip
w/h

UylonqpF�vs�sv�~U¹p��m�.Uk°±�(��TiUQT±¤~uOs�pku[p��vl�n~U|Uyl�n�p�pÒ�d{~�����~T.�7T.nqpQz~T,s¸¦§lo�yz~�mTbz~T,sÃuC�iT.nqpkuO�vn~T,�v�i�¸�ÏTip
�ilo�y�mT.Um{Ïlon`z~T.nqp¾r,z`T.U��y�.Umlonxu�n`�.T.U�z~lonqp�svT�{~�ml�Âxs(Um{ÏTi�ip��yu�sBT.U¹p�s�lo�yTinqp�É.��T.n�� �¾u�n~U9svT��.u�U�z`TFsvu
�.u��¥�Yp��,sÃuC{`sv�~U?{~�ml���lon~z~TÎ©

h = 1.5µm
°±��lon×{ÏTi�`pFlow~UyTi�m��T.�.�(��T.�yU

4500cm−1 �(�iTt���~��TiUmpFT.n�¿uO��p5�~n	}xu��m�tl�n~�v���~T|z`TFsvu��y�.Umlonxu�n`�.T���lon~zxuO�tTin�p�u�svT�Um��py�~�.TFr
1374cm−1 �


 Ú sÃu��m�oT.�`�
w = 300

n~�	�½l�n ��lo��p|�d�`T7s«¦´uO�~�o�7T.nqpkuOpy�vlonÎz~T�sÃuC{`�yl���lon`z~T.�~�
h
T.nqp��yu��Ãn`T��

{Ïl��~�bsÃu��m�.Umlonxu�n~�iT��=�`nªz`�.��uOsÃu��oTt�oT.�mU�svTiU�wxu�UyUmT.U����y�i���~T.n~�iT.Ui��Tip7u��~UmUy���`nª�7T.��svs�T.�~�
�¿u��ipyT.�~�9z~T?���xu�s���py���


 Ú {~�ml���lon~z`T.�~�
h = 1µm

�Ùs¸¦³u��~���tTin�p�uOp���lonªz~T­svu"sÃuO�y�oTi�~�
w
Tin�py��u��vn~T���{�lo�~�^svu×�m�D®

Uylon~u�n~�.TO�=�~nÑz`�.��uOsÃu��oT7�oTi�yU�svTiUJwxuOUyUyTiUJ���y�i���~T.n~�iT.Ui���^u���UQ�`nÑ�tl��vn~UFwÏl�n �¿u��ipyT.�~�Qz~T
���xu�sv�Yp��O�

��n3�ilo�t{`sv�.�7T.nqpRz~T��.TiU�Uy{�T.�Dp��mT.U.�xsvuQ�.u��mpylo�o��uO{~}~�vT�z~�3�k}xu��7{3{~�ml¥�k}~T¾svlo�mU�z~T|svuJ�y�iUylon~u�n~�.TO�
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Nombre d’onde 1/lambda (en cm-1)

w=300 nm - h=1.5 micron

w=300 nm - h=1 micron

w=500 nm - h=1 micron
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 ö à�ÞmìÍê«ð¸Þmß½ëÌÞµávæ è³å.ê«Þmå[ß«è§ê¸îµëÌí¾ì��[â±ã�à9ã5â �iå²îÍê¸è´ô.í²Þ��÷å²äið«ã5âDá³èéß¿îµâ±í�ì��[âDã�à9è³åOìÍèéëÌÞ¹å.ê  â±í�ß¿Þmè³å¾ëqæ í[åì¹âC��è§ê¸î�í²å²èéôií[ÞDódà�äDí[ðRëÌè���îmð«Þmå.ê¸ß ��ÞmíÌçbë²Þ9á´âDð �iÞ¹í²ð
w
Þ¹êRëÌÞ9à[ð«äDñ÷äDå[ëÌÞmí²ð

h
ó�Þ¹å�è´å[ì¹è´ëÌÞmå[ìÍÞ�å²äDð¸ã5â±á´Þ��

θ = 0  Íõ�¨å^ê«Þ¹ð¸ã�Þ�ëÌÞ�á³äiå �Dí[Þ¹í²ð5ëqæ äDå[ë²ÞDó
λ ∈ [10µm, 2µm] õ Ý¨æ è´åiê¸Þ¹å[ß«è³ê«î�Þmß¿ê�ì¹âDá´ì¹í²á´î¹Þ|â±í^ñ÷äDå[ë^ëÌÞyß9ì¹âC��è³ê«îmß��p�DäDè´ðÞÍçÌà²á´è´ìmâkê«è´äDå�Þ¹å|à[â �DÞ���
  Òõ

�7lonqp��mTC���~T	svTC�k}xuO�t{ª�^uO�on~�ipy�v���~TCTiUmp7svld��uOsv�vUm�AaqX�_`ZCWYX×fmX�Æh_xe¥f�cD��TDp,�^u[¤¥���b�~�Lu��Á��lon~z
©¿ØN�v���~�yT�·`�´¶o°D� �Òs�n�¦§�^uJuO�~�.�~n`T|TD¤`u�sYpkuOpy�vlon7T.n3Um�~�m�¿u��iT�©�Uy�½�iT¾n�¦§T.U¹p9rJs«¦³Ti�bwÏl��~�k}��~�yT��tÊi�tT�z~T
svub��u��d��py�Ì°D�

SBu�ØN���o�~�mTC·`�³·­�7lonqp��yT^s¸¦§T.nq�d�v�yl�n~n~T.�7T.nqpJ�.svTi�ipy�ylo�tu��on~�Dp����d�`T^z~TCsvu­Uy�`�m�¿u��iTCsvlo�mUy���~TCsvu
�.u��¥�Yp��,n~T,�y�iUylon`n~Tt{~u�U.�µ£|nA�olo�YpQ�`n~T,z~�vU¹p��y��w~�`py�vlonAz~T,�¿u���w~svTb��nqp�T.n`Uy��py�,z~�"�k}~u��t{×z~T,{xu��¹p
TDp�z�¦´uO�`p��mTQz~TFs¸¦§lo�`��T.�¹p��~�mT��¨���~�µ�ilo�y�mT.Um{Ïlon`z�r,�~n~TF�.lo�bw`�vnxu���Uylon@z~�Î{~sÃuOUy�7lon@z~TQUm�~�m�¿uO�.TJTDp
z`T.U�l�n~z~T.U�'i{~}~lOp�lon~�����~T.UO'�z~� 	½�~Um�.TiU�T.n^Uy�~�¹�¿u��.TO�~£|n^py�ylo�`��T.�yuQzxu�n`U�svTiU�py��u��Ou��¥¤tz~T¾S�uOsÃu�n~n`T
cDÅ�X�WQ¡ @ º ¢ �~nÁ�ilo�t{`sv�.�7T.nqpJz�¦³��n`��lo�m�^uOpy�vlon Um�~��sÃu	�o�.n~�i��uOpy�vlon z~T.U�{~svu�Uy�7lon~UQz~TCUm�~�m�¿u��iT3r
s«¦³l��`�oTi�mp��`�yT?z�¦§�~n~T���T.nqp�TFUy�`w¥®Òs�lon~�o�~Ti�~�5z�¦§lon~z~TO�
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 ��èéß�ê¸ð«è$�²íÌê¸è³äiå�ëÌÞ�á�æ è´åiê¸Þ¹å[ß«è³ê«î��÷å[äDð¸ã�âDá³èéß«î¹Þ  ëÌí�ì��[âDã�à�ã5â �iå²îÍê¸è´ô.í²Þ�âDíÌê«äií²ðBëqæ í²å²ÞÙì¹âC��è³ê«î=èéß¿äiá³îmÞÞ¹å7äiðmó~à[âDð¸âDã�îÍê«ð¸î¹Þ�à[â±ð
w = 300

å²ã Þ¹ê
h = 1.5µ

ã|ó��FáéâFð¸îmß«äDåOâ±å[ì¹Þ
1374cm−1

�
λ = 7.3µ

ã  Òõ θ = 0 õ��ì��²Þ¹á´á´Þmß(ß«à[âkê¸è´âDá³Þyß
x
ÞÍê

y
Þmå¾ã�èéìÍð¸äDå[ß õ � ëÌð«äiè§ê¸ÞDó0�mä.äiãªß«í²ð(á�æ è´åiê¸Þ¹å[ß«è³ê«îÙëÌí�ì��[âDã�à���á´â5ß«äDð«ê«è´Þ=ëÌÞ�á´â�ìmâC�.è³ê«î õ

�����	�o·`�´· 
 �µè´ß¿ê«ð¸è$�²íÌê«è´äDå�ß«à[âkê¸è´âDá³Þ�ëÌÞ�á�æ è´åiê¸Þ¹å[ß«è³ê«î��÷å²äið«ã5âDá³èéß¿îmÞ  ëÌí�ì��Oâ±ã�à�ã5â �iå²îÍê¸è´ô.í²Þ�â±í²ê«äDí[ð~ë�æ í²å[Þ�ìmâC��è§ê¸îí²å²èéôií[Þ½ÞmåRäiðmó��	�ký �(ð«îyß¿äiå[â±åOìÍÞ õ Ý�Þyß`à[â±ðïâ±ã�îÍê¸ð«Þyß~ß¿äiåiê w = 300
å²ã|ó

h = 1.5µ
ãAÞÍê

λ = 3.33µ
ã �

3000cm−1  Òõ
θ = 0 õ ÝdÞmß�îmì��²Þmá³á´ÞmßBß«à[â±ê«èéâ±á´Þmß x

ÞÍê
y
ß¿äiåiêBÞmå�ã�è´ì¹ð«äiå[ß õ 	µå�ä��[ß«Þ¹ð��DÞ=í²å²Þ�ëÌèéß�ê¸ð«è$�²íÌê¸è³äiå?ëqæ äiå[ëÌÞyßBß¿í[ð¿ñYâiìÍèéôií[ÞmßëÌÞ=à[â±ð«ê(ÞÍê�ëqæ â±íÌê¸ð«Þ�ëÌÞ�áéâ�ì¹âC��è³ê«î õ
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��lo�~���ilo�t{`�yT.n`z~�yT�sÃuQ�m�.Umlonxu�n~�iT�z~T|�.uÌ�d�Yp����d�ipy�~z~��lon~U�s�T¾z~�in~lo�7�vnxu[p�T.�`�Rz~�3�il¥T -7�.�vTinqp
A©�svT=�k}~u��t{?�tu��on~�Dp����d�`T=zxu�n~UBsvu���T.nqp�TÙT.U¹p�{~�ylo{�lo�¹p��vl�n~n~T.s�r

A
°±�[��lon~Uy��z~�.�mlon~Ui��{Ïl��~�(Uy���t{`sv��Â~T.�.�

svuF�.u��¥�Yp��|z~u�n~U��`n3T.nq�d�v�yl�n~n~T.�7T.nqp5�7�ip�u�svs��v���~T5{xuO�m�¿u��Yp�T.�7T.nqpR�.lon`z~�~�ipyT.�~�F©
Z = 0

°±� �J¦³u�{~�m�.U
s«¦³�i���xuOp���lon×©«·¥�³º�°±�~{xu���TFº @ �~�vs��d�vT.nqpFÖ

e0 = cot(kh)− i · w
λ

∫ +∞

−∞

sinc2(kwu/2)√
1− u2

du

�=pkuOn�p�z~l�n~n~�?sÃub{xuO�y��py��z~T?s¸¦§�vnqp��i�o��uOn~z~T�T.n	sÃuJ�Ou��m�Ãu�w`svT
u
�~lonÎudÕ � Ö

e0 = cot(kh)− 2w

λ

∫ +∞

1

sinc2(kwu/2)√
u2 − 1

du + i
2w

λ

∫ 1

0

sinc2(kwu/2)√
1− u2

du

S(T.U9lon`z~T.U�{~sÃuOn~T.U�pyT.svs�T.U5���~T
u < 1

Uylonqp���u��olon`n~�.TiU�zxuOn~U9svT�z~Ti�t�÷®ÒT.Um{xu��iT
y > 0

�¨��T.s�svT.U
z`lonqp

u > 1
Umlonqp¾Um�~�m�¿u��i�v���~TiU.�

>R_7fkÓ¸Ô�Æh\^c�ZDe ���ÒWv][_dÔ�e¨cDedf9a(� ][_�adc
kw < 1

�y�mT�z~�i�tlonqpy�yT����~T�s¸¦§�.�qu�s���py���.�Y®ïz~T.UmUy�~UN�.���~���Ou��¥p��
u���T.�F�~n~T?TD¤¥�.Tisvs�T.nqp�TFu�{~{`�yl�¤¥�v�tuOp���lon��¥r	Ö

e0 = cot(kh)− kw

π
(3/2− Cte

E − ln(
kw

2
))− i · kw

2

©¿·`� / °
£|À

Cte
E

TiUmp�svu7�ilon~U¹pku�nqp�TJz�¦ ���~s�T.�i�½���~�B��uO�`p
0.5771...

��SBu^Uy���t{`sv��Â~��uOpy�vlon3{�T.�m�tTDp|z�¦§T.n¥®
p�u��7T.���~n`TQz~��Uy�i�~UyUm�vlon	u���Uy�.TO�
�$( ��� ����� ��� � � � � � ��� 
��	��� � �

Ú��Î{~�mT.�7�vTi�5u�w�lo�yz��`lon­u
kw << 1 => cot(kh) = 0 => λ = 4

2n+1
h
�
n
Tinqp��vTi� ≥ 0£|n �¿u��Yp­z~l�n~�Áu�{~{~u���u���p��mT z~TiU����y�.���~Tin~�.TiU Uy{��.�.�YÂx���~T.UApy��u�z~�`�vU�uOn�p­sÃu��7�vUmT Tin {~sÃu��iT

z½¦�][_�adckZ5ZDÅ¸X�Å«Æ¸][_x_�X�Æhf�ckZD� ��nt{xu��mpy�v�i�~sv��T.�.��sÃu��y�iUylonxuOn~�.T9��lon~zxuO�tTin�p�u�svT z~T9�.uÌ�d�Yp���T.Ump�uOpmp�T.n`z~�~T
uO�¥¤Èu�svTinqp�lo�~�mUtz`T

λ = 4h
��SBu"z~��Umpy�y�vw`�`p���lon&Uy{xuOpy�Ãu�s�T@z~T.UC�k}~u��t{`U

Hz

Tip
Ex

T.U¹pC�.�ou�svT±®
�7T.nqp��¿u��.��svT?r,�¥��Uy�xuOsv�vUmT.�i�~z�¦³u�{~�y�iU¾s�T.U9��lo�y�b�`svT.U9z~l�n~n~�.TiU|T.nÎ{xu��oTFº @ ©¿{~�mT.n~z~�mT

Z = 0
{�lo�~�

s«¦³T±¤¥T.�7{~svT�°D�x£|n	T.n	z~�.z`�~��p9����¦³r7svu��y�.Umlonxu�n`�.T?��lon~zxu��7T.nqp�u�svTbÖ
@ ° �Bc�j��`X�\¾V \7XÌÔ�_½ÓDÅ¿Æ32.excbckZDÅR\7X �oÆh\�ed\ X�e?g�][_�a adckZ�jyX�ÇÌÆhÅÒÓkZ^©

y = −h
°±�xTip9p��m�.U9�¿u��vw~s�T

TinÎw�lo�mz~�~�yTO�
¶o° �Bc,j��`X�\¾VªÓDWvckjDÅ¿f±Æ32.e¨c

Ex
ckZDÅ�\7X �oÆh\�e¥\��^W�� cD\ �D][exj��dedfkc adckZ�g�cD_xÅÒckZ@©

y = 0
°D�¨Tip¾z~�D®

�i�yl ��p5{�lo�~�5U.¦³u�n~n��~s�T.�9{~�yuOp����d�`T.�7T.nqp�u��3��lon~zÏÕ ) �

Ü?�8��ä±ê¸Þ¹ð=ôiídæ è´á~å�æ ¡?â¾â±íOìÍí²å?à[ð«ä��²á��mã�ÞRëÌÞ�ìÍäiåK�iÞ¹ð �DÞmå[ìÍÞÙëÌÞyßNè³å.ê«î �Dðïâ±á´Þmß õ ÝdÞRð¸Þmì¹äDí²ðïß�âDíÌç?ìÍð¸è§ê��¹ð¸ÞmßNëÌÞ^�OâDß«ÞëÌÞ=á�æ è³å.ê¸î��Dðïâ#�[è³á´è§ê¸î=àOÞmð«ã�ÞÍê�ë²Þ=ßmæ Þ¹å�ìÍäiåK�kâDè³å[ì¹ð«ÞNðïâ±à²èéëÌÞ¹ã�Þmåiê õÜ � � äií²ð9í²å²Þ|ñ÷Þmå.ê«ÞFß�¡�ã�î¹ê«ð¸è´ô.í²Þ�Þmå^ê«ðïâ±å[ß«ã�è´ß¸ß¿è´äDå �÷ð¸î��iè³äiå � ���Q��è´ë²Þ  óÏá³Þyß9ìÍäiå[ëÌè³ê«è´äDå[ß�ëÌÞ�ð«îyß¿äiå[â±åOìÍÞ�ß¿äiå.ê
λ = 2

nh
ó
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���.T@���~�

���t{`sv�v���~T
kh = Arc cot[kw

π
(3/2− CE − ln(kw/2))]

�x�¾¦³TiUmp¾pylo�[�mlo�`�yU9Uy�~��sÃu�z~�Dp�T.�m�t��nxuOpy�vlon
{`�y�vn`�.�v{~u�svT�z~T
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UmT.�yu7z~�iU9svlo�mU5n~l�p��iT
k0

Ö

k0h = π/2− arctan[
k0w

π
(3/2− CE − ln(k0w/2))]
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k0 ≈ π
2h
− w

2h2 · (3/2− CE − ln(πw/4h))
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n~� TDp
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cot(x + δx) ≈ cot(x)− 1

sin2 x
δx
�`u��`pylo�~��z~T�svu

�m�.Umlonxu�n~�iT¾��lon~z~u��tTinqpku�s�T
k0h ≈ π/2
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�k}~u��t{@zxuOn~U9sÃu���u��d��py���~Tin	pyT.�y�7T?z~T?{~�~s�U�uOpy�vlon��¥Uylo�`U�svub��lo�y�7T|Uy�`���Ou�nqp�T,Ö

A ≈ ic/h

(ω0 − ω − iγ0/2)

uÌ��T.�
ω0 = ck0, γ0 ≈

πwc

2h2
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 �ipkuOn�pFz~l�n~n~��{xu��?s�Tb��u�{`{Ïlo�¹p ω0

γ0
= 2h

πw

�B��Tipmp�T
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ó²àOâ �DÞ�+ + �  Íõ
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Hz|y=−h =
1

1− Z
· V0

e0 sin(kh)
≈ 4

kw

r,sÃub�m�.Umlonxu�n~�iT
kh ≈ π/2
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y = 0
°D�BTip�z`�iÂxn~�R{xu��Qs¸¦§�vnqp�Tin~Uy�Yp��

n`lo�y�tu�sv��Uy�iT |Ex

E0
|2 �qloÀ E0
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Um�v�7{~svTi�tTinqp |E0| = (cε0)

−1 �

EF = |1 + iZ cot(kh)
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· V0

e0
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Ex
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4h2
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n õ ��ëÌÞ¹ã à�äDí²ðRá³Þmí²ð�ëÌîmìmâ±áéâ �DÞ

k − kFP õ 	µå�à�Þ¹í²ê�ëÌè´ð¸Þ�ô.í�æ í[å,ñ÷äDåOë²â±ã�Þ¹å.êïâ±á n = 0
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h0
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n > 0
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h =
√

2n + 1h0 õ
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w = 0.3µ

ã ÞÍê
h = 1µ
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e0 = cot(kh)− i · w
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sinc2(kγnw2)
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1− γ2
n
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γn = sin θ+nλ
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C	©�pyT.s(���~T |γn| > 1

{�lo�~�
n 6= 0

°D����n	�vn~�i�vz~Tin~�.T
_½][f±\7X�WvcD�¥sÃubUyl��t�7T�UyT?Uy���t{`sv��Â~T�u�svl��yU��ilo�t�7T�Uy�`��p?Ö

e0 = cot(kh)− kw

π
(3/2− ln(

2πw

d
))− i · w

d

©¿·`� �o°
SBuA��lo�y�b�`svT3{~�ml²�d��T.nqp7z~T ¡»º ¢ � ��svsvT@TiUmp7{~�yld�k}~T	z~T	�.T.s�svT@���~Tb�i¦´u��5l�w`p�Tind�`TÎ{�lo�~�,sÃuA�.u[®

�d�Yp��A�vUmlosv�iT Õ � � ��lo�~U	u��olon`UÎTin~�.lo�mT"�`n~TA��lo�vU3z~TiUÎ�m�.Umlonxu�n~�iT.U	z~T pÒ�¥{�T×Ø¨u�w~�m�q®Ò�µT.�ml�p	{Ïl��~�
λFP ≈ 4

2n+1
h
�
n ≥ 0

�Nu��oTi����svr­u��~UmUy�«�N�~nÁz~�i��u�svu��oT7�oT.�mU�svTiUbwxu�UmUyT.Ub���m�.���~Tin~�.TiU7{~u��b��uO{¥®
{�lo�¹pFr	svu^���y�.���~Tin~�.Tt�vz~�.u�svTO�(SBu@��l��y�b�~s�Tb{xu��yu��7�ip��m�v���~T,z~lon`nxu�nqpFsvT�sv��T.� loÀ"u�{~{xuO��u���p���uCsvu
�m�.Umlonxu�n~�iT¾��lon~z~u��tTinqpku�s�T¾T.U¹p�Ö

k0 ≈ π
2h
− w

2h2 · (3/2− ln(2πw
d

))
���¥�½svuQ{��.�m�vldz~T

d ≈ λ
�dsÃu

��l��y�b�~s�T|{xu��yu��7�ip��m�v���~T|n½¦³TiUmp�{xu�U9�~n~T?w�lon~n~TFu�{~{`�yl�¤¥�v�tuOp���lon��
S(T��k}xu��7{t�tu��on~�Dp����d�`T���u��,��lon~z7z~T.UR��u��d��py�.U.��TiUmpRz~lon~n~�J©���lo�v�Ù{xuO�oT9º @ °D�q{�lo�~�Ù�~nt�t�Dpku�s

{~u��m�¿u��Yp9T.n���n~�.��z~T.n`�.TFn~lo�y�tu�s�T��x{xu��
Hz|y=−h = 2

e0 sin(kh)

�Ï�Nu����.lon`Uy�.���~Tinqp��(r7sÃu,�y�.Umlonxu�n`�.T
Ü 
 	µåCß«Þ¹ðïâ±è³ê�à²á´í[ß�à²ð¸îmì¹è´ß�Þmå[ìÍäið«Þ¾Þ¹å^à²ð¸Þ¹å[âDå.ê

3/2 − ln(2πw/d) + F (λ/d)
ó�ä��

F (λ/d)
Þyß�ê5í²åtñYâDìÍê«Þ¹í[ðìÍäDð¸ð¸ÞmìÒê¸è§ñqà[âDá³èéâ±å.ê½í²å²Þµê«ð¸äDà �ið¸âDå[ëÌÞ�âDà²à²ð¸ä�ç�è´ã5âkê¸è³äiå9ëÌí9ê¸Þ¹ð¸ã�ÞNëqæ äDðïëÌð«Þ

n = 1
ëÌÞNá´âRß¿äiã�ã�ÞNëÌèéß«ì¹ð��¹ê«ÞDó.íÌê¸è³á´ÞNß«èäDå|âkê¿ê¸Þ¹è´å.êBá³Þ�ì¹âiß(ëqæ í²å²Þ�à�î¹ð¸è³äÌëÌÞ

d
�iäDèéß¿è´å²Þ�ëÌÞ

λ
�²è´áv�kâ±íÌê (λ/d)√

(λ/d)2−1
− 1 õ

( C



ØN�ª��lon~z~u��tTinqpku�s�T,©
kh ≈ π/2

°D�~s«¦³T±¤~uOs�pku[p��vl�nCz~TFs¸¦§�vnqp�Tin~Uy�Yp��|z~�	�k}xu��7{3�Ou��`p
|Hz(y = −h)|2 ≈ 4

(w/d)2
©¿�k}xuO�t{	n~lo�m�^u�s��vUm�|u��	�k}xu��7{@�vn~�i�vz~Tin�pk°D�

� 4-	
4 �
w = 0.3µ

�Î�
h = 1µ

��Tip
d = 3µ

�	�d£�nCpy�ylo�¥�oT|�~n`T����y�i���~T.n~�iT�z~T|�m�.Uyl�nxu�n~�iT|z~T
2030cm−1 �¥Tip |Hz(y = −h)|2 ≈ 400

�dT.n@{xu��¹�¿u���p�u��.�ilo�yz@u���T.�?sÃuJUm�v�b�`sÃuOpy�vlon7T.n@ØN���o�~�mT|·`�§º~�
S�¦³u�nxu�sY�¥UmT�z~T =(e0)

�[���~�`w�lo�yn`T�s¸¦³u��7{~sv�Yp��~z`T�z`T�sÃu��y�iUylonxuOn~�.T9Ø¨u�w~�¹�q®Í�µTi�yl�p.�O�7lonqp��mT�z~l�n~�
���~T�s¸¦³u��7lo�mpy�vUyUmT.�7T.nqp�©¿l��^sÃu?sÃuO�y�oTi�~�ÙUy{�T.�ipy��u�s�TÌ°ÙT.Ump�z~lon~n`��{xuO�

w/d
zxu�n~UR�~n^�m�.UmT�u��×©¿uÌ��T.�

d < λ
°D�(pku�n`z~�vU?����¦§�vsÙ�ip�u���pFz~lon`n~�^{xuO�

kw/2
{�lo�~�F�~n~T,��T.nqp�Tt�~n~���d�`T��BÚ;svu��y��T.�~�

w
Â`¤¥�.T��

�O¦³TiUmp�z~lon~�
d
���~�ÏTiUmp5s�T5�¿u��ipyT.�~�Rsv�v�7��p�u�nqp�{�lo�~��svT��y�.UmT�u��×©���u�{`{Ïlo�¹p�{~�~�yTi�tTinqp5�o�.l��t�Dp��y�����~TÌ°±�

TDp
λ
{Ïlo�`�CsÃu ��T.nqp�TA��Uylos��.T ©¿��uO{~{Ïl��mpCz¥�¥n~u��t�����~TÌ°±���NuO�C�.lon`Uy�.���~Tinqp�� .�� * �-, � �/. � .�� �

���-0����
�%. * � * �-, 	 � ��� �)� � � � *
��
�� �%* 	 ��� . � .�� � � ��� � � 01, 	 �
�)� ��� . ��� �
d > (λ/π)

©¿z~�
�7lo��n~UÙT.nC�7�ip�u�sÏ{~u��m�¿u��Yp±°±��S�uF�.lo�7{xu��yu��vUmlon^z`T.U�Um{ÏTi�ipy�yT.U5z½¦³��n�pyT.n~Um��py�¾z~TiU5ØN�v���~�yTiU�·`�§ºJTDp5·`� @
{�lo�~�5svub��u��d��py�^©

w = 0.3µ, h = 1µ
°R�Oubp�lo�¥p�r,�¿u��Yp5zxu�n`U��iT?UyT.n`U.�

� ( � � ����� � � � ��� � ��� 
��	� � � ��� !+
 � � �	� � � 
 ��� � � ���

S(T?{xu�UmU�u��oTQu��Î�t�Dpku�s(  � �ÙSÄ©
Z 6= 0)

�x�tu���n�pyT.nxuOn�p.�~{�T.�`p��¿u��v�mT��vnqp�Ti�m��T.n~�����`n­n~lo�¥�oT�uO�
pÒ�d{�T|z~T|�m�.Umlonxu�n~�iTbÖ`s�T.UR{~sÃu�Um�tl�n~U�z~T�Uy�~�¹�¿u��.T�}`lo�y��É.lonqpkuO�¥¤�© � �¥�R°±� ��n3�yTi�qu��mzxu�nqp�s�T¾z~�Dp�T.�Í®
�7�vn~u�nqpµz`T.UN�il¥T -7�.�vTinqp�U=z~TR�y�&
xTD¤¥�vl�n

Rn

�[{~u��oT�º @ �²lonQ��lo��pµ���~T��.TiUN�m�.Uyl�nxu�n~�iT.UÙu�{~{~u���u���UyUmT.nqp
s�lo�yUm���~T

βn + Z ≈ 0
�B��¦§T.U¹pm®Ír²®Òz~���yT,{Ïl��~�Qz`T.U |γn| > 1

©
βn

�v�tu��o��nxu��v�mTÌ°�Õ � �µ£|nÑu@w~��T.n z`T.U
l�n~z~T.Uµ�i�Ou�n~TiUy�iT.nqp�TiU�Um�~���Ou�nqp

y
�²s�l¥�.u�sv��U�u�nqpBs¸¦§�.n`T.�y���vT�T.n�Uy�`�m�¿u��iT��OSBTiU � �¥�×uO{~{xu��yu��vUmUyT.nqp=u��vn~Um�

r��~n~T����y�.���~Tin~�.T �±e�ZDÅÒc5Æh_�g�ÓDf±Æ¸cDedfkc�r�s¸¦³u�{~{xu��m��py�vlon?z�¦§�~nbn~l��`�oTis`lo�mz~�yT�z~T�z`� 	Ï��u��Dp��vl�nC©
βn = 0

°±�
��n��¿u��Yp��ÙsÃu �.l�n~z~��py�vlon

βn + Z = 0
n½¦³TiUmpF�yuO�^u���U��¥�yu��v�7T.nqp^uOpypyT.��n�pyT���{~�~��Uy���~T

Z
T.Ump

�`nÑn~lo�bw`�yT^�ilo�7{~svT±¤`TO� ��nÑ�iTCUyTin~U.�µ�.lo�7�7Tt{�lo�~�QsÃu@�y�.Umlonxu�n`�.T@Ø=���µlon u­�~n~T^�y�.Umlonxu�n`�.T
g�][f�jkÓkc��µ���.��z~�Á{~svu�Uy�7lon }`lo�y��É.lonqpkuOs¸���¾¦§T.Ump,TiUyUmT.nqp���T.svs�T.�7T.nqp�s«¦´u�w`Uylo�m{`p���lon"z`�Á�t�Dpku�s����~�R�Ou
s��v�7��pyT.�9sÃuC�m�.Uyl�nxu�n~�iT��µ��T.{�T.n~z~u�nqp��(svT��ilon`Âxn`T.�7T.nqpF{~sv�~U�'D�ipkuOsv�e'Jz`�×�k}~u��t{ Tin"Um�~�m�¿u��iT�n~T
{�T.�¥p=�.l�n~z~�~���yT�r�z~T.U=T±¤`u�s�p�uOp���lon~UBsvld��u�s�T.U�{~sv�`UN�vnqpyT.n~UmT.U=����¦³u���UyTi�vnbz`T.U=�.uÌ�d�Yp��.UµUy�~wd®Òsvl�n~�o�~Ti�~�
z½¦³lon`z~TFr,svub�y�iUylonxuOn~�.TQØ=� ©�{Ïlo�`�5n~l�p��mT?�k}~lo�Y¤Cz~T?�o�.l��t�Dp��y��T�zxu�n~U9s«¦³��n`����u��mlo�~�oT�°5Õ � �

�¥l��~U?s¸¦§TD¤¥�.�YpkuOpy�vlonAz�¦§�~n~T,lon`z~T,sv�~�7�vn~Ti�~UyT�{`�ylo{xuO�quOp��Y�oT	©�{Ïlosvu��y��Uy�iT�Ð�¬�°D�Bu��m�y�Y��uOn�p�uÌ��T.�
�`n@u�n~�os�T�z�¦§�vn`�.�vz`T.n~�iT

θ
�¥sÃuQ��lo�m�b�~s�T�z~T¾z~�vUm{ÏTi�yUy��lonCz~TiU5{~sÃuOUy�7lon~U�z�¦³�`n~T�Uy�~�¹�¿u��.T¾�t�Dpku�s�sv�v���~T

{��.�m�vldz~�v���~Ti�tTinqp�Umpy�y�~�Dp��~�m�.TO�x{ÏTi�`p9Êipy�yT�u�{`{~�yl�¤¥�v�7�.T�rb{~u��mpy�v��z~T¾�.T.s�svT|z½¦³�~n`T�Uy�~�¹�¿u��.T�{~svu�n~TO�
�7lÌ�oTin~nxu�nqp��~n	{~UyTi�~z~lO®ï�tlo�7T.nqp

n2π
d

©
n
T.nqp���T.�5�yTisÃuOpy����°D�¥�.lo�7�tT¾Uy�~�Yp?Ö

Ü ';��å�ã�î¹ê¸âDá¨à[â±ð«ñYâ±è³ê:� ��� �  óqáéâ�ìÍäiå[ëÌè³ê«è´äDå βn = 0
�÷äií

γn = ±1  ådæ è´ã�à²á³èéô.í²Þ9à[âiß�í²å²Þ5ð¸îmß«äDåOâ±å[ì¹Þ�ã5âDè´ßá�æ ÞÍçÌèéß�ê¸Þ¹å[ì¹Þ�ëqæ í²åFäið¸ëÌð¸ÞÙëÌè���ðïâDìÍê«îRà²ð«äià[â �.âkê¸è§ñ~ê«äiíÌêµá´Þ�á´äDå ��ëÌÞ�áéâ�ß«í²ð«ñYâDì¹Þ�ëÌí?ð¸îmß«ÞmâDí
�Yâ±åOâ±ã5â±á´è³ÞRëÌÞ��Jä�ä�ë  U!á�æ äDå[ë²ÞÏîmá³ÞyìÒê«ð¸äDã5â �Då²î¹ê«èéôií[Þ�å�æ â�àOâDß~ëÌÞ(ëÌî¹à�Þ¹åOë²â±å[ì¹Þ�Þ¹å
y
ó±ëÌäiå[ìÏè³áÌå�æ ¡�âµà[âDß~ëqæ î¹å[Þ¹ð �Dè´ÞÏá´äÌì¹â±á´èéß¿îmÞ�Þ¹å�ß«í²ð¿ñYâiìÍÞ õ �á´â=á´è³ã�è³ê«ÞBä��

Z → 0
ó±á´Þmß�äDå[ë²Þmß¨ëÌè��oð¸âiìÒê«îmÞmßxÞmå5ß¿í²ð«ñYâDì¹Þ(ÞÍê�á´Þmß¨äDå[ëÌÞyßxà²áéâDß«ã�äDå²èéô.í²Þmß �¹þ � �kü ���kü	�iþÍü ���Yì¹äDå[ëÌè³ê«è´äDåìÍäDã�ãRí²å²Þ

γn = ±1  óOã�âDè´ßBá³ÞÙà[á´âiß¿ã�äDå|å�æ â5à²á´í[ßµëqæ Þ¹çÌè´ß¿ê«Þmå[ìÍÞÙà4�K¡Ìß«è´ô.í²Þ�à[í²è´ß¸ô.í�æ è³á¥å�æ ¡|â9âDí[ìÍí²å[Þ�äiß¸ìÍè´á³áéâkê¸è³äiåëÌÞ�ì��[â±ð �DÞ=ë²â±åOß�í²å|ã�î¹ê¸âDá�à[â±ð«ñYâ±è³ê õÜ �¹Ý¥â=ìÍäDåOëÌè§ê¸è³äiå
βn +Z = 0

å[ÞBìÍäDåOëÌí²è³ê¨à[âDß��Náéâ=ð«Þmá´â±ê«è´äDåRë²ÞBëÌè´ß«à�Þ¹ðïß¿è´äDå�ëÌÞmß¨à²á´âiß¿ã�äiå[ß~ëÌÞBß¿í[ð¿ñYâiìÍÞ��÷ã5â±èéß��ß¿äiå�è´åO�DÞmð¸ß«Þ  ë²í5ñYâ±è³êÏô.í�æ äDå9âÙíOß¿î�ë�æ í²å�ð¸âiì¹ìÍäið¸ëRà[âDð�ávæ è´ã�àOîyë²â±å[ì¹ÞµëÌÞµß¿í²ð«ñYâDì¹Þ�â±à[à²ð«ä�çÌè´ã�î¹Þ(áéâDô.í²Þ¹á´á´ÞBå²ÞBà²ð¸Þ¹åOëà[âDß"��ð¸âDè³ã�Þ¹å.ê�ÞmåQì¹äDã�àÌê«ÞRá³ÞyßNäDå[ëÌÞyßµë²Þ �Dðïâ±åOë²ß
kx õqö è |εm|

ëÌè´ã�è´å�í²ÞÙñ÷äið¿ê¸Þ¹ã�Þ¹å.ê	�YâDíÌç��[â±íÌê¸Þmß�ñ÷ð«îyô.í²Þ¹å[ì¹Þmß  óäDåy�DäDè³êBô.í²Þ=á�æ â±à²à[ð«ä�çÌè´ã�â±ê«è´äDå�à[â±ð(ávæ è´ã�àOîyë²â±åOìÍÞÙëÌÞ�ß«í²ð¿ñYâiìÍÞ=å²Þ=ñ÷äiå[ìÒê¸è³äiå²å²Þ=à²á´í[ß�ê«ð��mß �[è³Þmå õ

((@



k sin θ + n
2π

d
= k

√

εm

εm + 1
=> (

γn

βn
)2 = εm(ω)

S(T?{~sÃuOUy�7lon3z�¦§lo�yz~�mT
n
uO{~{xu��yu��vp9uOsvlo�mU����xu�n~z

λ = (d/n) · (
√

εm/(εm + 1)± sin θ)¼�nA�y�.UmT�u��×z~Tbz`� 	Ï��u��Dp��vl�n�z�¦§lo�yz~�mT9CCn~T�{�T.�`p|Uy�~{~{�lo�¹p�T.�����~T�s�Tb{~svu�Uy�7lon
n = 1

� �|u�n~U
s«¦³T±¤¥T.�7{~svT

d = 3µ
� z`T�sÃu5ØN���o�~�yT=·`�³º`�.svTN�.�yTi�¥¤Fu�{`{xu���uO�vUyUyu�nqp(�oTi�yU

3360cm−1 ©¿Uyl���p λ ≈ 3µm
°

Ui¦³��z~T.nqpy��ÂxT�w~��T.nÎr�s¸¦§TD¤¥�.�YpkuOpy�vlonCz`�Î{~svu�Uy�7lon
n = 1

�
�¥�Rs¸¦³u�n~�os�T

θ
n�¦³TiUmp,{xuOU�nd�`s¸��svTC{~svu�Uy�7lon"UyT3Uy�i�vn~z`TCT.nÈ¶­�7l¥z~TiU.���.lo�7�7T^svT^�tlonqpy�yT^svu

��l��y�b�~s�T��(s«¦³�~n×�oTi�yUb�~n`T^{~s��~UJ}xuO�`p�T7���y�.���~Tin~�.TA©«u�{~{�T.s��
+n

°D��s¸¦³u��`py�yT,�oT.�mUb�~n~Tt{~sv�`UJwxu�UmUyT
���m�.���~Tin~�.T,©¿u�{~{�T.s�� −n

°±�`�µu����ilon~Um�.���~T.nqp.�~Uy�
λ
Tip

d
Umlonqp�Â`¤¥�iU.�`UmT.�~sÏs¸¦³u�n~�os�T

θ
{�T.�¥p5u�wxuO�vUyUmT.�

svuJ���y�i�d�`T.n~�iTQz~T?�m�.Uyl�nxu�n~�iTQz~TiU � �`�µ�
��Ti{ÏTin~zxu�nqp��NT.n&{~�y�iUyTin~�.T@z~TC�.u��¥�Yp��iU�{~�yl���l�n~z~T.Ui�Ns�T.Ub�m�.Uyl�nxu�n~�iT.U7Ø=� Tip � �`��{�T.�¥�oT.nqp

ZÌc^jk][e²V�WvcDfCUm�ÙsvT.�`�yU����y�i�d�`T.n~�iT.UJz½¦³T±¤`�i��p�uOp���lon UylonqpF�olo��Uy�vn`T.Ut©¿n~T,{xuOUFl��~w~sv��T.�?u��`UyUy�Ùs�T.U?}xu��Í®
�7lon~�����~T.U9Uy�`{Ï�i�y�vTi�~�yTiUk°±�½S(T.U��7l¥z~TiU9{ÏTi�`�oTin�p|z~TQsvu7Umlo�mpyTP'DU.¦§}��dw~�m�vz~Ti�0'O�¨UmTQ�mT.{�lo�~UyUmT.��Tip�UyT
{�T.�¹p��~�mwÏTi�bs¸¦§�~nÁr�svuÎz~�D�¿u��oT.�`�7z`TCs¸¦³u��`py�yT��µSBu­��lo�y�J�~svT7z~T3z~��Uy{�T.�yUm�vlon �.�Y®ïz~T.UmUy�~U�n½¦³TiUmp,�i�d�÷®
z`T.�7�tTin�p,{`sv�~U,�`py�vsv��U�u�w`svT^z~u�n~U,svT@��uOU7l�ÀÈsvu �.u��¥�Yp��@ld�.�.�`{ÏT@�~n&�olos��~�7T	���t{�lo�¹pku�nqpbz~u�n~U
svu	{��.�m�vldz~T

d
���tu���UF�i�qu�s�T.�7T.nqpJs�lo�yUm���~Tts�Tt�7ldz~T � �`� T.U¹pbUyTin~Uy��w~svTi�tTinqpb�.l��~{~sv�tu��Ñ�7ldz~T

Ø¨u�w`�m�q®Í��T.�ylOpA©�{xu��7TD¤¥T.�7{~svT	svl��yUy���~T
4h ∼ d

°D���µl��~�Cu��ol��v�tu�svlo�mU,�~n~TÎ�d��Uy�vl�nÈ�os�lowxu�s�T3z~T.U
�ilo�7{Ïlo�¹p�Ti�tTin�pyU�©�n~lo�`��T�u��¥¤Cz~�.�.u�sÃuO�oT.U����y�.���~Tinqp��vTisvUi�~svld��u�s��vUyuOp���lon~U�z~T|svuQs��~�t���.�mT�{~s��~U��ilo��®
{`svTD¤¥TiUk°D�½�vsµ�¿uO�`pFu�nxu�sY�dUyT.��s�T.U^jk][edf �DckZ7adcta�ÆvZÒVxcDf�ZDÆ¸][_ adckZ�\^].adckZ^c��¥jDÆhÅÒÓkZ­©

i.e.
svTiU�sv�vTi�¥¤­z~T.U

�7�vn`�v�tu�low`UyT.�¹�o�iU�Um�~��svT�Uy{�T.�ipy�yT9z~T5svu¾�y�&
xT.�Dp����d�Yp����O{Ïl��~�=p�lo�`U=svTiUÙu�n~�os�T.U
θ
°D�)��T�n`lo�bw~�mT.�~UmT.U

�Dp��~z`T.Uµpy}~�.l��y�v���~TiU.�²TipµTD¤¥{��.�m�v�7T.nqpku�s�T.Ui�[l�n�pµ�ipy�R�7T.n`�.T.UNr��iT�Um�[�mTip�©¿lonQ{ÏTi�`pµ�.��pyT.�R¡ @ � ¢ Tip�¡�� ¢ °±�
� ( �'� ���	
�� � 
"! 
�������� �	� !	� ��� � � 
 �����

S(T9�¿u��ipyT.�~�Rsv�v�7��p�u�nqp�sÃu?�y�iUylon~u�n~�.T|Ø=�Ñz~�C�m�.UyT.u��CTiUmp
w/d

�qlonCs«¦´u��d���`£�n^uQz~l�n~�¾��n�py�.�mÊip
rb{`�yT.n`z~�yTF�~n~T?{��.�y��l¥z`T

d
svub{~sv�`U5�o��u�n`z~T�{Ïl�UyUy��w~svTO��ÅÒ][e¥Å5cD_�f�ckZDÅïX�_xÅ�ed_^VxcDe	Æh_�g�ÓDf±Æ¸cDedf�cFr�sÃu

s�lon~�o�`T.�~�=z½¦³lon`z~T5loÀ,u�{~{~u���u���p��yu¾T�	ÏT.�Dp�����T.�7T.nqp�s¸¦§TD¤`u�sYpkuOpy�vlon�� ��n,T�	ÏTip.�osÃu|�m�.Uyl�nxu�n~�iT�n`T5{ÏTi�`p
{~u�U�Êipy�yT��7T.��svsvTi�~�yT�Uy�½�~n@u��`py�yT|lo�mz~�yT�z`T�z~� 	Ï��u��Dp���lon^z~TD�d�vT.nqp9{~�mlo{xu��ouOp��Y��©

i.e.
Uy�

d ≤ λ
°±�`Tin

{`sv�~U|z`�A��u��olon Um{Ï�i�.�~svu��v�mTb{ÏTi�y�tu�n~Tin�p.����uO� =(e0)
u��~���tTin�pyT.�yu���p.����T�n~l��`�oTis�lo�yz~�mTb�.l�n�py�y�÷®

w`�~T.�yu���p9r,z~TiU�{�T.�¹p�TiU��yu�z~�Ãu[p�����T.U5Um�~{~{~s��.�7T.nqpku����yTiU.�
Øxlo�¹ptz`T­�.TDpypyT�u�nxuOs��dUyTO��{`�yT.n`lon~U^{~u��tT±¤¥T.�7{~svT	svTJ�mT.��z~TÎ{~u���u��7�ipy�yTiU

w = 0.3µm
�ÙTip

h = 1.5µm
�¨lon�uOpypyT.n~z��`n~TJ�m�.Uyl�nxu�n~�iT�Ø=�!�~n�{�T.��u��¥®Òz`T.UyUm�~U|z~T

λ ≈ 6µm
©��~n�{�T.����n`���D®

�m�vTi�~�yT?r
1666cm−1 �~T.n	p�T.�m�tT�z`T?���m�.���~Tin~�.T�°D�®ÙÚB�oTi�Q�`n~T�{Ï�i�y��l¥z~T

d = 6µm
�~lon3py�ylo�`��TFu�svlo�mU.�¥T.n@�vn~�i�vz~Tin~�.T�n`lo�y�tu�svTO�¥�`n~T?TD¤`u�s�p�uOp���lon

z`T|s¸¦§�vnqp�Tin~Uy�Yp���z~�3�k}xu��7{@�^u���n~�ipy�v���~T¾z`T ( ��6��­u��^��lon~z3z`T.U5��u��d��py�.Ui�xrbsÃuJs�lon~�o�`T.�~�Rz�¦³l�n~z~T
z½¦³T±¤`�i��p�uOp���lon

λ = 7.4µm
©
1352cm−1 °D��SBu?sÃu��m�oT.�~��Um{ÏTi�ipy��u�s�T�z`T�svu|�y�.Umlonxu�n`�.T��Ou��¥p 75cm−1 �s�T � �`�È�ipkuOn�p.�xsv�~�«�`T±¤`�i��py�?��T.�mU

λ = 5.88µm
©
1700cm−1 °D�® �¥�«�op�lo�[�ml��~�yURrQ�iTipypyT¾{��.�m�vldz~T��qlontz~�v�7�vn��~T

w
z~T

0.3µm
r

0.2µm
�qlonCuOpmp�Ti�vnqp��~n~T¾T±¤`u�sY®

p�uOp���lon×{~sv�~UQ�vnqp�Tin~UyTtT.n~�ilo�yTO�Nz~T ��3�� � {Ïl��~�
λ = 7.11µm

©
1405cm−1 °±�Nu���T.�C�~n`TCsÃu��m�oT.�`�Um{ÏTi�ipy��u�s�T�z~T?�y�.Umlonxu�n`�.T?��uOsÃu�nqp ≈ 50cm−1 �

( ¶



 t+�� � �3P $ ��< ��$iHQI 2�� P�<FP�2 >Î<�:�HQI@K@2 !$#�<FI3298BP�29I �B2
��T.UyUmT.sRTipb£�s��vn~Ti�,¡ @i¢ ���`�yT.nqpQsvTiUQ{~�mT.�7�vTi�yU.�BTin @�� /�( �Br­u��ol��v�?�vn~z`�v���~���(z½¦³�~n`T^{xu��¹p��B���~T

s�T.U�Uy�~�¹�¿u��.TiU��7�ipkuOsvsv�����~T.UÙrF�.lo�m�y�~�qu[p��vl�n,VxÓDf±Æ¸].a�Æ32.exc¾Um�~{~{�lo�mp�u��vTinqp�z~TiU�lon~z`T.U��isvTi�ip��mlo�tu��on~�±®
py�v���~TiU�z~lonqp7svT.Ub��T.�Dp�T.�`�yU^{`�ylo{~�mT.U,�ip�u��vTinqpt�ilo�7{~svT±¤`TiU.�=z½¦´u��¥p��yT@{xuO�mp,���~T	�.T.�¹pku���n~U��7l¥z~TiU
{�lo�`�Ou���T.nqp9UyTQ�.lo�7{�lo�mpyT.�5�.l��t�7T�z~T.U��o�~��z~T.U9z�¦§lon~z~TFUy�Bsvu,�ilo�y�m�~�quOpy�vlon@�Dpku��Yp�Um�.-7U�u��7�7T.nqp
{`�yl���lon`z~T ��
 ��£|n	Uyu���p9�tu���n�pyT.nxuOn�p�r����~lo�(s�T.�~�mU5{~�yl�{ÏloU9�ilo�y�mT.Uy{�lon~z`T.nqp��

�|uOn~Uts�T3��u�U7z~�ª�y�iUyT�uO��{��.�y��l¥z`�v���~T3z~T3��T.nqpyT.U^Um�~w¥®ïsvlon~���~T.�~�,z�¦§lon~z`T���lonÈu �d�È�d�`TÎs�T
�il¥T -7�.�vTinqp,Ú)z~�&�k}xu��7{Á�vnqp�Ti�yn~T@uO�¥¤Á�.uÌ�d�Yp��.U�TiUmp,{~�mlo{�lo�mpy�vlon~n`T.s�r

1/ sin(kh)e0

�Nu��oT.�
e0z`lon~n~�?{xu��5svub�yTisÃuOpy�vlon×©¿·`� ��°�z~T?sÃub{xu���T ( C`�

SBu,sÃu��m�oT.�~�5Um{ÏTi�ipy��u�s�TFz`TFsvu��y�.Umlonxu�n`�.TbØ¨u�w`�m�q®Í��T.�ylOp�TiUmp�z~lon`n~�.TF{xu��9sÃu�{xuO�mp���T��y�iT.svs�T�z~T
e0

� �d�
d << λ

��Tisvs�T?�Ou��¥p��¨T.nÎ�t�Dpku�sB{xu��¹�¿u���p.�
(w/d)

√

1− γ2
0 = (w/d)β0

� �¾�	�¿u���p�z~TQs¸¦§�vn~�i�Y®
z`T.n~�iTJ{xu���lon~z`TQ{~svu�n~T?{~�mlo{xu��qu[p�����T��

γ0 = sin θ
TDp

β0 = cos θ
Ö�s�T�p�T.�m�tTFz�¦³u��7lo�mpy�vUyUmT.�7T.nqp

T±¤¥�vUmpyTCp�lo�²�mlo�~�yUi�Ù��T@z~T.�mn~�vTi�bT.U¹p7z~�v�mT.�ipyT.�7T.nqp@WËÆ¸Ó � WYX×_�X�Å¿e¥f�cÎadcCW�� ][_�adcÎc��¥jDÆhÅ¸X�Å¿fDÆ¸jkcAÖ=lon
u@T.n {ÏTi�y�tu�n~T.n`�.T7�~n ][fma�f�ctfkÓ��9Ókj��dÆNV�f�]kV`XÌÔqX�Å«Æ g±�Br@U�u���lo�v�FsvT7��u��ol�n Uy{��.�i�~sÃuO�v�yTO�ÙÇÌÆ¿X­svT.���~Tis
s«¦³�in~T.�m�o�vT¾T.nq�olÌ�o�iTbUy�`��s�T�Um�dUmpy�.�7TQ{�T.�¥p 'DU.¦§�.�k}xu�{`{ÏTi�0'7©¿Uyl��~U���l��y�7T|z~T?��u��ol�n~n~T.�7T.nqpk°D�

S(T���u�{~{�lo�¹pNUm�~w¥®Òs�lon~�o�`T.�~��z�¦§lon~z~T w
d

�Dpku�nqpN�y�.Tis¸�Ìs�TRUmT.�~sd�tlÌ��T.nbz�¦§�.s��v�7�vn~Ti�(�.lo�7{~s��ip�Ti�tTinqp
s«¦´uO�tlo�¹p���UyUyTi�tTinqp5T.U¹p|z~lon`�Qz~TF�yTin~z~�mT

β0

�v�tu��o�vn~u��v�mT¾{~�~�i�
i.e. |γ0| > 1

�xz~lon~�Fz�¦ �����%0 � �%* �
�
,��/,�������� � �!*5.�� � 	 � � � � � ��� � ��� ��� �%, �)��� � �QUy�`���Ou�nqp

y
©«u���T.�

k// > k
Tip

k⊥ ∈ C
°D� �|u�n~U

�iT.UÙ�.l�n~z~��py�vlon`U.�Opylo�~U�s�T.U�lo�mz~�yTiU�z`� 	Ï��u��Dp��.U�Umlonqp��.lon`Â~n~�.UÙT.n7Uy�`�m�¿u��iT�ÖxÆhW~_½c�VxcDe¥ÅxV�WËeqZ 0�X�Ç�][Æhf
adc�g±e¥ÆhÅÒckZ�fmXqa�Æ¿X�Å«ÆhÇ�ckZD�OTipÙsvTiU��y�iUylonxuOn~�.TiU�z`�t�m�.UyT.u��7UylonqpÙUyTi�~svTi�tTinqpRs��v�7��py�.T.U�{xu���s«¦ÃX��DZÌ][fïV�Å¿Æ¸][_
z`� �tuOp��i�y�ÃuO���B£|n z~l���pQu�svl��yU?low~UmT.�m��T.�i�µs�lo�yU?z~TiUJ�y�iUylon~u�n~�.TiU.�µz~T7py�y�iUQÂxn~TiUJsvu��y�oTi�~�yU?Um{ÏTi�D®
py��u�s�T.U5TDp5p��yl��`�oTi��z�¦§�v�7{�lo�mp�u�nqp�T.U��d�~u�nqp���py�.U�z�¦§�.n~Ti�y�o��T�T.�7�^u��ou�É.��n~�.TiU5zxu�n~U9sÃubU¹p��m�~�ipy�~�yTO���Y�

¬­u[p�}~�i�^uOpy�v���~Ti�tTin�p�{xuO�ysÃuOn�p.�qUy�¨svT9�7l¥z`T�TiUmpR�t��T.�¥¤�TD¤¥�.�Yp���uÌ��T.���~n
β0

�v�tu��o�vn~u��v�mT��²�.TisÃu
Um�v�on`��ÂxTC����¦§�vs�u �`n&��T.�Dp�T.�`�t{~�mlo{~�mTÁjk][\¾V�Wvc��¥cD�N£|n&�yTÍ�ml��vnqp,�.T@���~�9u��Ou���p��Dp��@u�n`n~lon~�i�	{~u��
��T.UmUyT.s¨TDp�£|s��vn~Ti�.�oS(TiU��ilo�~�mwÏTiU�z`T�z`�vUy{�T.�mUy��lon,�.lo�7{~svT±¤¥T.UÙz~T.UÙ�7l¥z`T.U�z~T9�y�iUylon~u�n~�.TO��zxu�n~UÙsvTiU
�m�.UmT�u��¥¤	TinÎpy��u�n~Um�t��UyUm�vlon��xl�n�p�z�¦³u���svsvTi�~�yU5�Dp��F�ipy�~z~�v�iT.U�zxu�n~UQ¡ @ � ¢ ����TJn�¦§T.U¹p¾{xuOU�s�TF�7ldz~T�z~T
�.u��¥�Yp��FT.nÎUylo�B���~��ut�~n	�oTi�ip�Ti�~�¾�ilo�7{~svT±¤`T^©¿{`�~�vUm�d�`TJ��¦§T.U¹p¾�`n��o�~��z~T?z�¦³l�n~z~TÌ°5�tu��vU9svT?�7l¥z`T
z`TFsvu�Ump��m�~�ipy�~�yTQ{~�y��UyT?zxu�n`U�Umlon­Tin~UyTi�bw~svT^© �.u7n`TQ�tu��y�k}`TF{~u�U�{�lo�~�9�~n`TQ�.uÌ�d�Yp��?�vUmlosv�iT��O�i¦§T.n
T±¤¥{~sv���d�`T�sÃu���u���Uylon3{`sv�~U9svl��vn¨°±�

��n@{~��u[p��v���~TO�~s¸¦ �N¤¥�.��p�uOp���lonC{xuO��£�n`z~T �=��uOn~T.Um�.T.nqpyT3©
��£���°�{ÏTi�`p9U.¦§T�	ÏT.�Dp��~Ti�¾u���T.�?s¸¦³u��vz`T
z½¦³�~n3{`�y�vUm�tTO�¥{`sÃu��i�¾�~n3{�T.�@u��d®Òz~TiUyUy�`U5z~�C�y�iUyT.u����~zxuOn~U��~n~T¾�.lon`Â~�o�~��u[p��vl�nCz~T|�m��
xT±¤`��lonCp�l[®
p�u�svT����m�~Umpy�y�iT�lo�

ATR
© �¾Å¿ÅÍcD_xe`X�ÅÒcya-��][ÅïX�W �9c��9c��oÆ¸][_�°=z~�i�.�m��p�T�{xu��ÙÚQ�é£¾pypyl7¡ @��[¢ � �¾T�sÃu�Umlo�mpyT��

s�T�Um�dUmpy�.�7T?{~�y��Uy�7TD®Ò�m�.UmT�u��@�¿u���p�l -7�.T?z�¦§�~nÎ�m�.UmlonxuOpyT.�~��Ø¨u�w~�¹��®Ò�µTi�yl�p�{~�mT.Uy���~TF{xu��¹�¿u���p �yÕ �

��� � äiå[ß«è´ëÌîmð¸âDå.ê=í[å²Þ9è´åiê¸Þ¹ð«ñYâDì¹Þ5ã�î¹ê¸âDá³á´è´ô.í²Þ�ëÌÞ9à²ð¸ä �[á�í²å²èéëÌè³ã�Þmå[ß¿è´äDå[å²Þ¹á½ôií[Þ¹áéìÍäDåOôií[Þ5ã�âDè´ß�àOîmð«è´äÌëÌèéôií[ÞDó�á´Þmßâ±íÌê¸Þ¹í²ðïß`äDå.êxð«ÞyìÍäDí[ð«íQ�Ní²å²Þ�è³ã�à�îmë²âDå[ìÍÞBë²Þ�ß«í²ð«ñYâDì¹Þ-�YàOîmð«è´äÌëÌèéôií[Þ  óiëÌîmì¹äDã�àOä.ß¿îmÞÏÞmå5ß¿îmð«è´Þ(ëÌÞ��²äDí[ð«è´Þ¹ðyókÞÍê~ê«ðïâ±è³ê«îâ±á´äDðïßÏá´Þ=à²ð¸ä��²á$�¹ã�Þ�ëqæ í²å|àOäiè³å.ê�ëÌÞ���í²Þ �Òã�äÌë²âDá �^�YâDí|ß«Þ¹åOß(ëÌÞU�²äií²ð«è´Þ¹ð  Òõ�ÒÜ]��ä±ê¸äDå[ß½ô.í²ÞNß«è
λ >> d

ó�äDå�ådæ Þ¹çÌì¹è§ê¸ÞµàOâDß½ëÌÞµà[á´âiß¿ã�äDåOßÏëÌÞNß¿í[ð¿ñYâiìÍÞ��²äið«è$�¹äiå.ê¸â±í²ç��B��ã�äDè´å[ß½ëÌÞ=ß¿Þµê«ð¸äDí<�iÞ¹ðë²â±å[ß�áéâ��¹äiå²ÞNñ÷ð«îyôií[Þ¹å.ê«è´Þ¹á´á³Þ
ωsp

ó²ìÍÞÙô.í²èqå�æ Þmß¿ê �¿â±ã5â±èéß�á´ÞÙì¹âDß�èéìÍè  Òõ
( ·
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 �xç²ìÍè³ê¸â±ê«è´äDå?Þ 09ì¹âDì¹Þ�ëÌÞyßBã�äÌëÌÞmßµëÌÞRìmâC�.è³ê«îRëqæ í[å?ð«îyß¿Þyâ±í�ã�îÍêïâ±á´á³èéô.í²ÞÙáéâ±ã�Þ¹á´áéâ±è´ð«Þió[à[âDð�í²å²Þ�äDå[ëÌÞî8�kâ±å²Þyß«ì¹Þ¹å.ê«Þ½à�äDáéâ±ð¸è´ß«î¹Þ ��� � � � õ�� û.ú 
 � �²þ �Ìà[âDð¸âDãQ�Íê«ð¸Þmß`ëÌÞ�ávæ îyì��[â±å.ê«è´á´á³äiå�ÞÍê¨è´ã5â �iÞÏä��Ìê«Þmå.í[ÞÏà[âDðxã�è´ì¹ð«ä.ß«ì¹äDà²è´Þî¹á´ÞmìÒê¸ð«äiå²èéôií[ÞDóDÞ¹ê½ß¸ì��²î¹ã5âÙë²Þ�áéâ�ìÍäiå�� �ií²ð¸â±ê«è´äDå � � �@Þmã�à²á³äT¡.â±å.ê�í²å�à²ð«èéß«ã�ÞµÞ¹å �iÞ¹ð¸ã5â±å²è´í²ãÑëqæ è´å[ëÌèéìÍÞµäDàÌê¸è´ô.í²Þ
n = 4 õ �Nâ±åOßµì¹Þ�ìmâDß γ0 = n sin θ

óoä��?ávæ âDå �Dá´ÞRë�æ è´å[ìÍèéëÌÞmå[ìÍÞ
θ
Þmß¿ê=ß«í²à�î¹ð¸è³Þmí²ð"��ávæ âDå �Dá´Þ�ìÍð¸è³ê«èéôií[Þ

θc = 14.5o !á�æ äDå[ë²Þµè´å[ìÍèéëÌÞmåiê¸Þ=à²ð«äià[â �.âkê¸è��iÞµëÌÞA�.è´Þ¹å.ê�î8�kâ±å[Þmß¸ìÍÞ¹å.ê¸ÞNß«äDí[ß�á´ÞNà²ð«èéß«ã�Þ õ�� �ký �kø �hþ �¥ß¿à�ÞmìÍê«ð¸Þmß �����	��
 ��� �
	���
����ëÌÞ�áéâ�ð¸îÍò[ÞyìÒê«è$��è§ê¸îµß«àOîyìÍí²áéâ±è´ð¸ÞBå²äDð¸ã5â±á´è´ß«î¹Þió±ä��²ê«Þ¹å�í[ß½ß¸â±å[ß�à²ð«èéß«ã�Þ�ÞÍê(âC�DÞmì�á´Þ�à[ð«èéß¿ã�Þ��÷à²áéâDì¹î��ÙÞmåK��è´ð«äiå
0.65µmëÌí�ð«îyß¿Þyâ±í  Íõ Ýdâ�ì¹äDã�à[âDð¸âDè´ß«äDåbëÌÞmßRìÍð¸Þ¹íÌçbëÌÞ9ð¸îÍò[ÞyìÒê¸è���è³ê«î9ã�äDå.ê¸ð«Þ9ô.í²Þ9á´Þ9ã�äÌëÌÞ:�Oâ#�²ð�¡�� � Þ¹ð¸ä±ê�ñ÷äiå[ë²âDã�Þmå.ê¸â±áÞmß¿êQ�[è³Þmåtã�è´Þ¹íÌç^ÞÍç²ìÍè³ê«î|Þ¹å � � ��ó¨áéâJá´âDð �iÞ¹í²ð5ëÌÞ|ð¸îmß«äDå[âDå[ìÍÞ¾Þmß¿ê9â±á´äDðïß�ð«îyëÌí²è³ê«Þ�ëqæ í²å^ñYâDìÒê¸Þ¹í²ð	¥ õ ÝdâJàOÞ¹ê«è³ê«Þò4�mì��²Þ(ëÌîyß¿è �Då[Þ(á�æ ÞÍç²ìÍè³ê¸â±ê«è´äDå5ëÌí5à²ð¸Þ¹ã�è´Þ¹ðxà²áéâDß«ã�äDå5ëÌÞBß«í²ð«ñYâDìÍÞ �²äið«è$�¹äiå.ê¸â±áv�p�Däiè³ðxá´Þmß¨ì¹äDí²ð���ÞmßxëÌÞ�ë²è´ß«àOÞmð¸ß«è´äDå�ëÌÞmßã�äÌëÌÞyß�ë²âDå[ß � � �  Íõ �há�ÞÍçÌèéß�ê¸ÞBê«äií ��äDí[ð¸ß�í²å ��Þmí�ëÌÞ�àOâ±ðïâ±ãQ�Íê¸ð«Þyß (θ, h0)
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H(I)
z (x, y) = eik(sin θx−cos θy) +
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−∞
R(Q)ei(Qx+qy)dQ
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√

k2 −Q2
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z (x, y) =

A1[e
iky + r e−iky] u1 (x)

+A2[e
iky + r e−iky] u2 (x)
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∣
∣
∣
∣
∣
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u1(x) = 1
*94

x ∈ [−d+w
2

,−d−w
2

]
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u2(x) = 1
*94
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2

, d+w
2

]
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A1(1 + r) = eik sin θx +

∫ +∞

−∞
R(Q)eiQxdQ ∀x ∈ [−d+w

2
,−d−w

2
]

A2(1 + r) = eik sin θx +
∫ +∞

−∞
R(Q)eiQxdQ ∀x ∈ [d−w

2
, d+w

2
]
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(kZ−cos θ)eik sin θx+

∫ +∞

−∞
(q+kZ)R(Q)eiQxdQ = k(1+Z)(1−e−2ikh)(A1u1(x)+A2u2(x))
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R(Q) = Rsp · δ(Q− k sin θ) +

w

λ
(1 + Z)(1− e−2ikh)(eiQd/2A1 + e−iQd/2A2)

sinc(Qw/2)

q + kZ

-@¬
Rsp = cos θ−Z

cos θ+Z
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[1 + r −G(0)] −G(−d)
−G(d) [1 + r −G(0)]

]

·
[

A1

A2

]

=

[

V1

V2

]

avec

∣
∣
∣
∣
∣

V1 = V0e
−iϕ

V2 = V0e
+iϕ

[
ϕ =

kd

2
sin(θ)

)A6
V0 =

2 cos θ

cos θ + Z
sinc(

kw sin θ

2
)

0�?;I1? ] G(x) =
w

λ
(1 + Z)(1− e−2ikh)

∫ +∞

−∞

sinc2(kwu/2)√
1− u2 + Z

eikuxdu
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G(x)
[b.D8AI1?;45)U)�?«*>)�qA6945-M?ªH;<98�qA8�.D)A?T6Q)@[%)A*>6PH10@47<9)e)A?

x
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Det = [1 + r −G(0)−G(d)][1 + r −G(0) + G(d)]
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����* ���Q�`� [ 2 sin(kh)e−ikhe+
)A6

2 sin(kh)e−ikhe−
6Q)A2525)A*ltZpD) ]
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e± =
1

1− Z
[cot(kh)− iZ]− i(1 + Z)

2w

λ

∫ +∞

0

sinc2(kwu/2)√
1− u2 + Z

[1± cos(kdu)]du
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A = a+U+ + a−U−
0�F@)�q

a+ ∝ 1
e+

)A6
a− ∝ 1
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An=1,2 = [

cos(ϕ)

e+

+ (−1)n i sin(ϕ)

e−
] · eikhV0

2 sin(kh)
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ϕ = (kd sin θ)/2
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A1

¹�µ
A2

·ÑÇA°�µ�´�¹�°�°�¹>°�µbÄ�¹9º
cos(ϕ)

¹Ñµ
sin(ϕ)

Ó
: »TÖ=³�Ä�Ç&°3·�Åu°�ÎuÊ�Í�°�ÇAÆ<;�°�¹NÄ�¹>=��u³`µ�µ�¹�Æ�¹>°Aµ?=\Ä�¹>ºC°EÅ�Æ�Í�Ï¯³`µ�¹�Å�Ï¯ºC¹�°=±ÌÇ&°3·Lµ�´�Ç&°�Ä�¹:»5¸ ³&°�È&»�¹

ϕ = (kd sin θ)/2 @ÐnÇA°�³YÅ�°dÍÑµ¯³`µ%Î�ÅuÏ%ºyÖEÆ�ÍÑµ�Ï�´ÉË�Å�¹:»�ÇAÏ�º�Ë�Å�¹
ϕ = nπ => d sin θ = nλÐn»5¸ Í�µ�³Sµ%Î�Å�Ï%³S°�µ�´�º�ÖEÆYÍ�µ�Ï�´�Ë�Å�¹�·�Ç&Ï�Ï�¹9ºyÎ@Ç&°uÄRÒ

ϕ = (2n + 1)π
2 => d sin θ = (n + 1

2 )λ	E´n·Ñ¹9º\·�Ç&°uÄ�´Oµ�´�ÇA°uº:ºyÅ+9�º�¹�°�µNÒRÎuÏ�Ç �z¹Ñµ�¹>Ï:»�¹�ºyÖ�ºyµ';>ÆY¹lÄ�³&°uº\»7¸ Å�°eÄ�¹lºy¹9º:Ä�¹�Å��'ÍÑµ�³Sµ�º:Î�Ï�Ç&ÎuÏ�¹9º�¶@¹�»�»�¹9º\°�¹l·ÑÇ&Ï�Ï�¹>ºyÐÎ3ÇA°uÄ�¹�°�µ�Îu³Aº�Ò�Å�°�¹:Ï�Í9ºyÇA°u³S°3·Ñ¹&Ó
� )
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µ
+ [�|M<90EFM8�)A*c.103?D*j.;)]2�B�-M<A[�)A6j*98SK

HD0@<98A)�*Y.bB�pD?;)d.D45*�6`0@?;q�)
d = 500nm

�G(%0a<98AH^-@?D*9)d-@H;6Q47tGp;)=*>)�<Q0eq�0@25qApD258A)=.D0@?D*�2�B�47?;wz<Q0uK¯<9-Mp;|M)
}
λ ∈ [2, 10µm]
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Ex ∼ ∂Hz

∂y

[\.10@?;*a6Q-Mp/6e2�BO)�*>H10@qA)@� � 2�BO)�+eJ�-MpDq`XZpD<>)².D)
q`XD0@tZpD)lqE0EFG47698P}

x = −d/2, y = 0
-@p

x = +d/2, y = 0
~S[@25)#q`X10@+�H
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Ex/E0 = (1 − r)An=1 ou 2
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Ex

 W*9-@?ª)�+eJ�-MpDq`XZpD<>) ]
EFn = |An(1− r)|2 } 0,£{H�-MpD<

Enhancement Factor
~S�

VY-M+�H;69)�6Q)�?Zp�.D)�*,H10@<90@+��A6Q<>)�*�tZpD)�2�BO-M?�*�BO)�*�6NI;i/8@[Z25)A*�<98�*>-M?10@?;q�)�*Nwz-M?D.D0@+f)A?T6`0@27)�*�.D)lq�0uK
FG4k6Q8�*9-M?T6�0u696Q)A?D.DpD)A*�FM)A<9*

k ≈ 1/(4h) = 1666cm−1 }y2�B�XD0@<9+�-M?D47tGp;)�*>pDH�8�<947)�pD<>)U0@HDHD0@<Q0dc76Q<90
03p/i"0@27)�?T6Q-@pD<9*�.D)

k ≈ 3/(4h) = 5000cm−1 ~S�
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EF1

¹Ñµ
EF2

Ä�¹>º=·�³��E´�µ�Í>º��P¹Ñµ��UÏ�¹9ºyÎ@¹>·Ñµ�´ �&¹�Æ�¹>°Aµ9¶�¹>°´�°u·�´�Ä�¹�°u·�¹\°uÇ&Ï�Æ�³&»�¹AÓ
�Z¹9º�·�³��E´Oµ�Í>ºCº�Ç&°�µ�Í>Ë�Å�´ �Q³&»�¹>°�µ�¹>ºC´É·Ñ´5Ó
(%0�£\45|Mp;<9)�¤D����<9)AHD<98A*9)A?Z69)d25)A*#*>H^)AqA69<9)�*#.Dpfwy03qA6Q)ApD<,.CB�)Si;0@276Q036Q47-M?f.;)=q`X103tGp;)d<Q0@47?ZpD<9)3[TqE0@2ÌK

qApD258A*e)�?{47?Dq�47.D)�?;q�) �"*u������)5� θ = 0
�\¥R-MpD*eqA-M?D*�6`0369-M?D*etZpD)�27)�*aq�0EF/4k6Q8A*e-M?T6U.D)A*U<98�H�-M?D*>)�*
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1375cm−1 }y<98A*9-M?D0@?Dq�)�wz-M?D.103+f)A?Z6Q0@25)E~&[D2�B�03p;6Q<>)�qA)�?T6Q<>8�) 
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�������;¤D� 4 � 	EÎ@¹>·Ñµ�Ï�¹�Í�µ�¹�°3Ä�Å=Ä�¹9ºn±k³A·Lµ�¹�Å�Ï¯º^ÄZ¸ ¹ ��³&»Oµ¯³`µ�´�ÇA°
EF1

¹�µ
EF2

Ä�¹>ºb·�³��E´�µ�Í>º �g¹�µ �NÏ�¹9ºyÎ@¹>·Ñµ�´ �&¹>ÆY¹>°�µ>¶AÒ
θ = 30o

Ó��n¸ ¹�°u·>³SÏ�µ%Ä�Ç&°�°u¹N»�¹N·�Ç&Æ�Î@Ç&Ï�µ�¹�Æ�¹>°Aµ%Îu»�Åuº�Ä�ÍÑµ¯³S´�»�»�ÍNÄ�¹9º�Ï�Í9ºyÇA°u³S°3·Ñ¹>ºC³&Å�µ�ÇAÅ�ÏgÄ�¹ � �����
cm−1

Ó
NB :

¹>°ÆYÍ�µ�³&»TÎu³SÏ�±k³S´�µ>¶�»�¹�Î�´É·�ÄT¸ ´�°�µ�¹>°uºy´�µ�Í�º�¹�Ï¯³S´�µ�Æ,Å�»�µ�´�Î�»�´�Í�Îu³&Ï�Å�°�±k³&·Ñµ�¹�ÅuÏ��#¹>° ��´�Ï�Ç&°ZÓ
(�)�*l*>H^)AqA69<9)�*RqE0325q�p;258�*Y)�?�45?DqA45.D)A?Dq�) *�%() �����1� *>-M?T6E[1)�pGib[1*>)�?D*>45JD27)�+�)�?T6�.D4 [b8A<9)�?T69*��1(%0�£\4kK|@pD<9)'¤D� 4�<9)AHD<98A*9)�?T69)U25)�*�wy0@q&6Q)�p;<9*d.CBO)&i;0@2k6`036945-M?�.D)eq`XD0@tZpD)eqE0EFG47698@[^ 

θ = 30o [^*>pD<�250f+���+�)H;2r0@|M)a.D)Uwz<98�tZpD)A?Dq�)�tZpD)�HD<98Aq�8A.D)�+�+f)A?T6E� � ?_qA-M?D*�6`0369)�2�B�03HDH10@<>476Q47-M?c.bB�pD?_?D-Mp/FM)E03p HD47qe.D)
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*>)�47?U.D)�*\wz)A?T6Q)�*A�Z(�)Ywy0@qA69)�pD<\+W0ui/47+epD+ .CBO)&i;0@2k6`036945-M?e)A*>6�H;25pD*:|@<Q0@?D.U.bB�pD?U-@<9.D<>)�.D)l|M<90@?D.D)ApD<
tZpCBO)�?«47?Dq�47.D)�?DqA)e?D-M<>+W0325)@�^(�)eHD47qeq�)A?Z69<98�*9p;<

1485cm−1 }
λ = 6.73µm
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y = 0
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Fente isolee - theta=0°
EF1 a theta=0° (=EF2)

EF1 pour theta=5°
EF1 pour theta=30°

��������¤;� ) � 	EÎ@¹>·Ñµ�Ï�¹>ºYÄ�Å�±k³A·Lµ�¹>Å�Ï�ÄT¸ ¹ ��³S»�µ�³`µ�´�ÇA°�Ä�³S°3º,Å�°u¹�·>³���´�µ�ÍR´�º�Ç&»�Í�¹ �k³��&¹9·�µ�ÇAÅ �zÇ&ÅuÏ�º
w = 200nm

¹Ñµ
h = 1.5µm

�%¹�°a´�°u·�´�Ä�¹�°u·�¹#°�ÇAÏ�Æl³&»�¹A¶3¹�µ:Ä�³&°uº\»�³�·�³��E´�µ�Í�� �k¹�°
x = −d/2

�gÄ�ÅeÄ�Ç&Å
�u»�¹�µ:Ä�¹#±Ì¹�°�µ�¹>º>¶TÎ3ÇAÅ�Ï�»�¹>º³S°�ÈA»�¹9º,ÄT¸ ´�°3·Ñ´ÉÄ�¹�°u·�¹
θ = 0, 5

¹Ñµ
30o

Ó �n¸ ¹���³&»Oµ¯³`µ�´�Ç&°fÄ�³S°uº#»É³�·�³��E´�µ�Í=Å�°�´ÉËAÅu¹=¹9ºzµ�Î�Ï ;>ºYÄ�¹���±ÌÇ&´ÉºYº�Å�Î@Í�Ï�´�¹>Å�Ï�¹Ò�·Ñ¹�»�»�¹RÄ�Å�Ä�ÇAÅ
��»�¹Ñµ,¹>°U´�°u·�´�Ä�¹�°u·�¹�°�Ç&Ï�Æl³S»�¹&ÓZ®�°U´�°u·�´�Ä�¹�°u·�¹�Ç ��»�´ÉËAÅu¹&¶GÅu°UÎ�´�·RÄ�¹�Ï�Í>º�Ç&°u³&°u·Ñ¹A¶ZËAÅu´�°Z¸ ³SÎ�Î3³SÏ¯³��Éµ
�y³SÆl³S´ÉºbÎ3ÇAÅ�ÏCÅ�°�¹\±Ì¹�°�µ�¹:Å�°u´�Ë�Å�¹A¶�Í�Æ�¹�Ï�È&¹:Ä�³S°3º^»�¹�ºyÎ@¹>·Ñµ�Ï�¹�Ä�Å�º�Ö�ºzµ ;�Æ�¹:ÒYÄ�¹�Å���±Ì¹>°�µ�¹>º>Ó��

θ = 30o
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θ
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ω−
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sin(kh)

¹>°P±k³&·Ñµ�¹>Å�Ï\Ä�¹>º
e±
¶@Äu³S°uº�»�¹9º

An

¶M°�¹#·�Ç&°uÄ�Å�´Oµ �y³SÆl³&´�º\Ò�Å�°u¹#Ï�Í>º�Ç&°u³&°u·Ñ¹A¶uº�³SÅ�±^º�´
w = 0
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ω0 = ck0

2r0WH;pD25*9036Q47-M?hHD<>-MHD<9)a.Dpª+f-G.D)U£n0@J;<>sTK
	g)�<9-36dwz-M?D.10�K
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k0h ≈ π/2
~S[D8A6Q0@476�.D-@?D?D8@[1)A?j+�8A6Q0@2CH103<>wy0@4k6E[;HD0@< ]

A0 ≈
ic/h

(ω0 − ω − iγ0/2)

0EFM)Aq
γ0 = (k0w)c/h ≈ πwc

2h2
<< ω0 (rad.s−1)

qA)PtGp;4�q�-M?D.;pD45*90@476R UpD?D)P47?Z69)�?D*>47698�+W0ui/47+W0@27) |A0|2 ≈ ( 4
k0w

)2

(�-M<>*9tZpD)N.D)�pGiPqE0EFG47698�*,}y47.D)�?T6945tZpD)�*Q~b*9-M?T6%+f0@45?T69)�?10@?T6�qA-MpDHD278�)A*�[�25)A*Cq�-G)C3�qA45)�?T69*g.;)�q`X10@+�H
A1

)&6
A2

*9)�q�-M+�H�-M<>69)�?T6�q�-M+�+�)

An=1,2 ∼
cos(ϕ)

e+

+ (−1)n i sin(ϕ)

e−

0EFM)Aq
ϕ = (kd sin θ)/2

0�?_)Z[^)�q&6Qp10@?T6'0@27-M<9*�27)U+f�A+f)e.;8AFM)A25-MH;H^)A+f)A?Z6'2547+f4k6Q8�tZpD)�H^-Mp;<�250Wwz)�?T6Q)�pD?;45tZpD)j}
cot(x +

δx) ≈ cot(x)− 1
sin2 x

δx
~l0@p/6Q-MpD<�.D)

k0

[DH�-MpD<�27)�*�F30@25)ApD<9*lH;<9-MHD<>)�*
e+

)A6
e−
[1-M?�-MJ;6945)�?T6 ]

e+ ≈ (ω+ − ω − i
γ+

2
)h/c

e− ≈ (ω− − ω − i
γ−
2

)h/c

�%FM)Aq
ω± = ω0 ∓∆

-M¬
∆ =

γ0

π

∫ ∞

1

sinc2(k0wu/2)√
u2 − 1

· cos(k0du)]du
}z¤D���M~

0�6 γ±
γ0

=
2

π

∫ 1

0

sinc2(k0wu/2)√
1− u2

· [1± cos(k0du)]du
}z¤D��4T~

γ+

)A6
γ−

*>-M?T6�25)�*Y2r0@<>|M)�pD<>*�*9H�)�q&6Q<90@25)A*ltGp;4C2547+f4k6Q)�?T6#2�B�0@+�HD254k6QpD.D)R.D)A*l<98�*>-M?10@?;q�)�*a}! P~#)&6
}rK�~S���;B�03HDH^)A2527)�<Q034b2r03<9|M)ApD<9*7_A<>8�.Dp;476Q)A*a_d25)A*�<Q0@HDH�-M<�6Q*l?D-M<>+W032545*>8�* γ±

γ0

�
� � ! *u��� )k���G��
%���y� )5� !?�;��� �h��
 �L�&�S�b��
\�G�=�G�&� 
 !9�@�������`�R���`��*u�1���@� � �Õ�����Õ���y�@�n� )�)5� �W�&� � � ω0



����*u��* ���1�f� *u�"! )k� )5�&���`�f�G�W� ��� �&�"�&�Q�`��!`�&�"!`���G� )k�c���`��*u���@�"!`����� %��  '����&��*�� �gVY)A6969)f*>q�47*9*947-M?)A? .D)�p/i +f-G.D)�*�qA-M+�HD258A+f)A?Z6Q0@45<>)�*²)A*>6"tZp10@?T6947I18A)_HD0@<�25) � � !9��)k���G� wz<98AtGp;)�?T6Q47)�2 ±∆

��� �`�
���`��*u���@�"!`�`���%� %��  �'����&� *��#�G�`� !9�@�������`��
��&� ���;�u����
1*u�«�&� * � � *�� ��� � *u�h�G� ���;�u����
��"�,*u� ���;�u� )5�`�
��� �W�`� !9�@�>� ! ���&� �5� � �����n�`�����1� ! �y�>��)5�`� }y250@<9|M)ApD<l)A6RHDp;25*Q0u6Q45-@?�HD<9-MH;<9)�~S�(�)�*'wz<98�tZpD)A?Dq�)A*

ω+
)A6

ω−
.D)Wq�)�* _&?D-Mp;F@)E0@p/ij_W+�-/.;)�*a<>)�*�6Q)�?T6�)^[b)AqA6Q4kFM)A+f)A?Z6UF@-M45*>45?D)A*

.;)
ω0

} �E0_<9)�*�6Q)j.Dp§£n0@JD<�sTK
	�)A<9-@6`~&[N+f0@45*�-M?¨FM)A<9<Q0]tGp;) )5� eA� ! �L�&�/�j�G� ���;��) �����h�G�>).� �G� � �
).� �@� �y�`�W� ���1�&���@�>�?����$`�U���&�;� � %()5� �W�&� �R�G� )k�ª���5� ���@�"!`� �Õ� �L�&� ' eE�&� �L� [Cq3B�)A*>6>KL uKL.;45<9)�.D)�250"?D036QpD<>).;p�qA-MpDHD250@|M)3[D)�?jq`X10@+�H�H;<9-Gq`XD)f}

kd < 1
~S[1-Mp")�?�q`X10@+�Hj27-M45?T6Q0@45?h}

kd >> 1
~
	E�

� ��¸ Í9·¯Ê�¹�»�»�¹:Ä�¹�»�ÇA°�È&Å�¹>Å�Ï�Ë�Å�´G·�³&Ï�³A·Lµ�Í�Ï�´�º�¹g»�¹N·¯Êu³SÆ�Î�Î�Ï�ÇE·¯Êu¹\¹9ºzµ
λ/(2π)

Ó
� �



�d03?D*U?D-@69<9)²)Si;)A+fH;25)@[�2r0c<>8�*>-M?10@?DqA)"*>sG+f8&6Q<>45tZpD)_}! P~P)�*>6�.;8�qE03258�)²F@)�<>*�27)�*eJD0@*9*>)�*ewz<98SK
tZpD)A?Dq�)A*�[�6Q0@?D.D47*WtZpD)h250 <98A*9-M?103?Dq�)¦}rK�~f03?Z6945*�s/+�8A69<947tGp;)c)�*�6�.D8AqE0@278�)cF@)�<9*�27)�*²XD0@p;6Q)A*Wwz<98SK
tZpD)A?Dq�)A* ]

∆/(2πc) ≈ 50 cm−1

{

ω+/(2πc) = 1375 ω−/(2πc) = 1484 cm−1

γ+/(2πc) ≈ 325 γ−/(2πc) ≈ 20 cm−1

����� � �g ��E8 �" !Y�' ��?D(=�� 898�� !��?= B � �����f!��E8

��� � ��
 	 ��#�1 �	��� �����! +#,��#� D.�/j�0�r�n.��
�	2$��� �$���-% ���$���
�RI1?].bB�8Aq�2r0345q�47<�250"H;XZsG*>45tZpD)�)�?²v>)�p«.10@?D*�pD?«.D-Mp;JD25)&6P.D)Uwz)�?T6Q)A*'*>8�H10@<>8�)A*'H103<�p;?D)�.D45*ÑK

6Q0@?DqA)l*9pDJ/K¯25-M?;|MpD)�p;<:.CBO-M?D.D)3[T)�?�q�-M+�HD27�A6Q)Y<9)�25036Q47-M?U0EFM)Aq�25)�*�*>45+ep;2r036945-M?D*g?ZpD+�8�<947tZpD)�*�HD<>8�qA8&K
.;)�+�+f)A?Z6�)Si/H^-M*>8�)A*�[�H^-Mp;<9*9p;47FM-@?D*�2�BO8A6Qp;.D)�0@?10@2ksG6945tZpD)�.103?D*�25)�qE03*RHD0@<>6945q�p;2545)A<�.Dp�q�-Mp;HD2r0@|@)
wz-@<>6�)A?"q`X10@+�H�HD<9-Gq`XD)@[

i.e.
H�-MpD<

kd << 1
� � ?�q�-M?D*>45.D�A<9)A<Q0U)�?DqA-M<9)�27)d+�8A6`032^H103<>wy0@4k6Q)�+�)�?T6

qA-M?D.Dp;qA6Q)ApD<R}
Z = 0

~gH�-MpD<�*945+�HD2747I1)A<��u(�B�47?Z698�|M<90@?D.D),I1|MpD<90@?T6�.10@?;*:2�BO)&i/HD<>)�*9*>45-M?U.;)
γ±

}n¤D��4T~
8&6`0@J;2545)PHD27pD*�XD0@p;6E[^H^)Ap;6d*AB�03HDHD<9-Ei/45+�)�<Rwy0@q�4725)A+f)A?Z6RHDp;45*9tZpD)

k0w < k0d << 1
}z-M?h)Z[^)�q&6QpD)

*>45+�HD25)A+f)A?T6YpD?�.;8AFM)A25-MH;H^)A+f)A?Z6�2745+�47698�0@p�HD<9)A+f47)�<#-M<9.D<>)dH�-MpD<�27)
sinc2 )A6�25) cos

~S�0XL2�F/47)�?T6
0325-M<>* ]

γ+ ≈ 2γ0

)&6
γ− ≈ (

k0d

2
)2γ0

}z¤D��¤T~
�aB�0@p;69<9)²HD0@<>6�[�27)�*aqA-/) 3�q�45)A?T6Q*e.D)Wq`X10@+�H

An=1,2
[�8Aq�<>476Q*')�?{H103|M) � ) [gF30@27)�?T6E[�0@p/i_wz<98SK

tZpD)A?Dq�)A*=H;<9-MHD<>)�*R.Dp�*>sG*>69��+�) ]
|An=1,2|2(ω = ω+) = |2 cos(ϕ)

hγ+/c
· 1

sin(k0h)
|2

|An=1,2|2(ω = ω−) = |2 sin(ϕ)

hγ−/c
· 1

sin(k0h)
|2

VY-M+�+�)
k0h ≈ π/2

[D)A6
ϕ ≈ k0d(sin θ)/2 << 1

[1-@?"69<9-Mp/FM)�I1?10@27)�+�)�?T6 ]
|An=1,2|2(ω = ω+) ≈ 1

(k0w)2

}z¤D� ) ~

|An=1,2|2(ω = ω−) ≈ (
4 sin θ

(k0w)(k0d)
)2 }z¤D� � ~

¥R-MpD*�FM-�sM-M?;*dq�250@45<>)�+�)�?T6R0@HDH103<Q0dc76Q<9)PHD27pD*947)�pD<>*=q`X;-M*9)A*�[C0EF@)�qa27)�*>tGp;)�2527)�*R25)A*R*>45+ep;2r036945-M?D*
?ZpD+�8�<>45tZpD)A*U*9-M?T6�)�?¦q�-M+�HD27)A6�0@qAq�-M<>. ] 0T~a2r0h250@<9|@)�pD< γ−

.D)"250h<98�*>-M?10@?;q�)]}ÕKÑ~e0@?T6Q45*�sG+f8SK
69<947tGp;) � ����
 *u���@�`� tGpD0@?D. kd→ 0 i.e.

tGpD0@?D.c27)�q�-Mp;HD2r0@|@)�)�?�q`X10@+�HjHD<>-/q`X;)')A*>6�wz-M<>6�[DJn~�2r0
250@<9|@)�pD<,.Dp²+�-/.;)U}! P~N*>sG+f8&6Q<>45tZpD)�)A*>6l.;-MpDJD27)�.D)dqA)�2725)R.D)d2r0�<98A*9-M?103?Dq�)P£n0@JD<�sTK
	�)A<9-@6Y.CBOpD?D)
wz)A?T6Q)"pD?D47tGp;)@[:.CBO-M¬¦pD?D)"45?T69)�?D*>476Q8�¤ªwz-M47*e45?/wz8�<947)�pD<>)" ªq�)�2725)².bB�pD?;)j<>8�*9-@?10@?DqA)�47*9-M278�)_}ÕFM-M47<
£�45|MpD<>)P¤D� ) ~&[�q�~l25)a+�-G.D)a03?Z6945*�s/+�8A69<947tGp;)'?CBO)�*�6�H10@*=.Dpc69-Mp;6=)&i/q�4k6Q8e)A?h45?DqA45.D)A?Dq�)'?D-M<>+W0@27)@[.1~�p;?D)�.D45*�6`0@?DqA)

d
*9p;J/KL27-M?D|MpD)ApD<�wy0EFM-M<>45*9)�250@<9|M)A+f)A?T6N2�BO)&i;0@276Q036Q47-M?U.Dp�+f-G.D)�}rK�~&[T)A?

1/(kd)2 [.;��*�25-M<>*ltZpD)P2�B�0@?D|M27)d.CBO45?DqA45.D)A?Dq�)P)�*�6R*9p&3�*Q03+f+�)�?T6R8�27)AFM83�

� �



� ?�-MJD*>)�<>F@)�.CB�03p;6Q<>)lH10@<>6NtZpD)�2�B�47?Z69)�?D*>47698 |A|2 ∼ ( 1
γ+

)2   ω = ω+

[Mq�)R dtZpD-M4;-M?�*�B�036969)�?D.
H�-MpD<gpD?D)#-M*9qA45272r036945-M?dwz-M<>q�8A)@� 0N?a<9)AF30@?;q`XD)@[ |A|2 ∼ 1

γ−

H^-@pD<
ω = ω− ] -M?e0=H�)�<9.;pepD?awy0@q&6Q)ApD<

1/(kd)2 �gVY)�qA4#H�)�p/6'�&6Q<>)�qA-M+�HD<947*�)A?]<90@HDH�)�250@?T6P25)Uwy0@476PtZpD)�25)A*dF30@25)ApD<9*PHD<>-MHD<9)A*
e+

)A6
e−*>-M?T6\H�-M?D.;8�<98A)�*A[@0@p�?ZpD+�8�<Q0u6Q)�p;<�[�H10@<

cos(ϕ)
)A6

sin(ϕ)
<>)�*9H�)�q&6Q4kFM)�+�)�?T6l}zFM-@45<%2�BO8�tZp1036945-M?P¤D�k�M[

HD0@|M) � ) ~&�g�d03?D*e25)�qE03*a.CBOpD?D)f.D45*�6`0@?DqA)W*>pDJ/KL27-M?D|Mp;)�pD<'.CB�-@?D.D)@[g25)�wy0@q&6Q)�p;<a.CBO)&i/q�4k6`036945-M?].Dp
+�-G.D){}  �~�)�*�6

cos(ϕ) ≈ 1
[#6`03?D.D45*ftZpD)ªq�)A25pD4=.Dp +f-G.D)¨}rK�~

sin(ϕ) ≈ kd sin(θ)/2
� 	\0@<

qA-M?D*>8�tZpD)�?T6�[\2r0"HDpD47*9*90@?Dq�)f)�?
kd

)�*�6e0@JD0@45*>*98�)W0@p .;8�?D-M+�45?D036Q)ApD<PH^-Mp;<'27)f+�-/.;)c}rK�~S[�+W0@47*
?;-M?"H^-Mp;<l25)�+�-/.D)�}  P~&�

VY)A2r0c*>45|M?D4kI1)@[gHDXTsG*947tGp;)�+�)�?T6E[�tZpD)�27)�*a.;)�p/ix+f-G.D)�*aHD<9-MH;<9)�*U.;p{*>sG*>69��+�)�?D)²*9-@?Z6�HD0@*
)Si/q�47698�*�0EF@)�qU2r0�+f�A+f)Pwz-M<>q�)@[^-MpC[�.D476=*9-@pD*�pD?D)U03p;6Q<>)a+f0@?D45�A<9)3[ �b����*u� � �;�u�����&�;� � %()5�`� � )k�
��� �W�<�;�@� � �����@� !?�;��� � �Õ�"! �y�G�&� � � 0�?«)Z[^)A6E[b0@pª?D4kFM)E03pª.D)�*dq�0EF/4k6Q8A*�*9pDJ/K¯25-M?;|MpD)�p;<�.CBO-M?D.D)3[qA)P.D)�<>?D45)A<lH^)Ap;6R*�BO8�q�<>45<>)

eik sin θx ≈ 1 + ikx sin θ ]
� (�)=6Q)A<9+�)�H10345<�}y.CBO-M<9.;<9) � ~&[Zq�-M<><9)A*9H�-M?D.10@?T6� '2r0�F@0325)�p;<#+�-�sM)�?;?D)d.Dp²q`XD0@+fHb[/?D)�H^)Ap;6
)&i/q�4k6Q)A<RtZpD)�25)�+�-G.D)�tZpD4%0U2r0 ��� �W� �;�@� ����� [1q@BO)�*>6�KÑ uK¯.D45<>)�25)�+�-/.;)T}! P~S�

� (�)'6Q)A<9+�)a47+fH10345<�[;q�-M<><9)�*>H^-@?D.10@?T6P �2r0UF@03<94r0u6Q45-@? )+*�!9��)5� .Dphq`XD0@+fHc45?DqA45.D)A?Z6�[16Q)�2gtZpD)
V1 = −V2

[%)Si;qA4769)�<Q0�?10369pD<9)A2525)A+f)A?T6P25)�+f-G.D)j}ÕKÑ~�}y.CBO-M¬_*9-M? 0@JD*9)A?Dq�)�6Q-@6Q0@25)�)A? 45?;q�4kK
.D)�?;q�)�?D-M<9+f0@27)@[;)&6R*9-M?�+W0�i;47+epD+ .CB�0@+fH;254769pD.D)dH�-MpD<

θ ∼ 80o ~&�
	�0@<')SiG6Q)�?;*945-@?C[�p;?x+f-G.D)�HD<>-MHD<9)f*9)A<Q0@4k6'.bB�0@p/6`0@?T6eH;25pD*�.D4 3�qA4525)A+f)A?T6f}zwy0@47JD25)A+f)A?Z6`~d)&iZK

qA47698²tZpCB�472YqA-M<9<>)�*9H�-M?D.;<Q0@4k6U hpD?D)�.;45*>69<947JDp;6Q47-M?x*>H1036Q450@25)f.Dp{q`X10@+�H¦0EsT0@?T6�.D)�+ep;276Q47HD25)A*')&6
J;<9pD*>tGp;)�*�F@03<94r0u6Q45-@?D*�.D)PHDX103*9)@�

VY-M+�+�)�?;-MpD*R2�B�0�F@-M?D*R.D476R.103?D*=250�*>)�q&6Q45-@? �/47+epD25036Q47-M?D*l¥RpD+f8A<947tGp;)�*�[�25)A*�q`X10@+�HD*=.D0@?D*
27)�*�q�0�FG4k6Q8�*���)A6'��?D)�*9-M?T6�H10@*P47.D)�?T6Q47tZpD)�*�0@p;69-MpD<�.D)�2r0²<>8�*>-M?10@?DqA)h}rK�~U}ÕFM-M47<P£\45|Mp;<9)e¤D��4T~S�
(�)ApD<9*e+f0ui/45+f0j.;)²<98A*9-M?103?Dq�)�?D)W*9-M?T6�H10@*e036969)�45?T69*e)&i;0@q&6Q)�+�)�?T6�0@pGix+���+�)�*�wz<98�tZpD)A?Dq�)A*��
¥R-MpD*=?D-MpD*=45?T6Q8A<9)�*>*9-M?;*d45qA4� �qE0@<90@qA698�<>45*9)A<�27)²}zH^)&6Q476`~�.;8�qE032r0@|M)Pwz<98AtZpD)�?T6Q47)�2gtZpD4\)Si;47*>69)a)�?T69<9)
27)�*,.D)�pGi²+f0ui/45+f0;� 	�-@pD<YqA)�2r0/[/472nwy03p;6Y69<9-Mp;F@)�<#25)�*,wz<98AtGp;)�?DqA)�*

ωmax
1

)&6
ωmax

2

H^-Mp;<Y25)A*9tZpD)A2525)A*
27)�*e47?T6Q)�?;*947698�*�.10@?;*Uq`X10@tZpD)�qE0EFG476Q8�*>-M?T6�+W0�i;47+W0325)�*a0@p;69-MpD<e.D)"250h<98�*>-M?10@?;q�)]}ÕKÑ~&� � ?¨<98SK
*>-Mp;6�2�BO8�tZp10u6Q45-@?

∂(|An|2)/∂δω = 0
0EFM)�q

δω = ω− − ω
[:)&6WH�-MpD<�pD? 0@?D|M27)".CB�47?Dq�47.D)�?;q�)

*>p&3�*Q0@+�+�)�?T6R|M<Q0@?;. }
sin θ >> k0d/2

~&[/-M?�-MJ;6Q47)�?T6 ]
ωmax

n=1,2 ≈ ω− − (−1)n γ0

4(1 + ∆̂2) sin θ
(
k0d

2
)3

� ¬
∆̂ = 2∆

γ0

)A*>6�25),.D8�q�0@2r03|M)�_A<98A.DpD476a_�69-@6`032T)�?T6Q<>)Y25)A*:��wz<98AtZpD)�?DqA)�*:H;<9-MHD<>)�*�.D)�*:��q�0�FG4k6Q8�*A�
0�?;ID? ]

|Amax
n=1,2|2 = [

4 sin θ

(k0w)(k0d)
]2 + (−1)n 8∆̂ sin θ

(k0w)2(k0d)(1 + ∆̂2)VY)A*�<>8�*>pD276Q036Q*�*9-@?Z6U69-Mp;6� hwy0@4k6Uq�-MX;8�<9)A?T6Q*f0�F@)�q"25)A*U*9H�)�q&6Q<9)A*f*>45+ep;258�*A��(�)�*Uwz<98AtZpD)�?DqA)�*
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γ+ = 2γ0

Résonance en phase En opposition de phase

caractère dipolaire fort
r+ = 2r 0

ω− = ω +∆0
γ− = γ (kd/2)²0

caractère quadrupolaire

r− = r (kd/2)²

ω+ = ω −∆
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−∞
R(Q)ei(Qx+qy)dQ
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R(Q) = i
2w

λ
(1 + Z)[

cos(Qd/2) cos(ϕ)

e+

+
sin(Qd/2) sin(ϕ)

e−
]

V0sinc(Qw/2)√
k2 −Q2 + kZ
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Q = k sin(ρ)
[

-@?�27)�pD<�0u696Q<>45JDp;)�pD?D)P.D45<>)�q&6Q45-@?j03?D|MpD250@45<>)
ρ ∈ [−π/2, π/2]

�

� �



¢j-�s@)�?D?103?Z6
dQ = k cos(ρ)dρ
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R(Q)dQ = f(ρ)dρ
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f(ρ) ∼ Θ(ρ) · sin(ϕ)

=(e−)

0�F@)�q
Θ(ρ) =

sin(kd/2 · sin ρ) cos(ρ)

cos(ρ) + Z

(%0=<>)�HD<>8�*>)�?T6`036945-M?a|M<Q0@H;XD45tZpD)#.D) |Θ(ρ)|2 [3H�-MpD< kd << 1
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ρ = 0
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ρ = 0
}z-Mp

x = 0
~�)&6

ρ = ±π/2
}z-Mp

y = 0
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f(ρ) ∼ Θ(ρ) · cos(ϕ)

=(e+)

0�F@)�q
Θ(ρ) =

cos(kd/2 · sin ρ) cos(ρ)

cos(ρ) + Z
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ρ = 0
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ρ = ±π/2
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|Θ((ρ)|2
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Z = −i0.025

�k´�Æ�Î@Í>Ä�³&°u·Ñ¹�Ä�¹g»5¸ ÇAÏ�Ò � ��� �
cm−1

�1¹Ñµ
kd = 0.75
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Z = 0
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kd << 1

∫ π/2

−π/2
|Θ(ρ)|2dρ =

∣
∣
∣
∣
∣

(π/2)(kd/2)2 *>4�2r0U<98A*9-M?103?Dq�)f}ÕKÑ~Y.D-M+�45?D)�250@<9|@)�+�)�?T6
π

*>4�q@BO)�*>6=2r0e<>8�*>-M?10@?DqA)²}  P~YtGp;4g.;-M+f47?D)
� ?«H^-@pD<9<90@476�H^)A?D*9)A<'0345?D*>4\tZpD)�2r0²HDp;45*9*90@?DqA)�<>8ZY18Aq`XD45)U27-M<9*�.D)�2r0W<>8�*9-@?10@?DqA)h}rK�~=)A*>6P45?GK

wz8A<947)�pD<>)² hq�)A2527)W.D)²250j<>8�*9-@?10@?DqA)_}! P~&�:V�B�)A*>6Uwy0@p/i^�\¥'BO-MpDJD2745-M?D*'H10@*e27)W<2-M25)f.D)�*etZp103?Z6947698�*
cos(φ)/=(e+)
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sin(φ)/=(e−)
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)2|=(e+)

=(e−)
tan(ϕ)|2 = 2 sin2(θ)
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γ+ = γ−
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γ0
≈ −1/2 · Y0(k0d) =

∣
∣
∣
∣
∣
∣
∣
∣

−(ln(k0d/2) + CE)/2
*94
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−
√

1
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sin(k0d− π/4)
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kd > 1
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k0h ≈ π/2− kw
π (3/2− CE − ln(kw/2))
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A1 = A2 ∼ cos(φ/2)
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∀j ∈ [1, N ], [1 + rj −Gj(0)]Aj = Vj +

∑

k 6=j

Gk(xj − xk)Ak

} ) �7��~

� ¬
rj =

1 + Z

1− Z
e−2ikhj

[
Vj =

2 cos θ

cos θ + Z
sinc(

kwj sin θ

2
) · eik sin(θ)xj

)A6
Gj(x) =

wj

λ
(1 + Z)(1− e−2ikhj )

∫ +∞

−∞

sinc2(kwju/2)√
1− u2 + Z

eikuxdu
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R(Q) = Rsp · δ(Q− k sin(θ)) +
n∑

j=1

wj

λ
(1 + Z)

sinc(Qwj/2)

q + kZ
Aj(1− e−2ikhj)e−iQxj

�%FM)Aq
q =
√

k2 −Q2
)&6

Rsp = cos θ−Z
cos θ+Z
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Rn = Rsp · δn0 + (1 + Z)

N∑

j=1

wj

D
Aj(1− e−2ikhj) · sinc(kwjγn/2)

βn + Z
e−ikγnxj
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γn = sin θ + n λ
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βn =

√

1− γ2
n
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G(x) = G(−x)
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




[1 + r1 −G1(0)] −G2(x2 − x1) −G3(x3 − x1)
−G1(x2 − x1) [1 + r2 −G2(0)] −G3(x3 − x2)
−G1(x3 − x1) −G2(x3 − x2) [1 + r3 −G3(0)]




 ·






A1

A2

A3




 =






V1

V2

V3





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[1 + r1 −G1(0)] 0 0
0 [1 + r2 −G2(0)] −G3(x3 − x2)
0 −G2(x3 − x2) [1 + r3 −G3(0)]
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
 ·
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

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A3
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
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
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V2
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
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




(1 + r −G(0))− Γ1

0
0

0
...
0

0
0

(1 + r −G(0))− ΓN






� ¬
[1 + r − G(0)]
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





e1 = [1 + r −G(0)]− 1
2
[G(2d) +

√

G(2d)2 + 8G(d)2]

e2 = [1 + r −G(0)] + G(2d)

e3 = [1 + r −G(0)]− 1
2
[G(2d)−

√

G(2d)2 + 8G(d)2]
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U1 = [1; 1
2
[
√

(G(2d)
G(d)

)2 + 8− G(2d)
G(d)

]; 1]

U2 = [1; 0; −1]

U3 = [1; −1
2
[
√

(G(2d)
G(d)

)2 + 8 + G(2d)
G(d)

]; 1]
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G(2d)2 + 8G(d)2 ≈ 3G(d)
�

� ?"-MJ;6945)A?Z6R0325-M<>* ]
U1 = [1; 1; 1] γ1 ≈ 3γ0

U2 = [1; 0;−1] γ2 ≈ γ0(kd)2

U3 = [1;−2; 1] γ3 ≈ γ0
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√
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*>)�<>-M?T6e25)A*a*>pD47F30@?T6Q* ] h = 1.5µ

+�?C[
w = 200

?;+ )&6
d = 500

?D+ }y8AtZpD45.D47*>6Q0@?Dq�)E~&��(�)W+�8&K
6Q0@2�*9)�<90U)�?DqA-M<9)�pD?;)dwz-M45*#.D)d2�BO-M<A[/)&6�?D-MpD*�8&6QpD.;45)�<>-M?D*l250'<98AH^-@?D*9)�-MH/6Q45tZpD)�.10@?D*l2�B�47?;wz<Q0@<>-MpD|M)
}
λ ∈ [5µm, 10µm]
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Ex

}y?D-@<9+f0@2547*98e03p_q`XD0@+fH«8A25)�qSK
69<947tGp;),69-@6`0@2Z47?Dq�47.D)�?T6S~S[@ R2�BO)�+eJ�-MpDq`XZpD<>)�.D)#q`X10@tZpD)�q�0�FG4k6Q8Y.;pa6Q<>45HD27)A6E[�)A?U45?DqA45.D)A?Dq�)#?D-M<>+W0@27)@[
)&6e)A?xwz-M<>69)W45?;q�45.;)�?DqA)²-MJD2745tZpD)ª}

θ = 75o ~S�\(�)A*eqE0@27q�pD27*a-M?T6U8&6Q8Wwy03476Q*�.10@?;*e25)fqE0@.D<>)².D)²250+�8A69XD-G.D)�+f-G.10@27)�<>)�*>69<9)A45?T6Q)�)&i/H�-M*98A)a0@pjVYX103HD4769<9) 4;�
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U1 = [1, 1, 1]
}z69<9��*

250@<9|@)@[T*94k6QpD8=0@p;69-MpD<,.D)
1350cm−1 ~�)A6 U3 = [1,−2, 1]

}yHD47qR69<9��*,I1?W*>4769pD8d 
1501cm−1 [G250@<9|@).;)

12cm−1 ~&[:qA)�.;)�<9?;45)�<UqA-M?D.Dp;45*Q03?Z6f ª.D)A*f)SiD03276`0u6Q45-@?D*e25-GqE0325)�*a.D)"2�BO45?T6Q)A?D*94k6Q8².Dp¦q`X10@+�H
8A25)AqA6Q<>45tZpD)P0EFM-@45*947?10@?T6
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H^-@pD<l2r0eq�0�FG4k6Q8Pq�)A?Z69<Q0@27)@[1)&6
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H�-MpD<l25)A*R��03p;6Q<>)�*��

0�?_45?DqA45.D)A?Dq�)�-MJD2745tZpD)@[b25)U+�-/.D)�03?Z6945*�s/+�8A69<947tGp;)
U2 = [1, 0,−1]

)A*>6')&i/q�4k6Q8@��XL2NqA-M<9<>)�*�K
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1445cm−1 ~=)&6� �pD?D)U2r03<9|M)ApD<�*>H^)AqA6Q<90@25)�} 35cm−1 ~�45?T69)�<9+�8�.;4r0@47<9)�*03p/i_��0@p;69<9)A*�<>8�*>-M?10@?DqA)�*A�IXL2�qA-M?D.Dp;476� �.D)�*P)SiD03276`0u6Q45-@?D*d.D)
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U3
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U3H�)�<>.�)�?"45?T69)�?D*>476Q8d U0@?D|M27)�q�<>-M45*>*Q0@?T6 ] q�)�250e.D-M?D?;)�.D-M?Dq�pD?�)^[b)&6�.D)�J10@*>q�pD27)d)�?T69<9)P25)A*�.D)�pGi+�-G.D)�*�I1?;*��
(�)�*\qE0@<�6Q-M|M<90@HDXD47)�*�25-GqE0@27)�*\.;pUq`X10@+�He+W03|M?D8A6945tZpD)3[@)�?UJD0@*:.D)�250d£\47|MpD<9) ) ��4;[@H�)�<>+f)&6969)�?T6.bB�47.D)�?T6Q4kI1)�<�qA2r0@47<9)�+�)�?T6�27)�*�<98A*9-M?103?Dq�)A*fI1?D)A*f.;p *>sG*�6Q��+�)c)&6�q�-M?;ID<9+�)�?T6W27)�*�<98AH10@<�6Q476945-M?;*

.bB�8A?D)�<>|M45)²tZpD)�H;<98�*>pDHDH�-M*Q0345)�?T6�27)�*'F@)�q&6Q)�p;<9*�HD<9-MH;<9)�*a8�q�<>4769*e)�?¨*9)AqA6945-M?{HD<>8�qA8�.D)A?Z69)@� � ?¨0
p;?D)«q�-M+�HD25)Si/47I1q�036Q47-M? 8AFG45.;)�?T6Q)_.D)_2r0{25-GqE0@2745*9036Q47-M? .D)«250¨27pD+�45��<>)@[#)A6jq�)@[� ¨pD?D)_8�q`X;)�2527)
250@<9|@)�+�)�?T6"*9pDJGKL25-@?D|MpD)ApD<".CB�-@?D.D)@[RHDpD47*9tZpD)

λ > 6µ
+j��(NBO8A69pD.D) 0@?10@2ksG6945tZpD)«.D8&6`0@4725258A)h)�?

*>)�q&6Q45-@?�H;<98�qA8�.D)A?T6Q)a)A*>6R.D-M?;q�HD0@<>wy0@4k6Q)A+f)A?Z6�472527pD*>69<98�)�H10@<lq�)&6R)�?D*>)�+eJD27)P.D)P*945+apD2r036945-M?;*����


 �%¹�Æl³SÏ¯Ë�Å�¹ @ �Z¹9º�»É³SÏ�È&¹>Å�Ï�º γi

Ä�¹9º �,ÆYÇ�Ä�¹9ºbÎ�Ï�ÇAÎ�Ï�¹>º>¶A·�³&»�·�Å�»�Í�¹>º^³S°u³&»�Ö�µ�´�Ë�Å�¹>ÆY¹>°�µ^¹�°=Îu³SÈA¹ ����¶A·�Ç&Ï�Ï�¹9ºyÎ@Ç&°�ÐÄ�³S´�¹�°�µ^³&ÅR·�³Aº^Ä�ÅRÆYÍ�µ�³&»3Îu³&Ïy±k³&´Oµ9Ó	�^¹\ºyÇA°�µ^Ä�¹>º^»É³SÏ�È&¹�ÅuÏ�ºDµzÖEÎ�´ÉË�Å�¹�Æ�¹>°Aµ
=Ñºyµ�Ï�Åu·Ñµ�Å�Ï�¹�»�»�¹9º = �k´�°3Ä�Í�Î@¹�°uÄu³S°�µ�¹9º^Ä�¹�»�³·ÑÇ&°3ºzµ¯³S°�µ�¹%Ä�´�Í�»�¹>·Ñµ�Ï�´�Ë�Å�¹��LÓ �Z¹9º�º�´�Æ#Å�»�³Sµ�´�Ç&°uº �k³��&¹9·C»7¸ ´�ÆYÎ@Í>Äu³S°u·�¹�Ä�¹\ºyÅ�Ï�±k³&·�¹��Dº�Ç&°�µ^Ë�Åu³&»�´�µ�³Sµ�´ �&¹�Æ�¹>°Aµ^¹�°R³A·�·ÑÇAÏ�ÄZ¶Æ�³&´�ºgÎu³&º�Ë�Åu³S°�µ�´�µ�³Sµ�´ �&¹>ÆY¹>°�µ%Î3ÇAÅ�Ïg»�¹>º�Æ�ÇEÄ�¹>º��3°uº�Ó �G³�Ï�³&´�º�Ç&°dÎ�ÊEÖ�ºy´ÉË�Å�¹N¹9ºzµ�º�´�ÆYÎu»�¹ @ Î�»�Åuº�Å�°PÆ�Ç�Ä�¹N¹>ºyµ��3°¹�°aÆYÍ�µ�³&»1Îu³SÏ�±k³S´�µ>¶TÎ�»�Åuº:´�»nºy¹>Ï�³�º�¹�°uº�´��u»�¹lÒ�»�³�Æ�Ç&´�°uÄ�Ï�¹�³ �uº�Ç&Ï�Î�µ�´�Ç&°'Î�Ï�´�º�¹�¹�°e·ÑÇ&Æ�Î�µ�¹�¹�°aÎu³&º�º�³&°�µ:³&Å'Æ�ÍÑµ¯³S»Ï�Í>¹�»5Ó �%Å�µ�Ï�¹>Æ�¹�°�µ�Ä�´�µ>¶3»�³ �u°u¹>º�ºy¹ =�ºzµ�Ï�Åu·Ñµ�Å�Ï�¹�»�»�¹ =�°Z¸ ¹>ºyµgÎu³&º%Å�°�¹NÈAÏ�³&°uÄ�¹�ÅuÏ�Î3¹>Ïyµ�´�°�¹>°�µ�¹,º�´Z¹�»�»�¹N¹>ºyµ%´�°�±ÌÍ�Ï�´�¹>Å�Ï�¹NÒ·Ñ¹�»�»�¹#Ä�ÇA°�°�Í�¹#Îu³SÏ\»5¸ ³ �uºyÇAÏ�Î�µ�´�Ç&°PÄ�Å'ÆYÍ�µ�³&»7Ó �Z¹#Æ�ÇEÄ�¹,µ�Ï';9ºg»É³SÏ�È&¹,Ä�¹,µzÖEÎ@¹
[1; 1; 1]

¹>ºyµ�ÎuÏ�¹9º�Ë�Å�¹#´�°uº�¹�°3ºy´ ��»�¹#³SÅ·�³SÏ¯³&·Ñµ';>Ï�¹�Ï�Í>¹�»GÄ�ÅdÆ�ÍÑµ¯³S»5¶u·Ñ¹NË�Å�´G°Z¸ ¹9ºzµ%Í2�E´�Ä�¹>Æ�ÆY¹>°�µ%Îu³&º�»�¹N·�³Aº�Ä�ÅdÆ�ÇEÄ�¹
U3

�Ì¹>°�Æ�ÍÑµ�³&»ZÎu³&Ïy±k³&´Oµ9¶�·Ñ¹NÄ�¹>Ï�°�´�¹�Ï³�Å�°�¹�»�³&Ï�ÈA¹�Å�ÏbÄT¸ ÒNÎ3¹>´�°�¹
3cm−1

¶�³��A¹>·�Åu°l±k³&·Ñµ�¹�ÅuÏbÄT¸ ¹���³&»Oµ¯³`µ�´�Ç&°�Ä�Í�Îu³Aº�º�³S°�µ�»�¹>º
23000

�ÑÓ 	1³SÏ^¹��Eµ�¹>°uºy´�Ç&°G¶�Ä�³&°uº»7¸ ÍÑµ�ÅuÄ�¹dÄT¸ Åu°Wº�Ö�ºzµ ;�Æ�¹�Ò
N
·>³��E´Oµ�Í>º#±ÌÇ&Ï�µ�¹>ÆY¹>°�µ�·�Ç&Å�Î�»�Í�¹9º�¶1·�¹�Ï�µ�³S´�°�¹9º,Ï�Í>º�Ç&°u³&°u·Ñ¹9º�µ�Ï�ÇAÎ �u°�¹9º =Ñºyµ�Ï�Åu·Lµ�Å�Ï�¹>»�»�¹ÑÐÆY¹>°�µ =`¶/ºy¹>Ï�ÇA°Aµ,³&Å�µ�ÇAÆl³`µ�´ÉË�Å�¹�Æ�¹>°Aµ =Lµ�Å�Í>¹>º =YÎu³SÏ,»7¸ ³ �uº�Ç&Ï�Î�µ�´�ÇA°Z¶Z·Ñ¹RË�Å�´�¹���Î�»�´�Ë�Å�¹RË�ÅZ¸ Ç&°e°�¹�µ�Ï�Ç&Å
�A¹�Ï¯³=Î3³&ºNÄ�¹Ï�Í9ºyÇA°u³S°u·�¹>º^Î�»�Åuº�´�°Aµ�¹�°uº�¹>º�Äu³S°uºCÅ�°�º�Ö�ºzµ ;�Æ�¹�Ò � ±Ì¹>°�µ�¹>º>¶�Îu³&Ï�¹���¹�Æ�Î�»�¹&¶uË�Å�¹�Ä�³&°uºCÅ�°�º�ÖEºyµ';>Æ�¹:Ò �#±Ì¹>°Aµ�¹>º>Ó
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theta=75 degres
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������� ) ��4 ���bÃ���Â 
�Á � 	�Î3¹9·Lµ�Ï�¹>ºdÄ�¹9º 83³&·Ñµ�¹�ÅuÏ�º�ÄT¸ ¹���³S»�µ�³Sµ�´�Ç&°�Ä�Åc·¯Êu³SÆ�Î"Í>»�¹9·Lµ�Ï�´ÉË�Å�¹ �k°�Ç&Ï�Æl³S»�´�º�Í��RÄ�³S°uºÅ�°�µ�Ï�´�Î�»�¹Ñµ�Ä�¹�·�³��E´�µ�Í>º#Í>Ë�Å�´ÉÄ�´Éºzµ¯³S°�µ�¹9ºY¹�° ��Ï �
EFi

Î@Ç&ÅuÏY»É³e·�³��E´�µ�Í
i
�ÑÓ1®n°f´�°u·�´�Ä�¹>°u·Ñ¹d°�ÇAÏ�Æl³&»�¹A¶/»�¹>ºYÆ�Ç�Ä�¹>º

U1 = [1, 1, 1]
�½µ�Ï ;>ºn»�³&Ï�ÈA¹&¶��&¹>Ï�º

1350cm−1
�1¹Ñµ

U3 = [1,−2, 1]
�½µ�Ï';9º �u°Z¶AÒ

1501cm−1
�DºyÇA°�µn»�¹9ºnºy¹>Å�»ÉºD¹���·Ñ´�µ�Í9º�Ó®n°#´�°u·�´�Ä�¹>°u·Ñ¹CÇC��»�´ÉË�Å�¹&¶Q»�¹CÆYÇ�Ä�¹

U2 = [1, 0−1]
� �3°Z¶SÒ

1445cm−1
�G¹9ºzµ1¹ ��·�´Oµ�Í^¹�µ1Î�Ï�¹>°uÄ#»�¹CÄ�¹>º�º�ÅuºDºyÅ�ÏD»�¹CÆYÇ�Ä�¹

U3

Ë�Åu³&°uÄ
θ
³SÅ�ÈAÆY¹>°�µ�¹&Ó��bÃ 	¯Â ���M·�³&Ïyµ�Ç&È&Ï¯³SÎuÊ�´�¹9ºnÄ�¹\»7¸ ´�°Aµ�¹�°uº�´�µ�Í�Ä�Å=·¯Êu³&ÆYÎRÆ�³&È&°�Í�µ�´ÉË�Å�¹ �zÅuºyµ�¹:³SÅ�ÐrÄ�¹9º�º�Åuº^Ä�¹>º

�Y·>³��E´Oµ�Í>º>¶E³&Å��RÏ�Í>º�Ç&°u³&°u·Ñ¹9º �u°�¹>º>¶�Ï�¹��uÍ�µ�³&°AµC»�¹>º%Ä�´��MÍ�Ï�¹�°�µ�¹9ºb±ÌÇ&Ï�ÆY¹9º�Ä�¹�»�ÇE·>³S»�´�º�³`µ�´�ÇA°ZÓ� � �
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d
}z6Q-@puv>-MpD<>*l.10@?D*�25)�q�0@.D<>)�.;)�2�B�8AtZpD45.D47*>6Q0@?Dq�)�.;)�p/ij U.D)Ap/iD~&�

�=p;6`0@?T6l.;45<9)=tZpD)@[/q�-M+�+f)=H^-@pD<#69-Mp;6�*�sG*>6Q�A+f)P �6Q<9-@45*,q�-M<>HD*�[D27)�qA-M+fH�-M<�6Q)�+�)�?T6#q�-M2725)AqA6Q4kw
.;)AFG45)A?Z6N69<9��*N.D4 3�q�4527)l P45?T6QpD4k6Q)A<�� � ?UFM-M4k6,q�)�H�)�?;.10@?T6YtZpD) )5� ! *u��� )k���G�Pe *u� �N�&� !?�;��� � ����*�!?�1�
� d < λ/4 � )+$&�@� ! *$� � )+$ �L� �W�&� � )k��� ��� �&�"�&�Q�`��!`�&�"!`� ] 2�BO8�q�0@<>6,wz<98AtGp;)�?T6Q47)�2�)�?T6Q<>)�25)A*,wz<>8�tZpD)A?Dq�)A*H;<9-MHD<>)�*

ωi

)�*>6#+f0ui/45+f0@2�� � pD41HD25p;*#)A*>6E[T-@?f-MJ;*9)�<�FM)=2r0�XD458A<Q0@<>q`XD45)�*>pD47F30@?T6Q) ] ω1 < ω2 < ω3)&6
γ3 < γ2 < γ1

#E�,VY-M+�+�)�.D0@?D*�25)"qE0@*�.CBOpD?D)jH10@47<9)�.D)�qE0EFG47698�*�[NqA)�6LsGH�)c.D)�q�-Mp;HD2r0@|@)
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d ≈ 4.9µm
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H;<9-MHD<>)�*,q�-M+�HD27)&i/)�*
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U2

)�*�6l45+�+ep103JD25)3� � ?Wq�-M+�HD<9)A?D.�JD47)�?²tZpD)d*>4b27)�*�q�0�FG4k6Q8�*Y?CB�8&6`0@47)�?T6lH103*Y8�tZpD4ÌK
.;45*>6Q0@?T6Q)A*�[125)�H;<9-MJD27��+�)d8�27)�q&6Q<9-@+W0@|@?D8A6945tZpD)�*9)A<Q0@4k6�)�?DqA-M<9)PHD27pD*�q�-M+�HD2745tZpD8@�

d = 0.5µ � d = 3.2µ � d = 4.9µ � d = 6.9µ �
U1

�Ì�M[C�@�7�M�&KL4 � �7�E¤;[^��� �k�M[b�M���/�AKL4 � � � � [^�A� �k�@[C�M� ) �  d4 � ��4@¤D[^��� �Ì�M[C�M� � �  d4 � �7�M[^���
ω1(cm

−1) 1344 1478 1430 1368
|e1|

��� 	 � ��� ��� � ��� � � 
 ��� � ���

U2

�Ì�M[ � [�K`��� �k�M[ � [�K`��� �k�M[ � [�K`��� �k�M[ � [�K`���
ω2(cm

−1) 1440 1472 1406 1458
|e2|

��� � 	 � ��� ����� ��� ��
�� ��� ��� �

U3

�k�@[;K`�M� � ) K¯4 � ���3¤D[n��� �k�@[/K`�M�k�M�AK¯4 � �k� � [���� �Ì�M[;K`�M��4;�  d4 � � 4/� � [n��� �k�M[GK`�M���T��K¯4 � � � �E¤D[n���
ω3(cm

−1) 1502 1358 1488 1462
|e3|

��� � � � ��� ��� � ��� ����	 ��� ��	 �


���� � ) �k� �«Ô;³ ��»�¹>³&ÅaÄ�ÇA°�°u³&°Aµ9¶T¹�°a±ÌÇ&°3·Lµ�´�Ç&°UÄ�¹l»É³dÄ�´Éºzµ¯³S°u·�¹
d
¶Z»5¸ Í �&ÇA»�Å�µ�´�ÇA°aÄ�¹>º �A¹>·Lµ�¹�Å�Ï¯º\Î�Ï�Ç&Î�Ï�¹>º��k·�Ç&ÆYÐÎ�»�¹ ��¹>º��CÄ�Å�º�ÖEºyµ';>Æ�¹:µ�Ï�´O±Ì¹>°Aµ�¹&¶@³&º�ºyÇ�·Ñ´�Í>ºgÒ�»�¹>Å�Ï%±ÌÏ�Í>Ë�Å�¹>°u·Ñ¹9º�Î�Ï�Ç&Î�Ï�¹>º

ωi=1,2,3

�Ì¹>°�°�Ç&Æ1��Ï�¹NÄT¸ ÇA°uÄ�¹��C¹Ñµ�Ò�»�¹>Å�Ï�º³SÆ�Ç&Ï�µ�´Éº�º�¹�Æ�¹>°Aµ¯º �kÄ�ÇA°�°�Í>º%´�·�´ZÎu³SÏ�»�¹�Æ�Ç�Ä�Å�»�¹NÆ�´�°�´�Æl³S»GÄ�¹>º��`³S»�¹�ÅuÏ�ºCÎ�Ï�Ç&ÎuÏ�¹9º
ei=1,2,3

�LÓ �G¹�Æ�ÍÑµ�³&»Z¹>ºyµ%»5¸ ÇAÏ>¶�»�¹>ºÄ�´�Æ�¹>°uºy´�Ç&°3º1Ä�¹>ºn·>³��E´Oµ�Í>ºnº�Ç&°�µ
h = 1.5µ

Æ«¹Ñµ
w = 200nm

Ó���¼
	lÂ����	
u¼ �uÎ@Ç&ÅuÏnÅ�°�¹C±Ì¹>°Aµ�¹%Å�°�´ÉË�Å�¹&¶&»�¹�Æ�´�°�´�Æ#Å�ÆÄ�¹
|e| = 0.18

Ò
1440cm−1

Ó
% ��¸ ¹>ºyµ,µzÖEÎ�´ÉË�Å�¹�Æ�¹>°AµY»�¹�È&¹>°�Ï�¹RÄ�¹=·�Ç&Æ�Î@Ç&Ï�µ�¹�Æ�¹>°Aµ�Ë�Å�´^Î@¹�Ï�Æ�¹Ñµ�Ä�¹R±k³&´�Ï�¹�Å�°fÏ�³&Î�Î�Ï�Ç�·¯Ê�¹�Æ�¹�°�µ �7º�³&°uº,Ë�Å�¹·Ñ¹�»É³�±k³Aº�º�¹gÇ 9�·Ñ¹�ÄZ¸ ³&°u³S»�Ç&ÈA´�¹��D¹�°�µ�Ï�¹&¶EÄT¸ Å�°�¹\Îu³SÏ�µ>¶�Å�°�¹:·�³��E´�µ�Í\ºyÅ
��Ð5»�Ç&°�ÈAÅ�¹�ÅuÏ^ÄT¸ Ç&°uÄ�¹ �7³��&¹>·gºy¹9º�Æ�Ç�Ä�¹>ºbÎ�Ï�Ç&ÎuÏ�¹9ºÄ�´�º�·ÑÏ�¹Ñµ¯º��Ñ¶Q¹ÑµnÄT¸ ³SÅ�µ�Ï�¹bÎu³SÏ�µ1Å�° =Ñ³`µ�Ç&Æ�¹CÒgÎ@ÇSµ�¹�°�µ�´�¹�»�·>³SÏ�Ï�Í = �k³��A¹>·^Ä�¹>ºD°�´ �&¹9³SÅ��,ÄZ¸ Í>°�¹�Ï�È&´�¹>ºDË�Åu³S°�µ�´ �uÍ9º��/·ÑÇAÅ�Î�»�ÍbÒÅ�°#·�Ç&°�µ�´�°�°EÅ�ÆdÓ �n¸ ¹�°uº�¹�Æ1��»�¹^Ò

n
·�³��E´�µ�Í9ºZ±k³&´Oµn³S»�Ç&Ï¯º/Î3¹>°uºy¹>Ï1ÒgÅ�°#Í>Ä�´��3·�¹bÆ�ÇA»�Í9·ÑÅ�»É³S´�Ï�¹bÄ�Ç&°�µD»�¹9º;»�´É³S´ÉºyÇA°uº �Ì»�´�³&°Aµ�¹>ºÇ&Åd³S°�µ�´�»�´É³S°�µ�¹>º���º�Ç&°�µ�Î�»�Åuº�Ç&Å�Æ�Ç&´�°uº�ºyµ�³ �u´�»�´�º�³S°�µ�¹>º>Ó �^Êu³&Ë�Å�¹:·�³��E´�µ�Í:¹>ºyµg³SÅ�Ï�Í�ÇA»�Í>¹�ÄT¸ Å�°d»�Ç �@¹NÄ�¹�Ä�´ �MÅuº�´�ÇA°�·�³`ÐÏ�³A·Lµ�Í>Ï�´Éº�³S°�µ\»É³�Î�Ï�Ç �3³ ��´�»�´�µ�Í�Ä�¹�Î�Ï�Í>º�¹�°u·�¹�Ä�¹>º,Î�Ê�ÇSµ�Ç&°uº,Ò�ºyÇA° �&Ç&´Éº�´�°u³&È&¹AÓ ��¸ ´�°�µ�¹>Ïy±ÌÍ>Ï�¹>°u·Ñ¹ �k»�¹�Ï�¹>·�Ç&Å
�EÏ�¹�Æ�¹�°�µ �Ä�¹>º%·¯Ê3³SÆ�Îuº%Ä�´��MÅuºyÍ9º%Îu³&Ï�»�¹9ºg·>³���´�µ�Í9ºC¹�°�´�°�µ�¹�Ï¯³&·Ñµ�´�Ç&°=±ÌÇ&°�µ�Ä�ÇA°u·:Î@¹�°uº�¹�ÏgÒlÄ�¹>ºg·�Ç&Æ1��´�°3³S´ÉºyÇA°uºC»�´�°�Í9³S´�Ï�¹9º�ÄT¸ ÇAÏyÐ

��´Oµ¯³S»�¹>º>Ó �/³lÄ�´�º�º�Ö�Æ�Í�µ�Ï�´�¹,Ä�¹N»�³Rºzµ�Ï�Åu·Ñµ�Å�Ï�¹,Ä�Å�Î3ÇA´�°�µ�Ä�¹���Åu¹,Ä�Å�·¯Êu³&Æ�Î�´�°u·�´�Ä�¹�°�µ�º�¹�Ï¯³S´�µgÆ ��Æ�¹,³&º�º�´�Æ�´�»�³ ��»�¹NÒÅ�°�¹:Î�Ï�Ç&Î�Ï�´�Í�µ�Í�Ä�¹N·¯Ê�´�Ï¯³S»�´Oµ�Í&Ó

� � �
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������� ) �O¤ � ��´�³&È&Ï¯³SÆ�Æ�¹>ºDÄ�ÇA°�°u³S°�µ9¶3¼ÑÃ ��Â�
�Á7¶S»�¹>º;±ÌÏ�Í>Ë�Å�¹>°u·Ñ¹9º1Ä�¹�Ï�Í>º�Ç&°u³&°u·Ñ¹CÄ�¹>º1µ�Ï�Ç&´ÉºDÆYÇ�Ä�¹9º1Î�Ï�Ç&Î�Ï�¹>º>¶Q¹Ñµ9¶3¼ÑÃ
	�Â��L¶�»�¹>ºTÆ�Ç�Ä�Å�»�¹>ºGÆY´�°�´�Æl³SÅ���Ä�¹>ºTµ�Ï�Ç&´Éº �`³S»�¹�Å�Ï¯ºTÎ�Ï�Ç&Î�Ï�¹>º

|ei|
³&º�ºyÇ�·Ñ´�Í�¹9º �

∝
³SÆ�ÇAÏyµ�´�º�ºy¹>Æ�¹�°�µTÇ&Å�»É³SÏ�ÈA¹�Å�ÏZº�Î@¹>·Lµ�Ï�³&»�¹Ä�¹R·¯Êu³AËAÅu¹�Æ�ÇEÄ�¹��L¶DÄ�³&°uºNÅ�°eµ�Ï�´�Î�»�¹Ñµ�Ä�¹=·>³���´�µ�Í9º�´ÉÄ�¹�°�µ�´ÉË�Å�¹>º,¹ÑµYÍ>Ë�Å�´ÉÄ�´�ºyµ�³&°�µ�¹>º>¶G¹>°e±ÌÇ&°u·Ñµ�´�Ç&°�Ä�¹�»�³�Ä�´�ºyµ�³&°u·Ñ¹Ä�¹NºyÍ>Îu³SÏ¯³`µ�´�ÇA°

d
¶�¹Ñµgº�Å�Ï%»É³YÎ�»É³SÈ&¹�Ä�¹:±ÌÏ�Í>Ë�Å�¹>°u·Ñ¹

[1300, 1550]cm−1
�Ì»�´�¹>ÅdÄ�¹>º�Ï�Í>º�Ç&°u³&°u·Ñ¹9º�8u³ �uÏ�Ö�Ð 	;¹>Ï�Ç&µ��ÑÓ �G¹>ºÎu³SÏ¯³SÆ<;Ñµ�Ï�¹9º%º�Ç&°�µ

h = 1.5µ
Æ ¹Ñµ

w = 200
°�ÆdÓ �G¹NÆ�ÍÑµ�³&»/¹9ºzµ\»7¸ Ç&Ï9Ó �^¹>ºgÄ�´�³&È&Ï¯³SÆ�Æ�¹>º%º�Ç&°�µ�´�°uÄ�Í>Î3¹>°uÄ�³&°Aµ¯º�Ä�¹

θ
Ó ��°RÇ �3ºy¹>Ï �A¹&¶EÄ�³S°uºb»�¹\·>³&ºCÄ�Å�·ÑÇ&ÅuÎ�»�³&È&¹�¹�°=±ÌÇ&Ï�µC·¯Êu³&Æ�ÎRÎ�Ï�Ç�·¯Ê�¹ �

d
Î@¹Ñµ�´Oµ �L¶�Åu°�¹�Êu´�Í>Ï�³&Ï�·¯Ê�´Éº�³`µ�´�Ç&°�Ä�¹>ºbÆ�ÇEÄ�¹>ºÎ�Ï�ÇAÎ�Ï�¹>º @ »�¹�Îu»�Åuº��u°�ºyÎ@¹>·Ñµ�Ï¯³S»�¹�Æ�¹�°�µ�¹>ºyµ%³SÅuº�ºy´Z·�¹�»�Å�´GË�Å�´Z³Y»É³Y±ÌÏ�Í9ËAÅu¹�°u·�¹:Ä�¹\Ï�Í>º�Ç&°3³S°u·�¹�»É³YÎ�»�Å3º�Í�»�¹ �AÍ�¹&Ó

� � 4
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θe = 13o

Ó��Z¹>º;Îu³&Ï�³&Æ<;Ñµ�¹>Ï�º/Ä�¹bÏ�Í9ºy¹9³SÅNº�Ç&°�µ
d = 4µm

¶
h = 1.5µm

¶
w = 0.3µm

¶
L1 = 1.8µm

¹�µ
L2 = 2.2µm
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¹�µ
h = 0.65µ

Æd¶G³��&¹9·
L = 0.65µm

Ó �G³�»�³&Ï�ÈA¹�Å�Ï
w
³=Í�µ�Í�³ �zÅuºzµ�Í�¹´�Ä�¹>°�µ�´ÉËAÅu¹�Æ�¹�°�µ%Ò�»�³1�uÈAÅ�Ï�¹\ÎuÏ�Í9·ÑÍ>Ä�¹�°�µ�¹��
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°�Æ �ÑÓ

�M� �



¥R-MpD*g0EFM-M?D*g.D-M?;q#250�H;<9)�p/FM),)&i/H^8A<947+f)A?Z6Q0@25)NtZpD)N.D),?D-Mp;F@)�2725)�*%27-/q�0@2547*Q036945-M?D*^.D)N2r0l25p;+f47��<9)
03HDH10@<90@45*>*9)�?T6R)Z[^)�q&6Q4kFM)�+�)�?T6=.10@?D*�.D)A*=*�6Q<>pDqA69pD<9)A*�+�8A6`03252547tZpD)�*�H�8�<>45-G.D45tZpD)A*lq�-M+�H�-M*98A)�*�� 0�?
-@p;6Q<>)@[n25)A*=*>45+epD25036Q47-M?D*�69XD8�-M<>45tZpD)A*�*�B�0@qAq�-M<>.D)�?T6�JD47)�?c0�F@)�q'25)�*=)&i/H�8�<947)�?DqA)�*A��VY)�250�?;-MpD*�H�)�<ÑK
+�)A6,.D)=qE0@27q�pD27)�<N2r0P.D47*>6Q<>45JDp/6Q45-@?�.;p²q`X10@+�HWHD<>-/q`X;)=H�-MpD<,)�?².;8�.DpD47<9)RpD?²qA)�<>6Q0@45?�?D-M+aJD<9)R.D)
q`X;-M*9)A*�[Z?D-@6Q0@+f+�)�?T6�tZpD)Rq�)A*N25-GqE0@2745*Q0u6Q45-@?D*�*>-M?T6,JD45)A?f03*9*9-Gq�478�)A*# P.D)A*,)Si;0@276Q036Q47-M?D*:.Dp�q`X10@+�H
03*9*9)Z�P45?T6Q)A?D*9)A*�0@p"wz-M?D.".D)A*=<90@45?ZpD<>)�*A�

(�)YH�)A69476g6`0@J;25)E03p'.D)Y2r0R£\45|Mp;<9) ) �7� 4=)�*�6:<>)�2r0u6Q47w;0@pe*>H^)AqA69<9)�.D)#2r0R£\45|@pD<9) ) �k���a}
θ = 24o ~&�TXL2F@)�p;6#45?;.D45tZpD)A<�[TH�-MpD<N.D)�*Nwz<98AtZpD)�?DqA)�*�*>H^8Aq�4kI1tZpD)�*#.CB�)Si/q�476Q036Q47-M?C[M250�<98�HD0@<>69476Q47-M?U.D)A*Y45?T69)�?D*>476Q8A*

.;pjq`X103+fHj+W0@|@?D8A6945tZpD) !9��)+!&� )+�`�`� .D0@?D*Rq`X10@q�p;?D)a.D)A*�<90@45?ZpD<>)�*�.Dpj69<947HD25)&6�H^8A<945-G.D47tGp;)@�nVY)A2r0H�)�<>+f)&6�.D)P*94k6QpD)A<lq�2r0345<9)A+f)A?T6l25)d6LsGH�)'.D)P<>8�*9-@?10@?DqA)')A?Uv>)Ap ]�M�� 
2342cm−1 [#?D-MpD*�0EFM-M?;*�pD?D)«<98A*9-M?103?Dq�)_£n0@JD<�sZK�	�)A<9-@6 _A0@?T6Q45*�sG+f8&6Q<947tZpD)n_3[

i.e.
pD?

+f-G.D)�q�-@2525)AqA6947wW_A.Dp�6LsGH^)o_
(1, 0,−1)

<9)�?;q�-M?T6Q<>8=.D0@?D*,pD?�69<947HD25)&6NpD?D45tZpD)3�GVY)=+�-G.D)l)�*�6
HD25p;*�wz-@<>6R0@p/i�|M<Q0@?;.D*R0@?D|M27)�*

θ
)A6R.D-@476�*�BO)Z[^-M?D.;<9)�<lF@)�<9*R2�BO45?;q�45.;)�?DqA)�?D-M<9+f0@27)@�

�/�� 
2910cm−1 [b?D-Mp;*�0EFM-M?D*�p;?D)e<98A*9-M?D0@?Dq�)�£n0@J;<>sTK
	g)�<9-36m_A*�s/+�8A69<947tGp;)n_3[ i.e. pD?ª+�-G.D)q�-M2725)AqA6Q4kwW_A.Dp�6Ls/H�)n_

(1,−2, 1)
<9)�?;q�-M?T6Q<>8�.10@?D*,pD?U6Q<>45HD27)A6NpD?D47tZpD)@�GVY)�+�-/.D)l?bB�)A*>6,wz-M<>6

tZpCB�03p/i�H^)&6Q4k6Q*�0@?D|@25)�*l.bB�47?Dq�47.D)�?DqA)@�
4;��FM)A<9*

4250cm−1 [n?D-MpD*=0EFM-M?D*=pD?D)'<98�*>-M?10@?;q�) _&XZsGJD<>45.D)o_W}zHD2r0@*>+f-@?jXD-@<94��A-M?T6`0@2�qA-MpDHD2780@ph+�-/.;)�|@pD45.D)�.CBO-M?D.D)E~&[^.D-M?T6�250�q�0@<>69)a.Dpcq`X10@+�HcHD<>-/q`XD)²}z69XD8�-M<>45tZpD)E~R)�*�6d47?D.D45tZpD8A)
)�?j£\45|@pD<9) ) �k��4;�

�Y47)�?]* �D<A[�250�qA-MpD<>69)fH�8�<>45-G.D45qA47698U.Dpx*>sG*�6Q��+�)fwz<>pD*>69<9)f25)�*�<98A*9-M?D0@?Dq�)A*e.D)fq`X10@tZpD)²+�-/.;)
qA-M2527)�q&6Q47wÑ[g)A6�2�B�03?D|M25)W.CB�47?Dq�47.D)�?;q�)"?D-M?/K¯?ZpD2�.D47*9*>sG+�8A69<945*>)"2r0h.D47*>6Q<>45JDp/6Q45-@?x.D)�*�47?Z69)�?D*>47698�*�0@p
*>)�47?¦.;)�250ªH^8A<945-G.D)3�NVY)�*�q�-M+�+�)�?T6`0@47<9)A*e*9-M?T6fq�-M<><9-MJ�-M<>8�*UH10@<�27)�*�<9)A25)AF@8�*�)&i/H�8�<>45+�)�?T6`0@pGi
H;<98�*>)�?T6Q8A*�)�?ª£�45|MpD<>) ) �7��¤D[nq�-M<><9)�*>H^-@?D.10@?T6P0@pGic<>8ZY1)AqA6947FG47698�*�*>H^8Aq�pD250@45<>)�*R.D)�*�<98�*>)E0@pGi 3 )&6
g  =pD?e0@?D|M27),.bB�47?Dq�47.D)�?DqA)YHD27pD*%wy0@45JD27)

θ ≈ 10o ��0�?eqA-M+fHD0@<Q0@?T6�25)A*�*>H^)AqA6Q<>)�*:.;)�*:£�45|MpD<>)�* ) �k���)&6 ) �k�E¤D[D-M?"FM-@476l6Q<>��*�JD47)�? ).����
d� �Y�G� %`�u��!&� )5� tZpD4%)&i/47*>6Q)P)A?Z69<9)P25)A*�+f-G.D)�*�£n0@J;<>sTK
	g)�<9-36�_&*>sTK+�8A69<947tGp;)n_j)&6 _�0@?T6Q47*>sG+�8A6Q<>45tZpD)o_jtZp10@?D. -M? H103*9*9)ª.;)
θ = 10o  

θ = 24o [#)&i;0@qA69)�+�)�?T6qA-M+�+f)�.103?D*�pD?j69<945H;25)A6�45*9-@258�.D)PqE0EFG47698�*a}zF@-M45<l2�B�8&6QpD.D)�)�?�H10@|@)�� � ��~&��V�BO)�*�6�qA)'tZpD4�H�)�<>+f)&6.bB�036>6Q<>45JDpD)A<�*90@?D*�0@+eJD47|MpD4k6Q8�25)aq�0@<Q03qA6Q�A<9) _A*�sG+f8&6Q<947tZpD)n_e-Mp-_�03?Z6945*�s/+�8A69<947tGp;)n_e0@p/ic+�-/.D)A*
qA-M2527)�q&6Q47wz*Y£n0@JD<>sTK�	�)�<>-@6E�

0�?;I1?b[M)�?�.D8�H;476�.DpUwy0@4k6:tZpD)�25)YHD<9-@ID2;.D)A*,q�0EF/4k6Q8A*�?CB�)A*>6,H10@*:69-Mp;6N dwy0@4k6:<>)�qA6Q0@?D|Mp;2r0@47<9)@[u25)A*
*>45+ep;2r036945-M?D*N6QX;8�-M<>45tZpD)�*l<>)ZY1�&6Q)A?Z6=JD47)�?�2r0e<>8�H�-M?D*>)�-@H;6Q47tGp;)d)&i/H�8�<947+f)A?T6`0@27)@[;?;-@6`0@+�+�)�?T6l25)A*
wz<>8�tZpD)A?Dq�)A*�.D)�<>8�*>-M?10@?DqA)d)A6Y2r0�wz-M<9+�)R.D)�*#q�<9)Ap/iW.10@?D*#25)�*,*9H�)�q&6Q<>)�*l.D)=<98ZYD)�qA6947FG47698@�JXL2^0'JD47)�?
* �D<�wy0@2725p�0�v>p;*>6Q)A<�25)dH103<Q0@+��A69<9)�25)�HD25pD*	YD-MpC[Dq3B�)A*>6>KL uKL.;45<9)

w
[;27)�tZpD)�2�<>)�*�6Q)Pq�-M+�HD<>45*�)A?Z69<9)P25)A*

250@<9|@)�pD<>*�+f0ui/45+f0@25)W}� ²2�B�)A+eJ^-@pDq`XZpD<9)E~=)A6P+�45?D47+W0325)�}�03phwz-M?D.n~�.CBOpD?D)Uq�0EF/4k6Q83��VY)�250²<9)&F/47)�?T6
 '0EFM-M47<�[ZH^-@pD<#?;-@6Q<>)�8�q`XD0@?T6Q452725-M?b[TpD?W)^[b)&6�.D)=+f-�sM)A?D?D)d*>pD<Y250�250@<9|@)�pD<A�;V�BO)�*�6�.D-@?Dq�pD?W*945|@?D)
H�-M*>476Q4kwYH�-MpD<'25)A*a0@H;HD2547qE036945-M?D*�wzp;69pD<9)A*e*94,.D)�6Q)�27*a*�s/*�6Q�A+f)A*eHD<98A*9)A?Z69)�?T6�pD?D)W<9-MJDp;*>6Q)A*9*>)².D)
qA-M+�H^-M<�6Q)A+f)A?Z6�+W0@27|M<98�25)�*l8AqE0@<�6Q*R.D)P|M8�-@+f8&6Q<947)@�

�M�
�



� %��Q�a���,*u���G� � ! � '���� � ����� ��� � |H1|2 |H2|2 |H3|2��4@¤Z�G� * �7� 4 ) � �
� � ¤ 4 �
� * � � � 4 � � 4 �M� � 4 4@¤ *��¤Z� ) � � ¤ � � � ��¤D� 4 � ��� �/� �

������� ) �k��4 � �hÈA³&Åu·¯Ê�¹ @ µ�³ ��»�¹9³SÅ�´�°3Ä�´�Ë�Åu³&°�µC»É³YÏ�Í��u¹>·Ñµ�´ �E´Oµ�Í:º�Î@Í>·ÑÅu»�³&´�Ï�¹ �k·�³&»�·�Å�»�Í�¹��b³&´�°uº�´ZË�Å�¹:»�¹9ºC´�°�µ�¹�°uº�´Oµ�Í>ºÄ�ÅP·¯Êu³SÆ�ÎdÆl³SÈA°�ÍÑµ�´�Ë�Å�¹NÄ�³&°uº�»�¹>º�·�³��E´Oµ�Í>º
1, 2

¹Ñµ
3
Ä�Å�Ï�Í9ºy¹9³SÅ �P¶@ºyÇAÅuº

θ = 24o
¶3Î3ÇAÅ�Ï�Ë�Å�¹>»�Ë�Å�¹9ºC±ÌÏ�Í>Ë�Å�¹�°3·Ñ¹>º·�³SÏ¯³&·Ñµ�Í>Ï�´Éºzµ�´�Ë�Å�¹9º � �AÇ&´�Ï#º�Î3¹9·Lµ�Ï�¹�¹>° 8;´�ÈAÅ�Ï�¹ � Ó � ���ÑÓ �©Ä�Ï�ÇA´Oµ�¹ @ Å�°�¹=·>³SÏ�µ�ÇAÈ&Ï¯³SÎ�Ê�´�¹�Ä�¹�»5¸ ´�°�µ�¹>°uº�´Oµ�Í=°�ÇAÏ�Æl³&»�´ÉºyÍ>¹Ä�ÅW·¯Ê3³SÆ�ÎfÆl³&È&°�Í�µ�´ÉËAÅu¹�Ä�³&°uº�»�¹�Ï�Í>º�¹>³&Å ��¶�Òa»�³'±ÌÏ�Í>Ë�Å�¹�°3·Ñ¹

4250cm−1
�
θ = 24o

�ÑÓ �g¹>Å��fÎ@Í�Ï�´�Ç�Ä�¹9ºlºyÇA°�µÏ�¹>Î�Ï�Í9ºy¹>°�µ�Í�¹9º�¶D»�¹>º�Í9·¯Ê�¹�»�»�¹9ºlºyÎ3³`µ�´É³S»�¹>ºlº�Ç&°�µl¹�°²Æ�´É·ÑÏ�Ç&°uº>Ó �%ÇAÅuºl³��&ÇA°uºY»�³eÆ�´Éºy¹d¹�°²Î�»É³&·�¹PÄT¸ Å�°²Î�»�³AºyÆ�ÇA°WÄ�¹ºyÅ�Ï�±k³&·�¹\·�Ç&Å�Îu»�Í�³SÅdÆ�Ç�Ä�¹�Ä�¹N·�³��E´�µ�ÍAÓ

������� ) �k�E¤ � �k·�Ç&Å�»�¹�Å�Ï¯º��1	EÎ@¹>·Ñµ�Ï�¹>º�¹ �EÎ@Í�Ï�´�ÆY¹>°�µ�³SÅ
��Ä�¹d»�³aÏ�Í��u¹9·Lµ�´ �E´Oµ�Í�ºyÎ@Í>·�Å�»�³&´�Ï�¹�°�Ç&Ï�Æl³S»�´�º�Í�¹ �ÌÅZÓ ³�Ó �YÄ�¹>ºÏ�Í9ºy¹9³SÅ�� � �k¹�°�Ï�Ç&Å�ÈA¹��Y¹�µ � �Ì¹>°E�&¹>Ïyµ �L¶�ÒU»5¸ ³S°�ÈA»�¹�ÄT¸ ´�°3·Ñ´ÉÄ�¹�°u·�¹
θ ≈ 10o

Ó�³ ���&¹�Ï¯º
2760cm−1

Ï�Í9ºyÇA°u³S°u·�¹
8u³ �uÏ�Ö�Ð 	;¹>Ï�Ç&µ=·Ñ»É³&º�º�´�Ë�Å�¹��ÌÆ�Ç�Ä�¹e»�³&Ï�ÈA¹��LÓ"� �=Ï�Í>º�Ç&°u³&°u·Ñ¹ =LÊEÖ ��Ï�´ÉÄ�¹ = �ÌÎ�»É³&º�Æ�Ç&°jÊ�Ç&Ï�´ �>Ç&°�µ�³&»\·�Ç&Å�Îu»�Íe³SÅjÆYÇ�Ä�¹È&Å�´ÉÄ�¹CÄT¸ ÇA°uÄ�¹��LÓ&·��

2517cm−1
Ï�Í9ºyÇA°u³S°3·Ñ¹ 83³ ��Ï�Ö�Ð 	D¹>Ï�Ç&µ;Ä�¹CµzÖEÎ@¹ =�³S°�µ�´�ÐÕºyÖEÆ�ÍÑµ�Ï�´ÉË�Å�¹ =SÓ9Ä �

2881cm−1
Ï�Í9ºyÇA°u³S°u·�¹

8u³ �uÏ�Ö�Ð 	;¹>Ï�Ç&µbÄ�¹:µzÖEÎ@¹ =Ñº�ÖEÆYÍ�µ�Ï�´�Ë�Å�¹ =`Ó

�M� *



����� � �a�"! DA ?7%$&�'�
oR?D)�.D45*�6Q<>45JDp;6945-M?WtGp;)�25qA-M?DtZpD)�.D)P|M<90EF/p;<9)�*lH;<9-@wz-M?;.D)�*A[D*9pD<lp;?D)P*9pD<�wy0@q�)�+�8A6Q0@252745tZpD)@[Z)A*>6

p;?¨0@|M)�?;q�)�+�)�?T6UH;25pD*e-@p{+f-M47?D*�-M<9.D-@?D?D8_}y.;8A6Q)A<9+�45?D8E~�.CBO-M*>q�45272r0369)�pD<>*'8A25)AqA6Q<>-M+f0@|M?D8&6Q45tZpD)A*
03+f-M<�6Q47*��/VYX10@tZpD)�q�0�FG4k6Q8d)A*>6lqA-MpDHD278�)P0EFM)Aq ��*u� �Ñ�`� 25)�*�0@p;6Q<>)�*P}zHD<947?Dq�47H10@27)�+�)�?T6�0EF@)�qP*9)A*�FM-M4ÌK*>45?D)A*`~S[3)&6:q�)Yq�-MpDH;2r0@|M),.D47+f47?Gp;),?D036QpD<>)�2725)�+�)�?T6�tZp10@?D.e250=.D47*>6Q0@?Dq�)#.D)�*>8�H10@<9036Q47-M?e03pD|M+�)�?T6Q)3�
�=45?D*>4�[G2�BO45?T6Q)A<>wz8A<9)�?;q�)�.D)A*lq`X10@+�HD*l.D4\[^pD*>8�*lH10@<

N
<98A*9-M?10u6Q)�p;<9*l.D)�q�0�FG4k6Q8�*l.;-M?D?D)A?Z6RqA<98E03?Dq�)

 
N

+�-/.D)A*lHD<9-@HD<9)A*=qA-M2527)�qA6947wz*P}z8AF@)�?T6QpD)A2527)�+�)�?T6R.D8�|M8A?D8�<>8�*Q~R.D-M?T6R2�BO)&i/qA476`0u6Q45-@?�q�-M+�H^8&6Q4k6Q47F@)
qA-M?D.Dp;45*9)A?T6� =.;)�*:.D47*>69<945J;p;6Q47-M?D*%25-GqE0@27)�*%.D)#2�BO45?T6Q)A?D*94k6Q8,25pD+�45?D)ApD*9),HD27pD*�-@pe+f-@45?D*%q�-@+fHD2745tZpD8A)
*>H103694r0@27)�+�)�?T6E�

VY-M?;?10@45*>*Q0@?T6P250W*>sG+�8A6Q<>45)U.Dp«HD<>-MJD27��+�)a)A6P27)�*dF@)�qA69)�pD<>*PHD<9-MH;<9)�*P.D)U250W+f036Q<>45q�)'.D)U.D4kwrK
wzp;*945-@? M }yq�0@25qApD258A)P0@pj.;8�JDp;6=.Dp�q`X10@HD4k6Q<>)�~&[12�B�)Si/q�476Q036Q47-M?�HD<>8Awz8�<>)�?T6Q47)�2725)P.D)P2�BOpD?�-Mpj2�B�03p;6Q<>)
+�-G.D)�q�-M2725)AqA6Q4kwÑ[/.;)�HDpD47*�25)�q`X10@+�H�25-M47?Z6Q0@45?b[/H�)�<>+f)&6=.bB�0@2725pD+�)�<#q�)A<>6`0345?D)A*=qA-M+eJD47?10@45*>-M?D*P}z-Mp
qA2r0@*>*9)A*`~,.;)dqE0EFG47698�*��DVY-M+�+f)R25)A*#FM)AqA69)�pD<>*lHD<9-MH;<9)�*Y.D)dq�)A*�+�-/.D)A*#?;)d*9-M?T6lHD0@*� aqA-/) 3�q�45)A?T6Q*
p;?D476Q0@45<>)�*�[g25)A*UtZp10@?T6Q4k6Q8�*U.;)�25pD+�45�A<9)WqA-M?;I1?;8�)�*�.10@?;*e6Q)�2725)f-Mp{6Q)�2725)Wwz)A?T6Q)�-MJ�8�47*9*9)A?T6W h.;)�*
<90@HDH�-M<>69*PH10@<>6945qApD2547)�<9*A��(%0�H;X10@*9)�.D)A*'q`X103+fHD*�)�*�6a8A|T0@27)�+�)�?T6�.D8A69)�<9+�45?;8�)@[%.CBO-M¬_2�BO-M?_H^)Ap;6
.;45<9)3[�25476>6Q8A<Q0@27)�+�)�?T6E[EtZpD)Y2�BO8A6Qp;.D)�0@27|M��J;<945tZpD),.D)�250R+f0369<945qA)#.;)Y.D4 [bpD*>45-M? M H�)�<9+�)A6\.D) _Swy0@45<>)
.;)U2�B�0@25|M�AJD<9)o_e0EFM)�q�2r0²27pD+�45��<>)@�bVY)A6>6Q)�H^)A<9*>H^)AqA6Q4kFM)3[gH;25p;6.-@6�45?D036969)�?D.Dp;)@[�q�-@?D.DpD4k6PH^)Ap;6>K¯�A6Q<>)
 f2r0fH�-M*>*945J;45254k6Q8P.CBO)Z[^)�q&6QpD)A<�.D)�*d-@H^8A<Q036945-M?D*=8�278�+�)�?T6`0@47<9)A*d0EFM)AqU.D)�*dH;XD-@6Q-@?D*�[^.Dpª+f-@45?D*=0@p
+apD276945HD27)&i;0@|M)=.D)P2r0e25p;+f47��<9)d �2�B�8Aq`XD)�2725)�*>pDJ/KL27-M?D|Mp;)�pD<l.CBO-M?D.;)@�

�d03?D*�27)aqE03*�.Dph<>8�*>)E0@pªH�8�<>45-G.D45tZpD)P*947+fH;25)@[n2�B�47?ZF30@<>4r0@?;q�)�H10@<R6Q<90@?D*925036Q47-M?�pD?D47wz-@<9+�45*9)P27)
qA-M+�H^-M<�6Q)A+f)A?Z6�.;)�*�wz)�?T6Q)A*² «2�BO8�q`XD)A2525)�.;)�69-Mp;6�25)�*�s/*�6Q�A+f)3��V�BO)�*�6²)�? _A.D8A*9-M<>.D-M?D?D0@?T6=_�250
H�8�<>45-G.D45qA47698YtZpD)�.D)�*,)Z[^)A69*#.;)R27-/q�0@2547*Q036945-M?�*9H�-M?T6`03?D8�)=0@HDH103<Q0@47*9*9)A?T6E[THDpD47*9tZpCBO-M?T6,2545)Ap�.D)�*N<98SK
*>-M?10@?;q�)�*%8A25)�q&6Q<>-M+W03|M?D8A6945tZpD)A*%0@pDH10@<90EF@03?Z6%47?T6Q)�<>.D4769)�* ] .;)�?D-Mp;F@)E0@p/i�.;8�HDX103*Q0@|M)A*�qA-M+�HD25)Si;)A**>-M?T6d)A?ª)Z[^)A6�03p;6Q-M<>45*>8�*�)A?T6Q<9)a25)�*=+f-@+f)A?Z69*=.;45H�-M2r0@47<9)A*l)Z[^)�qA6947wz*d|@8�?D8A<98�*d0@p/ij)�+eJ�-MpDq`XZpD<>)�*
.;)Pwz)A?T6Q)f}� U2r0U<>8�*9-@?10@?DqA)'£n0@J;<>sTK
	g)�<9-36S~&�n�=)�*RqE0EFG476Q8A*�H^-Mp;<>6`03?Z6l69<9�A*=HD<>-/q`X;)�*�q�-M+�H10@<9036Q4kFM)SK
+�)�?T6, �2r0�27-M?D|MpD)ApD<:.CBO-M?D.;)@[Z?D)�*9-M?T6,HD27pD*�8�tZpD4kF@0325)�?T69)�*,0@p�<9)�|M0@<9.�.Dp�q`X10@+�H�)&i/q�4k6`0369)�pD<A[Tq�)
tZpD4�45+�HD2547tZpD)P.D)�*�.D47*>69<945J/6Qp;6945-M?D*R.D)e250f27pD+f47��<>)'HD27pD*�-@pª+f-M47?D*R.D45*>H10@<Q0u6Q)�*�)A6�47?Z69)�?D*>)�*d*>pD<
p;?D)�8Aq`XD)�2725)�*>H103694r0@27)R)SiG6Q<9�A+f)A+f)A?T6l<98A.DpD4769)@�/¥=-Mp;*�0EFM-M?;*l0@HDH�-M<>698�250�HD<>)�p;F@)�)&i/H�8�<947+f)A?T6`0@27)
.;)�qA)PHDXD8�?;-M+f�A?D)P.10@?D*�pD?�<98A*9)�0@pcqA-M+fH�-M*>8�.D)�6Q<9-@45*lqE0EFG47698�*�H10@<lH�8�<>45-G.D)@�

(%0x.D8A+W0@<>q`XD)cwzp;69pD<9)ªH�-MpD<><Q0 �&6Q<>)h.D)ªH10@*>*9)A<" x.D)�*�<>8�*9)�0@p/i§HD25pD*Wq�-M+�HD25)Si/)�*�[#tZp10@*94ÌK
H�8�<>45-G.D45tZpD)A*#-@p� aqE03<Q0@q&6Q��<>)=wz<90@qA6Q0@2:}ÕFM-M47<#2�B�03<>6Q47q�27)R.;)�<9)&FGpD)U� 43�Õ~S�;(�)ApD<�8A69pD.D)=)�*>6�pD?²+�-�s@)�?
.;)�69)�?D.D<>)�F@)�<>*d2r0U+�-/.D8A2547*Q036945-M?�.CBOpD?D)�*9p;<>wy0@qA)e �<9pD|M-@*947698�0@258�036Q-M47<9)3[D2r0@tZpD)A2527)�?D8�qA)�*9*>4769)epD?
69<Q0@4k6Q)A+f)A?Z6f+f036QXD8A+W0u6Q45tZpD)�.D4 3fqA4527)�H;pD45*>tGp;)h*>6Q036Q47*>6Q47tZpD)@� �/4�27)�*f)Z[^)A6Q*W-M?T6�25)A*W*>sG+�8A69<945)A*
.;)e2r0�qE0@pD*>)@[C-@?ªH^)Ap;6�*�B�036>6Q)�?;.D<9)� WqA)etZpD)U25)A*d25-@45*R.CB�8Aq`XD)�2725)e)A?D|M)A?D.D<9)A?T6P.D)�*�HDX;8�?D-M+���?;)�*
8A25)AqA6Q<>-M+f0@|M?D8&6Q45tZpD)A*l?D-Mp;F@)E0@pGib�

��� �



� �C	����	� 
���
 �����
�

�k�A� ��� ��<98�*>452725-M? � � ����) [ 	�XTsG*����R)&F^��(�)A6>6E��
��C[;¤ ) � � }�� *+* * ~&�+_(0\i/H^)A<947+f)A?Z6Q0@2 � J;*9)�<�F3036Q47-M?²-@w(�-GqE0@274��A)�. � H;6Q47qE0@2 0:i/qA476`0u6Q45-@?D*l45?��R0@?D.D-M+ ¢j)A6Q0@2kKL��45)A25)AqA6Q<>45q�£�4525+�*a_
�����a�'�ÉV��"� �Z45|M47?x0@?D.¨�P� �a����)�HD47?D)@[ 	�XZsG*A����)AF���(%)&696�� * ) [\�/� � ¤ � � }�� ��� ) ~S� _&¡�<90@?D*9+�45*>*947-M?

<>)�*>-M?10@?DqA)�*R-@w�+f)&6`0@272545q=q�-M+�H�-MpD?D."|M<9036Q47?D|M* ��4k6QX"*9pDJGK �Y0�F@)�27)�?D|@69Xh*9274769*a_3�
��4u� 0l��(�� �=25JDpDtZpD)A<9tZpD)e)&6P¢]� �U�bVY-3696`03+j[ 	�XTs/*>45qA*��R)AH^-@<>6Q*A[ 4 � � }�� ��� 4M~&�I_A¡lXD)A-M<>sj-@w�)A25)SK

+�)�?T6Q0@<>s�)Si/q�476Q036Q47-M?D*l47?�tGpD0@*947H^)A<945-G.D47qd*>69<9pDq&6QpD<>)�*a_u�

���/�



���M�



� ��� ��� ���	� 
 �
� ����� 


� ������� 
 ��� ����
 � ����� � 


���! 



�����



� � � � � � � 
 �

� � � ����� 
 ��� ����
 � ����� � 
 � � ��� � ��� � � � 


����� 	�

������������������

��� �"!$#&%"')(�*���+"�,'.-/+"0213!4-6587409#&:;�<-6!�=":>!4?8@4�A-B=>�C?8!409#D+"0)ED=F�,����=F7HG�7I!$� !40)J&#&="!$��="@$��*���:K7

!$?�@$#&'9=;�<-6!L+F0)M&�8!4@$��@H*�?87INF#O+"�8@L:P="*�?�!$09EP="��@8QR:"#B7S-6*�*��8:K7L0):P74?�J&!4-6'9�8@���7H+"0213?8!4��:K7409��')'9�8@,T �8UWV
T �XUZY\[ �8@]7I�85SN":"09EP="�8@
�C�8=FM&�8:P7
G�7I!$��-6�"�"')09EP="?��8@H-6=O^_!4?8@4��-6=O^>+F� �"!4#B`<'9@]EP="�8'958#&:"EP="��@8Qa%"0)��:EP=cbd��')'9�8@��"=F09@4@$��:K7]*�-6:"02ef��@g7I��!h+"�8@L0):"@$7I-6%"09')0)74?�@i'9#6!4@4EP=cbd09'\@8bj-BJ&0)7k+cbd?874="+"09�8!�+F��@]@$="!$el-658��@�*�? V
7I-6'9')09EP="�8@nmLN<-6=F74�o58#&:"+"=F587I02MD0)7I?o#&= mk5�#&!$!4="J&-B7I0)#&:��F!4#6ef#&:F+"� YFp :,��#&="!4!4-60)7q')��="!q�"!4?�ef?�!$��!r+F��@*�?874N"#D+"��@�+"�,5�-6'958="'9@�:D=F*�?8!409EP="�8@L�"')="@L58#&="!4-6:K7I��@L5�#&*�*���'9��5A-6')5�="'q�<-6!kst!I-6:"@gef#&!4*�?���+"�
u<#&=F!409�8!wvx-6�"09+F�,yluauRs{zc|�}�~��a|t���O���������"�$}6�F~f�A����� ��QF�<-B!x'9-
u�#6:"587409#&:�+"�����I�S����yl?�EP=<-�7I09#6:"@
+F0)1C?�!4�8:K7I09�8'9')��@S��Qc#&=���:"58#&!4���<-6!h'.-�*�?87INF#O+"�
+"�8@�?8'9?8*��8:P74@k`":"09@,yZua�os���za|n���<����� �]����}6���
�����,� �h� �����I���3�S�X� Y<� -B'9N"�8="!4�8="@4�8*��8:P7�Q<5��8@x*�?874N"#D+"��@�:"�i����!$*���747I�8:K7��<-6@�=":"�i��^F�F'9#&!4-B7I0)#&:
@$09*��"'9��+"�8@H*�?85A-6:"0)@4*���@��"NK�O@$09EP="�8@��8:��$��=>+<-B:"@H'9�8@]!4?8@4�A-B=O^ Ya� =>58#&:K7I!I-B09!4�BQR'9- � ?�7IN"#D+"�
� #O+<-B'9��58#&:"@40)@$74��mH!$��5SN"�8!45SN"�8! '9� 5�#&*��C#6!$7I�8*��8:K7�¡8:<-B74="!4�8'�¡ +"=�5SN<-6*���?�'9�85874!4#&*�-6J&:"?�7I0)ED=F�+"-6:"@h=":"��@$74!4="5�7I="!$��+"#6:":"?�� Y�p :�?87I-6%"')0)7k-6')#&!4@i=":F��%"-6@4��+"�
*�#D+"�8@k�F!4#&�"!$��@,yl#&=�+"�Hef#&:"5 V
7409#&:F@��F!4#&�"!$��@I��Qq¢<£D¤¥~��l¦��<���,���<�
�$§8¢�¨©���������S~�Q\+"#&:K7 ')��5SN"-6*��ª7I#67I-6'���@g7�:"?�58��@$@I-60)!4��*���:K7,=":"�
58#&*]%"0):<-60)@4#&: Y�� #¥�6��:":<-B:P7�')��@]58#&:"+"027I09#6:"@]-6=D^«%�#&!4+F@]�87
58��'9')��@�+cb¬0):"5�0)+"��:F5��6QR09'q:cbd�_-­�"')="@EP=cb¬m;5SNF��!45SNF��! ')����#&0)+"@
+"��5SN"-6EP="�/*�#O+F���"-6!$74095�0)�<-6:K7�m�'9-�58#&:"@g7I!4=F587I0)#&:ª+"=®5SN<-B*�� Y ��-
!$?���#&:"@$��#&�O7I09EP="�h+"=�@$�D@g7I(�*���yl-6�"�<-B!40)7409#&:�+F�k!$?�@$#&:<-6:"58��@8Q3-6:F#&*,-B'909�8@�+"�k+"0)1C!I-B587I0)#&:cQO�87I5 Y ��Q����=O7r-B'9#&!$@\@�bd��^O�"'90)EP="��!n��:�-6:<-B')�D@I-6:K7q'9�8@n*�#D+"��@\�F!4#&�"!$��@q09:"+F0)MD09+"=F��'9')��*���:K7�yf'9�w��#&09+F@\�87q'�b¬-6' V
')="!4�i@$�<-B740.-6')��+"�h5SN<-658=":/+cbd��=D^<� Y
���w7I!4-60)74��*���:K7n+"��@q!4?8@4��-6=O^�+"�x+"0)1C!I-B587I0)#&:H�<-6!\'9-i*�?�7IN"#D+"��*�#D+<-6')��:cbd��@g7qMD!4-609*���:K7q�"!I- V

74095�-6%"'9�oEP="�i�C#6="!�+"�8@xJ6?�#&*�?874!409�8@r�<-B!$7I0)5�="')09(8!4��@8QF��7w'9�8@w!4?�@$�A-6=D^���?�!40)#O+F09EP="��@ ¨2}6�,��¨�¨2}6���S�S~���:
@$#&:K7]'Zb¬��^F�8*��F'9�,�"-6!L��^F58��')'9��:F5�� Y ��-6:"@L5�� 5�-6+"!4�,!4��@g7I!$��09:K7�QR'.-�*�?�7IN"#D+"��5�#&:KM&�8!4J&����¯�5A-658� V
*���:K7�QC-B="@4@$0R%"0)��:/��#&="!x+"�8@ +"0)?�'9�85874!409EP="�8@ EP="���C#&=F!o+"�8@�*�?87S-B=O^�el-609%F'9��*���:K7x#&=�ef#&!$74��*���:K7
58#&:"+"=F587I�8="!4@8Q��87x�C#6="!w+"��@x�"!$#6ef#&:"+"�8="!4@�+"�h58#&!4!$="JK-B7409#&:"@rED=F��'958#&:"EP="�8@ Y
��-B:"@�'9-«'902747I?8!I-B74="!4�°58#&:"58��!4:"-6:K7/'Zbj-6�F�"'90)5A-B7409#&:�+"�;'9-_7IN"?8#&!40)�±*�#D+<-6')�°mª+F��@�!4?8@4�A-B=O^

��?�!$09#D+"09EP="�8@�*�?�7S-6')'90)ED=F��@�Q�'�b¬-6!$74095�')�a+"�q²\09:"J ³ON"�8:"J����c}6¨�T  �U Q��F="%"'90)?\��: �¥´&µ � Q���@$7t7I!$(�@t@4#&=OM&��:K7
580)74?i5�#&*�*��i!$?8ef?8!4��:F5��L�8:�'9-H*,-B7409(8!4� Y<[ �87 -6!$74095�')����=O7 'Zb¬0):P74?�!$G87�+"�h�"!$#&�C#6@4��!x=":"�k-6�F�"!4#D5SN"�
EP="�8'9EP="�°����=¶+"0213?8!4�8:P74�6Q�')09*��"09+F�6Qq-AM&��5°=F:"�°5�#&:Oef!4#&:K7S-�7I09#6:·yl*�-6:"02ef��@$74��*���:K7�58#&:"5�')=<-6:K7I�A�
-AM6��5q'�bd��^O�C?8!40)��:"58�6Q¥*�-609@�#&:h����=F7t�i:"#B7I��!�=":k5��8!$7I-609:h:"#&*L%"!4�n+cbd��!$!4��=F!4@t�87�+"�n¸�#&:"�8@�+3b¬#&*L%"!4� Y

���&¹



�Lb¬-6=F74!4�
�<-6!g7AQc')��@k-6="@g7I!4-6'90)��:"@���#67474��:cQ [ !4-609J"Q � 5A²\N"�8+"!I-B:cQ � +"-6*�@8Qc�87 � :"+"!4����-B!$7IN"-FQ
-AMB-60)��:K7,�F="%"'90)?6Q\'Zbj-6:F:"?����"!4?85���+F?�:K7I�BQr=": �8:"@4�8*]%"')�/+"��7I!I-AMB-6=O^ª74N"?�#&!$09EP="�8@�7I!$(�@,-¥MB-6:F5�?�@ Y
[ �8@i+"��!$:"09�8!4@h-AMB-609�8:K7h��:±�81C�87h��^F��#&@$?�')�Lef#&!$*,-6')09@$*��h*�#O+<-B'R��#&="!�')��@i!4?8@4��-6=O^±'9-6*��8'9'9-609!$��@
+F09?�')��5�7I!40)EP="��@°T �BU Q�')��@ !$?�@4��-6=O^ *�?87I-6'9')09EP="�8@��/¢<����� �S~�Qqel-609%"')��*���:K7��87�N<-6=O7I��*���:K7�58#&:"+"=F5 V
74��="!$@HT ¹�U2V T�� U QC'9�8@�!4?8@4�A-B=O^±m J&!4-AMO=F!4��@ @4��*�0 V 5�0)!45�=F'.-60)!4��@kT�� U Q3�87�#&:K7�`<:<-6')��*���:K7��F!4#&��#&@4?L=":"�
74N"?�#6!409��*�#O+<-B'9��J&?�:"?8!I-6')�,��#&="!�+"��@H!$?�@4��-6=O^_��:>!$?
	<��^F0)#&:cQ��<-6!$el-B0)7I�8*��8:K7L58#&:"+"="5�7I�8="!4@8Qa+"�
�F!4#6`<'�-B!4%"027I!I-B09!4�­T µBU�� Q\7I#6=F7�5���'9-��8: �A´&µ �&Y � �8@,-B!$7I0)5�')��@H5�#6*��"')?�*���:K7S-B09!4�8@�Qa?85�!$0)7I@��<-6!
58��@
*�G�*���@ -6=F74��="!$@�Qc@$#&:K7k-6�"�<-6!$="@��<-B!�'.-,@$="0)74��y T ´�U Q\T ��
�U ��QC5�#&:��$#609:K7I�8*��8:P7i-6=O^�7I!I-AMB-6=O^­!I-6� V��#&!g7I?�@r�<-6!�³O=F!I-B7$7I�A-B=cQ [ -6+"0)'9N<-B5 �87w²��8740)7kT � �8U Q"s�-A�&��%��87w²��8740)7hT ����U QF�F="09@��F'9="@w!$?�5��8*�*���:K7�Q
�"-6!���0)ef��:FJ���0\T �  BU �87o��-AMD09+"@$#&:_T � �6U yf�C#6="!w:"�h5�027I��!wEP=cbd��=D^<� Y

�\: �¥´&´! Q6�$="@$74��*���:K7AQ���02ef��:"J,��0rT �  �U !$���"!$��:"+°')��@ 74!I-AMB-6=O^/?87I-6%"'90)@o�"-6!��r#B747I�8:®����}6¨©Q3��7
?�7I�8:"+«'�bd��^O�"')#&0)7I-B7I0)#&:±+"�,'9- � ?�7IN"#D+"��*�#D+<-6')��-B=O^;!4?�@$�A-6=D^«+"�,+"0)1C!I-65�7I0)#&:;+F09?�')��5�7I!40)EP="����7
*�?87I-6'9')09EP="�w@$#&="*�09@�mL'�bd09:"5809+"�8:"5��x+"027I�L¡85�#&:F09EP="�K¡Lyl#&:"+F� ��^O580)7S-�7I!40)5�� -6!4!$0)MB-6:K7�-¥M6��5i=": -6:"J&')�
��#&'9-609!$����7�=F:;-B:"J&'9�]-6¸�0)*]=F7S-B'���Q�5��
EP="0\:"?85��8@4@4027I��-6')#&!4@�+F��+F?�5�#6*���#&@4�8!i'9�H5SN<-B*��±?�')��5�7I!4# V
*�-6J&:F?87I0)EP="�6Q"+"-6:"@�'.-]!$?�J&0)#&:�@$7I!4-B7I02`<?��BQ"@4=F0)MB-6:K7 � %"-6@4�8@o#&!g7IN"#6J&#&:<-6')��@ Y

�\: ��
�
  Qq��-AMD09+"@$#&:·T � �BU �"!4#&��#&@$�­=": *�#O+F(�'9��*�#O+"-6'�J&?�:"?8!I-6')09@$?6Qn�87�	"��^O09%"')��+"-6:"@ ')�
@$��:"@�#���09'\��#&=FMB-60)7k@8bj-6�F�"'90)ED=F��!km�+F��@L!$?�@$�A-6=O^;'9-6*��8'9'9-609!$��@�-A�&-6:K7]=":;:"#&*]%"!$��EP="�8'958#&:"EP="�
+F�o58��'9')="'9�8@��"-6!���?�!$09#D+"��yl*�-B7I?8!409-6=O^�-6=�5SN"#&0W^<��QO�8:,0):"5�0)+"��:"58� 58#&:"09EP="�x#&= :F#&: Y ³F-�*�?874N"#D+"�58#&*��"!4�8:"+/EP="�8'9EP="��@xMB-6!409-6:K7I��@���7 +"?�`<:"027 =":F�L:"#&=OM&��')'9�h:"#&!$*��h��#&="!x'9�8@o*�#O+F��@��"!4#6�"!4�8@ Y�� '
@$#&="')09J&:"�k?�J&-6'9�8*��8:P7oEP="�]'Zb¬?�7I="+"��+"�]@g�O@g7I(8*��8@hm,5�#&:F@$7S-B:P74�]+"0)?�'9�85874!409EP="�k?�')�8M6?��H��:/*�#D+"="')�
#6=­-A�K-6:K7i+F��@�@g7I!4=F587I=F!4��@hm�J&!I-6:F+"��7I-609')'9��yl58#&*��<-6!I-�7I0)M6��*���:K7 m,'.-�'9#&:"J6="��="!x+cbd#&:"+"�A�o��^O0)J&�
=F:"���F!4?�5809@$09#&:�:D=F*�?8!409EP="�k�<-6!g7I0)5�="')09(�!$��*���:K7x�C#6="@4@$?��6Q��"!$#&%"'9(8*��kEP="���$�k5�#6:F`<!4*��k�C#&=F!o*�-
�"-6!$7 Y

� '\:cbd��:�!4�8@$74���<-B@k*�#&0):"@iEP=cbjm�'.- ')��5�7I="!$��+F��58��@h+"0)M6��!$@4��@��"="%"')095�-B7I0)#&:"@�QCEP="��')ED=F��5SN"#6@4�*�-6:"EP="��+"�]*�-6:"0)(�!4�k*�-6!4EP=<-6:K74�6Qcm�*�#&:�@4�8:"@Hz35Bb¬�8@$7iEP="�]')��@i-B=F7I�8="!4@�:F�]+"#&:":F��:K7��8}6��}6�9~
+F��~����6�<� ���4}6�l�����/¢<£D¤X~��l¦��<��7S-6:K7L-6=O^�MB-6'9�8="!4@k�"!$#&�"!4�8@LEP=cb¬-6=O^;*�#O+"�8@��F!4#&�"!$��@�+"=«@$�D@g7I(�*��
yf'.-
:<-B74="!4�kef#&:"+<-6*���:K7I-6'9�k�87 '9��@x5�#6="!4%���@�+F�L+"0)@4����!4@$09#&:/+"��@o*�#D+"��@o:"�L@$#&:K7��<-B@i-6%�#&!4+"?8@S��Q
=F: el-60)7r�"'9=F7��67��"-6!I-6+F#¥^F-6'C?87I-6:K7�+"#&:":"? '9��5SN"#602^,+"�i'.-k*�?�7IN"#D+"� Y2Y2Y�p :��C�8=F7wG874!4�i?8JK-6'9�8*��8:K7
?�7I#&:F:"?��"-6!
'�b¬-6%"@4�8:"5��BQ�+"-6:"@�5���@,-6!$740958'9��@8Q\+"��5A-6!g7I#&J&!4-6�"N"0)��@
@4�"-B7I09-6'9�8@�+F=®5SN<-6*��ª�"!4#D5SN"�
?8'9�8587I!$#&*�-6J&:"?�7I09EP="�xyf5A-6')5�="')?��8@��<-6!�5���747I�q*�?87INF#O+"�A��Q¥EP=<-6:F+L#&:h@I-B0)7tEP=cb¬�8'9')��@�5�#&!$!4�8@4��#&:"+"�8:P7Rm
=F:"�\!4�85�#&:"@g7I!$="587409#&:k*�#D+<-6')��74!4(�@��<-B!4'.-B:P74�\�"NK�D@409EP="�8*��8:K7AQX�87�����!$*���747I�8:K7AQ¥:"#&:h@$��="')��*���:K7�+"�
58#&:"@g7S-B74��!�')��@�%�#&:":"�8@w5�#&:KM6��!4J6��:"58����7w5�#&:K7409:P="0)74? +"�8@w5SN<-6*��"@w��:�74#&=F7��8:"+"!$#&0)7w+F��'�bd��@$�<-65��BQ
*�-60)@�-6="@$@40K+"�nMB-6'90)+"��!c=F:�58��!$7I-609:h:"#6*]%"!4�n+"�n@$�C?85�="'9-B7I0)#&:"@c7I0)!4?8��@�+"��@�@$�C�8587I!$��@�+"�n!4?
	"��58740)MD0)74?
#6%"@4�8!$M&?8@ Y
� =�58#&="!$@i+"�
'.-�74N"(�@$�6QO�8b¬-60a*�09@�-B=���#&0):P7�'�bd=F7I0)'909@4-B7I0)#&:�:P="*�?8!40)ED=F�H+"�H'.- *�?874N"#O+F�]*�# V+"-6'9� ��^F-65874��y �­� �q�]��#&="!]')��@H!4?8@4��-6=O^ *�?87I-6'9')09EP="��@Lm­�C�8!$74��@�yl+"��58#&:"@g7S-6:K7I��+"0)?�')��5874!40)ED=F�

58#&*��"'9��^F�A��Q�-AM6��5�'.- M&#&')#&:K7I?
+"�
�<-6')'90)��!�Q�+"0)@4#&:"@8Q�'9��¡�MD09+F�K¡L7IN"?8#&!40)EP="�
*��8:P7409#&:F:"?
-6=��<-6!I- V
J6!I-6�"NF�k�F!4?�58?�+"�8:K7Hyf�87xEP="0�ef��!I-
'�bd#&%D�$��7�+"=�5SN<-6�"027I!4�h@$="0)MB-6:K7�� Y�� bj-B0�+"#&:"5h!4�8�"!40)@���:�+"?87I-609'�')�ef#6!4*�-6'90)@4*��]J&?�:F?�!I-B'q��^O�C#&@$? +<-6:F@L'9�8@k74!I-AMB-6=O^�+"���r#67$7I��:>���r}6¨ T �BU ��7]+"�,³ON"�8:"J����r}6¨ T  BU Q

 "!$#�%�&('
#()+*�,-,�#(.�#(/102.�*�%-34)5#(67,�*
89&�%-34/:8�; <4=?>�/A@(*�BC,:*
BC3�>D0�E-/-#�@(#(B90C34>+/-#�@F*
/A%�>�09>+*�/�%HG >�.�,�&I%-3�/A@F#�#(023
&F09&J34,-,A)�>LK1E-&M34E-6NBC&I89#I3�E�6O%�#MP
BC3Q'7E-BC#I8R%�#MST*�BC.�#U09BC>L34/-P
E-)+3�>�BC#�VW8X>+/7EA8X*
YZ%A34)+#2#F0[89#(.�>�\]@(>�B^@FEA)+3�>�BC#�VW,:*
E-B_)+#I8
%�#(E�6`,:*
)+3�B9>L893409>+*�/A8aST*
/A%-34.�#I/
0^34)+#I8IVH.234>L8bB9#I/A@F*
/
0CBC3�>D0b'7>D0C#U%�#I8c>�/A8X0C3�d->+)�>�09&�8b/1EA.[&IB9>LK1E-#I8b,�*�EABc%�#I8R,AB9*�eA)+8
,-B9*�ST*�/A%A8(f7gh*�E-B5)+#I8?,-B9*�eA)L8iK1E-#I)+@(*�/AK1E-#�8(V�)+#I8j.�&(09k-*�%�#�8?@F)L3�8C8X>LK1E-#I8j89#(.ld-)�#I/10j,AB9&(ST&(B^34d-)+#I8If

��� �



-AM6��5­+"�8@,58#&*��F'9?�*���:K74@��"')="@��C�8!4@4#6:":"��')@,��7 =":"����^D7I�8:"@40)#&: -6=O^ª!$?�@$�A-6=O^ m_+"�8=O^�5A-AMD0)74?�@
�"-6!��C?8!409#D+"� Y"� =�5�#&="!$@�+"��58� [ N"-6�"0)74!4� �FQB�$�ief��!4-60�=":"�k�"!$?�@4�8:K7S-B7409#&:/-6@4@$��¸k��^ON<-6="@g7I02M&�L+F��@
58#&:"58���F74@ *�-B7IN"?8*,-�7I09EP="�8@�Q<+"0)@458=F7I�8!I-60t+"��@o�C#609:K7I@�@4#6=FM&�8:P7�+"?�')095A-�7I@xED=3b¬#&:��C�8=F7�!$��:"58#&:K7I!$��!
��7,ef#&=F!4:"0)!I-60�-6=O7S-6:K7 EP="�/�C#&@$@40)%"'9��+"��@�09:K7I�8!4�"!$?87I-B7I0)#&:"@,�FNP�D@$09EP="��@,@4="! ')��@�?�')?�*���:K7I@,-¥M6��5
')��@$ED=F��'9@q#&:�7I!I-AMB-60)'9'9� Y ��� [ N"-6�"0)74!4�J�k��#&!$74��!4-�@4=F!�'Zb¬��^F�F'9#&027S-B7409#&:H:P="*�?�!$09EP="� +F=�ef#&!$*,-6')09@$*��
*�#D+<-6' Y �o� :"#&*]%F!4��=D^«J&!4-6�"N"�8@]�87]ED=F��'9EP="�8@]5A-B!$7I#6J&!I-6�FN"09�8@L+"� 5SN"-6*��>@$��!$#&:K7H09')'9="@g7I!4?8@���7
��^O�"'90)ED=F?�@ Y � 'Cel-6=F7��"!$?�5�0)@4�8!x+3bj-60)'9')��="!$@rEP="�k'9���"!$#&J&!4-6*�*���0):Fef#&!4*�-B7409EP="� EP="�r�8b¬-60c?85�!4027��C#6="!
'9-�*�?874N"#O+F�,*�#O+<-B'9��-/?874?,7I�8@$7I?°yl��#&@4027I0)M6��*���:K7��h��:>58#&*��"-6!I-6:K7L5�� EP=cbd09'q+"#&:":F��-AM&��5�+F��@
!$?�@$="')7I-B7I@k#&%F74��:P="@ � �l}­+cb¬-6=F74!4�8@�7I�85SN":"0)ED=F��@]��7L�"=F%"'90)?�@k+<-6:"@k'.-�'902747I?8!I-B74="!4��T �X¹XUWV T � � U y�M&#&0)!'Zb � :":"��^F�BQ<�<-6J&� ��� � � Y
� =cbd��:K7I�8:"+ V #&:­-6=]�$="@g7I�k�<-6!x+"?8M6��'9#6�"�C�8*��8:K7 *�#O+"-6'��h²R-6!g7S-6:K7o+cb¬=F:"��?8EP=<-B7I0)#&:�+"���x��' V

*�#&'27I¸_@$#&="@±'.-®ef#6!4*��
∆u + k2ε(x)u = 0

Q�'9-®7I�85SN":"09EP="� 58#&:"@40)@$7I-6:K7_m +F?�5�#6*���#&@4�8!±'9�
5SN"-6*���?�')��5874!4#&*�-6J&:F?87I0)EP="�

u
yl+"#&:K7o#&:/�F!4#&=FM6�]+cb¬-6%�#&!4+�ED=3b¬0)'t�8@$7 :"?�58��@4@4-609!$��*���:K7��F@4��=F+"# V��?�!$09#D+"09EP="�A�x��7i'.-,58#&:"@g7S-6:K7I�
+"0)?�')��5874!40)ED=F�

ε(x)
5SN<-65�=F:;�8:>~��������S~
	D�L|t���O��������Q�:"#&="@i!4-6*�( V

:F��!I-B0)7rmL=":�@$�D@g7I(�*��i+cbd?�EP=<-B7409#&:F@�'90):"?A-60)!4�8@qNF#&*�#6J&(�:"�8@hyl��7r`<:"-6'9�8*��8:P7�mL=":��"!$#&%"')(�*���-6=O^
MB-6')��="!$@n�"!4#&�F!4��@I� YF� -60)@�')��@n*�#D+"�8@��"!$#&�"!$��@�74!4#&=OM&?�@��<-6!q5��x�"!4#D5�?8+"? @$#&:K7r�F="!4�8*��8:P7r*,-�7IN"? V
*�-B7409EP="��@���7L�3�
�S�����I�S~�¢<����	D���<��¢F}�~N��	D�S~k�,�
	D�S~w¢<£D¤¥~��l¦����S~�Q�+"#&:F:"?�@8QC�8=O^CQC�<-B!x'9-�������£<�
	D�
�,�
	K}6¨9���$§P}D����� Y ��-­+"?85�#&*���#&@4027I09#6:_��:>@$?�!$09��@H+F��u<#&="!40)��!L-­5���!g7I�8@H'�b¬-¥MB-6:K7I-6J&�,+F���C#&=OM&#&0)!@8bj-B�"�"'90)EP="��!
m±+"��@
�"!$#6`<')@���?�!$09#D+"09EP="�8@HEP="��')5�#&:"EP="�8@�Qq*,-B09@]@$��*]%"')���"'9="@�-6�F�"!4#&�F!409?8���C#6="!
+F��@x�"!4#6`"'9@�+"�k@$7I!$="5874="!4��:"�k�"!4?8@4��:K7I-6:K7��<-6@x+"�k+"09@$5�#&:K7409:P="0)74?�@�yl*�-6!$5SN"��@8QC58#&09:"@8Q<�8745¥��Q�@4-6:"@
EP="#60R'9�L!I-6:"J,+"=±@$�D@$74(�*��H+cb¬?8EP=<-B7I0)#&:"@i+"#60)7�G�7I!$�]?�')�8M&?BQc?87I-6:K7h+"#&:":F?]'.-,')��:K7I�L5�#&:KM&�8!4J&�8:"5��
+F��@r@$?�!$09��@ Y ���8@rMD!I-60)@�*�#O+F��@r�F!4#&�"!$��@�+"= @$�D@g7I(�*���@$#&:K7�+"0)!4��5�7I�8*��8:P7r09@$@4="@�+"��@�?8EP=<-B7I0)#&:"@q+"�
� -�^$�r�8'9'�-6�"�F'909EP="?8��@x-6=�@4�809:�+"�h'.-]@g7I!4=F587I=F!4�k�C?8!409#D+"0)ED=F�6Q"��7�@�bd��^O�"!40)*��8:K7o74#&="@w@4#6="@xef#6!4*��-B:<-6')�P7409EP="�6QO5�#&*�*��i:"#&="@x-6')'9#&:"@r'9��M&#609!w��:�+"?�7S-60)' Y

����� � ��������
H���h������
 ����
���������� ��� �!� ��"��w�k�����
#�$&%'$)( *'+-,/.1032547698;:-<>=/+?<>8�4A@/4CBD2E03.76F,;GH@/4
��- *�?87INF#O+"�L*�#D+<-6')�L5�#6:"@40)@$7I�
m *��87$7I!$�]��:±��^O�8!4J&="�
'Zb¬��^F0)@$74��:"58�H�87i'Zbj-6')'9="!$����^F-65874��+F��@

+F0)1C?�!4�8:K7I@w�,�
	D�S~a¢��I�S¢��I�S~x+cbd=":�5SN"-6*��
?8'9��5�7I!$#&*,-BJ&:"?87409EP="�w-B=�@$��0):�+3b¬=":F�o@g7I!4=F587I=F!4��+"#&:":F?��
yf��:kel-60)7�Q�+3b¬=":F�r+"0)@$7I!$09%"=O7I09#6:�@$�<-B7I09-6'9�n+"��'.-�5�#&:F@$7S-B:P74��+"0)?�'9�85874!409EP="�A� Y�[ �8@a*�#D+"�8@�58#&:"@$740)74="��:K7
=F:"��%<-6@$�w5�#&*���#&!$74��*���:K7S-6')��@$="!a'9-6EP="��')'9�q=":H5SN<-6*��HEP="��')5�#&:"EP="�w����=O7n-6'9#6!4@R@$�w+"?�58#&*��C#&@$��!8Q
*�#¥�&�8:":<-6:K7x5��8!$7S-B09:"�8@x58#&:"+"027I0)#&:"@w-6=D^�'90)*�027I��@ Y
��-B:"@ 'Zbj-6�F�"!4#D5SN"�k*�#D+<-6')�k+F=­!4?8@4�A-B=­=":"0)+"09*���:"@$09#&:F:"��'�m��"!4#6`"'�!$��587I-6:"J&=F'.-60)!4��yfM6#&09!ouR0 V

J6="!4��� Y � ��Qt'9�,@$��:"@H+F� @$74!I-B740)`<5�-B7I0)#&:_�"!$09#&!$0)7I-609!$�
m/5�#&:F@409+F?�!4�8!]��@g7
+"#&:":F? �<-6!�'�b¬-�^O�,+"�8@
x
Y

p :���@g7i-6')#&!4@x-6�"����')?6Q�+<-6:F@o=":��"!4�8*�0)��!w7I�8*��F@�QCm�58#&:":<-JI)7I!$��')��@�*�#D+"�8@o�"!$#&�"!$��@ +F=/5SN<-6*��
+"-6:"@k=":«��*��"0)'9��*���:K7h0):F`<:"0ZQ�*,-60)@h!4?�J6="'90)��!�Q�+F�,5�#6="5SN"��@L+"09?8'9��5�7I!$09EP="��@k�87LKB#&=;*�?�7S-6')'909EP="�8@�Q
�8:«09J6:"#&!I-B:P7�5��,ED=F0r@4��7I!4#6=FM&��-6= V +"�8@4@4=F@]�87
-B= V +"�8@4@$#&="@]+"=>!$?�@$�A-6= Ya� 'r�8:>@4#&!g7L7I#6=F7I��=":"�
%"-6@4�h+"�ief#&:"5�7I0)#&:"@�+cbd#&:"+F��+"�

x
yl')��@�ef=F74="!4�8@

Xl(x)
��QF74!4(8@x@$09J&:F0)`<5�-B7I02M&��@w�FNP�D@$09EP="��*���:K7�Q�@4- V

5SN"-6:K7wEP="�H� ���D���i'�bd09:Oef#&!4*�-B7I0)#&:
:"?�58��@$@I-60)!4���8@$7�5�#6:P74��:P="�i+<-B:"@�'9�o@4�8="'c*�#67I02ec��?�!40)#O+F09EP="� Y ���
M6��5�7I��=F!H+cb¬#6:"+"�

ky

ylEP="� �"')="@�7I-6!4+_:"#&="@]+F?�@40)J&:"�8!4#&:"@H�"-6!
Λ
��Qt@4� 58#&:"@4�8!$MB-6:K7�-6=«�"-6@4@4-6J&�

+F�]5SN<-6EP="�
09:K74��!$el-B5��]N"#6!409¸8#&:K7S-6')� y � K ��� ��7 ��� K �I��� ��Q356bd��@g7h'9="0�EP="0R5�-6!I-65�7I?8!409@$��!4- �"!4?85�09@$?�*���:K7
��� �



y

x

(I)

(II)

(III)

z

d

w

h

Hz

k

E

θ

Réseau d−périodique simple 

εIII

εd εm

  =1
I

ε

������� � Y ���
	 @^k-&(.23�34/A/-*40C&[%HG E-/NBC&I89#I34E`)+3�.�#()+)+3�>�BC#
d
\],:&IB9>+*�%�>+K1E-#
V�89*�EA.[>L8��J)+3 )+E-.�>�
IB9#�,�*�)L34BC>+89&(#����Of

� )j8IG 34P�>�0[% G E-/�#(.�,->+)+#(.�#(/10�B9&IP�E-)+>�#IB[%-#J@(*�EA@^k-#�8l3�)D0C#(BC/A3 0C>�'
#(.�#(/10�%�>�&I)�#�@"0CB9>LK1E-#I8���@I3Q'1>�09&�8��_#F0�.�&F0^34)+)�>LK1E-#I8
�T>+)$,�#(E�0a@(#(,�#(/A%A34/10a8IG 3�P�>+B?%�#_%�>+&()+#I@F09BC>+K1E-#�85,A34B909*
E�0IV�@F#cK1E->WB9#I'1>+#(/:%�BC3�>D0���EA/ @FBC>+8X0C3�) ,-k-*�09*�/A>+K1E-#������Ff�!W3
B9&IP�>+*�/ ����� #I8X0509B^34/A89.�>+8C89>�'
# 89>

εIII

#�8�0?,�*
89>D0C>�'
#��TBC&I89#I34E�%�# ST#(/10C#I8��"f

5SN"-6EP="��*�#D+"� �F!4#&�"!$��m­'�bd?�5SN"�8'9')�,+"� 74#&=F7H')� @$�D@$74(�*���@$74!I-B740)`<? Y ��-­!4�85SN"��!$5SN"��+F��@H*�#O+"�8@
�F!4#&�"!$��@���@g7k����	 ��¢<����	K}6�<� � +"�h'.-]�"!$#6ef#&:"+F��="!

h
+F=�!$?�@4��-6=�#&=�+"��@�5�#6:"@$7I-6:K7I��@x+"0)?�'9�85874!409EP="�8@

+F��@�!4?8J&09#&:F@ � �87 �I���SY
 x:"�ref#&0)@REP="�w'.-x%<-6@$�w*�#D+<-6')��+"=H5SN"-6*��L+<-6:"@\')�r!4?8@4��-6=
��@$7a?87S-B%"'90)�6Q�#&:]����=F7\58#&:"@$09+"?8!4��!8Q

58�87$7I��ef#609@�Q�'9-/¡8@g7I!4-B7I02`<5A-B7409#&:�¡i+"-6:"@ ')��@$��:"@ +"��@
y
Q<5Bb¬�8@$7 V m V +F09!4�k+"��!I-6585�#&!$+"��!o��:K7I!$�]��=O^�')��@

5SN"-6*��F@]+"��@L!4?�J609#&:"@�@4="��?�!$09�8="!4�±y � ��Q�*�?8+"0.-6:F�°y �I� �k��7H09:Fef?8!40)��="!$�°y �I��� �h+"� :"#674!4� @g�D@$7I(8*�� Y���8@�5SN<-B*��"@�?�')��5874!4#&*�-6J&:F?87I0)EP="��@�+"�8@R!4?8J&09#6:"@�y � ����7wy ���I� ��yf!4?�J609#&:"@t5�#6:P7409:P="�8@R�87�N"#&*�#&J&(8:"��@I�
@$��!$#&:K7w��^O�"!$09*�?�@��<-B!�+"��58'.-6@$@409EP="�8@�+"?�M&��')#&�"����*���:K7I@w+F�hvo-A�D'9�809J&N­yl+"?85�#&*��C#6@40)7409#&:�@4="!r=":"�
%"-6@4��+cbd#&:"+"�8@r�"'9-6:"�8@qN"-6!4*�#&:"0)ED=F��@S� Y ����@q?�EP=<-B7409#&:"@n+"�x!I-B5�5�#6!4+�#&%F7I�8:P="��@�@4#&:K7���:"@$="0)74�w¢��I�"!
�A��� �S�S~�+"�k*,-6:F09(�!$�i!40)J&#&="!$��="@$�6Q<@4=F!o'9-�%<-B@4�k*�#D+<-6')��+"=/!$?�@$�A-6=��87 K�#&=/'9-
%"-6@4�k+"��vo-A�D'9�809J&NcQ
-�`<:,+cbd#&%F74��:"0)!r=":,@$�D@$74(�*���+cbd?�EP=<-B7409#&:"@�*�#D+<-6')��@8QK09:"+"?8�C�8:"+<-6:K7w+F��@�MB-6!$0.-6%F'9��@q+cbd��@$�<-65�� Y ��-!$?�@$#&'9=F7409#&:�+"=�@$�D@$74(�*���:"?�58��@$@40)74��!4-L+"�o74!4#&:FED=F��!r')�o!4-6:"J�+"= @$�D@g7I(�*�� Y ����@�@4#&')=F7I0)#&:"@q5�#&!$!4��@ V��#&:"+F��:K7�-6'9#&!$@h-6=O^°¢<��� 	�~�+"��5SN<-6EP="��*�#O+"�H�"-6!$74095�0)�<-6:K7k-6=�+"?8M6��')#&�"����*���:K7 � #O+<-B'\�87�-6=
+F?8M&�8'9#&�F�C�8*��8:P7x+"�kvx-A�O')��0)J&N Y
st#&=F74� '.-h+"02¯�58="')74?�+"� '9-k*�?874N"#O+F�o��^"-B587I�o!4�8�C#&@$� @$="!r'9-k!$��5SN"�8!45SN"�i+"�o'.-h%<-6@$� 5�#6*��"')(874�

+F��@k*�#D+"��@k�"!$#&�"!4�8@L+"=;*�0)'90)��=°@$74!I-B740)`<? Y ����@�ef#6:"587409#&:"@h�"!$#&�"!$��@L@$#&:K7L5�-6!I-B587I?8!40)@4?�@��<-6!k=":M6��5�7I��=F! +cbd#&:"+"�
ky = Λ

y
cf
[ N<-6�"027I!4� � ��Q�EP="0�+"#60)7�M&?8!40)`"��! #6%"'90)JK-B7I#609!4�8*��8:K7w=":"�k?�EP=<-B7409#&:

74!I-6:F@45��8:"+<-6:K74��yf'�bd?�EP=<-B7409#&:k-6=O^hMB-6')��="!$@��"!4#&�F!4��@I� Y�[ �qEP="0P5�#&*��"'90)EP="�aef#&!$74��*���:K7�'9�n�"!$#&%"')(�*��
�8@$7L'.-�:<-B7I=F!4���S��� ¢�¨9�$§O��+F�,'.-�5�#&:F@$7S-B:P74�,+"0)?�')��5874!40)ED=F��+<-B:"@L')��5�-6@L+"�8@L*�?87I-6=O^_m�����!g7I��@ Y
�\bd?�EP=<-B7409#&:
7I!4-6:"@$5���:F+<-6:K7I���8@$7r-6'9#6!4@qmk!4-65�0):"��@q5�#6*��"')��^O��@q�87�'.-h%<-6@$�o+F��@�ef#6:"587409#&:"@n�"!$#&�"!$��@
:3b¬�8@$7\�<-B@a#&!$74N"#&J&#6:<-6'9� Y �nbd?87I-6����+"���"!$#��$��5�7I0)#&:cQ6*���:K7409#&:":F?��r+"-6:"@a')�r�<-6!4-6J&!4-6�"N"���F!4?�58?�+"�8:K7AQ:F?�5��8@4@$0)7I�8!I-
=":"��-B7474��:K7I0)#&:��<-6!g7I0)5�="')09(�!$� Y

���6µ



#�$&%'$ % �����;2 6F<>G =�� @/4�� 2
	�� 4�B>B
�\:±!4�8�"!4�8:<-6:K7h7I#&=F74��@i')��@i?�EP=<-�7I09#6:"@i+"� � -�^$����')'�Qc#&:°����=O7�*�#&:K7I!$��!�EP="�BQ�+<-6:"@i=F:�*�0 V')09�8=°+"?�58!40)7k�<-B!i=":"���C�8!4*�0)74740)MD0)74?L+"0)?�')��5874!40)ED=F�H!4��'9-B7I02M&�

ε(~r)
��7k=":"���C�8!4*�?A-6%"0)'9027I?L!$��'9-B7I02M&�

µ(~r)
Q<��:/'Zbj-B%"@4�8:"5���+"��@$#&="!$5��k��^D7I?8!409�8="!4��+"�k5SN<-6!4J6��?8'9��5�7I!$09EP="�k#&=�+F��58#&="!I-B:P7�Q�'9��@�5SN<-B*��"@

?8'9�8587I!$#&*�-6J&:"?�7I09EP="�8@ ~H
�87 ~E

Q"MB-6!409-6:K7�N<-6!$*�#&:F09EP="��*���:K7�+<-B:"@�'9�i7I�8*��"@��8:
e
−iωt
Q"M&?8!402`<��:K7

')��@w?8ED="-B7I0)#&:"@�+"�h�"!4#6�<-6JK-B7409#&:�@$="0)MB-6:K74��@hz

~∆ ~E + µ(~r)ε(~r)k2 ~E =
−−→
grad (div ~E)(

1

µ(~r)
(
−−→
gradµ(~r)) ∧ −→rot ~E

yX� Y � �

~∆ ~H + µ(~r)ε(~r)k2 ~H =
−−→
grad (div ~H)− 1

ε(~r)
(
−−→
gradε(~r)) ∧ −→rot ~H

yX� Y � �
p �

k = ω
c

��@g7 '9��*�#O+"=F'9��+"=�M6��5�7I��=F!�+cb¬#6:"+"�6Q
ω
'9-;�"=F'9@I-�7I09#6:�+"�8@,5SN<-B*��"@��87

c
'.-

58?�')?�!4027I?H+"�
'9-�')="*�09(�!$�]+<-6:F@k')�HMO0)+"��y
c2 = 1

µ0ε0

� Y
� #&=F@�?�7I="+"0)#&:"@h+"�8@k!$?�@$�A-6=O^;'9-6*��8'9'9-609!$��@
=F:"09+"0)*��8:"@40)#&:":"�8'9@ Y�� =,')�x@g�D@$7I(8*��o+cb¬-�^O��@�EP="�o'�bd#&:�@8b¬�8@$7r5SN"#&09@$0�QK')��@q5SN<-6*��"@�@$#&:K7�0):PMB-6!$0.-6:K74@
@$="0)MB-6:K7

z
Y �\:��C#6'.-6!$09@I-�7I09#6: s � Q<#&:�-�z

~H = Hz(x, y)~ez
�87 ~E = Ex(x, y)~ex + Ey(x, y)~ey

��-B:"@�=F:"��@g7I!$="5874="!4���3���>��}��6�7���Z�l¦��<�/y
µ(~r) = 1

��Q�5A-B!I-65�7I?�!$09@$?��,�"-6!h=":"��+"09@g7I!40)%"=F7409#&:
@$�<-B740.-6')�q+F��'.-�5�#&:F@$7S-B:P74�w+"09?8'9�8587I!$09EP="�q!4�8'.-B740)M&�

ε(x)
QB')�r5SN<-B*��]*�-6J&:F?87I0)EP="����#&'9-6!40)@4?\M&?8!40)`"��z

∂2Hz

∂x2
+

∂2Hz

∂y2
+ ε(x)k2Hz =

1

ε(x)
· dε

dx
· ∂Hz

∂x

yX� Y  �
��-�@$��="')�_58#&:":<-60)@4@4-6:"5��_+"�

Hz
!$?�@4#6=F7­�8:P7409(8!4��*���:K7/'9���"!4#&%F'9(�*���?�'9�85874!4#&*�-6J&:"?�7I0)ED=F�

�F="09@$ED=F� −→
rot ~E = iωµ0

~H
Y

#�$&%'$�� � ,;2 0 8�� @/2 =�� BD4�� : .�� <DG =�� ,/G 03G�����=;4���� 476��������/@/.! 4�B>G 8/8�4#"
034�= 6 @;4%$ 2
&HB>4�<'� ,

��-B:"@o')��@x!4?8J&09#&:F@xNF#&*�#6J&(�:"�8@ � �87 ����� yl@$0)7I=F?���@ -6= V +"��@$@4="@o�87o��: V +"��@$@4#&="@o+"=/!$?�@$�A-6=���QC'9-
����!$*�0274740)MD0)74?a!4�8'.-B740)M&�

ε(x)
��@g7a58#&:"@$7I-6:K7I� Y&p :L�8@$7a-6'9#&!$@�!I-6*���:"?�mo=F:"�r58'.-6@$@409EP="��?�EP=<-B7409#&:k+"�

�x��')*�#&'27I¸ Y ����@�@$#&'9=F7409#&:F@cJ&?�:F?�!I-B'9��@�@$#&:K7t+"�\'.-ref#&!$*��
eikxx+kyy QA-¥M6��5 k2

x+k2
y = k2 Y ����@�*�#O+"�8@�F!4#&�"!$��@H+"��58��@
!4?8J&09#&:F@�QR�F!409@H0)@4#&')?�*���:K7AQtef#&!4*���:K7H+F#&:"5�}�¢����������h=": 5�#&:K7I0):P="="* +cbd#&:"+F��@

�F'.-6:"�8@�Q<58#&*�*��i+"?��4m
MD=�-6= [ N"-6�"0)74!4� �OY�[ �8�C�8:"+<-6:K7AQ�5��8@o!$?�J&0)#&:"@w#&:K7x7I#&=O7I��@�')��@�+"��=D^�=":"�ef!$#&:K7I0)(�!4���C?8!40)#O+"0)EP="�­yf'9��!4?�@$�A-6=<� Y �\:>@4�,+"#&:":<-B:P7H-6'9#&!$@L=":F� #&:"+"�,@4#&="!$5��
eik(sin θx−cos θy) Q-B!4!402MB-6:K7 -AM&�85°=":¶-6:FJ&'9��+cb¬0):"5�0)+"��:F5��

θ
@4="! '9-�ef!$#&:K7I09(8!4���C?8!409#D+"0)ED=F�6Qn'9��5�#&:K7I0):P="="* �C�8=F7

+3b¬�8*]%"'9?8�LG�7I!4��+"09@$5�!$?87I0)@4?]�8:­'.-�%<-6@$�]%"09�8:­5�#6:":P="�]+"�8@�*�#D+"�8@ +"�Lvo-A�D'9�809J&N YC� #¥�6��:":<-B:P7h'9-58#&:"+"027I0)#&:�¡8+3b¬#&:F+"��@\�"'9-6:"�8@a@4#&!g7S-6:K74��@¥¡iy�7I#&=O7I�w-6=O7I!4�r#&:"+"�w�"!$#¥MO0)��:K7\+"=H!$?�@$�A-6=
�87a:"�w+"0)M6��!$J&�
�"-6@��8:«*�#O+"=F'9�¥��Q�'9�8@�5SN<-B*��"@k!4?�	<?�5SNF09@]��7�74!I-6:"@$*�0)@h�<-6!k'9��!4?�@$�A-6=_@�bd?�5�!$0)M6��:K7H5�#6*�*��
=":"�
@$#&*�*���+3b¬#&:F+"��@x+"� �r'9#D5SNcQ"�F@4��=F+"# V ��?�!$09#D+"09EP="�8@ Y

���6´



����@o5SN<-6*��"@x*,-6J6:"?87409EP="��@x+"�8@o!$?�J&0)#&:"@ � yl+cbd09:F+"0958�k#6�F7I0)ED=F�
1
����7 �I��� yf+cb¬0):"+"0)5��h#&�F7409EP="�

EP="�8'958#&:"EP="�
nIII

��@�bd��^O�"!40)*��8:K7 -B'9#&!$@�5�#&*�*��i@4="027hz<�C#&=F!�7I#&=F7
x
Q







∀y > 0, HI
z (x, y) = eik(γ0x−ηI

0 y) +
∑+∞

n=−∞ Rn eik(γnx+ηI
n y)

∀y < −h, HIII
z (x, y) =

∑+∞
n=−∞ Tn eik(γnx−nIII(y+h) ηIII

n )

p �
d
��@$7o'.-]��?�!$09#D+"�i+"=�!4?8@4�A-B= Y

γn = sin θ + n
2π

d
et







ηI
n =

√

1− γ2
n

ηIII
n =

√

1− ( γn

nIII
)2

Rn

�87
Tn

@4#6:P7n')��@\-B*��"')0)74="+"��@�yl58#&*��F'9��^O�8@S�R+"�8@q#6:"+"��@\�F'.-6:"�8@\!4�8@4����58740)M6��*���:K7n!4?�	<?�5SN"0)��@
��7w7I!4-6:"@4*�09@$��@ Y��- %<-6@$� +"09@$5�!4(�7I� +cbd#&:"+"�8@±�"'.-6:F��@�Q 5�#&*�*]=":"�«-6=O^·!$?�J&0)#&:"@ y � �/�87�y �I��� ��Q�@4�8!I-¶:"#674?��
(en(x))n∈Z

#��
en(x) = eiγnx �87H-B�"�C�8'9?8���������	����
���
���������� Y �\')'9��-�'�b¬-AMB-6:K7S-6J&��+cbdG874!4�

������£<���3������}6¨9�h-6=�@4�8:"@o+F=��"!$#O+F="0)7w@$5A-6'9-609!$� 1
d

∫
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λ1 +λ2 = 2 cos(kd sin θ)
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Tr(T ) = 2 cos(kd sin θ)
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cos(αw) cos(β(d− w))− 1
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[
αεm

βεd
+

βεd

αεm
] sin(αw) sin(β(d− w)) = cos(kd sin θ)
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√
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√
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cos(αw + β(d− w))− 1

2
[αεm

βεd
+ βεd

αεm
− 2] sin(αw) sin(β(d− w)) = cos(k//d)
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Réseau D−périodique à 2 cavités 
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∣
∣
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Q
x2 = L1 + w
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1 = cos(βL1) + i

kεm

βl
V l
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kεm

βl
V l

2 sin(βlL2) V l
3 = i

βl

kεm
U l

2 sin(βlL2) + V l
2 cos(βlL2)

#�$�� $�� � G =�� <>@/. : 2 6F<>G =��9@/4 ��&�03.76 : <D4
��-B:"@�'9�i5A-B@x+F=�!$?�@4��-6=/��?�!$09#D+"09EP="� @409*��"')�6QF5Bb¬�8@$7 V m V +"09!$�hm � 5A-AMD0)74?i�<-6!���?�!40)#O+F�6QF'9-H+"09@ V

74!40)%"=F7I0)#&:�+"09?8'9��5�7I!$09EP="�
ε(x)

��#&@4@$(�+"��74#&=��$#&="!$@r+"�8=O^�-X^F�8@w+"��@g�O*�?874!40)�Hyl'9-�*�?�+"09-B7I!$0958�o+"� '.-
ef�8:K7I���87�5���')'9�
+"=;5�!I-B:_*�?87S-B'9'90)EP="�H@4?8�<-6!I-B:P7 � ef�8:K7I��@L-6+��4-658��:K7I�8@S� Y ³O0n'Zb¬#&!$09J&0):"�]+"=;!4�8�C(8!4�
�8@$7 �"'.-658?���@4="!�=F:­+"�]58��@i-�^O�8@�Q3'Zb¬#6�C?8!I-B74��="! L(x)

��@g7i@$�D*�?87I!$09EP="����:°@I-�M6-B!40.-B%"'9�h+cbd��@$�<-65��
x
��7�')��@x@4#&')=F7I0)#&:"@x+"�L'Zb¬?8ED="-B7I0)#&:/+"0213?8!4�8:P7409�8'9'9��yX� Y � ��@$#&:K7�@4#60)7�� ��� : � �6QC@$#&0)7 � � � � � : � �k�"-6!

!4-6�"��#&!$7qmi58��@�-�^O��@ yl'.-��"-6!4027I?w+cbd=":"��ef#&:"5�7I09#6:�+F#&:":"?8�xMB-6=F7n:F?�5��8@4@4-609!$��*���:K7r��#&="!n')��@ � -�^O��@
m]'9-�ef#&0)@S� Y ²�#6="!w=":"� MB-6')��="!r�"!4#&�F!4�

Λ2 +F#&:":"?8�6Q"'9-�ef#&:"5�7I09#6: �"!4#6�"!4� �
����� : �������8@$7w74#&=��$#&="!$@=F:"�r58#&*]%"0):<-609@$#&: +"� � @$#&'9=O7I09#6:"@�')09:"?�-609!$��*���:K7t09:"+F?�����:"+<-B:P74��@�y � ef#&:F587I0)#&:L�"-609!$�6Q � ef#&:"5�7I0)#&:
0)*��"-609!$� � �4� YR[ b¬�8@$7
'.-�5�#&:F+"0)7409#&:�+"� �"@$��="+F# V ��?�!$09#D+"09580)7I?�EP="0nMO0)��:K7]`F^O�8!]'9�8@L5�#D�8¯�5809��:K74@]+"�58�87$7I�h5�#&*L%"09:<-B09@4#6: Y
��-B:"@i'9��5A-6@i+"�L'�bd09:"5809+"�8:"5���:"#&!4*�-6')� QC#&:°'9�kM&��!$!I-��"')="@�'9#609:cQ�'9�8@ ef#&:"5�7I0)#&:"@ �F!4#&�"!$��@i+"� VMD0)��:":"�8:K7/��^F58'9="@$0)M6��*���:K7/�"-609!$��@�#&= 09*��<-60)!4��@ Y �Lb¬-6�"!$(�@�5���@�5�#6:"@40)+"?�!4-B7I0)#&:"@�+"�±@$�D*�?87I!$09�BQ@$��="')@r')��@q*�#D+"��@q�"!$#&�"!4�8@r�<-B09!4@q��#&="!4!$#&:K7rG�7I!$���f���S���l� � ���,���<�q�$§O����� �S~��8: 09:"5809+"�8:"5��o:"#&!$*,-6')�6Q�F="09@$ED=F��')�H5SN<-6*��_+cbd��^O5�027S-B7409#&:±@$��!I-��<-60)! Y�p :�'9�HM&?8!40)`"��%F09��:�:P="*�?�!40)EP="��*���:K7 Y�[ ��747I��!4� V*�-6!$ED=F������=F7 @4�8!$MD09!x+<-6:"@o'9�k5A-6@o#��­'Zb¬#&:�M&�8=F7�74!I-AMB-609')'9��!�-AM6��5]=":/:"#&*]%"!$��?8'9��M&?L+F�L*�#O+"�8@

�F!4#&�"!$��@�yf#&:>�C�8=F7�¡8@4-6=F74��!¥¡,74#&="@H'9�8@]09:K74��!4*�?�+F0.-60)!4��@k09*��<-60)!4@kEP="0�:cb¬-6="!$#&:K7
�<-6@H+"����#&09+F@
+"-6:"@�'.-]!$?���#&:"@4�h#&�O7I09EP="�h+"=�@$�P74(�*��¥� Y
²t#&="!i=":±!4?8@4��-6=±�C#&@$@4?8+<-6:K7 � ef�8:K7I��@�yf+"�������,�H'9-6!4J6��="!I�o�<-6!���?�!$09#D+"�6QC09'���^O09@g7I�H?�J&-6'9� V*���:K7 � -�^O��@q+"�x@$�D*�?�7I!$09��yl*�?�+"09-B7I!$0958��@a+"�8@ � @$74!I-B74��@q*�?�7S-6')'90)ED=F��@S� YK[ #&*�*��w09'9@R:"�o@$#&:K7r�"-6@58��:K7I!$?�@n@4=F!\'9��@�ef��:K7I�8@q*�-60)@R��:K74!4�w��')'9�8@�Q6:F#&="@\5�#6*��"!$��:"#6:"@\EP=cbj-B=�@$��0):�+3b¬=":F�w*�G8*�����?�!$09#D+"�6Q

@$��')#&:,')� *�#O+"�x�"!$#&�"!4�o��: EP="�8@$7409#&:cQO'9�8@ � 5�-AMO027I?8@��C�8=FM&�8:K7wG874!4��')�o@$09(�J6� +"�o5SN<-6*��"@�?�')��5�7I!4# V
*�-6J&:F?87I0)EP="��@�?�JK-6=D^�#&= #6�"�C#6@4?�@w�8:K7I!4�i�8=O^�yf+"��'9mFQO'Zb¬?8*��8!4J&�8:"5�� +"��:"#&=OM&��')'9�8@w+"09@g7I!40)%"=F7409#&:"@
+F�k'9-]'9="*�09(8!4�i-B=�@$��0):�+"=�*�#67I02e��C?8!409#D+"0)ED=F� Y2Y)Y � Y

����� � � � �k� � � �������h���!�H�{����� � ������� ��������� ��� ��� ���R��������� �
�k���3�k��
H�

p :±-,*�#&:K7I!$?]EP="�H'.-,58#&:"+"027I0)#&:/+"�H�F@4��=F+"# V ��?�!$09#D+"09580)74?�@$="!�'9�8@�5SN<-6*��"@�?8'9�8587I!$#&*�-6J&:"? V
7409EP="�8@k`<J6��')��@$�C�8587I!$�,+"��'�bd#&��?�!4-B7I�8="!�+F��5SN<-B*�� Lx

yf#&= L ���8:«=":_@$�C�85874!4�,+F09@458!4��7AQt+"#&:K7
 
 
 / ,:#IE�058(G #(/J@F*�/7' 34>+/A@(B9# 3Q'
#I@5)+#I8

Xl(x)
@(34)L@FE-)+&(#�8�,AB9&�@F&I%-#(.�.�#(/10IV1#(/ ,-)+3��(3�/
0i) G *�BC>+P�>+/-#a%�#�8j34dA8C@F>L8989#I8

8XE-B5EA/J%�#�8?3 6�#�8i%-#c8�37.�&F0CB9>+#�f 
 /�%�>L8�0C>�/AP�E-#R34)+*�B^8i)+3�@(*�.�,:*1893�/109#b,A34>+BC# %�#R)L3�@F*
.[,�*
8C34/10C# >+.�,A34>+BC#�f

� � �



')��@wMB-6'9�8="!4@��"!$#&�"!$��@ @$#&:K7 :F?�5��8@4@4-609!$��*���:K7�!4-65�0):"��@x+cbd=":"�k*�G8*��h?�EP=<-�7I09#6:�7I-6:"@458��:"+"-6:K7I� YC�'9-�@4="027I�
+"��@hMB-6'9�8="!4@
(Λ2

l )l>0

5�#&!$!4�8@4��#&:"+_'9- el-6*�0)'9')�
(Xl(x))l>0

+F��@hef#&:"587409#&:F@k�F!4#&�"!$��@k+"=
5SN"-6*���+<-6:"@R'9�q!4?�@$�A-6=�yf*�#D+"�8@�+"=L5SN<-6*��]*,-BJ&:"?87409EP="�BQ��8:H�C#6'.-6!$09@I-�7I09#6:is � � Y&[ �87474�rel-6*�09')'9�
58#&:"@g7I0)74="�h��:/el-B0)7�=":"�k%<-6@$�L?8'9��5�7I!$#&*,-BJ&:"?87409EP="�h+"?8:"#&*]%"!4-6%"')�6Q<+"�k+"09*���:F@409#6:�0):F`<:"0)� � � YCp :
����=O7�+F#&:":"�8!�m°'Zb¬�8:"@4�8*]%"'9��+"�8@Hef#&:"587409#&:F@��F!4#&�"!$��@
=":"��@g7I!4=F587I=F!4��+cb¬�8@4�<-B5���M6��5�7I#&!$09��'w�"-6!
'Zb¬0):K7I!4#D+"="5�7I0)#&: +cbd=":�%C#&:��"!$#��$��5�7I�8="! Y
[ ��747I��?87I-6�C�h7INF?�#&!$09EP="�k��@$7 5�!$="5�09-6'9� Y�[ #&*�*��h��^O�"')09EP="?k��:­�<-BJ&� �  � Q<#&:�+"#&0)7x��13�8587I=F��!

'9-H¢��I�F�A�S���l�����±+"��@�?8EP=<-B7I0)#&:"@o+"�L!4-65�58#&!4+"@ ��:K7I!$�]'9�8@o!$?�J&0)#&:"@ � Q �I� �87 �I��� Q�@4="!o'9�8@ +"0213?8!4��:K74��@
%"-6@4�8@k+F=�@g�D@$7I(8*���yf%<-6@4�H+F��vx-A�D'9��0)J&N­��7h%<-6@4� � #D+<-6')�]+"=±!4?8@4��-6=�� Yt[ ��7474�
74��5SN":F09EP="�
+"#&027
����!$*���7474!4��+cb!� 	 � : ��� : � � � � � ��� ���
��� � ����5SN<-65�=F:�+"�8@w5�#D�8¯�5�0)��:K7I@�0):"5�#&:F:D=F@w+"=��"!4#&%F'9(�*��6Q
��7L+F#&0)7�#&��?�!4�8!L+"�8@L�"!$#��$��5�7I0)#&:"@�������£<���D����}6¨9�S~ Y5� '��8@$7H+F#&:"5,0)*���#&!g7S-6:K7AQ3�"="09@$EP="� '9��5SN<-6*��
*�-6J&:F?87I0)EP="��:"� ��#&@4@$(�+"� �<-6@q'.-h*�G8*��x+"?�58#&*��C#&@$0)7409#&:
*�#O+<-B'9��+<-6:"@�'9�8@�!$?�J&0)#&:"@ � Q �I� �87 ���I� Q
+F� 5A-B!I-65�7I?�!$09@$��!�'Zb¬#&!g7IN"#6J&#&:<-6')0)74?�+"��@w%"-6@4�8@��87w')��="!q�"!$#��$��5�7I��=F!�-6+"?�EP=<-�7�+<-6:F@�5SN<-6EP="�i!$?�J&0)#&:
+3b¬?�7I="+"� Y
#�$ �'$)( � .�� =;< 6 <>G = @���� : G�� 4�+ 6 4�� :
��� �F!4#D+"="0)7�09:K74��!4:F� EP="03+F#&:":"�im�'�bd��:"@$��*]%"')�o+F��@ref#&:F587I0)#&:"@��"!4#&�F!4��@�=":"��@g7I!$="5874="!4��+3b¬�8@ V�"-65��iM&�85874#&!40)��'�QF��@$7x'Zbj-6�F�"'90)5A-B7409#&:,m
MB-6')��="!$@w5�#&*��"'9��^O��@�Q<+F?8`<:"0)�h�<-6!ky$T ¹�U Q9T � ��U � z

∀(u, v), < u|v >=
1

d

∫ d

0

1

ε(x)
u(x) · v(x)dx

p =
d
+"?�@$09J&:"�o'.-h�C?8!40)#O+"�x+"= !$?�@$�A-6= Y ��� 5SN"#602^�+"�o'.-ief#&:"587409#&:�+"� ��#&0)+"@ 1

ε(x)

+"?85�#&="')� :<- V
74="!4�8'9')��*���:K7q+"� '9-hef#&!$*���+"�o'�bd#&��?�!I-�7I��=F!�+"0213?8!4�8:P7409�8' Lx

��:,�C#&'9-6!40)@I-B7409#&:Hs ��Y �\: 'Zbj-6%F@4��:F5��+F��5��87$7I� ef#&:F587I0)#&:«+"����#&0)+"@�yl58��@4�8!I-6027H'9� 5�-6@H��#&="!]'9-­�C#&'9-6!40)@I-B7409#&:�sU�q��Qa#6:ª#6%F7I0)��:"+"!4-60)7
58��!g7I��@r=": �"!$#O+"=F0)7�@45A-B'.-60)!4�x5�'.-B@4@40)EP="�6QO*,-60)@n:"#&:�����!$7409:"�8:K7AQDED=F03:"�o�C�8!4*��87474!I-6027r�"-6@r+"�o7I!I- V
MB-60)'9')��!q-AM&��5h'Zb¬#&��?�!4-B7I�8="!r��#&="!r?87S-B%"'90)!r'9�8@��"!$#&�"!40)?874?�@wEP="0CM6#&:K7x@4="02MO!$� � � YO� M6��5h'9���F!4#��$�8587I�8="!+F?8`<:"0�5�0 V +"�8@4@4=F@�QR#6:«�C�8=F7]+F?�*�#&:K7I!4�8!L+"�8@]�"!$#&�"!40)?874?�@L74#&=F7Lm�el-60)7�J&?8:"?�!4-6'9�8@L@4=F!]'.-�M6-B'9��=F!
�F!4#&�"!$�

Λ2 Q"�"-6!���^O��*��"'9�iEP=cbd��:�*�?�7S-6'3�<-6!$el-B0)7AQ (Λ/k)2 ≤ εd

y�M&#&0)! � :":F��^O�6Q��<-6J6� � � � � Y
³O0

ε(x)
��@$7xmkM6-B'9��=F!4@����S��¨�¨9�S~�QD#&: *�#&:K7I!4� ED=F��'�bd#&��?�!I-�7I��=F! L �8@$7 � � �"� # � ���������'�k-6=�@$��:"@+F=]�"!4#D+"="027a0):P74��!$:"�r�"!$?�58?�+"�8*�*���:K7n+"?�`<:"0�y�M&#&0)!R+"?8*�#6:"@$74!I-B7409#&:���:H@4�8587409#&:H@$="0)MB-6:K7I�A��Q�56bd��@g7 Vm V +"0)!4�

< Lu|u >=< u|Lu >
QO�8: 5�#&:F@4?�EP="�8:"5��i+F��EP="#&0�'9��@nMB-6'9�8="!4@��"!4#6�"!4�8@r@4#6:P7r!4?8��'9')��@8QO��7

')��@�ef#&:F587I0)#&:"@w�"!$#&�"!$��@x-6@4@$#O5809?8��@x#&!$74N"#&J&#&:"-6'9�8@���:K7I!$���8'9')��@ Y
 �(!W32S�3�.[>+)+)�#[%�#I8 ST*�/A@F09>+*�/A8a,-BC*�,-BC#I8

Xl(x)
#I8X0 &I'7>+%�#I.�.[#I/10 �"P
&(/-&IBC3409BC>+@(#�� %�E @^kA34.�, .234P
/-&F0C>+K1E-#��A)+#I8

ST*�/A@F09>+*�/A8IV$/-*
/ %�&IP�&(/A&(BC&(#I8IV$' 3�B9>L34/10l@(*�.�.�#
e±ikx·x

�
kx = α

*�E
β
�"Vh)�#�@(3�BC3
@"0�
(BC# �")+>�d-BC#��U%�#M)L3�S�3�.[>+)+)�#

#(/`%-&I@F*
E-)+#�f � )h/ G 3`3M,A3
8a%-#lST*
/A@"0C>�*
/ /-*
/�\]/1EA)�)+#�V�k-*
B9.�>L8a@(#()+)�#�8�
 � � � 
��
	�������	���� � � �U)ZG &�K
E:3 09>+*�/ 34E�6 ' 3�)�#IE-BC8
,-B9*
,-BC#I8IV(%�*�/10h)�#i@^kA34.�,c.23�P�/-&(09>LK
EA#�,-E->L8C8X# "F09BC#�EA/-# @(*�._dA>�/A3�>+89*�/$VI@F#iK1E->�3�8C8XE-BC# � � ��� ����� )L3 �(@F*�.�,-)+&F0CEA%�# �%�#U)L3 dA3
8X#
f 	 #IE-)�#I.�#(/10IVh%-34/:8c)+# @(3
8R*��

ε(x)
#�8�0�@F*
.[,A)�#(67#
V$*
/ 34E-B^3�d�#I89*�>+/ %�#US�3�>�BC#M34,A,:#I) ��EA/-#MdA3
8X#

3�% ��*
>�/109#b,�*�E-B?%-&F09#IB9.�>+/-#(B?8C34/:8534._dA>�P
E->D0C&R@^kA3�K1E-#b@F*7# �U@(>�#I/
0 %-E�%-&('�#I)�*
,-,�#(.�#(/105.�*7%A34)Zf
 � � "(.�# 89>

ε
#I8X0iBC&(#I)�)+#�V7)+#I8 ST*�/:@"09>+*�/:8

Xl(x)
/-#R8X*
/
0i/7E-.�&(BC>+K1E-#I.[#I/10i,A3
8i*�B909k-*
P�*�/:34)+#I8����
��� ��� ����� 
��c%�#)+3 ST*�/A@F09>+*�/[%�#j,:*
>+%-8

1/ε(x)
%-34/:8W)+#j,-BC*7%-E->D0 >+/109#(BC/-# �T)+#I8h89>�.lE-)+3409>+*�/A8hK1E-# �FG 3�>7S�34>�09#�8 %-*�/-/-#I/10 % G 3�>�)+)�#IE-B^8W%�#�8

8X,�#I@F09BC#I8?%�#_B9&I,:*
/A8X#c@^k:34*40C>+K1E-#�8��Ff � G #I8X0 8X,�&I@(>De:K1E-# �2)+3�,�*�)L34BC>L893409>+*�/ ���Of
< u|v >

/ G #�8�0a,A3�85EA/�,-B9*�%�EA>D0
89@I34)L34>+B9#Rk-#IB9.�>�09>+#(/ ��*�/�/ G 3U,:3�8

< u|v >= < v|u >
V�/->WST*�B^@F&(.�#I/
0

< u|u >
,:*18X>�09>�S�*�E�/7E-) �"V�8C34E�S 8X>

ε
#�8�0

B9&I#()+)�# ��� ,�*
89>D0C>�'
#���@(3
85%�#I85%->�&I)�#�@"09BC>LK
EA#I858C34/A8j,�#(B909# �i*�EJd->�#I/�>�/�e:/->�# ��.�&F0C3�) ,A3�BXS�3�>D0 �"f

� � �



� -B09@�+<-6:F@�')�°5A-6@�+cbd=":"�±58#&:"@$7I-6:K7I��+"09?8'9�8587I!$09EP="� }°¢�����������5�#&*��"')��^O�6Q�'9-_el-6*�09'9')��+F��@
ef#6:"587409#&:"@��"!4#6�"!4�8@a5�#&:F@$7I027I="�r=":"��%<-B@4�w*�#O+<-B'9�q+"#&:K7\09'D:cbd��@g7\�"'9=F@a�C�8!4*�09@t+"�w�"!$#&=FM&�8!aEP=cbd��'9')�
@$#&0)7 #&!$74N"#&J&#6:<-6'9� Y�p !�:"#B7I!4�H+F?�*�-6!45SN"�H�8@$7k+cbd��^O�"!$09*���!�')�]5SN<-6*��±*,-6J6:"?87409EP="�L74#67S-6'ZQC+"-6:"@
')�i!4?8@4�A-B=cQ<5�#&*�*��i5�#&*]%F09:<-60)@4#&:�')09:"?�-609!$� +"�8@wef#&:"587409#&:F@w�"!4#&�F!4��@

Xl(x)
z

∀x ∈ [0, d], Hz(x, y = cte) =
∞∑

l=1

cl ·Xl(x)

� 'K:F#&="@�el-6=F7t�C#6=FM&#&0)!�+"?8`":"09!�'.-w@$="0)74�q+F��@R58#O��¯�5�09�8:K7I@
cl

+F��*�-6:"0)(�!4�w�D�<�l¦��<��Q¥+"#&:"5q!4�85SN"��!$5SN"��!
=F:"�]%<-6@$�]+"?8:"#&*]%"!4-6%"')���$="+"0)5�0)��="@$�6Q�ED=F0R@4#60)7�!$09J&#6="!4�8="@4�8*��8:P7 #&!$74N"#&J&#6:<-6'9��m,'9-�%<-6@$�

(Xl)l-B=]@4�8:"@a+"=]�F!4#��$�8587I�8="!\="@$0)7I? Y&[ bd��@g7\��:H58��'9-oEP="��@$���C#6@4��=":L�"!4#&%F'9(�*��q+"���������	��

�������L+"-6:"@
')��7I!4-60)74��*���:K7n*�#D+<-6'F+"��@q@$�D@$74(�*���@�� ¢<�������S~]yZm

ε
5�#6*��"')��^O�¥� Y ���o+"?�M&�8'9#&�"����*���:K7q7IN"?8#&!40)EP="�

EP="0�@$="0)7w� !4?���#&:"+�%"0)��: Y
#�$ �'$ % � 2��9G��

ε
4�� 69+?G 0 8 B>4 	�4 � B>4C8/: G�� B'�1034 2 @�� G <>= 6

[ #&:F@409+F?�!4#6:"@�'�bd#&�C?8!I-B74��="!w')09:"?�-609!$� L+ = ε̄(x).[ d
dx

( 1
ε̄(x)

d
dx

) + k2] = L Y
³O#609��:K7

u
��7

v
� ef#&:"5�7I0)#&:"@R+F�r^3QB�"@4�8="+"# V �C?8!40)#O+"0)EP="��@�yf'9�8="!4@�+"?�!$0)M&?8��@\')�r@4#6:P7n?8JK-6')��*���:K7�� Y

�\:��81C��5�7I=<-6:K7x'9�8@�%C#&:F:"��@�09:K74?�J&!4-B7I0)#&:"@��<-B!x�"-6!$7409��@8Q"#&:�?87I-6%"')0)7�el-65809')��*���:K7wEP="� � �
< L+u|v >=< u|Lv >

� =F7I!$��*���:K7H+"027AQ L+ = L ��@g7H'�bd#&��?�!4-B7I�8="! ��� ����� ����+"� L yZ-B=F7I# V -6+��$#&0):K7L@$0 ε(x)
��@$7�m

MB-6')��="!$@w!4?8��'9')��@I� Y � �
[ #&*�*�� L Q�'�bd#&��?�!I-�7I��=F! L+ ��#&@$@4(�+F��=":>@4����5�7I!4�,+"�,MB-6'9�8="!4@L�"!4#&�F!4��@ (Λ2

l )
+ Qa-B@4@4#D5�0)?

m
=":"�hel-6*�09')'9� +F�kef#&:F587I0)#&:"@��"!$#&�"!4�8@o�F@4��=F+"# V ��?�!$09#D+"09EP="�8@
(X+

l )l
Y�[ ��747I�kel-6*�09'9')� 58#&:"@$740)74="�

=F:"��%<-6@4�;} 	I�A�����<����m°'.-­%"-6@4��+"�8@�ef#&:F587I0)#&:"@]�F!4#&�"!$��@
(Xl)l

Y �a7S-B:P7
+F#&:":"?�EP="��'.-­el-6*�09')'9�-B+��$#&09:K74�i5�#&!$!4��@$�C#6:"+/m
ε̄
Q<58��'.-H@$09J&:"02`<�iEP="�h'9�8@�ef#6:"587409#&:"@w�F!4#&�"!$��@�+cbd=":"�k�<-6!g7AQ"��7 -B+��$#&09:K74��@

+3bj-6=O7I!4���<-6!g7AQn#&:K7 +"�8@,+"?8�C�8:"+<-6:F5���@ 74��*��C#6!4��')'9�8@����S���j¢��I��¦��<�S~«z
e−iωt �C#6="!�'9-��F!4��*�09(8!4�BQ'Zb¬0):KM&��!$@4�h��#&="!w'.-]@$��58#&:"+"�,yl58�87474��+F?�����:"+<-B:"5��k+"�8MD0)��:K7x09:"+"0213?8!4�8:P74�hED="-6:"+

ε
��@g7x!4?��8'9')�¥� Y

p :�����=F7�*�-609:K74��:<-6:K7r?�:"#&:F5���!�=":�58��!g7S-60):�:"#&*]%"!$�i+"���"!$#&�"!$09?874?�@w0)*���#&!$7I-6:K7I�8@�QD+"#&:K7R�$�
+F#&:":"�R�$="@g7I�xED=F��'9EP="�8@r?8'9?�*���:K74@q+F�o+"?8*�#6:"@$74!I-B74#&:
��:,%"-6@n+"�o�"-6J&��yl@$�o!$?8ef?�!$��!q-6="@$@40�m�T �  �U ��Q
@4-65SN<-6:K7xEP="�k5SN<-65�=F:"��+3b¬�8:P74!4�k��')'9��@w�8@$7�Q<%"09�8:�@�
"!�Q"M6?�!$0)`<?8��:P="*�?�!$09EP="��*���:K7kz
 �

< L+u|v >=
1

d

∫
1

ε(x)
Lu · v =

1

d

∫

(
u

′

ε(x)
)
′

v + k2u · v =
1

d
[
ū
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F (Λ2)− cos(kd sin θ) = 0
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q`V^KHPWcnTSVXNQE�a���_HEHG�b;NQdXmj|2_Hd^GCGBT[xyNQ_HPOEHV^T�aHGjMJVXE\xyNQPOb�c�TWVXNYEHM�MS_HPLMWc
MOTSPS_H|BTW_HPOG�|v�HVXb;VX]o_HGCGjTJMONQE
V^EpTWG2PScY|jTSVXNQE>c·qYG2|rd���G2Epq`VXPSNYEHEHG2b;G2EpThd^NU|2cYd��

¯Ac>aHV^��_HMSV^NQE¼��cnb�cYE »�ÌuÊ�£u«��Y£¥Ðv¡;a���_HEHG�b;NQd^m2|2_\dXG�­�£$¦Y­ � ­g¦Y�u¡BË�ËX¡Bz�EHNQEU}��u_HNQPOG2MO|2G2EpTSGYzAqYcn_\TGjEpqUV^PSNQE
10−14 xyNQVXMhdÂc6aHV´�¥_HMOVXNQE�aHG��u_HNQPOG2MO|2G2E\|2Gfa���_HEHGCb0NYdXm2|j_HdXG�aHGr|2NYdXNQPScYEpT·��É9NY_HPLNQK\MSG2P¬}qYG2P[dXc0MOVX{QEuc�TW_HPOG���cnb�cYE�a���_HEHGfb;NQdXmj|2_Hd^GC_\EHVX]o_HGnz�c·qQGj|�_HE K�NYE PWcYRHR$NQPlT[MSV^{QEucYdAMO_HPJKHPS_\V^T·z

V^dÄxgcY_\T�a\NQEH|�TWGjEoTSG2PraHG6|2NQb�KHdXGjPJ|2G2M;ô��>NQPOaHPSGjMCaHG6{QPScYEHaHGj_HP2�A�tE�ô��
	��Hz¥È¾¯A�
�l�H½��[Ã�I����
¡B«+�YËwóÆð�ö�NQEpT�b;NQEpTWPSm�]o_��Æ_\EHG0¡��o�YËÎ«��Y«ò­�Ê�£�aHG[dXcCaHV´�¥_HMOVXNQE���cnb�cYE0aHG[b;NQdXmj|2_Hd^G2M+R�NY_\qncYV^T��jTSPSG
NYK\TWGjE`_\G[dXNQPOMS]o_HG[|jG2M�aHGjPSEHV^²2POG2M¨mBTvcYV^G2EpT¨aHmjR�NYMSm2GjMhMS_HP¨a\G2M�»B�`���j�` v¡v»J©�ÐB«��YË�ËÎ­��2��¡v»L���Q®Y�u¡B�o»�¡v»��
|n�ÆGjMOTrd���Gj��GjT��������¹e����U���j�` v¡f¢?£\¤\�Y£¥ v¡S¦>§¨�Y©;�Y£¼�� S�Y«ò«�¡B��­�£`®HiB����G2RH_HV^MC|jGjTOTWG6aucnTSGYz�GjTrb0cYd´}
{YPSm
dò�°cYK$NQEHaHcYEH|2G�aHG2M6PSGj|v�HG2PO|v�HG2Mjz?V^d~E�� k-c�TSNQ_�µONQ_\PSM�RucYM�a\G
TW�HmjNQPSV^G
{QdXNYKucYdXG0GjT6aHmBsuEHV´TWV^qYG
R$G2POb0GBTSTWcYEpT�a���GB�URHdXV^]o_HG2P
|jdÂcYV^PSGjb0GjEoT�dXGjM
RHPSN`|2GjMSMO_HM�À d���NQPSV^{QVXEHG�aHG |jGjT>Gj��GjT
a��ÆG��\cYd^TWcnTWV^NQE
G��`TWPSV^EHMS²j]o_HGY�`I�|jTS_HG2d^dXG2b;G2EpT2z`a\G2_U�0T�k`R�GjM~aHG�b0mj|·cYEHV^MSb;G2MwMSGjbfKHd^G2EpT��BTWPSGFPSGjdÂcnTSV^qYG2b;G2EpT~V^aHG2E`}
TSV^sumjMre�óÆø ö+ó��Yötó! �öÂi[�

ô it|2Gj_U��]o_HV$|2NYEHaH_HV^MSG2EpThÀCaHG2M#"%$'&)(+*�&,*.-0/214365'7�&)18*9":3�":*�(;/=<�&>(?-@3=7A"B3DC>EF<BGH&>IKJL7B(;"A<
M
*.NB-PO
EQ"$z�G2EraHGjM9GjEHaHPSNYV^TWMAaHGwdXc¨MS_HPlxgcY|2G+b0mBTvcYd^dXV^]`_\GÄ|2NYb0bf_\EHm2b;G2EpT9cYRHR$G2d^m2M�RjR$NQVXEpTWM�|v�HcY_HaHM�Rnz
qYm2POV^TvcnKHdXGjM�MSVX²j{QG2M¶aHGwRHdXcYb0NYEHMl}ÅR�NQdXcYPSV´TWNQE\M�POm2MSNYEucYEpTWMjz�MONQ_Hb;GjTOTvcYEpT¶dXGjM¶b;NQd^m2|2_\dXG2M�MOV^TS_Hm2GjM¶aHcYEHM
d^G2_HP¨qYNQVXMOVXEucn{QGJÀ6_HE�R\PSN`|2G2MOMS_HM�cYb;RHdXV´sum

ðQi+dXG2M~b0mj|·cYEHV^MSb;G2M¨|jNQEHaH_\VXMWcnEoT�Àf_HEHGS"%$'&>(T*0&>*P-0/U1VC�WX/2N�-�52-@1Y"Z<BG'-@I[-PO=EQ"$zUaHNQEpT�dXGLPSÔQd^G
GjMOT�KHV^G2E b;NQVXE\aHPSGnz�GjE¼TSNQ_\TJ|2cYMJRHdX_\M[NQKHMO|2_HP]\2z�GjT�]o_HV¾MOG2PScYV^TJPOG2MOR�NQE\MWcYKHd^G�aHG2M�RH�\m2EHNQb;²2E\G2M
a\G�MSm2d^G2|BTWV^q`V´TWmfNQK\MSG2PlqQmjM
eyVXd¶E���k crµScYb�cnVXMLa\G;�\�w�L�³R$NQ_HPJ|2GjPOTWcYVXEHGjMJG2MOR�²j|2G2M�^¶|jG2PlTvcYV^EHM[VXNYEHM
POG2E\xyNYPS|2GjEpT�NY_�cYE\EHVX�HV^dXGjEoT~d���Gj��GjTFa���GB�\cYd´TvcnTSVXNQE�i��

¯�GFMSVX{YEucYd$��cnb�cYE;a���_HEHG�b0NQd^m2|j_HdXGh_HEHV^]o_HGLcrmjTSmLNQKHMOG2PlqQm[R$NQ_HP+dÂc�RHPSGjb0V^²2POGFxyNQV^MwG2E³ô��B�
	
RHcYP�aHV^��m2POG2EpTWGjMhm2]o_HVXR$G2Mjz�MS_HPhaHGjM�cn{QPSmj{pcnTWMhaHG�|jNQdXd^NB_ÅaHGjM¨a��ÆcYPS{YG2EpT�e¨óa`nöòzAóa	�ö�i��

¯�GJxgcY|jTSG2_HP�a¥�ÆG��Hcnd^Tvc�TWVXNYEcb�aHG�d���VXEpTWGjEHMSV´TWmJ�FcYb0cYE�G2MlTLaHGBsuEHV�RucnP

G = | Eloc(ω) · Eloc(ω)

Einc(ω ± Ω) · Ediff (ω ± Ω)
|2 ≈ |Eloc(ω)|4

Z[�
Einc

G2MOTFd^GJ|v�ucYb;R�V^EH|2V^aHG2EpT·z\aHG�RH_HdXMScnTWV^NQE
ω
z
Ediff

dXGJ|v�ucnb0R�aHV^��_HMOmrRHcYP�dXGJRHPONU|jG2MOMS_HM
�FcYb0cYE�z

Eloc
d^GJ|v�ucYb;R�mjdXGj|jTWPOVX]o_HGJd^NU|2cYdweòcn_�EHV´qQG2cY_�a\G2Mhb0NYdXm2|j_HdXGjMvi~GBT

Ω
dÂc�RH_Hd^MWcnTSVXNQE�a\G2M

R\�HNQEHNQE\M[G2E0µOGj_ñe
Ω << ω

iB�,��d9aHmjR�GjEHaºaHNQEH|d�2�H�p¦Y�O�Y«g­��2��¡B©�¡B£u«F¦Y�  v¤\�Y©LÌ!ÐBËX¡v B«g�B­��2�u¡�ËXÊ� S�YË
£¥Ê���©;�YËÎ­X»�ÐB�9�[cYEHM6_HE\G�GB�UR�mjPSV^G2EH|jG��U�+��� T�k`R�Gnzeb�G2MlT6aHG�d���NQPSa\PSG
aHG

106 z¾dXGjMfGB�\cYd´TvcnTSVXNQE\MmjdXGj|jTWPONQb0cY{QEHmBTWVX]o_HGjMCkª|2NQEpTSPSVXK\_ucYEpT�eòcn_-b0NQV^EHMvi�À³�ucY_UTWG2_\PfaHG
104 zÄGBT�d���Gj��GjT�|v�HVXb;VX]o_HG�k|jNQEpTWPOVXKH_ucnEoTfeyTSNQ_\TLcY_�R\dX_HMWihÀ;�ucY_\TSG2_HP�aHG

102 ���U_HV´qYcnEoTF|jG�]o_���NQE c0a\V^TFRHdX_\M��ucn_\T·z'b�aHNQV´T
qncYd^NQVXP

1014 R�NY_HP�GjMSR$m2PSGjP6c·qQNQV^P�dXG;MSV^{QEucYd?�FcYb�cnE a���_HEHG�b;NQdXmj|2_Hd^G6_HEHVX]o_HG e 107 G2E TWGjPSb;Ga¥�ÆV^EoTSG2EHMOV^TSmJaH_�|v�HcYb0RuiB�
fhg+ikj�lQmonqp�r�lPphs]tauwv
x y%zAl
{%s]p;u|yAz~}.n�r�{%ialP��l8l�z�u�p;l8i!l
r��.u�sqi=l.uwiXs�r�nqi!��}.y%ial
sqv%j�n�p;�B�Pl���l.u�v
x s]y�u�p;l8{%sqp�u0�Aj�l

}.p��PlPphs]tauHyAz�zAnqyA��lPi:�.uhs�u�v�l��@u;phs]z%j�molPp;u|v�lY}h�%s]p��qlQp���j;nqz%sqz�u��|l�z�u�p;l8i!l�j|v�l�y���l�z�u;tau;��j��
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¯�G2Mw|jNQ_H|v�HGjM?b;VXEH|jG2M¾xgcYK\PSVX]o_HmjG2MwRucYPta\m2R$ÔYT+aHGhb0mBTvcYdHE\NQKHdXG~NQ_�cndX|·cndXVXECMS_HPwaHGjM?MO_HKHMlTWPWc�TWM

R$NQPlTWm2M¨À��v��»v»�¡[TWGjb0R$m2PScnTW_\PSG;elô� �
��riBz`MSNQEpThRucnPOxyNQV^M�cYRHR$G2d^m2G2M R�sudXb;M?xyPONQVXaHM�Rn�UD�EHGJRHPONQRHPOVXmjTSm
|2cYPWcn|jTWmjPSV^MOTWV^]o_HG�aHG�|2G2MFsudXb;M�G2MlTL]o_���VXd^M�RHPSmjMSGjEoTSG2EpT[TSNQ_�µONQ_HPOMh_HEHG��v�Y£$¦`¡C¦¶Ò ���B»�Ê��ÅÌ$«ò­�Ê�£³aHcYEHM
a\G2M�PSmj{QVXNYEHM�MOR�Gj|jTWPScYdXGjM�NQ�-dXGjMfb;mjTvcn_U� Gjb0R\dXN�kQmjMfMSNQEpT6EHNYPSb0cYdXGjb0GjEoTCaHG��BÊ�£\»��WÐ��F¡v B«�¡B�U�W»
eyGB�UG2b;RHd^GCaHGCd���ILPO{QG2EpTFaucYEHM�dXG�q`VXMSV^KHdXG;ó�÷nöÂiB��½~GjTOTWG�I�KHMSNYPSR\TSVXNQE³ZJRUTWVX]o_HGrG2MlTJcYd^NQPSMF]o_ucYd^V^sumjG
a¥���L£¥Ê���©;�YËX¡ e������>i>eyqQNYVXP0ÈÄVX{Q_\PSG�÷\�´ô iB�?�UVhEHNQ_\M
c·qQNQE\M�VXEpTSPSN`aH_HV^T6dò�ÆGB�¥GBT��U�+����aucnEHM�d^G
RHcYPWcY{YPWcYRH�\GrR\PSm2|jm2aHGjEpT·z$|Y��G2MOTL]o_��ÆV^d�k�cJµO_HMlTWGjb0GjEoT�_HEHGr|2NYEHEHGB�UV^NQE�aHGjM�R\dX_HMhVXEpTSm2PSGjMSMScYEpTWG2M��
d^G2MFb0NYdXm2|j_HdXGjMhaHm2R$NQMSmjG2M�À;dÂc6MS_HPlxgcY|2Gfa\G2M�sHdXb;MFxyPONQVXaHM�qYNQVXGjEoT2z�GjE³Gj��GjT2z�d^G2_HPFMSV^{QEucYd¶�FcYb0cYE
¡��o�YËÎ«�ÐB�

�	� �"!Q÷\�^ô$#&%('*))sqp�u�talHp��PlPi!i!l'v�lHiXs4}Pnqz%v�y�}@u;t!��t�u��Hnq{�u�t,+�yAl.-
∝
s]�%j;nqp�{�u;t!nqz 'Uv
x yAz	/�iar n�{%s0+�yAl�lPz21436587:9�;=< >@?BA

◦
r�l�j;yAp��4t!r�r��0v�tXs�u;l�r�lPz�uws]{ApDC�j'�P��s]{Bnqphs�u�tan�z j�y%p�y%z�j;yA�%j�u;phs�uHv�l
j;sq{A{A�At!p;l4r s]t!z�u�lPz�yFE

140K G × r�l0j�y%p;�
s]{ApDC�j8p���}h�%sqy4H:lPr�lPz�u��JI s��%s]z�v�l�v
x s]�%j;nqp�{�u�tan�z sqzAnqp�r s]i!l�l0j ue}PlPz�u;p��Pl sqy�u;n�yApYv�l

2.4
l Ke�ML�'$N�{Bl�}@u�p;l0jYv�l

p;�PO%l�}.u;t!��tau;� v=x yAzQ/%iarLv
x 1SRUTMVQWX9JWXTJV vAl
60nm

v��P{Bn�j;�YE�mop�nqtXv�- taz�}.tXv�lPz%}Pl�zAn�p;r sqial v�l iXs~i!yAr�tZC�p;l@'[<]\0?^A
•
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¯t��GB�UR�mjPSV^G2EH|jG b;NQEpTWPSGº]o_HGªdXG¼�\�w���¹GjT�d���IFZFI cYRHRHcYPWcYV^MSMOG2EpT�MO_HP�dXG2M>b �2b;G2M>m2|v�HcYEU}
TSVXd^dXNQEHM;ó��nöò�¾¯�NQPSM�aH_!PSm2|v�HcY_\��G2b;G2EpT·z¾dò�ÆIFZhI�MSG�a\m2|·cndXG�qYG2PSM�d^G2Mf�HcY_\TWGjMfxyPSmj]`_\G2EH|jG2M2z+c·qncYEpT
_\EHGhaHVXMORucYPSV´TWV^NQE�PWcYR\VXaHGhGjT+aHmBsuEHV´TWV^qYGYzQTWcYEHaHV^M+]o_HGFdXG�MOVX{QEHcYd$�\�w�L��R$G2PSa0G2E;VXEpTWGjEHMSV´TWmÄµO_HMO]`_¥�°À
a\VXMSRHcYPSV´TWVXNYE0|jNQb0R\dX²jTSGLÀrTWG2b;R$m2PWc�TW_HPOGJcYbfKHVXcYEpTWG�egd^G2M~MO_HPOxgcn|2G2M�E\G[MSNQEpT�R\dX_HM¨�\�w�L�o}�cY|jTSV^qYG2Mvi��
¯t�ÆcYKHMONQPSR\TSVXNQE
cYEHNQPOb�cYd^GLGBT�d���GB�\cYd´TvcnTSVXNQE0aHGJdÂc�a\V^��_HMSV^NQE��FcYb�cnE�cY_HPScYVXGjEoT¨aHNQEH|J_HE\GJNQPSV^{QVXEHG
|jNQb;bf_HEHG��HG��URHdXV^]`_\G2PhdXGJRHPOG2b;VXGjP¨Gj��GjTLcYVXa\G2PWcnV^T�À�|jNQb0R\PSG2E\aHPSG�d��ÆcY_\TSPSGn�

¯t��IFZFI�GjMOTJd^GCMOVX{QE\GCb0cYEHV´xyG2MOTSGC]o_���_HEHG�RucYPOTSVXGraHG�dXc;d^_Hb;VX²2POG�VXEH|jVXaHGjEoTSG�POG2MOTSG�Gjb0b0cY{pc�}
d VXEHmjGCGjE³aHGjM[G2EHa\PSNQV´TWMFMSR$m2|2V´su]o_HG2M�À;dÂc6MS_HPlxgcY|2G�aHG�dò�Æmj|v�ucYEpTWV^dXdXNYE eyG2E�xgcnV^TFMSNQ_\MLdÂc6xyNQPSb;G�aHGR$NQdXcYPSV´TWNQEHMWiBz aH_�xgcYV´T¾aHG�POm2MSNYEucYEH|jG2MwdXN`|·cYd^VXMOm2G2Mj�YDFEHGhcYKHMONQPSRUTWVXNYE�aH_HGhÀ[_HEHG�b;N`aHV^su|2cnTWV^NQE�a\G2M
R\PSNQRHPOVXmBTWm2M9m2d^G2|jTSPSNQE\VX]o_HG2Mta\G2M¾|jNQ_H|v�HGjM+b;VXE\|2G2M¨egmBTvcnTSM¾aHG¨MO_HPOxgcY|jGYzQGBTW|n� i9RHcYPWc8e^TÄR$G2_�R\PSNQKucnKHdXGn�
��d9xgcY_\TJ]o_HG6dXGfsHdXb MSNQV´TJb0mBTvcYd^dXV^]`_\G�egPOÔQdXG�aHG2M�RHdXcYMSb;NQEHMJÀ�aHmBTWGjPSb;VXEHGjPviBz�GjT�]o_HG6dÂc
MO_HPOxgcn|2G
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R\PSm2MOG2EpTWG�aHG2M�aHVXMOdXN`|·cnTSVXNQEHM�NY_�aHGjMLaHmBxgcY_\TWM�aHGCTWcYVXd^dXGJc�TWNQb;VX]o_HG0egMONQV^T�dXG�b;mjTWcYdAG2MOTLaHm2R$NQMOmfÀ
xyPONQVXa¥zuMSNQV´T�V^d�G2MlT[RucY_UqUPOG2b;G2EpT[|jPSV^MOTvcndXdXV^MSm�À6TWG2b;R$m2PWc�TW_HPOG�cYb�KHVÂcYEpTSG�iB����GCxgcYV´T·zHNQE³c;|jPS_�z�cY_
a\m2RucYPlT·z�]o_HG�d^G6�\�w���ºc·qncYV´TJMSNQEºNQPOVX{QV^EHGCÀ>dXc�MS_\POxgcY|jG;G��`TWG2POEHG6aHG2M[sHdXb;MLxyPSNQV^aHM2z�{QPWÁn|2G6cY_U�
R\dÂcYMOb0NQE\M~GB�U|jV^TWmjM�RucYP¨dXc�PS_\{QNQMSV´TWmn�uÃ�cYV^M¨d���GB�U|jV^Tvc�TWVXNYE
aH_�RHdXcYMSb;NQE
aHGJMO_HPOxgcn|2GJaH_>b;mjTvcnd�GjMOT
TSPS²jM�KHVXGjE�V^aHG2EpTSV^sumjGYz\R$G2POMSV^MOTWG�MO_HP�aHG2M�sud^b0M?PSmj|v�ucY_\��m2Mjz$GBT�£¥Ò �BÌpÌ\�Y�O����«¥Ì\��»raucYEHM�d^G[aHNQb0cYVXE\G
MOR�Gj|jTSPWcYd¶NQ��MOG�b0cYEHV´xyG2MOTSG�d���IFZFI ���¶NQ_\T�|2Gj|2VÄV^EHaHV^]`_\GCRHd^_\TWÔnT�]o_HGCd���IFZFI�GjTLdXG��\�w�L�>MSNQEpT
d^VXmjG2MwRucYPwaHGjM~GB�\cYd´TvcnTSVXNQE\Mwc�kQcYEpT¨d^VXG2_6aucnEHM?d^G2M�µONQEH|BTWVXNYEHMwaHG2M+b0V^|2PONU|jPSVXMlTvcY_`��b;mjTvcndXdXV^]o_HG2MjzQNQ�
d^G2Mrb0NYdXm2|j_HdXGjM�RHPSm2cYdÂcYK\dXG2b;G2EpTCaHm2R$NQMOm2G2M�MSNQEpTfR\VXm2{Ym2G2M
eyqYNQVXPOG�cY{YPSm2{Ym2G2MWirGBTfMSNY_Hb0V^MSGjMfÀ�a\G2M
�WÐv»�Ê�£$�Y£¥ v¡v»[­�£u«¬¡B�W»B«g­� B­�¡BË�ËX¡v»B�

¯Ac
b;VXMSGCG2Eºmjq`V^aHG2EH|jG�aHG�d��ÆcYKHMONQPSRUTWVXNYE³cYEHNYPSb0cYdXGrRucYP[a\G2M�MS_HPlxgcY|2GjMJPS_H{Y_HG2_HMOG2M�PSGjb0NYEoTSG
cn_�aHmjKH_\TJaHGjMJcYEHE\m2G2M�ô���
�
\��I¾kQcYEpTJNQKHMOG2POqYm�dXGjMLRHPONQRHPSV^mjTSm2MLNYR\TWV^]`_\G2MLa\G2MLsud^b0MF{QPScYEo_HdÂcYV^PSGjM
GjE�R�NnTvcYMOMSVX_\b�GBTwMSN`aHVX_Hb�z��FNYK�GjPOT�� Z�Z�� cn±;POb�cYV´T·z aucYE\Mt_HE6cYPOTSVX|jdXG~R$NQ_HPÄdXG¨b;NQVXE\M¶q`VXMOVXNQE`}
EHcYVXPOG�ó´ô4
 ö�zpMO_HV^TSGFcY_U�6TWPSc·qYcn_U�6aHGF�Fc�k`d^G2VX{Y��zQ]o_HGFdXG2M�Rj|2c·qUV´TWmjM+GjEpTWPSGFdXGjMw|2PSV^MOTWcY_U�6b;mjTWcYdXd^VX]o_HG2M
cn{QVXMOMWcYV^G2EpT�|2NYb0b;GJaHG2MhPOm2MSNYEucnTWGj_HPSMFMSmjdXGj|jTWV´xyM2z�cYK\MSNQPOKucYEpThdXGjMFNYEHaHG2Mhd^_Hb0V^EHG2_\MSG2M�Rn�

ÉtdX_\M9TvcnPSa�z�d���GB�UR$m2PSV^G2EH|jG~a���I[¯��~I��[Z�¡B«¶�YËAó´ôYô2ö�z�RH_HK\dXVXmjG?GjE�ô��Q÷QøUz xgcnVXMWcnV^T¶m2{pcndXG2b;G2EpT9mjTWcnT
a\_�|·cnPWcY|BTW²2POG6RBR�NQPOG2_U�HR�aHG2MFsudXb;M�xyPSNQV^aHMhG2E�I�PS{QGjEpT·z$MSNQ_Hd^VX{QEHcYEpThd���GB�UVXMlTWG2E\|2G�a\GC|2cYEHEHGjdX_HPOG2M
a\GrR\PSNYsud�EHcYEHNQb;mjTSPSVX]o_HGJGjE�K$NQPSa\_HPSG�aHG�{QPScYVXEHMCegÈÄVX{Q_\PSGJ÷\�°ðQi���¯AGjMLcn_\TWGj_HPSMhNQEpTFb0NYEoTSPSm�]o_HG
d^GF�\�w�L�6E��Æc�qncYV´T+dXVXGj_6]`_\GLdXNYPSMS]o_HGhdò�ÆGjMSMSGjEpTWVXGjd�a\G2M+b0NQd^m2|j_HdXGjM+a\m2R$NQMSmjG2MJeyRpkUPOVXaHV^EHGhG2E0d���NU|j|2_HP¬}
POG2EH|jG�iCN`|2|j_HRucYV´T�dò�^­�£u«�ÐB��­�¡B�U�>aHGjMf|2POGjqncYMOMSG2Mjz¾R$NQ_HPOq`_-]o_HG
dXc�TSG2b;R�mjPWcnTS_HPSG0aHG�dò�Æmj|v�ucYEpTWV^dXdXNYE
MONQV^T[MS_\±;MWcnb0b;G2EpT�KucYMOMSG�egRHcYM[TWPONQR KucYMOMSGYz�a\G�MSNQPlTWG�]o_HG6dXGjMJb0NQd^m2|j_HdXGjMLaHmjR�NQMOm2GjMCRH_\VXMSMOG2EpT
b;VX{YPSG2P�aHcYEHMFdXG2MFR$NQPSGjM2z$aH_�xgcYV´ThaHG�dò�°cn{QV^TWcnTWV^NQE�TW�\G2PSb;VX]o_HGnz�b�cYV^MhRucYMhTWPSNYR��ucY_UTWGrEHNQE�R\dX_HMjz
R$NQ_HPÄEHG�RucYM¾POGjxyGjPSb;G2P¾d^G2Mt|2POG2_U�Hi��pD�E6G2E\MSG2b�KHdXG�aHG�POG2d^GjqQmjMtGB�UR$m2PSV^b0GjEpTvcY_U�fdXGjMtc·qYcnVXG2EpTwcnVXEHMOV
cnb0GjEHm2M�ÀCR�GjEHMSGjPhÀf_HE�RHPSNnsud�a\GJMS_HPlxgcY|2G[GjE�xyNQPSb;G�a\GJRHdÂcnTSG·cY_`��MOm2RucnPSm2M�a\GJR�NQPOG2M¨R\PSNYxyNQE\aHM
egÈÄVX{Y_HPSG6÷\�°ðQi��A¯AGjMCV^EpTWG2POMOTSVX|2GjMC|jNQEHMlTWV^TS_ucYV^G2EpTrRucYP�aHm2a\_H|jTSVXNQEªdXG2M RjMOV^TSG2MrcY|jTSV^xyM�R6aHG;d���GB�\cYd´Tvc�}
TSVXNQE¥z\GjTFdò�ÆV^EoTSG2EHMOV^TSm[m2d^G2|jTSPSNQb0cY{QE\mjTWV^]o_HGJVXEpTWGjPSEHGrÀ�|2Gj_U�o}�|jVAxy_UThG2MOTSVXb;m2G0e

G ∼ 104 zAóõôQô2öÂiB�

�	� �"!$÷\�°ð&# ),p;n0/%i=j;}h�%�Pr s�u�t,+�yAl
v�l
iXs�j u�p;y%}.u;yAp�l8�q��nqr��.u�p;t�+�yAlQvAyF/�iar v=x %�p;��lPz�u���{BnqyAp4v�l�j�u�lPr�{���p�s]u;yAp�l�j
}.p�nqtXj;j�s]z�u;l0j^-

Tannealing

'(<	�
��??� I,x s�vAj;nqp���u;t!nqz�vAl�jHr�nqi!��}PyAial0j|v�l8{���p�tXv�taz%l[-
•
'�vAsqz%j|v�l�jH{Bnqp�l�jHt!z�u;l�p�}Pp;tXj uhs]i!taz�j

{Ap;nqmonqz%v%j(-
< 20 
 '�}Pnqz%v�y%t�u E�yAzAlYj;t!�qz%sqi��ws]r s]z�monqp;u��

¯Ac[aHmj|2NQ_\qYG2PlTWGFaH_0�\�w�L�6c[b0NnTWV^qYm¨a���VXb;R�NYPOTvcnEoTSMÄTWPSc·qYcn_U��zpÀ[dÂcLxyNQV^MÄTW�\m2NQPOVX]o_HG2MtGBTwGB�UR$mB}
POVXb;G2EpTvcn_U��zYMS_\PtdXG2MtR\PSNQRHPOVXmBTWm2MtNYR\TWV^]`_\G2MtaHGjM+POm2MOG·cY_U��b0mBTvcYd^dXVX]o_HGjMÄGBTwdXG2MÄPSm2MONQEucYE\|2G2M+m2d^G2|BTWPSN�}
b0cY{QE\mjTWV^]o_HG2M�R$NQ_\qncYEpT�Mj��kºR\PSN`aH_HVXPOGY�A�[cnEHM�dXc>d^VX{QE\m2G6aHG2M�TWPSc·qYcn_U�¼a���ILdXKHcYEHNHzAI����F�¬� b~�.�

ô�÷:`



GBT �J�Æ¯9ZJÉw���$}¬� �lZ�� óõô ð ö�elô��Q÷��oirRHPONQR$NQMS²jPSG2EpT6aHG
TSPWcYV´TWGjPCTW�\m2NQPOVX]o_HG2b;G2EpT�d^G RBsud^b&xyPSNQV^awR
|jNQb;b0G�_HE�PSm2MOG·cY_ Ë´�Y©�¡BË�Ë´�Y­��v¡�ey_HEHV^aHVXb;G2EHMOVXNQE\EHG2dÂi?aHG�®Y�O� � �`�W¡v»FÌ$�WÊ¬�·Ê�£$¦`¡v»B�$½~Grb0N`aH²jdXG�PSGjEU}aHcYV^T�K\VXG2E!|jNQb0RUTWG�aH_!xgcYV^Tf]`_\G�d^G2M6G2MORucY|jG2M;MSV^TS_Hm2M³¡B£u«g�W¡�dXG2M�|jPWcYE\M;b;mjTWcYdXd^VX]o_HGjM�eg|2c·qUV´TWmjMvi
mBTvcYV^G2EpTwdXGjMwdXVXGj_U��a\GhxyNYPOTw|v�ucYb;R;m2dXGj|jTSPSNQb0cY{QEHmBTWV^]`_\GregVXd\M2�ÆcY{QVXMOMWcYV´T·znKHVXGjE0M��HP2zpaHGjM?POm2MONQEucYEH|jG2M
a\G�{Y_HVXaHG>a���NQEHa\GYzwdXGjMS]o_HG2d^dXGjM;E¥�°cY_\PSNQEpT0mjTWm�b;VXMSGjM�G2E�mjq`VXaHGjEH|2G�GB�UR$m2PSV^b0GjEpTvcYd^G2b;G2EpT·z¾aHcYEHM
dò�ÆV^E\xyPWc }�PSNY_H{QGYzU]o_��ÆGjE ô��:�Y÷;RucnP �J�Æ¯��QR�G d }����^NQMf¡B«h�YË�óõô�ø�öÂiB�$¯�G2MLcY_\TWGj_HPSM�b0NYEoTSPWcYV^G2EpTFEHNYTWcYb6}b;G2EpT�]`_\G
d���VXEpTWGjEHMSV´TWm;aHG2M�POm2MONQEucYEH|jG2M6cY_\{Qb0GjEpTvcYV´Tfc·qQGj|
d���mjTSPSNQV´TWGjMSMSG�aHG2Mf{YPWc·q`_HPSGjM2z9TWcYEHaHV^M
]o_HG�dÂcJxyPSmj]`_\G2EH|jG[aHm2R$G2E\aucYVXGjEpT¨G2MOMSGjEoTSVXGjdXdXGjb0GjEpT~aHGFdÂc�RHPONYxyNQEHaHGj_HP2� �~V^G2E�MO_HP2zodXcraHmj|2NQb;R$NQMSVõ}
TSVXNQE�aHG�È�NY_HPSV^G2Pha���_HEHG�qYm2PSV´TvcYK\dXG�MS_HPlxgcY|2G�PS_H{Q_\G2_HMOGfMSGjPWcYV´T�_\EHGfMS_\R�GjPSR$NQMSV´TWVXNYE�aHGCbf_Hd´TWVXR\dXG2M
b;N`aH_HdÂc�TWVXNYEHMJR�mjPSV^NUaHV^]o_HG2Mj�Ä�tE\suE-d^G2_HPrb;NUaH²jdXG;|2NQE\MSVXa\m2PWcnV^TCdXG2MCRucYPONQVXMCaHG�|2c�q`V´TWm
RucnPOxgcYV´TWGB}
b;G2EpT~|2NQEHa\_H|jTSPSVX|jG2MjzH_HEHG�cYR\RHPSN·�UVXb0cnTWV^NQE;]`_\V�EHG[R$NQ_\qncYV´T��BTWPSG[qncYd^VXaHGFGjT¨PSG2E\aHPSG[|jNQb;R\TWG[a\G2M
GB�¥GBTWMJPOm2G2d^M[dXNYPSMS]o_���NQE TWGjEHaucYV´T[qQGjPSM�aHGjMJb0NYTSV^xyM�GB�`TWP��2b;G2b;G2EpT�R�GBTWV´TWM2�'��dXM[POG2|jNQ_HPWcnVXG2EpT�cnVXEHMOV
À;aHGr{QPWcYE\aHMLPScYRHR$NQPOTSM�a��ÆcYMOR�Gj|jT6e

w = 50
	 z

h = 1100
	 i�GBT[NQKUTWVXE\PSGjEoT�_HE

G ∼ 108 ]o_HV¶EHGTSG2EucnV^T�RucnMF|jNQb;R\TWG�aHG�d��ÆcYKHMONQPSRUTWVXNYE�aucYEHMhdXGjM�|·c·q`V^TSm2MhPSmjMSNQEucnEoTSG2Mj�
¯�G
|2cYdX|j_Hd~aHGjM�GB�\cYd´TvcnTSVXNQEHMrm2d^G2|BTWPSNYb�cY{YEHmjTSVX]o_HG2M�aHNQEpT�|2GjM�R�GBTWV´TWG2M�{Qm2NQb;mjTSPSV^G2M�R$G2_UqQG2EpT

�BTWPOGrd^G[MSV^²2{QG�GjMOTFaHV^±;|jVXdXGnz\GBT�E\m2|2GjMSMOV^TWGrdXGJPOG2|jNQ_HPSMFÀ�_HEHGJTS�Hm2NQPOVXGJRHd^_HMhRHPSmj|2V^MSGY��¯Ac;Ã�mBTW�HN`aHG
Ã�NUaucndXG��Ä�\cY|jTSG�]o_HGFEHNQ_\M?c·qYNQEHM+b0V^MSGhcY_;R�NYVXEpTwEHNQ_HM+cJR$G2PSb;VXMta\GF|2cYdX|j_HdXGjPtPSV^{QNQ_HPOG2_HMOG2b;G2EpT
d^G2M�|v�ucnb0RHMhGBT�dXcfPSmq�uG2|BTWV^q`V´TWm�aHG2MhPOm2MSG2cY_U��dXcYb0GjdXdXcYVXPOG2M2�
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λ
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¯t��VXaHmjGrMONQ_\TSG2Eo_HG�|jNQEHMOVXMOTSG�À6aHV^PSG�]o_HG�d^G2M d NQE\G2MLa\_�sud^b xyPSNYVXa>NQ��dXc�dX_Hb;VX²jPSGJG2MlT�RBEucnTW_`}
POG2d^dXG2b;G2EpT�R?dXN`|·cYd^VXMOm2G+GjTwGB�\cYd´TWmjGYzQMONQEpTwR�NYTSG2EpTWV^G2d^dXG2b;G2EpTÄ|2G2d^dXGjM¾]o_HVH|2NYEHaH_HV^MSG2EpT?À[d���Gj��GjTw�\�w�L�
d^NQPSMO]o_��ÆNYEfk�aHm2R$NQMOGFa\G2MwRucYPlTWVX|j_HdXGjM2� �9NQ_UTwR�NQPlTWGhÀJ|2PONQVXPOG¨]o_HGhdXGjMtaHmjxgcY_UTWMtaHGhMS_\POxgcY|jGFa\G¨T�kUR$G
RB|·c·q`V^TWmjMh_Hd^TSPWc�MS_HK`}�dXNYEH{Q_HGj_HPha��ÆNYEHaHG
R�z$MONQEpTFdXG2MhMOV^TWGjMLcn|jTWV´xyM�dXGjMFR\dX_HMhRHPONQb0GBTSTSG2_HPOM�R$NQ_HP�{Qm�}
E\m2PSGjP?d^GF�\�w�L�$�U�tEH|jNQPSGFxgcY_\Tl}�VXdUaHm2b;NQEpTWPOG2P+dÂcJR$NQMSMOVXKHV^dXV^TSm¨a���GB�\cYd´TvcnTSVXNQEHMtmjdXGj|jTWPONQb0cY{QEHmBTWVX]o_HGjM
G��`TWP0�jb0Gjb0GjEpT�V^EoTSG2EHMOG2M�À�d^G2_HP�G2E\aHPSNQV´T·�¶½L��G2MlTfR$NQ_HPS]o_HNYVtEHNQ_HMCc·qQNQEHMCaHm2|jVXaHm;a���mjTS_HaHVXGjPCa\G2M
POm2MOG·cY_U��R$m2POVXN`aHVX]o_HGjMreg_HE\VXaHV^b0GjEHMSV^NQEHEHGjdXMviwaHG�{QPWc·q`_HPOG2MFEucYEHNQb;mjTSPSV^]`_\G2M2�

����_HEñR�NYVXEpT�aHG
q`_HG>G2MOMSGjEoTSVXGjdXdXGjb0GjEpT6{Qm2NQb;mjTSPSV^]`_\GYz¾NQE-E\G�R$G2_UT6RucYM6M2��GB�URHd^VX]o_HG2P�|jNQb�}
b;G2EpT�_\EHG�|·c·q`V^TWmJb;mjTWcYdXd^VX]o_HGnzUaHNYEoThdXcfMSGj|jTWV^NQE
TWPScYEHMlqQG2POMSGrG2MlTFTSPS²jMhxyNYPOTWGjb0GjEpT�MS_HK`}�dXNYEH{Q_HGj_HP
a¥�ÆNQE\aHGYzURH_HVXMOMSG[POm2MONQEHEHGjP¨aucYEHM~dXGLa\NQb�cnVXEHGFMSR$G2|BTWPWcnd¥NQKHMOG2PlqQmY���CÒÓ¡v»B«e�2�wÒ �`£;Ìu¤uÐB£¥Ê�©��B£¥¡ �2­�¡B£
Ì\�Y��«g­� B�UËÎ­�¡B���¾£¥Ê�£³ËÎ­�ÐC�Y��¦`Ðv»�Ê��O¦Y�v¡C¡B£�»B�`�y�j�` v¡��~ÐB©�¡B��®`¡?Ìu¡B��Ñ�Ìu¡B�³¡B£º�YË�Ë´�Y£u« � ¡B�v»[ËX¡v»�®`ÐvÊ�©�Ð��«g��­�¡v»f©�­�£u­g�Y«g�`�v¡v»B����NQ_\MJcYdXd^NQEHMhTWGjEoTSG2PJaHG�|2G2POEHG2PJdXc�RH�pk`MSV^]`_\G�]`_\V¾G2EpTWPOGfG2E�µOGj_ GjTJRHPONQ_\qYG2P
]o_HG�d^G2M¨|2c�q`V´TWm2Mhb;VXEHVXcnTW_\PSG2M?R�Gj_\qQGjEpT��BTWPSG�d^G[MSV^²2{QGJa���GB�\cYd´TvcnTSVXNQE\M¨{Qm·cnEoTSG2MCegNYE�RHcYPSd^G[dÂÀfa���VXE`}
TSG2EHMOV^TSm2MhRHdX_\MSVXGj_HPSM�a\V d cnVXEHGjM�aHG�b0V^dXdXV^G2POM?aHGJxyNQV^M�MS_HR$m2POVXGj_HPSGjMLÀ�|2GjdXd^GJaH_>|v�ucYb;R�V^EH|2V^aHG2EpT�i��

�tE RHPScnTWV^]o_HGYzwdXG��\�w���éc dXV^G2_ñaucYEHM0dXG>q`VXMSV^KHdXG>R$NQ_HP;d���ILPO{QG2EpT0GjT
dò�ÆI�dX_Hb;VXE\VX_Hb�z9b0cYV^M
MOG2_Hd^G2b;G2EpT¶aucYEHM¶dXGtPONQ_H{QGwR$NQ_HPAdXGt|j_HV^q`POGYz GjT¶d���NQPj��¯t�°cYK\MSNQPOR\TWV^NQECa\G+|jG2M¶aHG2_`��a\G2PSE\VXG2POMAb0mBTvcY_U�
eyRHdX_\MAxyNYPOTWG?À��HcY_\TWG+xyPSmj]`_\G2EH|jG�iuµONQ_\G?aHNYEH|?_\EfPSÔQd^G+À�]o_ucYEpTWV´suG2Pj��¯AGjMÄG��\R$m2POVXGjEH|2GjM¾NQEpTÄb;NQEpTWPOm
]o_HGLd��ÆcYPS{QGjEpT¨G2MlT�aHG[d^NQVXE;dXG�b0GjVXd^dXG2_\P+b;mjTWcYd�R�NY_HP~d^GJ�\�w�����H¯�G2M~MSR$G2|jTSPSGjM�]`_\G?µOGLRHPOm2MSGjEpTWG2PScYV
R$NQPlTWG2PONQEpTÄa\NQEH|~MO_HP¾d^G?|2cYMÄaH_�PSm2MOG·cY_�G2E�ILPO{QG2EpTFaucYEHMhd^G[qUV^MSV^KHdXG egPOm2MSG2cY_U��G2EfPOm��uG��UVXNQE�z�KHV^G2E
M��HPvi��n¿YG~b��ÆN`|2|j_HR�GjPWcYVo_HE\VX]o_HG2b;G2EpT9aHG~dò�ÆI�KHMSNYPSR\TSVXNQErILEHNYPSb0cYdXGtaHGjMÄPOm2MSG2cY_U��EucYEHNYb0mBTWPSV^]o_HG2Mjz
a\NQEpTÄµOGrMOVXbf_\dXG[dXc6POm��uGj|jTSV^q`V^TSmYzHGjE�POG2dÂc�TWVXNYE>c�qYG2|rdXGjM�GB�\cYd^TWcnTWV^NQEHM�V^EoTSG2POEHG2MFcY_U��|·c·q`V^TWmjM2�
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IFsuE�a¥�ÆmBTvcYKHd^VXP¨a\G2MhRucYPScYdXd^²2dXGjM¨G2EpTSPSGrdXG2M�MOVXbf_\dÂcnTSVXNQEHM?Gj��G2|BTW_HmjG2MLMO_HPhdXGJPOm2MSG2cY_>xyNQPOTSG2b;G2EpT

MO_HKU}ÅdXNQEH{Y_HG2_HPta¥�ÆNQE\aHGYzpa���_HEHGhRucnPOT·zYGjTwaHGhPSmjG2d^dXG2MtMOV^TS_ucnTWV^NQEHM¾G��UR�mjPSVXb;G2EpTWcYdXGjMta��°cn_\TWPOGFRHcYPOT2zBµOG
b;GhMS_HV^M?V^EHMSR\VXPSm�a\GLaHGj_U�;PSGjdXGjqYm2M+TWNQR$NQ{QPScYRH�HV^]`_\G2MwaHG�sHdXb�a���ILPO{QG2EpT?aHm2R$NQMOm[ÀJxyPSNQV^a�eyVXb0cY{QGjM
RHcYP�b0V^|2PONQMS|jNQRHVXG[À6GB�¥GBThTW_HEHE\G2d?e�� �FÃ�iSiBzuR\PSm2MOG2EpTWmjMLGjE�ÈÄV^{Q_HPOG�÷\�°øU�

�	� �"!�÷\�°ø # %('|g+r s]��l2N&%(' v
x y%zAl�j;yAp;m sq}Plev
x s]p��qlPz�u�t!zAtau;tXs]i!lPr�lPz�u8v��P{Bn�j;�Pl2E mop�nqtXv < �*)6??�:{Ay%t!j4p;�0}h�%s]ySHB��l
- j;nqy%j�u�p�sqt�u�lPr�lPz�u v�l�{���p�tXv�taz%lc'[E,+.-�-./�� I s ialPu�u�p;l I v��0j�t!�qzAl~v�l0j }PsqzAz%s]yA� �.u�p;n�t�uhj�n.0Si!s p�lP{Ap�n�v�y%}@u�tan�z
u;nq{Bnq��p�sq{A�At�+�yAl�l�j�u�i!tar�tau;�Pl#{%s]p�i!s {���zA�.u�p�s]u;t!nqzKv�l#i!s�{Bnqt!z�u;l�� L�'�g+r s]��l N&%(' v=x yAz%l#j;yAp�m s�}.l�v
x s]p��ql�z�u
v��P{Bn�j;�PlQl.uwt!r s]�q��l(E �1-.-./ < ��2c? -
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v�lYj�y%p�m s�}.lQtar s]���Pl@'@�SI=l0j�{Aiay�j|{�lPu;tau�j|��p�sqz�yAial0j,n�z�uHy%zAl8u�sqtai!ial
v�l

2[E3+.-�zAr lPz���tap�nqz �54('|g+r�sq�ql	N&%(' v=x yAz%lej�y%p�m s�}.lYv
x s]p��ql�z�uwv���{�n�j���lYl.u4tar s]���Pl=E�+�-.-./ < ��2c?T�8I=l0j|r�n]u�t�m j
monqz�uw}.l.u;u;l8mon�t!j�2.-2E �1-.-]z%r lPz���tap�nqz �
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E\b�eyRHdX_HM~RHPSNYxyNYEHaHG2M~]`_\GJdÂcYPO{QG2MWiBz\GBT�G2MORucY|jm2G2MhaHGJð�
�
 	 GjE�b0N�kYG2EHEHGn�u�tEpTWPSGJ|jG2M�|2cYEucY_U��zHdXc
MO_HPOxgcn|2G�MSG�PSmBqQ²jdXGrPSG2dXcnTWV´qQGjb0GjEoT¨RHdÂcYE\GY�98·�

¯t�ÆcY_\TWPOG6PSG2d^GjqYm;TSNQR�NY{QPWcYR\�HVX]o_HGnz�RHdX_\M�sucYKHdXG�ey|·cYP�NQK\TSG2Eo_
in − situ

aucYE\Mrdò�Æ_\d^TWPSc�}Åq`V^aHG�i�z
xy_UTLNQKUTWG2Eo_³RHcYPL��NQ_:7YGBTWV^M0¡B«h�YË�óõôA �ö¶G2E ô��:�
 Uz�GBTLPOmjqQ²jdXGCdXGr|·cYPScY|jTS²2PSGrxyPWcY|BTvcYdAaH_�sudXb�xyPONQVXa�z
c·qYG2|r_HEHG�MOTSPS_H|BTW_HPOGCMO_HR�GjPOsu|jVXGjdXdXGLRHdX_\TSÔYThG2E>xyNQPOb0GJaHG Rj|v�\NQ_U}h�HG2_HP�Rn�

¯�G2M�R\PSNYsud^M�aHG MS_\POxgcY|jG¼a\m2aH_HV´TWM�aHG |jG2M>aHGj_U� GB�UR$m2POVXG2E\|2G2M�EHG MONQEpT>RucYM
q`PWcYV^b0GjEpT�G2E
cn|2|2NYPSa�� �9NQ_UTWGjxyNYVXM2zUNQE�R$G2_\T�POGjTSG2EHV^P¨]o_��ÆV^dXM?RHPSmjMSG2EpTSG2EpTLa\G2M�PS_\{QNQMSV´TWmjM¨aHNQEpT�dXcCTvcYV^dXd^GF|2cYPWcn|jTWm�}
POVXMlTWVX]o_HGJGjMOThTWPO²2MhRHPONU|v�HGnzuaHG# ;À6ø�
�EucnEHNQb;²jTWPOG2M �

Z[R\TSNQEHM�a\NQEH|Yz?aucYEHM�EHNYTWPOG³cYR\RHPSN`|v�HG�TS�Hm2NQPOVX]o_HG³a\G³d��ÆcYKHMONQPSR\TSVXNQE�cYEHNYPSb0cYdXGnz+R$NQ_HP0_HE
POm2MOG·cY_ MOVXb;RHdXG6GjE ILPO{QG2EpTfa\G�R$m2PSV^NUa\G

d = 30
EHb z9c·qQG2|�aHG2MC|·c·q`V^TWmjM�aHG0dÂcYPO{QG2_\P

w = 5
EHb
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Handbook

ó´ô�`nö����J_\G2dX]o_HGjMhMSR$G2|jTSPSGjM�aHGJPOm2R$NQEHMOG
GjE³|v�ucYb;R³d^NQVXEpTvcnVXE�zHR$NQ_HPFaHV´qQG2POMSGjM[RHPSNnxyNQEHaHGj_HPSM[a\G�|·c·q`V^TSmYz$GjTLG2E³V^EH|2V^aHG2EH|jG�EHNYPSb0cYdXGnzuMSNQEpT
sH{Q_HPSmjMh|2V´}ÅaHG2MOMSNQ_\M2�

¯Ac�ÈÄV^{Q_HPSG�÷\����b0NYEoTSPSG[d^G2M?MSR$G2|jTSPSGjMFa\G[PSmq�uG2|BTWV^q`V´TWm[aH_>POm2MSG2cY_>a���ILPS{YG2EpT�aucYE\M�dXG�q`V^MSVXK\dXGYz
R$NQ_HP�dXG2M�RHPSNYxyNYEHaHG2_\PSM�aHG
|2c·qUV´TWmjM

h = 8, 15
GBT

30
E\b��¾½~G2M�MSR$G2|BTWPOG2M6b0NYEoTSPSGjEoTfMWcYEHM6cnb6}

K\VX{Q_HV´TWm0]`_¥�Æ_HE�PSmjMSG·cn_�b;mjTWcYdXd^VX]o_HG�a\NQEpT6dXG2M6b;NYTWV´xyM�R$m2POVXN`aHVX]o_HGjM�MSNQEpT;aHG�TvcYV^dXd^G0dXcYPS{QGjb0GjEpT
MO_HKU}ÅdXNQEH{Y_HG2_HPha���NQEHa\G�e

λ ∼ ]o]o_HG2M
100nm
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�	� �"!�÷\����# N�{Bl�}.u;p�l�j�v�l �|��O�l�}@u�ta��tau;��v
x yAzcp;�0j�l0s]yDv�l �qphs9��yAp�l�j mon�p�u�lPr�lPz�u~j�y%���?i!nqz%�qyAl�yAp�v=x n�z%v�lq�Hl�z
%wp��qlPz�u0�]vAs]z%j2i!l|��t!j;t!�Aial=-

λ : 1µm→ 400nm
'.�0{Bnqy%p,v�tZHB��p;l�z�u�l�j2{Ap�n]mon�z%v�l�yAp�j)vAlH}�s9��t�u��q��g+z%}Pt!v�l�z%}.l|z%nqp�r�sqial��

d = 30
zAr l.u

w = 5
zAr�����sqi!}PyAi!jH{�s]p|iXs�'��.u;�%n�vAl '~n�vAs]i!l��)�Asq}@u�lYs9�ql0} �	�er�n�v�l�jw{Ap;n�{Ap�l�j��

�UVuNYE;|jNQb;RucYPSGhb0cYVXEpTSG2EucYEpTw|jG2MwMSV^bf_HdÂc�TWVXNYEHMtc·qQGj|�d^G�MSR$G2|jTSPSGFa��ÆcYKHMSNYPSR\TSVXNQE6aH_6sudXb�xyPSNQV^a
GjE³ILPO{QG2EpTLRHPSmjMSG2EpTSmfG2EºÈÄV^{Q_HPOGC÷U�^ôQz$dXGrdXV^G2E�c·qQG2|�dXGrRH�Hm2E\NQb0²jEHG�a¥�ÆIFZhI�aHGjq`V^G2EpT���cn{QPWcYEpT��
NYE NQK\TWV^G2EpTJR$NQ_HPJd^G2M[aHGj_U�º|2cYMJ_HEHG6KucYE\aHG�a��ÆcYKHMSNYPSR\TSVXNQE aucnEHMJdÂc
b �2b;Gf{pcYb;b;G�a���m2EHGjPS{QV^G
egcY_\TSNQ_HPFaHG

2.5eV
iBz�c·qQG2|�a\G2M[dXcYPS{QGj_HPSMFMSR$G2|BTWPScYdXGjM[aH_³b �2b;GCNYPSaHPOG�aHGf{YPWcYEHa\G2_HPfe ∼ 1eV

iB�
�hG2b0cYPO]`_\NQEHMhaH_�POG2MlTWGr]`_\GCd^Gr|jPSGj_U��aHGCPOm��uGj|jTSV^q`V^TSmra\_�PSmjMSG2cY_�GBTL|jG2dX_\V�aHGCdò�°cnKHMSNQPOR\TWV^NQE>aH_
sHdXb xyPONQVXa�NYEoTF_HE\G�xyNYPSb;G[MSR$G2|BTWPWcndXGrcYMSMOG d qQNQV^MSV^EHGY�
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�	� �"!¨÷\�X # N�{Bl�}.u;p�l�j vAl�j t!z�u;lPz�j�tau;� vAl�j }h�%sqr�{%j r s]��zA�.u�t,+�yAl -ol�zd�%s]yAu�'�lPu��Pi!l�}.u;p�t,+�yAlQ- lPz6�%sqj�'�{BnqyAp
v�t H:�Pp�lPz�u�l�j�{Ap�n]monqz�v�lPyAphj�v�l~}Ps9��tau;��j -

θ = 0
'@� I l�j�t!z�u�lPz%j;tau;��j�p�l�j;{Bl�}@u�ta��l�j�j;nqz�u�z%nqp�r�sqiatXj;�Pl�j�{%sqp�p�sq{A{�n�p�u

s]y�� }h�%s]r�{%jetaz%}Pt!vAlPz�u�j��JI l�}h�%sqr�{�r sq�qzA�Pu;t�+�y%l
Hz

l�j�u��U}.n�r�r�l�v=x �%sq�Atau;y%v�l��k����s]i!yA��s]y mon�z%v v�l0j
mol�z�u�l�j
-
y = −h

' G i!lY}h�%sqr�{��Pi!l�}.u;p�t,+�yAl Ex

l�j�u�}Ps]iX}.y%ia��� y%j�u;l
l�z�v�l0j;j;nqy�j|v�l
i x lPr���n�y%}h��yAp�lq��lPz
y = −h/10

�

���
	�� I=l }h�%s]r�{K��ial0}@u;p�t�+�y%l
Ex

{%p;�0j�l�z�u�l yAz�v���j�s]��p;��r�l�z�u�vAs]z�j�j;nqzDv����ql�ian�{A{�l�r�lPz�u�r�n�vAs]i?�`E�i!s
p;�0j�n�z%s]z%}Plq�Bg+i2{�l�tazAl"E�j;l��Pj uhs]�At!iatXj;lPp��Yv��P/%zAtau;t!�qlPr�l�z�uYsqy zAt!�ql0s]y

y = 0
v�l�j8}Ps9��tau;�0jP��+�y%s]z�v�nqz }h�%sqzA�ql�ial

zAnqr��Ap;l�v�l�r�n�v�l0j4{%p;n�{Ap;l0jP��
4pQ}qx l0j u8iXs�=Pn�zAl�j;{%s]u;tXs]i!len.0#tai2l0j u�� y%j u�lPr�lPz�u
r s���t!reyAr���L't!lPz�+�yAl�}Pnqz�u;t!z�y
lPz�{BlPp�r�sqzAlPz�}.lq�

Ex

l0j ueu;pDC�jej;lPz�j�t!�Ai!l�s]y�� r�nqt!z%v�p�l�je�9sqp;tXs�u�tan�z%jYv�y }h��s]r�{�r s]�qz%�.u;t�+�yAl E�}Pl.u�lPz%v�p�nqtau A
}h�%s0+�yAl r�n�v�l {Ap�nq{%p;l v
x nqphv�p�l j�yA{B�Pp�t!lPyAp�l�j�ueyAzAl n�z%v�l j;yAp;m sq}.t�+�yAl {Ap�t!j;l l�z }.nqr�{�u�lq�Uv
x n�0�ial0jY��s]p�tXs�u;t!nqz�j
- }.l�p�u�l�j|i!t!r�tau;��l�j�'|s]y~z%ta��l�s]y~v�lei x lPr���n�y%}h��yAp;l$+�y%sqz%v�nqz�}h�%sqzA�ql8i!lYzAn�re�Ap�lYv�lYr�n�v�l�j�{Ap�nq{Ap�l�j����%x s]tkv�nqz%}
}Ps]iX}.y%ia��u;nqy�j,i!l�jHj;{�l0}@u;p�l�j�v
x taz�u�lPz%j;t�u��QvAy�}h�%sqr�{

Ex

v�l4{%p;�Pmo�Pp�lPz%}Pl�lPz �Tv�l0j;j;nqy�j,v�lQi x lPr���n�y%}h��yAp�l4v�l8}Ps9��tau;�q�
lPz

y = −h/10
�S%[}Pl.u�l�z%v�p�nqtau��Ai!l�j4j�{Bl�}.u;p�l�j4j�n�z�u|u�nqy�� n�yAphj|u;pDC�jw�Atal�z�j uhs]�At!i!t!j;��j��8I l�jHm s�}@u;l�yAphj�v
x l.�As]iau�s]u;t!nqz

s]zAzAn�z%}.�0j=j;lPp�nqz�ukv�n�z%}>}Psqi!}PyAi!��j=l�z
y = −h/10

l.uUj;lPp�nqz�u j;y�� j;sqr�r�l�z�ukp�lP{Ap���j;lPz�u�s]u;tam j=v�l0j r s���t!r sHnq��u�lPz�y%j��
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Z[E�NYKHMSGjPOqQG�a¥�ÆGjbfKHdXmjGC]o_HG�d���GB�\cYd^TWcnTWV^NQE>aH_�|v�HcYb0R�m2dXGj|jTSPSVX]o_HGCG2MlT[K$G·cY_H|jNQ_HR³R\dX_HMhxyNQPOTSG
]o_HG�|jG2d^dXGfaH_º|v�ucnb0R b0cY{QEHmBTWV^]`_\GYz¥GBT�E���mjqQNYdX_HG�RucnMJaHG�dÂc�b �2b;Gfb0cYEHV^²2PSGCMSR$G2|BTWPWcndXG2b;G2EpT�� �
Z[E�b�cnPS]o_HG�dÂÀ�_HEHG�aHV´�¥mjPSGjEH|2GrRucYPhPWcnRHR�NYPOT�cY_U�>{Ym2NQb;mjTSPSVXGjM�RHdX_\MF{YPWcYEHa\G2M2z�R$NQ_HPhdXGjMS]o_HGjdXdXGjM
|jG2MhaHGj_U�>{QPScYEHaHGj_HPSMFc·qncYVXGjEoT¨aHG2Mh|2NYb0R$NQPOTSG2b;G2EpTWM�GBThaHG2Mhb0c��UVXb0c�PSGjdÂcnTSV^qYG2b;G2EpT�MSV^b0V^dÂcYV^PSGjM2�
¯�GjM9RHV^|2M¶aHG

Hz

GjT
Ex

EHG~MOG?MOV^TW_\G2EpT¾RucnM9G��Hcn|jTWGjb0GjEpTtcY_U�rb �2b;G2MAxyPSmj]o_HG2EH|jG2MH^Y|Y��G2MOTÄdXGw|v�ucYb;R
mjdXGj|jTWPOVX]o_HGJ]o_HVAVXb;R$NQMSGJÀ6dÂcfPOm��uGj|jTSV^q`V^TSmrd^GJ|2NQb;R$NQPOTSG2b;G2EpThG2MOMSG2EpTSVXG2d~egE\NYTvcYb;b;G2EpT�dXGJd^VXGj_�GBT
dXc0RHPONYxyNQEHa\G2_HP[a\_ |2PSGj_U�HiB��É9cYP[|jNQEHMSmj]o_HG2EpT·zAEHNY_HM[EHNQ_\M[VXEpTWmjPSGjMSMSGjPSNQE\MrR\PSVXE\|2VXRHcYdXGjb0GjEoTLcY_U�
MOR�Gj|jTSPSG2MFa���GB�\cYd´TvcnTSVXNQE>aH_�|v�ucYb;R�mjdXGj|jTWPOVX]o_HGnzuaucYEHMhdÂc�b;VXEHVXcnTW_\PSVXMScnTWV^NQE;aHG2MFMS_HPlxgcY|2GjM�b;mjTWcYd´}
d^VX]o_HGjM2�

½~NQb;b;GCdXc�R�mjPSV^NUaHGrE���G2MlT�]`_\GfaHG�ø�
0EucYEHNQb;²jTSPSGjM2zt�Y�u B�`£>Ì$Ë´��»B©�Ê�£ª¦`¡r»B�U���j�` v¡�£¥¡FÌu¡B�`«
ÍB«g�W¡�¡��U B­�«�Ð+»B�U�¨ËSÒ ­�£u«�¡B���j�` v¡w¤uÊ��B­´Ï�Ê�£u«��YËX¡¨¦Y���WÐv»�¡S�Y�Uz aucYE\MÄdXG+aHNQb0cYV^EHGtqUV^MSV^KHdXGnz�GjT¾|jGYznÀ�]o_HGjdX]o_HG
cnEH{QdXG

θ
]o_HG6|2G6MSNQV´T;egd^GfRHdXcYMSb;NQE³_HMO_HG2dta\G;dò�°cnPS{QGjEoT[MSG�MSV´TW_ucnEoTrcn_U�ºcYd^G2EpTWNY_HPSMJaHGjM

3.65eVMONQV^T
29500cm−1 i��A¯Ac�|2cYPOTSNQ{QPWcnRH�HVXG�MORucnTSVÂcYd^G�aH_ª|v�HcYb0R¼b0cY{QEHmBTWVX]o_HGnzAÈÄVX{Y_HPSG6÷\�a`\z�b;NQEpTWPOG|jdÂcYV^PSGjb0GjEoT¾]`_\GF|jG�MONQEpT+GB�U|2d^_HMSV´qQG2b;G2EpT?dXGjMt|·c·q`V^TWmjM?EHcYEHNQb;mjTSPSVX]o_HGjMt]o_HV�PSm2MONQEHEHGjEpT·zoGjT+PSmBqQ²jdXG

RHcYPwdÂc�b �jb0GhN`|2|·cnMSVXNYE0_HE\G�R$m2EHmBTWPScnTWV^NQE0E\NYTvcYK\dXGhaH_�|v�HcYb0R�Àrdò�ÆV^EpTWm2POVXGj_HPwaH_�b;mjTWcYd�zQd^G�xyNQEHa
a\G2MhxyG2EpTWGjM[mjTWcYEpT[cY_\PSm2NYdXm�a���_HE³dXNYK�G�b0cY{QEHmBTWVX]o_HG�aHG  0À�ô4
6EHb aHGCPSc·kQNQE��,��dAE�� k�c0PSV^G2E�G2E
MO_HPOxgcn|2GY�

�	� �"!�÷\�a` # ��sqp�u�nq�qphs]{%�Atal#j�{%s]u;tXs]i!l#v�y��������
	���v�yc}h�%s]r�{Dr sq�qzA�Pu;t�+�y%l
|Hz(x, y)|

- zAnqp�r s]i!t!j;�c' {�n�yAp
d = 30

zAr��
w = 5

z%r l.u
h = 15

zAr���E�iXs p���j;nqz%sqz%}.l
≈ 2.6

l K -
21000cm−1

�B�%ial�y8'@��% ��s]y�}h�Al A:��t!j;t!nqz�l�z
}.nqy%ial�yAp�jw�qphsqv�yA��l�j�� %[vAp;n�t�u�l"A���tXj�t!nqz~l�z�}.nqz�u�p�s�j u�lYv�lei!yAr�taz%n�j;t�u��q��I>x ��}h�Al�iai!lej;{%s�u�t!sqial
l0j uQlPz~z%sqzAnqr[C.u�p;l0jP�
I s��q�Pn�r��.u;p�t!lel�j�u
r�t!j;l�l�z#p�lPi!t!l.m E�v�p�nqtau;lq�:l�z u�p�sqt�uhj4{%ial�taz%j���
wz%l���t!zA�]uhs]t!zAl�v�l�r�n�v�l0j8{Ap;n�{Ap�l�jQv�l�p���j;l�sqy
nqz�u|�.u;�
{%p;tXjHlPz�}.n�r�{Au;l
{BnqyAp|iXs�p;l0}.nqz�j u�p;y%}.u;t!nqz�r�n�vAsqial
v�y~}h�%sqr�{=�

� I l
j�{Bl�}.u;p�lYv�y~}h�%s]r�{
Hz

{�n�j;j�C�v�l
v
x s]t!i!ial�yAp�j�yAz�{Ap�n /�iB+�y%t=p�sq{A{BlPi!ialQmonqp;u;l�r�lPz�u|yAz�{Ap;n0/%i=v�l���s]zAn��

ô��\ô



�¶NQ_HMf|jG2M�POm2MS_\dÂcnTSMf|2NQE\|2NQPOaHG2EpT6aHNQE\|�c·qQG2|�d^G2MrxgcYV^TSM�m2E\NQEH|2mjM�aucYEHM�dXc�RucnPOTWV^G�V^EoTSPSN`aH_H|�}
TSV^qYGY�+É9NQ_\P0suEHV^P2ztNQE�R�Gj_\T
E\NYTWGjP2zwaucYEHM0EHNYTSPSG�GB�UG2b;RHdXG�aHG�MSVXb�_HdÂcnTSVXNQE¥zÄd���GB�UV^MOTWGjEH|2G�a���_HEHG
R\PSNYxyNQE\aHG2_HPCNQR\TSVXb0cYdXG�e

h = 15
EHb�iJR�NQ_\PfdÂcY]o_HGjdXd^G;dXc�PSmq�uG2|BTWV´qUV´TWm;TWNQbfK$G�d^V^TOTWm2PScYdXGjb0GjEpT�À

d m2PON¼eòÈÄV^{Q_HPSGC÷\���oiB��½~G2dXc0qQGj_\T�aHNQEH|�aHVXPOGf]o_HGfdÂc�«¬Ê�«��YËÎ­�«¬ÐfaHG�d���m2E\G2PS{YVXG�V^EH|2V^aHG2EpTSG�G2MlT RjR$NQb6}R$m2G:RnzHGBThcYKHMONQPSK$m2GnzuaucYEHM�d^G2M�PWcnVXEo_HPSGjM2�\ÉÄcYP�|jNQEHMSmj]o_HG2EpT·z�KHV^G2E>]o_HG
w, h << λ

z\NYE�E¥�ÆGjMOTFRucYM
GjE-aHPSNYV^Tfa\G�|2NQEHMOVXaHmjPSGjPfTW�HmjNQPSV^]`_\G2b;G2EpT6]o_HG�dÂc�d^_Hb;VX²2POG RBEHG
qQNQV´T�RucYM�R�dXGjMfR�GjPOTS_HPSKuc�TWVXNYEHM
{Ym2NQb;mjTSPSVX]o_HGjMtaH_;PSm2MOG·cY_³egEucnEHNn}�MOVXd^dXNQEHMWiB�nI¸|2cY_HMOGFa\G�d^G2_HPOM+b;N`aHG2MtaHGFPSmjMSNQEHcYEH|2GFm2d^G2|BTWPSNYb�c�}
{YEHmjTSVX]o_HGYz�d^G2MhTWPS²jMLR$GjTSV^TWMhaHmBxgcY_\TSMLaHGCMS_HPlxgcY|2GCR�Gj_\qQGjEoTJc�qYNQVXPh_HE\G�VXEk�u_HG2E\|2G�b0cY|jPSNQMO|2NQRHV^]o_HG
|jNQEHMOVXaHmjPWcYKHd^GJMS_HPhd^G2M�RHPONQRHPSV^mjTSm2MhaHG�PSGq�uGB�UVXNYE�aHGjM�sudXb;M�b0mBTvcYd^dXV^]`_\G2M~PO_H{Q_HGj_U���

ÕhÖD�¨Ö�� ØfÙÇï¥Þwâ�ÚLçlæwåwÙ á�Ù�� Ú[ç¬æ$�\ß�ÞwÝ �-á�ÙÇÚ[ætí\Þ+ä��
É¶NQ_HP¶|2NQb;RHPSGjEHaHPOG?|jNQb0b;G2EpT¶dÂchPSmjMSNQEHcYEH|2G?a���_HEHG+|·c·q`V^TWmwxyNQPlTWG2b;G2EpT9MS_HK`}�dXNYEH{Q_HGj_HPAa��ÆNYEHaHG

GjMOT~R�NQMOMSV^KHdXGnz`V^dHxgcY_\T~PSGjqYG2EHV^P¨cY_`��V^EpTWG2PScY|jTSVXNQE\M+]o_HV�G2EpTWPOG2EpT�GjErµOG2_�cn_�MSGjVXE
a\G2M~b;NYTSV^xyM2�o�LcYEHM
d^G
½~�HcYRHV^TSPSG
ð egMOG2|jTSVXNQE-ðU�a�piBzHµj�°cYVwG��\R\dXVX]o_Hm�]`_¥�°cY_ MSG2V^E a���_HEHG
|2c·qUV´TWm
V^MSNQd^m2Gnz¶d^G0b;N`aHG0xyNQE`}
aHcYb0GjEpTvcYdtGjMOTf|jNQEHMlTWPS_\V^TCRucYPrdXG6PSGj|2NQ_\q`POG2b;G2EpT�aHGjM�RHdXcYMSb;NQEHM�aHG0MS_HPlxgcY|2G0aHG2MCaHG2_U�ªRucnPSNQV^M
qYG2PlTWVX|2cYdXGjM6eg|jNQ_HRHdXcY{QG6R2cYEpTWV^MOk`b0mBTWPOVX]o_HG
R2iBz$|2G�]o_HV¾GjEºxgcnV^T�_HEºb0N`aHG�{Y_HVXaHG�a��ÆNYEHaHGfMScYEHM[xyPSm�}
]o_HGjEH|2G�aHG�|jNQ_HRH_HPOGY�¥¯AGrqQGj|jTWGj_HPJa���NQEHaHG

ky = Λ0
aHGC|2GCb0N`aHGCcY_H{Qb;G2EpTWG�c·qQG2|�dÂc;xyNYPS|2GCaH_

|jNQ_HRHdXcY{QGnz
i.e.

c·qQG2|�d^GLPWcnRHRHPSN`|v�HGjb0GjEoT¨aHG2M�RucnPSNQV^M2z`b�cYV^M~cn_HMSMOV�c·qQG2|�dXcCaHV^b0V^E`_UTWVXNYE0aH_ |εm|
�

¯�G[xyNQE\aucYb;G2EpTvcYd¥mjTvcnEoThMOG2_Hd�R\PSNQRucn{pcnTWV´xAaucYEHMh_HE\Gr|2c·qUV´TWmJMO_HKU}�d^NQEH{Q_\G2_HP�a���NQEHa\GYzuVXd�G2MlTLcndXNQPOM
R\PWcnTSVX]o_HGJaHG�|2NYEHMSV^aHm2POG2PhdXGJPScYRHR$NQPOThEHNYPSb0cYdXV^MSm

Λ0/k
|2NYb0b;G[d��´­�£$¦Y­� v¡�¡��[¡v B«g­ �³a\GrdXc�|·c·q`V^TWmn�

�UV�d^GJb0mBTvcYd�GjMOT�RucYPlxgcYV^TSG2b;G2EpT�|2NYEHaH_H|BTWG2_\P2z$NQE�c�KucnMSVX]o_HGjb0GjEpT
neff = nd

]o_HG2dA]o_HGrMSNQV´T
w
zuNQ�

nd

G2MlTLdò�ÆV^EHaHV^|2GJNQR\TSVX]o_HGraH_�b;VXd^VXGj_
PSGjb0RHd^VXMOMWcYEpTFdÂc�xyG2EpTWGn�$¯AGrb;mjTvcnd�PSm2Gjd�z�RucYPh|jNQEpTWPSGnz
V^b0R\dXVX]o_HG[TSNQ_�µONQ_\PSM

neff > nd

z$GjT[R\dX_HM�dÂc0|2c·qUV´TWmCG2MOT[mjTWPONQV^TSGYz$RHdX_\ML{QPScYEHa³GjMOT
neff

��½~GjR�GjEU}
aHcYEpT·z�dò�ÆV^EHaHVX|jG�GB�¥Gj|jTWV´x+G2MOT�V^EHaHmjR�GjEHaucYEpT�aHG�dXc
RHPSNYxyNYEHaHG2_\P

h
aHG�|2c·qUV´TWmn��¯Ac
b �jb0Gf|v�\NQMSG;c

K\VXG2E�M �HPLdXVXGj_�aHcYEHM[d^GC|2cYM[aH_³POm2MOG·cY_ aHGrxyG2EpTWGjM2z�b�cYV^MtµOGC|2NQb;RHd^²jTWGrauc·qncYEpTvcY{YG�d��ÆcYEucnd^k`MSGrG2E
R\PSG2EHcYEpTwG2E6|2NQb;R\TSGYzYb0cYV^EoTSG2EucnEoT2zndò�ÆV^EU�u_HGjEH|2G�a\G�dÂcFÌuÐB��­�Ê2¦Y­� B­�«�ÐB�QZ[E�qQGjPSPWc�cYd^NQPSM9]o_HG2d^dXG2MÄMSNQEpT
d^G2M¨|jNQEHMOm2]o_HG2E\|2G2M�aHVXPOG2|BTWG2MhaHGJ|jGjThV^EHaHVX|jG[MS_\PFdXcCxyPSmj]o_HG2EH|jGCa\GJdÂcfPSmjMSNQEHcYEH|2GrÈ�cYKHPlkp}¬É9GjPSNYThGBT
MO_HPhdXGjM�GB�\cYd^TWcnTWV^NQEHM¨d^NU|2cYdXGjM¨aH_�|v�ucYb;R��
�������	��

�
�����������������������������������

¯t��m2]o_ucnTSVXNQE�cn_U��qncYd^G2_HPOM~RHPONQRHPOG2M¨aH_�PSm2MOG·cY_¼egÀ�ôLxyGjEoTSG[RucYP~R�mjPSVXN`aHG·iwR$G2_\T~MSG[xgcY|BTWNQPOVXMOG2P2z
GjE�V^EH|2V^aHG2E\|2G�EHNQPOb�cYd^GYzUG2E�a\G2_U� RjMONQ_HM¬}�m2]o_uc�TWVXNYEHM�R[TWPScYEHMS|jG2EHaHcYEpTWG2MfeyqYNQVXPhRucY{YG;ô·øQ÷piB�u�UG2_Hd^G
dò�Æmj]o_ucnTWV^NQE

αεm tan(αw/2) + βεd tan(β(d− w)/2) = 0
eg÷\�^ô�i

a\NQEHEHG�d^G�b0N`aHG¨xyNQEHaHcYb0GjEpTvcYdAe
i.e.

dXcJqncYd^G2_HPÄRHPSNQR\PSG
Λ2

0

i�zQdXGj]`_\G2du{QNQ_UqQG2POEHG�TWPO²2MwdÂcYPO{QG2b;G2EpTwd^G
|jNQb;R�NQPlTWGjb0GjEoT~aH_�|v�ucYb;R>Àfd���VXEpTSm2PSV^G2_HP+aHGjM�{QPWc·q`_HPSGjM�MS_HK`}�dXNYEH{Q_HGj_HP¨a���NQEHaHGn�2�FNQ_HM�EHG[E\NQ_HM
V^EpTWm2POG2MOMSNQEHMF]o_��ÆÀ;d^_HV��

�\cn_\xr|v�HNQV´� GB�`TWP��2b;G aHG RucYPScYb;²jTWPOG2M
NYR\TWNn}Å{Qm2NYb0mBTWPSV^]o_HG2Mjz~dÂc¼qYcndXG2_\P
RHPSNYRHPSG
Λ0/k

aH_
b;N`aHG�xyNQE\aucYb;G2EpTvcYd�G2MlThG2E>{Qm2E\m2PWcnd�aHGJd���NQPOaHPSG[a\GJd���_HEHV^TSmYz`NQE>d��ÆcCq`_��

α(Λ0)
G2MlT�V^b�cn{QVXEucnVXPSGnz

GBT¨aucnEHM�dXG�|·cYM¨a¥�Æ_HE�K$NQE
b;mjTWcYdÄe
Re(εm) << 0

i�zUNYE�R�Gj_\ThcYRHR\PSN·�UVXb;G2P
β =
√

k2εm − Λ2 ≈
ik
√

|εm|
�HIAqQG2|

w << λ
zHdò�Æmj]`_HcnTWV^NQEªeò÷\�´ô i~aHNQE\EHG! C�

" �,z�}Pnqz%j;tXv4CPphs]z�u
α0w << 1

�A}Pl.+�yAtkj�yA{%{�n�j�l8yAz~}.n�yA{AiXs]��l4r�t!r�t!z%sqi v�l�jH{%i!s�j�r�nqz�j|v�l
{%s]p�nqtXj��

ô��pð



(
neff

nd
)2 ≈ 1 +

2

kw
√

|εm|
tanh(k

√

|εm|(d− w)/2)
eò÷\�°ðQi

½~G�|·cndX|2_\d��FGjMOTFqncYdXV^aHGLTvcnEoTh]o_HG
(neff)

2 � |εm|
�

�9cYEpTr]`_\G
d � w

eg|jG;]o_HVtGjMOTrTWNQ_ µONQ_HPSM�EHNnTWPSG�|2cYMvi�zAdXG
tanh

aucYEHM�eò÷U� ðQiLGjMOTrRHPONU|v�HG6aHG
ôC|·cYP √|εm|

G2MlT[{QPScYEHa��$�LGC|2GrxgcYV^T2zuNQE�NQKUTWVXGjEpT
neff = nd

√

1 + 2

kw
√

|εm|
��|Y��G2MlTJdÂc6b �2b;G

xyNYPSbf_Hd^GJ]o_HGCaHcYEHMFdXG�|·cYMFa���_HEHGr|·c·q`V^TSmC_HE\VX]o_HG�egVXMONQdXmjG�i�zHd���VXEU�H_HG2EH|jGCa\GCdXc6R$m2POVXN`aHVX|jV^TSm[EHGrMSG
xgcnVXMWcnEoTÄRucYM¾MOG2EpTWV^P2�QZJEfqYNQV^TÄaHNQEH|~|2dÂcnVXPSGjb0GjEpT¾]o_HG¨dò�ÆV^EHaHVX|jG~GB�¥Gj|jTWV´x

neff ∼ 1√
kw

GBTwcY_H{Yb0GjEoTSG
c·qYG2|rd���mjTWPONQV^TSG2MOMSGJaHGjMF|2c·qUV´TWmjM����

É9cYP�|2NQEpTWPOGYz�]o_ucYE\a dÂc
R$m2POVXN`aHG
d
a\Gjq`VXGjEoTrMO_\±;MWcYb;b0GjEpTCR$GjTSV^TSG�egaHG6d���NQPOaHPSG�aHG6dò�ÆmjRucYVXM¬}

MOG2_HP�a\GrR$G·cn_�iBzHd^G2M¨POm2MONQEucYEH|jG2MFMSG�b;NUaHV´suG2EpThÀf|2cY_HMOGra\_�|jNQ_HRHdXcY{QGJaHGjM�RHdÂcnMSb;NQEHM¨aHG�RucnPSNQV^M
ÀJTWPSc·qQG2POM~dXcrMlTWPWc�TWGFb0mBTvcYd^dXVX]o_HGre�TW_HE\EHG2d^VXEH{oi��o½~NQb;b0GhNQE0dXG�qQNYV^T?aucYEHM+d���m2]o_ucnTSVXNQE�eò÷U� ðQi�z

neffa\VXb;VXEo_HG[]o_ucYE\a�dXcfR�mjPSVXN`aHG
d
aHVXb;VXEo_HGn�

�~V^dÂcYEº�uMOV9À6xyPSmj]`_\G2EH|jGCs\�Um2Gnz�dò�ÆV^EHaHV^|2GJGj��G2|BTWV´xwcY_H{Qb;G2EpTSGr]o_ucnEHa
w
aHVXb;VXEo_HGnzHVXd+¦Y­�©�­�£u�u¡

]o_ucnEHa�dXc;R$m2POVXN`aHG
d
aHVXb;VXEo_HGn�$½L�ÆGjMOTL|2G�]o_HV¶GB�URHd^VX]o_HGjPWc\z�aucYE\M�dXc;aHV^MS|j_HMSMOVXNQE À�qQGjEHVXPjz�R$NQ_HP¬}

]o_HNYV�VXd¥GjMOT�RHPSmBxym2PScYKHdXGJa\G�TSPWc·qncYVXd^dXGjP¨c·qQGj|CaHGjMh{QPWcYE\aHG2MhR$m2PSV^NUa\G2M2�
¯Ac�È9VX{Q_HPOG;÷\�X	�VXdXd^_HMOTSPSG�d^G2M�|jNQ_HPOK�GjM�aHG;qYcndXG2_\PSMraHG

neff

aucYEHMCdXG;RHPSN`|v�HG0VXE\xyPScYPSNQ_\{QG0GBT
d^GLq`VXMOVXKHd^GYz\R$NQ_HP�a\V^qQGjPSM9µOGj_U�>aHG�RucYPScYb;²jTWPOG2M

(w, d)
�k��d�Mj�°cY{YV^T�aHGjMh|2NQ_HPOK�GjMhaHGJaHVXMOR�GjPSMOVXNQE>aH_

R\dÂcYMOb0NQE�a\GrRHcYPSNQVòzHÀ�|2Gj|2VARHPO²2Mh]o_HGCd^G[qQGj|jTWGj_HPFa��ÆNYEHaHGYz�GjE�cYK\MS|2V^MSMOGYzuG2MlTLE\NQPSb0cYdXV^MSmn���

ôQ�h�LGLb0cYEHV^²2POGF{Ym2EHmjPWcYd^GYzod���VXEHa\VX|2G�GB�¥Gj|jTSV^xAcY_\{Qb0GjEpTWGF]`_HcYEHa
dXc�xyPOm2]o_HG2E\|2GJcY_\{Qb0GjEpTWGYzo|2cYP
dÂc�|2NYEHMOTWcYEpTWGraH_>b0mBTvcYd

εm
a\VXb;VXEo_HG[GjE�b;NUa\_HdXG6e

neff ∼ 1√
εm

i��
ðU��I�R$m2PSV^NUa\G0|jNQEHMOTWcYEpTWGºeyRHPSGjEHaHPOG
dXG0|·cYM

d = 100nm
iBz¶dXG�PScYRHRHPONU|v�\G2b;G2EpT�aHGjMfRucYPONQVXM

qQGjPOTWV^|·cYd^G2M
egRucYMOMWcY{YG�aHG
w = 50

EHb�À
w = 5

EHb�i RBRHdXV^G
R�dÂc�|jNQ_HPOK�G;qQG2POMfdXGjM�{QPScYEHaHM
VXEHa\VX|2GjM2�

ø\��I!dÂcYPO{QG2_HP
w
|2NQEHMlTvcYEpTSGYz�d���VXE\aHVX|jG¾G2MlT9{YdXNQKucndXG2b;G2EpT¥RHdX_HM�xyNYPOTAR$NQ_HP�dXGjM�{QPWcnEHaHG2MAR$m2POVXN`aHG2Mj�

IL_U}ÅaHG2MOMS_HMFa���_HEHG�|2GjPOTWcYVXEHG[qncYd^G2_HP~aHG
d
z\|2GjR�GjEHaucYEpT2z$dò�ÆV^EHaHV^|2GLGjMOTFMOTWcYKHV^dXVXMOm�ey|2G2dXcfqUV^G2EpT

aH_>xgcYV^T�]o_���VXd�E¥��k>c�RHd^_HMh|2NQ_\RHdÂcY{YGJG2EpTWPOGrd^G2Mh|·c·q`V^TSm2MFÀfTWPSc�qYG2POM�d^GJb0mBTvcYd�a\_�POm2MSG2cY_�i��
� 
4z�{BlPy�uwu�nqy�u�sqy%j�j�t:�At!lPz�{%sqp�u�tapwv�l8i?x �c+�y%s�u�tan�z�sqy�����s]i!lPy%p�j�{Ap�nq{Ap�l�j���ian��%s]i!l8lPz�{�n�j;sqz�u

1− [
α2ε2

m + ε2
dβ

2

2αεdβεm
] tan(αw) tan(β(d − w)) =

cos(k0d sin(θ)

cos(αw) cos(β(d − w)))

ial8r�lPr��Ap;l
v�lYvAp;n�t�u�lQ�Pu�sqz�uwsqian�p�j`+�y%sqj;t!r�l�z�uHz�yAi {�n�yAp
εm << 0

�8+�y%lPiB+�yAlYj;nqtau
θ

- j�s]yAmUj;t
d ∼ w

'@� '
� 44l�jK{%s]p�nqtXjS�qlPp;u;tX}Psqial0j6{%s]p;m s]tau;l�r�lPz�udp;�PO%l�}.u;p�t!}Pl�j6z=x taz�uDCP�qp�l {%sqj6i?x l.��t!j�u;l�z%}.lZ{Bn]u�lPz�u;t!lPi!i!l v�y {Ai!s�j �

r�n�z�a9��yAtXv�l~v
x n�z%v�l�v�l~��p�sqz%v
ky

�,v=x n�0SiXs i!tar�tau;l�r s�� l�yAp�l�vAl~i!s r��.u��An�v�l~p�l�j�u;p�lPt!z�u�l�{%s]p phs]{%{�n�p�uYE i!s
'�' �6t!}Pt �

� Iks~{BlPz�u;l�v�l�iXs }PnqyAp��Bl
1/λ = f(neff ) = f(Λ0/k)

l�j�u�{%iay%jem s]t!�Ai!l�sqy����%s]y�u�l�jemop;�c+�yAlPz%}Pl�j��k}PlF+�yAt
u;phsqv�yAtau=yAzAl
	���
���� � � � 	�����
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dω
dΛ

j;yAt!��s]z�u
y
vAyY{AiXsqj;r�n�z
}.nqy%{Aia��� �>zevA��}.n�yAi!lPz�ukv�l0j�O%y%}.u;y%s]u;t!nqz%j

u;pDC�jHi!n�}�s]i!t!j;�Pl0jHv�y�{Ai!s�j�r s��Pi!l�}.u;p�nqzAt�+�yAlQl.uwyAzAl8mon�p�u�l
}.nqz�}.lPz�u�p�s]u;t!nqz�vAy�}h��s]r�{�sqy���t!z�u;lPp;m sq}Pl�j|sqtap�a9r��.uhs]i?�
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Indice Effectif (partie reelle)

w=50 nm d=100 nm
w=50 nm d=500 nm

w=5 nm d=50 nm
w=5 nm d=100 nm

�	� �"!¶÷\�!	 #�- }PnqyAi!lPyAphj�' K>sqp;tXs�u�tan�z%j8v�l�i x taz�v�t!}Pl l�H:l�}.u;tam
neff = Λ0/k

vAs]z%j8i!l v�nqr sqtazAl���tXj�t!�Ai!lq�
{BnqyAp
yAz
p;�0j�l0s]y�j;tar�{Ai!l8lPz %wp��qlPz�u0��l�z�mon�z%}@u�tan�z�v�l
v�t!�ql�p�j � l�y���v�l8{%s]phs]r[CPu;p�l�j'�q�Pn�r��.u;p�t�+�y%l�j

(w, d)
- }�s]iX}.yAi:lP��s�}@u '@�

N�lPyAi!l�i!s�{�s]p;u;t!l�p��Pl�iai!l
neff

l�j�uYp�lP{Ap���j;lPz�u;��l - i!s�{�s]p;u;t!l�t!r s]��taz%sqtap�lq�:tXj;j;yAl v�y }�s]phsq}@uDCPp�l�}Pnqr�{Ai!l.��l v�l
εm

�
�.u�sqz�uH�Bl�sqy%}.n�yA{�{Aiay�jHm s]t!�Ai!l
t!}Pt �

=(neff )/<(neff ) ≈
+:+�yAl�j��2'@�

�H�h�tE\suE�z~À PWcYR\R�NQPlT
w/d

|jNQEHMlTvcYEpT¼eyRHPSGjEHaHPSG�dXG�|·cYM
w/d = 1/10

i�ztd���VXEHaHV^|2G�G2MlT
RHd^_HM
{QPWcnEHa�R$NQ_HP�d^G2M�RHd^_HMhR�GBTWV´TWG2M�a\VXb;G2EHMOVXNQEHM�{Ym2NQb;mjTSPSVX]o_HGjM2�

É¶NQ_HPwb0N`aHV´suG2P¾xyPScYEH|v�HGjb0GjEoT?dÂc[|jNQ_HPOK�GFaHGhaHVXMOR�GjPSMOVXNQE;aHG2M+RHdXcYMSb;NQEHMtaHGhRucnPSNQV^MFe
i.e.

d���VXE`}
a\VX|2G�GB�¥Gj|jTWV´xvi�z�VXd�xgcY_\T�cYd^dXGjP�|v�HG2PO|v�HG2P[a\G2ML|2c·qUV´TWmjM�aHG�TvcnVXdXd^GLxyNQPlTWG2b;G2EpT�MS_HK`}�dXNYEH{Q_HGj_HPha��ÆNYEHaHG
eyEHNQ_HMrR$NQ_HMSMOG2PONQEHMfRHd^_HMCTWcYPSa�µO_HMS]o_��ÆÀ�dò�ÆmBTW_HaHG0aHG0xyGjEpTWG2MCdÂcYPO{QG2MraHG�ô4
 	 iB�9¯�G2MCRucYPSNYVXMJqQGjPl}
TSVX|2cYdXGjM�aHGjM�|·c·q`V^TWmjM
R$G2_\qYG2EpT�aHNQEH| MO_HRHR$NQPOTSG2P�aHGjM�RHdÂcYMOb0NYEHM�aHG�MS_HPlxgcY|2G aHG EHcnTW_HPOG³KHV^G2E
a\V^��m2PSGjEpTWG�aHG�|2Gj_U�>]o_���NQE�POG2EH|jNQEpTWPSG�MO_HP�d^G2M�MO_HPOxgcY|jG2MF�HNQPOV d NYEoTWcYdXGjM2��tE |2NQE\|2dX_\MSVXNYE%aHG-|2G!RucYPScY{QPScYRH�HGnz

neff
aHGBq`VXG2EpT¼{QPScYEHa%]o_ucYEHa�dXGjM³aHV^b0GjEHMSV^NQEHM³aHG�}

q`V^G2EHEHGjEpTJEucYEHNYb0mBTWPSV^]o_HG2Mj��I�VXEHMOV�z$À0mjEHG2PO{QVXG> vÊ�£\»B«Å�Y£u«�¡Bz�NYE³R�Gj_\TJcndXdXGjPhGB�U|2V´TWG2PLGj±;|·cY|jG2b;G2EpT
a\G2MhRHdÂcnMSb;NQEHM�aHG�RucYPONQVXM�a\NQEpThdXG[qQGj|jTSG2_HP�aHG�RHPSNQRHcY{pcnTSVXNQE�GjMOTFaHG�RHdX_\M�G2E�RHdX_HMh{QPScYEHa��
� ����� 
��!�	��
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�� 
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�UV9dÂc;PSm2MONQEucYE\|2G�aH_³b;N`aHG�aHG�{Q_HVXa\G�a���NQEHaHG�G2MOT[R�NQMOMSV^KHdXGCaucYEHM[d^GCq`VXMOVXKHd^GYz�R$NQ_HPLa\G�TWPO²2M
R$GjTSV^TSG2M+RHPSNYxyNYEHaHG2_\PSM¨aHG�|·c·q`V^TSmYz`|Y��G2MOT¨a �>cY_0xgcnV^T?]`_\GLd���VXE\aHVX|jG�GB�¥Gj|jTWV´x

neff

z`G2MlT¨aHGBqQGjE`_ ���! 	�
MO_HR$m2PSV^G2_HPFÀ�|2GjdX_HV�a\_�aHV^m2d^G2|jTSPSV^]`_\GJ]`_\V¶POG2b;RHdXV´T¨dXc�xyGjEpTWG�eòÀ�|2GjdX_HV�aHG�dò�°cYV^P2zUG2E�d���NU|j|2_HPOPSG2E\|2G�i��
¯Ac³POm2MSNYEucYEH|jG�aHG
T�k`R$G�È$cnKHPOkp}¬É¶G2PONYT·zÄqYm2POV^s�cYEpT�Rj�HcYKHV^TS_HG2d^dXGjb0GjEoT�R0dÂc³POG2dXcnTWV^NQE

kh ≈ π/2
z

cn_HPWc�a\m2MSNYPSb0cYVXM[d^VXGj_�]o_ucYEHa
khneff ≈ π/2

�$Ì$ËÎ�p»
neff

�Y�Q®Y©�¡B£u«�¡��ÄÌ$ËÎ�p»�Ë´�fÌ$�vÊ¬�·Ê�£$¦`¡B�`�
h¦`Ê�­�«�ÍB«g�W¡[�j�Y­ �2ËX¡��#"w£ ¦`¡� vÊ�£\»�¡B� � ¡B���`£¥¡�«�¡BË�ËX¡��WÐv»�Ê�£$�Y£¥ v¡>¦p�Y£\»�ËX¡�¦`Ê�©;�Y­�£¥¡6»�Ìu¡v B«g�O�YË � Ê��`ËÎ�eydXGjM�|v�HNQMSGjMFqYNQEpTLa\NQEH|�aucYEHMhd^G RjK�NYEwR[MSG2E\MviB�

ô��B�



ÉtPSGj_\qQGCcYEucnd^koTWV^]`_\G�� µOGfaHmjb0NQEpTSPSG�eyqYNQVXPLILEHEHG��UGYz�RucY{YG;ð��:�oih]`_¥�ÆGjEªMOG�PSG2MlTWPOG2VX{YEucYEpTrcY_
b;N`aHGFxyNYEHaucYb;G2EpTvcnd�zodXGjM¨cYb;RHdXV´TW_Ha\G2M

a0

GjT
b0

aH_�|v�ucYb;R�aucYEHM?dXGLPOm2MOG·cY_¼egc�qYG2|
d << λ

i+NQEpT
_\E�a\mjTWGjPSb;VXEucnEoTha\NQEHEHmrRucYP

cot(neffkh)− [
neffkw

πεd
(3/2− ln(

2πw

d
))]− i · neffw

dεd¯t�ÆcYEHEo_HdÂc�TWVXNYE�aHG�dÂcfRucYPlTWV^GJPSm2GjdXd^GJaHNQEHEHG�dXcf|2NQEHa\V^TWV^NQE�aHG�PSmjMSNQEHcYEH|2GraHGjM�|2c�q`V´TWm2M��

neffkh =
π

2
− Arc tan[

neffkw

πεd
(3/2− ln(

2πw

d
))]

MONQV^T
k ≈ k0[1−

w

πhεd
(3/2− ln(

2πw

d
))]

c·qQGj|
k0 =

π

2neffh�LNYEH|6R�NQ_\PJ_HEºPWcYRHR$NQPlTJa��ÆcYMSR$G2|BT
w/h

cYMSMOG d xyNQPOT0e w/h << 1
i�z¥dXc�xyPSm2]o_HGjEH|2G;aHG6PSmjMSNn}

EHcYEH|2G�G2MOT[KHVXGjE PSG2E\MSG2V^{QEHmjGfRucYP
khneff ≈ π

2

�'��|jV�z
neff

aHm2R$G2E\a VXb;RHdXV^|2V^TSG2b;G2EpThaHG
λ
�¥�LcYEHM

d^G�|·cYMrNQ�
εm

GjMOT�cYMSMOG d EHm2{pc�TWV^qYGYz�GBT w << d
z�NYE R$G2_\TrPSGjRHPSGjEHaHPOG�dÂc
xyNQPObf_Hd^G;a\G0dò�ÆV^EHaHVX|jG

GB�¥Gj|jTSV^x+a���_HEHG�|·c·q`V^TSm�_HEHV^]`_\GY��¯Ac
|2NYEHaHV^TSVXNQE�aHG�PSmjMSNQEHcYEH|2G6|jNQEHaH_HV´T�cYd^NQPSMfe
cf

RucY{QG;ð%�= 0aHG
dò�ÆI�EHEHG��\G·i�À

kres ≈
π

2ndh
− 1

w
√

|εm|½L��G2MlT�dXGfPOm2MO_Hd^TWcnT[]o_HG�µj�Æc·qYcnVXMJcYE\EHNQEH|jm�G2E MSGj|jTSVXNQE¼ø\���H�´ôj}¬���¥ZJEºc·qncYV´TLq`_�z�GjE¼NY_\TWPOGYz¥]o_HG�MOV
d^G2M?RucYPSNYVXM~mBTvcYV^G2EpT¨|jNQEHMOVXaHmjPSm2GjM~Ì\�Y���j�Y­�«¬¡B©�¡B£u«? vÊ�£$¦Y�u B«g�B­� v¡v»6e

neff = nd

]`_\G2d¥]o_HGJMONQV^T
w
i�zUdXc

xyPOm2]o_HGjEH|2GraHG�PSmjMSNQEucnEH|2GrmjTWcYV^T�|jNQEHaHV´TWV^NQEHEHmjGJRucYPhaHG2M�xgcY|BTWGj_HPSMFRH_HPOG2b;G2EpTF{Qm2NQb;mjTSPSV^]`_\G2MJ�
k ≈ π

2ndh
−O(w/h)

¯�G�a\m2|·cndÂcY{QG
O(w/h)

zwdXVXm�À dò�ÆGB�¥GBT�a���NQ_\qYG2PlTW_HPOG M2��G2MOTSNQb;RucYV^T�dXNQPOMS]o_HG
w
TWGjEHaucYV´T0qYG2POM


�GjTfdXc�xyPSmj]o_HG2EH|jG�MSG
|2cYdÂcnV^TrMS_HP�dÂc�xyPOm2]o_HG2E\|2G>È�cYKHPlko}�É9GjPSNYT�GB�\cY|jTSG¼e 1
λ

= 1
4h

i�z¶TWcYEHaHV^M�]o_HG
dò�ÆG��\cYd^TWcnTWV^NQEfaH_0|v�ucYb;R;TSG2EHaucnV^T+MSV^EH{Q_Hd^VX²2POG2b;G2EpTtqQGjPSM?d���VXE\suE\V��pZ[E6qQNQV´T+aHNQEH|F]o_��°cn_U�;m2|v�HGjdXd^G2M
{Ym2NQb;mjTSPSVX]o_HGjM�aHGJd���NQPOaHPSGJaHGJdXcfRHPSNnxyNQEHaHGj_HPhaHGJR�G2cY_�aH_>b0mBTvcYdòz\|2G�|jNQb0R$NQPlTWG2b;G2EpT�E¥�°c�RHd^_HM
POVXGjE À�qQNQV^PJc·qQGj|�dXGfaHmj|·cYdXcY{QGfPOm2Gjd¨�¥NQE RHcYMSMOG�a��Æ_\EHG�aHm2R$G2E\aucYEH|jG;GjE

w
À
_HEHG�a\m2R$G2EHaucnEH|2G

GjE
1/w

�
Z[E;cra\m2MSNYPSb0cYVXMÄTSNQ_HMwdXGjMwm2dXmjb0GjEpTWMtR$NQ_HPt|2NYb0RHPOG2EHa\PSGhdÂcJRHPONQ{QPSGjMSMOVXNQE6]o_HVuMSGhxgcYV´TtG2E;PWcYR`}

R\PSN`|v�ucYEpT¨d^G2M~RHcYPSNQV^M?a\m2dXV^b0V´TvcYEpTwdXcr|2c�q`V´TWm��`RucYPlTvcYEpT~a��Æ_\EHG[dÂcnPS{QGj_HP?a\G�xyG2EpTSG Rjb;NUaHmjPSmjb0GjEoT�R
MO_HKU}ÅdXNQEH{Y_HG2_HP�a¥�ÆNQE\aHGYz�|Y��G2MlTLdò�ÆGB�¥GBTh{Qm2NYb0mBTWPSV^]o_HG ]o_HV�qYc6a��ÆcYK$NQPSa�µONQ_HGjPCeyTWGjEHaucYE\|2GraH_ RBb0m�}
TWcYd¥RHcYPOxgcYV´TAR·i�zUa\NQEH|[GjEoTSPWc8eXEHG2P�_\E�a\m2|·cndÂcY{QG�egaHGJdXc�PSmjMSNQEucnEH|2G·i¨qYG2POMFd^G2M���� 
 � �	�[xyPSm2]o_HGjEH|2GjM2�
Ã�cYVXMFG2E aHGjMSMONQ_HMJa���_HE |2GjPOTWcYVXE³MOG2_HV^d9a\G

w
z$|Y��G2MlTJdXGC|2NQ_HdXcY{QGLxyNYPOT a\G2M[RHdXcYMSb;NQEHMFaHGfMO_HPOxgcn|2G

]o_HV�qncªdò�ÆGjb0R$NQPlTWG2Pjz¾GjT ������� 
�� 
��	� dXc¼MOV^TS_ucnTWV^NQE �wd��ÆcY_H{Qb;G2EpTvc�TWVXNYE-MSR$NQEpTvcYEHmjG�aHG�d���VXEHa\VX|2G
GB�¥Gj|jTSV^x�GjEoTSPWc8eXEHG[aH²jM¨dXNYPSM+_HE�aHm2|2cYdÂcn{QGFqYG2POM�dXG2M � ���
�!�	�[xyPSm2]o_HGjEH|2GjM2zHa\m2|·cndÂcY{QG�]o_HV¥a��ÆcYV^dXdXGj_HPSM
R$G2_UT �jTWPOGJTWPS²jM�{YPWcYEHa¥�

�tE
|jNQEH|2d^_HMSV^NQE;aHGL|jG�RucnPWcY{QPScYRH�HGnzoEHNQ_HM~c�qYNQEHM?|2NQb;RHPSV^Mw]`_\G[dXGjM?d^NQEH{Q_HGj_HPSM+a���NQEHaHGFa���GB�o}
|jV^TWcnTWV^NQE-aHG2M0PSmjMSNQEucnEH|2GjM�R$NQ_\qncYVXGjEpT �BTWPOG�K$G·cY_\|2NQ_HR�RHdX_\M;{YPWcYEHa\G2M�]o_HG�dÂc �ucn_\TWGj_HP

h
a\G2M

|2c·qUV´TWmjM2�$½~G2dXc�GB�URHdXV^]o_HGJKHVXGjE>R�NQ_\PS]o_HNQV�NQE>NQK\MSG2PlqQGraucYEHMhEHNYMFMOR�Gj|jTSPSG2Mjz�_HEHGrcYKHMONQPSR\TSVXNQE>NQR`}
TSVX]o_HG�cYE\NQPSb0cYdXG[cY_U��cYd^G2EpTWNY_HPSM�aHGjM

2.5eV
z�cYd^NQPSM~]`_\G

h ∼ 10nm
�

ô��
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I�_\TWNQ_\PCaH_ªb0N`aHG;È�cYKHPlko}�É9GjPSNYT2z¶MOV?dXc�|jNQEHaHV´TWV^NQE
kres ≈ π

2neffh

GjMOT�KHVXGjE¼qYm2PSV´sum2Gnz9NYE c
cot(neffkh) ≈ −neffh(kres−k)

�YÉÄcYP9|2NQEHMOm2]o_HGjEoT2zYTWNY_�µONQ_HPOMÄaucYE\M¾dXG+|·cYa\PSG¨aHG~d��ÆcYRHRHPON��UV^b�c�}
TSVXNQE�_HEHVXb;N`aucYdXGnzpdXGjM¨|2N`Gj±;|2V^G2EpTWMhR$NQEHaHmjPWcYEpT�d^G[b;NUaHGFxyNQEHaucnb0GjEoTWcYd¥MONQEpT�TWGjdXM¨]o_HG

a0 = −b0e�qQNQV^P�ILEHE\GB�UGYz�RucY{YGrð��:�oi�zuc·qQG2|;�

a0 ≈
1

neffh
· 1

kres − k − i w
εdhd

�¾T2zHaucYEHMFdXGjM�|·c·q`V^TSm2M2z
HII

z (y = −h) ∼ 2a0

GjT
EII

x (y = 0) ∼ neff · 2a0

εm

eyaHNQEH|
neff

iÄGjMOT?MS_HR\R�NQMOm2GFPSmjG2dXd^G�aucYEHM+|2Gh|2cYdX|j_Hd��QI�VXEHMOV�zQdò�°cnb0RHd^V^TS_HaHG~a\GFdXcJPSm2MONQEucYE\|2G
GjMOT��BÌpÌ$�WÊ��Q­�©;�Y«g­ � ¡B©�¡B£u«¶K$NQPOEHm2G�RucnP¾dÂcL]o_ucnEoTSV^TSm neff

w
d·εd

R�NQ_\P
Hz

zQGjT w
d·εd

R�NY_HP
Ex

zQa���NQ�
_\EHG�GB�\cYd^TWcnTWV^NQE�aHGjMF|v�HcYb0R\MFR\dX_HMhRHPONQEHNQEH|jm2G�R$NQ_HP�_HE�PWcnTSVXN

w/d << 1
e��BiB�

��dÄxgcn_\TJ|2GjR�GjEHaucYEpT�MONQ_HdXV^{QEHGjP[]o_HG�d��ÆcY_H{Qb;G2EpTWcnTWV^NQE�aHG
neff

qYc
aHcYEHMJdXG�MSG2E\Mra¥�Æ_HE\G�Ì$ËÎ�o»
�j�Y­ �2ËX¡F¡��o�YËÎ«��Y«ò­�Ê�£JÌuÊ��U�~ËX¡L v¤\�Y©LÌ0©;��®Y£¥ÐB«ò­��2�u¡L�n|n�ÆGjMOTtd^G~|·cnPWcY|BTW²2POG~mjdXG2|BTWPOVX]o_HG~a\G¨dÂcFPSm2MONQEucYE\|2G
]o_HVoRHPOm2aHNYb0V^EHGY� �tE�GB�¥GBT·z EHNQ_\MÄGB�U|jV^TWNYEHM9V^|2VpaHGjMÄRHdXcYMSb;NQEHM�a\G~RucYPONQVXMAc·kQcYEpT¾_HEf®Y�S�Y£$¦ � ¡v B«�¡B�U�¦¶ÒÓÊ�£$¦`¡

ky
z\a���NQ��dXGL|v�ucYEH{QGjb0GjEpThaHG[EucnTS_HPSGJa\G[dÂc�POm2MONQEucYEH|jG��H|2GLE��ÆGjMOThRHd^_HM~q`PWcnVXb;G2EpT�aHG[dXc

d^_Hb;VX²2POGL]o_HVAG2MlTF|2NQE\sHEHm2GCcY_>MSGjVXE�aHG2Mh|·c·q`V^TSm2Mjz$b0cYV^M¨_HE�|v�ucYb;R�aHc�qncYEpTWcY{QG Rjm2d^G2|BTWPSNYEHVX]o_HG:Rn�
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��d�EHNQ_\M~PSGjMOTSGLb0cYVXEpTWGjEucYEpT?ÀCb;GjTOTWPSGFG2E0GB�UG2PO{Q_HG[dò�ÆGB�¥GBT~a\G�dò�°cYK\MSNQPOR\TWV^NQE0b;mjTWcYdXd^VX]o_HG¨aHcYEHM
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a\_�|jNUGB±;|2VXGjEpT
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z�cYR\RHPSN·�UVXb;mJMSNQ_\MFdXc�xyNQPSb;GJmjTWcYKHd^VXG[RHd^_HMh�ucY_\T��

a−1
0 ∼ cot(neffkh)− neff

εd

kw

π
[ln(2π

w

d
)− 3

2
]− i

neffw

d · εd

Z[E�R$G2_UT[b;NQEpTWPSGjP�]o_HG�MSV |<(εm)| >> =(εm)
z¥cndXNQPOM

neff = n0 + in1
z�c�qYG2|

n1 << n0
�

DFE
aHmBqQG2d^NQRHR$G2b;G2EpT�d^VXb;V^TWmhMOVXb;RHdXGFcY_\TSNQ_HP¨a\G
n0kh ≈ π/2
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1

εd
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MO_HKU}ÅdXNQEH{Y_HG2_HP?a���NQEHaHGn�uZ[E�R�Gj_\T�EHm2cYEHb;NQVXE\M~G2EpTWcYb0GjP¨_HEHGLaHVXMO|2_HMOMSVXNYE�RHdX_HM¨cYRHRHPONYxyNQEHaHV^G�MO_HP
dò�ÆV^EU�u_HGjEH|2G�a\G2MwRucYPScYb0²BTWPOG2MtMS_\PtdXG2MtG��\cYd^TWcnTWV^NQEHM¾d^NU|2cYdXGjM¾aH_6|v�ucYb;R�zocYV^EHMSVU]`_\GFMO_HPwd���VXEU�H_HG2EH|jG
a¥�ÆmBqQG2EpTS_HG2d^MtRHdÂcYMOb0NYEHMÄ�HNYPSV d NQEpTvcY_`��a\G¨MS_HPlxgcY|2Gn�Q¯AcL{QPScYEHaHGj_HPÄR\�ok`MOVX]o_HG�]o_HVUxgcnV^T9dXG~d^VXGjE�G2EpTSPSGd^GLd^VXG2_�a\GJPSm2MONQEucYE\|2GrÈ�cYKHPOkp}�É9G2PONYT·zUdÂcCxyNYPS|2GJa\_�|jNQ_HRHdXcY{QG[R\dÂcYMOb0NQE\VX]o_HGLV^EpTWG2POEHG�ÀfdÂcf|2c·qUV´TWmnz
GBT6d��ÆcYb;RHdXV´TW_HaHG;aHGjM;G��\cYd^TWcnTWV^NQEHM2zÄ|Y��G2MOT;EHNnTWPSG�V^EHaHV^|2G�Gj��G2|BTWV´x¬�¾�tE µONY_ucYEpT6MS_HP6d^_HV�z9NQE!R�Gj_\T
a\m2b;NQEpTWPSGjP�aHG2_`��|v�HNQMSGjMC�

# �tECRucnPOTvcnEoT¶a���_HEHGw|jG2POTWcYVXE\G+{Ym2NQb;mjTSPSVXGÄMS_HKU}ÅdXNQE\{Q_HG2_\P�a��ÆNYEHaHGYz�V^dQG2MlT¶R�NQMOMSV^KHdXGta���G2Er|v�HGjPl}
|v�HG2PL_HEHGfcn_\TWPOGYzHÌ$ËÎ�o»hÌu¡B«g­�«¬¡Bz$R$NQ_HPFdÂcY]o_HGjdXdXGJd^G2MF|·c·q`V^TSm2MLPOm2MONQEHEHGjEoT[G2EH|jNQPSG�À0dÂc>©�ÍB©�¡
xyPSmj]`_\G2EH|jGY�AZ[E�qYG2PSPSc
|2GjR�GjEHaucYEpTJ]o_HGfd^G2MLcYb0R\dXV^sH|·cnTSVXNQEHM�a\Gf|v�ucYb;R³MSNYEoT�TWNYTWcYdXGjb0GjEpT
aHV^��m2POG2EpTWGjM2�

# Ã�c��UVXb;VXMOG2P�dò�ÆV^EHaHVX|jGtGj��G2|BTWV^xHcY|2|jPSN�e^T·z·V^EHaHV^PSG2|BTWGjb0GjEoT2z�d��ÆcYb;RHdXV´TW_HaHG9aH_�|v�HcYb0Rrm2d^G2|BTWPSV^]o_HG
egMOVHPSmjMSNQEucnEH|2G�V^d`k�cpi+�nR�NY_HPÄ|jG¨xgcYVXPOGYz�NQE�c[VXEpTSm2P0�BTtÀ[|jNQEHMSV^aHm2POG2P¾a\G2MtPSmjMSG2cY_U��a\G¨|·c·q`V^TSm2M
TWPO²2MFMS_HKU}ÅdXNQE\{Q_HG2_\P�a��ÆNYEHaHGYzua\NQEpT�dXcfR�mjPSV^NUaHG

d
G2MlTJ®Y�O�Y£$¦`¡�a\GjqncYEpT

w
�

½~G�MSNYEoTF|jG2MFaHG2_U��R$NQV^EoTSM�]o_HV�MOTSPS_H|BTW_HPOG2EpTLE\NYTWPOGra\VXMS|j_HMSMOVXNQE¥�

ÕhÖ 
hÖO× ê��CÙ¥ìñáLâ ï¥Þwâ�ÚLçlÙ
(w, h)

�UâFíéç¬æ�íHÜ��`ÞwÝLæwÝLï�Ù
½~GBTSTWGrMSGj|jTSVXNQE�c;R$NQ_HPhKH_\TFaHGrb;NQEpTWPSGjPh]`_¥�ÆV^d�G2MOT�R$NQMSMOVXKHd^Gra\GCPOm2aH_HV^PSG�dÂcfTWcYVXd^dXG[aHGjM�POm2MONn}

EHcnTWGj_HPSM[a\Gf|·c·q`V^TSm;»2�Y£\»; v¤\�Y£`®`¡B�;dXc0xyPSmj]o_HG2EH|jG�aHGfPOm2MSNYEucYEH|jGY��É¶NQ_HP[|jG2dÂcUz�V^d¶xgcY_UTLTWPSc·qYcnVXdXd^G2P
grosso modo

À
neffh

s\�UmY�n�¾TvcYEpT9aHNQEHEHm+]o_HG
neff ∼ 1√

kw

z�NQEr|2NQEHMlTvcnTSG~a���G2b�KHdXmjG+]o_��´­�Ë`£¥ÒÓ¡v»B«
Ì\��»JÌuÊ�»v»B­ �2ËX¡;¦`¡��WÐS¦Y�`­��W¡�� ¡B«h¤�Ì$�WÊvÌuÊ��B«g­�Ê�£u£¥¡BË�ËX¡B©�¡B£u«f�AMSVwNQE¼qQGj_\TfPOm2aH_HV^PSG;dÂc>RHPSNnxyNQEHaHGj_HP
a¥�Æ_HE0|2GjPOTvcnVXE6xgcY|jTSG2_HPjz`V^d\xgcY_\T?PSmjaH_HV^PSG

w
a��Æ_\E0xgcY|BTWG2_\P?KHV^G2E;RHdX_\M?{QPScYEHa~^oRucYPw|jNQEHMSmj]o_HG2EpT·zUNQE

R$G2_UTtqUV´TWG�cnPSPSV´qQGjPtÀJaHG2MtPScYRHR$NQPOTSMta��°cnMSR$G2|jTwG��`TWPWc·qncY{pcnEoTSM2�`½L��G2MlT?GjE6|2G2dXc[]o_HGhdÂcLPOG2|v�HGjPS|v�HGFaHG
R$NQMOMSVXK\dXG2MtPOm2MONQEucYEH|jG2M~È$cnKHPOkp}¬É¶G2PONYT~aHcYEHMwaHG2M?|·c·q`V^TSm2Mwb0V^EHVÂc�TW_HPOG2M2zYGjT+aucYEHM+dXGhaHNYb�cYV^EHG¨MOR�Gj|B}
TSPWcYd�]o_HV�EHNQ_HMhV^EoTSm2POG2MSMOG0eyq`VXMOVXKHd^G�iBzUEHGJaHNQV´T�RucYMhRucnMSMSGjPhRucYP�aHGjMF|v�\NQV´�
a��Æmj|v�HG2d^dXGjMhcYPSKHV´TWPScYVXPOG2M2�
¯Ac�]o_HGjMOTSVXNQEºMSGjPWc
GjEHMS_HV´TWGfa\G�MWc·qQNQV^P[|2G�]o_HG�a\Gjq`VXGjEHEHG2EpT�d^G2MJcYb;RHd^V^TW_\aHG2MFaHG�PSmjMSNQEHcYEH|2G�a\G2M
|v�HcYb0R\M�b0cY{QEHmBTWV^]`_\G2MFGjT�m2dXGj|jTSPSVX]o_HGjM[cY_�xy_HPFGjTLÀ0b;G2MS_\PSG�]o_���NQE c·qncYEH|jGCaHcYEHML|jGjTOTWG�b;VXE\VÂc�}
TS_HPSV^MWcnTSVXNQE�|2NYEoTSPSÔQd^m2Gn��½L��G2MlT[TWNQ_UT[dXGCRHPSNYR�NQM�aHG2M�TWPWc·qncY_U��]o_HV¶qQNQEpTJMO_HV^q`PSGn���FNQ_HMLTSG2EHa\PSNQEHMjz
GjE�aHG2POEHVX²jPSG[MOG2|BTWVXNYE�aH_�½~�ucYRHV´TWPOGYzUqYG2POM�aHG2M�PO_H{QNQMOV^TWmjM~aHGLMS_HPlxgcY|2GJa���m2|v�\G2dXd^G[]o_ucYMOVXb;G2EpThcYEH{�}
MlTWPONQb0mBTWPOVX]o_HGJGjTFb;NQEpTWPOG2PSNYEHM�]o_��ÆGjdXd^G2MhM2�ÆcY|2|jNQb;RucY{QEHGjEpT�a\GrPOm2MONQEucYEH|jG2MFGB�U|2GjR\TWV^NQEHGjdXdXGjM2�

IAqncYEpT�|2GjdÂc\z?¦`ÐB©�Ê�£u«g�vÊ�£\»6�2�u¡	���·¡B£u«�¡v»
©�ÐB«��YË�ËÎ­��2�u¡v»�­X»�Ê�ËXÐv¡v»��L¦`Ê�£u«LËX¡v»;»�¡v B«g­�Ê�£\»0�W¡v B«Å�Y£ �
®Y�`Ë´�Y­��W¡v»f»�Ê�£u«h«ò���v»�¦Y­ �[ÐB�W¡B£u«�¡v»��ÄÌu¡B� � ¡B£u«�«�Ê��U«LÑr�j�Y­�«F�WÐv»�Ê�£u£¥¡B�;Ñ�Ë´��©�ÍB©�¡����WÐ0�2�u¡B£¥ v¡�egMScYEHMxgcnVXPSG;VXEpTSG2POqYG2EHV^PfdXG;PSÔYdXG�a¥�Æ�ucnPSb;NQEHVX]o_HGjM�a���NQPOaHPSG
MO_HR$m2PSV^G2_HPWiB�Ä�wE�µONY_ucYEpT�|2NYEoTSVXE �Hb;G2EpTfMO_HP
dXc�aHV^MOTvcnEH|2G

w
MSm2RHcYPWcYEpT6d^G2MfRucnPSNQV^MCqQGjPOTSVX|·cndXG2Mjz¾NQE�µONQ_\G
|2NQEpTSVXE �Hb;G2EpT6MS_HP�dò�ÆV^EHaHV^|2G;Gj��G2|jTSV^x

a\G�dXc¼|2c�q`V´TWmYzwaHG�MSNQPlTWG�]o_��ÆV^dhMS_\±6T
a¥�°c µO_\MOTWGjP�dXc¼RHPONYxyNQEHa\G2_HP
h
R�NY_HP0|jNQEHMOG2POqYG2P
V^EH|v�ucYE\{Qm

d^G�dXV^G2_ aHG6dÂc�POm2MSNYEucYEH|jG0aH_¼b;NUaHG6È�cYK\POkp}¬É¶G2PSNnT·�A¯�G2M�MSR$G2|BTWPOG2M�]o_HVtMO_HV^qYG2EpTCR�GjPSb;GjTSTSG2EpTraHG
q`V^MS_ucYd^VXMOG2Ph|2dXcYVXPOG2b;G2EpTL|jNQb;b0GjEoT�dXGjMLPOm2R$NQEHMSGjM[mjqYNQdX_\G2EpT·z�RucYPLb;N`aHV^su|2cnTWV^NQE>aHG2MLaHVXb;G2EHMOVXNQE\M
{Ym2NQb;mjTSPSVX]o_HGjM2�

ô��:�



Z[E�|2NQEHMOVXaH²jPSGr_HE�PSm2MOG·cY_�a��°cnPS{QGjEoTFaHGrR$m2PSV^NUa\G[s\�Um2G
d = 300

EHb��u¯t��mjTW_\aHG�MOGrxgcYV´T�aucYE\M
d^G[q`VXMSV^KHdXGnz\GjE�V^EH|2V^aHG2EH|jG�RHPSNQRHcY{pcnTSV^qQGLEHNQPSb0cYd^G6eòcY_\|2_HE�ÉtdÂcYMOb0NQED�FNQPSV d NQEpTvcnd�GB�U|2V´TWm·iB�}~ÉÄcnPOTvcnEoT�a���_HEHGC|·c·q`V^TWmrRucYPScYb;mjTWPOm2GrRucYP

h = 30
EHb GjT

w = 30
EHb�zudXGJxgcnV^TFaHGrPSm2a\_HVXPOG

dXcrdXcYPS{YG2_HP+À
5
EHb cY_H{Yb0GjEoTSG�dò�ÆV^EHaHV^|2GhGj��G2|BTWV^x�aH_
b;NUaHG�xyNQE\aucYb;G2EpTvcYd�GBT¨aHmj|·cYd^GYzo|2NQb;b;GLcnTl}

TSG2EHa\_�zUd^G�d^VXGj_�aHG�dÂc�PSm2MONQEucYE\|2GLqYG2PSM~dXG2M?KucYM?EHNQbfKHPOG2M?a��ÆNYEHaHG6eyNQE�RucnMSMSGLaH_
KHd^G2_
cn_
PSNQ_\{QG�i��
}J�UV�z¶cY_ª|2NQEpTSPWcYV^PSGYzANQE EHG0TSNQ_H|v�ucYV´T�RHcYMfÀ

w
zAVXdtxgcY_Ha\PWcYV´T�cn_H{Qb;G2EpTWGjP�dÂc>RHPONYxyNQEHaHGj_HP

hµO_\MS]o_��ÆÀ;GjEoq`V^PSNQE
70nm

R$NQ_HPFc·qQNYVXP�dÂcfPOm2MONQEucYEH|jGCaHcYEHMhdÂcfb �2b;G d NQE\GrPONQ_H{QGn�¯AcJÈÄV^{Q_HPSG~÷\�Æ÷Lb0NYEoTSPSG¨dò�ÆmBqQNQd^_\TWV^NQE�a\G�|2G�PWcnVXMSNYEHEHG2b;G2EpT2�pZ[E6cLaHNQE\|�NQK\TWGjEo_;a\VXPSGj|jTSG2b;G2EpT
a\G2_U�>{Ym2NQb;mjTSPSVXGjM�aHVXMlTWV^EH|jTSG2MhPSmjMSNQEHEHcYEpTFTSNQ_\TSG2MhdXGjMFa\G2_U��À6dÂcfb �2b;G[xyPSmj]o_HG2EH|jGY�
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w = 30, h = 70nm
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V^aHG2E`}
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d^G2M�|jNQb0RHcYPWcYV^MSNQE\M�MSNQEpT�G2EH|jNQPSG�RHd^_HMhm2dXN`]o_HG2EpTSG2M�egMSR$G2|BTWPOG2MFEHNQE>su{Q_HPOm2MFVX|2VÂi���cYd^NQPSM�]o_HGrd���VXEU}
TSG2EHMOV^TSmCEHNYPSb0cYdXV^MSm2GJa\G
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TWNY_HPSEHGCcY_\TSNQ_HPFaHG������³R$NQ_HP
w = 30

EHb eyGjT�|2Gnz�R$NQ_HPFdXGjM�aHGj_U�
R\PSNYxyNQE\aHG2_HPOM

h
aHG�EHNYTSPSGJGB�UGjb0RHd^G�i�zuG2dXd^GJc·qQNQV^MSV^EHG�dXG2M������	��]o_ucYEHa�NQE�RHPSGjEHa

w = 5
EHb�zH|2G

]o_HV�GjMOTFdXNY{QVX]o_HG[R\_HVXMO]`_\GCd^GJPWcYRHR$NQPlT
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Z[E>|2NQb;RHPOG2EHa�G2E�xgcYV´T�]o_��ÆV^d�GB�UV^MOTWGJTS�Hm2NQPOVX]o_HGjb0GjEoTF_HE\G;­�£
"w£u­�«�Ð�aHG?µOGj_U�
(w, h)

|jNQEHaH_HVõ}
MScYEpTtÀF_HEfb �2b;G?d^VXG2_raHG¨POm2MONQEucYEH|jGY�Y¯AGwTWNY_\T¾GjMOT¾a\G~MWc·qYNQVXPÄc�qYG2|¨]o_HGjdXM9PWcYRHR$NQPlTWMÄa¥�°cYMOR�Gj|jTSM¾NQE
MONQ_H�ucnV^TWGJTSPWc·qncYVXd^dXG2Pj�^�´�\�UV�z�À6RHPSNnxyNQEHaHGj_HP

h
s\�Um2GYz$dÂc�aHV^b0V^Eo_\TWV^NQE�aHG

w
G2EpTWPSc8eÂEHGr_HE�aHm2|2cYdÂcn{QG

a\GJdÂcfPSmjMSNQEHcYEH|2GraHGJ|2c�q`V´TWmJqQGjPSMFdXG2M&�v��»v»�¡v»Jm2EHGjPS{QV^G2M2zudXcfPSmjaH_H|jTSVXNQE>RHPONQR$NQPOTSVXNQEHE\G2dXd^G�a\G
w
GBT

a\G
h
EHG�|2NQEHMOG2PlqQG�RHcYMhdXGJdXV^G2_>aHG�dÂcfPOm2MONQEucYEH|jGYz$b�cnVXM¨GjEoTSPWc8eXEHG�_HE�aHm2|2cYdÂcY{YG[qQG2POM�d^G2M[¤\�Y�`«¬¡v»

xyPOm2]o_HGjEH|2GjM2z\a\NQEH|hqQG2POM¨_HE0aHNQb0cYVXEHG�NY��d��ÆcYKHMONQPSRUTWVXNYE³ey|2PSNYVXMSMScYEpTWG·itsuE\V^T+RucYPwxgcYVXPOGhM2��Gj��NQEHaHPOG2P
dXcfPSmjMSNQEucnEH|2Gn��¯¶cfqncYPOVÂcnTSVXNQE
a\G

h
cfTWNQ_ µONQ_HPSM�_\E�V^b0Rucn|jT�RHPOm2R$NQEHaHmjPWcYEpTF|2NYb0RucnPSmJÀ�|2GjdXd^G[aHG

dXc�dÂcnPS{QGj_HP
w
�¾½~GBTSTWG
TSG2EHaHcYEH|2G�qnc³aucYE\MfdXG
K$NQE-MOG2EHM��¾d^G�POm2|v�ucY_U�¥Gjb0GjEoT;aHGjMfsudXb;MCxyPONQVXa\M

GjEpTWPWc eÂEHGf_\EHG6RHdX_HMJ{YPWcYEHa\G�b0NQK\VXdXV´TWmraHG2M�c�TWNQb;G2MJaHmjR�NYMSm2M�GjEªMO_HPOxgcY|jGYz�a¥�ÆNQ�º_HE\G;POm2aH_\|jTWV^NQE
a\G2MJaHmBxgcY_\TWMJGBTJ_HEHG�POm2aH_\|jTWV^NQE aHG�dò�ÆGjMSRucY|jG�G2EpTWPOG�dXGjM+µONQVXEpTSM[aHG�{QPScYVXE!e�xyNQPSb0cnTSVXNQE�aHGFµONQV^EoTSM
|jNQb;RucY|jTSMvi��w¯w�ÆcYRHR\dÂcYEHV^MSMOG2b;G2EpT6aH_éR\PSNYsud�a\G�MO_HPOxgcn|2G�R�Gj_\T�G��URHdXV^]`_\G2P;cYVXE\MSV¨dXcºa\VXMSRHcYPSV´TWVXNYE
|jNQE�µONQV^EpTWGJaHG�d���IFZFICzHGjTFaH_��\�w���¼óõôQô2ö�RHcYPhcY_H{Qb;G2EpTWcnTWV^NQE�aHG�dÂcfTWGjb0R$m2PScnTW_\PSGY�
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���ÆcYRHPO²2M¨dXcra\VXMS|j_HMSMOVXNQE�aHmjTWcYVXd^dXm2G�MO_HP~dò�ÆV^EHaHV^|2GhGj��G2|BTWV^x�G2E
Rucn{QG�ô��B`\zpdXGhxgcYV^T+aHG�RHPSGjEHaHPOG[_HE
{YPWcYEHa

d
crdò�ÆV^EpTWm2P��jTwa��X�Y©�ÐBËÎ­�Ê��W¡B��ËX¡A�j�` B«¬¡B�`�L¦`¡��2�H�YËÎ­�«�ÐFaHGhdÂc[POm2MSNYEucYEH|jGLÈ�cYKHPlkp}¬É9GjPSNYT2�o�tE0POmB}

xymjPSGjEH|2GLcY_U�;GB�UR$m2POVXG2E\|2G2M¨�\�w�L�$zUNQE;R$NQ_HPSPScC|jNQb0R\PSG2E\aHPSGF]o_HGLd^G2Mwb0GjVXd^dXG2_\PSG2MtG��\cYd^TWcnTWV^NQEHMwaH_
|v�HcYb0R�m2d^G2|jTSPSNQb0cY{QE\mjTWV^]o_HG�EHGCMONQEpT[RucnMLEHmj|2G2MOMWcYV^PSGjb0GjEoTLNQK\TSG2Eo_HG2MLG2E�a\G2EHMOV^s�cYEpTLdXG2M RjMOV^TWGjM
cn|jTWV´xyM�R�e

i.e.
dXGJEHNYbfKHPSG�aHG�|2c�q`V´TWm�RucYP�b;VX|jPSNQE�zUaucYEHMhd^GJ|·cYMhaH_�PSmjMSG·cn_�iB�

É¶NQ_HP�V^dXd^_HMOTSPSG2PJ|jdÂcYV^PSGjb0GjEoTr|jG�R$NQVXEpT·zAEHNY_HM�cndXdXNYEHM�|2NQb;RucYPOG2PrdXG2MrPSmjR�NYEHMSGjMfNQR\TSVX]o_HG2MCaH_
POm2MOG·cY_;a���ILPS{YG2EpT

(w = 5nm, d = 30nm)
zQaHm�µSÀrb;NQEpTWPOm2G2MtGjE�È9VX{Q_HPOG2Mt÷U�a��GjT+÷U�X 6egNYE;dò�°cnRHR�Gjd´}

d^G2PScfPSm2MOG·cY_ �>iBz�c·qQGj|C|jG2d^dXGJaH_�PSmjMSG·cn_
(w = 5nm, d = 300nm)

z�cYR\R�GjdXm�PSmjMSG·cn_ � egR$m2PSV^NUa\G
ô:
;xyNQV^MFR\dX_HMF{QPWcnEHaHG�i�z�GBT[|jGYz$R�NQ_\P�aHV´�¥mjPSGjEoTSG2M[R\PSNYxyNQE\aHG2_HPOM

h
�$¯Ac0PSmjR�NYEHMSGfa\_³aHG2POEHVXGjP�Mlk`Ml}

TS²2b;GYzHGjE�V^EH|2V^aHG2E\|2G�EHNQPOb�cYd^GYzUG2MOTFPOG2RHPOm2MSGjEpTWm2G \ �JG2E�ÈÄVX{Y_HPSGJ÷U�!�\�
¯�G2M6d^NQEH{Q_HGj_HPSM�a¥�ÆNQE\aHG>a��ÆG��U|2V^TWcnTWV^NQE-MSNYEoT;aHG>]o_HGjdX]o_HG2M;|2GjEpTvcYV^EHG2M6aHG>EucYE\NQb0²BTWPOG2M�eyq`Võ}

MOVXKHd^G�i��A¯¶c�ÈÄVX{Y_HPSG;÷\�a��b;NQEpTWPOG0a\G2M�G��\cYd^TWcnTWV^NQEHM�aHG�dò�ÆV^EpTWG2E\MSV^TSm6aH_ |v�ucnb0R
Ex

aHG�RHd^_HMSV^G2_HPOM
b;VXd^dXV^G2PSMj�$�tq`V^aHG2b;b0GjEpT·z�dXGLµOGj_ aHG;RucYPScYb0²BTWPOG2M0e

w = 5
E\b�z

h = 45
EHb
iL|jNQPSPOG2MOR�NQE\a-À�_\E

PScYRHR$NQPOTwa¥�°cYMOR�Gj|jT~aHG2MwxyG2EpTWGjM~MScYEHM+aHNQ_\TSG�aHV´±;|2VXd^GhÀrNYK\TWGjEHVXP+c·qQGj|LdXGjMtTWG2|v�\EHNQdXNY{QVXGjM?cn|jTW_\G2dXd^G2Mjz
b0cYV^MfVXd?R�GjPSb;GjT6EHm2cYEHb;NQVXEHM�a\G>qYNQVXP�]o_���NQE�c G2EH|jNQPSG�_HEHG>RHPONYxyNQEHaHGj_HP

h
NQRUTWVXb0cYd^G�aHG>PSm�}

MONQEucYE\|2G�egRHd^_HM�{QPWcYE\aHG0]o_HG0aucYEHMrdXG6|2cYM
d = 30

EHb�iBz�GBT�|jNQPSPOG2MOR�NQE\aucYEpT�À>_HEHG6xyPSmj]`_\G2EH|jG
MOV^TS_Hm2G�aucYEHM?dXGLR\PSN`|v�HG[VXEUxyPWc�}ÅPSNQ_H{YG�eydÂcrPSm��HG2|jTSV^q`V^TSm�TSNQbfK$GLÀ 
QiB�\½~GjT¨G��UG2b;RHdXG�R�Gj_\T �jTSPSG�b0V^M
GjE�RHcYPWcYd^dX²jdXG[c·qYG2|rdXGJ|·cnMFa¥�Æ_HE\GrMO_HPOxgcn|2Grb0mBTvcYd^dXVX]o_HG�RHPSmjMSGjEoTWcYEpTLa\G2MhsuMSMO_HPSGjM�RHPONYxyNQEHa\G2M2�
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�	� �"!$÷\�a�&#�N�{Bl�}.u;p�l�j|v�l8iXs �|��O%l0}@u�ta��tau;�	N�{B��}PyAi!sqtap�l[-olPz��%sqy�u�'�lPuwv�l8i x taz�u�lPz%j;t�u��Yv�y�}h�%s]r�{��Pi!l�}@u�p;t�+�yAl"-ol�z
�%sqj�'={Bnqy%p)yAz�p���j;l�sqyYlPz[%wp��ql�z�u��]s9�ql0}

w = 5nm
l.u)yAzAlH{B�Pp�tan�v�l

d = 300nm
��j�l�ian�z�v�tZH:�Pp�lPz�u;l0j2{Ap;nqmonqz%vAlPyAphj

v�lY}Ps9��tau;��j=-
θ = 0

'@� 
4z�phs]{A{BlPi!i!l.+�yAl
Ex

l�j�uwzAn�p;r s]i!tXj��8{%sqp|p�sq{A{�n�p�uwsqy�}h��s]r�{���ial0}@u�p;t�+�yAl8u;nqu�s]i taz%}Pt!vAlPz�u��
g+i
l�j�u�}Ps]iX}.y%ia��� y%j�u;l
l�z�vAl�j�j�n�y%jHv�l
i x lPr���n�y%}h��yAp�lq��lPz

y = −h/10
�

�UVANQE�|2NQb;RucYPOGCE\NYTvcYb;b;G2EpTFdXG2MFGB�\cYd´TvcnTSVXNQE\M�aH_³|v�ucYb;R�mjdXGj|jTWPOVX]o_HGraHG2M�PSmjMSG·cn_U�³I�GjT �
R$NQ_HPhd^G2MLR\PSNYxyNQE\aHG2_HPOM

h = 15
NQ_

30
EHb�z�NQE�qYNQV^T�]o_HG�d^G�PSm2MOG·cY_ �Lz¥À;MSGj_HdXGjb0GjEoTLø0|2c·qUV´TWmjM

RHcYP[b;VX|2PONQE�z�RHPSmjMSG2EpTSG0aHGjMJVXEpTWGjEHMSV´TWmjM;ô:
�xyNQVXM[R\dX_HMJV^b0R$NQPOTWcYEpTWGjML]o_HG6dXGfPOm2MOG·cY_¼I ]o_HVwc�øQø
|2c·qUV´TWmjMFRHcYP�b0V^|2PONQE�zHc·qYG2|rG2E�NQ_\TWPOG�aHG2MFPSmjMSNQEucnEH|2GjM�aHG�RHd^_HM�R$GjTWV´TWGjMFdXcYPS{YG2_HPOM�MSR$G2|jTSPWcYd^G2Mj�
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Z[E R$G2_\TJTSPS²2MJd^m2{QV´TWV^b0Gjb0GjEoTFMOG�aHG2b0cYEHaHGjP[|2G�]o_���VXd9MSG6RucYMOMSG�MOV¾d���NQE�xgcYV´T[V^EoTSG2PlqQG2E\VXP2z�G2E
R\dX_HMjz`a\G2M+RHdÂcYMOb0NYEHM?a\G�MO_HPOxgcY|jG[cY_0EHV^qYG·cY_0aHG2M?VXEpTWGjPOxgcY|jG2M+�HNQPOV d NYEoTWcYdXGjM�e��rÊ��B­´Ï�Ê�£u«��YËu���U���j�` v¡
�?Ë´��»B©�Ê�£\» iB�Q�hG2R\PSG2E\NQEHM+d���GB�UG2b;RHdXG�R\PSm2|jm2aHGjEpT·�`I¶qYG2|L_\EHG�R$m2POVXN`aHG�aHGFø�
�
JEucnEHNQb;²jTWPOG2MjzpVXdHGjMOT
R$NQMOMSVXK\dXGYzUG2E�VXEH|jVXaHGjEH|2GJNQK\dXVX]o_HGnzHa���GB�U|2V´TWGjPF_\Ec�L�\ÉéaucYE\MFd^GJaHNQb0cYVXE\GLq`VXMSV^KHdXGn�
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½~G�]o_���NQE�NQK\TWV^G2EpThR$NQ_HPh_HE�cYEH{Qd^G
θ = 40o GjMOTFb0NYEoTSPSmJGjE�ÈÄV^{Q_HPOG�÷\�^ô:
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	# �)�A}.tau�s]u;t!nqz
v�y
p���j;l�sqyQv
x s]p��ql�z�u={%s]phs]r��.u�p;�2{%sqp
(w = 5nm, d = 300nm)

s9��l�}UyAzYsqzA�qi!l
θ = 40v�lP��p;�0jP�@{BnqyAp ��{Ap;nqmonqz%vAlPyAphj

h = 15
l.u

30nm
���(9��J1 T*;�� N�{Bl�}.u;p�l>v�l>p���O%l0}@u�ta��tau;�>j;{��0}.yAiXs]t!p;l){Bnqy%p

h = 30
zAr

-olPz �ql�p�u 'Ql.u
h = 15nm

- lPz p�nqyA��lc'@���(9��M1
	�� % ��s]y�}h�Al A ��s]p;u;nq��p�sq{A�At!lq�:j�y%p ��{B�Pp�t!n�vAl�j
}.n�z%j;��}.yAu;t!�ql�j��
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	���v�y�}h�%s]r�{ r s]�qz%�.u;t�+�yAl"E ��� ).)ql K - � 

� � -

cm−1
'.+�y%sqz%v

h = 30
zAr A=p���j;nqz�s]z%}Pl��(N:) {AyAp�lq�

I=l�{Ap�n /%i,vAl }Ps9��t�u���l�j�uej�t!�qz%sqia��l�z#u�p�sqt�u=/�z z%nqt!p��*I l�j8�0}h�AlPi!ial0jYj;{%s�u�t!sqial0j
j�n�z�u
t!z%v�t�+�yA�Pl0j
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' +�y%s]z�v
h = 15

zAr�A�p���j;nqz%sqz%}.l'� ���Ap�tXv�l��(N:) a��%s]�%p � � )Ul�p;nqu - ��� 	�� A���lPphj �A� +ql Ke�9nqz�s�y%zAl|v�t!j�u;p�t!�Ay�u;t!nqz�v�lHi?x t!z�u;lPz�j�tau;�
j�t!r�taiXs]t!p;l���i!lQ{Ai!s�j�r�n�z �����%p;tXv�l��%nqp�t =�nqz�u�sqi%�.uhs]z�u���}Pl.u�u�l�mon�t!j���}.l�z�u�p;�Qj�y%p'iXs��.��sqy%}h�Al��HvAy�r�n]u�t�mk{���p;t!n�v�t,+�yAl@'@�
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É¶NQ_HP
h = 30

EHb�z�d^G2M9PSm2MONQEucYE\|2G2M8�[�\ÉºGjT¾È$cnKHPOkp}¬É¶G2PONYTÄMONQEpTtKHV^G2E�MOm2RucnPSm2GjM2�pÉ¶NQ_HP
h = 15E\b�zQd^G2MwPSmjMSNQEHcYEH|2GjM��L�\É GjT?È�cYKHPlko}�É9GjPSNYT?MSNQEpT+|2NY_HRHdXmjG2Mjz`GjEpTWPWc eÂEucYEpT+aHGjM?aHV^MOTSPSVXK\_\TWV^NQEHMtMSRHc�}

TSVÂcYd^G2M¨a\_�|v�ucnb0R�RHdX_\M�|2NQb;RHdXG��UG2M2zub0cYV^M�RucYMhaHG�b0GjVXd^dXG2_\PSG2M~GB�\cYd^TWcnTWV^NQEHM¨a\G2MFVXEpTWGjEHMSV´TWm2Mj��¯�G2M
MOVXbf_\dÂcnTSVXNQEHM�b0NQEpTSPSG2EpT;]o_HG�dXG2M;EHNQ_UqQG2d^dXGjM;d^NU|2cYdXV^MWcnTSVXNQE\M�aHG�dÂc dX_\b0V^²2PSG¼eyG2E�MS_HPlxgcY|2G�GjT��nNQ_
aHcYEHM6dXGjM;|2c·qUV´TWmjMvi
£¥¡
»�Ê�£u«�©;�Y£u­ �·¡v»B«¬¡B©�¡B£u«~Ì\��»�Ì$ËÎ�o»J�·Ê���«�¡v»�]`_\G�|jG2dXd^G2M6NQK\TSG2Eo_HGjM0GjEéVXE\|2V´}
a\G2EH|jG
EHNQPOb�cYd^G�egG2E-dò�°cnKHMSGjEH|2G
a\G6�[�UÉ?i��¾�[cnEHMfdXG;|·cnMfNQ�

h = 15
EHb�z¶dXGjM�POm2MSNYEucYEH|jG2MfaHG

|2c·qUV´TWmFGjT~aH_d�[�UÉ!NYEoT?TWGjEHaucYEH|jGJÀCMOG[R$G2POTS_HPSK$G2P~ÀCdXcCaHmBxgc�qYG2_HP~aH_
aHGjPSEHV^G2P2�UZ[E
POG2b0cYPS]o_HGjPWc
cn_HMSMOVÄ]o_HGfd^GCb;NUa\G�aHGC|·c·q`V^TWmCPSmjMSNQEHE\G�_HE³R$G2_ b;NQVXEHMhGjE VXEH|jVXaHGjEH|2GCNQKHdXV^]o_HGY��ÉtPSG2EHcYEpT�cY|jTSG
a\G�|jGjTSTSG�NYKHMSGjPOqncnTWV^NQE�zpEHNY_HM?R$G2POMSV^MOTWGjPSNQE\M~RHPOmjxym2POG2EpTWV^G2d^dXG2b;G2EpTwGjE�VXE\|2VXa\G2EH|jG�EHNYPSb0cYdXG�aucnEHM?dXc
MO_HV^TSGJaH_�½~�ucYRHV´TWPSGn�

¢?£¼ vÊ�£¥ BËÎ�p»B­�Ê�£���_HEHG[{QPScYEHaHGLR�mjPSVXN`aHGFaHGjqncYEpT
w
zUNY_HV�zob0cYVXM+RucYM~TSPSNQR¥zUR$NQ_HP?EHG[RucYM?xgcYVXPOG

V^EpTWG2PlqQGjEHVXP¨d^G2M¨R\dÂcYMOb0NQE\M¨aHGJMS_\POxgcY|jGJ�HNQPSV d NQEpTWcY_U��aucYEHM�dXc d NQE\GJaHGJPSmjMSNQEucnEH|2GrÈ�cYKHPlko}�É9GjPSNYT2�

ÕhÖ 
hÖ�
 è�Ü��UÞwÝLæ¾ìUÙ�â�íñÝ�æ+Ý�Þ+ß�Ü¥ìUí\ä��¨âLÙ��JÙ¥ëhæwçÅìUæ¾ì\ä¬ÞwÝ �!Ù¥ë¨ì`í��Aß�Ù��

� 

� � ������������������� � ������� � �
� 

� � ���

ÉtPSV^M�RucYP�dXG�µOGj_ªaHG;dÂc�b;VXEHVXcnTW_\PSVXMScnTWV^NQE�zuGBT�aucnEHM�d���NQR\TWV^]o_HG�aHG;M2�ÆcYRHRHPONU|v�HGjP�cn_\TvcYEpTr]o_HG
R$NQMOMSVXK\dXG�a���_HEHGFMS_HPlxgcY|2GFaHGhxgcYVXK\dXG¨PO_H{QNQMOV^TWmnzjµj�°cnVHR�NY_HMSMOmLd���mjTS_HaHGÄµO_HMO]`_¥�°cY_0|·cYM+a���_HE;PSm2MOG·cY_0aHG
{YPWc·q`_HPSGjMLdÂcnPS{QGjMLaHG

w = 10
	 ��Z[E�TSNQ_H|v�HG�dÂÀ�cn_U��m2|v�HGjdXdXGjML_Hd´TWV^b0GjM�eydXGrPWc·kQNYEºcnTWNQb;VX]o_HG�aHG

dò�ÆI�PS{QGjEpT?GjMOT~aHG
1.5

	 G2Epq`VXPONQE�i��U¯AcrR�mjPSVXN`aHGhmjTWcYEpT·z`aucYEHM+|2GBT¨G��\Gjb0R\dXGYzUð�
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¯�G2M�MOR�Gj|jTWPOG2MraHG�PSmjR�NYEHMSG6aHG6|2G6MlkUMlTW²jb0G6MSNYEoT�TSNQ_\TrÀ
xgcYV^TLMSV^b0V^dÂcYV^PSG2M�À�|2Gj_U�ºRHPOm2MSGjEpTWm2M
TSNQ_\TFcY_>d^NQEH{6aHG�|2GC½~�ucYR\V^TWPOGY�u��NQEHEHNQE\MtµO_HMlTWG�dXGjMh|v�HV^��PSGjMFGjMSMOG2EpTWV^G2dXMj�

¿\�ÆcYV�NQKUTWG2Eo_�aHG2MhVXEpTSG2EHMOV^TWmjMhaH_�|v�HcYb0R
Ex

c·qYNQVXMOVXEucYEpThd^G2M��
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1.14eV

e
11400cm−1 zuRHPSN`|v�HG�VXEUxyPWcYPONQ_H{QG·iBz\R$NQ_HP�_\EHGCR\PSNYxyNQE\aHG2_HP h = 15

EHb
�����	����À

1.69eV
e
13650cm−1 zuPSNQ_\{QG[q`VXMSV^KHdXG·iBzUR�NQ_\P h = 10

E\b �
¯�G�|·cYMFaHG�R$m2PSV^NUa\GrGjEH|2NYPSGrRHdX_HMh{QPScYEHaHGjMCegRucYPhG��\Gjb0R\dXG

d = 400nm
i�E¥�°c6RH_D�jTWPOGrTSPWcYV´TWm

GjEÇPScYVXMONQE¹a\Gªdò�Æmjb0GjPS{QGjEH|2Gºa���VXEHMlTvcYK\VXdXV´TWmjM�aucYEHM�dXGºRHPONQ{QPWcnb0b;G RHPSV^EH|2V^RucYdJaHG¼MSV^bf_HdXcnTWV^NQE��
½~GjdÂc�aHV´T·z�dXGjM�NQPSaHPOG2MraHG;{QPWcYE\aHG2_HP�NQKUTWG2Eo_HMCR�NY_HP

d = 200
EHb&MO_\±;MSGjEoTfcYb;RHdXGjb0GjEoT�R$NQ_HP

E\NYTWPOG�aHVXMO|2_HMOMSVXNYE��w¯AcºMOG2|BTWVXNYEñGB±;|·cY|jG�aH_ ��� � 

� � � � � � 
¹qncYPOVÂcYEpT�|jNQb;b0G�dXc³RH_HVXMOMWcYE\|2G
]o_uc�TWPSG�aH_ |v�ucYb;R m2d^G2|jTSPSV^]`_\G³EHNQPOb�cYd^VXMOmYzwNQE c aHNQE\|³_HE xgcY|BTWG2_\P�a��ÆG��\cYd^TWcnTWV^NQE�T�k`RHV^]`_\G-�
G ∼ |Ex/E0|4 ∼ 109 �
I b�c�|jNQEHEucYV^MSMScYEH|2Gnz9GjEªTS�Hm2NQPOVXGnz¶a\G;TSG2dXd^G2M�GB�\cYd´TvcnTSVXNQE\MJaH_ |v�ucnb0Rªm2dXGj|jTSPSNQb0cY{QEHmBTWV^]`_\G

E¥�ÆNQEpT�µScYb0cYVXM¾mBTWmLcnTSTSG2VXEpTSG2M+NQ_0MOVXbf_\dXm2GjMwR�NQ_\P?aHGjM?MlTWPO_H|jTS_HPSGjMl}�POm2MOG·cY_U�
MS_HK`}�dXNYEH{Q_HGj_HPwa��ÆNYEHaHG
eyG2E>b;mjTvcndÄ�WÐv¡BËgiB�>b�cYPOaHNQEHM¨a¥�°cYV^dXd^G2_HPOM~aucYE\M�_HE>|2NQV^E�a\GJEHNYTWPOG[T9�BTWGJ]o_HGYzHTSPS²jM�dXN`|·cYd^G2b;G2EpT·zUcY_
E\V^qQG2cY_�a\GLd���G2b�K�NQ_\|v�`_\PSGLa\G2M~xyGjEoTSG2MjzUd^G�|v�ucnb0R
mjdXGj|jTWPOVX]o_HGr«¬Ê�«��YË�G2MlT¨GjEH|2NQPOG[RHd^_HM+xyNYPOT·�UZ[E
d^G
a\NQV^T�cY_ RjdXV^{Q�pTWEHV^EH{~PONUa�Gj��G2|BTARnz2MSG2d^NQE�dXGj]`_\G2dQd^G2M�|v�ucYPO{QG2M�qYNQEpT9EHcnTW_HPOG2d^dXG2b;EpT�MOG+|jNQEH|jG2EpTWPOG2P¶cY_
E\V^qQG2cY_�aHG2MFcYP��jTWGjM�b;mjTWcYdXd^VX]o_HGjM2z`MSNQ_HMFd���Gj��GjTha\_�|v�ucnb0R�m2d^G2|jTSPSNQb0cY{QE\mjTWV^]o_HG;eyqYNQVXP�Rucn{QG 	: Qi��
¯�GjM; vÊ�­�£\»�»B� ÌuÐB��­�¡B�`�W»faHGC|·c·q`V^TSm2M[MONQEpTJcYV^EHMSV¶cY_HPOm2NQd^m2MFa���_HE³RH_HV^MSMScYEpTJ{QPWcnaHVXGjEoT�aHGC|v�ucYb;R³À
dXcfPSmjMSNQEucnEH|2Gnz$GBTL|jNQEHMlTWV^TS_HG2EpTFdXGjM�qUPScYVXM RBR�NQV^EpTWM�|v�ucY_\aHM�R�aH_�MlkUMlTW²jb0Gn��¯t��VXEpTWGjEHMSV´TWm0egb;N`aH_HdXG
cn_ª|2cYPSPOm�iJG2Epq`VXPSNYEHEucYEpTWG0R�Gj_\T#�jTWPOG�ð>À�ø�xyNQVXM�MO_HR�mjPSV^G2_HPOG
À>|2G2d^dXG6aH_ªMSG2_\d?|v�ucnb0R

Ex

�9Z[E
V^b�cn{QVXEHGwcnVXEHMOVU]o_HG�dò�ÆGjEHMSGjbfKHdXG?aHG2MÄb0NQd^m2|j_HdXGjM9MO_�µOGjTOTWG2MwÀ�aHG~TWGjdXd^G2MÄG��U|2V^TWcnTWV^NQEHM9RH_HVXMOMSGjEoT¾MS_HKHV^P
_\E�R\PSN`|2G2MOMS_HML��cnb�cYE>cnb0RHd^V^sumn�
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¯�G2MwMOVXbf_HdXcnTWV^NQEHM9Gj��G2|jTS_Hm2GjM~MO_HPwdXG2MwPOm2MSG2cY_U�;EucnEHNQb;mjTWPOVX]o_HGjMtMSNQEpT?mjq`VXaHGjb0b;G2EpTwMONQ_Hb;VXMSGjM
ÀJdXcLqYcndXVXa\V^TWm?aHGFdÂc[|2NYEHMOTWcYEpTWGFaHVXmjdXG2|BTWPOVX]o_HG�PSmj{Q_Hd^VX²2POG2b;G2EpTtGjb0RHd^N�kQm2GnzocY_;EHV^qYG·cY_;aHGh{QPWc·q`_HPOG2M
cn_HMSMOV�suEHG2Mj�

É9cYP?G��UG2b;RHdXGnzoÀrdò�Æmj|v�HG2d^dXGha���NQ_\qQGjPOTS_HPSGjM~GB�`TSP0�2b;G2b;G2EpT?MS_HK`}�dXNYEH{Q_HGj_HPwa��ÆNYEHaHGYzoNQE0EHGFR�Gj_\T
R\dX_HM�|2NQEHMOVXaHmjPSGjP[]o_HG�dXGC{pc d a¥�ÆmjdXG2|BTWPONQEHMJG2MlTJaHmjdXVXb;V^TSm�RucYPLd^GfRHPONYsud¶RH_HPSGjb0GjEpT�{Qm2NQb;mjTSPSV^]`_\Ga\G�dXcºMlTWPO_H|jTS_HPSGª�tdÂc aHG2E\MSV^TSm�mjdXGj|jTWPONQEHV^]`_\G�qncYPOVXG>|2NQEpTSVXEo_Hb;G2EpT0À¼dXcºTSPWc·qQGjPSMSmjG�aHGjM�RucnPSNQV^M
b;mjTWcYdXd^VX]o_HGjM2z�GjTJd^G�b;NUa\²2dXGCdÂcYb;G2d^dÂcYV^PSGJEHG�R�Gj_\T�RHdX_\M��jTSPSGf|jNQPSPOG2|jT2��D�Eºcn_\TWPOGfR�NYVXEpT[GjMOT�]o_HG
MOV�d^GFqYG2|BTWG2_\P�a��ÆNYEHaHG

Λ
aH_�b;NUaHGhxyNQEHaHcYb0GjEpTvcYd9egNY_
d���VXEHa\VX|2GhGB�¥Gj|jTWV´xviwaHGjq`V^G2EpT¨TWPO²2M?{QPWcYE\a�zUdXc

R$G2POb0V´TSTSV^q`V^TSm?POG2dÂc�TWV^qYG~aH_;b;mjTvcnd\EHG�aHmjR�GjEHa;RHdX_HMÄ_HEHVX]o_HGjb0GjEpTwaHGhdÂc�xyPOm2]o_HG2E\|2G
ω
zYb0cYVXMÄcY_HMSMOV

a\_³qQG2|BTWGj_HPJa���NQEHaHGfd^NU|2cYd+�
ε = ε(ω,~k)

����dAxgcY_\TJcYdXNQPOM�POGjqYG2EHV^P�À�_HEHG�TS�Hm2NYPSVXG�RHdX_HM�{Qm2E\m2PWcndXG
a\G�dXc�xyNQE\|jTWV^NQE;aHVXmjdXG2|BTWPOVX]o_HGCeyTS�Hm2NQPOVXGFaHG�¯AV^EHaH�ucnPSa�i�zpGjT¨V^EH|2d^_HPSG

ε(ω,~k)
aucYE\M~d���m2]o_uc�TWVXNYE�cY_`�

qncYd^G2_HPOM�RHPSNYRHPSGjMFMOV�MWc�xyNQPSb�_HdXGJcnEucYd^koTSVX]o_HGJG2MlTFRH�pkUMOVX]o_HGjb0GjEoT�R$G2POTSVXEHGjEpTWGY�
�tE³TWNY_\T[|2cYM2z�dXG2MLPSm2MO_Hd^TWcnTWM�RHPSmjMSGjEoTSm2M�VX|jV9E\GfaHGjq`PScYVXGjEoT[RucYM��BTWPSGCTWPWcnEHMSR$NQMWcnKHdXGjM[cY_U��PSm�}

MOG·cY_`�-EucYE\NQb0mBTWPOVX]o_HG2M�G2E-TWPScYEHMSb;VXMOMSV^NQE�z¶|·cYP�dXc�R�GjPSb;V^TOTWV^q`V´TWm;aHG
TWPO²2M�b;VXEH|jG2MfdXcYb0GjdXd^G2M�aHG
b;mjTWcYdHE���G2MlT¨RHd^_HMw|2GjdXdXGhaH_0b�c�TWm2POVÂcY_6b0cYMSMOV^x¬zQ|jG�]o_HV$R$G2_\T?|2NQE\aH_HVXPOGFÀraHGjM~GB�¥GBTWM+a��ÆG��\cYd^TWcnTWV^NQE
E\NQ_\qQG2cY_U��zuqQNQV^PSG�GB�UNYTSVX]o_HGjM2z�EHNYTWcYb0b;G2EpThRHd^_HM�xyNQPOTSMhMSV�dXG |εm|

� � ��� �Äa\VXb;VXEo_HG%\ �B�$Z[E�cY_\PWcYV´T
GjE�NQ_\TSPSG[d^G[|2NQ_\RHdÂcY{YGLMS_\RHRHdXmjb0GjEpTvcYV^PSGLa\G2M�RHdXcYMSb;MSNQE\M¨aHGJMS_\POxgcY|jG[G2EpTWPOGJdXGjM¨VXEpTWGjPOxgcY|jG2ML¤uÊ���­ �
Ï�Ê�£u«��YËX¡v»�aH_�MOk`MlTW²2b;GY�

f � Iks[+�y%l�j�u;t!nqz�j�l8{Bn�j;lPphs]tau|j;yAp;u;n�y�u|{�n�yApwv�l�jwz%s]zAn�{%s]p;u;tX}.y%ial0j'r��Pu�s]i!i!t,+�yAl0j=- s]��p;����s]u�j'nqy~}.n�iai!n��Tv�l�j�'@�
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��dÄxgcn_\TraHNQEH|��BTWPSG6RHPO_HaHGjEoTCMS_\PrdXc
aHmjsHEHV^TSVXNQE aHG6dXc
|2NQEHMlTvcYEpTSG0aHV^m2d^G2|jTSPSV^]`_\GfaHG�TWPO²2M�R�G�}
TSV^TSM�NQK`µOGjTSM�b0cnTSm2PSV^G2d^M2zH|n�ÆGjMOT�R�NQ_\PS]o_HNQV�NQE�E��Æc;|jNQEHMOVXaHmjPSmraucYEHMF|2Gr|v�ucYRHV´TWPOGYzu]o_HGraHG2MF|·c·q`V^TSm2M
q`V^aHG2Mjz$R\dX_\TSÔYTh]o_HG�POG2b;RHdXV^G2M�a���_HE�]o_HGjdX|jNQEH]o_HG�a\VXm2d^G2|BTWPSV^]o_HGY��Z[E�R�Gj_\T�TSNQ_\TSGjxyNQV^M�R�GjEHMSGjPL]o_HG
MOV\aHGjMwb0NQd^m2|j_HdXGjMÄMSNYEoTwa\m2R$NQMSmjG2MwMS_HPÄdÂcLMO_HPOxgcY|jGhb0mBTvcYd^dXVX]o_HGwGBTwMSG�|2NYb0R$NQPOTSG2EpTt|jNQb0b;G~a\G2MtaHVõ}
R$ÔQd^G2MÄNYPSVXGjEpTvcYKHd^G2MjznGjdXdXGjM¾R$NQ_HPSPScYVXGjEpT¾|2NYEoTSPSV^KH_HG2PjzYaH_�MOVXb;RHdXGwxgcYV´T¾aHG¨d^G2_HPÄRHPSmjMSG2E\|2GCegGBTtR�NY_HPOq`_
]o_���G2d^dXGjMJMSNQV^G2EpTrMS_\±;MWcnb0b;G2EpT�EHNQb�KHPSGj_HMSGjMviBz¶À>d��ÆcY_H{Qb;G2EpTWcnTWV^NQE³aHG6d���VXE\aHVX|jG�RH_HPOG2b;G2EpTSRjaHVõ}
mjdXGj|jTWPOVX]o_HG:RºaH_¸b;VXdXGj_ VXEpTWGjPSEHGªÀ!dÂc-|·c·q`V^TSmYz�|v�HNQMOG ]o_HV�VXPScYV^T
G2E xgc�qYG2_HP�a���_HEHG¼PSm2MONQEucYE\|2G
È�cYK\POkp}¬É¶G2PSNnTFcY|2|jPS_HGn�

�FNQ_HMLMO_HRHR$NQMSNYEHM[m2{QcYdXGjb0GjEoT�]o_HGfd^G2M�xyNYPOTWGjM[cYb;RHd^V^TW_\aHG2MhaHGjM[|v�ucYb;RHM2z$aucYE\M[dXGjM�|2c�q`V´TWm2Mjz
E¥�ÆV^b0RHd^VX]o_HGjEoTAµScYb0cYVXM¨a\GrR\�Hm2EHNYb0²jEHG2MFEHNQEU}ÅdXV^EHm·cYV^PSGjM2�

¯�G�RHPSNYKHdX²jb0GJmjdXG2|BTWPONQb�cn{QEHmjTSVX]o_HGJaHGBq`VXG2EpT�RHdX_\M�aHm2d^VX|·c�ThMSV�dXGJqYG2|jTSG2_HP
Λ
zu]o_HVA|2cYPWcY|BTWmjPSVXMOG

d^G¨b;NUaHG~RHdÂcYMOb0NYE�aHG�|·c·q`V^TSmYzQGjMOT+aHG�d���NQPOaHPSG�aHGreyNQ_6aHm2RHcYMSMOG�i¾dXG¨qYG2|jTSG2_HP+a���NQEHaHG�a\G�ÈuGjPSb;V
kFa\_¼{Qc d a���m2dXGj|jTSPSNQEHMj�A�UVtd^G�qQGj|jTWGj_HPraHG2M�RHdXcYMSb;NQEHM¬}�R$NQdÂcYPOV^TSNQEHMhaHG6MS_HPlxgcY|2G�a\Gjq`VXGjEoTrMO_\±;MWcYb�}b;G2EpTF{QPScYEHa�zud^GJb0NQb;G2EpTh|jNQb0b�_HEHVX]o_HmrÀ6d���m2d^G2|jTSPSNQE>R$G2_\TFRHPON�qQN`]`_\G2P2z�À6m2EHGjPS{QV^Gr|jNQEHMlTvcYEpTWGnz

dXc |2POm·cnTSVXNQE a¥�Æ_HE\G¼RHcYVXPOG³m2d^G2|jTSPSNQE`}ÅTWPONQ_��¨½~G2M>GB�U|2V´TvcnTSVXNQE\M³­�£$¦Y­ � ­g¦Y��¡BË�ËX¡v»³R�Gj_\qQGjEpT�aHmBTWmjPSVXN�}POG2PCdXG�|jNQb;R�NQPlTWGjb0GjEoT�|2NQd^dXGj|jTWV´x�aHGjMfm2d^G2|jTSPSNQE\M�egNQE-c�cYdXNQPOM�_HE!cnb0NQPlTWV^MSMSGjb0GjEpTfaHG�¯AcYE\aucY_
a\Gfd���NQMS|jVXd^dÂcnTSVXNQE>RHdXcYMSb0cpiBz�b0cYVXM�d���m2b;VXMOMSVXNYE�aHG�d^_Hb;VX²2POGCa\_HG�À
dÂc0PSG2|jNQbfKHV^EucYV^MSNQE�aHG2MJRucnVXPSGjM
mjdXGj|jTWPONQEU}�TWPSNY_³R�NY_HPSPScYV^TLPSG2E\aHPSG6|2NYb0R\TSGfaH_��·Ê�£$¦�­�£¥ÐBË´��»B«ò­��2�u¡r®`ÐB£¥ÐB�O�YËX¡B©�¡B£u«�Ê��B»�¡B� � Ð�»B�`�fËX¡»B­´®Y£$�YË�§¨�Y©;�Y£!ó´ôA	�ö��

�[_HG
|jG
MSNYV^TfR$NQ_HPCd��ÆcYPS{YG2EpTfNQ_-dò�ÆNYP2zANQE!c
kF = 1, 2.108cm−1 óõô2ö�À�TSG2b;R�mjPWcnTS_HPSG�cYb�}K\VÂcYEpTWG \ �·�U½~NQEHMOVXaHmjPSNQEHM+b0cYVXEpTWGjEucYEpTwdXGh|2cYM?a\G�dXcJxyGjEpTWGFEucYEHNQb;mjTSPSV^]`_\GYzpaHGFdÂcYPO{QG2_\P

w = 10
	 z

TSPWcYV´TWm¨R\dX_HMt�ucn_\T·�p¯�G�qQGj|jTSG2_HP+a���NQEHaHGhaH_;b0N`aHG~xyNYEHaucYb;G2EpTvcndHG2MlT?R\dX_HMt{QPScYEHa�qQGjPSM+dXGjMt�ucY_\TSG2M
xyPOm2]o_HGjEH|2GjM�aH_ q`VXMOVXKHd^GY�AÉ9NY_HPf_HEHG0m2EHGjPS{QV^G

E = 2.5eV
e
20500cm−1 i�z9NQE¼TWPONQ_\qQG ega��ÆcYRHPO²2MdXc0È9VX{Q_HPOG�÷U�^ôQô�i

Λ = neffk = 20 · 2π · 20500cm−1 = 2.57106cm−1 << kF

�$¯AGjM[PSmjMS_Hd´TvcnTSM
Eo_Hb;m2POVX]o_HGjMFa\_�RucnPWcY{QPScYRH�HGJR\PSm2|jm2aHGjEpT[aHGBqUPScYVXGjEpT�a\NQEH|��jTSPSG�RH�pk`MSVX]o_HGjb0GjEpTLR$G2PlTWVXE\G2EpTWM \ ���

�tE\suE¥z$|jGC]o_���NQE�c;NQKUTWG2Eo_�aucYEHMhdXG�PONQ_H{QG�GjT�d���VXEUxyPWcYPONQ_H{QG[R$NQ_HPhdò�ÆI�PS{QGjEoTFGjMOTFTWNQ_\TFÀ�xgcYV´T
TSPWcYE\MSR$NQMWcYK\dXG>cY_U�ñPOm2MOG·cY_U�ñGjE Z[P2ztR\_HVXMO]`_\G�d^G2M6|2NQE\MOTvcnEoTSG2M;aHVXmjdXGj|jTWPOVX]o_HGjM;a\G�|jG2M;b0mBTvcY_U�
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 v¡B£u«��Y­�£¥¡v»L¦`¡¶�·Ê�­X»�­�£·�·ÐB�B­�¡B�`�W¡v»LÑfË´��ËXÊ�£`®Y�u¡B�`�[¦¶ÒÓÊ�£$¦`¡[¦¶ÒÓ¡��U B­�«��Y«ò­�Ê�£u�`½~GjM?POm2MS_\d^Tvc�TWMwTW�HmjNQPSV^]`_\G2M
NYEoT[mjTWm�b;VXM�G2EºRucYPScYdXd^²2d^G�c·qQGj|6dXG2MLRH�Hm2E\NQb0²jEHG2MJa¥�°cYK\MSNQPOR\TWV^NQE NQR\TSVX]o_HG�cYE\NQPSb0cYdXGCNQKHMOG2POqYm2M
MO_HP~|jG2PlTvcYV^EHG2M+MS_HPlxgcY|2GjM¨b;mjTvcndXdXV^]o_HG2MwaucYE\M~dXGhq`VXMOVXKHd^GYzp|2NYb0b;GhdXG2M+sudXb;MwaHm2R$NQMOm2M�À�xyPSNQV^a�zoaHNQEpT
d^G2M?PS_H{QNYMSV^TSm2M¨MONQEpT9µO_HMlTWG2b;G2EpThaHG�TvcYV^dXdXGhEucnEHNQb;mjTWPOVX]o_HGn�\¯t�ÆcYKHMSNYPSR\TSVXNQE�cnEHNQPSb0cYd^G�MOG2PWcnV^T�cnVXEHMOV
|jNQE�µONQV^EpTWG�ÀªaHGjM�G��Hcnd^Tvc�TWVXNYEHM6{Qm·cYEpTSG2M�a\G�dÂcºdX_\b0V^²2PSG>cn_éMSGjVXE�a��ÆV^EpTWG2POMOTSVX|2GjM�RHPONYxyNQEHa\M2zw]o_HV
|jNQEHMlTWV^TS_HG2EpTJRHcYPLdXc�b �jb0GCNU|j|·cYMOVXNQE�aHG�qQmjPSV´TvcYKHd^G2M[R\VX²2{YG2MLR$NQ_HPLdXG2M�b0NYdXm2|j_HdXGjMLaHmjR�NYMSm2GjMJG2E
MO_HPOxgcn|2GY�U¯�GLxgcYV´T?]o_HGLdXG2M+sudXb;M+b0mBTvcYd^dXVX]o_HGjMwPS_H{Q_\G2_U��RH_HV^MSMSGjEpT �jTSPSG��\�w���o}¬cn|jTWV´xyM+TSPSNQ_UqQG2EpT�dXÀ
_\E�cnPS{Q_Hb;G2EpThTW�\m2NQPOVX]o_HG[xyNQEHaHcYb0GjEpTvcYdò�

¯AcJPWcYV^MSNQE6RH�pk`MSV^]o_HG�a\GF|jG�|jNQb;R�NQPlTWGjb0GjEoT2zQ|Y��G2MlT+]`_¥�°À�d���VXEpTWmjPSV^G2_HPtaHGh|2c�q`V´TWm2Mwb;mjTWcYdXd^VX]o_HG2M
G��`TWP0�jb0Gjb0GjEpT6mjTWPONQV^TSG2Mjz¾dXG�RHdXcYMSb;NQE-aHG>RucnPSNQV�eyb0N`aHG�xyNYEHaucYb;G2EpTvcnd�iCR$NQMSMO²2aHG>_HEñb;NQb0GjEpT
qYG2|BTWNQPOVXG2d~K�G2cY_H|2NY_HR�R\dX_HM�{QPScYEHa!]o_HG>|2GjdX_HV¨a\G�dXc³dX_Hb;VX²jPSGnzÄMSV~KHVXGjEñ]o_HG>d^G2M�|2NYEHaHV^TSVXNQE\MfaHG
POm2MONQEucYEH|jGJÈ�cYKHPlko}�É9GjPSNYT?R�Gj_\qQGjEpT �jTWPOGLPOm2_HEHV^G2M?R�NQ_\P~aHGFTWPS²jM~R$GjTSV^TWGjM~RHPONYxyNQEHa\G2_HPOM~aHG[|2c·qUV´TWmnz
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aHcYEHMF_HEHG d NQEHGCMSR$G2|jTSPWcYd^GCNY��NQE�EHG�d^G2MFNQK\TWV^G2EHa\PWcYV´ThRucYMLMOV9d^G2MF|·cYEHcY_U��mjTWcYVXGjEpTLRHd^_HMLdXcYPS{YG2M2�¯�GjMJRHPSNQ{YPS²2MJTSG2|v�HEHNYdXNQ{QV^]o_HG2MJR$NQ_HPJ{QPSc·qQG2PJa\G2M�MS_HPlxgcY|2GjM�À�aHGjM�m2|v�HGjdXdXGjMJEucYEHNYb0mBTWPSV^]o_HG2MJaHG�}
q`PScYVXGjEoTLcYb;G2EHGjPLaHGCEHNQ_\qYG2d^dXG2M�NQRHR$NQPOTS_HEHV´TWm2M�R�NY_HP�NYK\TWGjEHVXPFaHG2MLMS_HPlxgcY|2GjM[b0mBTvcYd^dXV^]`_\G2MFc·kpcYEpT
_\E³R�NY_\qQNQV^P�a¥�ÆG��Hcnd^Tvc�TWVXNYE�mjdXG2|BTWPONQb�cn{QEHmjTSVX]o_HGrRHPSmjaHmjsHEHV�e

i.e.
c·qYG2|�_HEHG�cYKHMONQPSR\TSVXNQE�NQR\TSVX]o_HG

RjcYEHNQPOb�cYd^G
R�R\PSm2a\mjsuEHV^G�i��
½~GjM�aHGjPSEHV^²2PSGjM�|jNQEH|2d^_HMSV^NQEHM>aHmj|2NQ_Hd^G2EpT³a\Gª|2cYdX|j_HdXM>PSm2cYdXV^MSmjM�c·qYG2| dXc!b;mjTS�HN`aHGªb;N`aucYdXG

¡��o�` B«�¡B���tE¸Gj��GjT·zhdXc!]o_ucnEoTSV^su|2cnTWV^NQE aHG2M�PSmjMSNQEHcYEH|2GjM�mjdXGj|jTWPONQb0cY{QEHmBTWVX]o_HGjM>G2E µOG2_�zhMSVJGjdXd^G
MOGrqYG2_\T[PSm·cndXVXMlTWGnzuaHNQV^TFRHd^G2V^EHG2b;G2EpThTWGjEHVXPF|2NQb;R\TSGCaH_�|·cYPScY|jTS²2POG�PSmjG2d~eòcYK\MSNQPOKucYEpT�i�aH_�b;mjTWcYd��
¯Ac b;mjTW�\NUaHG>RHPOm2MOG2EpTWG³b0cYEHV´xyG2MlTWG2b;G2EpT6_HE\G�{QPScYEHaHG>MlTvcYKHV^dXV´TWm
GBT�_HE\G�|jNQEpqQG2PO{QG2E\|2G�PScYRHV^aHG
R$NQ_HPFaHGjM[{Qm2NYb0mBTWVXGjM�MO_HKU}ÅdXNQEH{Y_HG2_HP�a���NQEHaHGfGBT[RucnM�TWPONQR³aHV^MSRHPONQR$NQPOTSVXNQEHE\m2G2Mj�$�wd^dXGrG2MlTJRucYPlTWV´}
|j_HdXV^²2POG2b;G2EpT[cnaucYR\TSm2GfR$NQ_HP�d���mjTW_\aHG�aHG�b0NYTSV^xyMhR$m2PSV^NUa\VX]o_HG2M�GB�`TWP��2b;G2b;G2EpTJR$GjTSV^TWMj��½~GjdÂc�a\V^T·z
_\E
EHNQbfK\PSGL|jNQEHMOm2]o_HG2EpTFaHGLTWcYKHd^G·cY_U�;a\GLqncYdXGj_HPSM?RHPSNQR\PSG2M~aHNQV^T��jTSPSG[mBTvcYK\dXV�R�NY_HP~NQKUTWG2E\VXP~a\G2M
MOR�Gj|jTSPSG2MFaHG�PSmjR�NYEHMSG�RHPONQKucYEpTWMj�

¯�G2M�RH�\m2EHNQb;²2E\G2M�RH�pk`MSVX]o_HGjMCa\NQEpTCV^dÄGjMOTr]o_HG2MlTWVXNYEªaucnEHMJ|2G6PWcnRHR�NYPOT�EHG6MSNYEoT�RHcYMrcY_\TWN�}
b0cnTSVX]o_HG2b;G2EpT�TWPScYEHMOR�NQMScYKHd^G2Mfcn_U�ª{Qm2NQb;m2POVXGjM�À�aHG2_U� aHV^b0GjEHMSV^NQEHMraucYEHMCdÂc>b0GjMS_HPOG�NQ� a\G2M
TSPSNQ_\Mreg|2V^PS|j_HdÂcYV^PSGjM¨NQ_�PSG2|BTvcYE\{Q_HdÂcnVXPSGjMvi?a\GrTWcYVXd^dXGFMS_HKU}ÅdXNQE\{Q_HG2_\PFa¥�ÆNQE\aHG�EHG�R�NQMOMS²jaHG2EpT�RucYMhaHG
b;N`aHGh{Q_HVXa\mYzo]o_HG2d^dXGF]`_\G[MSNQV´T+dÂcCR$NQdXcYPSV^MWcnTSVXNQE�� �9NY_\TWGBxyNQVXMjz`a\G2M~TSPWc·qncY_U�;PSGjdÂcnTSV^qYG2b;G2EpT~POm2|jG2EpTWM
MOG2bfK\dXG2EpT�VXEHa\VX]o_HG2Ph]o_HGCaHG2M�NQ_\qQGjPOTS_HPSGjM6�Y£u£u�UË´�Y­��W¡v»
egGjE�dò�ÆN`|2|j_HPSPOG2EH|jGCaHGjM�TSPSNQ_HMF|2V^PS|j_HdÂcYV^PSGjM
POG2b;RHdXV^M
G2E¹dXGj_HP�|2GjEoTSPSGªa��Æ_\EÇ|jk`d^VXEHaHPOG b�c�TWm2POVXGjd[|2Npc �\VXcYd�z~|2NQb;b0G MOV�NQE RBK�NQ_\|2dÂcnV^TAR�_HEHG
PScYVXEo_HPOG�MO_HP�GjdXd^GB}�b �2b;G�i�MO_HRHR$NQPOTSG2EpT�_HEéb0N`aHG>m2d^G2|jTSPSNQb0cY{QE\mjTWV^]o_HG�{Y_HVXaHm \ z+b�cYV^M6aHNQEpT
d^G
|jNQb;R�NQPlTWGjb0GjEoT¨E��°c6RucYMhmBTWm�|2dXcYVXPOG2b;G2EpT�aHmBsuEHV��

�tE\suE¥z�|2GjM�TSPWc·qncY_U��aHGfTW�\²2MSG6MO_HRHR$NQMSGjEoT�]o_HG6d^G�b0cnTWmjPSVÂcn_³MOTSPS_H|BTW_HPOm�MSNQV´TJaHG�|2NYEHMOTWcYEpTWG
a\VXm2d^G2|BTWPSV^]o_HGJ£¥Ð�®p�Y«ò­ � ¡regGjT+b �2b;G¨xyNQPOTSG2b;G2EpTwEHmj{pcnTWV´qQG·itaHcYEHMwdXG�aHNYb�cYV^EHG�MSR$G2|BTWPScYdu|2NQE\MSVXa\m2PSmn�½~G;R$G2_\T#�jTSPSG;_HE b;mjTWcYdwÀ�KucnMSMSGjMCxyPOm2]o_HG2E\|2G2M�egb;mjTvcn_U�ºaHG��LPS_Ha\G�iBzAb0cYVXMrcY_\MSMSVw_HE  B��­X»B«Å�YË
­�Ê�£u­��2�u¡FaucYE\M+dXcJKucYEHaHGFaHGr�W¡v»B«y»B�O��¤`ËX¡B£¼egPOm2{QV^NQE6aHG2M+b;VX|2PONn}�NYEHaHG2MwNQ_;VXEUxyPWcYPONQ_H{QG�d^NQVXEpTvcnVXE�z�G2E
{Ym2EHmjPWcYdÂiB�U�[cYEHMhdXGLRHPSGjb0V^G2P~|2cYM2z\|Y��G2MOTFd^G[|2NQ_\RHdÂcY{YG[RH�HNYTSNQE �nmjdXGj|jTWPONQE�]o_HV�V^EoTSG2PlqUV^G2EpT·z\aucYEHM�d^G
a\G2_U�UVX²jb0Gnzu|Y��G2MlTLd^GJ|2NQ_HR\dÂcY{QGJR\�HNYTWNYE �nRH�HNYEHNQE�NQR\TWV^]o_HGY��Z[E�aHGjq`PScYV^TFM2�ÆcnTOTWG2E\aHPSGCÀ�aHG2MFGB�\cYdõ}
TWcnTWV^NQEHMJaH_ª|v�ucYb;RªmjdXGj|jTWPOVX]o_HG;RucYPlTWVX|j_HdXV^²2POG2b;G2EpTJm2d^GjqYm2G2M�c·qQG2|0dXGjMr|jNQb;R�NQMOm2MrVXNQE\VX]o_HG2Mj�A¯�G2M
MOG2b;V´}Å|2NQEHa\_H|jTSG2_HPOM¾aHGjq`PScYVXGjEoT¾b�cYE\V^xyG2MlTWGjPÄaHGjMt|2NQb;R�NYPOTWGjb0GjEpTWM¾NQRUTWVX]o_HGjMtcY_HMOMSVHV^EpTWm2POG2MOMWcYEpTWM*8 �
�tE\sHE�z~dò�ÆGjb0RHd^NQV¨aHG�b�cnTSm2POVÂcY_U�¸£¥Ê�£ ��ËÎ­�£¥ÐS�Y­��W¡v» eg|n�ÆGjMOTl}¬À�}ÅaHVXPOG�aHNYEoT
dXG2M;RHPONQRHPSV^mjTSm2M
NQRUTWVX]o_HGjM
a\m2R$G2EHaHGjEpT�V^b0RHd^VX|jV^TWGjb0GjEpT[aHG6d��ÆcYb;RHdXV´TW_Ha\GfdXN`|·cYd^GfaH_¼|v�ucYb;R�iBz�|jNQb;b0G�d^G2M�b0V^dXV^G2_U�³À�Gj��GjT
�JGjPSP2z�aHGBqUPScYV^T9|2NYEHaH_HV^PSGYz�dÂÀ�cY_HMOMSV�znÀ�dò�ÆmBTW_Ha\G~aHG¨R\�Hm2EHNYb0²jEHG2M¾mjdXGj|jTWPONQb0cY{QEHmBTWVX]o_HGjM9E\NQ_\qQG2cY_U���
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vAs]z%jki!l�}�sqj2v
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x y%zAl4{�s]p;u;t!l�t!r�sq�qt!z%s]t!p�l4vAsqz%j,iXs�{�l�p;r�tau�u;t!��t�u��c'.��nqy l�z�u�p;lQyAz�v�ta��ial0}@u�p;t�+�yAl�lPuHy%z�r��.uhs]i
j�t

<(εm)
{%sqj�j�l4{%s]p

v�l�je�9sqial�yAphj
� ��� 
�� 
�� ���FE�}.l�p�uhs]t!zAl�jYmop;�c+�yAlPz%}Pl�j��JI l�jYr�n�v�l0jev�l L'p�l ?wj�u;l�p ���Bl�zAzAl�} @ -UL���'8{BlPyA��lPz�u�l�z l�H:l.u
s]{A{%sqp�s
	!u�p;l
j;t

0 < <(εm) < εd

lPu
=(εm) > <(εm)

√
εd+<(εm)
εd+<(εm

� 44l�jQ}h�AlPph}h�AlPy%p�j|n�z�u�p;�0}.l�r�r�l�z�uQj�n�yAiat!�qz%�
ial�p��qi!l�j;t!�qzAtZ/�}Ps]u;tam +�y=x taiXj
{BnqyA��sqtal�z�uYs9��nqt!pQvAsqz%j
iXs�u;phs]z%j;r�t!j�j�t!nqz v�l iXs�i!yAr�t,CPp�l[E�u�p�s9��lPphjQvAl�j8nqy%�qlPp;u;y%p;l0j
j�yA� �?i!nqzA��yAlPy%p8v=x n�z%v�l�v
x yAz p���j;l�s]y r��.uhs]i!iat�+�yAl&-ol�z�}h�Ap;n�r�lq�=l�z i?x n�}�}.yAp�p�lPz%}Plc'Qv�nqz�ueiXs�{%sqp�u�tal�p��PlPi!i!l v�l i!s
}.nqz�j uhs]z�u;lHv�t!�Pi!l�}@u�p;t�+�yAl|v�lP��lPz%sqt�u){%sqp�mon�t!jU{Bn�j;t�u�ta��l|vAs]z%j2i!l|v�nqr sqtazAlHt!z�mophs �Tp;n�yA�ql��cIks�u�p�sqz%j;t�u�tan�zelPz�u�p;lHr�n�v�l�j
v�l8{Ai!s�j�r�n�z%j|v�l
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¯t��m2]o_ucnTSVXNQE0aHGJÃ�c � 6?G2d^d´}ÅILb;R�²jPSGYzpTSPWcYaH_\VXMWcnEoT?d���m2b;G2PO{QG2E\|2GLa¥�Æ_HE�|v�ucYb;R
b�cn{QEHmjTSVX]o_HG ~HRHcYP�_HE�|v�ucYb;R�mjdXGj|jTWPOVX]o_HGJqncYPSVXcYKHd^G ~E
G2MlTC�

~rot( ~H) = ~j + ε0εr
∂ ~E
∂t

ε0εr
GjMOT;dÂc�R$G2POb0V´TSTSV^q`V^TSm0aH_!b0cnTWmjPSVXcY_ aucYE\M;d^G2]o_HGjd¨MSG�RHPONQRucY{YG�dXG
|v�ucnb0R!m2d^G2|BTWPSNYb�c�}

{YEHmjTSVX]o_HGY�
εr
z¾cnRHR�GjdXmjG
R�GjPSb;V^TOTWV^q`V´TWm;PSG2dXcnTWV´qQG0NQ_!|2NQEHMlTvcYEpTSG�aHVXmjdXG2|BTWPOVX]o_HG
POG2dÂc�TWV^qYGYz¶G2MlT6_HEHG

]o_ucnEoTSV^TSm�POm2G2d^dXGnzpMWcYEHM?aHVXb;G2E\MSVXNYE��o¯�GFTSG2PSb;G
ε0εr

∂ ~E
∂t

|2NQPOPSGjMSR$NQEHa�cY_`�cRj|2NQ_\PWcYEpTWM?aHGFaHm2RHdXcY|2G�}
b;G2EpT�Rn�)��NY_HM¨TWPScYV^TSG2PSNYEHM¨TWNQ_ µONQ_HPSMhc·qYG2|�aHG2MF|v�ucYb;RHM�aHNYEoTFdXcfaHm2R$G2aucnEH|2GJTWGjb0R$NQPOG2dXd^G[G2MlThG2E
e−iωt �$�UVAEHNY_HMh|2NQEHMOVXaHmjPSNQE\MLcYd^NQPSM�_\E�b;mjTvcnd�aHGr|2NQEHa\_H|jTSV^q`V^TSm σ(ω)

zHdÂc�dXNYV�a��°ZJ�\b ~j = σ ~EV^b0R\dXVX]o_HGfegGjE�dò�°cYK\MSG2E\|2G�aHG�MSNQ_\PS|2GraHG�|2NY_HPWcYEpTFGB�`TSm2PSV^G2_HPOG�i[�
~rot( ~H) = (σ − iωε0εr) ~EZ[E>m2|jPSV´TFcYdXNQPOM�d���m2]o_ucnTSVXNQE�a\G�Ã�c�� 6~GjdXd´}ÅILb;R�²jPSGJMONQ_HMhdÂcfxyNQPOb0G[POm2aH_\V^TWG6�

~rot( ~H) = ε0ε̂
∂ ~E
∂t

c·qYG2|;�
ε̂(ω) = εr + iσ(ω)

ωε0
= ε1 + iε2

ε̂(ω)
G2MlTFdÂc�R�GjPSb;V^TOTWV^q`V´TWmLa\VXm2d^G2|BTWPSV^]o_HGJPSGjdÂcnTSV^qQGJ®`ÐB£¥ÐB�S�YËÎ­X»�Ðv¡B�

É¶NQ_HPh_HE�b0mBTvcYd�a\GC��PS_HaHGnz
εr = 1

GjT
σ(ω) = σ0/(1− iωτ)

c�qYG2|
σ0 = Ne2τ/m

�
�UV

ωτ << 1
eyb0V^|2PONn}�NQE\aHG2M�GjTCVXEUxyPWc�}ÅPSNQ_H{YG�dXNQV^EoTWcYVXE\MJR�NQ_\PCdò�°cYPO{QG2EpTCNQ_ dò�ÆNYPviBz�dXc�RHcYPOTSVXG

POm2GjdXdXGta\G
ε̂
z
ε1

z |2NQb;RHPSGjEHa�d^GwPSÔQd^G+a\G2MÄ|jNQ_HPScYEpTWMÄa\G?aHmjRHdÂcn|2G2b;G2EpTSM�egPOG2MOR�NQE\MWcYKHd^G2M¶aH_�PSc·kQNQEHE\GB}
b;G2EpTviBz�GjT9dÂc�RucnPOTWV^GwVXb0cY{QVXEHcYVXPOG

ε2

V^EpTW²2{YPSGwdXGjM9|jNQ_HPWcnEoTSM9NY�Hb0V^]o_HG2M?egR$G2PlTWGjM9RucnP9|jNQEHaH_H|BTWV^NQE \ i��
I�_U��xyPOm2]o_HG2E\|2G2M�NQR\TSVX]o_HG2MjzudÂcf|jNQEHaH_H|BTWV´qUV´TWm�aHGBqUV^G2EpTF|2NQb;RHd^GB�UGY�

�[cnEHM
dÂc¼TW�H²jMSGYz~dXNQPOMS]o_HG³EHNY_HM
|2NYEHMSV^aHm2PONQEHM�dÂc¼|2NQE\MOTvcnEoTSG
ε
a���_HE b;mjTWcYd�zwEHNQ_\M�MSNQ_HM¬}

GjEpTWG2E\aHNQEHMwMOk`MlTWm2b0cnTSVX]o_HG2b;G2EpTwdXcL|2NQE\MOTvcnEoTSG�{Qm2E\m2PWcndXVXMOm2G
ε̂(ω)

z�]o_HVHGjMOTwaHNQE\|� vÊ�©LÌ$ËX¡��U¡�eyMWcYEHM
a\VXb;G2EHMOVXNQE�i�� √

ε
aHmjsuE\V^Thd���VXE\aHVX|jGLNQR\TSVX]o_HGJaH_>b0cnTWmjPSVXcY_��U¯w��NQEHa\GJm2dXGj|jTSPSNQb0cY{QEHmBTWV^]`_\G[MSG�RHPONn}

RHcY{QG¾aHNYEH|tMS_HV´qncYEpTA_HEHGtdXNYV ∼ eik
√

εx ∼ eik<(
√

ε)xe−k=(
√

ε)x �·¯t�ÆcYb;NQPOTSVXMSMOG2b;G2EpT�MORucnTWVXcYd k=(
√

ε)a\mjsuEHV´T�_HEHGwd^NQEH{Q_HGj_HP�aHGtR$m2E\mjTWPScnTWV^NQE�z2cYRHR$G2dXmjGÄÌ$�WÊ¬�·Ê�£$¦`¡B�U�+¦`¡�Ìu¡S�Y��aH_�b;mjTWcYd
δ = 1/Im(k

√
ε)
�

�[cnEHM�dXG2MJa\NQb�cnVXEHGjMJVXE\xyPScYPSNQ_\{QGfGjTJq`V^MSVXK\dXG>e�qQNQV^P �ÄcYK\dXG�RucY{YG;ðUô��pi�z�dXGjMJb0mBTvcY_U�³|2NQb;b;G
dò�ÆNYP2z¶d��ÆcYPS{QGjEpT�NQ_!d��ÆcYdX_\b0V^EHVX_Hb MSNQEpT�TWGjdXM�]o_HG

Re(ε) < 0
GjT

Im(ε) > 0
c·qYG2|>G2Eñ{Qm2E\m2PWcnd

|Im(ε)/Re(ε)| << 1
���LG�RHdX_HMjz |ε(ω)| aHm2|jPSN�e^Th]`_HcYEHa�dXcfRH_Hd^MWcnTSVXNQE

ω
cY_H{Qb;G2EpTSGY�

DFE RjK$NQE�b;mjTWcYd@R�G2MlT¨TWGjd�]o_HG
Re(ε) << 0

egK$NQE��WÐ��h¡v B«¬¡B�`�Qi��\É9cYP~RBb0mBTvcYd�RucYPlxgcYV^T�RnzpEHNQ_\M
GjEpTWG2E\aHPSNQE\M

ε = −∞ �
f�N�t4i!l�j�}.n�yAp�sqz�u�j v�l v��P{%i!s�}.lPr�l�z�u�j�n�z�u�zA�P��iat!�ql0s]�Ai!l�j&-

|ε2/ε1| >> 1
'.�,n�zKnq��u�tal�z�u�yAzAl#� +�y%s]u;t!nqzKv�l

v�t H:y%j;tan�z&A
~∆ ~E = σ ∂ ~E

∂t

�4Ikse}.n�z%v�y%}.u;t!��t�u��
σ
�A}qx l0j u � E �Tv�t!p�lwi!se{%s]p;u;t!lQtar s]��taz�s]t!p;l�vAl

ε
sqy�� �%sqj�j�l0j>mop�� +�yAl�z%}.l0jP�

l�j�uHp�l�j;{Bnqz%j�s]�Ai!l8v�l
i x s]��j�n�p;{�u�tan�z�v�y~}h�%sqr�{���ial0}@u;p�nqr sq�qzA�Pu;t�+�y%l4{%sqp|ial
r��Pu�s]i - l�H:l.u ��nqy%ial@'@�

ðUôA	



������� X�g;[�� � ZT[Hg 1/λ g7Z cm−1 	 � ZHV�
&g�
HX;[�� � ZT[*g λ g7Z µm 
 Z$g7XdV0_ogUg7Z eV� �0�RK&y %Rhs�4�5�#

��n�� ↓ ~0�RK �RK?���0~
� �0�0�RK � �RK �RK � ~��
� ~ � �RK �RK �RK �����
��� �0�RK �RK���� �RK � ���
� � � �RK � K � � �RK?~ � �
~0�0�0�RK � K �RK?~����
~ � �0�RK �&K �RK?| � �
|0�0�0�RK |RK?|0| �RK?|��
~
| � �0�RK ~RK�� � �RK �*|��
�*�0�0�RK ~RK � �RK �����
� � �0�RK ~RK?~0~ �RK ��� �
� �0�0�RK ~RK �RK��0~0�
��� �0�RK � K�� � �RK����0~
�0�0�0�RK � K���� �RK �����
� � �0�RK � K � | �RK��0���
�
�0�0�RK � K �*~�� �RK������
� � �0�RK � K?|0| �RK��0|0�
�0�0�0�RK � K?~ � �RK����0~
� � �0�RK � K � � � K?� � �
�0�0�0�RK � K ��� � K ��� �
� � �0�RK � K?� � � K � ���
� �0�0�0�RK � K � K?~��*�
��� �0�0�RK �RK��0��� � K?|����
� ~0�0�0�RK �RK��0|0| � K �����
� |0�0�0�RK �RK ����� � K�� � ~

� | � �0�RK������#��]���� ↓ �RK ���*� � K������
� �*�0�0�RK �RK � � � � K �
|��
��� �0�0�RK �RK������ � K���� �
� �0�0�0�RK �RK��0~ � � K���� �
� �
�0�0�RK �RK � ��� ~RK � ���
� �0�0�0�RK �RK ����� ~RK?~0|0|
� �0�0�0�RK �RK � ~�� ~RK?| � �
~0�0�0�0�RK �RK � ~RK ��� �
~ � �0�0�RK �RK �H��� ~RK��0� �
~0~0�0�0�RK �RK � � � ~RK �
~�� �
~0|0�0�0�RK �RK �*|�� ~RK�� � |
~��*�0�0�RK �RK � � � ~RK����0�
~ � �0�0�RK �RK � |RK � � �

~��0�0�0�RK�����(��4� 6{�H��

����( ↓ �RK?|���� |RK?~0~ �
~��
�0�0�RK �RK?|��
� |RK?|����
~��0�0�0�RK �RK?| � � |RK �H�
|
~��0�0�0�RK �RK?|���� |RK � ���
|0�0�0�0�RK �RK?|0|0| |RK �
~0~
| � �0�0�RK �RK?~�� � �&K?|��
�*�0�0�0�RK �RK?~ � �&K����0~

� �5���$������� k = 2π
λ

��% m−1 = 200π· rs%*]��#�'+-,i

%&+��2��% cm−1 w7K&L %&����n0���:rd���2w�� � ~0|����RK �! λ r#"�w7K
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¡B£³£u©
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�
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�
�
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δ
aHmjMSV^{QEHGLdXcrR\PSNYxyNQE\aHG2_HP?aHGLR$G·cn_
aH_
b;mjTWcYd9egaHmBsuEHVXG�|2NQb;b;G

1/Im(k
√

ε)
iB�U½~GjM �ÄcnKHdXGjM~NQEpT

mBTWm�|·cndX|2_\dXm2GjMhÀ�RucYPOTSVXP�aHGjMhaHNQEHEHmjG2MFPSmBxym2PSGjEH|2mjG2M�aucYEHMhdXG �J�Y£$¦��BÊ�Ê���aHG����ÆÉÄcYd^V 7��
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� �&��� # � �

� �é� 	��&�;�����%����	��&� �-� � 	�� 
� � � � � ��� 
 	����
 �� � ���
����� �

� /j1 ���;<�	J5A@B8�4 	C< � � 	��.
h<
7 ����798 ��7 
���: �¬<>4�
��5
h465�
 @��A8��.�3

Z[K\TSG2EpTWV^NQE aHGfdò�Æmj]`_HcnTWV^NQE cY_U��qncYdXGj_HPSMLRHPSNQR\PSG2MJaHcYEHM[d^GfRHPSNYKHdX²jb0GCa��Æ_\EHGfxyG2EpTWG�_HEHVX]o_HGnz

POG2dXcnTWV´qQGfÀ
dXc�MSGj|jTSVXNQE¼ðU���H�¥É9NQ_HPJ|jG2dXc\z¥POmB}�mj|2POV^qQNYEHMJdXGjM[|v�ucYb;RHM[b0cY{QEHmBTWV^]`_\G2M[aHG�dXc�RucY{YG
ôA	
egc·qQG2|

A1 = 0 = B3

|2cYP
β
VXb0cY{QV^EucYV^PSG�itaHG�dÂcfb0cYEHV^²2POGJMS_HV´qYcnEoTSG��







H(1)
z (x, y) = B1e

−iβ(x+w/2).(C1e
iΛy + D1e

−iΛy)

H(2)
z (x, y) = (A2 + B2) cos(αx) + i(A2 + B2) sin(αx).(C2e

iΛy + D2e
−iΛy)

H(3)
z (x, y) = A3e

iβ(x−w/2).(C3e
iΛy + D3e

−iΛy)

¯�G2MF|2NYEHaHV^TSVXNQE\M�aHG�|2NQEpTWV^Eo_HV^TSmra\G
Hz(x, y)

GjT�aHG 1
εr

∂Hz

∂y

cn_�RucnMSMWcn{QGCa\G2MFVXEpTWGjPOxgcY|jG2M�qQGjPl}
TSVX|2cYdXGjM�e

w = ±w/2
i�z ∀y zuEHNQ_HMh|jNQEHaH_HV´TFÀ�PSm2MONQ_HaHPOGCd^GJMOk`MOTS²2b;GCa¥�Æmj]`_HcnTWV^NQEHM��







B1 = (A2 + B2) cos(αw/2)− i(A2 −B2) sin(αw/2)
A3 = (A2 + B2) cos(αw/2) + i(A2 − B2) sin(αw/2)

−i β
εm

B1 = α
εd

[(A2 + B2) sin(αw/2) + i(A2 − B2) cos(αw/2)]

i β
εm

A3 = α
εd

[−(A2 + B2) sin(αw/2) + i(A2 − B2) cos(αw/2)]

]o_HV�R$G2_UT�MOG�PSm2a\_HVXPOGCcn_�Mlk`MOTW²jb0GrMS_\V^qncYEpT��
{

(A2 + B2)[
α
εd

sin(αw/2) + i β
εm

cos(αw/2)] + (A2 − B2)[i
α
εd

cos(αw/2) + β
εm

sin(αw/2)] = 0

−(A2 + B2)[
α
εd

sin(αw/2) + i β
εm

cos(αw/2)] + (A2 − B2)[i
α
εd

cos(αw/2) + β
εm

sin(αw/2)] = 0

��d�G��\V^MOTSGra\G2MhMSNQd^_\TWV^NQEHM¨E\NQEU}�Eo_Hd^dXGjMregb;NUaHGjM�RHPSNYRHPSGjMvi¨MSV�GBT�MOG2_Hd^G2b;G2EpTFMSV�d^GJaHmjTSG2PSb;VXEHcYEpT
a\_�Mlk`MOTW²jb0GrG2MlTFE`_\d�zuMSNYV^T��

[
α

εd

sin(αw/2) + i
β

εm

cos(αw/2)] · [i α

εd

cos(αw/2) +
β

εm

sin(αw/2)] = 0

¯�G2MLaHG2_U�³]o_ucYEpTWV´TWm2MLG2EpTWPOGf|2PONU|v�HGBTWMJaHNYEHEHGfaHV^PSGj|jTWGjb0GjEpTJdXGjMLaHGj_U� mj]`_HcnTWV^NQEHM�TSPWcYE\MS|2GjEU}
aHcYEpTWG2M0eòðU�X YiLGjT�e�ðU�a`pi�z�cYMSMONU|jVXmjG2M�PSGjMSR$G2|jTSV^qYG2b;G2EpTfcn_U�ºb;NUaHGjMJRucYV^PSMJGjTrV^b0RucnVXPSMfegRucn{QG�ô�÷pi��

ðQð�




¯�GJRHPONUa\_HV^ThaHGjMhaHG2_U��|jPSN`|v�HGjTSM�a\NQEHEHG�d���m2]o_uc�TWVXNYE>cY_U��qncYd^G2_HPOMFR\PSNQRHPOG2M�®YËXÊ��v�YËX¡0eòðU�a�piB�
DFEHGCb0cYEHV^RH_HdXcnTWV^NQE
cYMlTW_H|jVXGj_HMSGrR�GjPSb;GjTFaHGrPSmjMS_Hb;G2PhdXGjMhaHG2_U��MONQ_HMl}Åm2]o_ucnTSVXNQE\MhTSPWcYE\MS|2GjEU}

aHcYEpTWG2MhMONQ_HMF_HEHGrcY_\TSPSG[xyNQPOb0G \ �

tan2[w/2
√

k2εd − Λ2 −m
π

2
] =

Λ2 − k2εm

k2εd − Λ2
· ( εd

εm
)2 m ≥ 0

e �L�´ô i
�tE R$NQdÂcnPSVXMScnTWV^NQE �h��z~VXdhMO_\±6T�a���ÔYTWGjP�dÂcºxyPWcY|BTWV^NQEé|jNQb0R$NQPlTvcYEpT0dXG2M;|2NYEHMOTWcYEpTWG2M�a\VXm2d^G2|�}

TSPSV^]`_\G2M[]o_ucYa\PWcnTSVX]o_HG2Mj�A½~GjTOTWG�mj]`_HcnTWV^NQE�z¥NYE dXGfPScYRHR$G2dXd^GYz$EHG�aHNQE\EHGf]o_HG6dXGjM[b0N`aHGjM RjdXV^m2M�RCÀ
dXcf|·c·q`V^TSm�eyRucYMha���NQEHaHG�a���VXEpTSG2POxgcn|2G2Mh�HNYPSV d NQEpTvcYd^G2MWiB��[cnEHM?d^G�RHPSNYKHdX²jb0G�aH_;{Q_HV^aHG�b;mjTvcndXdXV^]o_HGYzndXG2Mwb;NUa\G2MtEHGFMSGhRHPONQRucY{QGjEpT?RHcYM?aHcYEHMwdÂcJ|·c·q`V^TSm
MOV

Λ2 < 0
zpMONQV^T

Λ
V^b�cY{YVXEucYV^PSG�82�U�tE0RHPSGjEucYEpT

Λ = 0
zpdXG�R\dX_HM+{QPWcnEHa0GjEpTWVXGjP

m
R�NYMSMSV^KHdXG�a\NQEHEHG

d^GJEHNQbfK\PSGJaHG�b;NUaHGjM�{Q_HV^aHm2M��HV^d¥k�G2E�c
m + 1

�

kndw/π − 2
π
arctg(−εd/εm) = m

G2E�R$NQdÂcYPOVXMScnTWV^NQE �FÃª�

kndw/π − 2
π
arctg(−εm/εd) = m

G2E�R$NQdÂcYPOVXMScnTWV^NQE �h���
�U_\RHR�NYMSNQEHMLdXG�b;mjTWcYd¶RucYPOxgcnV^TWGjb0GjEpTLPOm��uGj|jTWGj_HP;e

εm = −∞ iB��É¶NQ_HP[dXc0R$NQdXcYPSV^MWcnTSVXNQE �FÃªz
NYE¼qYNQV^T�]o_HGnz9]o_HGjdX]o_HG;MSNQV´T

w
z
m > 0

��NQEªc>TSNQ_�µONQ_HPOM�cn_ªb;NQVXE\MJ_HEªb;N`aHG6{Q_HVXa\mY���tE POGB}
qncYE\|v�HGYzUG2E
R$NQdÂcnPSVXMScnTWV^NQE �h��zUNQE�NQK\TWV^G2EpT

2ndw/λ− 1 = m
z\aHNYEH|LMOV�dXcCdÂcnPS{QGj_HP?a\G�xyG2EpTSG[G2MlT

R\dX_HM�R$GjTSV^TWG�]o_HG
λ/(2nd)

zuVXd¥E���k�c0cY_\|2_HE�b0N`aHG�{Q_HV^aHmY�u½~GjTSTSGC|jNQ_HRH_\PSGrE��ÆG��UVXMOTSGCRHcYMhG2E �h�
R$NQ_HP�a\G2Mh{Q_HV^aHG2Mha���NQEHaHGjM�a\VXm2d^G2|BTWPSV^]o_HG2Mj�

�tE\suE¥z`MOV
Λ2 > 0

zp|jNQb;b0G
ω = ck

zpNQE;R$G2_\T?aHmjsHEHVXPwdÂc ��� � �	�
�!� ��� � ��� 
 � � dω
dΛ

aH_�b;NUa\G
{Y_HVXaHmJd^GJdXNQE\{�aHG2MhRucYPONQVXM¨qYG2PlTWVX|2cYdXGjM2�

� /1� �¸=>	J795 	r< =>	�� :�
 ��	�798C@�����	�7 � 	r@�5�
�� 
h465 7 � � 
h=?5�79@2= 
��
Z[E¼|v�HG2PO|v�HG�À>PSmjMSNQ_\aHPSG;d���m2]o_ucnTSVXNQEñeòðU���oiLRucY{QG>ô�÷Uz�c·qQG2|

εm << 0
z�|n�ÆGjMOTO}�À�}�a\VXPSG�GjE¼TSGB}

EHcYEpT?|jNQb;R\TWGFaH_�|2cYPWcn|jTW²jPSGhsuEHV�aHG
εm
zpTSPS²2M+m2d^GjqYm2GLGjE�b;NUa\_HdXGreyb0mBTvcYduRHPOG2MO]`_\G[RucYPlxgcYV^TviB�oZ[E

|jNQEHMOVXaH²jPSG�d��ÆcYRHRHPON·�\V^b�c�TWVXNYE
β
√

εmk2 − Λ2 ≈ ik
√

|εm|
e µO_HMlTWV^sHm2G�c6R�NQMlTWGjPSVXNYPSV�i��

�tE�b0mBTvcYd�RHcYPOxgcYV´T
α = pπ

w

���wE�RucYMOMWcYEpT�cY_�b0mBTvcYd¥PSm2Gjd�z
α = pπ

w
+ δα

z�c·qQGj|
kδα << 1

�
½¨cYM

p = 0
� ZJE�RucYPOT[aHG�d���m2]o_ucnTSVXNQE�aHNQEHEHcYEpT�dXG2MLb0N`aHG2M�RHPSNYRHPSGjMJRucYVXPOM�eyaHNQEpTJdXG�b0N`aHG

xyNYEHaucYb;G2EpTvcnd�i~�
tan(αw/2)+ i βεd

αεm
= 0

e�qQNQV^PwRucY{QGrô��pi��o�wE0b0mBTvcYduRHcYPOxgcYV´T
α = 0

�o�tE
b;mjTWcYd
POm2Gjd�z

α = δα
GBT

tan(δαw/2) ≈ δαw/2
�uZ[E�NYK\TWV^G2EpThVXb;b0mjaHVÂc�TWG2b;G2EpTL�

f�N�t)nqz#j;yA{A{Bn�j;l[+�y%l
εm < 0

�
s]i!nqphj4j;lPi!nqz#ial v�n�r�sqtaz%l�v
x s]{%{%s]p;u;l�z%s]z%}Pl�vAl
Λ2
�
α
lPu

β
j;lPp�nqz�u8p;��lPiXj�n�y

tar s]��taz�s]t!p;l0j8{AyAphjP�kl.u�i?x � +�y%s�u�tan�z�v�nqtau BPu;p�l p;��lPi!ial n�yA�At!lPz t!r s]��taz%sqtap�l�{�n�yAp�s9��nqt!p
yAzAl�j�n�iay�u�tan�z=�JI l�}Ps�j
αtar s]��taz�s]t!p;lQz=x l�j�u|s�{Ap�t!nqp�t
{�n�j;j;ta�%ial=+�yAlYj;t

m = 0
A%}qx l0j u|i!l
r�n�v�lQmon�z%vAs]r�l�z�uhs]i?�

; )2n�yAp�vAl�j��qyAtXv�l0j'{%yAp;l�r�lPz�uHvAta��ial0}@u;p�t�+�y%l�j���n�0
0 < εm < εd

��iXs�}PnqyA{%yAp;l8v�l0j,r�n�v�l�jH}Pnqp�p;l0j�{Bnqz%v {AiayAu �]u
s]y�m s]tau +�y x t!i!jHphs �qn�zAzAl�z�u|vAsqz%jHial
r�t!iat!lPy~v�l
}Pnqz%j�u�sqz�u�l

εm

�Av�n�z%}=E�i!s�}.n�z%v�tau;t!nqz
Λ2 < εmk2

�

ðQðUô



(
δα

k
)2 =

2εd

kw
√

|εm|
Z[E>EHNYTSGr]o_HGrdXGJPOm2MO_Hd^TWcnThG2MlT�K\VXG2E>|jNQb0RHcnTWV^KHdXGJc·qYG2|

αw � 1
�

½¨cYMhNQ�
p 6= 0

� |2GjTOTWG+xyNQVXMjz�NQEfRucYPlTÄa\G?dò�Æmj]`_HcnTWV^NQEC{Ym2EHmjPWcYd^G[eòðU�a�piB��ÉÄcYP9_HE�a\mjqQGjdXNQR\R�Gjb0GjEoT
d^VXb;V^TSm�cY_UTWNQ_HP�a\G2M6qYcndXG2_\PSM�RHPOVXMSGjM0RHcYP

α
G2Eñb0mBTvcYd~RucYPOxgcnV^T·zÄNQEñc

cos(αw) ≈= (−1)p GBT
sin(αw) ≈ sin(pπ) + cos(pπ) · δαw

�2��d�q`VXG2EpTFcYd^NQPSMJ�

(−1)p − i

2
[

pπεm

ik
√

|εm|εd

+
ik
√

|εm|εd

pπεm

] · δαw(−1)p = 0

�tE�E\m2{Qd^VX{QG2cYEpTwPWcYV^MSNQEHEHcYKHdXGjb0GjEpTwdXGhMSGj|2NQEHa0TWG2POb0GhMOV^TW_\m�GjEoTSPSGFdXGjM+|jPSN`|v�HGjTSM2z`NQE�NYK\TWV^G2EpTF�
δα

k
= −2

εd

pπ
√

|εm|
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�	C4>4�
�� 
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��
¯t��VXb;R�mjaucYEH|jG;a\G�MS_\POxgcY|jG

Z
G2MOT�aHmjsHEHVXG;|2NQb;b;G;d^G6PWcYRHR$NQPlT Etg

Htg

aHG2MC|2NQb;R�NYMWcYEpTWGjMCa\G2M
|v�HcYb0R\M¶mjdXGj|jTWPOVX]o_HG+GjT9b�cn{QEHmjTSVX]o_HGt]o_HV`MSNQEpT¶TvcYE\{QG2EpTWV^G2d^dXG2MAÀhdÂc�MO_HPOxgcY|jG~aHmjdXV^b0V´TvcYEpTAð�b;VXdXV^G2_U���
�td^dXGJE���G2MlTLRucnM�V^aHG2EpTWV^]o_HG�aH_�R$NQVXEpThaHG�q`_HGraHGCdò�Æ_\E�NQ_�d��ÆcY_\TSPSG�|2ÔnTWmraH_�a\VXNQR\TSPSGn�uIL_�E\V^qQG2cY_
a\G2MhRucYPONQVXM¨qYG2POTSVX|2cYdXGjM�aH_�POm2MOG·cY_�z

Z = Ey
Hz

G2E�R$NQdÂcYPOVXMScnTWV^NQE �FÃª��Z[E�TWPONQ_\qQGCcYd^NQPSM[�

Z =

∣
∣
∣
∣
∣

α
kcε0

|jÔYTWm�|·c·q`V^TSm
β

kcε0ε

|2ÔYTSm�b0mBTvcYd
��dFGB�UVXMlTWG�_HEHG�|jNQEHaHV´TWV^NQE�R$NQ_HP0dÂcY]o_HGjdXd^G�d^G2M;VXb;R�mjaucYEH|jG2M0aHG�|v�ucn]`_\G³MOTSPWcnTSG�aH_ POm2MOG·cY_

R$G2_UqQG2EpTr»uÒÓÐ�®p�YËX¡B�>egGjE�aHGj�HNQPSM�aH_�|2cYMhTWPSV´q`VÂcYd
εd = εm

iB��½~G2dXc;POGjq`VXGjEpT[À6|2NQE\MSVXa\m2PSGjP�dò�Æmj{pcYd^V^TWm
αεm = εdβ

�9�tE-m2dXGBqncYEpT�|v�ucY]o_HG�b;G2bfK$G�cY_ |·cYPOPSmYz9NQE-G2MlT�|2NYEHaH_HV´T6À�mjTWcYKHd^VXPrdÂc�POG2dÂc�TWVXNYE
a\VXMSR$G2POMSV´qQG

Λ2 = k2 · εdεm/(εm + εd)
�

• ���ÆcY{QV^MSMWcnEoTra���_HE � ��� � �¬z¥|n�ÆGjMOTrdÂc�PSGjdÂcnTSVXNQE�aHG2M � ��� � � � 
�� �
� ��
���� � ���-eg|2Gj_U�¼a���_HEHG
RHcYPSNQV¶dXV^KHPSGraHGf|2c·qUV´TWmfGjE d���NU|j|2_HPOPSGjEH|2G·iB�¥IAqQGj|

εm < 0
GBT

εd = 1
z�d^G2M�RHdÂcYMOb0NYEHMLaHG�MS_HPlxgcY|2G

MONQEpThTWG2d^M�]o_HG
Λ/k > 1

�

• ���ÆcY{QVXMOMWcYEpTwaHG �
� �	��� ���
� � ��
��	�YznNYE�cY_\PWcYV´T εm,d > 0
�oÉtPSGjEHNQEHM

εd = 1
�pILdXNYPSM |Λ/k| < 1

z
GBTwG2E;R�NYMWcYEpT+cYPOKHV^TSPWcYV^PSG2b;G2EpT

Λ = sin(φ)
e
φ
E¥�ÆGjMOT+]o_��Æ_\E
cYEH{YdXG~su|BTWV´xvi�zQNQE6NQK\TSVXG2EpT

tan(φ) =√
εm

��|Y��G2MOT�G��\cY|jTSG2b;G2EpTr_HEHG�|2NYEHaHV^TSVXNQE�a�� ��

��������
 ��� ��� � ����� � � ����ey]o_HV¾E���GB�UVXMlTWG�]o_���G2E
R$NQdXcYPSV^MWcnTSVXNQE �FÃ³iB�

�[cnEHMCd^G�aHNQb0cYVXE\G � � � 
 � � � ��
���z�dXG�|jNUGB±0|jVXGjEoTCaHG6PSmq�uGB�UV^NQE À>d���VXEpTSG2POxgcn|2G�aHG�ð
b0V^dXVXGj_U�
a¥�ÆV^b0R$m2aucnEH|2GjM

Z1

GjT
Z2

G2MOTha\NQEHEHm�RucYP
r = Z2−Z1

Z2+Z1

egR$NQ_HP�aHGjMFNYEHaHG2MhRHdXcYEHGjM2z
Z
G2MlTFRHPSNQR$NQP¬}

TSVXNQE\EHG2d^dXGhcY_
PScYRHR$NQPOT?aHG�dÂc�RHPSGjMSMSV^NQE�cY|jNQ_HMlTWVX]o_HG�MS_HP?dÂc�qUV´TWGjMSMSG�a���m2dXNYEH{pcnTSVXNQE;aHG2M~RucYPOTSVX|j_HdXGjM
ðQðQð



b0cnTSm2PSV^G2d^dXG2MjzÄGBT0qncY_\T
Z = ρc

NQ�
ρ
G2MlT�dXcºb0cYMOMSG>qQNQd^_Hb0V^]o_HG>aH_éb;VXd^VXG2_ |2NQEHMOVXaHmjPSm·iB�?ÉÄcYP

|jNQEHMOm2]o_HG2EpT2z9MOVtEHNQ_HM�PSGjEH|2NYEoTSPSNQE\MCaHGjMC|jNQEHaHV´TWV^NQEHM[R$NQ_HP�dXGjMS]o_HGjdXdXGjMJdXGjM�ð
b;VXd^VXG2_`�¥z$aHNQEpTrdXGjM
R\PSNQRHPOVXmBTWm2M¶aHG?RHPSNQRHcY{pcnTSVXNQE�MSNYEoTÄaHV^��m2POG2EpTWGjM2znNQEpTÄb �2b;G?V^b0R$m2aHcYEH|2G?cY|jNQ_HMOTSVX]o_HGnzndXcFPOm��uG��\V^NQE
a\Gjq`VXGjEoTFEo_Hd^dXGJGjThdò�ÆNYEHaHG�MSNQE\NQPSG�G2MlTFVXEpTWmj{QPWcYd^G2b;G2EpT¨TSPWcYEHMOb0V^MSGn�

Z[E�k>qYNQV^T�d��ÆcYEucYd^NQ{QV^GJc·qQG2|�|2G�]o_HV¶MSGCRucYMOMSG�GjE³NQR\TSVX]o_HGrG2E³R$NQdXcYPSV^MWcnTSVXNQE �FÃª�$I�dò�°cnEH{QdXG
a\G �~PSG.6hMOTSG2P2z¥R�NQ_\PL_HEHG�VXEpTWGjPOxgcY|jGfG2EpTWPOGfaHV^m2dXGj|jTSPSVX]o_HGjM�eyMSVÄd^G�b;VXd^VXG2_¼ô�c�_\E VXEHaHV^|2GCNQR\TWV^]o_HG
R\dX_HMJxgcYV^KHdXG�]o_HG0dXG;b0V^dXVXGj_ºðQi�z¶dò�ÆNYEHaHG;G2MOTrTWNnTvcYd^G2b;G2EpT�TWPWcnEHMSb;VXMOG;MScYEHMC|v�ucYEH{QGjb0GjEpT�aHG0R�N�}
dXcYPSV^MWcnTSVXNQE¥�¥�`V¾dXG�b;VXd^VXG2_ ð�GjMOTr_HEºb;mjTvcnd¾b�cnMSMSV´xLe

εm < 0
iBz�dò�ÆNQE\aHG�EHG6R�Gj_\T �jTSPSG�TWPScYEHMSb;VXMOG

GBTFd���m2EHGjPS{QV^G[G2MlT�RjMlTWN`| 7YmjG
RrGjE�MO_HPOxgcn|2G�eg|Y��G2MlTLd^GJRHdÂcnMSb;NQE�aHGrMS_HPlxgcY|2Gnz�À;|jNQEHaHV´TWVXNYE�]`_¥�ÆV^d�MSNQV´T
G��U|2V^TSm�RucYP�_HEHG�NQE\aHG�m2dXGj|jTSPSNQb0cY{QEHmBTWV^]`_\GJaHG�b0NQb;G2EpT

k// > k
iB�

� / � � �¨5
	r@.�����A<
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h= �>4>@ �;<�
 :�
���798�� 
h=?5A@B8C4
ô i¨d^G2Mhm2]o_ucnTSVXNQE\MFa\GC|jNQEpTWVXEo_HV´TWm�aH_�|v�ucYb;R�b0cY{QE\mjTWV^]o_HG�MSNQEpT�RHPSN�µOGBTWmjG2MFMS_HPFdÂc�KucYMOGCa\G2M

b;N`aHG2M�RHPONQRHPOG2MhaH_�|v�ucYb;R�b0cY{QEHmBTWV^]`_\G[aHG�dÂc�|·c·q`V^TSm0egVX|jV�zUdÂcfKucYMOG�G2MOTF_HE\VXb;NUaucndXG�i��
ðQiJdXGjMCmj]o_ucnTWV^NQEHMCaHG�PScY|2|jNQPSa RHcYPCdò�ÆV^b0R$m2aHcYEH|2G6aHG0MS_HPlxgcY|2G0MSNQEpT�RHPSN�µOGBTWmjG2MfMO_HP�dXc�KucnMSG

a¥�ÆNQE\aHG2M?RHdÂcYE\G2MJeyaHV^TSGhaHG[�Fc·kUd^G2V^{Q��zoaucYEHM?dXGh|·cnM~aH_
POm2MOG·cY_�i�z\]o_HV$G2MlTC vÊ�©�©��`£¥¡[cn_U�;|v�ucYb;RHM
mjdXGj|jTWPOVX]o_HGJGBT�b0cY{QE\mjTWV^]o_HGY�

• ¯�G�RHPSN`|2mjaHm6ô i¨aHNQEHEHG

∀x ∈ [−w/2, w/2], eik sin θ +
∫ +∞

−∞
R(Q)eiQxdQ = (1 + r)A

¯Ac¼RHPSN�µOGj|jTSVXNQE�MS_HP
_\E m2d^m2b;G2EpT�a\G�dÂc¼KucYMOG�RHPONQRHPSG�aH_ |v�ucnb0R aHcYEHM�dXcª|2c�q`V´TWm�|2NQEHMOV^TSG³À
V^EpTWm2{YPSG2Pwdò�Æmj]`_HcnTWV^NQE 1

w

∫

[−w/2,w/2](...) cos(mπ(x/w +1/2))dx
�`½~NQb;b0GhMOG2_Hd$dXGFb0N`aHG�xyNQEHaHc�}

b;G2EpTWcYd
m = 0

G2MOTFRHPOVXM�GjE�|jNQb0RUTWG�VX|jV�z\V^d�q`VXGjEpT�MOVXb;RHdXGjb0GjEpTJ�

sinc(Qw/2) +
∫ +∞

−∞
R(Q)sinc(Qw/2)dQ = (1 + r)A

• ¯�G�RHPSN`|2mjaHmCðQi¨aHNQEHEHG

i(−k cos θ + kZ) + i
∫ +∞

−∞
(q + kZ)R(Q)eiQxdQ = ik(1 + Z)(1− e−2ikh)A · ux

Z[E³GB�¥Gj|jTW_\G�|2GjTOTWG�xyNYVXMFdÂc0R\PSN�µOGj|jTWV^NQE ∫ +∞
−∞ (...)e−iQ

′
xdQ

��½~Gf]o_HV¶|2NQEHa\_HV^TLaHVXPOG2|jTSG2b;G2EpT �
À�dò�ÆG��UTSPWcY|BTWV^NQE�aH_�|2N`Gj±;|2V^G2EpTFaHG�PSm��HGB�UVXNQE

R(Q)
�

R(Q) = Rsp · δ(Q− k sin θ) +
w

λ
(1 + Z)(1− e−2ikh)A

sinc(Qw/2)

q + kZZ[�
Rsp = cos θ−Z

cos θ+Z

GjMOTFdÂcfPOm��uGj|jTWV´q`V^TWm�MOR�mj|2_HdXcYVXPOGJa��Æ_\EHG�MS_HPlxgcY|2Grb0mBTvcYd^dXV^]`_\GLRHdXcYEHGY�
�tE�VXE�µOGj|jTvcnEoTF�Ce ��i~aucnEHMhd���m2]o_ucnTSVXNQE>aHNQE\EHm2G�RucYP�ô i�zHNQE>NQK\TSVXGjEoTFd^GJ|2N`Gj±;|2V^G2EpTFI��
�P%�u;u;l�z�u�tan�z A ∫ +∞

−∞
ei(Q−Q

′

)xdx = 2πδ(Q − Q
′

)
n.0

δ
v���j;ta��zAl�}.iXsqj�j;t,+�yAl�r�l�z�u ial�{%t!}~v�l 4�t!p�s�}]��
4z

p�sq{A{�l�iai!lwl�z {%sqj�j�s]z�u +�yAl4j;t:}���-A�
δ(ct) = (1/c)δ(t)

��g+i%m sqy�u�����sqial�r�l�z�u,zAn]u�lPp +�y%l4j;t�i?x t!r�{��0vAs]z�}.l
Z
z=x s9��s]tau

{%sqjH�Pu;�
{Ap�t!j;l
s]{A{%p;n9��t!r���lQ}Pnqr�r�l
}.nqz�j uhs]z�u;l"-
= 1/

√
ε
'Hr sqt!j|j;nqy%jHiXs�monqp�r�l
�q�Pz%�Pphs]i!l

Z(kx)
- �qnqt!pwj;l�}@u�tan�z

+A� ���	�c'@��i!lY}Psqi!}PyAi=v�l�jH{%p;n � l�}@u�tan�z%j|s]y%p�sqt�uH�.u��Yj�l�z%j�t!�Ai!lPr�lPz�uw}.n�r�{Aiat�+�yA�q�

ðQðYø
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�Lmjb0NYEoTSPSNQE\M�µO_\MOTWGh]o_HGhdXG~PWcY|j|2NQPOa0RucnPtd���VXb;R�mjaucYEH|jG¨aHGhMS_HPlxgcY|2GFcYR\RHPSN·�UVXb;m2G¨|jNQEHaH_\VXPWcnV^T·z

R$NQ_HP+_HE>cYPOPWcYE\{QG2b;G2EpT¨V^E\suEHV^b0GjEpT~R$m2POVXN`aHVX]o_HGFaHGL|2c·qUV´TWmjM2zHc·kQcYEpT�|v�ucY|j_HEHGJ_HE�|jNUGB±0|jVXGjEoT~aHG
|v�HcYb0R>EHNnTWm

A(m) eyMSGj_Hd�dXGJb;NUa\GJaHG�{Q_HVXa\GJa��ÆNYEHaHGrG2MOTFRHPOVXM�GjE�|jNQb0RUTWG�i�zuÀ6d���m2]o_ucnTSVXNQE �

(Z − cos θ)eik sin θ +
∫ +∞

−∞
(q/k + Z)R(Q)eiQxdQ = (1 + Z)(1− e−2ikh)

∑

m

A(m) u(m) (x)

Z[� u(m)(x)
G2MlT�TSNQ_�µONQ_HPOM6dÂcºaHVXMlTWPSV^KH_\TSVXNQE RjR$NQPOTSG
R�|2GjEoTSPSmjG³MS_HP;dÂcº|·c·q`V^TSm�a¥�ÆV^EHaHVX|jG

meym2{pcndXGJÀ6]o_ucYEHa¼ô�aucYEHMhdÂc�|2c�q`V´TWmYz 
0cYV^dXd^G2_HPOMviB�
�L_fxgcnV^T9aHG¨dÂcFRHMSGj_HaHNn}ÅR�mjPSV^NUaHV^|2V´TWmYz ∑

m A(m)u(m) (x) =
∑

m eim(k sin θ)dA(0)u(0) (x+md)
�

�tE�Gj��G2|BTW_ucYEpT9cYd^NQPSM�dXc~RHPON�µOG2|BTWVXNYErMO_HP�dÂc?KucYMSGwaH_�|jNQEpTWVXEo_H_\bÇaHGw�Fc·kUd^G2V^{Q�
(eiQx)Q∈]−∞,+∞[

z
À�MSc�qYNQVXP ∫ +∞

−∞ (...)e−iQ
′
xdQ

′ zuVXd$q`VXG2EpTr�

R(Q) =
cos θ − Z

cos θ + Z
δ(Q−k sin θ)+

w

2π
(1+Z)

1− e−2ikh

q/k + Z
A(0)

∑

m

eim(k sin θ)dsinc(Qw/2) e−imQd

Z[P�_HEHG�RHPONQRHPOVXmjTSm�aH_>R�GjVX{QEHG�aHGr�LV^PWcY|JGjMOTF]o_HG ∑
m e2imπ(x/a) = a

∑

m δ(x−ma)
�

�tE>RHPOG2EucYEpT
a = 2π/d

z\GjThG2E�|v�ucYE\{QG·cYEpTFa���VXEHa\VX|2G
n = −m

zuNQE>NQKUTWVXGjEpThKHVXGjE�d^GJR�GjVX{QE\GJ]`_\V
RHcYPOTSVX|2V^R�GjPWcfÀ6dÂcf|jNQEpqQNQd^_\TWV^NQE�cYRHRHPONQRHPOVXm2GJaHcYEHMhd���VXEpTWmj{QPWcndXG[aHG�aHV´�¥_\MSVXNYE��

� /�� ��8 � � 8r7¶5�
�� 
h465
��:�
���= ��	 � ��� �3�.
h=?5�7Ä8 � 	 ��4��¨5A@ �0<�
��
� ��	 �A<
7 � 	r=�


Z[E>|2NQE\MSVXa\²2PSG�_HE\GJ|·c·q`V^TWm�|jG2EpTWPOm2G�G2E
x = 0

z\a���NQ_\qYG2PlTW_HPOGCMO_HKU}�d^NQEH{Q_\G2_HP�a���NQEHa\GYzu{QPSc�qYm2G
aHcYEHM~_\EHG[MS_\POxgcY|jGLÌ\�Y�y�j�Y­�«�¡B©�¡B£u«? vÊ�£$¦Y�u B«ò��­� v¡B�`�tE
xgcYVXMScYEpT�cYK\MOTWPScY|jTSVXNQE0aHG2M�|v�HcYb0R\M~VXE\|2VXa\G2EpT
GBT�MSR$m2|j_HdÂcnVXPSGnzUd^G[|v�ucYb;R�b0cY{QEHmBTWVX]o_HGLcY_HPOm2NQdXcYEpT¨dÂcC|·c·q`V^TWmnz\aucnEHM�dÂc�POm2{QV^NQE6�vzUG2MOTha\NQEHEHm[RHcYP
dXcfPSGjdÂcnTSVXNQE �

Hz(x, y) = A
∫ +∞

−∞

sinc(kwu/2)√
1− u2

eik(ux+vy)du
NY�

u2 + v2 = 1
e �L�°ðQi

¯�Gf|jNUGB±0|jVXGjEoT
A
G2MlTJdXV^mfÀ�dXc�PSm2cY|jTSV^q`V^TSm�aHGfdXc0|2c�q`V´TWmfMOG2dXNYE dÂc0d^NQEH{Q_\G2_HP[a¥�ÆNQE\aHGfa���GB�U|jV´}

TWcnTWV^NQE��¥�[cYEHM�dXG�|·cYaHPOG�TW�HmjNQPSV^]`_\G;V^|2V¶s\�UmYzAVXd9G2MOTrRucnPOxyNQV^M[R�NYMSMSV^KHdXG�a\G;MOVXb;RHdXV´suG2PF|2NYEHMSV^aHm2PSc�}
K\dXG2b;G2EpT�dò�ÆG��URHPSGjMSMSV^NQE�aHG2Mh|v�ucYb;RHMhm2d^G2|BTWPSNYb�cY{YEHmjTSVX]o_HG2Mj�)��NY_HMFcYdXd^NQEHM~GjE�dò�ÆN`|2|j_HPSPOG2EH|jGJxgcYVXPOG
POG2MOMSNQPlTWVXP?cYEucnd^koTWV^]`_\G2b;G2EpT¨d^G2_HP?|2NQb;R�NYPOTWGjb0GjEpT~{QmjEHm2PScYdQµO_HMOTSGJÀ�dÂcrMS_HPlxgcY|2GLaH_
MOk`MlTW²2b;GYz\MSNQV´T
GjE

y = 0
zYGjT+|2Gh]o_HGjd$]o_HGhMONQV^T

x
�oÉ¶NQ_HPtk�RucYPlqQGjEHVXPjzQVXd\xgcn_\Twa��ÆcYK�NYPSa6PWcYb;G2E\G2P¾TWNY_\TWGhd���VXEpTSm2{QPSc�}

TSVXNQE�MS_HP[dò�ÆV^EpTWG2PlqncYdXd^G
u ≥ 0

z¥{QPSÁY|2G�cn_ |v�ucYEH{QGjb0GjEpT�aHGfqncYPSVXcYKHdXGCcYRHR\PSNQRHPOVXm
eòcnTOTWG2EpTSVXNQEºcY_`�
MOVX{QE\G2Mvi��Ä�tEHMO_HV^TSGYz¶VXdtxgcY_\T�MSmjRucYPSGjPfdXGjMC|jNQEpTWPOVXKH_\TSVXNQE\M�aH_HGjM�cY_U�ªNQE\aHG2MfmBqncYEHG2MO|2GjEoTSG2Mjz¾TWG2d^dXGjM
]o_HG |u| ≥ 1

zHaHG�|2GjdXd^G2M�aH_HGjMLcn_U�>NQEHa\G2MhRHPSNYRucY{pcnTSV^qYG2M2zu|jNQPSPOG2MOR�NQE\aucYEpT�À |u| < 1
�

¯�G2M�|v�ucYb;RHM�mjdXG2|BTWPOVX]o_HG2M�GjTfb0cY{QE\mjTWV^]o_HG2MjzÄÀ�dXc�MO_HPOxgcY|jG�aH_-Mlk`MOTW²jb0GnzÄMONQEpT�|·cYd^|2_Hd^m2MrG2E
y = 0

zoR$NQ_HPtTWNY_\T
x
�\Z[E0R�Gj_\T¨cndXNQPOM+GjE
aHmjaH_HVXPOG�d^G2Mw|2NYb0R$NQPOTSG2b;G2EpTWM?cYMlkUb;R\TSNYTWV^]`_\G2M2zo]o_ucYE\a

ðQð��



kx << 1
GjT

kx >> 1
�\¯�GjM¨|·cYd^|2_Hd^M~MONQEpT¨TWPONQR
dXNYEH{QM+R�NQ_\P��jTSPSG[a\mjTvcnVXdXd^m2M+aucYEHM?|2GBTSTWG�cnEHEHGB�UGn�

¿YG�aHNYEHEHG�dXGjM�PSm2MO_Hd^TWcnTWMhGjMSMSGjEpTWVXGjdXMj�
¯�G
d^G2|jTSG2_HPCTWPSNY_\qQGjPWc aucYEHM�dò�°cnPOTWV^|2d^GcR���NQb;NQ{QGjEHG2NQ_\M�cYEHa-GBqYcnEHG2MO|2G2EpT;|2NYEoTSPSV^KH_\TWV^NQEHMfV^E

MO|·cYdXcYPÄE\G·cYP¬}ÅsuGjdXafaHV´�¥PScY|jTSVXNQE|RwaHGFÃ¼� � �Z��N&6~cYP d e��¨ÌpÌ$ËÎ­�¡S¦�%9Ì$«ò­� v» ���AzYø�

 : fe¬ô��:�
 YiSi�a��°cn_\TWPOG2M
V^E\xyNQPOb�cnTSVXNQE\M¶GjEH|2NYPSGYzpMO_HPtdXGjM�­�£u«¬¡B£\»B­�«�Ðv»haHGjMwNQEHaHGjM+a\V^��PWcY|BTWm2GjMtRucYP¾_\EHG�xyG2EpTWG�POG2|jTWcYEH{Q_\dÂcYV^PSGY�
� Ö��hÖl× �¼ÛLæ+ß�Ú

Ey�tE�R�NQdXcYPSV^MWcnTSVXNQE �FÃªz�NQE�c\zHaucnEHMhdÂc�PSmj{QVXNQEd�[eyqYNQVXP�Rucn{QG6ô�`piL�

Ey ∼
A

ik
· ∂Hz

∂xIAqQGj|
Hz

aHNQE\EHm�RucYPfdò�Æmj]o_ucnTWV^NQE �L�°ðU�w�`_HV^qncYEpT�dXc�TWGj|v�HEHVX]o_HG�R\PSm2|jm2aHGjb0b;G2EpT;aHmBTvcYV^dXdXmjGYz
NYE aHmj|2NQb;R�NYMSG�d^G�|v�ucnb0RªMSNQ_HM�dÂc�xyNYPSb;G

Ey(x, y = 0) = Eeva
y (x, y = 0) + Eprop

y (x, y =
0)
z¾R\_HVXM�NQE!aHmBqQGjdXNQRHR$G>dXG

sin(kwu/2)
GjE!GB�UR�NYEHG2EpTWV^G2d^dXG2M�a\G�b0cYEHV^²2POG�À³xgcYVXPOG�cYRHRucnPWc8e^TWPSG

a\G2M�VXEpTSm2{QPScYdXGjM~PSGjb�cnPS]o_ucYKHd^G2Mjz\EHNYTWcYb;b0GjEoT¨aHG2M�POG2RHPOm2MSGjEpTvcnTSVXNQEHM�V^EpTWm2{YPWcYd^G2M¨aHG[xyNYEH|jTSVXNQEHM?aHG
�?G2MSMOG2dAaHG�RHPOG2b;VX²2POGJNQ_>aHG�aHG2_`�\V^²2b;G�G2MSR$²2|jGY�
������� 
 ��� � � 
 ��� � 
 ���	� � 

�
�	� ��� � 

�	������
 ��� ���

Ey¯Ac�|2NQEpTSPSVXK\_\TWV^NQE�aHG2MFNQEHa\G2M�TWGjdXdXGjM�]o_HG |u| ≥ 1
aHNQEHEHG6�

Eeva
y (x, y = 0) =

∣
∣
∣
∣
∣
∣
∣

(Aπ/kw) · [Y0(k(x + w/2))− Y0(k(x− w/2))]
MOV

x > w/2
(Aπ/kw) · [Y0(k(x + w/2))− Y0(−k(x− w/2))]

MOV |x| < w/2
(Aπ/kw) · [Y0(−k(x + w/2))− Y0(−k(x− w/2))]

MOV
x < −w/2

Z[E PScYRHR$G2dXd^G�GjE Gj��GjT�]o_HG ∫∞
1

cos(au)√
u2−1

du = −π
2
· Y0(a)

egNY_
N0(a)

MSG2d^NQE dXcªEHNYTWcnTWV^NQE
|jNQEpqQGjE`_\G�iBz�cY_>MSGjEHMFNQ�

a > 0
eya��ÆNY��d^G2Mhø6|·cYMhaHmBTvcYV^dXdXm�|2Võ}�aHGjMSMS_\MviB�

¯�G2Mh|jNQb0R$NQPlTWG2b;G2EpTSMhcYMOk`b;R\TWNYTSVX]o_HGjMFa\G
Y0(a)

MONQEpTr�
Y0(a)→

√

2/(πa) sin(a− π/4)
]o_ucnEHa

a >> 0GBT
Y0(a)→ (2/π)[ln(a/2) + 0.5772...]

]o_ucYEHa
a ≈ 0

�
Z[E-NQK\TSVXGjEoT�suEucYd^G2b;G2EpT�]o_HG�dÂc�RucYPOTfmjqncYEHGjMS|2GjEpTWG>aH_

Ey

MSG�|jNQb0R$NQPlTWG2EpT�RHPSmj|2VXMOm2b;G2EpT
cnVXEHMOV¾�







Eeva
y (x) = ( 2A

kw
) · ln[x+w/2

w/2−x
]
MOV |x| < w/2

Eeva
y (x) ∼ A ·

√
2π
kx
· sin(kx + π/4)

R�NY_HP
x >> w/2

IAqQGj|
Ey(−x) = −Ey(x)

�
��� � ��� ���

Ey

� � �
�  ��� � ��
�����
 
������ 
 � 
������ ��� � ��
�� � � ��
 �!�
x = ±w/2

c·qQGj|hdXG�b;mB}
TWcYdoRucYPlxgcYV^T2��½L�ÆGjMOT¾V^EpTWPSV^EHMS²j]o_HG¨ÀFdÂch{Qm2NQb;mjTSPSV^G+mBTW_Ha\VXm2GnznGBT¾|jG~E���G2MlT¾RucYM9dXV^m?cn_�aHmBqQG2d^NQRHR$G2b;G2EpT
b;N`aucYd¥a\_�|v�ucnb0R>VXEpTSG2PSE\GCÀ�dXc6|2c·qUV´TWmn�

ðQð: 



� ����� 
 ��� � � 
 ��� � 
 ��� ��� 

�
�	� ���!� � � � � � ��� �	� �
Ey¯Ac�|2NQEpTSPSVXK\_\TWV^NQE�aHG2MFNQEHa\G2M�TWGjdXdXGjM�]o_HG |u| < 1
aHNQE\EHG6�

Eprop
y (x, y = 0) = (−iAπ/kw) · [J0(k(x + w/2))− J0(k(x− w/2))]

R�NQ_\PhTSNQ_\T¨�
RH_\VXMS]o_HG�NQE�c ∫ 1

0
cos(au)√

1−u2 du = π
2
· J0(a)

]`_\G2dA]o_HG�MSNQV´T
a
�
J0

G2MlTF_HEHGJxyNQEH|BTWVXNYE�RHcYVXPOGY�
¯�G2Mh|jNQb0R$NQPlTWG2b;G2EpTSMhcYMOk`b;R\TWNYTSVX]o_HGjMFMONQEpTr�
J0(a)→

√

2/(πa) cos(a− π/4)
]o_ucYEHa

a >> 0GBT
J0(a)→ 1− (a/2)2 ]o_ucYEHa a ≈ 0

�

ÉÄcYPh|2NYEHMSmj]`_\G2EpT·z






Eprop
y (x) = iAπ

2
kx

MSV |x| < w/2

Eprop
y (x) = −iA ·

√
2π
kx
· cos(kx + π/4)

R�NY_HP
x >> w/2

Z[E
|jNQEH|2d^_HG2PScCMO_HP¨dXGhxgcYV´T?]o_HG � � � ��� ��� ��� � � �
Ey(x)

� � � �	� � � � � �
��������� � � ��� �
x
�

� Ö��hÖD� �¼ÛLæ+ß�Ú
ExZ[E>PWcYR\R�GjdXdXGJ]o_HG6�

Ex ∼
iA

k
· ∂Hz

∂y
��d¥G2E�PSm2MO_Hd^TSG�aHVXPOG2|jTSG2b;G2EpTF]o_HG6�

Eeva
x (x, y = 0) =

∣
∣
∣
∣
∣

2A/(kw) · [Si(k(x + w/2))− Si(k(x− w/2))]
MSV |x| > w/2

−2A/(kw) · [π − Si(k(x + w/2)) + Si(k(x− w/2))]
MSV |x| < w/2

GjT
Eprop

x (x, y = 0) = −2A/(kw) · [Si(k(x + w/2))− Si(k(x− w/2))]
R$NQ_HP¨TSNQ_\T��

Z[�
Si(a)

aHmjMSV^{QEHG�dXGJMOVXEo_HMhVXEpTWmj{QPWcnd�z\a\mjsuEHVòzuNQE>dXGJPScYRHR$G2dXd^GYzURucYP��

Si(a) =
∫ a

0

sin t

t
dt

c·qQGj|
Si(∞) = π/2

GBT
Si(−a) = −Si(a)

¯�GFPSm2MO_Hd^TWcnT?G2MOT?NQK\TSG2Eo_
GjE�xgcYVXMScYEpT+KHVXGjE�cnTOTWGjEoTSVXNQE0a���G2b;RHdXN�kQGjP?dò�Æmj{pcYd^V^TWm~|2NQEHa\V^TWV^NQEHEHGjdXd^GJ�
∫ ∞

1

sin(au)

u
du =

∣
∣
∣
∣
∣

Si(∞)− Si(a)
MSV

a > 0
−Si(∞)− Si(a)

MSV
a < 0

Z[E6NQK\TSVXG2EpTt_\E � ��� ���
Ex

��� � ��� �
� � � ��
 � � � ��� � � � ���
x �

� 
 
 � � ����
 ��� ��� �

���� � �����
IAqQGj|¨_HEHG~GB�U|2GjdXdXGjEpTWG�cYR\RHPSN·�UVXb0cnTWV^NQE0e

kw ≤ 1
iBz NQE�TSPSNQ_UqQG¨d^G2MÄ|jNQb;R�NQPlTWGjb0EpTWMÄcYMOk`b�TSNYTWV^]o_HG2M

MO_HV^qncYEpTSMr�

Si(k(x + w/2))− Si(k(x− w/2)) =

∣
∣
∣
∣
∣
∣
∣

w
x
· cos(kx + π/2)

MSV
x > w/2

kw − (kw)3 · [( x
w
)2 + 1

12
]/3!

MSV |x| < w/2

ðQðB`



� Ö��hÖ 
 �¼ÛLæ+ß�Ú
Hz¯�G�|v�ucYb;R>b�cY{YEHmjTSVX]o_HG[TWNnTvcYdwe �L�°ðQi~M2��m2|jPSV^Tr�

Hz(x, y = 0) = 2A
∫ +∞

0

sinc(kwu/2)√
1− u2

cos(kxu)du

�`NQV^T��

Hz(x, y = 0) = (2A/kw)
∫ +∞

0

sin(k(w/2 + x)u)− sin(k(x− w/2)u)

u
√

1− u2
du

������� 
 ��� � � 
 ��� � 
 ���	� � 

�
�	� ���!� � � � � � ��� �	� �
Hz

��d�Mj�°cY{YV^T�a���mjqncYd^_HG2PhdXcf|2NQEpTWPOVXKH_UTWVXNYE�a\G2MhNQEHaHGjM�TWG2d^dXGjM�]`_\G |u| < 1
��Z[PJ�

∫ 1

0

sin(au)

u
√

1− u2
du =

π

2
[aJ0(a)− aπ

2
J0(a)H1(a)− J1(a)H0(a)]

∼a→∞
π

2
−
√

π

2
cos(a +

π

4
)
√

1/a + O(1/a) et ∼a→0
π

2
a + O(a3)

É9cYPh|2NQEHMOm2]o_HGjEoT2z�NYE�NYK\TWV^G2EpTFdXG2M�|jNQb;R�NQPlTWGjb0EpTWMhcnMOk`b0RUTWNYTSVX]o_HG2MhMO_HV^qncYEpTWM��

Hprop
y (x, y = 0) =

{

A
√

2π
kx
· sin(kx + π/4)

R$NQ_HP
x >> w/2

πA
MSV |x| < w/2DFEHGfG2MlTWV^b�cnTSVXNQE�RHd^_HMLPScYRHVXa\G�R$G2_\T��jTWPOG�xgcYV´TWGrG2EºcYRHR\PSN·�UVXb0cYEpT

sinc(x) = x
z$qncYdÂcYK\dXG�MSV

kw << 1
zu|jG�]`_\V�|2NQEHa\_HV^T2zHR�NY_HP�TWNQ_\T

x
z�À>�

Hprop
z (x, y = 0) = Aπ · J0(kx)

������� 
 ��� � � 
 ��� � 
 ���	� � 

�
�	� ��� � 

�	������
 ��� ���
Hz

��d�Mj�°cY{YV^T�a���mjqncYd^_HG2PhdXcf|2NQEpTWPOVXKH_UTWVXNYE�a\G2MhNQEHaHGjM�TWG2d^dXGjM�]`_\G |u| > 1
��Z[E�c��

∫ ∞

1

sin(au)

u
√

1− u2
du = i

∫ 1

0

sin(a/u)√
1− u2

du

= ia/4
∞∑

n=0

(−1)n+1 [Ψ(1/2 + n)− 2Ψ(1 + n)−Ψ(3/2 + n)− 2 ln(2) + 2 ln(a)](a/2)2n

(1/2 + n)Γ(1 + n)2 e �L�Æøpi
�[cnEHMhdXGJMSGjEHMFNQ�

a
G2MlTLR\PSVXM�R$NQMOV^TWV´x eyxgcYV^PSGJdXcfaHVXMlTWVXE\|jTWV^NQE

x > ou < w/2
i��

(B.3) ∼a→0 (1− ln(a/2)− CE) · a + O(a3)Z[E>NQK\TSVXG2EpThsuEucndXG2b;G2EpTh]o_HG6�

Heva
y (x, y = 0) =

{

A
√

2π
kx
· sin(kx + 3π

4
)

R�NY_HP
x >> w/2

2A[1 + 2 ln(2)− ln(kw)− CE]
R$NQ_HP |x| < w/2

� �,zKj�l�phs]{%{�l�i!sqz�u +�yAl
limx→∞

sin(ux)
u = 2πδ(u)

�,i?x t!z�u;���qphs�u;t!nqzdj;yAp
[0;∞[

- lPzAi!lP��lPp i!l~m sq}.u;l�yAp � j;t
i x taz�u��P�qphs�u�tan�z�j;lQm s]tau�j�yAp

]−∞;∞[
'.�%v�n�zAzAl8tar�r���vAt!s]u;lPr�l�z�u

Hz = 0
{�n�yAp

x >> 0
�

ðQð:	



� /�� � 4�
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 	r< � � @�7Ä8r@�7 ������	C4��
É¶NQ_HPS]o_HNYV�dÂcfb;VXMSGLG2E�RHdÂcY|jG[aHGjM�NQE\aHG2MhMOTWcnTWV^NQEHEucnVXPSGjM2zUaucYEHM�dXcf|·c·q`V^TWmnzu|2NQE\aH_HV^Tl}�GjdXdXGLÀfaHG

MOV¥{QPScYEHaHGjM¨GB�\cYd´TvcnTSVXNQE\M[eyaH_�b0NYVXEHM?G2E�R$NQdÂcYPOVXMScnTWV^NQE �FÃ³i � ��d�RucYPSc8eXT?G2E�GB�¥GBT�|2NQEpTSPWcYaHV^|jTSNQVXPOG
]o_HG�d��ÆcYb;RHdXV´TW_HaHG�aHG2M0PSm2MONQEucYE\|2G2M�RH_HVXMOMSG�cY_H{Qb;G2EpTSG2P;dXNQPOMS]o_HG�dò�ÆGjbfK$NQ_H|v�o_HPSG

w
MSG�PSm2a\_HV^T2�

¯Ac>dX_Hb;VX²jPSGnz�b �jb0G6{Q_HV^aHm2GnzAEHG0MOG2bfK\dXG;RHdX_HMrR$NQ_\qQNYVXPrR�mjEHmjTSPSG2PC]o_ucYEpTWV´TvcnTSV^qQGjb0GjEpT�aucnEHMCdXc
PScYVXEo_HPOGYzHdXcfMSGj|jTWV^NQE>TWPWcnEHMOqYG2PSMOGCa\GCdXcf|·c·q`V^TWm�aHGBqQGjEucYEpT�TSPS²jMFV^E\xym2POVXGj_HPSG�À

λ2 �
DFE;R$NQV^EoTÄaHG¨q`_HGha���NQR\TWV^|2V^G2E�|2NYEHMSV^MOTWGjPWcYV´TtÀJaHV^PSG¨]o_HG�d^G2MtVXEpTSG2POxgcn|2G2Mtb;mjTWcYdXd^VX]o_HGjMw¤uÊ���­´Ï�Ê�£ �

«��YËX¡v»?aH_�Mlk`MOTW²jb0G[e�� ������GjT4�0� �%�0�0�li¥xyNQEpT9NY±;|2G?aHG?b;VXPONQVXPOM�RHdXcYEHM?eg|jG2dÂchqncY_\T¶R�NY_HP9_\EHG?|2c·qUV´TWm+NQ_
_\EHGrxyGjEpTWG�i���½~G2MLa\G2_U��b;VXPSNYVXM¨RucnPWcYd^dX²2d^G2MjzHRHPSGjMS]o_HGfRHcYPOxgcYV´TWGjb0GjEoThPOm��uGj|jTSG2_HPOM2z¥MOm2RucnPSm2M�a���_HEHG
a\VXMOTWcYEH|jG

h
z~b0cnTWmjPSVÂcndXVXMOG2PScYVXGjEoT;_HE POm2MONQEucnTSG2_HP�aHGºÈ�cYK\POkp}¬É¶G2PSNnT �~dXc |·c·q`V^TSm³MS_HK`}�dXNYEH{Q_HGj_HP

a¥�ÆNQE\aHGY�\Z[P~aucYE\M~_HE
V^EpTWG2Plxym2PONQb0²BTWPOG�aHG[È$cnKHPOkp}¬É¶G2PONYT·zodXGFxgcY|jTSG2_HP?aHGL]o_ucndXV^TSmhaHG2M¨POm2MONQEucYEH|jG2M
GBT[dXc0MSmjdXGj|jTWV´q`V^TWmCMSR$G2|BTWPWcndXGfMONQEpTJa��ÆcY_\TvcnEoTLb0GjVXd^dXG2_\PSMF]`_\GfdXGjMLb;VXPSNYVXPSMhMONQEpTJK�NYEHM[PSmq�uG2|BTWGj_HPSM
eydXGjM�dXVXb;V^TWcnTWV^NQEHMwMSNYEoTFaH_\G2M�À6dò�°cnKHMSNQPOR\TWV^NQE�aHGjM�b0cnTWmjPSVXcY_U��NQ_�cY_U�>R$G2PlTWG2MFPWcnaHVÂcnTSV^qYG2Mvi��

I�VXEHMOV�z¥dò�ÆV^EpTWG2PlxgcY|2G�b;mjTWcYdXd^VX]o_HG�e�� �����liLK�NYbfKucYPOaHm2G6RucYPJdXc
dX_Hb;VX²jPSGCVXEH|jVXaHGjEoTSGYzUµONQ_\G2PWcnV^TJd^G
POÔQdXG�a¥�Æ_HE b0V^PSNQV^PLaHG;TvcYV^dXdXG�|·cYPScY|jTSm2PSV^MOTSVX]o_HG

d
aucYE\MCd^G;|2cYMraH_ POm2MSG2cY_ egc�qYG2|

d < λ
iBzAGjTraHG

dò�ÆNYPSaHPOG�aHG
λ
aucYEHMfd^G
|·cnMfa���_HE-xyG2EpTWG�V^MSNQd^m2GY�9�tE!PSG2EpqYN kQcYEpT�dXc�b0c µOG2_\PSG�RucYPlTWV^G�aHG
dò�ÆmjEHG2P¬}

{YVXG[V^EH|2V^aHG2EpTWGnzud���VXEpTWGjPOxgcY|jG;e�� �����li¨dÂcYV^MSMSGjPWcYV´T¨GjEoTSPSGjPFTSPS²2MhR$G2_�aHG�dX_Hb;VX²jPSG[aHcYEHMFdÂcfR$GjTWV´TWG d NQEHGa¥�ÆV^EoTSG2Plxym2PSGjEH|2G�ey|Y��G2MOTl}¬À�}ÅaHVXPOG�dÂc
|2c�q`V´TWm�i�z�|2G6]o_HVtVXPScYV^T2z¥aHG6|jG;R$NQEpT�aHG�q`_HGYzAGjE¼xgc·qQGj_HP�a���_HEHG
POm2MONQEucYEH|jG�À>�ucY_UTCxgcY|BTWGj_HP�aHG0]o_ucndXV^TSm�GjTCa���_HEHG;RHdX_HM�{QPScYEHaHG;MSmjdXGj|jTWV´q`V^TWm6MOR�Gj|jTWPScYdXGnz�]o_ucYEHa
kh ≈ 2n+1

2
π
eyNQ_

kh = nπ
R$NQ_HPÄ_HEHG~xyGjEoTSG�G2EfTSPWcYEHMOb0V^MSMOVXNQE�i���ÉÄcYPt|jNQEHMOTSPS_H|BTWV^NQE�z�d���NQ_\qQGjPOTS_HPSG

w
G2MOTLcY_HMOMSV�dXc6R$NQPlTWGJaHG�MSNYPOTWV^GJaHG2MFR$G2POTSG2MhRucYP�PSc·kQNQEHE\G2b;G2EpTLa\Grdò�ÆV^EpTWG2Plxym2PONQb0²BTWPOGY�
½~GBTSTWGCVXEpTWGjPSRHPOmjTWcnTWV^NQE>R�Gj_\TLPOG��umBTWGjP[cYMOMSG d suaH²jG2dXGjb0GjEpT[dXGJxgcYV´Th]o_HG�d^G2MhdÂcYPO{QG2_\PSMFaHGCPOm2MONn}EHcYEH|2G;MSNYVXG2EpTC{QNQ_\qYG2POEHm2GjM�RucYPr_HEªPWcYRHR$NQPlT�a\k`EucYb;VX]o_HG

2w/λ
aucYE\M�dXG6|2cYMCa¥�Æ_HE\G;xyGjEoTSGYz¶GjT

_\E�PScYRHR$NQPOTh{Ym2NQb;mjTSPSVX]o_HG
w/d

aucYEHMhdXGJ|2cYMhaH_�PSm2MOG·cY_
d
}�R$m2POVXN`aHVX]o_HGn�

ðQðY÷
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IKJHLNM)OQPSRTJUM-VNW�MYXZMY[]\"^_P�À`VNP'Wba�R"JdcZef[hg"MjikeQVlP"Lm[heonZWlP"MqprM]WNsbtuOQvwLlxwWNP"Wly-V�z{vwLNVNPH|lO}z~eoL�[]g"xwy]JUOQP
VlP�VNef��WlM]eQvUL�i�n�WNe/eoLm[hP"y�cZeQP"Lm[AV�JULNM%OQP�VNg'LNvw^_eQL�J�[hP"Wly%VlP"M`R'vbP;�_R"eQP'Lm[hM`VlP�Rq��JH^��NM%eQLm[]P"y]LlP"M
JHWba�y]JUeQL�WNyYP"Mqp-cHJUWl[%�

I =
∫ ∞

0

sinc2(kwu/2) · (1± cos(kdu))√
1− u2 + Z

du

��P�[hP'y]^_P�V�z~eoLm[hP"y���g"yYP"LNR'P ± cos(kdu)
[]yhJUVNWleo[DOQP�R'vwWN�NOQJUxwP�P'L�[]y]P_OQP'MjVNP"Wba�R"JTcbef[hg'M"|���JUy

O}z~eoLm[hP"yY^�g'VNe�JHeQy]P_VNW�Rq��JU^_��VNeo��WNM]g>À�O}z~P=ab[]g"yYeQP"Wly"|�P;[�L�z�JU�l��JUyhJ��Q[�MYeQ^_�NOQP'^�P'L�[���JUM�V�JULNM�OoP
�ly]vwsNOo\"^_P�V�z{WNLNP?��P"Lm[hP�eQMYvwOQg'PU�:����P"R;[hefcwP"^_P"Lm["|rMYe8vwL��kJUeo[�[]P"LNVly]P

d
cUP"y]M_O�z{eQLb��LNe�|GOQP�[]P"y]^_P

cos(Qd)
vwM]R'eQOoOQP-[]P"OQOoP"^_P"Lm[�y]JU�NeQVlP"^_P"Lm[ n�WNPSM]J%R'vwLm[hyYeQsNWl[]eQvwL6ÀjO}z~eoL�[]g"xwy]JUOQP-VNP'cZeQP'Lm[/L�WNOoOQPK�mvUL

P'MY[¡yhJH^�P'LNg%JUW�VlvwWNsNOoPjRTJUM¡V�z{WNLNPD��P"Lm[hPDeQMYvwOQg'PU��¢3O�P'MY[¡L�JH[]WNy]P'O�|£JTcHJULm[¡[]vwWl[]P%VleQM]R'WNM]MYeQvwL��NOoWNM
�¤vwWNMYM]g'PU|�VNP�MYR"eQLlVNP"yDO�z{eQLm[]P"yYcHJUOoOQP%V�z{eQLm[hg'xwyhJH[]eQvwL¥P"L

[0; 1]
i¦cwP'R'[hP'WNy]M%V�z{vwLNVNP'MDyhJUVNeQJH[hefcwP'Mqp;|�P'[

[1; +∞[
i�cUP"R'[]P"WNyYM§V�z{vwLNVlP"M¡g'cHJULNP'M]R'P"Lm[hP'Mqp%�

I =
∫ 1

0

sinc2(kwu/2) · (1± cos(kdu))√
1− u2 + Z

du− i
∫ ∞

1

sinc2(kwu/2) · (1± cos(kdu))√
u2 − 1 + Z

du

<(I)
R'vwy]yYP"MY��vwLlVNyhJ��N�mXZM]eonZWlP"^_P"Lm[©¨£ª�«­¬�®U¯w°h®w±?¬�¨£¯²¯T¨¤³£´�¨£°µ´]¶N·G|CVlvwLNR�n�W�JULm[hef��P"y]J�R"P

n�WNe�cHJ�¸�´3¹�´µ°q®U¯¥¸¦¨�¯dºw±m¶l·�¨�·r»¼®?VNPDRTJTcZeo[]gU�

=(I)
R'vwy]yYP"M]�¤vwLNVlyhJ½�N�mXbMYeQn�WNP'^�P'L�[
À�O�z¦®h¾�®m°�³�®w±¿¶N·�³�®U±¿³�®+±�ª�¯]Àm¨�»¼®­MYWNy�O�JÁcHJUOQP'WNy

�ly]eQMYP©��JHy�O�J?��y]g"n�WNP'LNR"P?�NyYvw�NyYPU|:P;[��NOoWNM`�NyYg"R'eQM]g'^�P'Lm[_JUW¿³�º�»T¨�¸�¨lÂ�®¥ÀU¯dºTÃ�ª:®U·�°µ´]®w¸`ÃmªKÄÅ´3¸AÆ
¨�ª�¯"¨�¬�¨£¯Á¯"¨w¬�¬�¶l¯w°_Ç�¸�¨�ÀU¯dºTÃ�ª:®U·r»¼®�È ¨¤É�¯HÆ£ÊYË�®w¯d¶�°_i

kh = π/2
p=�

IKJHLNMjOQPARTJUMKVlW�^�g;[qJUOC��JUy��kJUeo["|
Z = 0

����P"M§cHJUOoP"WNyYM
u = ±1

MYvwLm[j��JUyKR'vwLNMYg"n�WNP"Lm[%VNP'M
�¤ÌwOoP"M§yYg"P'OQMjVNP�O}z~eoL�[]g"xwy]JULNVNPH|�n�WNe:��vwWly]yhJHeo[K^_P'[Y[hyYP�À�^©JHO:O�J�R"vwLmcwP'y]xwP'LNR"P_VNP�O}z~eoLm[hg"xUyhJUOoPU�¤¢3O
L�z~P'L­L�z~P'MY[�yYeQP"L�����P"M�eoL�[]g"xwy]JUOQP'M ∫ 1

0
sinc2(au)√

1−u2 du
P;[ ∫∞

1
sinc2(au)√

u2−1
du
MYvwLm[�[hvwW¼ÍYvwWNy]M`VNg'��LleQP"M`M]e

a 6= 0
|lOQP'M)R"yYeo[]\"y]P'M)VNPjs�JHM]PjV�z{eQLm[hg'xwyhJHsNeQOoeo[hgH|�M]WNy

[0; 1]
V�z{WNLNPj�NJUyY["|lP'[

[1; +∞[
V�z~JUWl[]y]PK��JHyY[T|

ÎwÎUÏ



�¤P"yY^�P;[][]P"Lm[ VNPDM"z{P"L�R"vwLmcHJUeQLlR"y]PDMYWNy OQPjRq��JU^_���
IKJHLNM`OoP_R"JUM%VNW²^_g'[hJUO y]g"P'O�|

Z
P"MY[`WNL²Llvw^�sNyYP�R'vw^��lOQP;abPH|���JUy%R"vwLNMYg"n�WNP'L�[�OQP_��ÌwOoP�VNP

O}z~eoLm[hg"xUyhJULNVlP�M]vwy�[_VNP?O�z~J�abP�yYg"P'O�|�eoO)L�zÅX�J���JUM_VNP?�Ny]vwslOQ\"^_P�VNP�VNefcwP"yYxwP"LlR"P?n�WNP"O n�WNP�M]vwef[
u
���SLlP`eQLm[]g"xwy]JH[heovwL�L�WN^_g"yYeQn�WNP%��JUySO�J�^�g;[h�NvZVNP%VNP��beo^��lM]vwL�À���JUWb[hP`yYg"MYvwOQWl[]eQvwL�M]Wb��y]J
À
[]y]vwWbcwP"y OQJ`cUJHOQP"Wly8VNPD¢)JTcwP'RAWNLlP%�ly]g"R'eQMYeQvwL�[hyY\"M MhJ�[heQM��kJUeQM]JULm[hPH�

� P'O�J�g'[hJULm[jVNef[T|�eoOGP'MY[D�¤vwM]MYeQsNOoPU|¤n�W�JULNV
Z = 0

|�VNP�R"JUOQR'WNOQP'y§O}z~eoL�[]g"xwy]JUOQP%VNP�Vleo��WNM]eovwLÁVNP
^�JULNeo\"yYP¡P=alJUR'[]PU|lRHz~P'MY[�t¬À�tuVNeQyYPSV�z{P"L©vwsl[hP'LNeQyrWNLNPS��vwy]^�WlOQP¡JUL�JUOfX�[heQn�WNP¡��JUy��kJUeo[]P"^_P"Lm[rVNg'[]P"yY^�e t
Llg"PU���UPD�NyYvw�¤vwM]PDO�z~JUM�[hWNR'P%R'vwLNMYeQMY[hJULm[FÀ_g'R"yYeQy]P

sin2(a)(1± cos(b)) = sin2(a)∓ sin2(b/2)± 1/2(sin2(2a+b
2

) + sin2(2a−b
2

))
i��Hp

��L¥�kJUeoMhJULm[§JU�N�¤P"OGJUWba��¤P"yY��vUy]^�JULNR"P'M§VNP�	�

� �6���b|�OoP"MSVNP"Wba¥eQLm[]g"xwy]JUOQP'M ∫ 1
0

sinc2(au)√
1−u2 duP;[ ∫∞

1
sinc2(au)√

u2−1
du
i�R"P"OoOQP'M¡n�W�z{vwL�y]P'LNR"vwLm[]y]P%V�JULNM¡OQPj�NyYvwsNOo\"^_PjV�z~WlLNP%��P'Lm[hP%WNLNeQn�WNPTp)��P'WlcwP'L�[

M'z~P=ab�Ny]eo^�P'y8R"vw^_^�PjR'vw^�sNeoL�JUeoM]vwL�VNPj��vwLlR'[heovwLNM8MY��g'R"e�JHOQP"M'�
∫ 1

0

sinc2(au)√
1− u2

du =
π

4a
[4aJ0(2a)− 2J1(2a)− 2aπJ0(2a) ·H1(2a)− J1(2a) ·H0(2a)]

�
�
Jν

VNg"MYeQxwLlP�O�J���vwLNR'[]eQvwL�VNP��-P'M]MYP"O�VNP`�Ny]P'^�eo\"y]P%P"MY��\'R"P�V�z{vwyYVNy]P
ν
|�P;[

Hν

O�z{WNLNP`VlP"M
��vULNR'[]eQvwLNM-M]�¤g"R"eQJUOQP'M8VNP��Z[]y]WlcUPAV�z{eQLlVNeQR'P

ν � cUvweQy���������� �"!$#&%('�)$�+*-,.�-�/�DVlP108XTÍYe�2_P'[43jyhJUVNM�[hP'eQL
i5
8RTJUVlP"^_eQR6��y]P'M]M"|87¡P:9<;rvwy.2£|>= Ï@?�A p;|w��� Ï-BmÎDC �m��P¡R'vw^_��vwy�[hP'^�P'L�[rJHMYXZ^��b[hvU[]eQn�WNPU|UP"L_y]g"xUeQ^_P
MYWNsbtuOQvwLNxUWNP"WNy8V�z~vwLlVNP�i

a = kw/2 < 1
p=|NP"M�[SJUOQvwyYM:ES�

lima→0

∫ 1

0

sinc2(au)√
1− u2

du =
π

2
(1− a2/6)

F W�JULm[HG O�z{eQLm[]g"xwy]JH[heovwL�M]WNy
[1, +∞[

| RHz~P'MY[�P'L�P'��P"R;[hW�JULm[�OoP�Rq�NJULNxwP'^�P'L�[�VNP�cHJUyYe�JUsNOoP
u− > 1/u

n�WNP)Í'z�JUe��NW�vUsl[hP'LNeQy8OoPjy]g"MYWNOo[hJH[D�
∫ +∞

1

sinc2(kwu/2)√
u2 − 1

du =
∫ 1

0

u sin2(a/u)

a2
√

1− u2
du

=
∞∑

n=0

(−1)n+1 [−Ψ(1 + n) + Ψ(1/2 + n)−Ψ(2 + n)− Ψ(3/2 + n) + 2 ln(a)] · a2n

4(1/2 + n)Γ(1 + n)Γ(2 + n)

7¡vU[hvwLlM�n�WNP O�JS��vwLlR'[heovwL
Γ(x)
cwg'y]eo�NP8O�J§�NyYvw�NyYeQg'[]g

Γ(n) = (n−1)!
��vUWNy

n
P"Lm[]eQP"y:��vwMYeo[]eo�µ�

Ψ(x)
P"M�[ O�J`��vwLNR;[heovwLJI"I§eoxmJU^_^©J�I�|Zg'xmJUOoPKG�O�J�VNg'y]eocUg"P

d ln(Γ(x))/dx
|l[]P"OoOQP§n�WNPH|���vUWNy)[hvwWb[

P'Lm[heQP'y
n > 1

|
Ψ(n) + C te

E

P"M�[SWlL�LNvU^�sNy]PDy]JH[heovwLNLNP'O�i
Ψ(0) = −Cte

E

p;�
Cte

E = 0.55721...
P'MY[¡O�JML !D'N�O)+�-'�)$�1PRQ SUT8���O,=�

IKJHLNMGOoP�RTJUMCv �
a = kw/2 < 1

|dOoP"M Î �Ny]P'^�eoP"yYM6[]P"yY^�P'MCVlPrOQJ8M]vw^_^�P�MYWl�_M]P'L�[�JU^_�NOQP'^�P'L�[
G½VNg;[hP"yY^�eoLNP"y�OQJ½cHJUOoP"WNy�VNP�O�z{eQLm[hg'xwyhJHOQP�JTcwP'R¥WNLlP¥P;abR'P"OQOoP"Lm[hP�JU�N�ly]vTabeQ^�JH[heovwL�|��NWleQM]n�WNP�OQP'M
[]P"yY^�P'M8M]WNR'R"P"MYM]ef��M§M]vUL�[¡P'L��NWleQM]M]JULNR'PAVNP

a
� � P'O�J�VNvwLNLlP_�

V
Remarque : WRX1Y[Z \O].X"^`_ a.bdcOegfD]ihjh+cOkmln^o]iY[]iX�pqenc4riZOX�psh+l/tmfopsl/ZOXvusfmh [0, 1] ]wu5px^o][yzcOlgh+][eg]{^oa.bO]ie/ZOkDk|]i}Y~].X�pxegl/Y[l�p+a sinc2(ax) ≈ 1 − (ax)2/3 k-ZOfmh ax << 1 ]$pU^�_ l/X:p+ai�:hs].h6�`ZOX�Z:topsl/]iX�px]i�oc:r�p+]iY[]iX�pxe/]6Y[�iY[]r$ZOY[k-ZOhsps].Y~].X�p�c:u�\�Y[kop+Z(psln��fm]O�

Î-�@�



= 3/2− Cte
E − ln(a) +

(12Cte
E + 12 ln(a)− 19)a2

72
¢3O�LNPDMYP"yhJ�^��"^_PK��JUM O�J��¤P"eoLNPjVNPDy]P;[hP"LleQy8OQPK[]P"yY^�PDP"L

a2 �¤vwWNy a << 1
�

�������
	 �

I = D(
kw

2
)∓ [

d

w
]2 · D(

kd

2
)± [

d + w

w
√

2
]2 · D(k(w + d)/2)± [

d− w

w
√

2
]2 · D(k(d− w)/2)


6cwP'R
D(x) = D1(x)− iD2(x)

D1(x) =
π

4x
[4xJ0(2x)− 2J1(2x)− 2xπJ0(2x) ·H1(2x)− J1(2x) ·H0(2x)]

D2(x) =
∞∑

n=0

(−1)n+1 [−Ψ(1 + n) + Ψ(1/2 + n)−Ψ(2 + n)− Ψ(3/2 + n) + 2 ln(x)] · x2n

4(1/2 + n)Γ(1 + n)Γ(2 + n)

7¡vU[hvwLlM¡n�WNP D1(−x) = D1(x)
|�P'[ n�WNP D2(x)

P"MY[¡VNg;��LNeoPAJHW�MYP"LNM¡v �
x > 0

�
��� �GJUy�OQP8�ly]vZR"g"Vlg¡VlP¡Vlg"R"vU^��¤vwM]ef[heovwL?i���p:��JUxwP �NyYg"R"g'VNP"Lm[]PU|�eQO�JH�N��JUy]JH�Q[�n�WNP O}z~eoL�[]g"xwy]JUOQP

VlP�VNef��WlM]eQvUL P'MY[AO�J?M]vw^_^�P�VNP_R"vUL�[]y]eosNWl[heovwLNMDVNP�
���P'L�[]P"MHI;cZeQyY[]WNP"OoOQP'MoIH|�VlP©O�JHy]xwP'WNy]MDVNef��g=t
yYP"Lm[hP'M�i

w
|
w + d

|
d− w

P'[
d
p;|N�¤vwLNVlg"y]g'P"M¡��JUy WNL��kJUR;[hP"Wly¡VlP%Llvwy]^�JUOQeoMhJH[]eQvwL��

�������������

� L�cwg'y]ef��P�n�WNP�OQvUy]M]n�WNP
d → ∞ | I MYP�y]g"MYWN^_P G D(kw

2
)
|:MYP"WNOoP�eQLm[]g"xwy]JUOQP�eQLm[hP'yYcwP'L�JULm[

P;��P'R'[]eocwP'^�P'Lm[SVNJULNM OQPj�NyYvwsNOo\"^_PjV�z~WlLNPj��P"Lm[hP%WNLNeonZWlPU�
�6J���y]g'nZWlP"LNR'PAVNW�^_vbVNPS��vwLNV�JU^_P"Lm[hJUO�VNPDO�J�R"JTcbef[hgjeoM]vwOog"PjP"M�[¡VNg"R"JUOQg'PU|N��JHy8yhJU�N�¤vwy�[&G�OQJ

��yYg"n�WNP'LNR"P��¤JHsNyYXmt$�CP"yYvU[T|�V�z{WNL�[hP"yY^�P��NyYvw�¤vwyY[]eQvwLNLlP"OxG D2(
kw
2

)
�6�6J�OQJUy]xUP"WNy

γ0
VlP�OQJ?yYg"MYvHt

LNJULNR"P%JUMYM]vZR"eog"PDP"M�[S�ly]vw�¤vwyY[]eQvwLlLNP"OoOQP
G D1(
kw
2

)
�

���������������

��P`Vlg"RTJHO�JUxwP
2∆
n�WNeGM]g"�NJUy]PAOQP"M¡��y]g'nZWlP"LNR'P"MjVNP'M Î ^_vbVNP'MS�ly]vw�NyYP"MKVlWÁR"vwWl�NOQP%VNP`��P'L�[]P"M

MYWNsbtuOQvwLNxUWNP"WNy8V�z~vwLlVNPDP"MY[¡�NyYvw�¤vwyY[]eQvwLNLlP"O�G
∫ ∞

1

sinc2(kwu/2) · cos(kdu)√
u2 − 1

du = =(I)−D2(
kw

2
)

��P"M OQJUy]xwP'WNy]M)[]vU[qJHOQP"M
γ+

P'[
γ−
VNPDR"P'M Î y]g'M]vwLNJULNR"P'MSMYvwLm[¡VNvwLNLNg'P"M¡��JUy <(I)

�

Î-� =



∆

γ0

=
=(I)−D2(

kw
2

)

π
et

γ±
γ0

=
2

π
<(I)

���������	� ��
�� ��
 ��� 
�� � �

I§P'MKP;ab�NyYP"MYM]eQvULNMK�NOoWNMS�lyhJH[]eQn�WNP"M�ikP;[K^_vweQLNM s�JHy]s�JUyYP"Mhp¡VNP
γ+
P'[

γ−
��P'WlcwP'Lm[ �'[]y]P�y]JU�Neft

VlP"^_P"Lm[¡vwsl[hP'L�WNP"MSM]e�vwL�JU�N�NyYvTaleo^�P
sinc2(a) ≈ 1

VNJULNM O�z{eQLm[hg'xwyhJHOQPKVNPDVNef��WlM]eQvUL�VlPAVNg'��JUy�[T�
� P;[][]PAJH�N�Ny]vTabeQ^�JH[]eQvwL�P'MY[¡�¤P"yY[]eQLNP'Lm[hPD��vUWNy OQPjVNvw^�JUeoLNPKV�z{eQLm[hg'xwyhJ�[heQvUL

[0; 1]
�

∫ 1

0

sinc2(kwu/2) · [1± cos(kdu)]√
u2 − 1

du ≈
∫ 1

0

1√
u2 − 1

du±
∫ 1

0

cos(kdu)√
u2 − 1

du

� L©^_vwLm[hyYPS�kJUR'eQOoP"^_P"Lm[rnZWlP§OQP'M/OQJUy]xUP"WNyYM
I'yYg"VNWleo[hP'MoISM'z~P=ab�Ny]eo^�P'L�[-R"vw^_^_P
2/π
��vUeQMrR"P'[Y[hP

eoLm[hg"xUyhJUOoP§[hvU[hJUOQP`�

γ±
γ0

= (1± J0(kd)) =

∣
∣
∣
∣
∣
∣
∣
∣

2
JdcUP"R©i��Dp-M]e

kd << 1
(kd/2)2 JdcUP"R©i¦tµp-M]e kd << 1

1±
√

2
πkd

cos(kd− π/4)
M]e

kd >> 1

��L�y]P'cHJULlRq�NPU|6M]e O}z�JU�l�Ny]vTabeQ^�JH[heovwL¥VlW
sinc
P"M�[A^_vweoLNMjy]eoxwvwWNyYP"WNMYP_MYWNyDOQP�VNvU^©JUeoLNP

u ∈
[0;∞[

|TP'OQOoPrVlvwLNLNPrn�W�JULNVA^ �'^�P WNLNPrVNg'��P'LNV�JULNR'P-P=ab[]y �'^�P'^�P'L�[C��VN\'OQPrP"LA��vwM]JULm[:MYP"WNOoP"^_P"Lm[
∫ ∞

1

sinc2(kwu/2) · [1± cos(kdu)]√
u2 − 1

du ≈
∫ ∞

1

sinc2(kwu/2)√
u2 − 1

du±
∫ ∞

1

cos(kdu)√
u2 − 1

du

��PDVNg"R"JUO�JHxwP
∆
y]g'VNWNef[ M"z{P;ab�Ny]eo^�PjR'vw^_^�P

∆

γ0

=
1

π

∫ ∞

1

cos(kdu)√
u2 − 1

du = −1/2 · Y0(kd) =

∣
∣
∣
∣
∣

−(ln(kd/2) + CE)/2
M]e

kd << 1

−
√

1
2πkd

sin(kd− π/4)
M]e

kd >> 1

0 P'[]P"LNvwLlM¡n�W�z~JUW���L�JUO}|l�¤vwWNy
kw < kd << 1

|�vwL�J�JUMYXZ^_�l[hvH[heQn�WNP'^�P'Lm[A�

∫ ∞

1

sinc2(kwu/2) · [1± cos(kdu)]√
u2 − 1

du =

∣
∣
∣
∣
∣
∣
∣

3/2− 2CE − ln(kw/2)− ln(kd/2)
JTcwP'RAOoPjM]eQxULNP_i��Dp

3/2− ln(kw/2) + ln(kd/2)
JTcwP'RAOoPjM]eQxULNP_i¦tµp

Î-�mÎ



� ��� � 4 #D$ @ 7 2 *�� $ �u2"4 .6*)9:#A&/. 2;@A4 0 2 E�� $;*���0 2 E�� $;*
� vwLlM]eQVl\"y]vULNM Î VNeQ�¤ÌwOQP'M©vwMYR"eoOQO�JHL�[]M ~P1

P;[ ~P2

|8JHOQeQxULNg"M�V�JULNM�WNLlP�VleQy]P'R'[]eQvwL�R'vw^_^�WNLNPH|
VlvwLNLNg'PK��JUy/OQPScUP"R;[hP"Wly

~u
|bVNvUL�[)OQP"M/R"P'L�[]y]P'M8y]P"MY��P'R'[]eo��M)MYvwLm[)�labg"M8P;[)VNeoMY[qJHL�[]M)VNPK0�i

~u =
~R
R

p=�
	 � ��
 � � � 

� 
 � 
 ��� � � �	
 ��� � � � ��
 
 ����� � �

7¡vU[hyYP�^_vw^_P"Lm[�VNeo��ÌwOQJUeQyYP©�NyYvdcbeoP"Lm[�VNP?O�z{vwM]R'eQOQOQJH[heovwL²V�z~WNLlP�R'P"yY[hJUeQLlP�Rq�NJUy]xwP
q
V�JULlM�OoP

[]P"^_�NM"|leQLNVNWleo[hPj�NJUy8WNL�Rq��JU^_��P'OQP"R;[hyYvw^©JHxwLNg'[]eQn�WNP�i�yhJUVle�JH[]eo�hpreQLlR"eQVlP"Lm[T�
� L��¤vwM]P ~P (t) = q~r(t)

v �
~r(t) = r0e

−iωt~u
i���JUyjJULNJUOQvwxUeQPU|

r0

R'vwy]yYP"M]�¤vwLNVJG�OQJ©O�JUyYxwP"Wly
V�z~WNLlPD��P'Lm[hPD^�g;[qJUOoOQeonZWlPKM]WNsZt

λ
p;�

�6J�Rq��JUyYxwP
σ
P'MY[_M]vUWN^�eoM]P G�WNLlP?��vUy]R"P?VNP�y]JU�N�¤P"O8VNP�R'vwLNM�[qJULm[hP

mω2
0

JUeQLlM]e)n�W�zgG�WNLNP
��vUy]R"P�VNPÁ��y]P'eQL�JHxwP¥VNP¥R"vZP'�_R"eoP"Lm[ −mγ0

i
γ0 > 0

p;�-�6P¥VNeQ�¤ÌwOQP�eQMYvwOQg�P"M�[�JUeQLlM]eSJUM]MYeQ^_eQOQg G
WlL�vwM]R'eQOQOQJH[hP'WNy ��JUyY^�vwLleQn�WNP�JH^�vwy�[he�cwg'y]ef�£JULm[jO�z{g"n�W�J�[heQvULÁVNW�^_vwWlcwP'^�P'Lm[_ikvwL¥LNg"xwOoeQxwPD[hvUWl[
^_vw^_P"Lm[�VlP�I'y]P'R"WNO I/VNP"M�g'^�P;[][]P"WNyYM�VNeQ�¤vwO�JHeQy]P'MGV�� GKO}z~g'^�eoM]MYeQvwLAVNP)�N�NvH[hvwLNM'|wOQP'M�VNeo��ÌwOoP"MGM]vwLm[
�balg'M4G�OoP"WNy8�NOQJUR"PTp§�

m
d2~r(t)

dt2
= −mω0~r(t)−mγ

d~r(t)

dt
+ q ~E => [−mω2 + mω2

0 − imγω]~r(t) = σ ~E

�6J�M]WNMYR"P'�l[heosNeQOoeo[hg§P"MY[SVNg;��LNeQPj�NJUy O�J�y]P'O�JH[]eQvwL ~P = χ~E
ikP"L�WNLNef[hg � 3��Np;�

��� χ(ω) = q2

m(ω2
0−ω2−iωγ0)

��y]\'M VNPAOQJ�y]g'M]vwL�JHLNR"PH|¤vUL�J
ω2

0 − ω2 ≈ 2ω0(ω0 − ω)
����L��¤vwMhJHL�[

γ0 =
2q2ω2

0

3mc3 � |�vUL�J��

χ(ω) = 3
4k3

γ0

ω0−ω−iγ0/2

i
k = ω/c

p
�6JK�NWNOoMhJH[]eQvwL��ly]vw�NyYP8VNW�VNeQ�¤ÌwOoP-eQMYvwOQg-P"MY[

ω0

P'[ OQJKy]g"MYvwL�JULlR"P¡JUM]MYvbR'eQg'P JK��vwWly�O�JUyYxwP"WNy
γ0

�
�6��� �-,���T ���G��L�WlLNeo[]g��b¢q|�vwL�JUWNyhJHeo[ ~P = ε0χ~E

JTcUP"R
χSI = 4πχCGS

�
7¡vwM§VNP'Wba¥VNeQ�¤ÌwOQP'M§JTXwJULm[KVNP'MKM]WNMYR"P'�l[heosNeQOoeo[hg'MSMYWN�N�¤vwM]g'P"MjeoVNP"Lm[heon�WNP"M'|¤cUv¼XUvwLNMjR'P`n�W�z{eQOCM]P

�NJUM]MYP%Oovwy]MYn�W�z~eoOQM)MYvwLm[§^_eQM-P"L��Ny]g'M]P"LlR"P`O}z~WlL�VlP%O}z�JHWl[hyYPU�
��� ��� � � � � 
 ��
 
"! � � � � � 
 �$# � � � 
 � � � 
 �%���
��P�Rq��JU^_��g"OoP"R;[hy]eon�WNP�xwg"Llg"y]g��NJUyKWNL½VNeo��ÌwOoP`vwMYR"eoOQO�JHL�[SP"L½WNL½�¤vweQLm[jn�WNe:OQWNeGP"MY[DVleQMY[hJULm[

VlP
d
M"z{P;ab�NyYeQ^_P�ikP"L?WNLleo[hg � 3��Np-R"vU^�^_P��

~E(t) = {(1 +
d

c
) · ∂

∂t
[
3~n · (~n · ~Pret)− ~Pret

d3
] +

1

c2d
~n× ~n× ∂2 ~Pret

∂t2
}

&(' _ ].u�p�fmX
h+cOkmk-ZOhsp riZOX�bO].X:p+lgZ:XmXm].ege/]iY[]iX�p fDusl�p+aj^Dc(XDu encUp")ma.ZOh+lg]jr$encOu+u�ln��fm]j^o]qe _ c(Y[Z:h�p+l/u+u�].Y[]iX�p h cO^ml/c(pslgy�*
cf +x� ,KZ:h+c�-�lgp".0/213)�\ou.� 4 ]ib@�$57698$/oX�fmY t-]ih%:;/=<�>@?2ACBD<�?0E�?0F$�

Î-�@�



�
� ~Pret(t) = ~P (t− d/c) = ~Pe−iωt+ikd = ~P (t)eikd P;[ ~n = ~d/d
�

¢3ONM'z�JHxweo[�V�z~WNLlP¡P=ab�Ny]P'M]M]eovwL�cwP"R;[hvwyYeQP'OQOQP/[hvwWl[qGj�kJHeo[�xUg"LNg'yhJUOoPU|w�NyYP"L�JHL�[rP'L_R'vw^_�l[hPH|wP'[ RHz~P'MY[
WlL��¤vweoL�[ R'y]WNR'e�JUO}|lOoP"M �=# � ��� 
 � � � 
 � � � i � pK�
��P_Rq��JU^_�²g"OoP"R;[hy]eon�WNP�R'y]g'g©��JUy%OQP_VNeo��ÌwOoP =HG�O�z{P"LNVNyYvweo[DVlW�VNP"WZaleo\"^_P�VleQ�¤ÌwOQP�P'MY[�JHOQvwyYM

i�vwL?�Ny]P'LNV
~n = ~u

|NcwP'R'[]P"WNy¡R"vwOoeQLNg"JUeQyYPjJUWba Î J¼alP'M VNP"M¡VNeQ�¤ÌwOoP"M"|bM]e�sNeoP"L�n�WNP
~n× ~P = ~0

p§�

~E1−>2(t) = [ 1
R3 − ik

R2 ] · 2~P1−ret(t) = = 2[ 1
R3 − ik

R2 ]e
ikR ~P1(t)

��P�Rq��JU^_�½g"OoP"R'[]y]eonZWlP�R"y]g'g���JUyjOoP�VNeQ�¤ÌwOoP Î G�O�z{P"LNVly]vwef[jVNW½�Ny]P'^�eoP"yKVleQ�¤ÌwOQP�i}JTcwP'R_R'P'[Y[hP
��vUeQM

~n = −~R/R
p)J�P;alJUR;[hP"^_P"Lm[¡O�J�^��"^_PjP;ab�NyYP"M]MYeQvwL�|�P"L�y]P"^_�NOQJ��TJULm[

P1

��JUy
P2

�
� � � ��� � 
 � � 
 ��� � � ��� � ��� � �

~Etotal−en−j =
1

χ
~Pj = ~Eincident−en−j + ~Ek−>j

i�O�z{g"xmJUOoeo[]g§�¤vwyY[]PjM]WNy OQP'M R"vw^_��vUMhJULm[hP'M VNP"M Rq��JU^_�NM ��JUy]JUOQOo\"OoP"M8JUWZa�J�abP"M VNeo��vwOQJUeQyYP"Mhp
��L���vUMhJULm[

κ = 2k3[ 1
(kR)3

− i
(kR)2

]eikR
� L�vwsl[]eQP"Lm[ OoPjMYXZMY[]\"^_PA^�JH[hyYeQR'eQP"OC�

[

χ−1 −κ
−κ χ−1

]

·
[

P1

P2

]

=

[

E//incident−en−1

E//incident−en−2

]

�6JS^�JH[]y]eQR'P�RTJUyYy]g'P)JS�¤vwWNy6cwP'R'[]P"WNyYM��Ny]vU�Ny]P'M
(P1; P2) = (1; 1)

P'[
(1;−1)

����P"MC��y]g'nZWlP"LNR'P"M
�ly]vw�NyYP"M VNW�MYXZMY[]\"^_PAVleQ�¤ÌwOQP=t3VNeo��ÌwOoP M]vwLm[¡vwsl[]P"L�WNP"MS��JUy8O}z�JULlLZWlO�JH[]eQvwL�VlW�VNg;[hP'y]^_eQL�JULm[D�

χκ = ±1 ��� ω0 − ω − iγ0/2± 3γ0

2
eikR[ 1

(kR)3
− i

(kR)2
] = 0

� � � � � �
	 � ��� 
 � ��� � � 
 � 
 � �
� L�MYP)�NO�JHR"P-^�JUeoL�[]P"L�JHL�[GV�JULlM�OQP/y]g"xUeQ^_P/MYWNsbt3OovwLNxwWlP"WNyGV�z~vULNVNP

kR << 1
�U��L�P;��P'R'[hWNJULm[

WlL�Vlg'cwP'OQvw�l��P'^�P'L�[SOQeo^�ef[hg G�O�z{vwy]VNyYP A P'L
kR
|NvwL�J��

eikR

(kR)3
− i eikR

(kR)2
= 1

2kR
+ 1

(kR)3
+ i

3
(1− (kR)2

10
)

I§vULNRDOQP"M R'vwLNVNef[heQvULNM)M]vUL�[
ω0 − ω ± 3

2
γ0[

1
2kR

+ 1
(kR)3

]± iγ0

2
[1∓ (1− (kR)2

10
)] = 0

7¡vwM VNP"Wba�y]g"MYvwL�JULlR"P"MSM]vwLm[ ��L�JHOQP"^_P"Lm[ R"JUyhJUR;[hg'y]eQMYg"P'MS��JHy8R"PDn�WNe�M]WNef[%�
tr^_vbVlP_ii=w|z=¼pji

χκ = 1
p � � ω1 ≈ ω0 − 3

2
1

(kR)3
γ0

P'[
γ1 = 2γ0

tr^_vbVlP_ii=w| t =¼p§i
χκ = −1

p ��� ω2 ≈ ω0 + 3
2

1
(kR)3

γ0

P'[
γ2 = (kR)2

10
γ0

� P'R"eDR"vwLlR"vwyYVNP½��JUyY�kJHeo[hP'^�P'Lm[�JdcUP"R�O�J��NWlsNOQeoRTJH[]eQvwL+VNP���XZWNs¤vwM]�Nef[��H|8MhJUWl�`n�W�z~eoR"ejOoP"M Î
VleQ�¤ÌwOQP'M)M]vwLm[¡vwsNOoeQxmJ�[hvwyYeQP"^_P"Lm[/R"vwOoeQLNg"JUeQyYP"M{G�OoP"WNy¡J�abPDVNP I'OQeQJUeQMYvwL IH�

�� � � � � cOr��ousZOX$/��
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� � ��
 ��� � � � � 
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��P"M MYvwOQWl[]eQvwLlM8xwg"LNg'yhJUOoP"M8VNPDLNvH[hy]PDM�XbM�[h\'^�P%^©J�[hy]eoR"eoP"O¤M]vwLm[%�

P1 = E1+χκE2

(1+χκ)(1−χκ)

P'[
P2 = E2+χκE1

(1+χκ)(1−χκ)

�be£OoPSRq��JH^���g"OQP'R'[]y]eQn�WNPSeQLNR'eQVNP'Lm[-P'MY[-[]P"O£n�WNP
E2 = eik sin θRE1

|�R"vU^�^_P RUz{P"MY[)OQP RTJUM/��vUWNy
Î ��P'L�[]P"M¡^�g;[qJUOoOQeonZWlP"M-R'vwWN�NOog"P'M"|£vwL�J�LNvU[hyYPDR"vw^_�NOQ\;[hPDJULNJUOQvwxUeQPU�

χ−1 R'vwy]yYP"M]�¤vwLNV?JHW�VNg'[]P"y]^_eQLNJULm[-VNW�R'vbP;�_R"eQP'Lm[ A VNW©Rq��JU^_��eQLm[hP'y]LNP
G`WNLNPKR"JTcbef[hgSeQM]v�t
Oog"PH|lM]vUeo[

cot(kh)− ikw
π

∫∞
0

sinc2(kwu/2)√
1−u2 du

|b[hJULNVNeoM8n�WNP
κ
R'vwy]yYP"M]�¤vwLNV�JUW�[hP'y]^_PKVNPDR"vUWN�NO�JHxwP

�NJUyGVleo��WNM]eovwL"0¡JTXZOQP"eoxw�%P"Lm[hyYP-VNP'Wba`��P'Lm[hP"MGVNeQM�[qJULm[]P"M:VlP
R
� ikw

π

∫∞
0

sinc2(kwu/2)√
1−u2 cos(kRu)]du

�

SWl[hyYP§��vwy]^`WNO�JH[]eQvwL?�

P1 + P2 = [1+eik sin θR

1−χκ
]χE1

P'[
P1−P2 = [1−eik sin θR

1+χκ
]χE1

i
P1

P'[
P2cZWNM R'vw^�^_PKR'vw^�sNeoL�JUeQMYvwL�V�z{WNL�VNeQ�¤ÌwOQP§g"n�WNeocHJUOoP"Lm[ VNvwWlsNOQPjP;[ V�z~WlL I"JHL�[]eftuVNeQ�¤ÌwOQP@ITp;� � L�cwvwef[

[]vwWl[ VNPDMYWNeo[]PjnZWlPAMYe
E1 = E2

i
kR sin θ = 2π

p=|�OQPj^_vbVlPjJULm[heo�N��JUMYP%LlP%�¤P"Wb[§JTcUvweQy8OoeQP"W��

� ��� ��9 2 E $;*). 0�* &-#�� 2 .65 > 2 0�* 4 . 2�� (?* >�� B @ 0�* > E 9 @ E 9G* >
� P;[][hP���JUy�[heQP�R'vw^��lOQ\'[]P�O�J�M]P'R'[heovwL []�Ng"vUy]eQn�WNP_VNW � ��JU�Nef[hy]P A M]WNyAOQP�[hyYeQ�NOoP'[DVNP_RTJTcZeo[]g"M

MYWNsbtuOQvwLNxUWNP"WNySV�z{vwLNVNP?i�RTJTcZeo[]g"MjeQVlP"Lm[heonZWlP"Mqp=|�MYg"��JUyYg"P'MjVNP�VNeQM�[qJULlR"P"M§nZWlP"OQR'vwLNn�WNP'M ���lz{P;ab��vUM]P
eoR"e�OQJ�y]P'Rq�NP"yYRq�NP�JULNJUOoX�[heon�WNPjVNP"M ^_vbVlP"M �Ny]vU�Ny]P'M¡VlW�M�XbM�[h\'^�PH�
	 ��� � � 
 � � 
 � � 
 ���

¢3OGM"z~JUxweo[SVNP�R"JUOQR'WNOQP'ySOoP"MSM]vwOoWl[heovwLNM
e
VlP�O�z{g"n�W�JH[]eQvwLZt3VNg;[hP"yY^�eoL�JULm[ |M − e · Id| = 0

i
IdP'MY[¡O�J�^�JH[]y]eQR'PKeQVlP"Lm[hef[hgdp=���¡[]eQOoeQMhJHL�[)O�J�^_g'[h�lvbVNPjVlP"�bJUy]yYWNM"|�vwL�J��

Λ3 − [G(x2 − x1)
2 + G(x3 − x2)

2 + G(x3 − x1)
2]Λ− 2G(x2 − x1)G(x3 − x2)G(x3 − x1) = 0

�
� J_g;[hgDP'��P"R;[hWNg%OQPjRq�NJULNxwP'^�P'L�[¡VNPjcHJUyYe�JUsNOoPK�Ny]JH[heonZWlP
Λ = [1 + r −G(0)]− e

�
��z~JUMY[]WNR"PDR"vULNM]eoMY[hP1G�y]P;��vwy]^�WlOQP"y-R"P'[Y[hP%g"n�W�JH[]eQvwL�JUWZa�cHJUOQP'WNy]M8�NyYvw�NyYP"M¡JUeQLlM]e��

Λ3 + 3pΛ + 2q = 0
JTcwP'R { p = −1

3
[G(x2 − x1)

2 + G(x3 − x2)
2 + G(x3 − x1)

2]
q = −G(x2 − x1)G(x3 − x2)G(x3 − x1)

��P_VNeQMYR"y]eo^�eoL�JULm[jVNW ��vUOoXZLNÌw^_P�VNP�VlP"xwyYg � cHJUWl[
∆ = p3 + q2 P'[AOQP"MDMYvwOQWl[]eQvwLlM Λ

|6JUW
Llvw^�sNyYP%VlPD[]y]vweoM"|NMYvwLm[ � cf 
SeQVNP=t3^_g"^_vweQyYP§VNP1	¥J�[h�Ng'^©JH[]eQn�WNP'M"|£VNPD¢q�/7%���-y]vwLlMY[hP'eQL�P'[�
��g
A�
�ZP"^_P"LNVNeQJUP'c¤|N�l��� = ÏwÏ ik��V��£��XbyYvwOQOoP"M'|��:JUyYeQM'| = ÏwÏ@� p C �

Λ1 = u + v
|
Λ2 = e2jπ/3u + e4jπ/3v

|
Λ3 = e4jπ/3u + e2jπ/3v

�
�
u = [−q +

√
∆]1/3 P;[ v = [−q −

√
∆]1/3

Î-��A



�-eoO�JUL��
ei = [1 + r −G(0)]− Λi �

	 � 
 ��� � 
 ��� 
 � � 
 ���
¢3OoM8M]vwLm[¡VNvwLNLlg"M¡��JUy8O�J�yYP"O�J�[heQvULÁ� M·A = eiA

MYvweo[8�NJUy O�J�y]g'M]vwOoWl[heovwL�VNW�MYXZMY[]\"^_P��





ΛiA1

−G(x2 − x1)A1

−G(x3 − x1)A1

−G(x2 − x1)A2

ΛiA2

−G(x3 − x2)A2

−G(x3 − x1)A3

−G(x3 − x2)A3

ΛiA3




 = [0]

�bvUL­VNg'[]P"y]^_eQLNJULm[�P"M�[_��vUy]R"g'^�P'Lm[�L�WNO�|�eoO/P=abeQMY[]P�WNLNP?eQLb��LNeo[]g©VNP�MYvwOQWb[heQvULNM"�:�6P'M Î �Ny]P=t
^_eQ\'y]P'M8g"n�W�JH[]eQvwLNM8VlW�M�XbM�[h\'^�P%R"e t3VNP'M]M]WlM¡VlvwLNLNP'L�[�ikOQJ � \"^_PDM]P'yY[¡VNPjcwg'y]eo�NRTJH[]eQvwL£p§�

A2(Λi) = G(x2−x1)G(x3−x1)+ΛiG(x3−x2)
G(x2−x1)G(x3−x2)+ΛiG(x3−x1)

A1

A3(Λi) =
Λ2

i
−G(x2−x1)2

G(x2−x1)G(x3−x2)+ΛiG(x3−x1)
A1

�CvwWNy Rq��JUn�WNP
ei

ikvwW
Λi

p;|�vwL?vwsb[heQP'Lm[ WNL�cUP"R;[hP"Wly§�NyYvw�Ny]P
Ui = (1, A2

A1
, A3

A1
)
�

��� X
c~kDc(h cOlge/e/]ifmh u eg]wu kmh+ZOkml/a$p+a.u�usfmlgb cOX:p+].u k-ZOfmh ri].u h cOrilgXm]wuj�
Det(M) = Πi=1..3ei

∑

i Λi = 0 ]ip ΠiΛi = 2G(x2 − x1)G(x3 − x2)G(x3 − x1) �
Î-�@?
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I§g'^�vULNMY[]yhJH[]eQvwL­R'vwLNR"P'y]L�JHL�[�O�J�MYvwWNM�tuM]P'R'[heovwL ? � � � =w�j�:JUy�MYg"��JUy]JH[heovwL�VNP"M�cHJUy]eQJUsNOoP"M"|GvwL

JTcHJUef[8��vUM]g
H = X(x) · Y (y)

P;[ vwL¥JTcHJUef[8vwsl[]P"L�W 1
Y
Y ”(y) = −Λ2 i¦cwvweoy8M]P"R;[heovwL ? � Î � 
�p=�

• I§P%O�z{g"n�W�JH[]eQvwL 	�J�a89-P'OQOft 
§^_��\'y]PH|NvwL�[heoy]P��

∀(x, y),

∣
∣
∣
∣
∣

X ′(x) · Y (y) = ickε0ε(x)Ey(x, y)
X(x) · Y ′(y) = −ickε0ε(x)Ex(x, y)

⇒
∣
∣
∣
∣
∣
∣

∃V (x)/ Ey = V (x) · Y (y) et ∀x, X ′(x) = ikε(x)V (x)
∂Ex

∂y
= i

ckε0ε(x)
·X(x)Y ”(y) = − iΛ2

ckε0ε(x)
·X(x)Y (y)

�6J�R"vwLm[]eQL�WNeo[]gjVNP
Ey

eQ^_�NOQeonZWlPKR"P'OQOQP§VNP 1
ε(x)

X ′(x)
�

• I§P%O�z{g"n�W�JH[]eQvwL 	�J�a89-P'OQOft �£JUyhJUVNJdXU|leoO�P"L�VNg"R'vwWNOoP_�

V ′(x) = i[k2 − Λ2

ε(x)
] ·X(x)
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Q(d) = Mεd
(w)Mεm

((d− w) ·Q(0) = eikd sin θQ(0)

Q(D) = Mεd
(w)Mεm

(L1) ·Mεd
(w)Mεm

(L2) ·Q(0) = eikD sin θQ(0)

��������� � �"!$#"%'&)(+*-,.��/10324(50768&9#;:)�=<>%@?�0BA$�
�CvwWNy8WNLNPjM�[hyYWNR'[]WNy]P

d
t3�¤g"yYeQvZVNeQn�WNPSR"vw^_�NyYP"L�JULm[j� =K��P"Lm[hPDVNPjOQJUy]xwP'WNy

w
P'[ VNPjR'vwLNMY[hJULm[hP

VleQg"OoP"R;[hy]eon�WNP
εd
|�P'[�=�R'vwWNRq�NP�^_g'[hJUOQOoeQn�WNPjVNP`O�JUyYxwP"WNy

d − w
|¤VNP�R'vwLNMY[hJULm[hP

εm
���6J©^�JH[hyYeQR'P

Î-� �



VlPD[]yhJULlMY��P"y�[ VNW�y]g"MYPTJUW�P"M�[
T = Mεd

(w)Mεm
(d− w)

|�JTcwP'R��

T11 = cos(β(d− w)) cos(αw)− εdβ

εmα
sin(β(d− w)) sin(αw)

T12 = ik{εd

α
sin(αw) cos(β(d− w)) +

εm

β
sin(β(d− w)) cos(αw)}

T21 = (i/k) · { α

εd

sin(αw) cos(β(d− w)) +
β

εm

sin(β(d− w)) cos(αw)}

T22 = cos(β(d− w)) cos(αw)− εmα

εdβ
sin(β(d− w)) sin(αw)

������� � � �"!$#"%'&)� *-, ��/ 0324(9036�&9#=: ��< % ?40 A$�"!
�CvwWNy�WNLNP?MY[]y]WNR;[hWNyYP

D
t3�¤g"yYeQvZVNeQn�WNP�R'vw^_�Ny]P'L�JULm[?� Î ��P"Lm[hP'M_eoVNP"Lm[]eQn�WNP"M'|�VNP?O�JUyYxwP"Wly

wP;[�VNP�R"vwLlMY[qJHL�[]P�VNeog"OQP'R'[]y]eQn�WNP
εd
|GP;[ Î M�[hy]JH[hP'M?ik^_g'[hJUOQOoeQn�WNP"Mhp§VNP�OQJUy]xwP'WNy]M%g'cUP"Lm[hWlP"OQOoP"^_P"Lm[

Vleo��g"y]P'Lm[hP"M
L1

P'[
L2

|�VNPD^ �'^�PjR'vwLNMY[hJULm[hP
εm

�N�CJ��¤g"yYeQvZVNPKcHJUWl[¡VNvwLNR
D = L1 + L2 + 2w

|
P;[

T = Mεd
(w)Mεm

(L1)Mεd
(w)Mεm

(L2)

T11 = cos(β(L1 + L2)) · cos2(αw)

+(( βεd

εmα
)2 sin(βL1) sin(βL2)− cos(βL1) cos(βL2)) · sin2(αw)

−( βεd

εmα
sin(β(L1 + L2)) + εmα

βεd
cos(βL1) sin(βL2) + βεd

εmα
sin(βL1) cos(βL2)) · sin(αw) cos(αw)

T12/(ik) = εm

β
sin(β(L1 + L2)) · cos2(αw)

− εd

α
( βεd

αεm
cos(βL1) sin(βL2) + αεm

βεd
sin(βL1) cos(βL2)) · sin2(αw)

+ εd

α
(2 cos(βL1) cos(βL2)− [1 + (αεm

βεd
)2] sin(βL1) sin(βL2)) · sin(αw) cos(αw)

T21·(
k

i
) = β

εm
sin(β(L1 + L2)) · cos2(αw)

− α
εd

(αεm

βεd
cos(βL1) sin(βL2) + βεd

αεm
sin(βL1) cos(βL2)) · sin2(αw)

+α(2 cos(βL1) cos(βL2)− [1 + ( βεd

αεm
)2] sin(βL1) sin(βL2)) · sin(αw) cos(αw)

T22 = cos(β(L1 + L2)) · cos2(αw)
+(( εmα

εdβ
)2 sin(βL1) sin(βL2)− cos(βL1) cos(βL2)) · sin2(αw)

−( εmα
εdβ

sin(β(L1 + L2)) + βεd

εmα
cos(βL1) sin(βL2) + εmα

βεd
sin(βL1) cos(βL2)) · sin(αw) cos(αw)

� L�cwg'y]eo�NP%n�W�z{P"L��Ny]P'L�JULm[
L2 = 0

|�vwL?y]P;[hy]vUWlcwP E OQP'M)��vwy]^�WlOQP"M8V�z~WNL�y]g'M]P"JUW¥MYeQ^_�NOQP§JdcUP"R
VlP"M RTJTcZeo[]g"M O�JUyYxwP"M8VlP

2w
� � L?cUvweo[¡JHWNM]MYeCn�W�z{P"L��Ny]P'L�JULm[

w = 0
|lvwL�yYP'[]vw^�s¤PjM]WNy OQP'M R"vZP'��t

�NR"eQP'Lm[hM:VlP/OQJS^�JH[hyYeQR"P�VlP/[hy]JULNM���P"yY[:V�z{WNLNP-M�[hy]JH[hP/�NWNy]P'^�P'Lm[�^_g'[qJHOQOQeon�WNPU|TV�z~g'��JUeQMYM]P'WNy
L1+L2

�
V 1�hs].XD^oh+] L1 = 0 Xm]Uk-]ifmpjk|cOu Y[cOh+r )D]ih l/ril /@kmfmlnu+�:fD]Ue/].u ricdb�lgpsa.u h+].u�ps]ih c(l/]iX�p � usaikDcOhsa.].u � kDc(h e/c4u�psh c ps]

L2 ��� ��! � *v^o]Ue/c{k-aih+l/Z�^m] B e/]Ur )DZOlg�4^o]Ue _ ZOh+lg�:lgXD]xlgY[k-ZOhsps] ^Dc(XDu e _ c(�:]iXDri]iY[]iX�pR^of�kmhsZo^ofDl�pj^o].u Y{c pslnr$]wuR^o]psh c(XDu�y ]ihsp�/�XmZ:X
riZOY[Y fmp+c(tDeg]wu /m^oZ:XDrj^mc(X|u eg]xr.c(enr$fme`^o]wu�r$Z�] � rilg].X:p u�^o] T � F
Î-�@B




 ��� � $;5 B * 4 .C> 0�* > B #j.�9 2 &-* >
χ
*).

Υ

� L�J��
χnl =

1

d

∫ d

0
en(x)

Xl(x)

ε(x)
dx =

1

εmd

∫ d−w

0
en(x)Xl(x)dx +

1

dεd

∫ w

d−w
en(x)Xl(x)dx

��[¡V�z~JUWl[]y]PD��JUy�[D�
Υln =

1

d

∫ d

0
en(x)

X+
l (x)

ε̄(x)
dx

�����+��� � �"!$#"%'&)(+*-,.��/10324(50768&9#;:)�=<>%@?�0BA$�

χnl =
1

d
[
(I1 + I2)

εm
+

(I3 + I4)

εd
]
��vUWNyK=DRTJTcZeo[hg

��P"M n�W�JULm[]eo[hg'M
I1

G
I4

Vlg"�¤P"LNVNP'Lm[§eo^��NOoeQR'eo[hP'^�P'Lm[-VNP'M eQLNVNeoR"P'M
l
P'[

n
|�P'[¡M"z{P;ab�NyYeQ^_P"Lm[ VNP

OQJ�^©JHLNeQ\'y]PKMYWNeocHJULm[hP��

I1 =
(d− w)

2
ei(β−kγn)

(d−w)
2 · [1 +

εmk

β
V0] · sinc[(β − kγn)(d− w)/2]

I2 =
(d− w)

2
e−i(β+kγn)

(d−w)
2 · [1− εmk

β
V0] · sinc[(β + kγn)(d− w)/2]

I3 =
w

2
ei(α−kγn) w

2 · [U1 +
kεd

α
V1] · sinc[(α − kγn)w/2] · e−ikγn(d−w)

I4 =
w

2
e−i(α+kγn) w

2 · [U1 −
kεd

α
V1] · sinc[(α + kγn)w/2] · e−ikγn(d−w)

�lz~JUe�vw^_eQM8O}z~eoLNVNeoR"P
l
��vwy�[qJULm[ MYWNySOoP"M)[]P"y]^_P"M

α
|
β
|
V0

|
U1

P'[
V1

|��¤vwWNy8�NOoWNM VNPDR"O�JHyY[hgH�

⇒ Υln =
1

d
[
(I+

1 + I+
2

ε̄m

+
(I+

3 + I+
4

ε̄d

]
�¤vwWNyK=DRTJTcZeo[]g

�
�
I+
1 , ..., I+

4

R"vwLm[heoP"LNLlP"Lm[§R'P'[Y[hPj��vweQM
Λ2
|�OQP'M

ε̄
|
α+ | β+ | V +

0

|
U+

1

P'[
V +

1

�
�/eQP"L+P'Lm[hP"LlVNW�|8OQP�RTJUOoR"WNO§VNPÁR"P'M?VNP"yYLNeQP'y]M�[hP'y]^_P"M�L�z�J­��JUM©OQeQP'W�V�z �'[]y]P½M]e

ε(x)
P"M�[?y]g'P"OQOoP

i��NWNeoM]n�W�z~JUOQvwyYM8vwL�J�VNeQyYP"R'[]P"^_P"Lm[
Υln = χnl

p;�
�����+� � � �"!$#"%'&)� *-, ��/ 0324(9036�&9#=: ��< % ?40 A$�"!

IKJHLNM OQPj^��"^_PjxwP"LNyYP��
χnl =

1

D
[
(I1 + I2 + I5 + I6)

εm
+

(I3 + I4 + I7 + I8)

εd
]


6cwP"R%eQR'e��
I1 =

L1

2
ei(β−kγn)L1/2 · [1 +

εmk

β
V0] · sinc[(β − kγn)L1/2]

Î-�wÏ



I2 =
L1

2
e−i(β+kγn)L1/2 · [1− εmk

β
V0] · sinc[(β + kγn)L1/2]

I3 =
w

2
ei(α−kγn) w

2 · [U1 +
kεd

α
V1] · sinc[(α − kγn)w/2] · e−ikγnL1

I4 =
w

2
e−i(α+kγn) w

2 · [U1 −
kεd

α
V1] · sinc[(α + kγn)w/2] · e−ikγnL1

I5 =
L2

2
ei(β−kγn)L2/2 · [U2 +

εmk

β
V2] · sinc[(β − kγn)L2/2]e−ikγn(L1+w)

I6 =
L2

2
e−i(β+kγn)L2/2 · [U2 −

εmk

β
V2] · sinc[(β + kγn)L2/2]e−ikγn(L1+w)

I7 =
w

2
ei(α−kγn) w

2 · [U3 +
kεd

α
V3] · sinc[(α− kγn)w/2] · e−ikγn(L1+w+L2)

I8 =
w

2
e−i(α+kγn) w

2 · [U3 −
kεd

α
V3] · sinc[(α + kγn)w/2] · e−ikγn(L1+w+L2)

� Lb��L�|
Υln =

1

D
[
(I+

1 + I+
2 + I+

5 + I+
6

ε̄m

+
(I+

3 + I+
4 + I+

7 + I+
8

ε̄d

]

�����+� � � %��3< &�� (5#"! ���7����#�� A ! (5#
Ω

IKJHLNM OQPjRTJHM¡VlW�yYg"M]P"JUW¥MYeQ^_�NOQP§Vbt3�¤g"yYeQvZVNeQn�WNPKG =DRTJTcZeo[]gU|�vwL�J��

Ωpl =
1

d

∫ d

0
X+

p (x)
Xl(x)

ε(x)
dx =

1

εmd

∫ d−w

0
X+

p (x)Xl(x)dx +
1

dεd

∫ w

d−w
X+

p (x)Xl(x)dx

� vwLm[]yhJUeoy]P"^_P"Lm[/JUW�RTJUMrVNW©R"JUOQR'WNO£VNP"M [hP'y]^_P"MrVNP
χ
P'[

Υ
|TÍ'z~JUe�vw�b[hg¡eQR"e��¤vwWNyrWNLNP¡eQLm[]g"xwy]J�t

[]eQvwL?L�WN^_g"yYeQn�WNP`VleQy]P'R'[]PU|£��JUy¡O�z{P"^_�NOQvUe�VNPAO�J�^�g;[h�NvZVNPDVNP��ZeQ^_�NM]vwL���JUWb[hP%y]g"MYvwOQWb[heQvUL�i�VNeo[]P
^_g'[]�NvZVNP VNP"M/��JUyhJHs�vwOoP"M'|mnZWle¤LlPS�¤P"Wl[/n�W�z �'[hyYP§sNeoP"L©JUV�JU�l[]g"P¡��vUWNy VNP"Mr��vwLNR'[]eQvwLlMr�ly]vw�NyYP"MrVNP
[3XZ�¤P§[hyYeQxwvULNvw^_g'[hyYeQn�WNPTp;� � L�yhJU�N�¤P"OoOQPSnZW�z~P'OQOQPSR"vwLlM]eQM�[hP G�g;cUJHOQWNP'y-O�z{eQLm[]g"xwy]JUOQP¡V�z{WNLNPK��vwLNR;[heovwL
R'vwLm[heoLZWlP

f
VNvULNLNg"PH|£M]WNy WNL?eQLm[]P"y�cUJHOQOQP

[a, b]
|���JUy WNLNPDM]vU^�^_P§��LNeoPj[hP"OoOQPKn�WNP_�

∫ b

a
f(x)dx =

b− a

3N
· [f(a) +

N−1∑

j=1

cj · f(a + j
b− a

N
) + f(b)]

�
�
N
P'MY[¡WNL�P"Lm[heoP"y ��JUeoy"|lP;[

cj =

∣
∣
∣
∣
∣

4
MYe

j
P'MY[¡eQ^_��JUeoy

2
MYe

j
P'MY[¡��JUeoy

N
VNvwef[ �;[hyYP`�NyYeQM¡M]Wl�_MhJH^�P'L�[KxwyhJULlV¥�¤vwWNy§n�WNPAO�J�R"vwLmcUP"y]xUP"LNR'P�cwP"yYMKO�J�cZyhJUeoP%cHJUOoP"WNy VNP

O}z~eoLm[hg"xUyhJUOoP¡MYvweo[/sNeoP"L�JUMYM]WNyYg"PH�>
S��L©V�z~vU�l[heo^�eoM]P"yrO�J%y]g'M]vwOoWl[heovwL©P;[)O�J%yhJU�leQVNef[hg¡VNW�RTJHOQR"WlO�| G
N�balgH|�O�J©VleQM]R'y]g;[heQM]JH[heovwL�P'[DOQJ�M]vw^_^�JH[heovwLÁP"M�[%JU�N�NOoeQn�WNg'P�M]eQ^`WNOo[hJULNg"^_P"Lm[jMYWNyjRq��JUn�WNP_MY[]yhJH[]P

VlP§O�JAMY[hyYWNR'[]WNy]P�i
	����
�lM]Wly
[0, d−w]

P'[8MYWNy
[d−w, d]

p�P'[)LNvwL�M]Wly-O�JA��g'y]eQvZVNP¡�Ny]eoM]PKVNJULNM)MYvwL
P'LNM]P'^�sNOoPU|�VNPDM]vUyY[hPDn�WNP��
Ωpl = X+

p (0)Xl(0) · δ1
εm

+ X+
p (d− w)Xl(d− w) · δ2

εd

+
∑N−1

j=1 cj · [X+
p (j · δ1)Xl(j · δ1) · δ1

εm
+ X+

p (d− w + j · δ2)Xl(d− w + j · δ2) · δ2
εd

]

+X+
p (d− w)Xl(d− w) · δ1

εm
+ X+

p (d)Xl(d) · δ2
εd
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3Nd

P;[
δ2 = w

3Nd
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N
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Λ

2

�6J�VNg"^_vwLNM�[hy]JH[heovwL���vUWNyjO�J��¤vwO�JUyYeQM]JH[heovwL�� � �ly]vdcZeQP"Lm[%VNP �bWNy]JH[][]PTJUW �O)4�-�Ki � p;� �UP�O}z�JUeR'vw^_�NOQ\;[hg"P?P'L���vUO�JUyYeQMhJ�[heQvUL��&	 � � vULNM]eoVNg"yYvwLNM©O}z~g'xmJUOoeo[hg Lxu = Λ2u
P;[�P;��P'R'[hWlvwLNM�tuP"L�OQJ

�ly]v�ÍYP'R'[heovwL?M]WNefcHJULm[hP��

< u|Lu >= Λ2 < u|u >
v �

< | > VNg'M]eoxwLNPDOQPj�NyYvbVlWNeo[8eoLm[hP"yYLNPDVNg'�NLNe�P"L���JUxwP = 
 Î
�be�vwL?J�JH��JUeoy]P
G�WlL�y]g"MYPTJUW?MYeQ^_�NOQP¡Vbt3�¤g"yYeQvZVNeQn�WNPH|�WNLNPjeQLm[]g"xwy]JH[heovwL©��JHy)��JUy�[heQP'M-R'vwLNVNWNef[

JHOQvwyYM8JUWba?yYP"OQJH[heovwLNM)xwg'LNg"y]JUOQP'MD�
∫ d

0

1

ε(x)
|u′(x)|2dx =

∫ d

0
(k2 − Λ2

ε(x)
)|u(x)|2dx

P'L��¤vwOQJUy]eoMhJH[]eQvwL��&	

∫ d

0
|u′(x)|2dx =

∫ d

0
(ε(x)k2 − Λ2)|u(x)|2dx

P"L��¤vwO�JUyYeQM]JH[heovwL�� �
7¡vU[hvwLlM

I1
O}z~eoLm[hP"y�cHJUOQOoPS�¤vwWNy OQP'n�WNP"O

ε(x) = ε
P;[

I2
O}z~eoL�[]P"y�cUJHOQOQPS��vUWNy8OQP'nZWlP"O

ε(x) = εd
�

1

εm

∫

I1
|u′|2 +

1

εd

∫

I2
|u′|2 = (k2 − Λ2

εm

)
∫

I1
|u|2 + (k2 − Λ2

εd

)
∫

I2
|u|2 P'L��¤vwO}���&	

∫

I1∪I2
|u′|2 = (εmk2 − Λ2)

∫

I1
|u|2 + (k2εd − Λ2)

∫

I2
|u|2 P'L��¤vwO���� �

� vw^_^_P
εd > 0

|lvwL?P'L�Vlg"VNWNef[8OQP§y]g"MYWNOo[hJH[8xwg'LNg"y]JUO�MYWNeocHJULm[AikWlL�y]JUeQMYvwLNLNP'^�P'Lm[8��JUy)O}z�JHsbt
MYWNy]VlP%�¤P"yY^�P;[ VNPDM"z{P"L�R"vwLmcHJUeQLlR"y]PTpK�
��L���vwOQJUy]eoMhJH[]eQvwL	� � |�vUW�n�W�JHLNV

εm > 0
P"L���vwOQJUy]eoMhJH[]eQvwL	�&	 |

(Λ/k)2 ≤ max(εd, εm)

��L?y]P;cUJHLNRq�NPU|�yYeQP'L�LlPj��P'y]^_P'[8VNPDVNeoy]PKn�W�z{P"L
�&	�JTcwP"R
ε < 0

|NOQJ`cUJHOQP"Wly
Λ2 M]vwef[8s¤vwy]LNg'P�NJUy WNLNPDcUJHOQP"Wly¡MYWN�¤g"y]eoP"WNyYP`VNg;[hP'y]^_eQLNg'P©i�R"PAnZWleCP'MY[SR"vw�lg"y]P'Lm[jJTcwP'R`OQPj�kJUef[¡nZWlP

Λ
�¤P"Wl[ �'[]y]P

L�z~eo^��¤vwyY[]Pjn�WNP"O6cwP'R'[hP'WNy§V�z~vwLlVNP�JU�l��JUyY[]P"L�JHL�[4G�O�J�R"vwWNyYs�P%VNPAVNeQMY��P'y]M]eovwL�VNP"MS�NO�JUMY^�vULNM8VNP
MYWNyY�kJHR"P�VNP'Mj��JUyYvweQM¡cwP"y�[heoRTJUOoP"Mqp=���CvwWl[]P'��vweoM"|�VNJULNMKOoP`RTJHMjVNW�^�g;[qJUOC��JUy��kJUeo[�i

εm = −∞ p=|�vwL�¤P"Wb[�g'[hJUsNOQeoy"|6�NWNeoM]n�WNP�OoP©Rq��JH^��­g'OQP"R;[hyYvw^©JHxwLNg'[]eQn�WNP�P"MY[�LNg"R'P"M]M]JUeQyYP"^_P"Lm[�L�WNO)MYWNy
I1

|:n�WNP
Λ2 ≤ (ndk)2 �

& � � � kopslnriu�B 1>cOhslnu F /=5
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<(?�� /2F��
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∗
0 F ^�_ fmXvhsawu�]wc(f�^�_ c(h+�O].X�p
	
ricdb�lgpsa.u Z:fmbO].h�p+].u�/kDc(h c(Y[a$p+hsa[kDcOh d = 900nm / w = 90nm ]$p h = 1.8µm /�	 θ = 0 �
�
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��P sNWl[6VNP R'P'[][]P M]P"R;[heovwLAP'MY[CV�z{P;ab�NOoeQR"ef[hP'y�JUL�JUOfX�[heQn�WNP'^�P'Lm[6OQP"M�R'vbP;�_R"eQP'Lm[hMCV�z�JH^��NOoeo[]WNVNP
a0P;[

b0

VNW�^�vZVNP ��vwLNV�JH^�P'L�[hJUO£V�z{WNL�y]g'M]P"JUW
d
t3�¤g"yYeQvZVNeQn�WNP8MYeQ^_�NOQPH|`GAWNLNP§RTJTcZeo[hg¡M]Wlsbt3OovwLNxwWNP'WNy

V�z~vwLlVNP���JUy`��g'y]eQvZVNPÁi��;p;|GP"L­LNP�yYP'[]P"L�JULm["|�V�JULNM`OQP�VNg;cwP'OQvw�N�¤P"^_P"Lm[�^_vZV�JUOrP;alJUR'["|�n�WNP�OQP'M
[]P"yY^�P'M_OoeQg'M�JHW���vwLlV�JU^_P"Lm[qJUO%ikJU�N�NyYvTaleo^©J�[heQvUL­WNLNeQ^_vZV�JUOQPTp;�:�6P'M�R'vbP;�_R"eQP'Lm[hM©V�z~P=alR'eo[hJH[heovwL
(al, bl)

VNP-Rq�NJUn�WNP-^_vbVlP/�NyYvw�NyYP
l
VNWAy]g"MYPTJUW�MYvwLm[:Vlg'��LNeoM:P'L���JUxwP&= 
 ? P'[Gcwg'y]eo�NP"Lm[�O}z~g'nZWNJH[heovwL

^�JH[]y]eQR'eQP'OQOQPrxwOovws�JUOoP)VNP¡O�Jj��JUxwP�= 
 B � � vwLNM]eoVNg"yYvwLNMrO�JjR"vULNMY[hJULm[hP¡VNeQg'OQP"R;[hyYeQn�WNP
ε(x)
VNW�y]g"MYPTJUW

�lWNy]P'^�P'L�[ ,�� �O� ����i���vwMYeo[]eocwP`vwW Llg"xmJH[]eocUPdp;� 
§OQvUy]MjOQP�R"JUyhJHR'[h\'y]P_JUWl[]vHtµJHV�ÍYvweQLm[jVlP_OQJ�s�JUMYP_VlP"M
��vULNR'[]eQvwLNM8�ly]vw�NyYP"M

Xl(x)
eQ^_�NOoeQn�WNP§n�WNP

Υ =t χ̄
|�P'[¡eQO¤cbeoP"Lm[%�







Ω00 +t χ̄n0(
1

iηI
n
)χn0∆00 Ω00 −t χ̄n0(

1
iηI

n
)χn0Π00

Ω00/nIII +t χ̄n0(
1

iηIII
n

)χn0∆00 −Ω00/nIII +t χ̄n0(
1

iηIII
n

)χn0Π00






·
[

a0

b0

]

=

[

2χ̄00

0

]


6cwP'R
∆00 = Λ0

k
tan(hΛ0

2
)
P'[

Π00 = Λ0

k
cot(hΛ0

2
)

��z~JUxweoM]M]JULm[`V�z{WNL�yYg"MYPTJUW­�NWly]P"^_P"Lm[`P"L�yYg���P=aleovwL�|6vwL��¤P"Wb[`MYWN�N�¤vwM]P'y�n�WNP
εIII → −∞

|
RHz~P'MY[�t$G�tuVNeQyYPKn�WNPDOQPK^_eQOoeQP"W�VNPK[hy]JULNMY^�eoM]M]eovwL�ikyYg"xweovwL�¢]¢Y¢�p-P"M�[ R"vw^_�NOQ\;[hP'^�P'L�[)vw��JUn�WNPH��
§eQLlM]e�|
Ω00/nIII = 0

P;[¡eQO�P'L�Vlg"R"vUWNOQPDeQ^_^_g"VNeQJH[hP'^�P'L�[
b0 = − tan2(hΛ0

2
)a0

��¢3O�yYP"MY[]P%JUOQvwyYM8O�J�yYP"O�J¼t
[]eQvwL�MYWNeocHJULm[]P_�

[Ω00(1− tan2(hΛ0

2
)) + (2Λ0/k) tan(hΛ0

2
) ·∑n

|χn0|2
iηI

n
] · a0 = 2χ̄00

� y
tan(2x) = 2 tan(x)/(1− tan2(x))

|NV�z{v � �

[cot(hΛ0) + neff ·
∑

n

|χn0|2
iΩ00ηI

n

] · a0 tan(
hΛ0

2
) = χ̄00/Ω00

ikI`�z=¼p

6cwP'R

neff = Λ0/k
O}z~eoLNVNeQR'PKP'��P"R;[hef��VNW?^_vbVNPK��vULNV�JU^_P"Lm[qJHO��

� � � � � � � � ���

• �be�OoP%yYg"MYPTJUW�G_R"JTcbef[hg'M¡MYWNsbtuOQvwLNxUWNP"WNy V�z{vwLNVlPAP'MY[¡R"vwLlMY[hef[hWNgDV�z{WNL�^�g;[qJUO��NJUyY�kJUef[T|
Λ0 =

ndk
P'[�O�JÁ��vwLNR;[heQvUL��ly]vw�NyYP?VNW ^_vZVNP���vwLNV�JU^_P"Lm[hJUO)M]P�y]g'VNWNef[�G½WNLNP?MYeQ^_�NOQP�VNeoMY[]y]eQslWl[heovwL

I;��vwy�[hP@I�ikWNLleo[qJHeQy]PAV�JULNM§O�J©R"JdcZef[hgU|�LZWlOQOQPAV�JULNMjOoP�^_g'[qJHO¦p;� � L�^_vwLm[hy]P�JUOQvwyYMKMhJHLNMjVNeo�_R'WNOo[]g
n�WNP

Ω00 = w/(d · εd)
P'[

χn0 = Ω00 · sinc(kwγn/2)
� � L�yYP'[]y]vwWlcUP�V�JULNM�i}I`�z=¼pSOQJ�y]g'��vULNM]P

�NJUsNeo[]WNP"OoOQP)V�z~WNLlPSR"JdcZef[hg&G%�NJUy]vweoM ��JUyY�kJHeo[hP'^�P'Lm[ y]g��NP"R'[]y]eoR"P"M'|�V�JULNMrOQP RTJHVNy]P VNP¡O�Jjy]P'MY[]y]eQR;[heovwL
WlLNeQ^_vbVNJUOQP��'�

� � Xvh c(kmk-]ie/e/][��f`_ l/e \1c
	�"$��� ��
�	�"$)�� �
��	��$) B u�\�Y[a$p+hsln��fm][]$p c(X�p+l/us\�Y~aipsh+l/��fm]�Fj^mc(X|ujfmXvhsawu�]wc(f�	 Aricdb�l�p+a.u��dk-aih+lgZo^o]0/ r$ZOY[Y[] Z:X~e�_ cqb�f6c(f ' )Dc(kDl�p+hs] >o�+'8cjh+].u�psh+lnr�psl/ZOX /Or$]ip�ps] y ZOlnu /(tDl�} Y[Z�^Dc(e/]�/(k-ZOfmh r$] us\ou5p��iY[]�/hs]wu5p+] ]iXDriZOh+]1^ol � r$l/eg] 	�p+h+cOl�p+]ih
c(XDcOeg\�psln��fm]iY[].X:pw� ' )|cO��fm]�Y[Zo^o]1�Ofmln^oa�aip+cOX:pKcOu+usZ�rilga 	 fmX b:].r$ps]ifDh4^o]kmhsZ:kDc(��c p+lgZ:X ~ky ^ol��-a.hs].X�p�/oe�_ l/XD^olnr$]q]��-]wr�pslgy ^o]qricdb�lgpsajXm]xus]ih c(lgp�^mZOXDr kme/fDu�^oa4<DXml��� & r$]wr$l kmh��.u4�:fD]1r$]ip�p+]�y Z:hsYUfmeg]1Xm]1psl/]iX�p4a.b�l/^o].Y[Y~].X�p kDc:u riZOY[kops]v^o]1e/c r$ZOX�p+hsl/tmfop+lgZ:X ^o].u4Z:XD^o].u^o]~usfmhsyzcOri] )mZ:hsl .iZ:X�p+c(e/]�/@r$Z:X�psh+lgtmfmpsl/ZOX )DcOtmlgpsfm].ege/]iY[]iX�pql/XDr$e/fDus][^Dc(XDu e/] p+]ih+Y~]{^�_ l/Y~k-a.^Dc(XDri] Z /�^�_ c(kmh��.u e/cY~aip")mZo^o]jY[Zo^mc(e/]qh+].u�psh+]il/X:p+]O�
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• 0 P'cUP"LNvwLlM?JUW+^�g;[qJUO¡y]g'P"O}|)JTcwP'R
εm << 0

ikyYg"P"OoOQPTp;|rP'[��kJUeoM]vwLlM©O�z{�mXZ��vU[]�N\"MYP�n�WNP�O�J
��vULNR'[]eQvwL��Ny]vw�ly]P�VNWÁ��vwLlV�JU^_P"Lm[qJUOCy]P'MY[]P�[hy]\'Mj�Ny]vZRq�NP�VlP�O�J©VNeoMY[]y]eQslWl[heovwL��¤vwy�[hP�g;cwvZnZWlg"P_JUW
�NJUyhJUxUyhJU�N�lP��NyYg"R'g"VNP'L�["|)VNP�M]vwy�[hP¥n�WNP�OQP?[hP'y]^_P

Ω00 ≈ w/(dεd)
�r��L�eoLNR"eoVNP"LNR'P ' !D, � �-���

i���vUWNy8M]eo^��NOoeo��P'yqp=|bvwL�[]y]vwWlcUP��

[a0 · tan(neffkh/2)]−1 ≈ cot(neffkh)− i · (neff

εd
)
w

d

+∞∑

n=−∞

sinc2(nπw/d)
√

1− (nλ/d)2


6cwP'R
neff = Λ0/k ≈

√

1 + 2

kw
√

|ε(k)|
��vwWly

d >> w
�

� L�cwvwef[-JH�N��JUy]JH�Q[]y]P8O�JjVNef��g'y]P'LNR"P¡P"MYM]P"Lm[]eQP"OoOQP n�WNe£P;abeQM�[hP¡P"Lm[hyYPSOoP8RTJUMrVNP¡��JUyYvweQM�VNP¡RTJTcZeo[]g
P'L©^_g'[hJUO���JUy��kJUeo[ P;[-OoP¡R"JUMrVNP§��JHy]vweoM cUP"y�[heQR"JUOQP'M P"L�^_g'[hJUO�y]g'P"OGi

εm

��LNeoPdp=|`G%��vwLNR;[heovwL��ly]vw�NyYP
MYeQ^_eQOQJUeQyYP�� O�J��NyYg"MYP"LNR'PÁV�z{WNL�eoLNVNeQR'P?P'��P"R'[]eo�§M]P"LlM]eQslOQP�JUW�R"JUyhJHR'[h\'y]P�M]WNsZt3OQvULNxwWNP'WNy�V�z~vULNVNP
i
kw << 1

p-V�JULNM OoP"M R"vZP'�_R"eoP"Lm[hM VNPDRq��JH^���g"OoP"R'[]y]vw^�JUxwLlg'[heon�WNPU�
�6Jjy]g'M]vwL�JHLNR"P¡VNP RTJTcZeo[]gSJH�N��JUy]JH�Q[�n�W�JHLNV©OQJK��JUyY[]eQP8yYg"P"OoOQP8VNW�VNg'LNvw^_eQL�J�[hP"Wly�VNP

a0

ikVNvULNR
JHWNM]MYebVNP

b0

p6cHJUWl[ �"g'y]vN�HIKJULNM:OQPry]g"xUeQ^_P
λ >> d

|HR'P'[Y[hP-R'vwLNVNef[heovwL`R'vwy]yYP"M]�¤vwLNVvGSO�z~JULNL�WNOQJH[heovwL
VlW?[]P"yY^�P

cot(neffkh)− 2(
neff

εd

)
w

d

+∞∑

n=1

sinc2(nπw/d)
√

(nλ/d)2 − 1
≈ cot(neffkh) +

neff

εd

kw

π
(ln(2πw/d)− 3/2)

� PDn�WNe�R"vULNVNWNef[4G�O}z~g'xmJUOQef[hgA�
neffkh = π

2
− arctan[

kwneff

πεd
(3

2
− ln(2πw

d
))]

� vw^_^_P
limw→0(neffw) = 0

|�P'[
limw→0neffw ln(w) = 0

|����1� 	+�OTMP8���z�H, � �o!D'��-' L �jP"MY[
JH�N�Ny]vTabeQ^�JH[]eocwP'^�P'Lm[SVlvwLNLNg��NJUy

cot(neffkh) ≈ 0
ikJH[][]P"Lm[heovwL�|

neff

VNg"�¤P"LlV�eQ^_�NOQeoR"eo[]P"^_P"Lm[
VlP

λ
p;� � L�P"L�[heoy]P���JHyhJUOoOQ\"OoP"^_P"Lm[

b0 = −a0

� IKJULlM_O}z~�mXZ�¤vU[h�N\'M]P�v �
kw
√

|εm(ω)| >> 1i
kw
P"MY[%JHM]M]P�����P;[heo[KVNP'cHJULm[ =�^�JUeQM

εm
y]P'O�JH[]eocwP'^�P'Lm[jxwyhJHLNV�P"L½^_vbVNWlOQPdp=|£O�J�R"vULNVNeo[]eQvwL�VNP

yYg"MYvwL�JULNR'P �¤JHsNyYXmt$�CP"yYvU[¡P"MY[¡VNvULNLNg"P%��JUyj�

k = π/(2hneff) ≈ kFP (1− 1

kFPw
√

|εm|
)
JTcUP"R

kFP =
π

2hnd

P'L�Vlg'cwP'OQvw�l��JULm[SJUW��ly]P"^_eQP'y)vwyYVNy]PDO�J�y]JUR"eoLNPjVNP
neff

�
I`z{v � OQPjyYg"M]WlOo[qJ�[ �NOQWNM8P=ab�NOQeoR"eo[]P��

k ≈ π
2hnd
− 1

w
√

|εm(ω)|
�

� Q �9����� 	 )�T>P8� P8� �z� ,�� �o!D'��-' L ��P'MY[%s¤vwy]LNg'P���JUyjOQJ©��JUy�[heQP`eQ^�JUxweQLNJUeQyYPAVNW½VNg'LNvw^_eQL�J�[hP"Wly
VlP

a0

|�MYvweo[
(wneff)/(dεd)

� �CvwWNM R"P'M¡R"JUOQR'WNOQM8MYvwLm[¡R"vwyYy]P"R;[hM [qJULm[ n�WNP
n2

eff << |εm|
�


SWl[hvwWly/VNPSO�JDy]g'M]vwL�JHLNR"PH|
cot(neffkh) ≈ neffh(k− kres)

JTcUP"R
kres = π

2h neff

|�P'[-VNvwLNRA�

a0 ≈
1

neffh
· 1

(kres − k)− i w
hdεd

Î 
 A



��Ll��L�|NV�z~JU�Ny]\'M OQP"M-g"n�W�JH[]eQvwLNM8VlPjyhJUR'R"vwyYV�g'R"yYeo[hP'M8P"L?M]vUWNM�tuM]P"R;[heovwL ? � ? � Î |bvwL�[hyYvwWlcUP%n�WNPH|
VNJULNM O�J�R"JdcZef[hgU|
Ex(y = 0) ∝ neff · [−a0 tan(hkneff/2) + b0 cot(hkneff/2)] ≈ −2 neffa0

|
MYvweo[

Ex(y = 0) ≈ −2 neff a0

P'[T|lV�z�JHWl[hyYP%�NJUyY["|
Hz(y =h) ≈ 2a0

�
� � � � ��� 

� � � 
 ��
 
D! � �
IKJHLNM�OQP�R"JUM�V�z{WNL yYg"MYPTJUW�O�JU^_P"OoO�JUeoy]P�VNeog"OQP'R'[]y]eQn�WNP�ikvwW�R"yYeQM�[qJUO/�N�NvU[]vwLNeQn�WNP =TIjp;|�eoO-P'MY[

Vleo�_R"eoOQP¡VNP§[hy]JULNRq�NP'y"|NR"JUy)OoP§^_vbVNP¡��vwLNV�JH^�P'L�[hJUO�L�z~P'MY[ ��JUM)JUWNM]MYe��NyYg"VNvw^_eQLNJULm[)��JUy-yhJU�N�¤vwy�[
JHWba½JUWb[hy]P'Mj^�vZVNP'M"|�M]J���vULNR'[]eQvwLÁ�ly]vw�NyYP�L�z�J�yYeQP'L�V�z~WNLlP�VNeQM�[hy]eosNWl[]eQvwLÁ�¤vwy�[hP�ikP'OQOoP`P"M�[%vwM]R'eQOft
OQJULm[hPj��JHyY[hvUWl[=p-P;[SWlLNPDP"MY[]eQ^�JH[heovwL�VNP

Ω00
vwW?VNP"M

χn0
P"MY[¡VNvULNRD��JUMhJHy]VNP'WNM]PH�

� L­MhJHeo[�P'L­[hvwWl[`RTJUM�n�WNP
neff

P"MY[�s�vwyYLNgU|:P"L�cHJUOQP'WNy`MYWN�¤g"y]eoP"WNyYPU|��NJUy�O�J��NOQWNM`xwyhJULlVNP
R'vwLNM�[qJULm[hP�VleQg"OoP"R;[hy]eon�WNP

ε
ikVNP�O}z~WNLlP�vwW�VNP�O}z�JUWb[hy]P`MY[hy]JH[hP�VlW�y]g"MYPTJUW�|�[hvwWl[]P"MjMYWN��g'y]eoP"WNyYP"M G

=`eQR"e�p;�£��z{P;abeQM�[hP"LlR"P�VNP�yYg"MYvwL�JULNR'P�VNWÁ[3XZ�¤P �£JUsNyYXmt��GP"yYvU[KP'MY[j�¤vwMYM]eQslOQPU|�JTcwP'R�WNLÁRq��JU^_�Á��vwy�[
VNJULNM OQP'M8��vwy�[heovwLNM8VNeog"OQP'R'[]y]eQn�WNP'M8VNPD�NOQWlM8xwyhJULlV�eoLNVNeQR'PKvw�l[]eQn�WNPH�

� � �

Î 
 ?
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