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Thin films of functional materials, from graphene to semiconductor heterostructures, from nano-membranes to Langmuir-Blodgett films play key roles in modern technologies. For such films optical interrogation is the main and often the only practical method of characterization. Here we show that characterization of optical response of thin films can be greatly improved with a new type of coherent spectroscopy using two counter-propagating beams of light. The new spectroscopy is selective to particular types of multipole resonances that form the absorption spectrum of the film, therefore can reveal lines that are hidden in conventional absorption spectroscopy. We explicitly demonstrated selectivity of this spectroscopy in a series of proof-of-principle experiments with plasmonic metamaterial arrays designed to exhibit different multipole resonances. We further demonstrate analytic potential of this spectroscopy by extracting hidden resonance from the spectrum of a complex nanostructure.



I. INTRODUCTION

[bookmark: OLE_LINK24][bookmark: OLE_LINK32][bookmark: OLE_LINK33]The study of multipole excitations in matter is a key theme in photonics research that has become even more important in nano-systems [1-14]. In this paper we propose and report a new spectroscopic technique to detect multipole resonances in matter with increased selectivity. Recently it was shown that strength of absorption in a thin film depends on the position of the film in a standing wave [15,16]. The spectroscopic technique proposed in this work goes much further: it exploits the fact that by placing a subwavelength thin film at magnetic field node (where magnetic field and electric field gradient vanish) or electric field node (where electric field vanishes) in a standing wave, one can selectively emphasize electric dipole or magnetic dipole and electric quadrupole resonances correspondingly [see Fig. 1(a)]. Such selectivity gives the opportunity to detect resonances hidden by strong lines. Here we illustrate this in a series of proof-of-principle experiments by selectively detecting multipole resonances and by demonstrating the detection of a hidden absorption line in a complex spectrum.   

Indeed, the excitation-selective nature of the coherent spectroscopy can be understood by considering the Hamiltonian  of the interaction between electromagnetic radiation and matter [17]:
                                                    (1)
where is the vector potential of electromagnetic field,  are the operators of electric dipole, electric quadrupole and magnetic dipole moments of the medium, respectively, c is the speed of light, t is the time, and eilj is the Levi-Civita symbol with i, l and j denote a permutation of the Cartesian coordinates x, y and z. For a standing wave formed by two coherent linearly polarized waves counter-propagating in  directions and oscillating at frequency ω, , where A0 is the amplitude of the vector potential and k is the wave vector. The Hamiltonian now is reduced to:
                        (2)
For a subwavelength thin film located at electric node (E-node) of the standing wave, where , electric dipole interaction vanishes while magnetic dipole and electric quadrupole interactions become the dominant terms of the Hamiltonian.  On the contrary, for the same sample located at magnetic node (B-node), where , magnetic dipole and electric quadrupole interactions vanish while electric dipole interaction becomes the dominant term. This analysis implies that coherent absorption can be measured for any film of subwavelength thickness and no requirement exists on the level of sample’s reflection or transmission.

As one can see from the derivation above (Eqs. 1 & 2), the technique can separate electric dipole from magnetic dipole in absorption. It can also separate electric dipole from electric quadrupole. However, it cannot separate magnetic dipole from electric quadrupole since they simultaneously reach zero at B-node. Here we shall note that the interference of multiple waves can in principle create any value of magnitude and gradient of magnetic and electric fields at a given point in free space [18]. Therefore we argue that more elaborate versions of our technique using multiple beam interference could be better suited for distinguishing contributions of higher order multipoles.

A spectrometer based on a Mach-Zehnder interferometer arrangement is utilized for experimental demonstration [see Fig. 1(b)]. A femtosecond laser is used as light source for its widely tunable wavelength (from 700 nm to 1040 nm). A standing wave is generated from two loosely-focused counter-propagating laser beams, α and β, at sample position. By adjusting the phase difference between the two beams, the metamaterial position is swept through field nodes and antinodes, and the output light intensity is recorded simultaneously. By repeating this process at different wavelengths, two absorption spectra lines are generated, with one induced by electric dipole resonance and the other magnetic dipole and electric quadrupole resonances. Assisted with numerical calculation, we are able to assign absorption peaks to different resonances (see the Supplemental Material [19] for more details). 

II. COHERENT CONTROL OF ELECTRIC DIPOLE RESONANCE

The first metamaterial sample in this work is a planar array of slit nanoantennas [see Figs. 2(a) and 2(b)] made from a MgF2/Au/Si3N4 thin film [20]. Its optical response is dominated by electric dipole resonance [21-24], as the metasurface does not support other multipoles when illuminated at normal incidence [25,26]. Figures 2(c) and 2(d) show the experimental and numerically simulated absorption spectra [27-29] at electric field antinode (E-antinode) and node (E-node) of a standing wave, together with those in a travelling wave (the MgF2 side is illuminated) , where experimental spectra show good agreement with theoretical simulation. The peak wavelength of the travelling-wave absorption coincides with that at E-antinode. At E-antinode, the experimental and theoretically simulated absorption at around 870 nm are 0.89 and 0.99, respectively; both of them are close to total absorption. These absorption values are almost doubled from the travelling-wave absorption. In comparison, the absorption at E-node is much smaller, with the experimental and theoretical absorption at 0.07 and 0.01, respectively, at around 870 nm. The experimental value is slightly higher than simulation, which is attributed to experimental imperfections.

[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Figure 2(e) shows induced surface charges at E-antinode, where charges with opposite sign at opposite wall resemble electric dipole resonance [21-24]. The amplitude of the induced charges in this case is much larger than that excited by a travelling wave [see Fig. 2(f)]. This indicates a stronger electric dipole resonance of the metamaterial at E-antinode. Very different from that in Figs. 2(e) and 2(f), Fig. 2(g) shows no discernable charge accumulation at E-node. Both the spectra and the charge distribution clearly demonstrate that the electric dipole resonance of the slit nanoantennas can be significantly amplified or suppressed by selecting the excitation mode of the coherent spectroscopy.

III. COHERENT CONTROL OF MAGNETIC DIPOLE AND ELECTRIC QUADRUPOLE

The second sample is a multilayered nanowire metamaterial [see Figs. 3(a) and 3(b)] for which the optical response is dominated by magnetic dipole and electric quadrupole resonances [30-34]. Figures 3(c) and 3(d) show the experimental and simulated absorption spectra at magnetic field antinode (B-antinode), magnetic field node (B-node), and in a travelling wave. Because of their asymmetric shape, the nanowires show different absorption spectra with changing illumination direction (see Fig. S1 in the Supplemental Material [19]) and the average is shown here. The experimental absorption spectra have good agreement with the theoretical simulation [see Figs. 3(c) and 3(d)]: Absorption at B-antinode is considerably stronger than that in the travelling-wave and they show similar resonance features; meanwhile, absorption is suppressed at B-node. The resonance is broader and weaker in experiment than in simulation, which may come from imperfections such as thickness fluctuation of the Si3N4 layer. The absorption at B-node comes from electric dipole contribution.

Figure 3(e) shows anti-parallel electric displacement current in the Au layers and strong magnetic field inside the Si3N4 layer at B-antinode. Both of them are the characteristics of magnetic dipole and electric quadrupole resonances of the metamaterial. The strength of the central magnetic hot spot is much bigger than the travelling-wave case [see Fig. 3(f), the top surface is illuminated]. In comparison, at B-node [see Fig. 3(g)], the induced electric displacement current is observed only in the top Au layer, and the magnetic hot spot is significantly suppressed. Results in Fig. 3 clearly demonstrate that, the same as electric dipole resonance, magnetic dipole and electric quadrupole resonances can also be actively controlled by the coherent spectroscopy technique.

IV. RECOVERY OF HIDDEN RESONANCE AND MANIPULATION OF HOT SPOTS

A multilayered asymmetric split ring slit metamaterial, the third metamaterial sample, is designed for the demonstration of the recovery of a hidden resonance in the coherent spectroscopy. The SEM image and schematic illustration of the sample are shown in Figs. 4(a) and 4(b), respectively. The experimental and theoretically simulated absorption spectra of the sample under the three excitation conditions are shown in Figs. 4(c) and 4(d), respectively. In comparison with the travelling wave spectra, the E-antinode spectra exhibit a similar Fano-type profile [35-37] but have larger absorption. As discussed above, this result indicates that the Fano-type resonance of the complex metamaterial is induced by the electric field of incident light. For both the E-antinode and the travelling-wave spectra, measured absorption peaks are slightly weaker and shifted in wavelength comparing to simulation. This may be attributed to experimental imperfections such as inhomogeneity of the nanostructure.

Most interestingly, the E-node spectra in both experiment and simulation [see Figs. 4(c) and 4(d)] are dominated by a single resonance feature at around 910 nm. Based on the discussion above, we conclude that this resonance comes from multipole resonances different from that of the Fano-type resonance: This peak is different from the peak observed at similar wavelength in travelling-wave excitation. This hidden resonance cannot be isolated using a conventional spectrometer (see Fig. S1 in the Supplementary Material [19] also for reflection and transmission). The very small feature at 780 nm observed in experiment [see Fig. 4(c)] is attributed to experimental imperfections.

Multipole radiation power of the metamaterial is numerically calculated for analyzing the resonance properties and the strength of induced multipoles under different excitation conditions [38]. Electric dipole, magnetic dipole, electric quadrupole, magnetic quadrupole, and toroidal dipole are calculated. The leading terms at E-antinode and E-node are shown in Figs. 4(e) and 4(f), respectively. The excitation of the sample is obviously dominated by electric dipole resonance at E-antinode. On the contrary, magnetic dipole and electric quadrupole resonances are most strongly induced at E-node. Because the magnetic dipole and the electric quadrupole are weaker than the electric dipole by around one order of magnitude, the resonance feature at around 910 nm can easily be covered by the electric dipole resonance in the travelling-wave spectroscopy. Experimental results of Fig. 4 clearly demonstrate the capability of recovering hidden resonances of the coherent spectroscopy.

An interesting additional function of the coherent spectroscopy can be seen in Figs. 4(g) and 4(h), which show the electric field distribution at the middle plane of the metamolecule at E-antinode and E-node. Near-field hot spots can be clearly seen in both cases, and their locations change with excitation condition. They are localized inside the straight slit at E-antinode, but appear between adjacent metamolecules at E-node. This indicates the possibility of using the coherent excitation to spatially manipulate near-field optical hot spots, a function that usually requires modulating spatial profile of excitation light [39,40].

The coherent spectroscopy not only can recover hidden resonances from a travelling-wave spectrum as shown in Figs. 4(c) and 4(d), but also can be used to interrogate travelling-wave spectra with complex features. Figure 5 compares the simulated absorption spectra of three samples at the three different excitation conditions. One sample [see Fig. 5(b)] has been reported in Fig. 4, and the other two samples [see Figs. 5(a) and 5(c)] are different from it only in the thickness of the middle Si3N4 layer. The travelling-wave spectra in both Figs. 5(a) and 5(c) show small plateaus which can be very difficult to interpret using conventional methods. By separating the resonances on the travelling-wave spectra using the coherent spectroscopy, we can see that the plateaus come from magnetic dipole and electric quadruple resonances.

V. CONCLUSIONS

Ultrathin metamaterial films specifically designed to show complex multipole resonances give excellent experimental demonstration of the selectivity of the coherent spectroscopy. Coherent absorption spectra measured at field node and antinode of an optical standing wave show both improved excitation efficiency and contrast between multipoles. These functions originate from the doubled local field intensity at field antinode and the spatial separation of electric and magnetic fields. In principle, this technique works at arbitrary low laser power, and can be extended to any designated wavelength regime.

This method can be useful for the characterization of subwavelength thin films of different nature, including both metamaterials and natural materials. Although the standing wave technique is two times more sensitive than conventional travelling-wave absorption measurement, it can realistically work only with noticeable absorption at present. However, sample position in a standing wave can be modulated at high frequency and the corresponding change in absorption can be detected by phase locking techniques, which could greatly improve detection sensitivity. Such opportunity does not exist in conventional travelling-wave measurement.

The technique is not only suitable for free-standing thin films, but also can be satisfactorily used for thin films on low-refractive-index substrates if: 1) the substrates are anti-reflection coated on the side opposite to analyte layer or 2) the films are sandwiched between two identical substrates. We also envisage that some of the analyte layers can be deliberately manufactured on very thin substrates to make them compatible with the new coherent spectroscopy. Indeed media like graphene and pellicle films are routinely used as thin substrates.

As progress in materials science, physics, and biochemistry is underpinned by and crucially depends on the development of analytical techniques, our new coherent spectroscopy offers a new, simple, efficient, and uniquely informative technique with large application potential. The proposed standing wave approach can be extended to the development of new ultrafast transient spectroscopies, nonlinear spectroscopies, and polarization spectroscopies.
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[bookmark: OLE_LINK19][bookmark: OLE_LINK20]FIG. 1. Selective excitation of coherent spectroscopy for ultrathin films: principle and experimental setup. (a) In a standing wave formed by two counter-propagating normal incident laser beams, the absorption of a subwavelength thin film depends on its position. At electric antinode and magnetic node (Case I), electric dipole absorption is at its maximum, while magnetic dipole and electric quadruple absorption vanishes. On the contrary, at electric node and magnetic antinode (Case II), electric dipole resonance is suppressed and magnetic dipole and electric quadrupole resonances are selectively excited. (b) Schematic illustration of the coherent excitation spectrometer (see the Supplemental Material for details) with a zoom-in view around the sample shown in (a).
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[bookmark: OLE_LINK1]FIG. 2. Coherent control of electric dipole resonance in metamaterial. (a) SEM image of the slit nanoantenna metamaterial. Unit cell of the metamolecule is marked with the white dashed line. The polarization of the incident light is depicted. (b) Dimensions of a unit cell: p = 430 nm, h = 180 nm, and w = 60 nm. (c)-(d) Experimental and numerically simulated absorption spectra of the slit nanoantennas at E-antinode (red line) and E-node (blue line) of a standing wave, and in a travelling wave (green line). (e)-(g) Corresponding surface charge density distribution on the inner walls of the slit in the Au layer. The wavelength is 870 nm [highlighted by the dashed line in (d)]. All panels are shown at the same color scale.
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FIG. 3. Coherent control of magnetic dipole and electric quadrupole resonances in metamaterial. (a) SEM image of the nanowire metamaterial. Polarization of the incident light is depicted. Unit cell of the metamolecule is marked with the white dashed line. (b) Dimension of a unit cell: t = 100 nm and b = 150 nm. The periodicity is 220 nm and the wire length is 30 μm. (c)-(d) Experimental and simulated absorption spectra of the nanowires at B-antinode (blue line), B-node (red line), and in a travelling wave (green line). (e)-(g) Corresponding magnetic field (color map) and induced displacement current (white arrows) at the cross-section of the metamolecule at the resonance wavelength [850 nm, highlighted in (d)].
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[bookmark: OLE_LINK17][bookmark: OLE_LINK18]FIG. 4. Recovery of hidden resonance and manipulation of near-field hot spots in metamaterial. (a) SEM image of the multilayered asymmetric ring slit metamaterial. Polarization of the incident light is depicted. Unit cell of the metamolecule is marked with the white dashed line. (b) Dimensions of a unit cell: p = 520 nm, b = 210 nm, t = 220 nm, g = 70 nm, and w = 50 nm. (c)-(d) Experimental and simulated absorption spectra of the sample at E-antinode (red line), at E-node (blue line), and in the travelling wave (green line). (e)-(f) Leading terms of multipole radiation power at (e) E-antinode and (f) E-node. ED: electric dipole, MD: magnetic dipole, TD: toroidal dipole, EQ: electric quadrupole, and MQ: magnetic quadrupole. (g)-(h) Electric field in the middle of the Si3N4 layer at the resonance wavelength of the hidden peak [910 nm, highlighted in (d)].
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FIG. 5. Interrogating complex travelling-wave spectra using coherent spectroscopy. Numerically simulated absorption spectra are shown for three split ring slit metamaterials of different dimensions. The planar nanostructure dimensions are the same as in Fig. 4. The thickness of the middle Si3N4 layer is (a) 30 nm, (b) 50 nm (the same sample as in Fig. 4), and (c) 60 nm. As different multipole resonances have different dependence on metamolecule size, the hidden resonance in (b) moves away from the Fano resonance and therefore can be seen in the travelling-wave spectra in both (a) and (c) (highlighted by arrows).
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