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 We measured the distribution of surface plasmon polaritons (SPPs) on cross grooves 
fabricated	in	Au	film	by	apertureless	scanning	near-field	optical	microscopy	(aSNOM).		
SNOM signals around horizontal and vertical grooves had double peaks and a single 
peak,	respectively.	 	To	understand	these	different	behaviors,	we	carried	out	simulations	
by	 the	 finite	 element	method.	 	 From	 the	 simulation	 results,	 we	 found	 that	 the	 double	
peaks that appeared near the left and right edges of the horizontal groove were due to 
localized	surface	plasmons	(LSPs).	 	On	the	other	hand,	 the	strong	signal	 that	appeared	
near	 the	center	of	 the	vertical	groove	was	due	 to	channel	plasmon	polariton.	 	The	SPP	
excitation	 	 depended	on	 the	direction	of	 the	 electric	field	of	 the	 incident	 light	 and	 the	
cross	sections	of	 the	grooves.	 	This	experiment	reveals	 that	aSNOM	is	a	powerful	 tool	
for	observing	the	distribution	of	SPPs	on	the	nanoscale.

1. Introduction

 In	 the	 field	 of	 photonics,	 surface	 plasmon	 polaritons	 (SPPs)	 are	 one	 of	 the	 most	
important	physical	phenomena.		Because	SPPs	can	enhance	the	electric	field	of	incident	
light	and	confine	the	incident	light	onto	nanoscale,	it	is	used	in	many	applications,	such	
as biosensors,(1) the trapping of polymer chains,(2)	and	tip-enhanced	Raman	spectroscopy.(3)  
Moreover,	controlling	polarization	with	SPPs	has	attracted	much	attention.	 	Significant	
techniques that combine SPPs with nano-antennas to generate nanosized circularly 
polarized light have been reported,(4–6) because nanosized circularly polarized light 
could	 be	 useful	 in	 significant	 phenomena,	 such	 as	 magnetization	 reversal	 using	 a	 40	
femtosecond circularly polarized laser pulse(7)	 and	 spin	 excitation.(8)  Many techniques 
utilize	localized	surface	plasmons	(LSPs).		Therefore,	the	analysis	of	the	plasmon	is	very	
important,	and	techniques	for	SPP	measurement	are	essential.
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	 Apertureless	 scanning	 near-field	 optical	 microscopy	 (aSNOM)	 is	 one	 of	 the	 most	
suitable	 techniques	 for	 SPP	 measurement.(9)  An atomic force microscopy (AFM) 
cantilever	 is	 used	 to	 access	 the	 near	 field	 of	 the	 LSPs,	 and	 owing	 to	 the	 interaction	
between	 the	 cantilever	 and	 the	 near	 field,	 scattered	 light	 is	 generated,	which	 provides	
information	 about	 the	 near	 field.	 	We	 have	 developed	 an	 aSNOM	with	 a	 high	 spatial	
resolution of 14 nm,(10) and we have found that the polarization state of the scattered light 
is	preserved.(11–13)  In this study, we report on SPP measurement in cross grooves made of 
Au	by	aSNOM	with	a	high	spatial	resolution.

2. Experiments

2.1 Fabrication of cross-groove sample
 In this study, we chose Au, which has a plasmon resonance frequency in the visible 
light	region,	as	a	material	for	generating	LSPs.		The	fabrication	of	cross-groove	samples	
is	shown	in	Fig.	1(a).		A	Au	film	was	deposited	by	sputtering	on	a	glass	substrate	1	cm	×	

Fig.	1.	 (Color	 online)	 (a)	 Fabrication	 procedure	 of	 the	 cross-grooves	 sample.	 	A	Au	 film	 was	
deposited	by	sputtering	on	a	glass	substrate	(1	cm	×	1	cm	×	0.7	mm	in	size),	and	the	groove	pattern	
was	carved	on	the	gold	film	using	FIB.		(b)	SEM	image	of	the	whole	cross-grooves	sample.		(c)	
Topographic	 image	 of	 the	 center	 of	 the	 sample.	 	 (d)	Line	 profile	 of	 the	 horizontal	 groove	 from	
A	 to	 B	 in	 the	 topographic	 image.	 	 The	 height	 and	 width	 were	 approximately	 80	 and	 100	 nm,	
respectively.
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1	cm	×	0.7	mm	in	size	[Fig.	1(a)].		The	Au	film	thickness	was	estimated	to	be	70–80	nm.		
A	groove	pattern	was	fabricated	in	the	Au	film	using	a	focused	ion	beam	(FIB)	with	a	Ga	
ion	dose	of	2	nC/μm2.		A	SEM	image	of	the	whole	cross-groove	sample	is	shown	in	Fig.	
1(b).	 	The	 length	of	each	groove	 is	approximately	4	mm.	 	A	 topographic	 image	of	 the	
center	of	the	sample	measured	by	AFM	is	shown	in	Fig.	1(c),	and	the	line	profile	from	A	
to	B	of	the	horizontal	groove	is	shown	in	Fig.	1(d).		We	found	that	the	height	and	width	
of	the	grooves	were	approximately	80	and	100	nm,	respectively.

2.2 Setup of the aSNOM
	 A	 schematic	 of	 the	 aSNOM	 is	 shown	 in	 Fig.	 2.	 	 The	 aSNOM	 was	 based	 on	 a	
commercial	AFM	 (Nanocute,	Hitachi	High-Tech	 Science,	 Japan).	 	A	 cantilever	 (PRC-
DF40P, Olympus, Japan) made of Si with an extremity radius of 20 nm and a resonant 
frequency	Ω	of	443	kHz	was	used.		The	AFM	was	operated	in	the	dynamic	force	mode.		
A	He–Ne	laser	(HN-410P,	NEOARK,	Japan)	with	a	wavelength	of	633	nm	was	focused	
by	an	objective	lens	(M	Plan	Apo	×10,	Mitutoyo,	Japan)	and	impinged	on	the	cantilever	
and	the	sample	at	an	incident	angle	of	approximately	90°.		A	polarizer	was	used	to	obtain	
linearly	polarized	light	with	a	high	extinction	ratio.	 	Scattered	light	passing	through	an	
analyzer	was	converted	to	an	electric	signal	by	a	photomultiplier	tube	(PMT).	 	Then,	a	
lock-in	amplifier	(7280	DSP	Lock-in	Amplifier,	Signal	Recovery)	was	used	to	detect	the	
signal	at	a	third	harmonic	frequency	(3	Ω).		Finally,	the	signal	from	the	lock-in	amplifier	
was	 led	 to	 the	 scanning	 probe	microscopy	 (SPM)	 station	 of	 the	AFM.	 	Consequently,	
the SNOM image and AFM image could be obtained simultaneously by scanning the 
cantilever	on	the	sample.

Fig.	2.	 (Color	online)	Schematic	of	 the	 aSNOM	based	on	 a	 commercial	AFM.	 	The	AFM	was	
operated	 in	 dynamic	 force	mode,	 and	 the	 resonant	 frequency	Ω	of	 the	 cantilever	was	 443	 kHz.		
An	incident	light	from	a	He-Ne	laser	impinged	on	the	cantilever	of	the	AFM	and	the	sample.		The	
scattered	light	from	the	near	field	was	converted	to	an	electric	signal	by	the	photomultiplier	tube,	
and	the	near-field	signal	was	extracted	from	the	electric	signal	by	the	lock-in	amplifier	at	a	third	
harmonic	frequency	3	Ω.
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3. Results

3.1 SNOM images of cross-groove sample
	 An	AFM	 image	 of	 the	 cross-groove	 sample	 is	 shown	 in	 Fig.	 3(a),	 and	 the	 SNOM	
image	 measured	 simultaneously	 without	 an	 analyzer	 is	 shown	 in	 Fig.	 3(b).	 	 SNOM	
images measured with the analyzer’s axis perpendicular (P-polarization) and parallel 
(S-polarization)	to	the	axis	of	the	polarizer	are	shown	in	Figs.	3(c)	and	3(d),	respectively.
	 In	 principle	 (i.e.,	 without	 background	 noise	 signal),	 the	 brightness	 of	 the	 SNOM	
image	 corresponded	 to	 the	 intensity	 of	 the	 scattered	 light	 from	 the	 near	 field	 (i.e.,	
intensity	of	electric	field	in	near	field).		However,	as	shown	in	Figs.	3(b)	and	3(d),	strong	
periodical patterns were clearly observed, which were generated by the interference 
between	 the	 scattered	 light	 and	 the	 background	 light.	 	 On	 the	 other	 hand,	 we	 found	

Fig.	3.	 (Color	 online)	 (a)	AFM	 image	 and	 SNOM	 images	measured,	 (b)	without	 the	 analyzer,	
(c)	for	the	P-component,	and	(d)	for	the	S-component	of	the	electric	field	of	incident	light.		Line	
profiles	along	(e)	MN	and	(f)	PQ.
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that the effect of the background light was weak in the SNOM image measured for the 
P-component,	as	shown	in	Fig.	3(c).		The	polarization	state	of	the	background	light	was	
the	same	as	that	of	the	incident	light	(i.e.,	S-polarization);	thus,	most	of	the	background	
light	 could	 be	 eliminated	 by	 a	 P-analyzer.	 	This	was	 the	 reason	why	 the	 effect	 of	 the	
background	light	was	weak.		Therefore,	we	focused	on	the	SNOM	image	measured	with	
the	P-component,	because	the	information	of	SPPs	could	be	clearly	observed.
	 In	Fig.	3(c),	the	difference	in	the	signals	around	the	grooves	can	be	clearly	observed,	
where	the	intensity	becomes	strong	at	the	edges	of	the	horizontal	groove.		On	the	other	
hand,	 the	 intensity	 becomes	 strong	 in	 the	 center	 of	 the	 vertical	 groove.	 	 Line	 profiles	
along	the	white	lines	of	the	horizontal	and	vertical	grooves	are	shown	in	Figs.	3(e)	and	
3(f),	 respectively.	 	The	 red	 lines	 represent	 the	 intensity	 of	 the	 SNOM	 signals	 and	 the	
black	lines	represent	the	height	of	grooves	observed	from	the	topographic	image.		From	
the	 line	profiles,	we	 found	 that	 two	peaks	 appeared	 in	 the	SNOM	signal	measured	on	
the	horizontal	groove,	and	only	one	peak	appeared	in	the	vertical-groove	measurement.		
Moreover, comparing the SNOM and AFM signals measured on the vertical groove 
shown	in	Fig.	3(f),	we	found	a	peak	position	shift	(about	30	nm)	in	the	scanning	direction	
of	the	cantilever.		We	suggested	that	this	delay	in	the	optical	information	was	due	to	the	
scanning speed, because no similar delay was observed within the horizontal groove, 
whose	long	axis	was	parallel	to	the	scan	direction,	as	shown	in	Fig.	3(e).

3.2	 Simulation	based	on	finite	element	method	(FEM)
 To explain the experimental results, we carried out 2D simulation with the 
commercial	 software	 package	 Comsol	 Multiphysics	 4.4	 based	 on	 FEM.	 	 To	 reduce	
the size of the calculation domain, our model was smaller than the sample used in the 
experiment.		The	model	consisted	of	an	air	layer	on	the	top,	a	Au	thin-film	layer	in	the	
middle,	and	a	glass	substrate	layer	on	the	bottom.		The	parameters	of	the	cross	sections	
of the horizontal and vertical grooves from the AFM measurement were used in the 
simulation	models.	 	 The	 incident	 light	 propagated	 perpendicularly	with	 respect	 to	 the	
sample.	 	The	complex	refractive	 index	of	Au	is	0.201	−	i3.280	at	a	wavelength	of	633	
nm,	and	 the	dielectric	constant	 is	−10.72	+	 i1.32.(14)  A perfectly matched layer (PML) 
was	used	to	eliminate	unnecessary	scattered	light	and	reflected	light.		Note	that	the	probe	
was	not	contained	in	the	simulation.
 The intensity distributions on the cross sections of the horizontal and vertical grooves 
are	shown	in	Figs.	4(a)	and	4(b),	respectively.		The	intensity	is	given	by

 Intensity = Ex
2 + Ey

2 + Ez
2 , (1)

where Ex, Ey, and Ez are the x-, y-, and z-direction	 components	 of	 the	 electric	 field,	
respectively.	 	The	white	 dotted	 lines	 indicate	 the	 contours	 of	 the	 cross	 section	 of	Au.		
From the cross sections measured by AFM, we found that the depth of the horizontal 
groove was approximately 35 nm larger than that of the vertical groove; therefore, we 
considered	 that	 the	Au	 film	was	 separated	 into	 two	 parts	 in	 the	 horizontal	 groove,	 as	
shown	 in	Fig.	4(a).	 	 In	both	cases,	 the	electric	field	of	 the	 incident	 light	was	assumed	
to	be	perpendicular	to	the	long	axis	of	the	grooves,	although	the	dominant	electric	field	
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of the incident light in the experiment was perpendicular to the long axis of the vertical 
groove	and	parallel	to	the	long	axis	of	the	horizontal	groove.		The	reason	was	that	only	
the	minor	electric	field	that	was	perpendicular	to	the	long	axis	could	excite	SPPs	in	the	
case	 of	 the	 horizontal	 groove.	 	Two	 peaks	 appeared	 at	 the	 left	 and	 right	 edges	 of	 the	
horizontal	 groove,	 as	 shown	 in	 Fig.	 4(a),	which	were	 due	 to	 the	LSPs.	 	On	 the	 other	
hand, one peak appeared at the bottom of the vertical groove, which was due to the 
channel	 surface	 plasmon.(6)  We considered that the simulation results agreed with the 
experimental	results	very	well.

4. Summary

	 We	have	measured	 the	distribution	of	SPPs	on	cross	grooves	fabricated	 in	Au	film.		
SNOM signals around horizontal and vertical grooves had double peaks and a single 
peak,	respectively.	 	To	understand	these	different	behaviors,	we	carried	out	simulations	
by	 FEM.	 	 From	 the	 simulation	 results,	 we	 found	 that	 the	 double	 peaks	 that	 appeared	
near	the	left	and	right	edges	of	the	horizontal	groove	were	due	to	the	LSPs.		On	the	other	
hand, the strong signal that appeared near the center of the vertical groove was due to the 
SPPs.		The	SPP	excitation	depended	on	the	direction	of	the	electric	field	of	the	incident	
light	and	the	cross	sections	of	the	grooves.		This	experiment	showed	the	possibility	that	
the	SPPs	could	be	measured	at	high	resolution	by	the	aSNOM.
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