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æ^ü�{©O���?1U?»Ú�?�8�Än`Ä�z
 (CTAB) ?»�7B��â, ÏLß�>f
w�ºÚb	 - ��áÂ1ÌL�
Ù(�Ú�51Æ5�. æ^m� Z ×£Eâ, ïÄL¡?»é7B��â
3 532 nm Å�-1�^e���51Æ�A91�Ì5U�K�1�. (JL², �? CTAB �?»Or
�â
3-1ì�e�Û�|�^, ¿Jp
9>fé��51Æ�A��z§Ý, l
k�/Jp
7B��â�1�
Ì5U.

'�c: 7B��â, L¡?», Z ×£

PACS: 42.65.–k, 42.79.–e, 42.70.Nq

1 Ú ó

B7áB��âduÙþf���A!L¡
�A9Ù�>>f�L¡�lf-�, LyÑ�r
�n���51Æ (nonlinear optical, NLO) �A, ¿
��A×�, 31&E?n!1Æm'!-1�o
�+�äk2��A^cµ. 1�Ì´�« NLO
y�, =��år-1ÏL1�Ìá��, á�U
k�/ò-1rÝü$��½K�±e. Cc5,
<�éB7áB��â1�Ì�A�ïÄÌ�8
¥3�NM� [1]!EÜ�� [2−4]!EÜÀæ [5,6]

�, Ù1�Ì�AÌ�d��5áÂÚ��5Ñ�
ÅnÚå [7]. 3B��â���L§¥, Ï~æ^
ÔnÚzÆ�{éB��âL¡?1?n, k8�
/UC�âL¡�ÔnzÆ5�, XL¡(Uì!
�YÕY5 [8]!�>5Ú�AA5�. éB7á
B��â
ó, L¡?»U
Uõá��1xz5
U [9], N�1Æ!>Æ!9Æ5U, Jp­½5�,
3B��E!ü�!g|C¥å�Þv�­��
^ [10]. L¡?»éB7áB��â� NLO �A®
k��, �3õêïÄ¥, L¡?»�N��äk

1ÆõUÄì, Ù�N(�é¡59Ù�B��â
m�xó�Ý, �@�´K�á� NLO �A�Ì
�Ï� [11−13]. �õUÄìL¡?»éB7áB�
�â��51Æ�A�K�ïÄ8cÿØõ�, ,

, �Ü©�L¡?»J´�1õU5�, Ïdï
Ä�1õUÄìL¡?»éB7áB��â NLO
�A�K�é¢y±B7áB��â�Ä:�E
Üá�3 NLO ì��¡�A^äk­���Æ¿
Â.

�©±7B��â�ïÄé�, ÀJ����
Ä1U (DT) ��8�Än`Ä�z
 (CTAB) �
L¡U5J, ��
�?1U DT ?»�hM57
B��âÚ�? CTAB ?»�YM57B��â,
æ^m� Z ×£ÿÁEâïÄÙ��51Æ�A
91�Ì5U, ¿&?
�1õUÄìL¡?»é
7B��â��51Æ�A�K�.

2 ¢�Ü©

2.1 ¢¢¢������¬¬¬

�¢�¥ HAuCl4!`�!ÃY¯U	uI
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� 8 ì z Æ Á J k � ú i, o " Ä � z 
, DT,
NaBH4, CTAB þ	u Sigma-Aldrich úi. ¢�
¤^�Y��lfY, �«zÆÁJþ�©ÛX.

2.2 ���¬¬¬������

æ^U?� Brust �{ [14,15] ���?ZÄ
?»7B��â Au-DT: ò 12 mL HAuCl4 YM
� (¹ 0.14 g HAuCl4·4H2O) � 32 mL ¹k 0.8 g o
"Ä�z
�`�M�·Ü, ���� HAuCl4 �
�=£�kÅ�¥. 2\\ 80 µL DT, 3��¥
��\\#�� NaBH4 YM� 8 mL (¹ 0.156 g

NaBH4). UY���A 3 h �, òY�kÅ�©l,
��æ^^=�u¤ß kÅ�. 130 ◦C hú£
6 45 min, \\·þÃY¯U, l%��D, 2üg
\\`�/¯U·Ü� (NÈ' 2 mL/10 mL) ?1º
�ÀJ�ü, l%©l�D, óZ, ���kÚ0G
Ô, =�L¡1U?»�7B��â Au-DT.

���? CTAB ?»�7B��â Au-DT-
CTAB: � 100 mg Au-DT ©Ñ3� 2 mL �Å�¥,
2� 60 mg CTAB MuY¥, òÙ·Ü��, ·�
\9, ��Å����u. 2000 r/min l%�Ø�
D, ��Y�©Ñ�7B��â Au-DT-CTAB, X
ã 1¤«.

ã 1 7B��â��«¿ã

2.3 ÿÿÿÁÁÁ���LLL���

æ^F�>f JEOL úi JEM2010 ß�>f
w�º*	�¬�/mÚâ»©Ù, ò�¬Å%%
\�Ô��þ, ZH�, �\>º��¬n¥*	,
>ºó�>Ø� 200 kV.

æ^�9 Shimazdu UV-2450 b	�� (UV-
vis) ©11ÝOÿÁ�¬��51Æ5U, òþ!
­½��¬]2�5\1§� 10 mm ��='Ú
®¥ÿÁ.

æ^m� Z- ×£Eâé7B��â?1��
51Æ5�ÿÁ [16], 1
� Gauss -1óÀ, d�
�N Q Nd:YAG óÀ-1ì�), Å� 532 nm, ó
° 8 ns, ­EªÇ 1 Hz. 1å²�mLÈØ� Gauss
�ª, ÏL���å� 15 cm �àßº®à^uÿ
Á, ¿3� Z ¶¤ 45◦ ���� �&ÿ�¬�
Ñ�1r. �¬��31§� 5 mm ��='Ú
®¥, ÏLÅ?DºN!ßÝ¦Ù�5ßLÇÄ

���, �� 80 %. d�, Au-DT � Au-DT-CTAB
�¬�ßÝ©O� 7.2×10−5, 5.7×10−4 g/mL. æ
^ Ophir PE25 U þ & ÿ ì P ¹ � ¬ d � : �
ý (−Z = 80 mm) � � : (Z = 0) 9 � : m
ý (+Z = 80 mm) £ÄL§¥ØÓ � Z ?�
ß�Uþ. �â Z ×£êâO��¬�8�zßL
Ç�\�1Uþ�Ý�m�'X, �ª��1�Ì
�A­�.

3 (J�?Ø

ã 2 ´ Au-DT Ú Au-DT-CTAB B��â�ß
�>º (TEM) ã�. �±wÑ, üöâ»��þ
� 3 nm �m. lã 2(a) �²wwÑ Au-DT �A�
¬�^«, du�þ CTAB �Äó?»u Au-DT-
CTAB B��âL¡���, Au-DT-CTAB �¬�
^«3p©E TEM ¥¿Ø²w (ã 2(b)), ��â
º�©Ùþ!.
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ã 2 Au-DT Ú Au-DT-CTAB B��â� TEM ã�

Au-DT Ú Au-DT-CTAB B��â� UV-vis á
Â1ÌXã 3 ¤«. ü«�N7B��â3 520 nm
NCþÑy��²w�áÂ¸, 8áu7B��â
�A��lfL¡��áÂ, áÂÌ¥��ö�´
duâ»©ÙÚ�â�L¡"�Úå� [17]. ��
é Au-DT 
ó, Au-DT-CTAB �áÂ¸u)Ñ�°
z, �3b	��1ÅãáÂOr. ù`², 3 Au-
DT �Ä:þL¡2?» CTAB �, �½§ÝþJ
p
 Au-DT-CTAB éb	��1�áÂUå, �é
7B��â�â»��vk²wK�.

ã 3 Au-DT Ú Au-DT-CTAB B��â� UV-vis áÂ1Ìã

·�éü«7B��â�¬?1ØÓUþ\
�-1�^, Ùm� Z ×£ÿÁ(JXã 4 ¤«.
��¬�ßLÇw«Ñ�q�Cz5Æ: ��¬�
l�:�, ß�UþÄ��±ØC, ��51Æ«
�, ��¬��:Åì�C�, ß�Uþ:ìü$,
?\��51Æ«�. 3ã¥Ly�����ª³,

ù´1�Ìá��;.A�, d���Ý�±�
*/�ä1�Ì�A��. �\�Uþ� 100, 200
Ú 400 µJ �, Au-DT �¬���©O� 0.88, 0.71
Ú 0.50, 
 Au-DT-CTAB �¬���©O� 0.56,
0.49 Ú 0.43. y²
7B��â Au-DT Ú Au-DT-
CTAB é 532 nm -1þäkûÐ���51Æ�
A, ù�©z��(J�Ó [1]. 3Ó��^�e�
� DT Ú CTAB �m� Z ×£(J, vk����
5&Ò, ùL²ã 3 ¤ÿ(JÌ��7B��â�
�z. �Ä1U�o?»e�7B��âäk-u
�áÂ, Ó��äkgÑ��A, Ïd�)
��
ÚáÂl
ä�1�Ì�5� [1]. 3 532 nm -1
óÀe, 7B��âg�3 510 nm Å�NC�3
L¡�lf��áÂ, éÙ1�Ì�äk�½�z.

n���5áÂXê β ����±ÏLe¡
úªO��Ñ [16]:

T (z, s = 1) = 1 − βI0Leff

2
√

2 [1 + (z/z0)2]
,

ª¥ T (z, s = 1) L«�¬3 z  �?�8�z
ßLÇ; s ����5ßLÇ (éum� Z ×£,
s = 1); I0 = E0/πω2

0τ � Gauss 1å�:?�1
r, Ù¥, E0 �\�óÀUþ, ω0 �å��», τ

�-1ó°; Leff = [1 − exp(−αL)]/α ��¬k
��Ý, Ù¥ L �'Ú®1§, α = –lnT0/L ��
¬��5áÂXê, T0 ´�5ßLÇ; z0 = πω2

0/λ
� Rayleigh �Ý, λ �-1Å�.

éuØÓ\�1�rÝ I0, ��éA� β �
�uL 1. �±wÑ, Au-DT é 532 nm -1�n
���5áÂXê β �²w�u Au-DT-CTAB, �
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ö� β �þ�\�1rÝ I0 �O�
O�, L
²O\\�1rÝk|uOr7B��â���
5áÂ, � Au-DT ���5áÂXê,pÌÝØ
9 Au-DT-CTAB.

ã 4 Au-DT Ú Au-DT-CTAB B��â�m� Z ×£(Jã

L 1 ØÓ\�1re7B��â�n���5áÂXê

β/×10−5 cm·GW−1

E0/µJ I0/×104 GW·cm−2

Au-DT Au-DT-CTAB

100 5.9 1.4 4.6

200 12 1.6 5.4

400 23 1.6 5.9

lO�(J�±wÑ, ü«7B�M�3m
� Z ×£¢�¥, þLyÑ�r���51Æ�
A. ·��5¿�, ü«7B��â�â»�É�
±�ÑØO, `²7B��â���áÂOr�
Aén���51Æ�AL§��z�±�Ñ, 

§����5áÂXê%k²w�O, ¿�é\
�-1rÝCz��A�ØÓ, ·�@�ù«C
zª³��É�U5gudL¡?»ÄìÚå�
Û�|Or�A. éuL¡?»kÅÄì�7B
��â
ó, du|©ØÓ�L¡?»J��3,
3�âL¡ò�)ò�Ç�âC, �-1\��,

3>.^����e, 1|�Å¡�Û­, ¤��
âL¡>|��Ü©. DT � CTAB YM��ò�
Ç©O� 1.459 Ú 1.336, duÕY van de Waals å
¦ CTAB � DT �g©f¥��Äó�).¡�p
�^, ò CTAB Ú\� Au-DT L¡, �´Ï� Au-
DT-CTAB � Au-DT �L¡õ?»þ�� CTAB
©f, ¤± Au-DT-CTAB �¬¥ Au �L¡?»
� -DT-CTAB m�>|rÝÏ1|Å¡ÆC
O
r��, Ïd Au-DT-CTAB äk���n���5
áÂXê.

ï Ä L ², � � 5 Ñ � (nonlinear scattering,
NLS) �´ Au, Ag �B7áB��â��51
Æ�A�)�­�Ån��, |^M�¥�á1Ô
��)é\�1�Ñ��A, ´�\�-1U6k
'�ÔnL§, Ï~�6u��Ä���3 [8]. �
�¡, du-1�^u�N0�¥�7B��â

¦Ù�)
�lfN, T�lfN���?Ñ�
¥%, Ñ�
�þ�\�1; ,��¡, 1�7B
��âáÂ�, ±9�/ª*Ñ, ¦�NÄ�ÛÜ
É9��£:§Ý, dd�)í�, í�.¡Ò¤
��?Ñ�¥%, ��ü$ßLÇ�8�. ã 5 ç
Úêâ: ¥ Ú • ©OL« Au-DT Ú Au-DT-CTAB
3 532 nm -1ì�e�8�zßLÇ�\�U
þ�Ý�'X. �\�Uþ�$�, �¬�ßLÇ
�±ð½; �\�Uþ�Ý�L 0.1 J/cm2 �, ßL
Çm©eü, `²1�Ì�Am©�^. êâ: ¤
Ú © ©OL« Au-DT Ú Au-DT-CTAB 3 532 nm
-1ì�e�8�zÑ�Ç�\�Uþ�Ý�'
X. �\�Uþ�Ý�$�, Ñ�&Ò¤�5ØC
�ª³; �\�Uþ�Ý�� 0.1 J/cm2 �, Ñ�
&Òm©O�. �X\�-1UþØäO\, NLS
��5��. lã 5 ¥�±wÑ, Au-DT-CTAB �
1�Ì�AÚ NLS �Aþ²wru Au-DT. ��
5¿�´, �¬é-1�ßLÇ�~��Ñ�&
Ò�O�A�´Ó�u)�, `² NLS ´ Au-DT
Ú Au-DT-CTAB é 532 nm -11�Ì�A�Ì�
Ån, CTAB é7B��â�?�Ú?»�^k�
/Jp
7B��â3��¥�1�Ì�A.

�
?�ÚïÄL¡?»é7B��â��
51Æ�A�K�, 3m� Z ×£ÿÁ�Ó�&ÿ
��¤k�¬�Ñ�êâ(J, Xã 6 ¤«. 3ü
«7B��â�Ñ�­�¥�3��'u�:é
¡�Ñ�¸, `²3 532 nm óÀ-1ì�e, 7B
��âäkér� NLS �A. ��
ó, 1�Ìá
�� NLS �A�\�-1rÝ¥�'. ã 6(a) ¥,
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�X\�-1Uþd 100 µJ O�� 400 µJ, Au-DT
� NLS �AÅìOr, �:?�8�z NLS ê�
d 1.7 O\� 4.0. 
 Au-DT-CTAB � NLS �A�
-1Uþ��vk²w'é, Ñ�¸/é¡�°z,
�:?�8�z NLS ê�©ª�±3 2.8 �m.

ã 5 Au-DT Ú Au-DT-CTAB B��â�1�ÌÿÁ(J
(¥ Au-DT; • Au-DT-CTAB) 9Ñ�(J�\�Uþ�Ý'Xã
(¤ Au-DT; © Au-DT-CTAB)

ÏLã 6 �ã 4 �é'©Û, Au-DT Ú Au-DT-
CTAB �-1ß�!Ñ��A�\�-1UþL
yÑ�q�éA'X, ?�Ú`²ü«7B��
âé 532 nm -1���51Æ�AÌ�d NLS
Úå, ù´du�)�lfN¤I�méá (�¦
þ?$��á), �9þ=£/¤í�¤I�m�
� (B¦��¦þ?). éu Au-DT-CTAB 
ó, d
uL¡Äì CTAB äkûÐ��Y5, ¦ Au-DT-
CTAB B��âþ!­½/©Ñ3Y�MJ¥. �
7B��âòÜ©\�-1áÂ�=z�9�/
ªD4�MJY�, du£:�$, Y´uÛÜÉ
9�)�í�, k|u Au-DT-CTAB ]2����
5Ñ��A�¢y.

d 	, · � � 5 ¿ �, � \ � - 1 U þ �
� 400 µJ �, Au-DT � NLS �A (�:?�8�
zÑ�¸�� 4.0) ®²���L
 Au-DT-CTAB
(�:?�8�zÑ�¸�� 3.0), 
d� Au-DT
(�:?�8�zß�Ç�� 0.50) � NLO �A%
�,fu Au-DT-CTAB (�:?�8�zß�Ç�
� 0.43). du�º��A, B7áB��âSÜ d
�Ú s-p ��©�¤©l�U?. �¢�ÿÁ-1
Å�� 532 nm, éA�1fUþ�� 2.33 eV, �7
B��â d � Brillouin « L :��� Fermi U?
�Uþ� ∆Eds ≈ 2.4 eV ���C [18], d�òu)
9>f�z, ='9�����>fáÂUþ�§
Ý×�,p, ?u�9²ïG�, ��7áâf0

>¼ê εm �O\. ·�íÿ, �X\�-1rÝ�
O\, Au-DT-CTAB L¡L>f�Äìu)>f�
7B��â�=£, O\
7B��â�Ä�ÙØ
ê, �-1rÝ���, du-uÅ� 532 nm �~
�CL¡�lfN��Å�, 7B��âÄ��l
fNA��Ü�-u, ?�Ú�)gd16fáÂ.
dd¦ Au-DT-CTAB 3pUþ-1ì�e� NLO
�Aru Au-DT.

ã 6 Au-DT Ú Au-DT-CTAB B��â���5Ñ�ÿÁ(
Jã

4 ( Ø

�©¤õ��
�?1U DT ?»�hM5
7B��âÚ�? CTAB ?»�YM57B��
â, ÏL3 532 nm -1-ue�m� Z ×£ÿÁ
EâïÄÙ��51Æ�A91�Ì5U, ­:?
Ø
L¡?»é7B��â��51Æ�A�K
�. (JL², �? CTAB ?», Or
7B��â
3 532 nm -1ì�e�Û�|�^99>f�z,
�' DT �??», k�/Jp
7B��â3�
�¥���5áÂ�^, ?
¦7B��â�1�
Ì5U��Or.
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Effects of surface modification on nonlinear optical
performance of gold nanoparticles∗
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Abstract
Two kinds of gold nanoparticles with different surface-capping groups (Au-DT and Au-DT-CTAB), 1-dodecanthiol and

cetyltrimethylammonium bromide (CTAB) are prepared by a two-phase method. Structures and linear optical properties of the mate-
rials are characterized using transmission electron microscopy and ultraviolet–visible absorption spectroscopy. The effects of surface
modification on nonlinear optical (NLO) performance and optical limiting behavior of gold nanoparticles are investigated using the
open Z-scan technique at a laser wavelength of 532 nm. The results show that Au-DT-CTAB shows an enhanced NLO effect in com-
parison with Au-DT. The secondary modification with CTAB can not only improve local field enhancement effect but also make the
contribution of thermoelectrons to NLO performance of gold nanoparticles on laser irradiation.

Keywords: gold nanoparticles, surface modification, Z-scan measurement
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