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Abstract 

Optical orbital angular momentum (OAM) provides an additional dimension for photons to carry 

information in high-capacity optical communication. Although the practical needs have intrigued 

the generations of miniaturized devices to manipulate the OAM modes in various integrated 

platforms, the on-chip OAM detection is still challenging to match the newly-developed compact 

OAM emitter and OAM transmission fiber. Here, we demonstrate an ultra-compact device, i.e., a 

single plasmonic nanohole, to efficiently measure an optical beam’s OAM state in a nondestructive 

way. The device size is reduced down to a few hundreds of nanometers, which can be easily 

fabricated and installed in the current OAM devices. It is a flexible and robust way for in-situ OAM 

monitoring and detection in optical fiber networks and long-distance optical communication 

systems. With proper optimization of the nanohole parameters, this approach could be further 

extended to discriminate the OAM information multiplexed in multiple wavelengths and 

polarizations. 

 

 

Introduction 

In 1992, Allen et al. proposed the concept of the orbital angular momentum (OAM) of light1. The 

typical example is a Laguerre-Gaussian (LG) beam with an azimuthal phase distribution of 𝑒−𝑖𝑙𝜑 

which carries an OAM of 𝑙ℏ per photon. Here, 𝜑 is the angular coordinate in the transverse plane 

and 𝑙 is the so-called topological charge (TC). In the past two decades, optical OAM beams have 

been widely used in optical tweezers, information processing, imaging, and nonlinear optics2-8. 

Recently, scientists have found that OAM can provide an additional degree of freedom for optical 

communications9,10. By employing OAM multiplexing, one can greatly enhance the channel 

capacity and the spectral efficiency. The first experimental breakthrough was a terabit free-space 

data transmission in 201210. Later, terabit-scale OAM mode division multiplexing was realized in a 

specially designed multimode fiber (with a typical core diameter of 15 μm)9, which opens a door to 
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apply OAM in high-capacity optical fiber networks11. Since then, significant advances have been 

achieved in fabricating integrated devices to manipulate the OAM states for different applications12-

16. Researchers have manufactured compact OAM emitters by using, for example, an angular grating 

with a radius of 3.9 μm, a microstructure optical fiber tip of 4 μm in radius, and a microring resonator 

with a radius of 4.5 um12,14,16. Recently, the emitter size has been decreased further down to ~1 μm 

in radius by using a tunable open microcavity to produce various OAM modes17. The on-chip OAM 

multiplexing of broadband light was realized by using a mode-sorting nanoring aperture with a scale 

of 4.2 μm×4.2 μm18. However, it is still difficult to easily detect the OAM mode in an integrated 

device, especially when the OAM-carrying beam has a size of few microns.   

In free space, there are many methods to detect an OAM state, which can be generally divided 

into two main categories. The traditional and efficient way is to build an interferometer19. By 

interfering an OAM beam with its own mirror image or a reference light beam with a known profile, 

the TC can be counted from the interference fringes19-21. The other category is to introduce mode 

converters, such as single slit22, double slits23, gradually–changing–period grating24, triangular 

apertures25, special designed refractive element26, cylindrical lens27 and fork grating6, where the 

OAM modes can be analyzed from the converted patterns. So far, only a few nanophotonic devices 

including holographic coupler and plasmonic metasurface can realize OAM measurements on 

chip28-31. These reported devices have typical sizes of tens of microns, which need to be further 

reduced to match the compact OAM emitters12 or the OAM fibers9 for practical applications. In 

addition, precision nano-fabrication and careful optical alignment are generally required in such on-

chip detectors. With few exceptions like weak measurement32, the OAM mode is usually destroyed 

in most of the above detection schemes, which cannot be used to inspect the OAM mode in situ. 

In this Letter, we demonstrate the use of a single plasmonic nanohole to measure the OAM 

state nondestructively. Such nanohole is a fundamental nanophotonic block, which can control the 

light beyond the diffraction limit through its coupling with plasmons33. The advantages of our 

method can be summarized in three folds. (1) The device size is reduced down to nanoscale, which 

can be easily installed on a fiber tip or an integrated OAM emitter. (2) The OAM information is 

extracted in a nondestructive way. In general, a plasmonic device suffers from significant loss, 

which originates from the substantial reflection at the metal surface and the inevitable increase of 

light absorption and scattering in the nanostructures. In our nanohole device, only a small portion 

of light is transmitted for the OAM detection. The high reflectivity (>94% in our current device) at 

the metal surface guarantees that the major OAM-carrying beam can still be applied for further tasks. 

The increase of light absorption and scattering due to the single nanohole structure is basically 

negligible. (3) Such metallic nanohole device can be easily fabricated with low-cost, and is flexible 

and robust for on-chip applications. It is particularly useful to monitor the OAM mode in situ in 

optical fiber networks or long-distance optical communications.  

 

Principle 

The device is a single nano-sized hole fabricated in a thin metal film. As shown in Fig. 1(a), the 

working principle of the device can be considered as a self-referenced interferometer. A light beam 

carrying an OAM of l is normally incident onto the device. Because of the high reflectivity at the 

metal surface, most of the incident OAM beam is reflected back without significant change (See 

Supplementary Fig. 2). The light passing through the device takes two channels. One is an efficient 

way: the light couples with plasmons in the nanohole, travels through it, and emits photons at the 
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other side. However, only the minority of the incident beam near the nanohole could take this route. 

The majority part of the transmitted beam goes directly through the metal film unaffected by the 

nanohole. Because of the skin depth of metal, the directly transmitted beam is attenuated by orders 

of magnitude, but still carries the original OAM information. By analyzing the interference pattern 

between the lights transmitted through these two channels, one can well investigate the property of 

the incident OAM beam.  

Because of the strong confinement of light, the nanohole can be approximately seen as a point 

source. Therefore, the interference pattern can be considered as the superposition of an OAM mode 

and a spherical wave. As shown in Figs. 1(b) to 1(d), the generated pattern is a spiral structure or a 

distorted fork grating, depending on the position of the nanohole relative to the OAM beam profile. 

The TC of the OAM mode can be determined by counting the fringes of the interference pattern. 

For example, when an OAM beam with l = 8 coaxially interferes with the spherical wave, i.e., the 

nanohole is aligned with the center of the incident beam, the generated pattern has a spiral structure 

as shown in Fig. 1(b). The observed eight fringes, starting from the central singularity and winding 

around it, indicate the original TC of the beam. The sign of the TC can also be distinguished from 

the winding direction of fringes, i.e. clockwise (or anti-clockwise) winding represents a positive (or 

negative) TC. If the nanohole slightly deviates from the beam center or tilts a little, the spiral pattern 

becomes deformed as shown in Fig. 1(c). However, the number of fringes remains to be l and can 

still be easily counted. When the deviation is severe, the interference pattern turns into a distorted 

fork grating as shown in Fig. 1(d). In this case, one should obtain the TC by calculating the 

difference between the numbers of fringes on the two sides of the fork. For example, in Fig. 1(d), 

the TC is l = 15 – 7 = 8.  

 

 

Figure 1. (a) The schematic diagram of the detecting process. An OAM beam is incident onto the 

nanohole device fabricated on an Au film. Most of the input beam is reflected for other uses. The 
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spherical wave emitted from the nanohole interferes with the directly transmitted OAM mode. The 

TC can be determined from coaxial interference pattern (b), slightly off-axis interference pattern (c), 

or severe off-axis interference pattern (d) (see Methods for more information about the simulation). 

 

The design of the device is to realize a good interference contrast at certain imaging plane. To 

achieve that, one must balance the directly-transmitted OAM mode and the spherical wave emitted 

from the nanohole channel so that they have similar power densities at the imaging plane. This can 

be achieved by optimizing the size of the nanohole and the thickness of the metallic film. The hole 

in the metal film is required to be small enough so that 1) it can work as a point source for spherical 

wave and 2) its disturbance to the transmitted and reflected OAM modes can be basically ignored. 

Considering that the OAM mode in an integrated device has a typical size of a few microns, the 

hole size should be no bigger than a few hundreds of nanometers. When light passes through such 

a nanohole, the transmissivity is greatly enhanced by plasmons. There are resonant peaks at certain 

wavelengths, i.e., enhanced optical transmission33, because of the excitation of the localized surface 

plasmons (LSPs). For example, the Au nanohole of 300 nm in diameter in our experiment has a 

resonant peak at a wavelength of 633 nm (Fig. 2(a)). Since the transmissivity of the metal film can 

be estimated by the skin depth, one can design the nanohole device based on above discussions. 

Moreover, precision fabrication of the nanohole device is not strictly required. The robustness of 

our device partially lies in the fact that even when the nanohole is not perfectly fabricated, one can 

still optimize the quality of the interference pattern by properly selecting the observation plane. 

Because the spherical wave emitted from the nanohole diffracts much faster than the OAM beam, 

the interference contrast can be continuously tuned by moving the imaging plane.  

    

 

Experimental demonstrations  

Sample fabrication. One can have flexible platforms to support such metallic nanohole devices, 

depending on the working circumstance. For example, it can be installed on a fiber tip for in-situ 

OAM inspection in fiber networks, or set at the output port of a micro-emitter for mode analysis. In 

our experimental demonstration, the nanohole device is fabricated in a 230 nm-thick Au film on a 

glass substrate by a focused ion beam. The Au film has a transmissivity of ~4×10-5 and a reflectivity 

of 94%. The loss of ~6% is mainly caused by the absorption and scattering in the Au film, which 

can be further suppressed by improving the film quality. Five nanohole devices with diameters of 

250 nm, 300 nm, 350 nm, 400 nm and 450 nm are manufactured for comparisons. The inset in Fig. 

2(a) shows the SEM picture of the 300 nm nanohole. The transmissions of the nanohole at an input 

wavelength of 633 nm are roughly measured by using a CCD camera. The relative transmission 

efficiency of the nanoholes (normalized to their areas) are shown in Fig. 2(a). Clearly, a resonant 

peak for the 633 nm laser appears at the 300 nm nanohole. 

 

The evolution of interference fields. The performance of the single nanohole device is tested by 

using a He-Ne laser. The 633 nm laser passes through a vortex phase plate (VPP) to produce an 

OAM beam as the input light source. The beam size is ~15 μm in diameter, which is close to the 

OAM mode in a fiber9. In principle, the single nanohole can measure OAM beams with different 

TC values. Here, we choose l = 8 as an example. See Method and Supplementary Fig. 1 for detail 

information about the optical setup. To better utilize the plasmonic resonance, we use the 300 nm 
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nanohole for the test. Since the center of an ideal OAM-carrying beam is a phase singularity with 

zero intensity, the nanohole is set slightly off center to improve the interference contrast. Therefore, 

a distorted spiral structure is expected in the transmitted interference pattern. The reflected beam 

well preserves the input OAM mode (see Supplementary Fig. 2). Figures 2(b)-2(d) show the 

evolution of the transmitted pattern along the propagation direction of light. The observation plane 

at a propagation distance of 90 um (Fig. 2(b)) presents a good image quality. One can observe eight 

curves winding around the central singularity, which is well consistent with the input TC of l = 8. 

As the propagation distance increases, the spherical wave diverges much more quickly than the 

vortex beam, which results in the reduction of the image quality as shown in Figs. 2(c) and 2(d). 

The contrast of the interference pattern deteriorates when the beam travels 120 um from the 

nanohole (Fig. 2(c)). At a distance of 160 um, the tails of the spiral curves are less distinguishable. 

The center of the interference field evolves into a pattern consisting of eight petals (Fig. 2(d)). 

Nevertheless, one can still determine the TC of the beam at a large range of observation planes. 

Such flexible working distance can be an important advantage in certain extreme operation 

conditions. The numerical simulations in Figs. 2(e)-(g) are well consistent with the experimental 

results. 

 

Figure 2. (a) The transmission efficiency of the nanoholes with various diameters normalized to 
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their respective hole sizes. The inset is the SEM picture of a 300 nm-in-diameter nanohole. (b)-(d) 

show the evolution of the interference patterns when an OAM mode of l = 8 passes through the 300 

nm nanohole device, which correspond to propagation distances of 90 μm, 120 μm, and 160 μm, 

respectively. The corresponding simulations are shown in (e)-(g), respectively. (Scale bar, 20 μm)  

 

Robustness tests 

In the above experiment, we have demonstrated that the image quality can be optimized by moving 

the observation plane. In real applications, there could be other unexpected errors. For example, the 

imprecision in nano-fabrication can result in inaccurate parameters of the nanohole. A deviation 

from the ideal position may occur when one installs the nanohole device. Therefore, we have run 

more tests to show the robustness of such single nanohole device in the presence of an error. 

 

Influence of the error in the nanohole size. Figure 3 shows the interference patterns of different 

nanohole devices under the same experimental conditions. The observation plane is set at 100 μm 

away from the nanohole. The patterns in Figs. 3(a)-(d) correspond to the nanoholes with diameters 

of 250 nm, 300 nm, 350 nm, and 400 nm, respectively. In the experiment, the nanohole is placed on 

the brightest point of the OAM beam, which ensures enough light intensity of the spherical wave 

for each nanohole device. The image at the output face of the Au film (see the insets in Fig. 3) 

indicates the position of the nanohole relative to the OAM beam. One can barely resolve eight pedals 

in Fig. 3(a). The low contrast is caused by the low intensity of the spherical wave from the 250 nm 

hole (see Fig. 2(a)). The image qualities of Figs. 3(b) and 3(c) are significantly improved in 

comparison to Fig. 3(a). Because of the plasmonic resonance, the transmission efficiency of the 300 

nm hole is greatly enhanced to be comparable to the 350 nm hole (Fig. 2(a)). Therefore, the image 

contrasts in Figs. 3(b) and 3(c) are similar. When further increasing the nanohole size to 400 nm, 

more detail features appear at the outer area of the pattern because of the strong spherical wave (Fig. 

3(d)). Our results show that the performance of the nanohole device has a large tolerance for the 

size uncertainty. In addition, plasmons play a much more important role in smaller nanohole because 

the transmission efficiency under non-resonant condition falls very quickly when scaling down the 

size of the nanohole34. 

 

 

Figure 3. Comparison of the interference patterns when using nanoholes of (a) 250 nm, (b) 300 nm, 

(c) 350 nm, and (d) 400 nm in diameter, respectively. The imaging plane is set at a distance of 100 

μm away from the sample. Each inset shows the image at the output face of the nanohole device, 

which is used to determine the position of the nanoholes relative to the OAM beam.  

 

Influence of the position error in the device installation. Such error may often happen in practical 

installation and operation because of the nanoscale device, which is equivalent to the deviation of 
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the nanohole location relative to the OAM beam. As discussed in the Principle part, this may modify 

the transmitted interference pattern because of the change in the relative position between the OAM 

mode and the spherical wave. However, the TC of the OAM beam can still be easily counted from 

the interference pattern. A nanohole with a diameter of 400 nm is used for the test. It is first set near 

the central singularity point of the input OAM beam, i.e., under a nearly coaxial-interference 

configuration (Fig. 4(a)). A clear spiral pattern is formed at the imaging plane of 60 μm away (Fig. 

4(b)). Since the intensity close to the singularity of the OAM mode is nearly zero, the image contrast 

is relatively poor. As a comparison, the nanohole is moved near the bright ring (Fig. 4(c)). The spiral 

pattern is distorted as predicted in the Principle (Fig. 4(d)). However, the image contrast is greatly 

enhanced. Our device shows robustness to a relative displacement of the nanohole position. It should 

be mentioned that the decrease in the interference quality due to above errors could be partially 

compensated by shifting the imaging plane. 

 

 

Figure 4. Influence of the nanohole position relative to the OAM beam on the interference pattern. 

(a) and (c) show the images at the output face of the nanohole device, which indicate the relative 

positions of the nanoholes. When the nanohole is placed near the OAM beam center (a), the 

interference pattern shows a clear spiral structure (b) with a low contrast at the observation plane of 

60 μm. When the nanohole is set on the bright ring (c), the spiral pattern is distorted as shown in 

(d). The image quality is significantly improved due to the better matched interfering intensities.  

                                  

Discussion  

We have experimentally demonstrated a simple scheme of using a single plasmonic nanohole to 

detect the OAM state in a nondestructive way. Due to greatly enhanced transmission by plasmons, 

single nanohole can effectively emit a spherical wave, which serves as a reference beam to detect 

the OAM mode through their interference. Since the nanohole size can be fabricated beyond the 

diffraction limit of light, it can easily operate on various integrated platforms to detect different 

spatial optical beams. Comparing to the traditional OAM detectors, our nanohole device has unique 

advantages in easy fabrication, low cost, nondestructiveness, and system integration. Its robustness 

under various operation conditions also makes itself a favorable choice for in-situ OAM mode 
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monitoring. Such nanohole device can be further improved by growing high-quality metal thin films 

to reduce the losses of photons and plasmons during their propagations. In principle, the nanohole 

device can have a flexible size, depending on the spatial beam to be measured. The applications of 

such nanohole device are beyond the OAM detection. Since its working principle is a self-referenced 

interferometer, the single nanohole can also be used to measure the spatial phase distributions of, 

for example, Bessel beam, spherical wave, and high-order LG modes (see Supplementary Fig. 3) in 

integrated platforms. The excitation of plasmons is sensitive to wavelength as demonstrated in Fig. 

2(a), and polarization if fabricating a non-symmetric hole35,36, which can be utilized for 

discriminating the OAM multiplexed in multiple wavelengths and polarizations in optical fiber 

communications18,30,37. In addition, the device can be extended to mid-infrared and terahertz 

frequencies by fabricating nanoholes on alternative plasmonic materials such as metal alloys, 

highly-doped semiconductors, and graphene38-41.  

 

Methods 

Experimental setup. As shown in Supplementary Fig. 1, a He-Ne laser light source generates a 

linearly-polarized Gaussian beam at the wavelength of 633 nm, which passes through a VPP with a 

TC of 8 to form an OAM mode. A 20X objective after the VPP is used to focus the OAM beam with 

a diameter of ~15 μm, comparable to a typical fiber OAM mode. The reflected beam from the 

nanohole device is analyzed by a standard interferometer (Supplementary Fig. 2), which well 

preserves its original OAM information. The transmission signal is collected by a 10X objective 

and imaged on a CCD camera for mode analysis. The observation plane is selected by carefully 

moving both the10X objective and the CCD camera.  

 

Numerical simulations. To verify the measured results, numerical calculations by Matlab 

programming are carried out to simulate the detection process. In the simulations, the input beam 

propagates along the z axis. The nanohole device is located at z = 0. We define the input OAM mode 

as  
1 1
,

I OAM
u u x y . The simplified transmission function  1 1

,yT x  of the nanohole device 

can be expressed as  

 
   

   

2 2

1 1

1 1
2 2

1 1

,
,y =
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film
t x X y Y R

T x

x X y Y R


   


    


  ,     (1) 

where 
film
t  is the  transmittivity of the metallic film, X and Y are the coordinates of the 

nanohole with a radius of R. The output field at z = 0 from the nanohole device can be written as 

      
1 1 1 1 1 1
, , 0 , ,

o OAM
u x y z u x y T x y .       (2) 

Using the Fresnel approximation, the output field in the detection plane at a distance of z is  

     2 2 1 1 2 1 2 1 1 1
, , , , 0 - , ,

o o
u x y z u x y z h x x y y z dx dy   ,    (3)   

where  , ,h x y z  is defined by 
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By substituting Eq. (2) into Eq. (3), one can obtain  

        2 2 1 1 1 1 2 1 2 1 1 1
, , , , - , ,

o OAM
u x y z u x y T x y h x x y y z dx dy .   (5) 

If R is much smaller than the size of input OAM mode, the transmission function in Eq. (1) can be 

further simplified as 

 1 1
, ( , )

film
T x y t A X Y  ,  (6) 

where A is the amplitude modulation factor. When applying this approximation, Eq. (5) becomes  

  
     

 

2 2 1 1 2 1 2 1 1 1

2 2

, , , - , ,

                       - , ,

o film OAM
u x y z t u x y h x x y y z dx dy

Ah x X y Y z

 

 


.   (7) 

Equation (7) indicates that the field in the detection plane can be seen as the interference between 

an OAM mode and a spherical wave. The detected intensity interference pattern on the CCD 

camera is 

2

o
I u .       (8) 

By changing z in the transfer function, the interference results can be obtained at different 

propagation distances. Supplementary Fig. 4 shows the simulated results of a 2 um-in-diameter hole, 

which are well consistent with the experimental patterns. 
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1. Experimental setup 

The schematic diagram of the experimental setup is shown in Fig. S1. A He-Ne laser light source 

generates a linearly polarized Gaussian beam at the wavelength of 633 nm, which passes through a 

VPP with a TC of 8 to form an OAM mode. A 20X objective after the VPP is used to focus the 

OAM beam with a diameter of ~15 μm comparable to a fiber OAM mode. The reflected beam from 

the nanohole device is analyzed by a standard interferometer. The transmission signal is collected 

by a 10X objective and imaged on a CCD camera for mode analysis. The observation plane is 

selected by moving the10X objective and the CCD camera. 

 

Supplementary Fig. 1. The schematic diagram of the experimental setup. 

 

2. The characterization of the reflected OAM modes from various nanohole devices 

The reflected OAM mode from the nanohole is measured by using a standard interference method1. 

The input OAM mode carries an OAM of l = 8. Eleven nanoholes with various diameters are tested. 

The reflected intensity pattern presents a well-defined ring shape. The interference pattern clearly 

shows an OAM of l = 8, which is well consistent with the input one (Fig. S2).  

mailto:zhangyong@nju.edu.cn
mailto:mxiao@uark.edu
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Supplementary Fig. 2. The reflected OAM beam from the nanohole devices with different 

diameters. In (a)-(k), the reflected intensity patterns (left) are recorded by a CCD camera. By using 

a standard interference method, the interference pattern (right) clearly shows an OAM of l = 8, 

which is well consistent with the input one. D is the diameter of the corresponding nanohole. 

 

3. Measurement of various spatial lights using the nanohole device 

In the experiment, a spatial light modulation (SLM) is used to generate different wavefronts. A He-

Ne laser operating at 633 nm wavelength serves as the light source to match the working wavelength 

of the SLM. A 500 nm-in-diameter hole in a 0.4%-transmission Au film is used for demonstration. 

The nanohole is placed at the center of the incident pattern. In the experiment, we loaded various 

phase patterns on the SLM, including Bessel beam (Fig. S3(a)), sphere waves (Figs. S3(b) and S3(c)) 

and spiral waves (Figs. S3(d) and S3(e)). When these spatial light beams pass through the nanohole 

device, the corresponding interference patterns in Figs. S3(f)-(j) well present the loaded phase 

patterns.  

 
 

Supplementary Fig. 3. Detection of a spatial wavefront by using the single nanohole device. (a)-

(e) are the phase patterns loaded on the SLM, which correspond to Bessel beam (a), sphere waves 

(b and c) and spiral waves (d and e), respectively. (f)-(j) are the corresponding interference patterns 
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when light beams pass through the nanohole device, which is placed at the center of the incident 

pattern.  

 

4. Measured and calculated evolution of the interference intensity pattern after the device 

The device used here is a 1 um-in-radius hole in a 0.4%-transmission Au film. The input light is an 

OAM beam with l = 8. The evolution of the interference pattern after the device is recorded by a 

CCD camera as shown in Fig. S4(a)-(e), which is well consistent with the calculated results in Fig. 

S4(f)-(j) by using Matlab programming. 

 

Supplementary Fig. 4. The comparison of interference patterns between experimental results and 

simulation results. (a)-(e) are the experimental results at the propagation distances of 0 um (i.e. the 

output face of the device), 100 um, 160 um, 260 um, and 400 um respectively. (f)-(j) are the 

simulation results by using Matlab programming, which are in good agreement with the 

corresponding experimental patterns.  
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