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Abstract

:

The enhancement and selective excitation of coherent anti-Stokes Raman scattering (CARS) and the suppression of background noise are very important problems for real-time detection at the single-molecule level. Optimizing the plasmonic substrate to ensure that all the hot spots of the pump, probe, Stokes, and anti-Stokes light are at the same position is the key to increasing the CARS signal to reach the level of single-molecule detection. The selective excitation of the target CARS peak and the suppression of the other peaks are the key to improving the signal-to-noise ratio. In this paper, we present a theoretical study to control the selective excitation and enhancement of any one of the three CARS peaks using the Fano resonance of a disk-ring structure. By optimizing the modulation of the pump, Stokes, and probe pulse, one CARS peak is maximized, while the other two are suppressed to zero. Fano resonance is applied to simultaneously enhance the four surface plasmon modes of the pump, probe, Stokes, and anti-Stokes light and to ensure that all the hot spots are located at the same position by adjusting the size of the disk-ring structure. The hot spots of the four pulses are concentrated in the disk-ring gap with a deviation distance of less than 2 nm, and the intensity of the CARS is enhanced by 1.43 × 1012 times, which is much higher than the requirement of single-molecule detection. The time, frequency, and phase distribution of the input and the response of the four pulses are studied in detail. It was found that the selective excitation and the spectra of CARS are both well preserved.
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1. Introduction


Nanoscale imaging addresses the challenge of detecting weak resonant signals from a few target molecules in the presence of background noise from many undesired molecules [1]. In addition, imaging must be performed rapidly to capture the dynamic processes. Various approaches have been developed to increase the selectivity and sensitivity of molecular detection. The coherent anti-Stokes Raman scattering (CARS) and surface-enhanced Raman scattering spectroscopies enhance Raman signals by several orders of magnitude [1,2].



CARS is a nonlinear four-wave mixing process [1,2,3]. It can reflect the composition and structural characteristics of target molecules and has the advantages of a strong signal, high sensitivity, high spectral resolution, and small fluorescence interference [4,5,6,7]. Therefore, it has been widely used in many fields, such as coherent controlled chemical reactions, micro- and nano-imaging, and spectral thermometry [8,9,10].



Femtosecond pulse shaping for CARS (FPS-CARS) was developed to suppress the non-resonant background noise and optimize the efficiency of the coherent optical signals [11,12,13,14,15,16,17,18,19,20]. It has been widely used in controlling the molecular vibration state, rotation state, ionization state, isomerization, and other molecular dynamics. By tailoring the phase of the femtosecond probe pulse, Dan Oron et al. showed a narrow-band CARS resonance signal with a width of less than 15 cm−1, despite the broad femtosecond pulse spectrum [18]. Compared to shaping only the probe pulse, the selectivity of femtosecond CARS could be greatly improved by shaping both the pump and the probe pulses with a π-phase step [19].



Background suppression can be achieved by femtosecond pulse shaping. However, this often decreases the overall signal intensity [1,16,19]. Furthermore, surface-enhanced FPS-CARS was developed to enhance the signal-to-noise ratio, which is determined by the signal enhancement and the background noise suppression [1,21,22]. Surface-enhanced FPS-CARS has been demonstrated to be useful for the precision sensing of minor molecular species within a scattering environment and the detection and identification of anthrax-type bacterial endospores in real time [1,23,24,25].



Nanostructured substrates have been optimized to improve the surface-enhanced CARS (SECARS) efficiency, which can improve the near-field enhancement in the hot spots of the plasmonic nanostructures, as well as the spatial overlap of the hot spot distributions of the pump, Stokes, and probe light fields [1,2,26,27,28,29]. Fano resonances were used to improve the SECARS signals on plasmonic quadrumers [1,2,26]. The spatial near-field distributions of the pump, Stokes, and probe laser showed hot spots in the same location in the trimer. By studying the Raman enhancement of self-organized monolayers of p-MA molecules attached to the supporting Fano resonance structure, it was found that the Raman signal could be greatly enhanced when the excitation wavelength, the Stokes mode wavelength of interest, and the Fano resonance peak of the structure recombined [28]. However, several Raman peaks were usually excited and enhanced simultaneously, which increased the background noise and decreased the sensitivity and accuracy.



There is little research on pulse shaping and Fano resonance enhancement simultaneously. In this paper, we first present a scheme for controlling the selective excitation and the enhancement of any one of the three CARS peaks based on the Fano resonance of a disk-ring structure by shaping femtosecond laser pulses. A four-level system with three Raman shifts of 580, 700, and 780 cm−1 was chosen as the target molecule. By optimizing the phase modulation and frequency cutting of the pump, Stokes, and probe pulse, any one of the CARS peaks can be maximized, while the other two peaks are suppressed to zero.



We designed a disk-ring nanostructure with Fano resonance. The pump and the probe light are both located in the Fano dip (dark state) to enhance the local field intensity and optical absorption, and the Stokes and anti-Stokes lights are located at the two side peaks (bright state) to increase the local field intensity and optical emission. The electric field distribution of the disk-ring nanostructure was calculated. Although the wavelengths of the pump, probe, Stokes, and anti-Stokes pulses are different, the hot spots are all perfectly coincident and concentrated in the disk-ring gap. Therefore, the disk-ring structure is a perfect substrate for SECARS.



Using the finite-difference time-domain (FDTD) method, the ultrafast evolution and enhancement of the shaped pump, probe, Stokes, and anti-Stokes pulses at the probe point on the center of the disk-ring gap are studied numerically. The hot spots of the four pulses are concentrated in the disk-ring gap, and the SECARS intensity is enhanced by a factor of 1.43 × 1012. It also shows that the disk-ring structure is a simple and tunable dimer without additional requirements. The time, frequency, and phase distribution of the input and the response of the four pulses are studied in detail. It was found that all of these parameters keep well, and the selective excitation of SECARS and even the spectra are all well maintained.




2. Ultrafast Coherent Control and Selective Excitation of CARS


2.1. Theory of the Coherent Control of CARS


CARS is induced by the interaction of the pump laser field Ep(t), the Stokes laser field Es(t), and the probe laser field Epr(t) on the target molecules. It can be approximated by third-order time-dependent perturbation theory [1,2,3,11,12,15,16,18,19,22,24,25,27]. The four-level quantum system includes the intermediate states |fi> (i = 1, 2, 3) and the ground state |g>, as shown in Figure 1. CARS consists of two processes. The first process is the resonant-stimulated Raman transition. The electron in the ground state |g> is first excited to a virtual state by absorbing a photon of the pump light ωp. Then, the electron transitions to its final state |fi> by emitting a photon stimulated by the Stokes light ωs. These transitions are depicted by the red solid and dotted lines in Figure 1 [30,31]. The second process is the generation of the CARS signal. As shown by the green solid and dotted lines in Figure 1, the electron in the final state |fi> gets excited to a virtual state by absorbing a photon of the probe light ωpr. Then, it returns to the ground state |g> by emitting an anti-Stokes ωas photon, where ωas = ωp + ωpr − ωs [30,31]. When ωp − ωs is exactly equal to the molecular vibration level, a strong CARS signal will be generated, which can provide information on the molecular vibration mode [11,32,33].



The transition probability of the CARS signal is described in Equation (1). This is the result of the coherent superposition of the resonant and non-resonant contributions [4,11,24,25,32,33].


       P  ( 3 )   (  ω  a s   )    2  =      P r  ( 3 )   (  ω  a s   ) +  P  n r   ( 3 )   (  ω  a s   )    2   



(1)







The non-resonant contribution Pnr(3) is attributed to the instantaneous electronic responses, and the resonant contribution Pr(3) reflects the energy level information of the quantum system. They can be written as [11,12,18,19,32,33],
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where E(ω) is the Fourier transform of E(t), ΩR is the Raman resonant frequency, and Γ is the bandwidth of the Raman level. The spectral bandwidths of the pump field Ep, the Stokes field Es, and the probe field Epr are all wide enough to cover the three final states simultaneously.



Several CARS peaks are usually excited simultaneously by a femtosecond laser. The neighboring CARS peaks are strong noise and greatly disturb the target peak [34,35,36]. To realize the selective excitation of CARS peaks for the energy levels with narrow differences, when considering a practical and general case, the three energy levels are set to 580, 700, and 780 cm−1, with a width of 10 cm−1 [34,35,36].



The central frequencies of the probe and pump lasers are both at 12,987 cm−1 and that of the Stokes light is at 12,287 cm−1. The full width at half maximum (FWHM) of the three laser pulses is set as 1040 cm−1 to cover the three final states simultaneously, which are much larger than the maximum difference of 200 cm−1 among the three energy levels. The frequency difference between the pump and the Stokes light is nearly equal to the average value of the three energy levels. The three CARS modes are all efficiently excited [37,38].




2.2. Selective Excitation of CARS Peaks


Owing to the wide spectra of the pump, Stokes, and probe pulses, three CARS peaks can be excited simultaneously, forming a wide CARS signal, which can be detected (as shown by the black solid curve) [11]. Equation (2) clearly shows that the width of the probe spectrum is the key factor in determining the width of the CARS peak. Narrow and discrete CARS peaks can be achieved by cutting off the probe spectrum [11,39,40]. The modulation of the probe laser is shown in Figure 2a. By adjusting the window width, the frequency components with a width of 16 cm−1, centered at 12,987 cm−1, are preserved and the other frequency components (covered with red slashes) are cut off. The word ‘window’ means the region between the two red meshed areas in Figure 2. Only the probe pulse is tailored, while the pump and Stokes pulses retain the transform limited (TL) pulse. The calculated results demonstrate three distinct and discrete CARS peaks at 13,567, 13,687, and 13,767 cm−1 [as shown in Figure 2b].



By modulating the amplitude and the phase of the pump and the Stokes light, selective excitation of the stimulated Raman spectrum can be realized [37,38,41]. The modulating schemes for the pump and Stokes laser are shown in Figure 3a,b, respectively. The minimal interval in the frequency domain is 2 cm−1. Figure 3a shows the modulation of the pump laser spectrum. The frequency components in the window with a fixed width centered at 12,987 cm−1 are preserved, and the frequency components outside this window are cut off. A rectangular π-phase modulation with one-third the width of the window is applied to the central part, as shown by the blue solid line in Figure 3a [37,38]. For the Stokes laser, the frequency components outside the window with a width equal to that of the pump laser are cut off. A rectangular π-phase modulation with one-third the width of the window is applied in the middle of the window, while the others remain in the 0-phase, as shown in Figure 3b. The center of the modulation window of the pump light is fixed at 12,987 cm−1, while that of the Stokes light scans from low to high frequency. In addition to the rectangular π-phase modulation, it also scans from low to high frequency, as shown by the green arrow in Figure 3b. Figure 3b shows the modulation when the window moves to a certain position. The window sizes of the pump and the Stokes light can be adjusted to obtain the best Raman selective excitation. The selected Raman peak has a higher intensity and a larger contrast with the suppressed Raman peaks.



The Raman transition probabilities are calculated theoretically from the aforementioned modulation schemes, as shown in Figure 4a. The window sizes of the pump and Stokes light are both 36 cm−1, and those of the π-phase modulation are 12 cm−1. The step position of the Stokes light, which means the center of the moving window, scans from low to high frequencies. When the step position is less than 12,155 cm−1, the frequency difference between the pump and Stokes light in the window does not satisfy the Raman transition due to spectral shearing, and hence, the three Raman transition probabilities are all zero [11,19,38]. A similar situation occurs when the step position is greater than 12,421 cm−1. When the step position exceeds 12,155 cm−1, the Raman transition pf3 begins to get excited. With the increase in the step position, pf3 oscillates continuously, which is caused by the constructive/destructive interference of the different path integrals of the shaped Stokes and pump laser in the stimulated Raman transition. When the step position increases to 12,187 cm−1, the Raman transition pf3 is excited well and reaches a maximum of 278.9, while pf1 and pf2 are still zero [11,19,38]. When the step position exceeds 12,221 cm−1, pf3 gradually decreases to 0. The calculation results show that pf3 is divided into five sub-peaks, and the width of each sub-peak is approximately 13 cm−1. This is mainly due to the width of the pump and the Stokes light window. The results show that the width of each sub-peak of pf3 increases with an increase in the pump window width in the case of the same shaping method. The cases of the Raman transitions pf1 and pf2 are similar to that of pf3, and hence, they are not explained here. If the three peaks become closer by 10 cm−1, there will be overlapping sub-peaks. Therefore, the minimum peak interval between pf2 and pf3 is 70 cm−1.



When the step position is in the range of 12,221–12,235 cm−1, pf1, pf2, and pf3 are all zero. This is similar to the case when the step position is in the range of 12,301–12,355 cm−1. As can be seen from Figure 4a, the ranges of the three Raman transitions pf1, pf2, and pf3 are completely separated; that is, when the intensity of one Raman peak is not 0, those of the other two are 0 [11]. The contrast between the peaks is more than 100:1. The maximum values of pf1, pf2, and pf3 are at the positions of 12,387, 12,267, and 12,187 cm−1, respectively.



The results of the selective excitation of CARS are shown in Figure 4b. The red, black, and blue dotted lines represent the result when one of the three CARS peaks is excited and the other two are suppressed, and the green solid line represents the three CARS peaks when only the probe laser is cut off (as shown in Figure 2a). In the three dotted lines, when one peak is fully excited, the other two peaks are suppressed to 0. Their peaks are completely separated without overlapping [11]. The three dotted lines are normalized according to the peak value of pf2, and the three CARS peaks are at 13,567, 13,687, and 13,767 cm−1, respectively, which coincides with the three peaks of the green curve. The green solid line is normalized according to the peak value of pf2. Each CARS peak is also divided into five sub-peaks, corresponding to the sub-peaks of the Raman peaks, and the sub-peak width is close to that of the Raman sub-peak. In addition, the spectrum after selective excitation is narrower without overlap. The resolution increases, and the background noise is greatly reduced [11,38]. The four small sub-peaks are smaller than half of the middle sub-peak, which is also due to destructive interference. The small peak width is related to that of the modulation window, and thus, the spectral width becomes narrow.



When the bandwidth of the pump and Stokes lasers are both limited to 36 cm−1, pf1, pf2, and pf3 can be excited selectively even in the absence of the phase modulation. However, after adding the phase modulation, one Raman peak is split into five sub-peaks because of the destructive interference. There are two main advantages for the phase modulations added on the pump and the Stokes laser pulse. The peak intensity of the pump laser is depressed by 50%, while the Raman transition probability is nearly the same. Therefore, the intensity of the pump and Stokes laser can be further enhanced by 50%, and the CARS intensity is enhanced by more than 100%, under the condition that the sample is not damaged by the intense laser. Each Raman peak is divided into five sub-peaks, and the four small sub-peaks are all smaller than a half of the middle sub-peak due to the destructive interference. The FWHM is decreased from 22 cm−1 to 5 cm−1, which is interesting when enhancing the CARS spectral resolution.



Pulse shaping is an effective method for suppressing those noises and improving the signal-to-noise ratio. The CARS peak can be selected arbitrarily and coherently controlled conveniently. As shown in Figure 3 and Figure 4, three peaks can be excited, respectively, while the other two can be effectively suppressed, which can greatly improve the signal-to-noise ratio. In order to greatly enhance the signal intensity and improve the signal-to-noise ratio, the Fano resonance of the disk-ring nanostructure is used to achieve this goal well.



To attain the best signal-to-noise ratio, the CARS signal should be stronger, and the adjacent CARS peaks should be smaller. The influences of the window width of the probe, pump and Stokes light on the CARS intensity and on the hybridization rate are studied, respectively. In order to accomplish the optimization of the selective excitation of CARS, the window width d of the probe light is maintained at 16 cm−1, and the window widths w of the pump and Stokes light are both set as 36 cm−1. The details are shown in the Appendix A.



There is some research on one or two CARS peaks selectively excited among the three ones [11,19,42,43,44]. However, how to simultaneously excite multiple CARS peaks through optimal phase modulation is a big problem that requires further study.





3. SECARS Based on Fano Resonance in a Disk-Ring Nanostructure


According to the theoretical analysis, the enhancement factor (EF) of SECARS is expressed as [26,45]


      E  F  S E C A R S      2  =  g p 2   g  p r  2   g s 2   g  as  2  ,  



(3)




where gp, gpr, gs, and gas represent the EF of the pump (Ep), probe (Epr), Stokes (Es), and anti-Stokes (Eas) fields induced by the surface plasmons generated on the plasmonic substrates, respectively.



According to Equation (3), an optimum plasmonic SECARS substrate generally requires two conditions: high simultaneous electric field enhancement for the pump, probe, Stokes, and anti-Stokes laser at the corresponding frequencies and complete spatial overlap of all the hot spots at the four different frequencies [1,26]. However, the four lights of ωp, ωpr, ωs, and ωas are resonantly enhanced at different frequencies. To simultaneously enhance the four surface plasmon modes in the SECARS process and to ensure that the hot spots are located at the same position, the design of the plasmonic SECARS substrate must have very stringent requirements [26].



Fano resonance can lead to strong electric field enhancement [46,47,48]. It is produced by the interaction of broad-band bright mode and narrow-band dark mode by two excited pathways [47,49]. The pump and probe lights can be used to enhance absorption in the dark mode, and the Stokes and anti-Stokes signals can enhance radiation in the bright mode [47,49,50,51]. Therefore, Fano resonances have been applied to enhance the electric field of the CARS signal [52,53,54,55,56]. In these cases, though the four frequencies were all in resonance simultaneously, the “hot spots” were not in the same spatial locations. Therefore, the design or engineering of plasmonic Fano structures with “hot spots” of the bright and dark modes occurring in the same spatial location is critical and challenging for SECARS applications.



A plasmonic nanostructure consisting of a nanodisk outside of a nanoring demonstrated Fano resonances at the quadrupolar, hexapolar, and octupolar resonance modes, with both a high contrast ratio and a high figure of merit [49,57,58,59,60,61]. The resonance frequency, depth, and line width of the Fano dips can be tuned by changing the geometrical parameters of the nanodisk and the nanoring [49]. The hot spots of all the Fano resonance modes, even the bright modes, are in the gap between the nanodisk and nanoring. This is very important for enhancing the CARS signal.



A schematic of the proposed disk-ring nanostructure is shown in Figure 5. The radius of the disk is R1, the outer radius and wall width of the ring are R2 and W, respectively, and the gap between the disk and the ring is D. Both the disk and the ring are made of Ag. The complex permittivity of Ag was taken from Ref. [62], and the permeability is μ = 1. There are many kinds of substrates, which mainly cause different red shifts of the scattering spectrum [63,64,65]. Therefore, in the numerical simulation, the substrate is not included. The probe point is located at the origin of the Cartesian coordinates, which is the center of the disk-ring gap. A beam of plane light radiates perpendicularly to the origin, and the electric field is in the X direction. All the simulations were performed in a volume of 1500 × 1200 × 900 nm3 with the FDTD Solutions software produced by the Lumerical Solutions company [66,67]. Perfectly matched layers are set at all the boundaries of the total simulation cube, which can absorb all the outgoing radiation and eliminate the reflections. Similar to many references, all of the boundaries are set to more than half a wavelength away from the metal nanostructures [66,67,68]. The structures were discretized using mesh steps of 2 nm in the X, Y, and Z directions to obtain reliable results within a reasonable simulation time.



Fano resonance can be optimized by changing the size of the disk-ring structure. The dipole mode of the nanodisk can be excited by the incident light, and the Fano resonance is obviously red-shifted with the increase in R1 [49,57,58,59,60,61]. The quadrupole, hexapole, and octopole resonance modes of the ring excited by the dipole mode of the disk also shift red with the increase in R2. In contrast, the Fano resonance shifts blue with the increase in W. In addition, these parameters have great influences on the contrast and quality factor. Details can be found in Ref. [49].



To enhance the electric field of the Fano resonance, the gap D is set as 10 nm, the radius R1 of the disk is set as 160 nm, and the inner and outer radii of the ring are set as 147 and 157 nm, respectively. The height of the structure was set as 60 nm. The parameter settings are shown in Table 1. The scattering spectrum calculated using the FDTD simulation is shown in Figure 6, where the curve is normalized according to the peak value. The scattering spectrum shows that there are two very deep Fano resonance dips, one at 770 nm and the other at 1020 nm. Fano resonance is generally considered to be the interference between the bright superradiance and the dark nonradiative modes. In the disk-ring structure, the bright mode of the nanodisk can be excited by two pathways: |L>→|B> and |L>→|B>→|D>→|B>, where |L>, |B>, and |D> are the incident light, the bright mode of the disk, and the multipole dark mode of the ring, respectively [47,50]. The destructive interference of the two pathways results in Fano resonances and forms dips in the scattering spectrum [49]. The dips near 770 and 1020 nm are formed by the coupling of the dipole resonance of the disk and the hexapole and quadrupole resonance of the ring, respectively [49]. The dip position indicated by the red arrow is at 770 nm, and the contrast is 72.3%. It is worth noting that the FWHM is very narrow and less than 21 nm. Many studies have reported that the FWHM of the Fano resonance is of the order of tens of nanometers, which mainly depends on the dark mode, radiation loss, or coupling effect [51,69,70,71,72].



Deeper and narrower Fano dips result in higher surface enhancement of the local intensity at the hot spot [29,51,53]. A wavelength of 770 nm was chosen as the wavelength of the pump and probe light (their central wavenumbers are 12,987 cm−1). The wavelength of the Stokes light was chosen as 814 nm (the central wavenumber is 12,287 cm−1), which was close to the position of the scattering peak (green arrow). The central wavenumbers of the three anti-Stokes lights were calculated to be 13,567 (737 nm), 13,687 (730.6 nm), and 13,767 cm−1 (726.4 nm), respectively. The electric field enhancement is the largest at the dip of the Fano resonance, and the dark state is beneficial to the absorption of light. Adjusting the pump and probe light to the Fano dip can improve the absorption of light and the intensity of the CARS signal. The scattering peaks indicated by the blue and green arrows are the bright state, which can enhance the electric field and radiation and further enhance the CARS signal.




4. Ultrafast Selective Excitation of SECARS


4.1. Ultrafast Dynamics of the Shaping Laser Pulses on the Disk-Ring Structure


The frequency distribution after pulse shaping is converted into the time domain by the inverse Fourier transform [37,38].


  E ( t ) =  1  2 π      ∫  − ∞   + ∞    E ( ω )     e  i   ω t + φ ( ω )     d ω  



(4)







After the optimized pulse shaping (as shown in Appendix A), the pump, Stokes, and probe light are incident on the gap between the disk and ring along the Z direction, which excites the surface plasmon and Fano resonance. The impulse response of the time-domain, frequency-domain, and phase can be obtained by evolution calculations [37,38,68]. The parameters of the dynamic calculations are the same as those of the scattering spectrum. The time region is set as [0, 16,677] fs with an interval of 0.2 fs. It should be noted that the electric field in this manuscript refers to the instantaneous value of the electric field. The maximum value of the TL pulse before the pulse shaping is set to 1, and the later modulated and calculated electric fields are relative to the maximum value.



When the step position of the Stokes laser reaches 12,387 cm−1, the Raman transition pf1 is excited, while pf2 and pf3 are zero (Figure 4a). Figure 7 shows the input and response of the pump pulse in the time domain, which are normalized by the real part of the electric field of the TL pulse. Figure 7a,b shows the time distributions of the real part of the electric field of the input and response pulses, respectively. After the optimized shaping, the TL pulse becomes a complex envelope shape of multiple subpulses, as shown in Figure 7a. The peak value of the electric field is reduced to 1.47 × 10–4 owing to the cutting off of the frequency components and the rectangular π-phase modulation.



The real part of the response pulse is increased by 55.88 times because of the Fano resonance. The Fano dip of the designed disk-ring nanostructure is very deep and narrow, and the electric field enhancement factor is higher than those of the disk-ring structures reported in the literature [49,57,58,59,60]. Compared with the common TERS structure, the proposed disk-ring structure has a larger gap and a higher enhancement ratio [38,73,74,75]. If the gap is further reduced, the electric field will be further enhanced.



In Figure 7c is an enlarged view of (a) in the range of 11,090–11,150 fs, and (d) is the response of the part in (c), that is, the pulse in the 11,115–11,175 fs range in (b). It can be seen that the overall shape of the response pulse is very similar to that of the input pulse, but some of the details are different. The response pulse is approximately 26 fs later than the input pulse. The incident light plane is 430 nm away from the probe point, and it takes approximately 1.43 fs for the light to propagate to the probe point. When each subpulse of the shaped pump pulse irradiates the disk-ring structure, a response will be excited, including the establishment and disappearance of the surface plasmon oscillation. It takes approximately 24.6 fs, longer than that of the TERS and double rods [38,67]. Except for the different structure and the size, the Fano resonance occurrence is usually due to the interference between two pathways: |L>→|B> and |L>→|B>→|D>→|B> (L: the incident light; B: the bright mode of the disk; D: the multipole dark mode of the ring) [47,50]. Hence, it needs more time to establish the resonance mode. From the comparison with Figure 7c,d, it can be seen that the response pulse not only appears delayed, but also broadened. The pulse near 11,142 fs does not decrease to zero, as shown in Figure 7c, but decreases to a certain amplitude and then increases gradually, which is mainly due to the lifetime of the surface plasmons excited by the incident light [37,38,76,77,78].



The imaginary parts of the electric field of the pump input and the response pulse in Figure 7e,f are similar to the real parts and do not repeat again. The time distribution of the real part of the electric field of the Stokes, probe, and anti-Stokes pulse is calculated, and the results are shown in Appendix B.




4.2. SECARS Based on Fano Resonance in the Disk-Ring Structure


When the step position of the Stokes laser reaches 12,387 cm−1, the Raman transition pf1 is excited, while pf2 and pf3 are suppressed to zero (Figure 4a). The time distributions of the input and response pulse of the pump, Stokes, and probe light are shown in Figure 7 and Figure A4 (Appendix B).



Figure 8 shows the distribution of the transient electric field intensity at the first maximum peak of 7128.3 fs of the pump light in Figure 7b, and those of the Stokes, probe, and anti-Stokes light at the same time, where the vertical axis is shown as the enhancement factor. The results indicate that the hot spots of the pump, Stokes, and probe field are mainly distributed in the disk-ring gap. According to Equation (2), the hot spot of the anti-Stokes light is also distributed in the gap, which coincides with those of the three lights. The SECARS diagram at this time is calculated according to the formula G = gp2gs2 gpr2gas2, and shown in Figure 8e [26,45]. The inset is an enlarged view of the region of 60 nm × 60 nm size in the center of the gap.



In order to study the spatial overlap of the four hot spots of the pump, Stokes, probe, and anti-Stokes light, the intensity distributions of the electric field along the X, Y, and Z axes are shown in Figure 9, where the center of the disk-ring gap is set as the origin of the coordinate system (see Figure 5). The maximum value of the anti-Stokes light in the figure is set to be the same as that of the pump light. In the three directions, the strongest electric fields are all near the zero point. It should be noted that the values in Figure 8 represent the enhancement of the electric field, and those in Figure 9 represent the electric field intensity according to the maximum value “1” of the TL pulse before the pulse shaping.



For the pump light, Figure 9a shows that the transient intensity increases to 0.004 at x = −5 nm and x = 5 nm and to 0.0083 at the zero point. For the Stokes light, the transient intensity increases to 0.0017 at x = −5 nm and x = 5 nm and to 0.0036 at the zero point. The electric field intensities of the four lights in the X direction coincide completely, and the FWHM is approximately 10 nm. The electric field intensities of the four lights in the Y and Z directions coincide completely, and the FWHM is approximately 54 and 70 nm, respectively, which is similar to that in the X direction. These results clearly demonstrate that the zero point is the hot spot with a deviation of less than 2 nm.



The distributions of the electric field intensity show that the hot spots of the pump, probe, Stokes, and anti-Stokes light are all distributed in the disk-ring gap, and their spatial distributions are coincident, with a deviation distance of less than 2 nm. In other words, the center of the disk-ring gap is the hot spot of the four lights. The total enhancement of SECARS can be calculated by the enhancement factor of each light.



The input of the pump light in Figure 7a is amplified by 55.88 times, and the response light in (b) is shifted forward by 31 fs, as shown in Figure 10. The two pulses are completely coincident, indicating that the pump light is enhanced by 55.88 times on average. Moreover, we performed simulations and found that the hot spot is always at the center of the gap during the oscillation of the surface plasmons. The enhancement factors of the probe, Stokes, and anti-Stokes lights are similarly calculated; they are 55.75, 27.3, and 14.05, respectively. Because the hot spots of the pump, probe, Stokes, and anti-Stokes light coincide completely in the spatial distribution, the total enhancement of SECARS can be calculated by the enhancement factor of each light. According to the formula G = gp2gs2 gpr2gas2, SECARS in the disk-ring structure is enhanced by about 1.43 × 1012 times [26,45].



As a comparison, the electric field enhancement of the double nanodisks with the radius of 80 nm and gap of 10 nm is calculated, and the scattering peak is kept around 800 nm. The enhancement factor of the light in the gap of the double nanodisks is 18.22. According to the formula G = gp2gs2 gpr2gas2, the SECARS enhancement can be roughly calculated as 18.228 = 1.21 × 1010, which is nearly equal to the results in Ref. [2]. The result of the disk-ring structure is two orders higher than that of double nanodisks. The double rings structure is also calculated. The inner and outer radii are 157 and 147 nm, respectively, with a gap of 10 nm. The scattering peak is kept around 800 nm. The enhancement factor of the light in the gap of the double rings is 17.28; so, the SECARS enhancement can be calculated to be 17.288 = 7.95 × 109. It can be seen that the enhancements of the double disks and the double rings are much smaller than that of the disk-ring structure. Therefore, Fano resonance has essential importance for the enhancement in CARS.



The SECARS with the Raman transition of 12,267 cm−1 and 12,187 cm−1 were also studied in detail and are shown in Appendix C.



In a word, Fano resonance is easy to realize on the disk-ring nanostructure. The hot spots will not only create large enhancements but the Fano resonances will also enhance the resonant vibrational features of the specific vibrational modes and discriminate against the background set by the non-resonant electronic states of the disk-ring nanostructure and molecule of interest. It can be used to study CARS signals of different Raman energy levels (from thousands of cm−1 to dozens of cm−1).



There are many references that demonstrate CARS with single-molecule sensitivity [2,79,80]. The substrate in Ref. [2] was a quadrumer, namely four coupled nanodisks. The maximum enhancement factor of SECARS was calculated to be 1.5 × 1010. The CARS signal was enhanced by 1011 orders of magnitude relative to the spontaneous Raman scattering, enabling the detection of a single molecule, which was experimentally demonstrated by using a statistically rigorous bi-analyte method. A mixed solution of equal concentrations (100 nM) of p-MA and adenine was drop-casted onto multiple quadrumers for SECARS. This concentration was chosen to ensure that 1.5 molecules fell into each probe region (250 nm2) on the substrate. Three representative single-molecule SECARS of a pure p-MA event, a pure adenine event, and a mixed event were detected clearly. These experimental results implied that having extraordinarily large enhancement factors could lead to single molecule CARS.



Our results achieved an enhancement factor of 1012, which is two orders of magnitude higher than that of Ref. [2] and can also be used to realize single-molecule detection. Figure 8 and Figure 9 show that each probe region is 400 nm2 and 1.6 × 104 nm3 in volume. A solution with a concentration of 120 nM can ensure that 1 molecule falls into each probe region on the substrate of the disk-ring plasmonics.




4.3. Selective Excitation of SECARS


4.3.1. Spectra of the Response Pulses


The spectrum of the response of the pump pulse Eresponse(ω) can be obtained by the Fourier transform [37,38]:


   E  r e s p o n s e   ( ω ) =    ∫  − ∞   + ∞       f  r e s p o n s e   ( t ) + i  g  r e s p o n s e   ( t )       e  − i ω t   d t  



(5)




where fresponse(t) and gresponse(t) are the real and imaginary parts of the response pulse, respectively (as shown in Figure 7). Figure 11 shows that the response spectrum of the pump pulse is similar to the input spectrum, while the intensity is increased by more than 58.7 times. Moreover, there are some oscillations in the response spectrum [16,38]. At the positions of phase inversion of the rectangular π-phase modulation in the range of 12,980–12,990 cm−1, the amplitude of the oscillations is larger than that of the other frequencies. At the two edges where the frequency components were cut off, the spectral intensities also oscillated and widened by nearly 10 cm−1. These results indicate that these oscillations and widenings were caused by sharp changes in the phase and intensity [38]. The response spectrum of the probe pulse is calculated similarly, and the result is shown in Figure 11b. There is no π-phase modulation in the probe pulse, and hence, the spectral intensities change much more smoothly than those of the pump pulse.



The time distribution of the response pulse when the step position of the Stokes light scans to 12,387 cm−1 is shown in Figure A4 of Appendix B. In a similar way to the pump spectrum, the response spectrum of the Stokes pulse was calculated, as shown in Figure 12. The response spectrum of the Stokes pulse is similar to the input spectrum, while the intensity is increased by 28.1 times. In addition, the oscillations and the widening of the response Stokes pulse are similar to those of the response pump pulse [38]. The cases when the step position of the Stokes light scans to 12,267 cm−1 and 12,187 cm−1 are the same, and do not repeat.




4.3.2. Phase of the Response Pulses


The phase difference ϕimpulse(ω) between the input and the response can be calculated according to the following equation [68,81].


   φ  i m p u l s e   ( ω ) = arg [    E  r e s p o n s e   ( ω )    E  i n p u t   ( ω )   ] =  φ  r e s p o n s e   ( ω ) −  φ  i n p u t   ( ω )  



(6)




where ϕresponse(ω) is the phase of the response pulse of the disk-ring structure, and ϕinput(ω) is the phase of the input pulse after pulse shaping.



The phase and phase difference of the input and the response of the pump pulse were calculated and are shown in Figure 13. The phase difference is −0.83 rad at 12,968 cm−1 and −0.99 rad at 13,002 cm−1. In addition to the steady phase shift, the phase of the response pulse is highly similar to that of the input pulse, and the phase shift fluctuates slightly with the wavenumber. Furthermore, the phases of the input and the response pulses are reversed because of the π-phase modulation in the range of 12,980–12,990 cm−1 [37,38]. The phases of the input and the response of the probe pulse are similarly calculated, as shown in Figure 13b. As expected, the phase of the response pulse is very similar to that of the input pulse, except for the steady phase shift of −0.91 rad.



Figure 14 shows the phases of the input and the response of the Stokes pulse when the step position of the Stokes light scans to 12,387 cm−1. Similar to the case of the pump pulse, the phase of the Stokes response pulse is highly similar to that of the input Stokes pulse, except for the steady phase shift of 0.9 rad. In addition, the phases of the input and response pulses are also reversed because of the phase modulation in the range of 12,400–12,410 cm−1. The cases when the step position of the Stokes light scans to 12,267 cm−1 and 12,187 cm−1 are the same.



The above results indicate that although the amplitudes of the pump, Stokes, and probe pulses increase greatly, they do not affect the relative phase of each frequency component. It does not change significantly [37,38].




4.3.3. Selectivity of SECARS and the Fidelity of Spectra


When the step position of the Stokes pulse scans to 12,387 cm−1, as shown in Figure 4a, the Raman transition pf1 is excited, while the transition probabilities of pf2 and pf3 are both zero. The SECARS spectrum of pf1 is shown by the red solid line in Figure 15. The intensity reaches a maximum at 13,567 cm−1, and those in the range of 13,605–13,850 cm−1 are less than 1% of the peak value, and the hybridization rate is 0. The result indicates that the enhancement and the selection of one CARS peak among the three peaks are realized simultaneously. Moreover, the spectrum of the SECARS peak is nearly identical to that of the CARS peak. Although the response spectra of the pump, Stokes, and probe pulses oscillate and widen, the selective excitation of one SECARS peak among the three remains, which is induced by the unchanged relative phase response among the frequency components and the integral effect of the product of the corresponding spectral components of the three pulses in Equation (2) [38].



When the step position scans to 12,267 cm−1, the Raman transition pf2 is excited and the other two peaks are suppressed to zero. Accordingly, the SECARS intensity reaches a maximum at 13,687 cm−1, while the intensity is less than 1% of the maximum in the range of 13,500–13,649 cm−1 and 13,725–13,850 cm−1, and the hybridization rate is 0. When the step position scans to 12,187 cm−1, the Raman transition pf3 is fully excited, and the other two peaks are suppressed to zero. The SECARS intensity is maximal at 13,767 cm−1, while the intensity is less than 1% of the maximum in the range of 13,500–13,731 cm−1, and the hybridization rate is 0.



In brief, the ultrafast coherent control and the selective excitation of CARS peaks and the spectra in air are both perfectly maintained in the SECARS enhanced by the Fano resonance of the disk-ring nanostructure, and the detection accuracy and controllability are greatly improved.



Suppressing the non-resonant background noise is one challenge of enhancing the sensitivity of CARS signals. As shown in Figure 4, if there is only spectral cutting of the probe light, the noise caused by the adjacent CARS peaks between pf1 and pf2 is about 7%, and that between pf2 and pf3 is about 15%. With coherent modulation of the pump and Stokes lights, the noise caused by the adjacent CARS peaks between pf1 and pf2 is less than 1%, and that between pf2 and pf3 is less than 2%. Figure 15 shows that the noise is basically the same after Fano resonance enhancement.






5. Conclusions


In summary, the advantages of pulse shaping and Fano resonance enhancement are combined, and a scheme for controlling the selective excitation and enhancement of any one of the three CARS peaks based on the Fano resonance of a disk-ring structure is presented by shaping the femtosecond laser pulses. A four-level system with three Raman shifts of 580, 700, and 780 cm−1 with a width of 10 cm−1 was chosen as the target molecule. The central frequencies of the pump, probe, and Stokes laser were at 12,987, 12,987, and 12,287 cm−1, respectively.



To enhance the selected CARS peak intensity and to decrease the other two peaks to zero, the pulse-shaping method was optimized. The frequency components of the probe spectrum inside a window centered at 12,987 cm−1 with a width of 16 cm−1 were preserved, while the other frequency components were cut off. For the pump laser, a rectangular π-phase modulation was applied to the central part of the frequency components with a window of 36 cm-1. For the Stokes light, the pulse shaping is similar to that of the pump light, except the window position scans from low to high frequency. The optimized three CARS pulses were all composed of five sub-peaks, with a spectral FWHM of 12 cm−1 and a duration of 4 ps. By controlling the detection time window of high-speed photodetectors, the background noise can be greatly reduced, and the signal-to-noise ratio can be improved.



To simultaneously enhance the four surface plasmon modes of the pump, probe, Stokes, and anti-Stokes light and to ensure that the hot spots are all located at the same position, the Fano resonance is optimized by changing the size of the disk-ring structure, which is used as the SECARS substrate. A deep and narrow Fano dip was adjusted to 12,987 cm−1 (the pump and probe light); the dark state is beneficial to the absorption of light. The Stokes and anti-Stokes lights were at the scattering peaks of 12,287 and 13,687 cm−1, which can enhance the electric field and radiation processes.



The shaped pump, Stokes, and probe pulses were all transformed into the time domain and then made to vertically irradiate the disk-ring structure. FDTD simulation was used to compute the pulse response in the time and frequency domains. The shaped pump and probe pulses were both enhanced by 55.88 times on average, and the Stokes and anti-Stokes pulses by 27.3 and 14.05 times, respectively. The hot spots of the four lights were all concentrated in the center of the gap between the disk and ring, with a deviation distance of less than 2 nm. The SECARS intensity was enhanced by more than 1012 times, which was much higher than the 1011 times enhancement required for single-molecule detection.



The distributions of the time, frequency, and phase of the input and response of the pump, probe, and Stokes pulses were studied in detail. The selective excitations of the SECARS peaks were all well maintained and so were the spectra. This has important an application for improving the signal-to-noise ratio of the CARS spectrum and providing a new path for selective excitation and enhancement of CARS peaks at a single-molecule level.
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Appendix A


Appendix A.1. Optimization of the Selective Excitation of CARS


As shown in Figure A1, the hybridization rate is defined as the ratio of the maximum value of the overlap between the selected CARS and its adjacent signal to the maximum value of the CARS signal itself. The influences of the window size d of the probe light and w of the pump and Stokes light on the selective excitation of CARS are studied in detail.
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Figure A1. CARS spectra and the hybridization rate: (a) CARS spectra for d = 24 cm−1; (b) influences of window width d of the probe light on CARS intensity and (c) on hybridization rate. 






Figure A1. CARS spectra and the hybridization rate: (a) CARS spectra for d = 24 cm−1; (b) influences of window width d of the probe light on CARS intensity and (c) on hybridization rate.
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In the CARS spectra shown in Figure A1, w is fixed as 36 cm−1 and the window width d of the probe light is set to the following values: 32, 24, 16, 12, and 8 cm−1. As d decreases from 32 to 16 cm−1, pf1, pf2, and pf3 increase by 24%, 26%, and 22.9%, respectively, as shown in Figure A1b. This is mainly because the width of the probe light is much larger than the window sizes of the π-phase modulation of the pump and Stokes light (12 cm−1). The frequency components of the probe light are partly cut off with a decrease in the window width, which suppresses part of the destructive interference [as shown in Equation (2)]. Therefore, the intensity of the CARS signal increases relatively. When the window width d is reduced to 12 and 8 cm−1, the intensity of the CARS signal decreases. This is because the probe light spectrum becomes too narrow, and the optical path integral is inevitably reduced.



When d decreases from 32 to 16 cm−1, the hybridization rate of pf1 is always 0 and so is that of pf2 adjacent to pf1, as shown in Figure A1c. The hybridization rate of pf2 adjacent to pf3 decreases from 2.7% to 0.7%, while that of pf3 decreases from 7.9% to 0.7%. It is worth mentioning that the distance between the corresponding energy levels of pf2 and pf3 is 80 cm−1, which is 40 cm−1 less than that between pf2 and pf1. Therefore, pf2 and pf3 are more difficult to separate, and our method greatly reduces the hybridization rate. When d is reduced to 16 cm−1, the hybridization ratios of pf1, pf2, and pf3 are all less than 1%, and the three CARS peaks are completely separated.



With the window width d of the probe light set as 16 cm−1, the window width w of the pump and the Stokes light is varied as 60, 48, and 36 cm−1, as shown in Figure A2. When w decreases from 60 to 36 cm−1, pf1, pf2, and pf3 decrease by 55.7%, 55.9%, and 55.5%, respectively. This is because the intensities of the pump and Stokes laser decrease linearly with the window width.
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Figure A2. (a) Influences of window width w on CARS intensity, and (b) on hybridization rate. 
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When w decreases from 60 to 36 cm−1, the hybridization rate of pf1 decreases from 1.7% to 0, while that of pf2 adjacent to pf1 is always 0 and that of pf2 adjacent to pf3 decreases from 4.99% to 0. The hybridization ratio of pf3 decreases from 5.5% to 0.7%. Although the distance between the corresponding energy levels of pf2 and pf3 is smaller, they can also be well separated. Therefore, this modulation method is effective for the selective excitation of CARS.



In the following discussion, the window width d of the probe light is maintained at 16 cm−1, and the window widths w of the pump and Stokes light are both set as 36 cm−1.




Appendix A.2. Spectra, Phase, and Time Distributions of the Three Optimized Anti-Stokes Pulses


Many studies have reported the spectra of anti-Stokes light selectively excited by shaped ultrafast laser pulses, but few studies have been conducted on the phase and the time-domain distribution [11,13,16,17,18,19]. By calculating the spectrum and the phase distribution of the anti-Stokes pulse, the time-domain distribution is studied using the inverse Fourier transform. According to the optimized results, the best selective excitation is obtained when the pump, Stokes, and probe light are modulated as follows. The frequency components of the probe light outside the window centered at 12,987 cm−1 with a width of 16 cm−1 are cut off. Similarly, the frequency components of the pump light outside of the window centered at 12,987 cm−1 with a width of 36 cm−1 are cut off, and a rectangular π-phase modulation is applied in the window with a width of 12 cm−1. The frequency components of the Stokes light outside a window with a width of 36 cm−1 are cut off, and a rectangle π-phase modulation with a width of 12 cm−1 is applied in the window. The modulation window moves from low to high frequency. The CARS peaks of pf1, pf2, and pf3 are selectively excited when the step position scans to 12,387, 12,267, and 12,187 cm−1, respectively.



The frequency, phase, and time-domain distributions of the three anti-Stokes pulses obtained by this optimized modulation are shown in Figure A3. Each spectrum of the anti-Stokes pulse contains five small peaks. The phase of each small peak is basically the same with very small fluctuations. The time-domain distribution shows that each anti-Stokes pulse is split into two peaks with a FWHM of approximately 3 ps. On both sides, there are gradually weakened small peaks, with intensities less than one-tenth of the main peak.
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Figure A3. Frequency, phase, and time distribution of the three anti-Stokes pulses: (a,b) pf1, (c,d) pf2, and (e,f) pf3. 
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The time and frequency distribution in Figure A3 show that these anti-Stokes pulses are ultrafast pulses with a width of several picoseconds. At present, the bandwidth of an ultrafast photodetector can reach 25–30 GHz. By controlling the detection time window of the ultrafast photodetector, the background noise can be greatly reduced, and the signal-to-noise ratio can be improved [1].





Appendix B


The Time Distribution of the Real Part of the Electric Field of the Stokes, Probe, and Anti-Stokes Pulse


Figure A4 shows the time distribution of the real part of the electric field of the Stokes, probe, and anti-Stokes pulse. The peak intensity of the electric field of the Stokes pulse with a step position of 12,387 cm−1 (pf1 is selectively excited) decreases to 1.35 × 10–4 and those at 12,267 cm−1 and 12,187 cm−1 decrease to 1.40 × 10–4 and 1.37 × 10–4, respectively. Figure A4c shows the time distribution of the real part of the electric field after the probe light is shaped. The FWHM of the electric field amplitude increased to 1448 fs, and the peak value decreased to 8.39 × 10–5. Figure A4e shows the time-domain distribution of the real part of the anti-Stokes pf1 pulse in air. The anti-Stokes pulses of pf2 and pf3 are similar to pf1 and are not presented.
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Figure A4. Real part of the electric field of (a,b) the Stokes, (c,d) probe, and (e,f) anti-Stokes pf1 pulse, where (a,c) are the input pulses, and (b,d) are the output pulses at the probe point of the disk-ring structure. The anti-Stokes pulse (e) in air and (f) at the probe point in the disk-ring structure. 
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The responses of the Stokes, probe, and anti-Stokes pulses are also shown in Figure A4b,d,f, respectively. The results of the Stokes and probe pulses are normalized by the real part of the electric field of the TL pulse, and the anti-Stokes pulse is normalized according to the maximum value of the input anti-Stokes pulse. The electric field amplitude of the probe pulse increases by 55.75 times due to Fano resonance, and the Stokes and anti-Stokes pulses increase by more than 27.3 and 14.05 times, respectively.



From the electric field enhancement of the four pulses, it can be seen that the electric field amplitudes of the pump and probe pulses in the Fano dark state are more than twice that of the Stokes and anti-Stokes pulses in the bright state, and the light intensities are more than four times. The imaginary parts of the electric field of the Stokes, probe, and anti-Stokes pulses are similar to the real parts.





Appendix C


SECARS for the Step Position of the Stokes Light at 12,267 cm−1 and 12,187 cm−1


When the step position of the Stokes light reaches 12,267 cm−1, the Raman transition pf2 is well excited, while pf1 and pf3 are both zero (Figure 4a of the manuscript). In this case, the time distributions of the input and response pulses of the pump and probe light are shown in Figure 7 (the manuscript) and Figure A4 (Appendix B), and those of the Stokes and anti-Stokes pulses are shown in Figure A5. The response is similar to that of the Raman transition pf1 at 12,387 cm−1. Figure A6 and Figure A7 show the transient intensity distributions of the electric field of the pump, Stokes, probe, and anti-Stokes pulse at 7128.3 fs, and the distributions of the electric field along the X, Y, and Z axes, respectively.
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Figure A5. Real part of the electric field of (a,b) the Stokes and (c,d) anti-Stokes pulse when the step position of the Stokes light scans to 12,267 cm−1. (a) The input and (b) output of the Stokes pulse at the probe point of the disk-ring structure. The anti-Stokes pulse (c) in air and (d) at the probe point in the disk-ring structure. 
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Figure A6. Transient distributions of the electric field of (a) pump, (b) Stokes, (c) probe, (d) anti-Stokes light, and (e) corresponding SECARS map at 7128.3 fs. The white box in (e) is an enlarged view of the area with 60 nm × 60 nm in the center of the disk-ring structure. 
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Figure A7. Distribution of the electric field intensity in (a) X, (b) Y, and (c) Z axes for the pump, Stokes, probe, and anti-Stokes light at 7128.3 fs. 
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When the step position of the Stokes light scans to 12,187 cm−1, the Raman transition pf3 is excited, while pf1 and pf2 are both zero (Figure 4a of the manuscript). In this case, the time distributions of the input and response pulses of the pump and probe light are shown in Figure 7 (the manuscript) and Figure A4 (Appendix B), and those of the Stokes and anti-Stokes pulses are shown in Figure A8. This situation is similar to that of the Raman transition pf1 at 12,387 cm−1. Figure A9 and Figure A10 show the transient intensity distributions of the electric field of the pump, Stokes, probe, and anti-Stokes pulse at 7128.3 fs and the distributions of the electric field along the X, Y, and Z axes, respectively.
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Figure A8. Real part of the electric field of (a,b) the Stokes, and (c,d) anti-Stokes pulse when the step position of the Stokes light scans to 12,187 cm−1. (a) The input and (b) output of the Stokes pulse at the probe point of the disk-ring structure. The anti-Stokes pulse (c) in air and (d) at the probe point in the disk-ring structure. 






Figure A8. Real part of the electric field of (a,b) the Stokes, and (c,d) anti-Stokes pulse when the step position of the Stokes light scans to 12,187 cm−1. (a) The input and (b) output of the Stokes pulse at the probe point of the disk-ring structure. The anti-Stokes pulse (c) in air and (d) at the probe point in the disk-ring structure.
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Figure A9. Transient distributions of the electric field of (a) pump, (b) Stokes, (c) probe, (d) anti-Stokes light, and (e) corresponding SECARS map at 7128.3 fs. The white box in (e) is an enlarged view of the area with 60 nm × 60 nm in the center of the disk-ring structure. 






Figure A9. Transient distributions of the electric field of (a) pump, (b) Stokes, (c) probe, (d) anti-Stokes light, and (e) corresponding SECARS map at 7128.3 fs. The white box in (e) is an enlarged view of the area with 60 nm × 60 nm in the center of the disk-ring structure.
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Figure A10. Distributions of the electric field intensity in (a) X, (b) Y, and (c) Z axes for the pump, Stokes, probe, and anti-Stokes light at 7128.3 fs. 
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Figure 1. Schematic of the CARS process, where the three final states are all excited simultaneously by the pump field Ep, the Stokes field Es, and the probe field Epr. 
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Figure 2. (a) Schematic of the modulation of the probe laser spectrum, and (b) CARS spectra for shaped probe pulse with the spectral width of 16 cm−1, centered at the wavenumber of 12,987 cm−1. 
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Figure 3. Schematic of the modulations of (a) pump and (b) Stokes laser spectrum. The window of the pump laser is fixed, while that of the Stokes laser scans from low to high frequency, as shown by the green arrow. 
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Figure 4. (a) Normalized stimulated Raman transition probabilities and (b) CARS intensities. The green dotted lines in (a) represent different step positions where the corresponding Raman peak is selectively excited. The green solid line represents the CARS intensities obtained only by cutting off the probe spectrum as shown in (b). 
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Figure 5. Schematic of the disk-ring nanostructure. 
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Figure 6. Scattering spectrum of the disk-ring nanostructure, where the curve is normalized according to the peak value. The red, green, and blue arrows denote the wavelengths of the pump (probe), Stokes, and anti-Stokes lights, respectively. 
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Figure 7. (a–d) Real and (e,f) imaginary parts of the electric field of the pump pulse; (a,c,e) the input pulses; and (b,d,f) the output pulses at the probe point of the disk-ring structure. (c) is an enlarged view of (a) in the range of 11,090–11,150 fs. (d) is the response of the pulse in (c), i.e., the pulse in the range of 11,115–11,175 fs in (b). 
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Figure 8. Transient distributions of the electric field of (a) pump, (b) Stokes, (c) probe, (d) anti-Stokes light, and (e) the corresponding SECARS map at 7128.3 fs. The white box in (e) is an enlarged view of the area of 60 nm × 60 nm in the center of the disk-ring structure. 
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Figure 9. Distribution of the electric field intensity in (a) X, (b) Y, and (c) Z axes for the pump, Stokes, probe, and anti-Stokes light at 7128.3 fs. 
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Figure 10. Coincidence diagram of the input and the response of the pump pulse, in which the input pulse is amplified by 55.88 times and the output pulse moves forward by 31 fs. 
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Figure 11. Spectrum of the input and response of (a) pump and (b) probe pulse. The spectra of the input pump and probe pulses are both multiplied by 58.7 times. 
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Figure 12. Spectra of the input and the response of the Stokes pulse. 
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Figure 13. Schematic of the phases of the input, response, and the phase difference of (a) pump and (b) probe pulse. 
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Figure 14. Schematic of the phases of the input, response, and the phase difference of the Stokes pulse. 
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Figure 15. CARS intensities in air and the disk-ring structure at the step positions of 12,387, 12,267, and 12,187 cm−1 of the Stokes laser, normalized with their own maximum, respectively. 
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Table 1. Parameter settings.
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	Parameters
	Settings
	Parameters
	Settings





	R1
	160 nm
	R2
	157 nm



	W
	10 nm
	D
	10 nm



	Height
	60 nm
	μ
	1



	Material
	Ag
	volume
	1500 × 1200 × 900 nm3



	Boundary condition
	Perfectly matched layers
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