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ïÄ
ÍÜ�Ø�V7áB�âfU��1|Or��¯���A. 3�±Ï-1�A^¥, XL¡�l-�
7áB�ì�¥��¯�A&ÿ��, ù«V7áU�Ð«
�°���ªÌ9��Û�L¡�l-�Or�U
å. ïÄ
�àN!nàN±9ÔàN, ¿�uynàN Ag/Au Ø�(�wy
4p�|OrUå, Ù|�ÌOr
Ïf�L
 120, ¿3 5 fs ��mS|�Ì×�P~� 30, �±
�¯�1Æ�AA5. |^T(��L¡�l-
�Or�A�)pg�Å, éu�)�¯C¦óÀkXd3�­�A^d�.

'�c: B�1ÆU�, V7á¥�(�, �±Ï-1óÀ, L¡�l-�

PACS: 42.50.Nn, 42.62.−b

1 Ú ó

3L�� 20 c¥, r|-1�áóÀ�Ñy
é�ÆEâÚ<a�¬�)
���K�, mÿ

1�Ô��p�^�#ïÄ+�, ¤�y��¯Ô
nÆ¥�~­��ïÄÃã. prÝ�-1óÀU
þ�±�l�f¥�>f, ÏL-1óÀ��, �
>lÑ5�>f�£1lf�u)-E(Ü, �)
äk�°ªÌ�pg�Å [1]. ù�uyé#� X �
�1
!-1°Ä�lf\�ìÚ4b	 (extreme
ultraviolet, {P� XUV) Åã�C¦óÀ [1] �ïÄ
Ñké��r?�^. ù«#� XUV 1
éÄ:
�ÆïÄ!*ÿ9��>f3E,NX¥�$Ä
kX���K�, Ø=´éü>f?1��, ��
)é>f8N$Ä��Z��. 3B�(��Ô�
¥, L¡�l-� (L¡>Ö�ÝÅ) �±ÏLUC
B�ºÝ�1Æì����!/GÚá�5N�.
��±Ï�-1óÀì��7áB�(�þ, ò¬
-u�¯L§�>^|. B�ºÝ�Û�L¡�l
-��£��mÏ~3 5—100 fs, ù¦�^�¦-

1éÛ�3B�ºÝ�1Uþ?1�Z��¤�
�U. 37áB�(�¥, >f½¤�f�8N$
Ä�m
C¦�mºÝ��¯L§ïÄ�� [2]. n
)9Ýº3�¦9C¦�mºÝeB�NX¥�
âf�8N��, ée��B�1fÆì�kX­
��¿Â, ùòk|uuÐÄuB�(��L¡�
l-�Or�#. XUV 9 X ��1
 [3], ±9�
�7Ä1>ì�ê���p��1ì� [4].

7áB�U��Ñy��±Ï�-1óÀ
9pg�Å�A^Jø
���~kcµ�u
Ð��. 3ù
A^�¥, |^7áB�âf�
¤�1ÆU��)�¯>^|�A, U¦\�1
�rÝO�eZ�êþ?. éupg�Å (high-
harmonic generation, {P� HHG)[3] 5`, ±°�
�¦-1��ì�\�1, Ùà���Uþ��
� 1011 W/cm2, |^B�U��L¡�l-���
��ü�êþ?=����)pg�Å�K�, ¿
�Ø¬éB�(��)»�. 3¸I Kim �| [3]

�ó�¥Òæ^
ù���{, |^7á�R((
�é-1óÀ����^, *	�
pg�Å&Ò.
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�ù«�{¤I��B�U�I�æ^>fåÚ
lfå�¡��{\ó, ��ó²E,�¤�'�
p, Ø·^u�5�1þ)�B�(�, ù���

\�-11å�k��^¡È.

Au Ú Ag �B�âf, duÙÕA�1Æ±9
>^�AA5, ��±53L¡�l-�1Æ¥Ñ
´ïÄ�9:. §��±^�NzÆ [5] ½�B\
ó�¡ [6] ��{�EÑ5. 3��1Úù	Åã
�L¡�l-���OrA5 [7−9] ¦§�k��
r�A^då. dù
7á�¤�B�1ÆU�,
ÙÛ�L¡�l-����±�)�pu-y

�1r, ¿�UþpÝ8¥. Ïdù
B�(��
L¡�l-�ì�´öpäkpUþ��mþp
Ý8¥�>^|�'�Ï�. §�Ur1�Uþ�
�3B�ºÝþ [10−12], 31ÆÔnþm8
��
û�4��#+�, �2�/$^3C|×£1Æ
w�º [13,14]!1Ï&8¤ì� [15]!B�þ?�
p�Ý&E�; [16] 9)ÔDaì�¡ [17,18].

�©¥·�ïÄ
d Ag/Au �Ø�(�|¤
�V7áB�U�(��1ÆA5. ù«V7á
Ø�(��C�^�NzÆ�{¤õ/Ü¤Ñ
5 [19,20], duæ^ Au ��	��, ùÒ;�
S
�7á Ag ��z. 3¢��¡, ù«V7á(��
zÆ�{��91ÌÿÁCc5®k©z?1�
� [19−22]. ·�òÙA^u�±Ï-1óÀ, éÙ
?1nØO�©Û9`z�O. æ^ê��{O�
¿`z
ù«V7áB�U�, ¿�X Au ÚX Ag
B�(�?1'�. ·�uy�V7á(��Ø�
'~²L`z�OÚN��, ù«V7áB�U�
'åX Au ½X Ag �¤�B�U�kX�p�L
¡�l-�OrUå, 
�, §��L¡�l-�
��1ÌCX��1�ù	Åã, Ù�°�ªÌ�
A¢y
�¯����A. ÏL'��^g|C{
Ü¤��àN!nàNÚÔàN(��V7áB
�âf1ÆU�, uy`z�OÙAÛ(��, V
7áB�U�Ø=�±Jø�°���ªÌ, �O
�
>^|Or�k�¡È, ùéÄuB�(��
)pg�Å±9�)�á�C¦óÀ�A^äk
­��¿Â.

2 Au, Ag 9 Ag/Au V7á(�B�U
��1Æ5�'�

ã 1 Ð«
 Ag/Au V7áØ�(��B�â

f�(�. �¥�SØd Ag �¤, 	¡dþÝ
� hAu � Au ��C, �¥�o�»� R. ·�æ
^
k��{ (finite element method, FEM)[23] O�
7áâf�1Æ�A. Au Ú Ag �0>~êæ^

 Palik �¢�êâ [24]. 3·��nØ�.¥, 7
áB�âf�	.�¸´ý� (ò�Ç� 1.0), o
�O�«�´ 1 µm × 1 µm × 1 µm, æ^
þÝ
� 500 nm ��{��� (perfect matched layer, {
P� PML) ��>.áÂ^� [25] ��3O�«�
�	¡. �(�éC|U��O�°Ý, ·�y©
�n�O�ü���� 1 nm×1 nm ×1 nm[26].

·�`zØ�(��8Ik 3 ��¡: 1) ��
ªÌ�¥%Å�� 800 nm � Ti: Sapphire �¦-1
\�1
���, ��zL¡�l-��OrÏf;
2) `zL¡�l-��� (|�ÌOrÏf > 100)
�Or«�, *�U
�)pg�Å HHG �«�
¡È; 3) �OB�(��ü�, ¦L¡�l-��
��Ak�¯�A. Äu±þ8�, ·��UïÄ

ØÓ7áB��¥�ü�, ü��±9ÍÜ��
àN!nàNÚÔàNB�U�.

ã 1 ØÓ�þ� Ag/Au V7áØ�(�B�âf��
�1Ì

du��ªÇÚ|OrÏfé7áB�(�
�/GÚü��~¯a, Ïd·�ÄkO�
Ø
Ó� Au 	�þÝéV7á(�B��¥�1Æ
5��)�K� (ã 1). V7áØ�(���¥�
» R �½� 80 nm. Au 	�þÝ hAu d 0 nm O
\� 80 nm, =�¥dX Ag ÅìCz�X Au. �
O�T(�éz�Å����Ì, ·�©O±8�
z�z�Å��²¡Å�\�
, dþ�ì�3B
��¥þ, \�|�4z���î�. 3ålV7
á�¥L¡� 2 nm ?&ÿ¤-uÑ�L¡�l-
�, (JXã 1 ¤«. '�V7á(�ÚX Au 9
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X Ag, �±�Ù/*	�V7á(�kX�°�
��ªÌ. � Au �þÝO\�, ��1Ìkù£
y�, 1Ì�°���Cz, �°����°Ñy
3 Au �þÝ� 5 nm �.

ã 2 V7á Ag/Au Ø�(�9X Au!X Ag (�B
�U��L¡�l-���1Ì �ã�ÍÜ�V7á
B��¥U��Or>|©Ù

�ü��V7áØ�(��B��¥kX�
°�ªÌ�A�, Ù>^|�OrUå%ék�,
ùÒ��
ÙA^��, ~XØ|uA^3pg�
Å��)þ. Ïd, ·�?�ÚïÄ
`z��B
��¥|¤�ÍÜB�U�(�, ¦ÙU
�)v

p�|Or�A. ÄkïÄ
�{ü�ÍÜ(�,
d�éB��¥|¤��àN, �¥m�ålm�
� 5 nm(ã 2), Ù¥, V7á�¥�	� Au �þÝ
� 5 nm, �¥o�» R = 80 nm. ¿�, O�
ü�
¥mY¥%�1|, �Ó�(��X Au, X Ag B
�U�?1
'�.

ã 2 � �[ � V 7 á 9 X Au, X Ag ( �
� B � � ¥ L ¡ � l - � O r � � 1 Ì. |
� Ì O r Ï f � � � � 3 n « á � ¥ þ � L

 40. ¿�, 1rOrÏf3B��¥mY¥,
k 50 nm × 50 nm × 50 nm ����L
 100, ù
�, |^L¡�l-��OrÒv
�) XUV 1.
'�n«ØÓá��ÍÜB��¥é, ÍÜ� Ag
B�âfäk�°�L¡�l-���1Ì. �é
u Au B�âf���Ì�, Ag B�âf �7
1Åã. ÍÜ� Au B��¥U�kX' Ag �p
�|OrÏf, ���1Ì�°%�é'�Ä. V
7áØ�(���¥�¤�B�U�(Ü
 Au
Ú Ag �`:, kXl 500 nm � 1200 nm �°��
�1Ì, ���|�ÌOrÏf��
 50. ��5
¿�´, ÍÜ�B��¥é�mY 5 nm ´?¿À
��, ���må 1—5 nm þ�±dg|C�{¢
y9N! [27,28]. �O����ÍÜB�âfmå

�, ·�uyÙ��ªÌ=k���ØÓ, ���
ù1�� £, ªÌ�°´�q�. �OrÏfk
XwÍ�Jp, ù¦�ÍÜB�âfkX�2,�
A^��.

3 nàNÚÔàN Ag/Au Ø�(�B
�U���°>^�A

ÏLUC;�ü��ìq¥âf�ê8! 
�9��, ��1Ì¬Ñyr��?|OrA5
9a Fano ��y� [29]. 3ù
;����âf
mY¥, �)r��L¡�l-�ÍÜ��, Ly
�L¡�l-��·Ü�ª [30]. 8c���|^
g|C�{���7áB��¥, Ùmå�±��
3 2 nm NC.[27,28], Ù©EÇ�L8c��B¡�
\ó�{. ù«zÆÜ¤��{�B�¤�$, U

�1þ)���Ún��B�L¡�l-�(
� [31,32]. ·�nØO�
 Ag/Au Ø�(��nà
NÚÔàN�L¡�l-���1Ì9ß�1Ì.
Äuy8�g|CEâ [27,28], ·�ÀJ
 2 nm �
�nàNÚÔàN(����âfmY. ¿�, 3
�OÍÜ�B�U�(�¥, ·�À^
Ó���
�âf, ù{z
��L§¥�JÝ.

nàÔÚÔàÔ�ü�©Ow«3ã 3 ¥. �
» R = 80 nm, 	�7�þÝ� 5 nm, ���¥m
Y� 2 nm, 3�þà�Y�¥%ÿ�§��Or1
Ì, ¿©Ow«uã 3(a) � 3(b) ¥, \�1|�Y
²��4z. �:­�´L¡�l-���Or1
Ì. nàN�|�ÌOrÏf������
 100,

ÔàN����$���
 200. 1rOrÏf
3z�B��¥mY¥, k 50 nm × 50 nm × 50 nm
����L
 100. ÔàN3 500 nm Ú 950 nm ü
?Ñy�L¡�l-���¸´î�Úp��L
¡�l-����·Ü�ª. 3ã 3(a) Ú 3(b) ¥�
�:­�´ß�1Ì. nàN�ß�1Ì3 550 nm
?Ñy
��âü, ù´du Ä�°�æË�
� (V���ª) �°�°��Ë����ZU
\/¤� [33]. ù«�p�^��
Øé¡�1Ì
ã, �¡�a Fano �� [29]. ù´du\�1�4
z���»
B�(��é¡5, �)
a Fano
�� [34]. aq�y���±3ÔàÔ�ß�1Ì
¥*	�, Ñy3 500 nm Ú 950 nm �m. éuÔ
àN(�, 3 500 nm Ú 950 nm �m� Fano ��´
du u¥%�B�âfÚ	��7�8àN�
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�p�^, üö�·Ü�ªÚå
L¡�l-��
�, ¦+ 500 nm ?�âüØ� 950 nm ?@o²w.

ã 3 Ag/Au B�Ø�(��¥�nàN (a) ÚÔà
N (b) �>|A5 (a) � (b) ¥��ã©O�nàNÚÔ
àNOr�>|©Ù

*	ã 3(a) Ú 3(b) ¥��l-�Or1ÌÚ
ß�1Ì, ØØ´nàN�´ÔàN, Ùß�1Ì
a Fano ��âü� ��ÐéAXC|L¡�l
-�Or�¸�. 3ù�ªÇ, B�XÚ��	Ë
��þ�1, ¿Ø¬Ñ¦L¡�l-����Uþ.
��þ, âfSÜ�m�ålû½
lü��L¡
�l-����ª�·Ü����ª. dur��
Ó��L¡�l-���, �Ë��kXv
°�
1Ì�°�æË���1ÌU\3�å. 3ù
L
¡�l-�B�1ÆU�¥, B�(��AÛ/G
Úü�±97áá����k�{ZÏfé Fano
���/¤åX­���^, ¿��ªû½
 Fano
����°.

4 3�±Ï-1�-yeÍÜ� Ag/Au
Ø�(�U���¯���A

�
ÏéäkL¡�l-��¯P~A5 (k

|u¢yü��áC¦óÀ), Ó�E,äkv

p�|OrUå (~X÷v�)pg�Å�^
� [35,36]) �B�(�ü�, ·�&?
V7áB
�(�����A. ùp·�æ^�á-1óÀ
��-y
, ¥%Å�� 800 nm, óÀ� Gaussian
Å��p�° (full width of half maximum, FWHM)
� 2.5 fs, \�-1óÀw«3ã 4(a) ¥. ·��
[
3ù�-y
e, ÍÜ��àN!nàNÚÔ
àN(��B�U�Úå����A. ·�$^k
����©{ (finite difference time domain, FDTD)
?1O�, (JXã 4 ¤«. �
4§���'5,
�àN��¥m�Y�nàN!ÔàN��, þ
� 2 nm.

�àN����Aé�§Ýþaqu\��
-yóÀ. -uÑ5�L¡�l-�����
O
r�1|&Òk���mþ�� ò´. �Ð©�
-yóÀ�'�, � �ò´
 π, =ò´
 180◦.
>^|É�-y�, Äk×�/O�, ��²{

��¯��¥�ê5�P~, P~�m� 21 fs. �
��|�ÌOrÏf��� 160. ã 4(c) �nàN
����A. Or�>^|k��� π /2 ��m�
 ò´. Äk>^|×�/O\�
 120, ,�²
{
±Y 42 fs �P~L§. ÔàN����Aw
«3ã 4(d) ¥. >^|3 3 �±Ï����ú/O
\���� 80, ,�²{
±Y 38 fs �P~L§.
ÔàN��àN!nàN�', Ù���Ak²w
�ØÓ, ù´Ï�Ù��1Ì�,ké��OrÏ
f, �Ù�°�é�Ä, ¿���¸ l
¥%Å
�� 800 nm �\�óÀ. 
kXaq� Fano ��
5��nàN, Ù��1Ì�\�óÀ�1Ì'�
��. Ïd, ÔàN�P~3n«(�¥´�²�
�. ��àN�', 3��âf��Y¥, nàNÚ
ÔàN�±Jø��¡È�kXv
OrUå�
L¡�l-���«�, ùòO\�)pg�Å�
=��Ç. �àNÚnàNÐ«
�q�>^|×
�P~�5�, ¿�äk��p�|OrUå, ù
é�±Ï�-1A^k³Ã, X�)�á�C¦ó
À [36]. ¦+�àÔkX�p�OrÏf, �§=k
���Y��L¡�l-�Or«�. nàÔØ=
é�±Ï�-1óÀkXv
�OrUå, Ó�§
�õ�âfm��Y�Jø
¡È���|Or
«�.
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ã 4 ÍÜ�V7á(�B�U�����A (a) \�óÀ, Ù Gauss Å�� FWHM � 2.5 fs, ¥%Å� 800 nm; �àN dimer
(b), nàN trimer (c) ÚÔàN heptamer (d) ��¯���A, Ù(�©Ow«3ã 2 Úã 3(a), 3(b) ¥

5 ( Ø

·�éV7áØ�(�B�U�?1
`z
�O, ê��[(JÐ«
T(��±Jø�°
��L¡�l-���1Ì, ¿�|±�¯���
A. ���A5U
|^1ÆC|Or5�)îâ
[­EªÇ��á� XUV óÀ. ù 3 «B�(�
¥, ·�þuyÙäk���|Or¡È, v±^
5�)pg�Å, =3z�ÍÜ�B�âf�Ym
¥, k 50 nm3 �Or���|�ÌOrÏfU�
� 100.

l Ti:sapphire ��ìÑ��\�óÀ�rÝ
´ 1011 W/cm2, ÏLB�(��L¡�l-�O
r, ¸�rÝÒ�±�L 1×1014 W/cm2, ù�rÝ

v±3DkíN Xe Ú Ar[36] ¥�)pg�Å. 3
±þïÄ�ù
NX�¥, ·�uyÍÜ� Ag/Au
Ø�(���àNäk�r�|OrUå, |�
ÌOrÏf�±�L 160. �éu�±Ï�-1A
^, �àNL¡�l-���Or«���. nà
NØ=äk���|Or«�, Ó�|±�¯��
��A. ÔàNLy
�r�a Fano ��A5, ù
��
��p�|OrUå, |�ÌOrÏfU�
� 200 �m, �Ù1Ì�°'�Ä. ¦+ù«(�
Ø·^u�)�á�C¦óÀ, �éu�)pg�
ÅÚ)ÔDaþ�A^ké��Ï.

a��Iê�d - ÊK�þf1ÆïÄ¤ (MPQ)

� Matthias F Kling �Ç, Sarah L Stebbings Æ¬Ú Frederik

Süßmann é�©�kÃ?Ø.
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Abstract

We explore the field enhancement and temporal response of coupled bi-metal Ag/Au core-shell nanoparticle antennas. The

bimetal antennas exhibit ultra-broadband resonances and allow exploiting the local field enhancement for few-cycle laser applications

such as elements with an ultrafast response in nanoplasmonic device. We study dimer, trimer and heptamer arrangements and find that

the Ag/Au core-shell trimer shows that a very high enhancement factor with an amplitude exceeds 120, but still facilitates an ultrafast

response. Such systems may be ideal for the generation of attosecond light pulses based on high harmonic generation by employing

nanoplasmonic field enhancement.
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