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Abstract

Misaligned edge-to-edge dimers are the common products during the preparation of Ag nanoprism dimers using
self-assembly method. However, in the self-assembly method, Ag nanoprisms are easily truncated because they are
easy to oxidize in an acidic environment. In this work, modeling a truncated Ag nanoprism on a misaligned edge-
to-edge dimer provides a better understanding of the effects of the truncation and misalignment on localized
surface plasmon resonance (LSPR) of the dimer. The resonant wavelength and intensity of the dimer are flexibly
modulated by changing the misalignment length of the dimer. As the misalignment length increases, a stronger
peak at the shorter wavelength and a weaker one at the longer wavelength are observed. The resonant
wavelengths and intensities of the two peaks are also flexibly tuned by adjusting the truncated length of the Ag
nanoprism in the dimer. The results are numerically demonstrated based on the finite element method (FEM) and
show promising potential for nanoswitch, multi-channel tunable biosensor and other nanodevice applications.
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Background
Silver and gold nanoparticles have attracted extensive
attentions due to their unique optical properties which
originate from their localized surface plasmon resonance
(LSPR) effects. The conduction electrons in these
nanoparticles collectively oscillate with the incident light
causing an enhanced electric field that is localized around
the surface of the nanoparticle [1, 2]. The LSPR effect of
nanoparticles can be modulated by changing the nanopar-
ticle’s size, shape, material, and the surrounding environ-
ment [3–5]. Among the numerous nanoparticles,
nanoprisms (NPs) have attracted the most attention due
to their anisotropic geometrical properties and tunable
LSPR properties [6–8]. Because of the anisotropic geomet-
rical properties, oscillating charges on the surface tend to
accumulate around the NP’s tips making the localized
electric field around NP more enhanced than in isotropic
nanoparticles [9]. The LSPR properties of NP are usually

divided into in-plane dipolar resonance, in-plane quadru-
polar resonance, and out-of-plane dipolar resonance. The
in-plane dipolar resonance shows a redshift effect with in-
creasing the edge length of NP [10, 11].
As two nanoparticles are brought close to each other,

the enhanced electric field concentrates in the gap of the
dimer. This phenomenon is known as hot spot effect
which originates from the LSPR coupling effect between
the nanoparticles. The dimers with remarkable hot spot
effects can be easily prepared by e-beam lithography [12],
nanosphere lithography [13], and self-assembly method
[14, 15]. For the self-assembly method, metal nanoparti-
cles with specific geometries are linked through the mole-
cules with particular groups. Therefore, the gap in the
dimer is as narrow as the molecular chain length. This
further reduces the gap between two nanoparticles and
causes a more remarkable hot spot effect [16–18].
The hot spot effect of the NP dimer as a typical

dimer has been extensively studied, but most studies
about the NP dimers concentrate on the tip-to-tip
geometry [19–23]. However, during preparation process
of the tip-to-tip dimer through the self-assembly
method, there is a wide existence of NP dimers with
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edge-to-edge geometries [15]. The self-assembly method
often causes a randomly misaligned effect for the NP
dimers. The randomly misaligned edge-to-edge Au NP
dimers with the broken symmetry can induce a novel
optical property [24]. This result indicates that the double
resonances can be switched by modulating the misalign-
ment length of the dimer. The resonant positions can be
tuned by changing the gap length and the thickness of Au
NP. Due to the sensitivity of optical properties on the
structural parameters, this finding paves a promising way
for developing nanoswitches, nanomotors, nanorulers,
and dual-channel biosensors. However, because of the
inertia of the gold atom, the structural parameters of Au
NP dimers are usually fixed once they are prepared.
Because Ag is easily oxidized, the tips of the Ag NP

can be easily etched in the process of its preparation.
This results to Ag NP transforming into an Ag truncated
nanoprism (TNP). The change of the structural sym-
metry originating from the truncation effect induces
some novel optical properties [8, 25]. The truncation
effect can be introduced in the misaligned edge-to-edge
Ag NP dimer to obtain a tunable device with novel
optical properties. Here, effects of the truncation and
misalignment on the LSPR edge-to-edge Ag TNP dimers
are studied using FEM.

Methods
Structural Model of Misaligned Truncated Ag Nanoprism
Dimer
The structural model used in the calculations is shown
in Fig. 1. Ag NPs used in the self-assembly method are
usually prepared by the seed-induced growth method: its
edge length is flexibly modulated by controlling the reac-
tion conditions and keeping the thickness constant [26].
In this paper, the thickness of Ag NP is kept constant at
T = 8 nm. The Ag NP edge-to-edge dimers are assumed
to be prepared by the self-assembly method; therefore,
the gap length in this dimer (G) has a specific molecular
length G = 2 nm.

The misaligned edge-to-edge dimer consists of two
identical Ag TNPs with the following dimensions, edge
length (L), misalignment length (l1), and truncated
length (l2). The tips of Ag NP are cut off along a straight
line with the initial edge length L = 130 nm and trun-
cated length l2 = 10 nm. To study the effect of the mis-
alignment, a misalignment ratio R = l1/L of Ag TNP
dimer is varied from 0 to 1.5. As R approached 0 or 1,
the Ag TNP dimers with the increased truncated length
were modeled to study the influence of the truncation
effect. Ag TNP transforms to a hexagonal nanoplate
(HNP), as the edge length of Ag HNP (L1) is equal to
the truncated length l2 = L/3. To further investigate the
effect of the truncation and misalignment, Ag HNP di-
mers with the misalignment ratio R1 = l1/L1, ranging
from 0 to 3, were simulated.

Finite Element Method for Misaligned Truncated Ag
Nanoprism Dimer
FEM method using COMSOL Multiphysics is used to
investigate the effect of misalignment length on the
LSPR edge-to-edge Ag TNP dimer. The relative
permittivity for Ag was obtained from the Drude
model, ε(ω) = ε∞ − ωp

2/[ω(ω + iγ)], where ε∞ = 3.7 is
the infinite frequency, ωp = 1.38 × 1016 is the bulk
plasma frequency, and γ = 3.72 × 1013 is the oscillation
damping of electrons [27].
The Ag TNP dimer was modeled on the x-y plane

at z = 0 with air (n = 1) surrounding it. Using air
around the dimer was done to simplify the computa-
tion process. The incident light, polarized along the
y-axis, was directed normally along z-axis on the Ag
TNP surface. Tuning of the wavelength was done
between λ = 600 nm to λ = 1100 nm with a step of
4 nm.

Results and Discussion
The extinction cross-section (ECS) intensity distribution
map of the Ag TNP dimer showing variation between
the wavelength and R was firstly calculated to investigate
effect of the misalignment length on the LSPR. Figure 2
shows the ECS intensity distribution color map of the
Ag TNP dimer. As shown in Fig. 2, the Ag TNP dimer
with R = 0 displays two peaks with equal intensities.
When R is equal to 1, the shorter wavelength peak,
labeled as peak 1, is strong and shows a blueshift effect.
For the longer wavelength, labeled as peak 2, the inten-
sity decreases and shows a blueshift effect. As R is
increased from 0 to 1, the resonant wavelength of peak 1
initially decreases and then slightly stabilizes.
Meanwhile, its intensity gradually increases. It is worth
noting that peak 1 decreases abruptly when R changes
from 0 to 1/8. This is because the disappearance of the
higher-order LSPR mode. The resonant wavelength of

Fig. 1 Schematic diagram of the Ag TNP dimer showing a specific
misalignment length l1
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peak 2 first increases and then decreases, but its inten-
sity decreases throughout.
Peak 1 in Fig. 2a strengthens further as R increases

from 1 to 1.5 and its resonant wavelength is kept un-
changed. Moreover, peak 2 continuously decreases until
it disappears while its resonant wavelength decreases
throughout. As R reaches 1.5, the double peaks degener-
ate into a single peak with a resonant wavelength equal
to that of the Ag TNP monomer. When R is large than
1, the LSPR coupling interaction between Ag TNPs is
extremely weak. In Fig. 2b, peak 2 plays the dominant
role in ECS spectrum when R < 0.5 (the blue region)
whereas peak 1 dominates when R > 0.5 (the yellow
region). Therefore, the two peaks can be switched on or
off by modulating the misalignment length of the dimer.
The electric field distributions of Ag TNP dimers for

different values of R are shown in Fig. 3. The geomet-
rical configuration of the Ag TNP dimer changes as R
varies from 0 to 1.5. When R is equal to 0, the Ag TNP
dimer possesses the edge-to-edge geometry. As R
reaches to 1, the configuration changes into the tip-to-
tip geometry, and as R increases further, the configur-
ation turns an abnormal tip-to-tip geometry. In Fig. 3a,
the enhanced electric fields are localized at the center

and two ends of the gap, so for R = 0, peak 1 is a higher-
order LSPR mode. When R is larger than 0, the higher-
order LSPR mode disappears and the structural
symmetry of the dimer is broken. Then peak 1 can be
attributed to the antisymmetric mode from the LSPR
coupling interaction between Ag truncated nanoprisms
in the dimer shown in Fig. 3b–d. The electric fields
mainly distribute around the lateral tips away from the
gap in the Ag TNP dimer. When R is large enough, the
electric field distributions of Ag TNPs in the dimer are
similar to that of the Ag TNP monomer as shown in
Fig. 3h. Figure 3e–g show that peak 2 can be attributed
to the symmetric mode from the LSPR coupling inter-
action between Ag truncated nanoprisms in the dimer.
The enhanced electric fields are mainly localized in the
gaps. The results show that the two peaks can be turned
on or off by modulating the LSPR coupling interaction
between Ag TNPs in the dimer. When R is equal to 0,
Ag TNP dimers for the two peaks possess huge
enhanced electric fields (above 900 V/m) in the gap. The
enhancement effect of the surrounding electric field of
the Ag TNP dimers weakens as R increases. This means
that the misalignment effect will weaken the hot spot
effect of Ag TNP dimer, if R increases and the enhanced
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Fig. 2 ECS spectra of Ag TNP dimers. a ECS intensity distribution map as functions of R and wavelength. b ECS resonant wavelength (the dark
scatter line) and intensity (the red short dotted line) spectra versus R. The square and triangle lines show peak 1 and peak 2, respectively

Fig. 3 Calculated electric field distributions of Ag TNP dimers and monomer. Images are taken as the cross-section of the Ag TNP dimer at z= 0 on the x-y
plane. Panels a–g correspond to the points A–G marked in Fig. 2a. Peak 1: a R= 0; b R= 0.5, B; c R= 1; d R= 1.5. Peak 2: e R =0, f R= 0.5, g R= 1. h Monomer
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electric field distribution will shift from the gap to the
lateral tips of Ag TNP in the dimer.
To investigate the effect of the truncation on the

switching, the truncated length-dependent ECS resonant
wavelength and intensity spectra of the Ag TNP dimers
are simulated and shown in Fig. 4 (for R = 0, 1). When
the truncated length l2 is 43.3 nm and L = 130 nm, Ag
TNP turns into Ag HNP. As shown in Fig. 4a, peak 1
abruptly decreases from the initial strong state and then
stabilizes in a weak state as l2 is increased when R = 0.
This is because the higher-order LSPR mode corre-
sponding to peak 1 at the same R value no longer exists
in the gap as the gap length decreases (i.e., as l2
increases). The origin of peak 1 changes from the
higher-order LSPR mode to the antisymmetric mode of
the LSPR coupling interaction as the truncated length
increases. When R equals to 0 or 1 as shown in Fig. 4,
the resonant wavelengths of the two peaks decrease
throughout. As shown in Fig. 4b, peak 2 gradually fades
as l2 increases to a specific value, the double peaks
degenerate to a single peak. Similarly, this is due to the
symmetric mode from the LSPR coupling interaction
weakening as the interval between the two Ag TNPs

increases (i.e., as l2 increases). This means that the
switching effect of the Ag TNP dimer can be flexibly
modulated by changing the truncated length originating
from the easy-to-oxidize features of Ag.
When the truncated length increases to a critical

value, Ag TNP in the dimer transforms into Ag HNP.
The edge length of Ag HNP L1 is 43.3 nm. Figure 5
shows the ECS intensity distribution map of Ag HNP di-
mers versus R1 and wavelength. Here, the wavelength of
the incident light ranges from 500 to 900 nm. For the
Ag HNP edge-to-edge dimer, a change of the misalign-
ment length (l1) also causes the variations of two peaks
in its ECS spectrum. With increasing the misalignment
ratio R1 = l1/L1, the switching effect of the Ag HNP
edge-to-edge dimer is more remarkable than the Ag
TNP dimer. Peak 2 originating from the symmetric
mode of the LSPR coupling interaction quickly fades in
the ECS spectrum with the two Ag HNPs moving away
from each other (R1 > 1) as shown in Fig. 5. Peak 1 origi-
nates from the antisymmetric mode from the LSPR
coupling interaction between Ag HNPs and gradually
occupies the dominant role. The intensity ratio of peak 2
to peak 1 for the Ag HNP dimer is obviously larger than
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that of the Ag TNP dimer. Compared with the ECS
spectrum of the Ag TNP dimer, the Ag HNP dimer pos-
sesses a single peak configuration which also can be
switched by changing the misalignment length. This is
further evidence that Ag NP edge-to-edge dimers with
different truncated length possess a misalignment-
related switching effect.

Conclusions
In summary, the LSPR effects of Ag TNP misaligned
edge-to-edge dimers have been studied using FEM. The
ECS spectrum of Ag TNP dimer possesses two peaks,
which can be switched on or off by modulating the mis-
alignment length. When R is less than 0.5, the longer
wavelength peak plays the prominent role in the ECS
spectrum. As R grows larger than 0.5, the shorter wave-
length peak occupies the dominant role. Due to the
truncation effect, the resonant wavelengths of the two
peaks can be flexibly modulated by changing the trun-
cated length. When the truncated length increases to a
specific value, Ag TNP transforms into Ag HNP. The
double peaks degenerate to a single peak, and the peaks
of the Ag HNP dimer also can be switched by changing
the misalignment length. The calculated results indicate
that Ag TNP misaligned edge-to-edge dimers pave the
way for a promising surface-enhanced Raman spectrum,
nanoswitch, multi-channel tunable biosensor, other
nanodevices, etc.

Abbreviations
ECS: Extinction cross-section; FEM: Finite element method; G: Gap length;
HNP: Hexagonal nanoplate; L: Edge length; l1: Misalignment length;
l2: Truncated length; LSPR: Localized surface plasmon resonance;
NP: Nanoprism; R: Misalignment ratio; T: Thickness; TNP: Truncated nanoprism

Funding
This study is financially supported by the National Natural Science
Foundation of China (No. 11374074, 61308069) and the National Basic
Research Program of China (No. 2013CB328702).

Authors’ Contributions
HYA, XJ, and XS conceived the idea. HYA, EO, PL, and XS calculated the
results and made the conclusions. HYA, EO, and SL contributed to the
preparation and revision of the manuscript. All the authors read and
approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute of Modern Optics, Department of Physics, Harbin Institute of
Technology, Harbin 150001, China. 2Key Laboratory of Micro-Nano
Optoelectronic Information System of Ministry of Industry and Information
Technology, Harbin 150001, China. 3Key Laboratory of Micro-Optics and
Photonic Technology of Heilongjiang Province, Harbin Institute of
Technology, Harbin 150001, China. 4Collaborative Innovation Center of
Extreme Optics, Shanxi University, Taiyuan 030006, Shanxi, People’s Republic
of China.

Received: 26 December 2016 Accepted: 7 April 2017

References
1. Nien L-W, Lin S-C, Chao B-K, Chen M-J, Li J-H, Hsueh C-H (2013) Giant electric

field enhancement and localized surface plasmon resonance by optimizing
contour bowtie nanoantennas. J Phys Chem C 117(47):25004–25011

2. Liu Y, Huang CZ (2013) Screening sensitive nanosensors via the
investigation of shape-dependent localized surface plasmon resonance of
single Ag nanoparticles. Nanoscale 5(16):7458–7466

3. Liu Y, Song F, Zhang J, Lv Z, Liu J, Yu Y, Zhao H, Wang H (2013) Tunable
local surface plasmon resonance in liquid-crystal-coated Ag nanoparticles.
Phys Lett A 377(16–17):1199–1204

4. Le Thi Ngoc L, Jin M, Wiedemair J, van den Berg A, Carlen ET (2013) Large
area metal nanowire arrays with tunable sub-20 nm nanogaps. ACS Nano
7(6):5223–5234

5. Personick ML, Langille MR, Zhang J, Wu J, Li S, Mirkin CA (2013) Plasmon-
mediated synthesis of silver cubes with unusual twinning structures using
short wavelength excitation. Small 9(11):1947–1953

6. Millstone JE, Hurst SJ, Metraux GS, Cutler JI, Mirkin CA (2009) Colloidal gold
and silver triangular nanoprisms. Small 5(6):646–664

7. Shuford KL, Ratner MA, Schatz GC (2005) Multipolar excitation in triangular
nanoprisms. J Chem Phys 123(11):114713

8. Jin R, Cao Y, Mirkin CA, Kelly KL, Schatz GC, Zheng JG (2001) Photoinduced
conversion of silver nanospheres to nanoprisms. Science 294:1091–1093

9. Aherne D, Ledwith DM, Gara M, Kelly JM (2008) Optical properties and
growth aspects of silver nanoprisms produced by a highly reproducible and
rapid synthesis at room temperature. Adv Funct Mater 18(14):2005–2016

10. Yang P, Portalès H, Pileni M-P (2009) Identification of multipolar surface
plasmon resonances in triangular silver nanoprisms with very high aspect
ratios ysing the DDA method. J Phys Chem C 113(27):11597–11604

11. Hermoso W, Alves TV, de Oliveira CCS, Moriya EG, Ornellas FR, Camargo PHC
(2013) Triangular metal nanoprisms of Ag, Au, and Cu: modeling the
influence of size, composition, and excitation wavelength on the optical
properties. Chem Phys 423:142–150

12. Kim S, Jin J, Kim YJ, Park IY, Kim Y, Kim SW (2008) High-harmonic generation
by resonant plasmon field enhancement. Nature 453(7196):757–760

13. Haynes CL, Van Duyne RP (2001) Nanosphere lithography: a versatile
nanofabrication tool for studies of size-dependent nanoparticle optics. J
Phys Chem B 105(24):5599–5611

14. Gao B, Arya G, Tao AR (2012) Self-orienting nanocubes for the assembly of
plasmonic nanojunctions. Nat Nanotechnol 7(7):433–437

15. Gao B, Alvi Y, Rosen D, Lav M, Tao AR (2013) Designer nanojunctions:
orienting shaped nanoparticles within polymer thin-film nanocomposites.
Chem Commun 49(39):4382–4384

16. Li W, Camargo PH, Au L, Zhang Q, Rycenga M, Xia Y (2010) Etching and
dimerization: a simple and versatile route to dimers of silver nanospheres
with a range of sizes. Angew Chem 49(1):164–168

17. Kessentini S, Barchiesi D, D’Andrea C, Toma A, Guillot N, Di Fabrizio E, Fazio
B, Maragó OM, Gucciardi PG, Lamy de la Chapelle M (2014) Gold dimer
nanoantenna with slanted gap for tunable LSPR and improved SERS. J Phys
Chem C 118(6):3209–3219

18. Ci X, Wu B, Song M, Liu Y, Chen G, Wu E, Zeng H (2014) Tunable Fano
resonances in heterogenous Al-Ag nanorod dimers. Appl Phys A 117(2):
955–960

19. Lin T-R, Chang S-W, Chuang SL, Zhang Z, Schuck PJ (2010) Coating effect
on optical resonance of plasmonic nanobowtie antenna. Appl Phys Lett
97(6):063106

20. Grzeskiewicz B, Ptaszynski K, Kotkowiak M (2014) Near and far-field
properties of nanoprisms with rounded edges. Plasmonics 9:607–614

21. Guo H, Meyrath TP, Zentgraf T, Liu N, Fu L, Schweizer H, Giessen H (2008)
Optical resonances of bowtie slot antennas and their geometry and
material dependence. Opt Express 16(11):7756–7766

22. Hatab NA, Hsueh CH, Gaddis AL, Retterer ST, Li JH, Eres G, Zhang Z,
Gu B (2010) Free-standing optical gold bowtie nanoantenna with
variable gap size for enhanced Raman spectroscopy. Nano Lett
10(12):4952–4955

23. Rosen DA, Tao AR (2014) Modeling the optical properties of bowtie
antenna generated by self-assembled Ag triangular nanoprisms. ACS Appl
Mater Interfaces 6(6):4134–4142

Yang et al. Nanoscale Research Letters  (2017) 12:430 Page 5 of 6



24. Zhang C-H, Zhu J, Li J-J, Zhao J-W (2015) Misalign-dependent double
plasmon modes “switch” of gold triangular nanoplate dimers. J Appl Phys
117(6):063102

25. Fischer H, Martin OJF (2008) Engineering the optical response of plasmonic
nanoantennas. Opt Express 16(12):9144–9154

26. Goebl J, Zhang Q, He L, Yin Y (2012) Monitoring the shape evolution of
silver nanoplates: a marker study. Angew Chem 51(2):552–555

27. Park J, Kim H, Lee B (2008) High order plasmonic Bragg reflection in the
metal-insulator-metal waveguide Bragg grating. Opt Express 16(1):413–425

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Yang et al. Nanoscale Research Letters  (2017) 12:430 Page 6 of 6


	Abstract
	Background
	Methods
	Structural Model of Misaligned Truncated Ag Nanoprism Dimer
	Finite Element Method for Misaligned Truncated Ag Nanoprism Dimer

	Results and Discussion
	Conclusions
	Abbreviations
	Funding
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

