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Coherent control of light-matter
interactions in polarization
standing waves
Xu Fang1, Kevin F. MacDonald1, Eric Plum1 & Nikolay I. Zheludev1,2
We experimentally demonstrate that standing waves formed by two coherent counter-propagating
light waves can take a variety of forms, offering new approaches to the interrogation and control
of polarization-sensitive light-matter interactions in ultrathin (subwavelength thickness) media.
In contrast to familiar energy standing waves, polarization standing waves have constant electric
and magnetic energy densities and a periodically varying polarization state along the wave axis.
counterintuitively, anisotropic ultrathin (meta)materials can be made sensitive or insensitive to such
polarization variations by adjusting their azimuthal angle.
Metamaterials and metasurfaces, artificial media with prescribed optical properties that are often unavailable or
indeed inconceivable in naturally-occurring materials, can now be engineered to requirement from the atomic
scale up1,2. A variety of schemes for dynamically controlling, switching and tuning these properties have been
demonstrated, including approaches based upon the hybridization of resonant nanostructures with active (e.g.
nonlinear and phase-change) media3–7 and on mechanically-, electrically- or even optically-induced changes in
the geometry or spatial arrangement of constituent metamolecules8–13. It has also been shown recently that the
manifestation of optical properties in planar metamaterials can be ‘coherently controlled’: The interference of
coherent light beams on ultra-thin nanostructured metasurfaces, much thinner than the wavelength of light,
can for example selectively render the medium almost perfectly transparent or facilitate near-perfect optical
absorption at wavelengths selected by design, thereby enabling multi-THz bandwidth light-by-light modulation
at arbitrarily low intensities14–17. In fact, all kinds of light-matter interaction in films of sub-wavelength thickness, including birefringence, dichroism, and nonlinear effects, can be similarly modulated by manipulating the
relative spatial and/or temporal intensity and phase distributions of incident light beams18–22; the concept can
be harnessed for data and image processing applications23,24, and in spectroscopy to disentangle electric and
magnetic resonances25. In all of these cases, coherent control is achieved by manipulating the precise location of
the metasurface within the conventional standing wave pattern of electric/magnetic field nodes and anti-nodes
formed by a pair of collinearly-polarized incident beams.
Here, we demonstrate that standing waves formed by two coherent counter-propagating waves of equal intensity can take different forms (Fig. 1). In the first category, which we call Energy Standing Waves (ESWs), the local
electric and magnetic energy densities change along the wave axis, while the total energy density remains constant
as nodes of electric field correspond to anti-nodes of magnetic field and vice versa. The local polarization state of
ESWs is invariant along the wave axis. For instance, the standing wave formed by a pair of counter-propagating
collinearly polarized waves maintains the same linear polarization at all points along the wave (see Fig. 1a).
Similarly, a standing wave formed by a pair of counter-propagating circularly polarized waves of opposite handedness maintains a circular polarization: At all points in space the end of electric field vector traces a circle following
the shared rotation direction of the two incident waves (see Fig. 1b).
In the second category of standing wave, which we will call Polarization Standing Waves (PSWs), the
local polarization state oscillates along the wave axis while the electric, magnetic and total energy densities
are invariant. For instance, in the standing wave that is formed by counter-propagating orthogonally linearly polarized waves, the local polarization state is an axial position-dependent ellipse. The degree of ellipticity oscillates, and its azimuth flips alternately between orientations at ±45° to the incident polarizations, along
the wave axis with a period of λ/2 (λbeing the wavelength; see Fig. 1c). Similarly, in a standing wave formed
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Figure 1. Energy and polarization standing wave schematics showing in each case the envelope of electric
energy density and the evolution of local polarization state: (a,b) Energy standing waves formed by two
counterpropagating (a) collinearly polarized waves and (b) circularly polarized waves of opposite handedness.
(c,d) Polarization standing waves formed by two counter-propagating (c) orthogonally linearly polarized waves
and (d) circularly polarized waves of the same handedness.
by a pair of counter-propagating circularly polarized waves of the same handedness (as in a cavity formed by
‘handedness-preserving’ mirrors)26, the polarization state is linear with an azimuthal orientation that oscillates
along the wave axis with a period λ/2 (see Fig. 1d).
Using an anisotropic plasmonic metamaterial film of subwavelength thickness, we have experimentally studied
light absorption in the energy and polarization standing waves formed by counter-propagating linearly polarized
input beams. Absorption in the ESW oscillates with the sample’s axial position in the wave. Counterintuitively
however, it is seen that the absorption of the anisotropic film, which normally depends strongly on polarization,
may or may not be sensitive to the polarization changes in the PSW depending on the orientation of the sample.
The behaviour of a subwavelength thickness (<<λ) metamaterial film in such standing waves can be understood in terms of a scattering matrix. If the film is located in the xy plane and incident light propagates in the +z
direction, the scattering matrix can be written as
 s xx s xy 

S+z =  s
 yx s yy 

(1)

where sαβ is a complex number describing the α-polarized scattered field induced by a β-polarized incident field
(α, β =  x, y). Since a planar medium illuminated at normal incidence senses only the local electric field27, the corresponding scattering matrix S−z for the opposing direction of incident light propagation is the same: S−z =  S+z.
Moreover, reciprocity requires28 that the matrices for opposing propagation directions transpose: S−z =  (S+z)T.
This combination of properties implies that the off-diagonal terms must be equal, i.e. Syx =  Sxy.
We first consider a sample in the ESW formed by two counter-propagating waves co-polarized in the x direction. The electric field of the travelling waves is E +z = xˆ and E−z = xˆ exp(iθ), where x̂ is the unit vector in the x
direction, and θ is the phase difference between the two waves at the sample position. A lossy thin film placed in
the standing wave will absorb radiation from both propagating waves. The rate of dissipation will be controlled by
the position of a thin film in the standing wave, which is to say by the phase difference θ. We define absorption A
as the fraction of energy dissipated by the film from both waves:
A = − 2(|s xx |2 + |s yx |2 + Re {s xx })(1 + cos θ)

(2)

From here one can see that the absorption of a lossy sample always depends on θ, i.e. on the sample’s position
in the ESW.
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Figure 2. (a) Scanning electron microscope image of a section of the experimental planar metamaterial sample,
comprising 30 nm Au on a 30 nm Si3N4 membrane [imaged from the Au side]. The dashed red lines indicate the
linear polarization eigenstate directions. (b) Dimensional schematic of the symmetric L-slot metamaterial unit
cell design [excluding the membrane substrate as in numerical simulations]. (c) Coherent, i.e. standing wave,
illumination configuration schematic.

In contrast, absorption in a PSW formed by orthogonally polarized waves with incident fields E +z = xˆ and
E−z = yˆ exp(iθ) is
A = B − Re {C exp(iθ)}

(3)

B = 0.5 − s xx + 0.5 2 − |s yy + 0.5|2 − 2 |s xy |2

(4)

⁎
⁎
C = (2sxx
+ 1) s xy + (2s yy + 1) sxy

(5)

where B and C are

From Eq. (3), it follows that an anisotropic sample will generally be sensitive to its position in a PSW. However,
if C =  0, absorption A is independent of θ, and thus of the position in the standing wave. This condition can be
satisfied if sxy = 0 (i.e. in the absence of linear polarization conversion).
One may then ask under what circumstances the off-diagonal components sxy =  syx of the scattering matrix
of the film can be zero: For an anisotropic film, the scattering matrix generally has non-zero and complex components. The real and imaginary parts of the matrix can each be diagonalized at selected azimuthal rotation
positions about the z-axis. The phenomenon of asymmetric transmission27, which has recently drawn considerable attention. Emerges in “planar chiral” patterns that do not have a line of symmetry in the sample plane, for
which these azimuthal angles are different. Here, we consider a pattern that does have a line of symmetry and
as such the real and imaginary components of its scattering matrix can be diagonalized at the same azimuthal
angle. Practically, this means that the film has a pair of orthogonal linear polarization eigenstates. If the sample
is oriented in such a way that the two incident waves forming a PSW are aligned with these eigenstates, then
sxy =  syx = 0 and absorption A will be independent of θ and thereby of position in the PSW.
We performed a series of experiments on coherent light absorption in the energy and polarization
standing waves formed by linearly polarized travelling waves (as shown in Fig. 1a,c). We studied the axial
position-dependent absorption of the mirror-symmetric, anisotropic, planar plasmonic metasurface illustrated in
Fig. 2, comprising a 30 nm thick gold film supported on a 30 nm thick Si3N4 membrane, patterned with a periodic
array of symmetric L-slots (with equal arm lengths of 300 nm) – a geometry selected for the distinct dependence
of its optical response to the polarization state of incident light (see Fig. 3 below). Experimental samples prepared
by focused ion beam (FIB) milling consisted of 75 × 75 unit cells, each with dimensions of 500 nm × 500 nm. The
orthogonal linear polarization eigenstates of this pattern are aligned parallel and perpendicular to the mirror
symmetry axis of the L-slots. Detailed structural dimensions, as used in FIB pattern design and in 3D computational modeling of the metamaterial (using the COMSOL Multiphysics finite element solver) are presented in
Fig. 2(b). These simulations assume normally incident narrowband plane wave illumination and, by virtue of
periodic boundary conditions, an array of infinite extent in the xy plane. They derive the permittivity of gold from
a Drude-Lorentz model29, using a damping term three times that of bulk gold to account for thin film surface
roughness30–32. For simplicity and symmetry, they exclude the Si3N4 substrate – a measure of minor consequence
to computational results and their correlation with experimental measurements, as will be seen below.
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Figure 3. Optical properties of the symmetric L-slot metamaterial under travelling wave illumination:
(a–c) Experimentally measured and (d–f) corresponding numerically simulated normal incidence reflection
R, transmission T, and absorption A [=1 −  (R +  T)] spectra for incident light polarized [as indicated by
the inset schematics] parallel (a,d) and perpendicular (b,e) to the structure’s mirror symmetry axis – its
polarization eigenstates, and parallel to the arms of the L-slots (c,f). [Experimental spectra were evaluated
using a microspectrophotometer [CRAIC QDI2010; absolute measurement uncertainty ±<0.03] with light
incident on the gold side of the sample; Data in panel (c) is averaged over the two equivalent orientations – see
Supplementary Figure S1.]

Figure 3a,b show the measured normal-incidence travelling-wave (single incident beam) reflection, transmission, and absorption spectra of the metamaterial for its linear polarization eigenstates; Fig. 3c shows spectra for
incident light polarized parallel to the arms of the L-slots; Fig. 3d–f show corresponding numerically simulated
spectra. The correlation is excellent, save for a small systematic blue-shift of the simulated spectra resulting from
the model’s omission of the silicon nitride membrane, thereby confirming that the sample’s optical response is
dominated by that of the 30 nm (λ/27) thick gold layer.
We subsequently investigated the absorption of the film in both energy and polarization standing waves
(Fig. 4) - evaluated as the difference between the total power of the two counter-propagating incident beams
and the total power of the output (reflected and transmitted) beams leaving the sample in either direction.
Experiments were performed with a mode-locked Ti:sapphire laser, at a wavelength of 880 nm for which the
sample’s optical properties are strongly anisotropic (as illustrated by Fig. 3a,b), using the instrumental configuration described in ref. [15] only with a half-wave plate inserted in one of the input beam paths to enable switching
between ESW and PSW illumination modes, as illustrated in Supplementary Figure S2. In summary, the laser
output is split to form two beams that are focused at normal incidence from opposing directions onto the metamaterial sample. A piezoelectric delay line in one of the beam paths is employed to control the phase difference θ
between the two beams at the sample and thereby to set/tune the position of the sample within the standing wave
light field. The two output beams (transmitted and reflected from both sides of the sample) are directed to a pair
of identical photodiodes.
Absorption was first measured in the ESW formed by waves co-polarized perpendicular to the mirror symmetry axis of the sample, i.e. in the polarization eigenstate for which travelling wave absorption is maximized at
880 nm. In keeping with the behaviour reported in ref. [15] (for an asymmetric split ring resonator array metasurface), absorption is seen to oscillate between coherently-suppressed and -enhanced levels at the electric field
nodes and anti-nodes of the ESW respectively as a function of the time delay between (i.e. mutual phase of) the
pulses at the sample position, within an envelope defined by their temporal overlap. Figure 4a shows data from
the zero-delay position (identified as that for which the absorption modulation amplitude is maximized) overlaid
with a dependence derived from numerical modelling (based upon continuous as opposed to pulsed illumination, though the two can be assumed equivalent at zero pulse delay15). The correlation is excellent, with experimental deviations from the expected coherent absorption limits of zero and twice the travelling wave level being
attributed primarily to sample imperfections including surface roughness (the resultant incoherent scattering is
assumed within travelling wave absorption levels derived from specular reflection and transmission measurements but makes no contribution to coherent absorption15).
When the sample is rotated 45° such that the incident beam, and therefore ESW, polarization directions are
aligned with one arm of the symmetric L-slots, there is no qualitative change in the pattern of coherent absorption
modulation (see Fig. 4b): At zero delay it oscillates as above between a coherently-suppressed level (nominally
zero) at the ESW electric field nodes and a coherently-enhanced level at the anti-nodes, now equal to twice the
travelling wave absorption level for 880 nm light polarized parallel to the arms of the symmetric L-slots (see
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Figure 4. Coherent absorption in (a,b) energy and (c,d) polarization standing waves. In each case experimental
data (red dots; characteristic uncertainty in absorption ±0.005) for one and a half cycles of the standing wave
[at around zero temporal delay between incident counter-propagating pulses] are overlaid with numerically
simulated traces (black lines). Schematics to the left and right illustrate the mutual orientation of the sample
and incident beam polarization directions. Panel (d) is annotated with markers (green lines with schematic
tags) denoting the levels of travelling wave absorption for polarizations matching the local linear and circular
polarization states found within the polarization standing wave. [In the absence of meaningful reference points
in null-response measured and simulated data of panel (c), the zero phase position is set arbitrarily.]

Fig. 3c). This behaviour is replicated for any sample orientation in an ESW - the maximum level of coherent
absorption being the only parameter that changes with orientation.
In contrast, in the PSW formed by counter-propagating linearly polarized waves, the phenomenology of
coherent absorption modulation is strongly dependent on the anisotropic sample’s orientation: On one hand,
when the orthogonally polarized incident beams are the sample’s polarization eigenstates (see Fig. 4c), neither is
subject to polarization conversion on scattering from the sample, and both therefore propagate (ideally) as if the
other were not present. As such there should be no coherent absorption modulation (in Eqs 3–5, sxy =  0 therefore
C = 0) - the level is expected to be constant and equal to the mean level of travelling wave absorption for the two
incident beams, regardless of their mutual phase. The small deviations about this level seen experimentally are a
consequence of sample and systematic experimental imperfections (further discussed below). On the other hand,
when the incident beams are polarized parallel to the two L-slot arms (see Fig. 4d), they are individually subject to
polarization conversion on scattering (sxy ≠ 0) and can thus mutually interact. Coherent absorption modulation
is observed once more within the envelope of the temporal overlap between counter-propagating pulses, but now
as a result of the oscillation of the local polarization state. The local linear states within the PSW are aligned (at
45° to the incident states) with the metamaterial’s polarization eigenstates and these in principle set the upper and
lower limits on the level of coherent absorption; the local left- and right-circular states present identical intermediate levels of absorption, as one would expect in the absence of planar chirality. The fact that the level of coherent
absorption reaches the travelling wave limits confirms that the metamaterial is indeed responsive only to the local
polarization state regardless to whether that state exists as part of a standing or travelling wave.
The essential absence of modulation in Fig. 4c can thus be understood from the perspective that the local
linear polarization states within the PSW are nominally degenerate for this sample orientation - they are aligned
with the two arms of the symmetric L-slots and in principle experience identical levels of absorption. Every
intermediate elliptical and circular local polarization state can be described as a linear superposition of these two
states and must therefore also be subject to the same level of absorption. The small periodic deviation from this
ideal observed experimentally is ascribed to small inaccuracies in the sample’s azimuthal orientation and slight
systematic (fabrication process-related) asymmetry in the metamaterial L-slot pattern, which gives rise to a slight
difference between levels of absorption for polarizations parallel to the two arms (see Supplementary Figure S1).
In summary, we have shown that the interactions of an ultrathin film with different types of standing wave
can vary radically. In particular, we have identified an unusual regime in which light absorption in an anisotropic
sample is independent of its axial position in a polarization standing wave. This independence is related to the fact
that the electric energy density in such wave is homogeneous along the wave axis. This behaviour stands in sharp
contrast to absorption of a lossy ultrathin film in a conventional energy standing wave, which invariably depends
on the position of the film with respect to standing wave nodes and anti-nodes.
The polarization standing wave employed in this experimental study is locally 2D-chiral but 3D-achiral33.
In general, the properties of a lossy ultrathin medium in this PSW will depend on both the sample’s azimuthal
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orientation and the mutual phase of the incident beams if it is anisotropic. If the medium also exhibits
2D-chirality, the amplitude of modulation with phase will be non-zero for all azimuth angles (because the incident linear polarization states cannot be aligned with the co-rotating elliptical eigenstates27 of such structures).
Manifestations of 3D chirality are entirely precluded in this PSW configuration because the handedness of the
local circular and elliptical states within the PSW (see Fig. 1c) cannot be defined. The behaviour of planar media
in other symmetry classes is analysed in the Supplementary Information.
Polarization standing waves add a new dimension to the coherent control paradigm for light-matter interactions in ultrathin media. They offer an additional degree of freedom, alongside selectivity based on the magnetic/
electric nature of incident fields25, in coherent-illumination spectroscopy (important differences between travelling and energy standing wave illumination modes having been previously noted in cavity-based techniques34,35),
and the concept may be harnessed in coherent communications networks where data is encoded not only in the
amplitude36, but also the phase and polarization of signals.

References

1. Zheludev, N. I. Obtaining optical properties on demand. Science 348, 973–974, doi: 10.1126/science.aac4360 (2015).
2. Koenderink, A. F., Alù, A. & Polman, A. Nanophotonics: Shrinking light-based technology. Science 348, 516–521, doi: 10.1126/
science.1261243 (2015).
3. Lapine, M., Shadrivov, I. & Kivshar, Y. Colloquium: Nonlinear metamaterials. Rev. Mod. Phys. 86, 1093–1123, doi: 10.1103/
RevModPhys.86.1093 (2014).
4. Gholipour, B., Zhang, J., MacDonald, K. F., Hewak, D. W. & Zheludev, N. I. All-optical, Non-volatile, Bi-directional, Phase-change
Meta-switch. Adv. Mater. 25, 3050–3054, doi: 10.1002/adma.201300588 (2013).
5. Dicken, M. J. et al. Electrooptic modulation in thin film barium titanate plasmonic interferometers. Nano Lett. 8, 4048–4052 (2008).
6. Driscoll, T. et al. Memory Metamaterials. Science 325, 1518–1521, doi: 10.1126/science.1176580 (2009).
7. Waters, R. F., Hobson, P. A., MacDonald, K. F. & Zheludev, N. I. Optically switchable photonic metasurfaces. Appl. Phys. Lett. 107,
081102, doi: 10.1063/1.4929396 (2015).
8. Pryce, I. M., Aydin, K., Kelaita, Y. A., Briggs, R. M. & Atwater, H. A. Highly Strained Compliant Optical Metamaterials with Large
Frequency Tunability. Nano Lett. 10, 222–4227, doi: 10.1021/nl102684 (2010).
9. Ou, J. Y., Plum, E., Jiang, L. & Zheludev, N. I. Reconfigurable Photonic Metamaterials. Nano Lett. 11, 2142–2144, doi: 10.1021/
nl200791r (2011).
10. Ou, J. Y., Plum, E., Zhang, J. & Zheludev, N. I. An electromechanically reconfigurable plasmonic metamaterial operating in the nearinfrared. Nat. Nanotech. 8, 252–255, doi: 10.1038/nnano.2013.25 (2013).
11. Valente, J., Ou, J. Y., Plum, E., Youngs, I. & Zheludev, N. I. A magneto-electro-optical effect in a plasmonic nanowire material. Nat.
Commun. 6, 7021, doi: 10.1038/ncomms8021 (2015).
12. Karvounis, A., Ou, J., Wu, W., MacDonald, K. F. & Zheludev, N. I. Nano-optomechanical nonlinear dielectric metamaterials. Appl.
Phys. Lett. 107, 191110, doi: 10.1063/1.4935795 (2015).
13. Ou, J., Plum, E., Zhang, J. & Zheludev, N. I. Giant nonlinearity of an optically reconfigurable plasmonic metamaterial. Adv. Mater.
28, 729–733, doi: 10.1002/adma.201504467 (2016).
14. Zhang, J., MacDonald, K. F. & Zheludev, N. I. Controlling light-with-light without nonlinearity. Light Sci. Appl. 1, e18, doi: 10.1038/
lsa.2012.18 (2012).
15. Fang, X. et al. Ultrafast all-optical switching via coherent modulation of metamaterial absorption. Appl. Phys. Lett. 104, 141102, doi:
10.1063/1.4870635 (2014).
16. Nalla, V., Vezzoli, S., Valente, J., Sun, H. & Zheludev, N. I. In CLEO/Europe-EQEC (2015).
17. Roger, T. et al. Coherent perfect absorption in deeply subwavelength films in the single-photon regime. Nat. Commun. 6, 7031, doi:
10.1038/ncomms8031 (2015).
18. Mousavi, S. A., Plum, E., Shi, J. & Zheludev, N. I. Coherent control of birefringence and optical activity. Appl. Phys. Lett. 105, 011906,
doi: 10.1063/1.4890009 (2014).
19. Shi, J. et al. Coherent control of Snell’s law at metasurfaces. Opt. Express 22, 21051–21060, doi: 10.1364/OE.22.021051 (2014).
20. Nie, G., Shi, Q., Zhu, Z. & Shi, J. Selective coherent perfect absorption in metamaterials. Appl. Phys. Lett. 105, 201909, doi:
10.1063/1.4902330 (2014).
21. Zhang, J. et al. Coherent perfect absorption and transparency in a nanostructured graphene film. Opt. Express 22, 12524–12532, doi:
10.1364/OE.22.012524 (2014).
22. Rao, S. M., Heitz, J. J. F., Roger, T., Westerberg, N. & Faccio, D. Coherent control of light interaction with graphene. Opt. Lett. 39,
5345–5374, doi: 10.1364/OL.39.005345 (2014).
23. Fang, X., MacDonald, K. F. & Zheludev, N. I. Controlling light with light using coherent metadevices: all-optical transistor,
summator and invertor. Light Sci. Appl. 4, e292, doi: 10.1038/lsa.2015.65 (2015).
24. Papaioannou, M., Plum, E., Valente, J., Rogers, E. T. F. & Zheludev, N. I. Two-dimensional control of light with light on metasurfaces.
Light Sci. Appl. 5, e16070, doi: 10.1038/lsa.2016.70 (2016).
25. Fang, X., Tseng, M. L., Tsai, D. P. & Zheludev, N. I. Coherent Excitation-Selective Spectroscopy of Multipole Resonances. Phys. Rev.
Appl. 5, 014010 (2016).
26. Plum, E. & Zheludev, N. I. Chiral mirrors. Appl. Phys. Lett. 106, 221901, doi: 10.1063/1.4921969 (2015).
27. Plum, E. & Zheludev, N. I. In Structured Surfaces as Optical Metamaterials (ed Maradudin, A. A.) Ch. 4, 94–157 (Cambridge
University Press, 2011).
28. Potton, R. J. Reciprocity in optics. Reports on Progress in Physics 67, 717–754, doi: 10.1088/0034-4885/67/5/R03 (2004).
29. Johnson, P. B. & Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 6, 4370–4379, doi: 10.1103/PhysRevB.6.4370
(1972).
30. Liu, Z. et al. Plasmonic nanoantenna arrays for the visible. Metamaterials 2, 45–51, doi: 10.1016/j.metmat.2008.03.001 (2008).
31. Kuttge, M. et al. Loss mechanisms of surface plasmon polaritons on gold probed by cathodoluminescence imaging spectroscopy.
Appl. Phys. Lett. 93, 113110, doi: 10.1063/1.2987458 (2008).
32. Liu, N. et al. Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit. Nat. Mater. 8, 758–762,
doi: 10.1038/nmat2495 (2009).
33. Tang, Y. & Cohen, A. E. Optical Chirality and Its Interaction with Matter. Phys. Rev. Lett. 104, 163901, doi: 10.1103/
PhysRevLett.104.163901 (2010).
34. Egashira, K., Terasaki, A. & Kondow, T. Photon-trap spectroscopy applied to molecules adsorbed on a solid surface: probing with a
standing wave versus a propagating wave. Appl. Opt. 49, 1151–1157, doi: 10.1364/AO.49.001151 (2010).
35. Terasaki, A., Kondow, T. & Egashira, K. Continuous-wave cavity ringdown spectroscopy applied to solids: properties of a FabryPerot cavity containing a transparent substrate. J. Opt. Soc. Am. B 22, 675–686, doi: 10.1364/JOSAB.22.000675 (2005).
36. Kikuchi, K. In High Spectral Density Optical Communication Technologies Vol. 6 Optical and Fiber Communications Reports (eds
Nakazawa, M., Kikuchi, K. & Miyazaki, T.) Ch. 2, 11–49 (Springer-Verlag, 2010).

Scientific Reports | 6:31141 | DOI: 10.1038/srep31141

6

www.nature.com/scientificreports/

Acknowledgements

This work was supported by the Engineering and Physical Sciences Research Council, UK [Project Nos. EP/
G060363/1 and EP/M009122/1], the Royal Society, and the Ministry of Education, Singapore [Grant No.
MOE2011-T3-1-005].

Author Contributions

X.F. performed the experiments, conceived the analytical model and conducted numerical simulations; All
authors contributed to the analysis and interpretation of results, subsequent development of the analytical
description, and writing of the paper; K.F.M. and N.I.Z. supervised the project.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Fang, X. et al. Coherent control of light-matter interactions in polarization standing
waves. Sci. Rep. 6, 31141; doi: 10.1038/srep31141 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:31141 | DOI: 10.1038/srep31141

7

