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We report on the nonlinear optical properties of few-layer GaTe studied by multiphoton microscopy.

Second and third harmonic generation from few-layer GaTe flakes were observed in this study with

the laser pump wavelength of 1560 nm. These processes were found to be sensitive to the number of

GaTe layers. The second- and third-order nonlinear susceptibilities of 2.7� 10�9 esu (1.15 pm/V)

and 1.4� 10�8 esu (2� 10�16 m2/V2) were estimated, respectively. VC 2016 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4941998]

Semiconducting 2D materials are attracting considerable

interest for research aimed at applications in next-generation

electronics and optoelectronics. Many layered 2D materials

with a broad range of properties have been explored, from

insulating h-BN and semi-metallic graphene to semiconduct-

ing layered metal chalcogenides (e.g., MoS2, WS2, GaSe,

GaS).1–5 Optical properties of graphene have been exploited

in various photonic devices.6–9 Recently, monolayer MoS2

has garnered significant interest in nonlinear optics as the

lack of inversion symmetry yields a non-vanishing second-

order susceptibility.10,11 Strong second-harmonic generation

(SHG) and third-harmonic generation (THG) have also been

reported for few-layer GaSe.12

Similar to GaSe, GaTe is a non-centrosymmetric 2D

layered material having an anisotropic monoclinic crystal

structure with each layer consisting of Te-Ga-Ga-Te repeat

units stacked along the c-axis. Bulk GaTe has strong exci-

tonic absorption at room temperature and also exhibits high

carrier mobilities and long carrier lifetimes13 showing excel-

lent electronic and optical properties and therefore has been

applied in optoelectronic devices, radiation detectors, and so-

lar cells. GaTe is especially attractive as it has a direct

bandgap of 1.65 eV.14–16

In contrast to these studies, very little is known about

the nonlinear optical properties of few-layer GaTe although

they can play an important role in various photonic and opto-

electronics applications. Nonlinear absorption properties for

wavelengths shorter than 1064 nm have been reported17 for

bulk GaTe crystals. In order to have SHG, it is essential to

have material with broken inversion symmetry. GaTe exhib-

its such broken inversion symmetry regardless of the number

of layers, N. This is an exceptional characteristic compared

to MoS2, where SHG can only be observed in the case of

monolayer and odd N as the inversion symmetry is broken

only in these cases.10 Even with odd N, the SHG signal of

MoS2 is significantly reduced with increasing N.10 The bro-

ken inversion symmetry that persists in GaTe regardless of N
inspires the careful study of few-layer samples. This is a crit-

ical aspect from a material manufacturing standpoint as well,

since controlling the uniformity and number of layers has

been extremely challenging in chemical vapour deposition

(CVD) of 2D materials other than graphene.

In this work, we have employed multiphoton microscopy

with a compact 1560 nm femtosecond fiber laser to study the

nonlinear optical properties of GaTe, specifically second and

third harmonic generation in mechanically exfoliated few-

layer GaTe. Employing multiphoton microscopy, we obtain

high-contrast signals for different layer thicknesses of GaTe

and the substrate. A systematic optical nonlinearity study fo-

cusing on THG and SHG of few-layer GaTe is carried out

using the laser excitation wavelength near 1560 nm, in a tech-

nologically important telecommunication window, where

applications of second- and third-order nonlinearities, e.g.,

all-optical signal processing and frequency conversion, may

have ground-breaking impact.

A confocal scanning micro-Raman system with a 532 nm

green laser was used for Raman studies at room temperature

in ambient air. Figure 1(a) shows an optical image displaying

different thicknesses of exfoliated GaTe flakes as determined

by atomic force microscopy (AFM) in Figure 1(b). The thick-

ness of single-layer GaTe is known to be �0.75 nm.18 Raman

mapping of the flake (integrated intensity in the range of

152–212 cm�1) is presented in Figure 1(c). Three prominent

peaks can be observed in the Raman spectra in Figure 1(d) at

178 cm�1, 233 cm�1, and 275 cm�1. Note that the system

employed is not able to detect Raman shifts below 150 cm�1.

The Raman peak around 178 cm�1 is clearly visible for

thicknesses from 7 nm to 17 nm (Figure 1(d)). At around

57 nm thickness, the peak has the same spectral characteristics

as can be noted in Figure 1(e) although the signal intensity is

in overall quite low. We assume that the reduced intensity

relates to light absorption in GaTe, which reduces thea)Electronic mail: juha.riikonen@aalto.fi
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enhancement due to reflection from the SiO2/Si interface.19

The Raman peak around the 275 cm�1 is quite strong from

areas having a thickness of 14�17 nm, whereas it is undetect-

able for thinner areas (7–11 nm). A peak at 233 cm�1 is

observed from 11 to 17 nm thick flakes with an intensity that

increases with thickness, whereas at �57 nm the peak inten-

sity becomes very low. An additional peak with relatively low

intensity appears at 223 cm�1 when the thickness reaches

�57 nm. It should be noted that the Raman peak around

307 cm�1 originates from the substrate and can also be seen in

the spectra from the thin GaTe layers as evidenced in Figure

1(e). Furthermore, this peak is practically absent for the

thicker layer as expected due to signal absorption in GaTe.

Therefore, we conclude that Raman spectra (Raman

shifts>150 cm�1) can give some indication as to the number

of the GaTe layers present. However, the fingerprint is not as

clear as in the case of graphene.20

To study the nonlinear optical properties of few-layer

GaTe, we employed a multiphoton microscope12,21 with a

compact 1560-nm femtosecond fiber laser. Details of the sys-

tem can be found in Ref. 22. SHG and THG images taken

simultaneously using a dichroic mirror in the multiphoton

microscope are shown in Figures 2(a) and 2(b), respectively.

The areas with different number of layers are clearly

distinguishable in the THG image. Both SHG and THG sig-

nal intensity increase as the number of layers increases. For

further visualization, Figure 2(c) shows a composite RGB

(Red Green Blue) micrograph obtained by combining images

in Figures 2(a) and 2(b). The SHG and THG signals are in

the red and green channels of the RGB image, respectively.

The areas in Figure 2(c) that simultaneously show a high in-

tensity for both SHG and THG signals appear in the compos-

ite image as yellow (combination of red and green). The

cross-sectional profiles of the SHG and THG signals from

the blue dashed line in Figure 2(c) are plotted in Figure 2(d).

Interestingly, the maximum intensity of SHG and THG is

not observed to arise from the thickest (57 nm) area of the

flake. Instead, a clearly distinct high intensity region can be

discriminated in the region between the 17-nm-thick and 57-

nm-thick areas for both signals. The AFM micrograph of this

area in Figure 2(e) reveals that there is a staircase-like struc-

ture. From the AFM cross-section plotted in Figure 2(f), we

estimate that the step height is about 10 nm for each step. In

the case of the 57-nm-thick area, we attribute the decreased

SHG and THG signals to the increased flake thickness com-

pared to the coherence length (as discussed below).

FIG. 1. Characterization of the mechanically exfoliated GaTe flakes: (a)

Optical micrograph showing layered structure of the flake. (b) AFM image

used to determine the layer thickness. (c) Raman mapping using integrated

intensity from the wavenumber range from 152– to 212 cm�1. (d) Raman

spectra of different areas (thickness 7 to 59 nm) and (e) detailed comparison

of the Raman spectra of the SiO2/Si substrate, 7 and 57 nm thick GaTe.

Ticked line at 307 cm�1 highlights the peak arising from the SiO2/Si

substrate.

FIG. 2. (a) SHG and (b) THG images of the few-layer GaTe flake. (c) RGB

composite image generated from the SHG and THG images. (d) Cross-

sectional SHG and THG signals taken from the blue dashed line in (c); scale

bars in the SHG and THG images are 10 lm. (e) AFM image of the staircase

area where the intensity is at maximum for both SHG and THG. (f) AFM

cross-section of the staircase area taken from the white dashed line B-B’ in

(e) showing the steps from 17 to 57 nm.
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The THG image shows higher contrast between the sub-

strate and GaTe. This holds true also when assessing the con-

trast between different numbers of layers in the flake. For our

setup, the THG signal from the 7-nm-thick flake is relatively

weak (becoming nearly indistinguishable). For the SHG sig-

nal, the corresponding threshold thickness seems to be 11 nm.

The weak signals are probably due to the small thickness of

the flake compared to the coherence length of the materials

(as we consider later in detail). THG signals are constant over

areas with the same N, whereas the SHG signals seem to vary

even within areas of constant N, perhaps indicating variations

in the crystal structure or the presence of stresses, which could

affect the second order nonlinear optical susceptibility.

To further analyse the nonlinear optical effects, the SHG

and THG signals for different layer thickness are plotted vs.

the excitation peak power in Figures 3(a) and 3(b). The SHG

and THG signals follow square and cubic behaviour, respec-

tively, as expected. This underscores that the observed sig-

nals originated from SHG and THG. Both measurements

further confirm that the maximum signal intensity is

achieved for GaTe when the thickness is below 57 nm.

The coherence length for the backward generated THG

can be calculated from lBTHG
c ffi p

k 3xð Þþ3kðxÞ ffi
k

6ðn3xþnxÞ. With

the excitation wavelength k ¼ 1560 nm, we use refractive

indices of nx ¼ 3:8 (at the wavelength of 1560 nm) and

n3x ¼ 3:76 (at the wavelength of 518 nm) for fundamental

and THG signal, respectively.14 n3x < nx (i.e., anomalous

dispersion) due to the position of the band gap in GaTe, which

lies in between the two wavelengths. The calculated lBTHG
c is

about 34 nm. For SHG, lBSHG
c ffi k

4 n2xþnxð Þ ffi 46 nm using

n2x ffi 4.72 (from Refs. 14 and 23 for the wavelength of

776 nm, just below the band gap). For both SHG and THG,

the coherence length (for the backward generated SHG and

THG) lies between 17 and 57 nm. Below the coherence

length, the harmonic signals should increase when the thick-

ness of the non-linear material increases, and above the coher-

ence length the signal starts to decrease. This is why we

observed the highest SHG and THG signals from the staircase

area shown in Figure 2(e), with thickness between 17 and

57 nm.

The spectra of the generated light were measured at two

different positions with different thickness (11 nm and

57 nm). Figure 4 shows peaks at the wavelength of 520 nm

and 780 nm observed in both measurements. The positions

and narrowness of the peaks further verify that the detected

signals are second and third harmonics for the fundamental

excitation wavelength of 1560 nm as opposed to multiphoton

fluorescence. In the area with a thickness of 11 nm, the peak

near 780 nm is not as intense as in the area having a thick-

ness of 57 nm. The weak signal from 11 nm thick GaTe is

probably due to the small thickness compared to the coher-

ence length or could indicate some modification in the struc-

ture for thicker films.

The third-order optical nonlinearity coefficient vð3ÞGaTe was

estimated to be around 1.382� 10�8 esu (2� 10�16 m2/V2)

using single-layer graphene as a reference

(vð3Þgraphene � 3� 10�7 esu).21 The estimation was performed

with the following relationship:12

v 3ð Þ
GaTe ffi

dgraphene

dGaTe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
THGGaTe

THGgraphene

s
v 3ð Þ

graphene; (1)

where the thickness of graphene dgraphene is 0.3 nm, dGaTe is

11 nm, and

THGGaTe=THGgraphene ¼ 2:79:

The THG signals for both GaTe and graphene were meas-

ured using the same excitation power of 10 mW. The vð3Þ of

graphene is known to be exceptionally high due to the reso-

nant condition for the excitation and THG signals.24

The second-order optical nonlinearity coefficient was cal-

culated using the surface nonlinear susceptibility equation25

v 2ð Þ
GaTe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0ck4

2Pav2Rt2
1 n2 þ 1ð Þ2 n1 þ 1ð Þ4

32NA2t2P2
av1/

s
; (2)

where R is the repetition rate, ti the pulse width, Pavi the aver-

age power (i¼ 1: fundamental, 2: SH), and /¼ 3.56 from

/ ¼ 8p
Ð 1

0
j cos�1q� q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� q2

p
j2qdq.25 We used refractive

indices for SiO2 of n2¼1:45 and n1¼1:44 determined at the

wavelength of 780nm and 1560nm, respectively.26 Here, the

repetition rate was R¼75MHz, pulse widths t1¼ t2¼228fs,

fundamental average laser power Pav1¼5�10�3 W, average

FIG. 3. Excitation peak power dependence of the (a) SHG and (b) THG sig-

nals. The lines are fits to square (a) and cubic (b) power dependences.

FIG. 4. Measured spectra of the nonlinear signals from two different positions

with different thicknesses (11 and 57 nm) on the GaTe flake. Inset plots the

SHG peak at the wavelength of 775 nm from the area with the thickness

11 nm. The magnification factor in the vertical axis of the inset plots is about

500�.
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laser power of the SHG signal on the 14nm thick GaTe flake

Pav2¼8:93�10�13 W, numerical aperture NA¼0.5, permit-

tivity of free space e0¼8:854�10�12 Fm�1, velocity of light

c¼2:99�108 ms�1, and the wavelength of the SHG signal

k2¼780nm were used to calculate the sheet nonlinear sus-

ceptibility of 14-nm-thick GaTe. The calculated sheet non-

linear susceptibility is 6:72�10�20 m2=V. Taking the

thickness into account, the estimated second�order

nonlinear susceptibility of the material is about 1.15pm/V

(2.7 � 10�9 esu).

For comparison to other layered 2D materials,

vð2Þ ¼ 20 6 2 pm/V has been reported for the few layer GaSe

at the excitation wavelength of 1560 nm.12 The vð2Þ literature

values for monolayer MoS2 are on the order of hundreds of

pm/V (Refs. 11 and 27) at excitation wavelengths around

800 nm. vð2Þ ¼ 4.5 nm/V has been reported for synthesized

monolayer WS2 at an excitation wavelength of 832 nm.25

Therefore, we conclude that the second-order nonlinearity

coefficient of GaTe is around two and three orders of magni-

tude lower than the vð2Þ of MoS2 and WS2 measured at the

wavelength of �800 nm, respectively. However, our meas-

urements have been done at the wavelength of 1560 nm, and

therefore, the second-harmonic wavelength is 780 nm (lower

photon energy than the band-gap). This surely affects the

magnitude of the second-order nonlinearity. Our recent study

on the optical nonlinearities in exfoliated monolayer MoS2

estimates that vð2Þ is around 2.2 pm/V at the excitation wave-

length of 1560 nm, which is comparable to that of GaTe in

this work.28 While this vð2Þ figure is lower than for, e.g.,

MoS2 monolayer, GaTe has the advantage that its frequency

conversion processes are enhanced directly with increasing

N, unlike with MoS2. It is evident that further studies are

needed to establish a clear picture and consensus regarding

the basic nonlinear optical material properties of the 2D

materials beyond graphene. Our results indicate that GaTe is

an interesting material among the layered 2D materials and

deserves further study.

In conclusion, the optical nonlinearity of GaTe was

investigated using multiphoton microscopy with an excita-

tion wavelength of 1560 nm. A systematic optical nonlinear-

ity study of few-layer GaTe is carried out. The SHG and

THG signals showed clear contrast for different number of

GaTe layers, and we observed that the SHG and THG signals

increase monotonically with layer thickness until the coher-

ence lengths of the material are reached. This shows that,

unlike with, e.g., MoS2, the nonlinear optical coefficients of

GaTe do not decrease with increasing material thickness. We

also determined the THG and SHG optical nonlinearity sus-

ceptibilities for GaTe. Nonlinear optical effects can be used

for rapid characterization of atomically thin films of GaTe

and other similar materials.

Sample preparation: GaTe flakes were grown by the

Bridgman method. Few-layer flakes of GaTe were obtained

by mechanical cleaving from a bulk single crystal. Utilizing

adhesive tape, exfoliation was carried out in ambient air.

Flakes were deposited on an oxidised silicon substrate with

an oxide thickness of 285 nm. Few-layer GaTe flakes were

identified using optical microscopy and the number of layers

was determined by AFM.

Raman spectroscopy: A confocal scanning micro-Raman

system with a 532 nm green laser was used to measure sam-

ples at room temperature in ambient air. The measurements

were carried out within a few hours after mechanical cleaving

to avoid any degradation of the sample. The spectra were

averaged in the different regions. The spectral dependence of

the Raman signal on layer thickness was observed. Controlled

experimental procedures, such as avoiding exposure to high

laser power, were employed to minimize possible degradation

of GaTe.

Multiphoton microscopy: The nonlinear optical proper-

ties of the GaTe flakes were investigated using a unique, in-

house built multiphoton microscope. The design of the

microscope, and the experimental procedure have been

reported previously.21,22 The light source in the system is an

amplified erbium-doped mode-locked fiber laser operating at

a central wavelength of 1560 nm. The maximum average

power of the laser is 60 mW with a repetition rate of 75 MHz

and 228 fs pulse duration at the sample surface. The pulse

peak power is estimated to be 3.5 kW and pulse energy is

0.8 nJ. The laser beam is scanned with a 2D galvo mirror sys-

tem and focused on the sample surface using a 20� micro-

scope objective (New Focus, 5724-H-C, 0.5 NA); the

measured focal spot size is 1.3 lm. The backscattered sec-

ond- and third-harmonic signals generated from each point

on the sample are split into two paths using a long-pass

dichroic mirror (cut-off at 562 nm) and then detected using

photomultiplier tubes (PMTs). Narrow band-pass filters are

used to select SHG and THG signals at a central wavelength

of 780 nm and 520 nm, respectively. The acquisition of the

two channels is simultaneous, making the measurement con-

ditions for both channels exactly identical regardless of any

perturbations (such as external vibrations or fluctuations in

laser power). The technique is very fast compared to conven-

tional Raman mapping and well suited for characterization

of samples with large surface area.

This work was financed by the Academy of Finland

(Project No. 263566), TEKES - the Finnish Funding Agency

for Technology and Innovation under NP-Nano project, and

the European Union Seventh framework Programme under

Grant Agreement No. 604391 Graphene Flagship. We

further acknowledge the support of the ONR NECom MURI

program and the ONR Optical Computing MURI program.

We also acknowledge the provision of technical facilities of

the Micronova Nanofabrication Centre of Aalto University.

1Z. Yin, H. Li, H. Li, L. Jiang, Y. Shi, Y. Sun, G. Lu, Q. Zhang, X. Chen,

and H. Zhang, ACS Nano 6, 74 (2012).
2Y. Zhang, Y. Zhang, Q. Ji, J. Ju, H. Yuan, J. Shi, T. Gao, D. Ma, M. Liu,

Y. Chen, X. Song, H. Y. Hwang, Y. Cui, and Z. Liu, ACS Nano 7, 8963

(2013).
3P. Hu, Z. Wen, L. Wang, P. Tan, and K. Xiao, ACS Nano 6, 5988 (2012).
4P. Hu, L. Wang, M. Yoon, J. Zhang, W. Feng, X. Wang, Z. Wen, J. C.

Idrobo, Y. Miyamoto, D. B. Geohegan, and K. Xiao, Nano Lett. 13, 1649

(2013).
5Y. Zhou, Y. Nie, Y. Liu, K. Yan, J. Hong, C. Jin, Y. Zhou, J. Yin, Z. Liu,

and H. Peng, ACS Nano 8, 1485 (2014).
6Z. Sun, T. Hasan, F. Torrisi, D. Popa, G. Privitera, F. Wang, F.

Bonaccorso, D. M. Basko, and A. C. Ferrari, ACS Nano 4, 803 (2010).
7M. Liu, X. Yin, E. Ulin-Avila, B. Geng, T. Zentgraf, L. Ju, F. Wang, and

X. Zhang, Nature 474, 64 (2011).
8M. Liu, X. Yin, and X. Zhang, Nano Lett. 12, 1482 (2012).

073103-4 Susoma et al. Appl. Phys. Lett. 108, 073103 (2016)

http://dx.doi.org/10.1021/nn2024557
http://dx.doi.org/10.1021/nn403454e
http://dx.doi.org/10.1021/nn300889c
http://dx.doi.org/10.1021/nl400107k
http://dx.doi.org/10.1021/nn405529r
http://dx.doi.org/10.1021/nn901703e
http://dx.doi.org/10.1038/nature10067
http://dx.doi.org/10.1021/nl204202k


9T. Gu, N. Petrone, J. F. McMillan, A. van der Zande, M. Yu, G. Q.

Lo, D. L. Kwong, J. Hone, and C. W. Wong, Nat. Photonics 6, 554

(2012).
10Y. Li, Y. Rao, K. F. Mak, Y. You, S. Wang, C. R. Dean, and T. F. Heinz,

Nano Lett. 13, 3329 (2013).
11L. M. Malard, T. V. Alencar, A. P. M. Barboza, K. F. Mak, and A. M. de

Paula, Phys. Rev. B 87, 201401 (2013).
12L. Karvonen, A. S€ayn€atjoki, S. Mehravar, R. D. Rodriguez, S. Hartmann,

D. R. T. Zahn, S. Honkanen, R. A. Norwood, N. Peyghambarian, K. Kieu,

H. Lipsanen, and J. Riikonen, Sci. Rep. 5, 10334 (2015).
13D. N. Bose and S. Pal, Phys. Rev. B 63, 235321 (2001).
14C. Tatsuyama, Y. Watanabe, C. Hamaguchi, and J. Nakai, J. Phys. Soc.

Jpn. 29, 150 (1970).
15S. Pal and D. N. Bose, Solid State Commun. 97, 725 (1996).
16J. F. S�anchez-Royo, J. Pellicer-Porres, A. Segura, V. Mu~noz-Sanjos�e, G.

Tob�ıas, P. Ordej�on, E. Canadell, and Y. Huttel, Phys. Rev. B 65, 115201

(2002).
17M. Yuksek, H. Ertap, A. Elmali, H. G. Yaglioglu, G. M. Mamedov, M.

Karabulut, and M. K. Ozturk, Opt. Laser Technol. 44, 2178 (2012).
18P. Hu, J. Zhang, M. Yoon, X. Qiao, X. Zhang, W. Feng, P. Tan, W.

Zheng, J. Liu, X. Wang, J. C. Idrobo, D. B. Geohegan, and K. Xiao, Nano

Res. 7, 694 (2014).

19D. Yoon, H. Moon, Y. Son, J. S. Choi, B. H. Park, Y. H. Cha, Y. D. Kim,

and H. Cheong, Phys. Rev. B 80, 125422 (2009).
20A. C. Ferrari and D. M. Basko, Nat. Nanotechnol. 8, 235 (2013).
21A. S€ayn€atjoki, L. Karvonen, J. Riikonen, W. Kim, S. Mehravar, R. A.

Norwood, N. Peyghambarian, H. Lipsanen, and K. Kieu, ACS Nano 7, 8441

(2013).
22K. Kieu, S. Mehravar, R. Gowda, R. A. Norwood, and N. Peyghambarian,

Biomed. Opt. Express 4, 2187 (2013).
23E. Palik, Handbook of Optical Constants of Solids (Academic Press,

Cambridge, 1998), Vol. 3, p. 489.
24E. Hendry, P. J. Hale, J. Moger, A. K. Savchenko, and S. A. Mikhailov,

Phys. Rev. Lett. 105, 097401 (2010).
25C. Janisch, Y. Wang, D. Ma, N. Mehta, A. L. Elıas, N. Perea-Lopez, M.

Terrones, V. Crespi, and Z. Liu, Sci. Rep. 4, 5530 (2014).
26I. H. Malitson, J. Opt. Soc. Am. 55, 1205 (1965).
27D. J. Clark, V. Senthilkumar, C. T. Le, D. L. Weerawarne, B. Shim, J. I.

Jang, J. H. Shim, J. Cho, Y. Sim, M.-J. Seong, S. H. Rhim, A. J. Freeman,

K.-H. Chung, and Y. S. Kim, Phys. Rev. B 90, 121409 (2014).
28A. S€ayn€atjoki, L. Karvonen, S. Mehravar, A. Lombardo, R. S. Sundaram,

S. Li, T. Hasan, R. A. Norwood, N. Peyghambarian, H. Lipsanen, G. Eda,

A. C. Ferrari, K. Kieu, and Z. Sun, “Strong Third- and Fourth-Order

Optical Nonlinearity in MoS2 Layers” (unpublished).

073103-5 Susoma et al. Appl. Phys. Lett. 108, 073103 (2016)

http://dx.doi.org/10.1038/nphoton.2012.147
http://dx.doi.org/10.1021/nl401561r
http://dx.doi.org/10.1103/PhysRevB.87.201401
http://dx.doi.org/10.1038/srep10334
http://dx.doi.org/10.1103/PhysRevB.63.235321
http://dx.doi.org/10.1143/JPSJ.29.150
http://dx.doi.org/10.1143/JPSJ.29.150
http://dx.doi.org/10.1016/0038-1098(95)00608-7
http://dx.doi.org/10.1103/PhysRevB.65.115201
http://dx.doi.org/10.1016/j.optlastec.2012.03.005
http://dx.doi.org/10.1007/s12274-014-0430-2
http://dx.doi.org/10.1007/s12274-014-0430-2
http://dx.doi.org/10.1103/PhysRevB.80.125422
http://dx.doi.org/10.1038/nnano.2013.46
http://dx.doi.org/10.1021/nn4042909
http://dx.doi.org/10.1364/BOE.4.002187
http://dx.doi.org/10.1103/PhysRevLett.105.097401
http://dx.doi.org/10.1038/srep05530
http://dx.doi.org/10.1364/JOSA.55.001205
http://dx.doi.org/10.1103/PhysRevB.90.121409

	l
	n1
	f1
	f2
	d1
	l
	d2
	f3
	f4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28

