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Abstract: A novel method is proposed to detect the horizontal shift of a specific nanoblock relative to
a reference nanoblock using surface plasmon modes at nanometer resolution. To accomplish this task,
two orthogonal localized surface plasmon resonances were excited within the air gap region between
the silver nanoblocks at the respective wavelengths, 890 nm, and 1100 nm. This technique utilized the
scattering far-field intensities of the two block nanostructures at the two specific wavelengths at two
specific directional spots. The ratio of the scattering intensities at the two spots changed according
to the horizontal shift of the block that moved. Correspondingly, this ratio can be used to provide
the precise location of the block. This method can be applied to many fields, including label-free
bio-sensing, bio-analysis and alignment during nano-fabrication, owing to the high resolution and
simplicity of the process.
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1. Introduction

Remarkable improvements in nanotechnology have led to new prospects in many fields such as
electronics, nanophotonics, and the biological sciences. One of the key techniques in nanophotonics
is surface plasmon resonance (SPR) [1,2]. SPR is an optical phenomenon that results from strong
light-matter interaction, thus leading to resonance oscillation of electron charges excited by the incident
light at the interface between two materials with different permittivity values. These different positive
and negative permittivity values are mostly associated with dielectric and metallic materials [3–7].
At the resonance wavelength, the amplitude of the near-field is enhanced owing to the strong
confinement at the interface. Correspondingly, the scattering light pattern in the far-field is considerably
modified by the nanostructure because of the SPR. As the intensity of the confined light is strongly
enhanced, the SPR has the ability to manipulate light at the subwavelength length scale, thereby
achieving very high spatial resolution.

These technical aspects regarding SPR can be applied to numerous applications, including
ultrasensitive detectors for physical and chemical sensing [8,9] relative to the refractive index of
the environmental material, gas detection such as hydrogen concentration [10], and spatial position
measurement [11–15]. In addition, these SPR sensors can be extensively exploited for biophysical
applications [16,17] including the analysis of molecules [18–20], their detection and the monitoring
of changes in their spatial distribution. A plasmon ruler can measure minute spatial changes
of the structure of a molecule by using spectrum analysis of plasmon resonance modes in metal
nanostructures [21–24]. However, measurements of the scattering spectra of the nanostructures, such
as nanoparticle and nanoblocks, remains challenging, and the spectral resolution is intrinsically limited
by the broad linewidth of the plasmon resonance.
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In this investigation, we theoretically propose a simple and sensitive method to detect any relative
movement along the horizontal direction between the two metal nanoblocks at a nanometer resolution.
Accordingly, this method uses the relative ratio of the scattering intensities in the far-field based on
two specific directions for two different plasmonic modes. Even though measurement techniques for
near-field optical properties are rapidly developing [25–28], measurements in the far-field regime are
significantly easier to be implemented and are more cost-effective.

2. Structure, Specific Mode Profile and Calculation Methods

We hereby propose a plasmonic ruler consisting of two silver nanoblocks with an air gap of
8 nm whereby each block has the same geometric parameters, namely, LX = 200 nm, LY = 150 nm
and a height of 100 nm as shown in Figure 1a. Depending on the direction of the incident light, one
of the two plasmonic modes can be independently excited in the air gap. To excite the gap modes,
light is linearly polarized along the Z-direction (EZ). When this light is incident on the nanoblocks
along the Y-direction (X-direction), as indicated by the blue (red) arrow in Figure 1a mode 1 (or mode
2) is excited at 890 nm (or at 1100 nm), as observed in the scattering cross-section (σsc) spectrum of
Figure 1b. Even though the scattering intensity changes are observed at lower and higher wavelengths,
the elicited changes are maximized at the resonant peaks of 890 nm and 1100 nm. Therefore, we chose
these two wavelengths as the reference wavelengths.

Figure 1c,d show mode profiles for mode 1 and 2 at the wavelengths of 890 nm and 1100 nm,
respectively. In both modes, the electric fields are strongly confined in the air gap between the two
blocks, and there exists one intensity node. However, the node of mode 1 is directed along the X-axis
in contrast to the Y-axis in the case of mode 2. These two modes can be excited separately depending
on the direction of the incident light because of these different mode profiles. In addition, the optical
response of each mode is distinct for the X- or Y-directional displacements of the upper block, while
the position of the lower block is fixed [13]. The scattering far-field patterns of mode 1 and mode 2
vary in different ways.

Firstly, we calculated the scattering far-field patterns of mode 1 for three different displacements of
the upper block: for the original position (black), for an X-shift of 10 nm (red), and for a Y-shift of 10 nm
(blue), respectively, as shown in Figure 1e. The simulation was conducted using COMSOL. These shifts
were observed from the scattering of incident light at 890 nm. In the polar graphs plotted in the YZ
planes, the far-field pattern in the case of a 10 nm shift in the X direction was almost similar to that of the
original position of the upper block. However, the far-field pattern for a 10 nm shift in the Y direction
resulted in a significant change compared to that of the original position. In contrast, the far-field
patterns of mode 2 at 1100 nm showed an opposite dependence on the horizontal displacement of the
upper block. The far-field pattern for an X-shift displacement of 10 nm yielded a significant change in
contrast to the minor change observed for a Y-shift displacement of 10 in the XZ plane at the far-field.
Conversely, mode 1 (or mode 2) yielded similar far-field patterns for the X or Y directional shifts in the
XZ (or YZ) planes. These distinguishable dependencies of the scattering far-fields of mode 1 (890 nm)
and mode 2 (1100 nm) on the horizontal displacement, enabled the measurement of the horizontal
position of the upper block with respect to the lower block by observing the scattering far-fields at
890 nm and 1100 nm. Since the scattering field of mode 1 elicits significant changes for Y directional
shifts of the upper block in Figure 1, it is expected that the measurement of the scattering field of mode
1 using an incident light at a wavelength of 890 nm should allow the determination of the Y-position of
the upper block to be determined. Therefore, we investigated the scattering fields for incident light
that propagated along the Y direction to excite mode 1, as shown in Figure 2a, as the upper block was
shifted from −10 nm to +10 nm at a 2 nm step intervals along the Y-axis.
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Figure 1. (a) Schematic of the two-metal block assembly when light propagates along the X-axis and 
the Y-axis with the electric field oriented in the vertical direction. (b) Scattering far-field spectra of the 
two-metal block assembly using light propagates along the X-axis and Y-axis. Simulated electric field 
distribution in the YZ, XZ plane and also XY plane with resonance wavelengths of (c) 890 nm and (d) 
1100 nm. Additionally, the 3D distribution of the far-field with (c) Y-directional and (d) X-directional 
incident light propagation. Polar graphs are also plotted to depict the scattering far-field in YZ plane 
and XZ plane for the wavelengths of (e) 890 nm and (f) 1100 nm, respectively. 

3. Novel Method for Measuring 1D Locations 

The scattering fields in the YZ plane were calculated as a function of the azimuthal angle in the 
YZ plane because the change of the scattering field along the X direction was insignificant,  
as indicated by the scattering intensity. In Figure 2a, the filled-blue circles indicate the YZ plane.  
In addition, angle values are measured from the +Y-axis (0°) and increases in the clockwise direction 
so that the angle for +Z-axis is 90°, the angle for −Y-axis is 180°, and the angle for the −Z-axis is 270°. 
In Figure 2b, the solid lines indicate the scattering intensity for a directional shift of the upper block 
along the +Y-axis, and the dashed lines correspond to a directional shift of this block along the −Y-axis. 
The original structure is represented by the black solid line at ΔY = 0 nm, and has the same magnitude 

Figure 1. (a) Schematic of the two-metal block assembly when light propagates along the X-axis and
the Y-axis with the electric field oriented in the vertical direction. (b) Scattering far-field spectra of the
two-metal block assembly using light propagates along the X-axis and Y-axis. Simulated electric field
distribution in the YZ, XZ plane and also XY plane with resonance wavelengths of (c) 890 nm and
(d) 1100 nm. Additionally, the 3D distribution of the far-field with (c) Y-directional and (d) X-directional
incident light propagation. Polar graphs are also plotted to depict the scattering far-field in YZ plane
and XZ plane for the wavelengths of (e) 890 nm and (f) 1100 nm, respectively.

3. Novel Method for Measuring 1D Locations

The scattering fields in the YZ plane were calculated as a function of the azimuthal angle in the
YZ plane because the change of the scattering field along the X direction was insignificant, as indicated
by the scattering intensity. In Figure 2a, the filled-blue circles indicate the YZ plane. In addition, angle
values are measured from the +Y-axis (0◦) and increases in the clockwise direction so that the angle for
+Z-axis is 90◦, the angle for −Y-axis is 180◦, and the angle for the −Z-axis is 270◦. In Figure 2b, the solid
lines indicate the scattering intensity for a directional shift of the upper block along the +Y-axis, and
the dashed lines correspond to a directional shift of this block along the −Y-axis. The original structure
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is represented by the black solid line at ∆Y = 0 nm, and has the same magnitude of the scattering field
magnitude in the +Z (90◦) and −Z (270◦) directions. However, the scattering fields for +Y-axis (0 ◦),
forward scattering) and −Y-axis (180◦, backward scattering) are quite different.

The solid line indicates that the upper block is shifted along the −Y-axis. Regarding the forward
scattering field, more scattering occurs when the upper block is shifted by 10 nm in the +Y-direction
(∆Y = 10 nm) compared to the original structure (∆Y = 0 nm), while backward scattering is less than
that of the original structure. When the upper block moved by −10 nm (∆Y = −10 nm), the forward and
backward scattering fields were same to those elicited at ∆Y = +10 nm. Conversely, the scattering fields
in the +Z (90 ◦) and −Z (270 ◦) directions exhibit opposite trends for ∆Y = +10 nm and ∆Y = −10 nm.
When ∆Y = +10 nm, the scattering intensity at +Z is lower than that at −Z. However, the scattering
intensity at +Z is higher than that at −Z for a shift of ∆Y = −10 nm. There are six dots around each
circle which represents each direction. The filled dots show the direction of increasing values along
the direction of interest, whereas the hollow dots represent decreasing values. In addition, the green
dots represent the direction of the X-axis, while the red dots represent the Y-axis, and the blue dots
represent the Z-axis.
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Based on the differences of the scattering fields at the ±Y and ±Z directions for Y-shifts of the 
upper block in the opposite direction, we investigated the scattering intensities as a functions of the 
Y-shift from −10 nm to +10 nm for six axis directions, namely, ±X, ±Y, ±Z, as shown in Figure 2c. The 
filled (hollow) dots indicate the scattering intensity along the + (-) axis direction. In the case of the +X 
and −X directions (green), the scattering intensities are the same as for those for the +X and −X 
directions, and the value is extending beyond the range of the Y-shift because of the symmetry of the 
system which contains the Y-shifted blocks. Along the +Y direction (solid red circles), the scattering 

Figure 2. (a) Indicated by the blue sphere is the numerical calculation domain of the far-field region in
the case of upper block shifts in the +Y direction (right side of subfigure). The blue arrow indicates the
incident light propagating along the Y-axis with the vertical electric field (EZ), as shown by the black
arrow. (b) Scattering far field intensity plots in the YZ plane as a function of angle for upper block
shifts. (c) Plots of far-field values at specific spots along the ±X, ±Y, ±Z directions. All colored dots
indicate the respective axes depicted in Figure 2a. (d) Plots of scattering intensity ratios obtained by
dividing the value at each positive axis location with the corresponding value at each negative axis
location in the YZ plane.

Based on the differences of the scattering fields at the ±Y and ±Z directions for Y-shifts of the
upper block in the opposite direction, we investigated the scattering intensities as a functions of the
Y-shift from −10 nm to +10 nm for six axis directions, namely, ±X, ±Y, ±Z, as shown in Figure 2c.
The filled (hollow) dots indicate the scattering intensity along the + (-) axis direction. In the case of the
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+X and −X directions (green), the scattering intensities are the same as for those for the +X and −X
directions, and the value is extending beyond the range of the Y-shift because of the symmetry of the
system which contains the Y-shifted blocks. Along the +Y direction (solid red circles), the scattering
field intensity increases as the absolute value of the Y-shift increases. In contrast, the scattering field
along the −Y-axis (hollow red circles) decreases as the upper block shifts more along the +Y or −Y
directions with respect to the origin. However, the scattering field at the ±Y axis elicits the same
dependency as a function of the Y-shift, regardless of the ±sign of the shift. Conversely, for the +Z
direction (solid blue line), the scattering intensity decreases monotonically from 80 to 60 as the Y-shift
of the upper block increases from −10 nm to +10 nm. For the Z direction (hollow blue circles), the
scattering intensity shows exactly the opposite tendency, and increases monotonically from 60 to 80.
The properties of +Z and−Z directional scatterings are unique compared to the other axial directions.
The +X and −X directional scatterings do not depend on distance or direction. However, the +Y
and −Y directional scatterings depend on distance but not on direction. The +Z and −Z directional
scatterings have distinguishable dependencies with respect to the distance and direction of the Y-shift
of the upper block.

In order to use the unique dependencies of the scattering field on the Y-shift in the ±axial direction,
we divided the scattering intensity in two components, namely, one along the positive axial direction
(solid circles), and another along the negative axial direction (hollow circles), as shown in Figure 2d.
As expected in Figure 2c, because the scattering is the same for the +X and −X directions, the ratio of
the scattering field (green) was maintained at the value of unity in the range of the Y-shift. The ratio
(+Y/−Y) indicated by the red line increased as the upper block shifted more from the origin. However,
the plot of the ratio was symmetric in the +Y and −Y directions. Conversely, the ratio of the scattering
intensities in the +Z and −Z axial directions monotonically decreased from 1.4 to 0.6 for the Y-shifts of
the upper block from −10 nm to +10 nm. Therefore, if the scattering intensities for the incident light of
890 nm were measured in the +Z and –Z directions (mode 1), the ratio of the scattering field could
determine the position of the shifted upper block in the Y direction at a nanometer resolution.

The determination of the position of the shift of the upper block along the X direction is similar
to the determination of the shift along the Y direction position based on significant changes of the
scattering field. The only difference is the use of another plasmonic cavity mode that implies mode 2
is excited by the incident light with a wavelength of 1100 nm that propagates along the X direction.
As previously noted in Figure 1, there is a significant change of the far-field pattern for horizontal
displacements in the X-direction in the XZ plane for mode 2, as indicated by the filled-red circles in
Figure 3a. We investigated the spectra of the scattering field for the shifted upper block along the
X-axis in the XZ plane for displacements in the range of −10 nm to 10 nm at 2 nm interval steps, for
identical conditions to those used for the determination of the results of Figure 2. In the XZ plane,
the angle measurement started from the +Z-axis (0◦) and also increased clockwise. Accordingly, the
+X-axis was at 90◦, the −Z-axis was at 180◦ and the −X-axis was at 270◦. The dependence of the
scattering intensities on the azimuthal angle is shown in Figure 3b. For the distribution analysis of the
scattering intensity as a function of the angle, the observed behavior for a shift of the upper block in
the X direction was analogous to that observed for a shift in the Y direction. The intensity of both the
forward scattering fields (+X-axis, 90◦ in the XZ plane and +Y-axis, 0◦ in the YZ plane) were increased,
while backward scattering (−X-axis, 270◦ in XZ plane and −Y-axis, 180 in the YZ plane) was decreased
compared to the intensity of the original block (0 nm). In addition, the scattering intensity associated
with the X-shift of the upper block at +Z and −Z also elicited the same response for the Y-shift.
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Figure 3. (a) Representation of the numerical calculation domain of the far-field region in the case
when the upper block is shifted along +X direction (right side of subfigure) by the XZ plane of the red
sphere. The red arrow indicates the direction of the incident light along the X-axis with the vertical
electric field (EZ) indicated by the black arrow. (b) Plots of far-field intensity variations of a function
of angle in the XZ plane based on the shift of the upper block. (c) Plots of far-field values at specific
spots along the ±X, ±Y, ±Z directions. (d) Plots of scattering intensity ratio obtained by dividing the
value at each positive axis location with the corresponding value at each negative axis location in the
XZ plane.

4. Expansion to 2D Locations Using Scattering Ratio Maps

Based on Figures 2 and 3, the scattering intensities of the incident light at the two different
wavelengths of 890 nm, and 1100 nm studied herein—which corresponding to modes 1 and 2—allows
us to independently estimate the Y- or X-shifts of the upper block. Herein, mode 1 (or mode 2)
was excited by the incident light that propagated along the Y direction (or X direction). In order to
determine the horizontal position of the upper block for simultaneous X- and Y-shifts, we set the
angle of incident light to 40◦, such that 0◦ is assumed to be on the Y-axis, as shown in Figure 4a.
For light with a wavelength in the range of 700 nm to 1200 nm, the scattering cross-sections of all the
structures (black line) at an angle of 40◦ shows two peaks at 890 nm (mode 1), and 1100 nm (mode 2)
in Figure 4b. Two distinct peaks are observed for the scattering cross section inside the gap between
the two nano-blocks. In order to investigate changes in the scattering intensities, we calculated the
ratio of the scattering light along the +Z- and −Z axes for a horizontal shift of the upper block with a
scan step of 1 nm.

The ratios (the scattering intensity along the +Z direction)/(the scattering intensity along the −Z
direction) are plotted in Figure 4c,d as 2D maps, as functions of the X- (∆X) and the Y-shifts (∆Y) of
the upper block for the wavelengths of 890 nm and 1100 nm, respectively. In the 890 nm mapping,
the ratio changed significantly along the Y direction, as shown in Figure 2. Conversely, for the 1100
nm mapping, the ratio changed primarily along the X direction. To identify the horizontal position
of the upper block, the scattering intensities along the +Z and −Z axes were measured for the two
wavelengths used herein, namely, 890 nm and 1100 nm, and the ratios were plotted as equi-wavelength
lines in the two 2D mappings. The intersection of the two lines thus determines the horizontal position
of the upper block. For example, we assumed that the horizontal position of the upper block was ∆X
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= 3.7 nm and ∆Y = 9.7 nm. In this case, the scattering intensity ratios for 890 nm and 1100 nm were
estimated and equaled 0.779 and 0.957, respectively. In the mapping shown in Figure 4c,d, the loci
with values of 0.779 and 0.957 are plotted as black dashed lines and black solid lines, respectively.
In Figure 4e, the two ratio lines overlap and intersect at a specific position. The horizontal position of
the upper block was determined to be ∆X = 3.68 nm and ∆Y = 9.02 nm. The respective discrepancies of
0.02 nm and 0.68 nm for the X- and Y-values are attributed to the results of the 1 nm spatial scan step
of the theoretically prepared 2D map, which can be improved at smaller simulation resolutions.
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nanoblocks on top of each other, separated by a nano-scaled air gap, and by attaching them to two 
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Figure 4. (a) Schematic of the movement of the upper block in the horizontal plane, XY. The purple
arrow indicates the direction of the incident light propagation with respect to the blocks at an angle
of 40 ◦. (b) Scattering near-field spectra of all the structures (black line) and the air gap (red line) at
an incident light angle of 40◦. (c,d) Plots of the scattering field intensities following horizontal and
vertical shifts of ∆X = 3.7 nm and ∆Y = 9.7 nm, respectively, for mode 1 (or mode 2). (e) Mapping plots
showing the combination of the two other modes at the specific shifts of ∆X = 3.7 nm and ∆Y = 9.7 nm,
as represented by the dotted line and the solid lines.

5. Conclusions

The proposed two-metal block structure enabled the determination of the horizontal displacement
of one of the blocks at a nanometer resolution simply by measuring the scattering intensities of the
two wavelengths. We investigated the complete range of angularly distributed scattering light in the
far-field for the two orthogonal plasmon modes, and identified distinguishable scattering tendencies
which had predominant features depending on the X or Y directional spatial shifts of the upper
block. The measurements of the scattering field intensities at the two designated angles of the two
wavelengths studied herein could facilitate the discrimination of the horizontal shift of the upper block
at a high resolution. The proposed method can be validated experimentally by placing two nanoblocks
on top of each other, separated by a nano-scaled air gap, and by attaching them to two atomic force
microscope (AFM) tips similarly to shown in [29].

Our horizontal plasmonic ruler elicited several advantages. These included the utilization of a
simple nanostructure which consisted of only two blocks and two scattering light intensities in the
far-field regime that facilitated the measurements of the scattering spectrum data. In addition, because
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only two spots were used, the technique is relatively straightforward. Given that precision alignment
techniques are extensively used in many fields, our technique is envisaged to have a wide range of
practical applications. The proposed method can be used for structural analyses by monitoring binding
events between molecules ranging from ions to DNA without the use of labels, or for the development
of high-resolution alignment systems in conventional photolithography.

Author Contributions: E.S. performed the simulation, analyzed the data and wrote the paper; Y.J.L. and Y.K.
wrote the paper; S.-H.K. designed whole simulation and revised the paper.

Funding: This work was supported in part by the National Research Foundation of Korea (NRF) through the
Korean Government under Grant NRF-2016R1C1B2007007 and NRF-2013M3C1A3065051.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barnes, W.L.; Dereux, A.; Ebbesen, T.W. Surface plasmon subwavelength optics. Nature 2003, 424, 6950–6957.
[CrossRef] [PubMed]

2. Homola, J.; Yee, S.S.; Gauglitz, G. Surface plasmon resonance sensors: Review. Sens. Actuators B Chem. 1999,
54, 3–15. [CrossRef]

3. Conrad, R. Magneto-Optic Surface Plasmon Resonance Ti/Au/Co/Au/Pc Configuration and Sensitivity.
Magnetochemistry 2018, 4, 35. [CrossRef]

4. Conrad, R. Microstructure, Surface Plasmon, Magneto-Optic Surface Plasmon, and Sensitivity Properties of
Magneto-Plasmonic Co/Au Multilayers. IEEE Trans. Magn. 2018, 54, 1–9. [CrossRef]

5. Conrad, R.; Simone, P.; Ivan, H. Improved Magneto-Optic Surface Plasmon Resonance Biosensors. Photonics
2018, 5, 15. [CrossRef]

6. Conrad, R.; Simone, P.; Ivan, H.; Eric, E.F. Microstructure and magneto-optical surface plasmon resonance of
Co/Au multilayers. J. Phys. Commun. 2018, 2, 055010–055019. [CrossRef]

7. Daria, O.I.; Grigory, A.K.; Pavel, O.K.; Giovanni, D.; Sergey, K.S.; Vladimir, I.B. Magneto-optical plasmonic
heterostructure with ultranarrow resonance for sensing applications. Sci. Rep. 2016, 6, 28077. [CrossRef]

8. Mayer, K.M.; Hanfer, J.H. Localized Surface plasmon resonance sensors. Chem. Rev. 2013, 111, 3828–3857.
[CrossRef] [PubMed]

9. Zeng, S.; Baillargeat, D.; Ho, H.P.; Yong, K.T. Nanomaterials enhanced surface plasmon resonance for
biological and chemical sensing applications. Chem. Soc. Rev. 2014, 43, 3426–3452. [CrossRef] [PubMed]

10. Lee, T.W.; Lee, D.E.; Kwon, S.H. Sensitive hydrogen sensors based on gold-palladium double nanoblock.
IEEE. Photonics Technol. Lett. 2014, 26, 2232–2235. [CrossRef]

11. Chen, W.; Zhang, S.; Deng, Q.; Xu, H. Probing of sub-picometer vertical differential resolutions using cavity
plasmons. Nat. Commun. 2018, 9, 801–809. [CrossRef] [PubMed]

12. Ringe, E.; Sharma, B.; Henry, A.I.; Marks, L.D.; Duyne, R.P.V. Single nanoparticle plamonics. PCCP 2018, 15,
4110–4131. [CrossRef] [PubMed]

13. Lee, T.W.; Lee, Y.J.; Shin, E.; Kwon, S.H. Nanometric plasmonic ruler based on orthogonal plasmonic gap
modes in metal nanoblocks. Appl. Sci. 2018, 8, 386. [CrossRef]

14. Kosma, K.; Schuster, K.; Kobelke, J.; Pissadakis, S. An “in-fiber” whispering-gallery-mode bi-sphere resonator,
sensitive to nanometric displacements. Appl. Phys. B 2017, 124, 1–9. [CrossRef]

15. Romero, I.; Aizpurua, J.; Bryant, G.W.; Abajo, F.J.G. Plasmons in nearly touching metallic nanoparticle:
Singular response in the limit of touching dimers. Opt. Exp. 2006, 14, 9988–9999. [CrossRef]

16. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shan, N.C.; Zhao, J.; Duyne, R.P.V. Biosensing with plasmonic
nanosensors. Nat. Mater. 2008, 7, 442–453. [CrossRef] [PubMed]

17. Ray, P.C.; Fan, Z.; Crouch, R.A.; Sinha, S.S.; Pramanik, A. Nanoscopic optical rulers beyond the FRET distance
limit: Fundamentals and applications. Chem. Soc. Rev. 2014, 43, 6370–6404. [CrossRef] [PubMed]

18. Sonnichsen, C.; Reinhard, B.M.; Liphardt, J.; Alivisatos, A.P. A molecular ruler based on plasmon coupling
of single gold and silver nanoparticles. Nat. Biotechnol. 2005, 23, 741–745. [CrossRef] [PubMed]

19. Alivisatos, P. The use of nanocrystals in biological detection. Nat. Biotechnol. 2003, 22, 47–52. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/nature01937
http://www.ncbi.nlm.nih.gov/pubmed/12917696
http://dx.doi.org/10.1016/S0925-4005(98)00321-9
http://dx.doi.org/10.3390/magnetochemistry4030035
http://dx.doi.org/10.1109/tmag.2018.2854663
http://dx.doi.org/10.3390/photonics5030015
http://dx.doi.org/10.1088/2399-6528/aac0e0
http://dx.doi.org/10.1038/srep28077
http://dx.doi.org/10.1021/cr100313v
http://www.ncbi.nlm.nih.gov/pubmed/21648956
http://dx.doi.org/10.1039/c3cs60479a
http://www.ncbi.nlm.nih.gov/pubmed/24549396
http://dx.doi.org/10.1109/lpt.2014.2351403
http://dx.doi.org/10.1038/s41467-018-03227-7
http://www.ncbi.nlm.nih.gov/pubmed/29476088
http://dx.doi.org/10.1039/c3cp44574g
http://www.ncbi.nlm.nih.gov/pubmed/23420338
http://dx.doi.org/10.3390/app8030386
http://dx.doi.org/10.1007/s00340-017-6866-9
http://dx.doi.org/10.1364/OE.14.009988
http://dx.doi.org/10.1038/nmat2162
http://www.ncbi.nlm.nih.gov/pubmed/18497851
http://dx.doi.org/10.1039/C3CS60476D
http://www.ncbi.nlm.nih.gov/pubmed/24902784
http://dx.doi.org/10.1038/nbt1100
http://www.ncbi.nlm.nih.gov/pubmed/15908940
http://dx.doi.org/10.1038/nbt927
http://www.ncbi.nlm.nih.gov/pubmed/14704706


Sensors 2018, 18, 3365 9 of 9

20. Lee, S.E.; Lee, L.P. Biomolecular plasmonics for quantitative biology and nanomedicine. Curr. Opin. Biotechnol.
2010, 21, 489–497. [CrossRef] [PubMed]

21. Liu, N.; Hentschel, M.; Weiss, T.; Alivisatos, A.P.; Giessen, H. Three-dimensional plasmonic rulers. Science
2011, 332, 1407–1410. [CrossRef] [PubMed]

22. Davis, T.J.; Hentschel, M.; Liu, N.; Giessen, H. Analytical model of the three—Dimensional plasmonic ruler.
ACS Nano 2012, 6, 1291–1298. [CrossRef] [PubMed]

23. Liu, N.; Weiss, T.; Mesch, M.; Laugguth, L.; Eigenthaler, U.; Hirscher, M.; Sonnichsen, C.; Giessen, H. Planar
metamaterial analogue of electromagnetically induced transparency for plasmonic sensing. Nano Lett. 2010,
10, 1103–1107. [CrossRef] [PubMed]

24. Kwon, S.H. Plasmonic ruler with angstrom distance resolution based on double metal blocks. IEEE Photonics
Technol. Lett. 2013, 25, 1619–1622. [CrossRef]

25. Betzig, E.; Trautman, J.K. Near-field optics: Microscopy, spectroscopy, and surface modification beyond the
diffraction limit. Science 1992, 257, 189–195. [CrossRef] [PubMed]

26. Knoll, B.; Keilmann, F. Near- field probing of vibrational absorption for chemical microscopy. Nature 1999,
399, 134–137. [CrossRef]

27. Taubner, T.; Korobkin, D.; Urzhumov, Y.; Shvets, G.; Hillenbrand, R. Near-field microscopy through a SiC
superlens. Science 2006, 313, 1595. [CrossRef] [PubMed]

28. Rust, M.J.; Bates, M.; Zhuang, X. Sub-diffraction-limit imaging by stochastic optical reconstruction
microscopy (STORM). Nat. Methods 2006, 3, 793–796. [CrossRef] [PubMed]

29. Kevin, J.S.; Matthew, M.H.; Rubén, E.; Andrei, G.B.; Javier, A.; Jeremy, J.B. Revealing the quantum regime in
tunnelling plasmonics. Nature 2012, 491, 574–577. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.copbio.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20801636
http://dx.doi.org/10.1126/science.1199958
http://www.ncbi.nlm.nih.gov/pubmed/21680838
http://dx.doi.org/10.1021/nn204029p
http://www.ncbi.nlm.nih.gov/pubmed/22224421
http://dx.doi.org/10.1021/nl902621d
http://www.ncbi.nlm.nih.gov/pubmed/20017551
http://dx.doi.org/10.1109/LPT.2013.2272785
http://dx.doi.org/10.1126/science.257.5067.189
http://www.ncbi.nlm.nih.gov/pubmed/17794749
http://dx.doi.org/10.1038/20154
http://dx.doi.org/10.1126/science.1131025
http://www.ncbi.nlm.nih.gov/pubmed/16973871
http://dx.doi.org/10.1038/nmeth929
http://www.ncbi.nlm.nih.gov/pubmed/16896339
http://dx.doi.org/10.1038/nature11653
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure, Specific Mode Profile and Calculation Methods 
	Novel Method for Measuring 1D Locations 
	Expansion to 2D Locations Using Scattering Ratio Maps 
	Conclusions 
	References

