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Editorial

Alejandro Manjavacas, Matthew Pelton*, Matthew Sheldon and Maxim Sukharev
Nanophotonics out of equilibrium

https://doi.org/10.1515/nanoph-2024-0215

Much of optics - refraction, reflection, diffraction — involves light interacting with materials at, or nearly at, equilibrium.
Even most nonlinear optics involves weak, perturbative interactions far from material resonances. On the other hand,
absorption of a photon by a material excites an electron to a non-equilibrium excited state, typically setting off a series
of ultrafast dynamical processes. Similarly, emission of a photon requires that an electron first be placed in an unstable
excited state. A long-standing goal in nanophotonics has been to control these non-equilibrium processes by controlling
the nanometer-scale structure of materials. This control has generally been achieved in two ways: (1) confining carriers
in semiconductor nanostructures quantizes and modifies the available energy states for the carriers, tuning absorption
and emission energies and modifying transition rates [1]; and (2) patterning structures that confine light locally changes
the local density of electromagnetic modes, modifying absorption and emission processes [2]. If the coupling between
emitters and confined optical modes is strong enough, spontaneous emission is no longer irreversible, and instead energy
is coherently exchanged between the emitters and confined photons, forming new hybrid states known as polaritons
[3]. One path to achieving such strong light-matter interactions is to confine light below the conventional diffraction
limit by coupling to plasmon resonances in metal nanostructures [4]. Interaction of light with the metal nanostructures
themselves creates a highly non-equilibrium electron population [5], [6], resulting in new photophysical and photochemical
processes [7].

Five years ago, this journal surveyed the state of the art in nanophotonic control over non-equilibrium processes in a
special issue on plasmon-exciton coupling [8]. Since then, the field has developed in several directions. Nanophotonic
structures have been used to modify a wide range of processes beyond optical absorption and emission, including
scintillation, photoemission of electrons, interaction of high-energy electrons with materials, optically induced magnetism,
and resonant optical nonlinearities. Collective and non-classical phenomena in nanophotonic emitters have come to the
fore, including superfluorescence and superradiance. It has been proposed that strong light—matter coupling can modify
photochemical processes and may even modify the equilibrium potential-energy landscape for chemical reactions. Even
as these new phenomena and applications emerge, key questions remain about the underlying processes. This Special
Issue focuses on recent experimental and theoretical advances towards the required fundamental understanding of
nanophotonic processes out of equilibrium.

Two Perspective articles exemplify these new directions. Russ and Eisler [9] review superfluorescence from arrays of
semiconductor nanocrystals and thin films. This is a striking example of how light emission can be modified not only
by controlling the structure of the materials but also by bringing them together to enable the spontaneous formation
of coherence across multiple emitters. This coherence is an inherently non-equilibrium effect that leads to accelerated,
coherent emission from the collection of emitters and may enable the development of quantum light sources. Delgado
et al. [10] review light emission in the different regime of scintillation, where the emitter is excited by high-energy
particles or ionizing radiation. Although excitation mechanisms and applications are different from those of fluorescence,
the same approaches of controlling nanomaterial structure and engineering nanophotonic environments (plasmonic
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resonators, photonic crystals, and metasurfaces) promise similar benefits of improved efficiency, speed, and directionality
of emission.

Continuing the theme of modifying emission through nanophotonic structures, Navarro-Baron et al. [11] provide a
detailed theoretical investigation of how two-dimensional photonic crystals can modify the dipole radiation pattern of
an emitter, focusing in particular on the potential for highly directional emission due to photonic van Hove singularities.
Rather than using nanophotonic structures to enhance light emission, Martinez-Calderon et al. [12] use them to enhance
electron emission; specifically, they examine the use of plasmonic structures on patterned metal surfaces to produce non-
equilibrium “hot” electrons and thus enhance the efficiency of photocathodes as electron sources. Crampton et al. [13] also
examine plasmon-induced photoemission; in their case, photoelectrons are excited by ultrafast laser pulses and imaged in
a photoemission-electron-microscope (PEEM) configuration, enabling the propagation of surface plasmon polaritons to be
monitored on nanometer length scales and femtosecond time scales.

As well as enabling photoemission, non-equilibrium electrons in metals can produce more complex optical phenom-
ena. For example, Gonzdlez-Alcalde et al. [14] examine the inverse Faraday effect, in which a non-equilibrium magnetiza-
tion is induced by light due to the circular motion of electrons in the metal, and show that it is significantly enhanced
in metal nanostructures as compared to an unpatterned metal film. Silvestri et al. [15] develop a theory of resonant
third-harmonic generation in metal films with refractive index near zero, a process driven by non-equilibrium electron
dynamics.

These phenomena involve electrons within nanomaterials; Abad-Arrendondo and Ferndndez-Dominguez [16] examine
instead the use of free electrons to induce excitations within nanophotonic materials. In particular, they model the
interaction between a high-energy electron beam and a strongly coupled photon-exciton system, proposing a new way
to excite and probe polaritons.

Continuing the study of polaritons, two papers examine strong coupling of molecular vibrations to cavities. Vibrational
strong coupling has attracted a great deal of attention for the potential to modify ground-state chemical reactivity [17], but
considerable uncertainty remains around reported results, and better fundamental understanding is required to resolve
this controversy. Hirschmann et al. [18] and Yim et al. [19] both contribute to this understanding by examining the role
of modes that are not directly involved in polariton formation. Hirschmann et al. study the relaxation from a coupled
vibrational mode to an infrared-inactive vibrational mode, revealing the role of these “dark” vibrations in the dynamics of
strongly coupled systems. Yim et al. focus on the interaction between an IR-active vibrational mode and the quadrupolar
mode of a plasmonic metasurface, showcasing a method to harness these “dark” plasmonic states — ones that do not usually
couple to light — and to use their small mode volumes to achieve strong localized coupling effects.

Together, the papers in this Special Issue illustrate the breadth and complexity of non-equilibrium processes in
nanophotonics, making it clear that there is a rich range of phenomena remaining to be explored, controlled, and optimized
for applications.

References

[11 A.L.Efrosand L. E. Brus, “Nanocrystal quantum dots: from discovery to modern development,” ACS Nano, vol. 15, no. 4, pp. 6192—6210, 2021.

[2] M. Pelton, “Modified spontaneous emission in nanophotonic structures,” Nat. Photonics, vol. 9, pp. 427—435, 2015.

[3] G.Khitrova, H. M. Gibbs, M. Kira, S. W. Koch, and A. Scherer, “Vacuum Rabi splitting in semiconductors,” Nat. Phys., vol. 2, pp. 81—90, 2006.

[4] D.Marquier, C. Sauvan, and J.-J. Greffet, “Revisiting quantum optics with surface plasmons and plasmonic resonators,” ACS Photonics, vol. 4,
no. 9, pp. 2091—-2101, 2017.

[5]1 T.S.Ahmadi, S. L. Logunov, and M. A. El-Sayed, “Picosecond dynamics of colloidal gold nanoparticles,” J. Phys. Chem., vol. 100, no. 20,
pp. 8053—8056, 1996.

[6] J. H.Hodak, I. Martini, and G. V. Hartland, “Spectroscopy and dynamics of nanometer-sized noble metal particles,” J. Phys. Chem. B, vol. 102,
no. 36, pp. 6958 —6967, 1998.

[71 P.Narang, R. Sundararaman, and H. A. Atwater, “Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion,”
Nanophotonics, vol. 5, no. 1, pp. 96 —111, 2016.

[8] M. Pelton, M. Sheldon, and J. Khurgin, “Plasmon-exciton coupling,” Nanophotonics, vol. 8, no. 4, pp. 513—516, 2019.

[9] B.Russand C.N. Eisler, “The future of quantum technologies: superfluorescence from solution-processed, tunable materials,” Nanophotonics,
vol. 13, no. 11, pp. 1943—1951, 2024.

[10] H. Carr Delgado, P. Moradifar, G. Chinn, C. S. Levin, and J. A. Dionne, “Toward “super-scintillation” with nanomaterials and nanophotonics,”

Nanophotonics, vol. 13, no. 11, pp. 1953 —1962, 2024.



DE GRUYTER A. Manjavacas et al.: Nanophotonics out of equilibrium === 1941

[11] E.P.Navarro-Bardn, H. Vinck-Posada, and A. Gonzalez-Tudela, “Directional spontaneous emission in photonic crystal slabs,” Nanophotonics,
vol. 13, no. 11, pp. 1963—1973, 2024.

[12] M. Martinez-Calderon, et al., “Hot electron enhanced photoemission from laser fabricated plasmonic photocathodes,” Nanophotonics, vol. 13,
no. 11, pp. 1975—1983, 2024.

[13] K.T.Crampton, A. G. Joly, Y. Gong, and P. El-Khoury, “Spatiotemporal imaging and manipulation of surface plasmons,” Nanophotonics, vol. 13,
no. 11, pp. 1985—1992, 2024.

[14] A. K. Gonzalez-Alcalde, X. Shi, V. H. Ortiz, J. Feng, R. B. Wilson, and L. T. Vuong, “Enhanced inverse Faraday effect and time-dependent
thermo-transmission in gold nanodisks,” Nanophotonics, vol. 13, no. 11, pp. 1993—-2002, 2024.

[15] M. Silvestri, et al., “Resonant third-harmonic generation driven by out-of-equilibrium electron dynamics in sodium-based near-zero index thin
films,” Nanophotonics, vol. 13, no. 11, pp. 2003—2013, 2024.

[16] J. Abad-Arredondo and A. I. Fernandez-Dominguez, “Electron-assisted probing of polaritonic light—matter states,” Nanophotonics, vol. 13, no. 11,
pp. 2015—2027, 2024.

[17] B.S.Simpkins, A. D. Dunkelberger, and J. C. Owrutsky, “Mode-specific chemistry through vibrational strong coupling (or A wish come true),”
J. Phys. Chem. C, vol. 125, no. 35, pp. 19081—19087, 2021.

[18] O. Hirschmann, H. H. Bhakta, and W. Xiong, “The role of IR inactive mode in W(CO), polariton relaxation process,” Nanophotonics, vol. 13, no. 11,
pp. 2029—2034, 2024.

[19] J.E.Yim, Z. T. Brawley, and M. T. Sheldon, “Subradiant plasmonic cavities make bright polariton states dark,” Nanophotonics, vol. 13, no. 11,
pp. 2035—2045, 2024.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice




