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ABSTRACT: Mark Stockman was a founding member and evangelist for the plasiddaianost of his creative life. He never
sought recognition, but fame came to him ineaetht way. He will be dearly remembered by colleagues and friends as one of the
most inuential and creative contributors to the science of light from our generation.

A SHORT BIOGRAPHY OF PROFESSOR MARK  projects involved large groups and implied very long
STOCKMAN experimental cycles. He moved to the neighboring Institute of
VA(Jj‘ltomation and Electrometry in Novosibirsk to work on the
fundamentals of nonlinear optics with Sergey Rautian. He
ilitated in 1989 with a D.Sc. dissertation on nonlinear optical
nomena in macromolecules.

d Around this time, the political regime in the Soviet Union
softened and the Iron Curtain was lifted. In 1990, on the

Mark Stockman was born on the 21st of July 1947 in Kharko
major cultural, scienti, educational, and industrial centerin the
mainly Russian-speaking northern Ukraine, a part of the Smfi‘ﬁp
Union at that point in time. His father, llya Stockman, was ghe
mining engineer by training, who fought in World War Il an

became a highly decorated enlisteckn After the war, llya

Stockman embraced an academic career and eventually becig?ﬂ@tionROf P_rofe_?ﬁ?]r_ Tth”_‘lai Ft Eeorge, MarrI: Wai’ pﬁrr]mitst(tadt
a Professor at the Dnepropetrovsk Higher Mining School. )—Eea\’e ussiawith histamily to take aresearch post at the State

was from a Cantonist family descended from Jewish conscrigfdVersity of New York at Balo. He later followed Professor
to the Russian Imperial army, who were educated in speciafC'9€ 1o Washington State University and eventually settled
“canton schodlgor future military service with his family in Atlanta, Georgia, as Professor of Physics at

Mark was an avid reader at school. and it was thgeorgia State University. In 2012, he became the founding

undergraduate textbook on applied mathematics by Yak {rector of the Center for Nano Optics at Georgia State. Mark

Zeldovich, the famous theoretical physicist, who played a crudfgéled widely, but never returned to Russia.
role in the development of the Soviet Usiomiclear bomb Professor Mark Stockman passed away in his beloved Atlanta,

project that turned his attention to physics in a serious way. G€0rgia, U.S.A. on Wednesday, November 11, 2020. To honor

Following successful participation in the national schodfa@rk, a Virtual Issue organized AS Photonideatures
physics competition, Mark was accepted into a highly selectR/dcles fromACS PhotonjcACS Nanoand Nano Letters
institution for gifted children in Kiev known as the Republicaguthored by friends and colleagues of Mark.

Specialized Physics and Mathematics Boarding School.
school was established by the father of Soviet cybernetics Vig
Glushkov. Mark left his family in Dnepropetrovsk and moved
Kiev as a boarding student. Upon graduating from the school,
successfully applied to the Physics Department of Kiev St
University, aided by his reputation as a top student and lin
between the school and university academics: for a Jewish
with no family connections, to enter this prestigious university
the Ukrainian capital was a formidable challenge in the So
Union. However, after his second year, feeling uncomfortablg
the University in Kiev, Mark decided to leave the blessed city
Novosibirsk State University far away in Siberia where a md
cosmopolitan atmosphere prevailed at that time. He studied
a diploma in the Institute of Nuclear Physics where aftce
graduation he became a researcher registered as a Ph.D. student.
He defended a dissertation on collective phenomena in nuci<:
under the supervision of Russian theoretical physicists Spartgkeived: February 25, 2021 (Phetonics
Belyaev and Vladimir Zelelevinsky. While a Ph.D. candidaf&cepted: February 25, 2021
Mark met and married Branislava Mezger, a junior resear¢HPlished:March 17, 2021
scientist in biomedicine, and in 1978 they had a son, Dmitry.

After a few years in the Institute of Nuclear Physics, Mark
became disillusioned with nuclear physics, where research
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Mark Stockman posing a question to a speaker duringnaaterials, limiting the achievable quality factor or degree of
NANOP 2019 conference on Nanophotonics. Photo courtesy obherence of nanocared optical modes. But Margignature

PremC. achievement of the plasmonic spaser embodies the old adage
that one persdsloss is another persogain; in the case of the
PLASMONIC LENS spaser, itis the lossy metal juxtaposed with a gain medium that is

. . . . the key to making a subwavelength-scale nonradiative
Javier Aizpurua. Mark Stockman contributed intensely, g¢im lafed emission source. It was Slggnius to see where
sharply, and brilliantly to many sltis within nanophotonics.  oihers did not that this concept was not only interesting, but
Inthe era when calculating the plasmonic response of a compg@gsibb_

nanostructure was still a challenge, greatly mitigated nowaday§ 4 ks work on active plasmonics and the nanpeorent

by the_ cap_abllltles of software_tools available to solve Maxwelk light was tremendously stimulating to me and my research
equation in almost any architecture, Mark proposed seve bup who from the beginnings in 2000 shared'sMark
canonical plasmonic structures that had a strong impact in t Snviétion that combining subwavelength nasnent with

further dﬁvelopmenkt of pIasIEnonic nanoantennas later ofctjve media opens a myriad of possibilities for nanoscience. In
Among them, Mark and colleagues proposed a canonieglr 5 this led to thest prototype for a subwavelength-scale
plasmonic nanolens made of a self-similar chain of particles vy oparticle waveguiti all-optical plasmonic moduldtr
decreasing s&eﬁs a p_arltlcu]!a[]l_y Ieler_n eld-enbhanc(;ng transistor-like modulator for lighplasmonic light trapping in
nanoantenna. The principle of this lensiegtavas based on o3¢ cellst and achievement of unity-order modulation of the
the concept of cooperative, or cascade, plasmonic enhame’ﬂ%@r‘active index under electrical cohtrahich later gave rise
Within this simple concept, Mark et al. designed a set ¢} ejectrically recogurable reectarray metasurfatégoth
plasmonic nanoparticles with gradually reduced size, where e@ﬁﬁg lower loss plasmonic matéfigleh as conducting oxides
smaller nanoparticle progressively localized the electromagngi§ i,nable perfect absorbéras well as phased arrays for

eld induced by the immediately larger particle into & mOrge s steerin of infrared radiation using actively tunable
con ned space, and thus producing a much larger enhancemgplyhone elements. Maiiksistence to me over a breakfast in

than the nanoparticles by themselves. This concept of a cascagesn once about the possibility of an infrared spaser composed
plasmonic lens was successfully implemented experimentally, raphene active elements inspired me to begin exploring

several groups in the community, which proved that the concelciteq state radiative decay processes in graphene under
could be practically used in surface-enhanced spectroscopy fast optical excitation. This, while not yet yielding a

; 3
microscopy: spaser, has recently demonstrated ultrabright mid-infrared

The near-eld cascade ect introduced by Mark etal. can be ¢,ntaneous emission by plasmon generation from excited
understood as the discrete version of his adiabatic compressqlsﬂe relaxation in graphéheiis work will continue to inspire

of a plasmon traveling along a tapered metallic guide toward ; ;
apeX.When the plasmon oscillation is constrained into smalléér%dentS and researchers long after his passing.
transverse dimensions, the associated &dalinavoidably NANOCAVITIES
gets enhanced. One can also understand the localization an
enhancement of opticatlds in atomic protrusionas an
extreme case of the casca@etealso occurring at the atomic
scale. Metal atoms protruding from a metallic nanostructure c
be considered as smdlflarizable particlesubjected to the
local eld induced by the larger hosting nanoantenna (particl
tip, gap, etc.), and thus, the original loel at the hosting
nanoantenna can be further enhanced and localized aro
single protruding atoms due to this atomic-scale casite e
This type of architecture, recently termé&uiacavity;’ has
allowed for coming light at atomic dimensions, pushing the
limits of nanophotonics into the realm of picophotonics an
emphasizing the relevance of the inspirational work by Mark 8
the plasmonic lens concept.

geremyJ. BaumbergThe energy and stimulation of Mark
in uential explorations underpinned my move into plasmonics
apd, speceally, the approach of stacking nanoparticles to
amplify optical eld connement® and exploring spaser
oncepts’ Our development of nanoparticle-on-mirror
NPoM) geometries and the elaborations of these to trap
ical elds e ciently into nanogaps that can be mass produced
uses many of these ideas of antenna and gap plasmotfmode.
His early publications on trapping light into random gaps on
rough surfac&sand tapered plasmon wavegaideslped
glarify the cascades of amement possible to couple free space
Rotons into tiny gaps and motivated our search for the reliable
eld enhancements of 1000 now obtained in these subl nm
nanogaps. We continue to explore placing of light emitters into
such gaps, which has many surprising consequences with
ACTIVE PLASMONICS forerunners in Markpapers. For instance, the selection rules of
Harry A. Atwater. Mark Stockman, like theeld of emitters are completely changed in such naridgaps.
plasmonics, was extremely active. No speaker at a photonicBaking his ideas further opened up the understanding that
conference would go unquestioned or unchallenged whenegeother stage of corement is possible in cored plasmonics,
Mark was sitting in the front row. But challenging thewhere the light can be trapped around single metal atoms
community was Mdskway of conveying his infectious love small metal defecs’’ This opens up the interplay of surface
and enthusiasm for photonic science. His penetrating and desgience to plasmonics and allows the dynamics of single atom
scientic questions were also the ultimate compliments he coutdovements to be trapped with Iifhfar beyond what was
pay his colleagues and almost always gave a gift of insighthmught possible a decade ago. Currently we are developing this
taught a physics lesson to the recipient. Those who also saw Irito single-atom optical switches and studying catalysis a
or joined him on the ski slopes were surprised at how activeolecule at a time. Many intriguing futures are opened up by
Mark could be while navigating a black diamond run. this focus since such atomic motions are fast (s1@hd the
For some, theeld of plasmonics has always had a dark sid@teractions and optical forces are so far not resolved. The
arising from the inherent Ohmic losses of our beloved plasmomixtreme stability of these NPoM constructs allows detailed
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investigations of these properties and dynamics, opening up the FROM PLASMON HYBRIDIZATION TO

realm of picophotonics. MIE-TRONICS
Mark L. Brongersma.Mark Stockman has played a critical
NANOFOCUSING OF ELECTROMAGNETIC role in developing our fundamental understanding of the way in
RADIATION which metallic nanostructures can be used to concentrate and

S.I. Bozhevolnyi.Nanofocusing of electromagnetic radia-manipulate light at the nanoscale through the excitation of
tion, that is, progressive reduction of the cross section of optiéface plasmoiisEarly work in the Brongersma group on
modes (far beyond the diction limit) propagating along Plasmonic waveguidéssources’ and plasmonic resonator
tapered waveguides, requires the existence of Wavegu%F@:%f‘””a‘cé'swas certainly inspired by Stockeanique ability
supporting the corresponding (progressivelyned) prop- to formulate basic plasmomc d_eS|gn prmmples that can capture
agating optical modes, that is, requires nanoguiding. Althoud}§ €ssence of their operation. His research on plasmon
the possibility of guiding strongly aued radiation by surface ybndlzatlon in metallic nfanopamcle difezentinues to
plasmon-polariton (SPP) modes was made apparent over Sfnulate new nanophotonics developments. In these systems,
years ag®, the concept of nanoguiding has been Wideb}wybndlzanon can lead to a desirable redistribution of optical
recognized much later, following the theoretical demonstratio!dS and an intense light concentration. The extreme light
in 1997 of the possibility of subdiction SPP guiding in CON nement renders the dirseoptical response also very
cylindrical metal nanowire or nanohole garation 0 sensitive to minute changes in gap size. Very recently, we

Practically simultaneously with the latter, the idea of supdt@rnessed this physics to create a nanoelectromechanical system
opachieve low-power T fJ/bit), high-speed (0 MHz)

focusing with SPP modes was introduced by considering S . ; : . . .
propagation in wedge-like metallic structitesas, however, Manipulation of optical signals by dynamically modulating the
9@ap of a dimer at the ultimate, atomic scalen):™ The

not until the publication of the seminal paper by Mark Stockm e . .
availability of low-power, electrically tunable optical elements

on nanofocusing in 2064hat the idea of nanofocusing was & . .
9 g with a deep-subwavelength footprint can have a transformative

truly accepted and taken to practice. . he devel fd toDii d
The paper by Mark has produced an enormous impact on tif2Pact on the development of dynaratmptics and quantum
ormation processing.

still young and explosively growing plasmonics community d .
to several profound insights opening fascinating perspectives fo _h_e large bod_y of plasmonics research ha_s shown that
ndividual metallic nanosttures and assemblies thereof

: -gi,?play a tremendous designibility. This exibility underlies

; ; ; y scientc and technological triumphs in the nano-
energy is progressively concentrated during the SPP propaga tonics eld. In the hopes of reproducing the success of the

along a tapered plasmonic waveguide from the concentratior? ;
asmonicseld, the Brongersma group was very eager to see

radiation energy in nanoscale volumes by illumination Wpether the highly tunable optical resonances in high-index

nanostructures (nanoantennas). Importantly, the requireme miconductor nanostructafed! could brina similar advan-
of adiabaticity in nanofocusing has been emphasized with e . nng X
es. Following Stockrisaparly work in plasmon hybrid-

consequence of SPP propagation slowing down and asympt ion and with his great encouragement, the group started

. . . . . 1Zal
fégﬂﬁilﬂg,inani al:::pg;ig%;g%gur:eofogngfIab?:tilr? al?an: fog:;;j dying the optical coupling of semiconductor nanostructures
gmng gy y,ap d exploring the similarities andedinces between the

example of a silver cone was analyzed in detail, convincin'g3
demonstrating the possibility ofceent coupling of fareld
radiation to the neaeld zone and boosting up theld
intensity at the cone tip by 3 orders of magnitude. Th
“nanofocusirighaper by Mark can serve as an ideal (albeit ver
rare) case when practically all potential applications promised in

the conclusion “@diabatic nanofocusing promises rtd SERS IDENTIFICATION OF BACTERIAL
various applications ... in particular, for probing, spectroscopy, PATHOGENS

detection, and modiation on the nanoscale in physics, Jennifer A. Dionne. As a rst-year graduate student and
chemistry, biology, electrical enginegfitigave indeed been  newcomer to theeld of plasmonics, | had the honor of hearing
realized: Mark Stockman present his research on plasmonic focusing, a
Concluding, it should be mentioned that Mark has alsgingle author paper publisheBlirys. Rev. L&tt2004>° Mark
introduced a hybrid plasmonic aguration that simulta- described a new concept for‘dhelivery and concentration of
neously displays the properties of a resonant nano-optiegitical radiation energy on the nandseatech had previously
antenna and nanofocusing: a tapered chain of metal nangeen“formidable because the wavelength of light is on the
particles whose diameters decrease along thé®cHaim. microscale, many orders of magnitude tod lergeany ways,
“snowmahcon guration features an ingenious combination othis paper fueled my passion in nanophotonics for health and
a large nanoparticle, which both strongly interacts with agustainability.
incident far-eld radiation and is coupled to progressively Inspired by Mat& pioneering work to concentrate light at the
smaller nanoparticles, delivering thereby the radiation enengynoscale, we have been developing a low-cost platform to
from the rst large nanopatrticle to a nanoscale gap between thapidly identify bacterial pathogens, their drug susceptibility,
last two nanoparticles. As time goes by, the relativessigas ~ and their minimum inhibitory concentration. Bacterial in-
of di erent areas of nano-optics, plasmonics, and ultrafésttions do not often make headlines, yet they are responsible for
science iruenced by Maikinsights will probably change, but more deaths than AIDS and many cancers and rank among the
his inception of nanofocusing willrdely remain one of the  most expensive medical conditions to treat. Traditional bacterial
most signicant contributions. identi cation and antibiotic susceptibility testing can span hours

Zonances in metallic and semiconductor nanostructures. This

research has now grown into its oeld of Mie-tronics, with

many opportunities and applications complementary to
lasmonic¥’
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to days, even in state-of-the-art laboratories using the mgsessed by a second coherent pump pulse. A probe pulse after a
advanced technologies, delaying the use of targeted antibiofies; tens of femtosecond probe beam impinged at an angle and
leading to overuse of broad-spectrum drugs, and acceleratingdteated third harmonic light, whose spatial direction could be
spread of infectious disease. According to the CDGelected in a four-wave mixing fashion. This allowed monitoring
approximately 50% of patients are unnecessarily treated wifithe constructive as well as destructieet® of the second
antibiotics or are treated with the wrong type or dose, a prinfpimp pulse on the coherent plasmon polarization. The paper
contributor to the evolution of antibiotic-resistant pathogenwas published with grad student Tobias Utikakgaauthor,

and one of the most sigoant global threats to community who closely worked with Mark Stockman as second author who
health, sustainable food production, and the economy. worked out the theofy.

Our technique is based on surface-enhanced RamanThis work inspired many follow-upogs in our group,
scattering (SERS), inelastic photon scattering resulting fromcluding research that was geared toward understanding the
molecular vibrations, with single-cell sensitivity enabled Ity uence of metallic nonlinearities and the third harmonic
plasmonics and nanophotonics. Because of the unigegstem that came from neighboring dielectric taydesk
molecular structure of a pathogen, each bacterial species h&ozkmals original idea of concentrating light in the nanofocus
specic SERS signature thateets the identity of the bacteria of a nanotip and measuring the nonlinear optical response was
and its real-time response to various environmental conditiomsalized by using bowtie nanoantennas and placngntli
Using single-cell SERS, we have trained a convolutional newialectrics into the géplt turned out that the metal itself
network (CNN) to classify over 30 pathogenic species analready had an extremely high nonlinearity and was contributing
strains from their single-cell Raman spectra, representing owearly as much to the nonlinear signal as the dielectrics. The
95% of patient infections at Stanford Hospital and the majorityitrafast nonlinearity could also be utilized in nonlinear sensing
of infections in intensive care units worldwide. Even on loscheme¥, Detailed investigations of material and polarization
signal-to-noise spectra, we achieve average species and stegiandence, more complex hybrid geometries, band-structure
identi cation accuracies exceeding 82% and antibiotic treatmelgpendencies of the used metals, utilizing double resonant
identi cation accuracies of 9%.0.3%. We also show that this conditions, nonlinear Fano schemes, and chiral nonlinearities, as
approach distinguishes between methicillin-resistant amell as creating ultranarrow resonances using dieleetric
-susceptible isolates $faphylococcus aur@dBRSA and cavities, were carried out in our gfdupy.all resulting from the
MSSA) with 8% 0.1% accuracy. initial stimulus and inspiration of Mark Stockman.

These results have been validated on clinical isolates from 50
patients; with just 10 bacterial cells from each patient, we HYBRIDIZATION PERSPECTIVE ON PLASMONIC
achieve treatment idemtition accuracies of 99.7%. We have = HOMODIMERS

also extended the approach to liquid SERS of pathogens in ordefzomi Halas and Peter Nordlander.We got to know
to understand pathogegnvironment interactions, such as park in 2002, during the infancy of plasmonics, and met
bacteriaantibiotic interactions. By optimizing the plasmonicrequently at workshops and conferences several times every
nanoparticle geometry and nanoparticle-to-bacteria concgfisar for many years afterward. During conference sessions, we
tration ratios in liquid, we obtained large, uniformly enhancegken, began lively discussions that sometimes would extend
SERS signatures from bacterial sampl&scbrichia ¢oli  through dinner and well beyond. At the time, Naomi was
Serratia marcesc@taphylococcus ayrand Staphylococcus jnyestigating the photophysical properties of nanoshells, with
epidermidigcompared to no signal with bacteria in water).their tunable plasmon resonantesd their applications in
Interestingly, this approach can provide information about thg,rface-enhanced Raman scaftéeng biomedicin€ Mark
pathogenisantibiotic susceptibility and minimum inhibitory \y55 very excited about the promise and potential of nanoshells
concentration, facilitating tailored and personalized antibiotjg, photothermal cancer therdppeter was working onst-
treatment. . _ principles TDLDA modeling of plasmonic systems and, in
Owing in large part to Maskpioneering work, Raman particular, on the tunability of plasmonic nanoSh&ighis
spectroscopy now ranks among the most promising biomediGais also a topic of great interest for Mark who was particularly
dlagnospc tools. The techmque_prowdes aemr_d sensitive _interested in how quantum mechanieadts may limit theeld
ngerprint of biomarkers, with the potential for rapid,enhancements and plasmonic couplings in thin nanoshells and
multiplexed analysis in a portable, low-cost platform. In thg yitranarrow plasmonic junctions. A particularly inspirational
past, .Ramaln spectroscopy haBed from relatively !ow signal- paper by Mark was his study of self-similar ¢haitspic we
to-noise ratios, complexity in spectral interpretation, and a lagfscussed very frequently. This led to our sole collaborative
of an e cient workow from sample collection to spectral \york, where we applied plasmon hybridization theory to analyze
acqwsn_lon, challeng|r_lg clinical translatlon. Todqy,’sMathhe properties of two adjacent nanoparticles: a plasmonic
legacy in nanophotonics, coupled with advances in machifgmodimer” At the time, our primary concern was actually
learning and bioprinting, are enabling breakthroughs that cagy the plasmonic response of a sphere would scale with
overcome each of these challenges. decreasing size and if quantum mechanieatsewould
introduce a minimum nanoparticle size beyond which the self-
NONLINEAR ULTRAFAST PLASMONICS similarity argument would be invalid. Our TDLDA studies
Harald Giessen.Mark Stockman tremendouslyui@nced clearly showed that nonlocal and quantum sigetse
our e orts in the eld of ultrafast plasmonics. During a guestintroduced such a lower limit, but our model was based on the
professorship at the University of Stuttgart in the fall of 2008, viglium approximation and left open the question of how an
worked on ideas of how to coherently control plasmomtomistic description would irence, and most likely increase,
oscillations using an ultrafast dual-pump and probe schertf@s minimum size. That issue is still unresolved. However, the
The idea was to generate a plasmonic charge oscillationissue of the possible role of quantum mecharec#s en the
nanoantennas, which could be coherently enhanced or supupling between nanoparticles, althougbulti was even-
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Figure 1.Two recent demonstrations of Mie-resonant nonplasmonic nanolasers. (a) Scanning electron image (SEM) of GaAs nanoscale cylind
covered by hydrogen silsesquioxane resist (HSQ); calculated eleotit disaibution of the cylinder at the lasing wavelength; and evolution of

the emission spectrum of the resonator with digbre&90 and heigit = 330 nm at dierent pumpinguence. Reprinted with permission from ref

63. Copyright 2020 The American Chemical Society. (b) SEM image of @silvBKite nanocube and calculated electricabedistribution at

the lasing wavelength, and evolution of the emission spectrum of the perovskite nanocube with the side length efe#t@ompginduence.

Reprinted with permission from@éf Copyright 2020 The American Chemical Society.

tually resolved with ast-principles TDLDA study of the light at the subwavelength scale, often not available with
plasmonic properties of a homoditidthis work inspired a plasmonics.

joint experimentatheoretical investigation of coupled pairs of _On the way to miniaturization of nanoscale laser sources, two

nanoparticles: since no two nanoparticles are identical, thjs. . r problems have to be solved: (i) optical gain of many

study addressed the broader case of heterodimers: mismatched™ .=~ . .
nanoparticle paifs. materials is not high enough to compensate for losses in the

nanosystem at room temperature; (i) radiative losses in

MIE-RESONANT SUBWAVELENGTH LASERS subwavelength nanocavities are usually very high. In two recent
Sergey V. Makarov and Yuri KivsharOne of the great paper$3°“a novel approach to overcome these challenges was

achievements of Mark Stockman was the suggestion of a spd§gfonstrated and it is based on the recent achievements in
or plasmonic laser that caes light at a subwavelength $cale. metaphotonicsgure ).

Spaser is a nanolaser with a very small footprint that can béNamely, the fareld engineering allowing to design the so-
modulated quickly and, combined with their small footprintcalled supercavity mdevas successfully employed for GaAs

becomes a candidate for on-chip optical computing. Such QRaingers to suppress radiative losses as much as possible for
chip light sources are critical for realizing integrated photon] . . i
Gircuits. Subwavelength lasers without any metallic comporiEms.

The suggestion of a spacer inspired mamsdo make its other strategy employed to go to the visible frequency range and
dielectric analogue. So far, the size of the smallest semicondut®om temperatures was the use of single-crystalline perovskite
lasers has been limited by a few micrometers. Further reductigmocuboids possessing low-order Mie modes as well as
of sizes to the nanoscale is really challenging due to radiat‘igggre,‘nmy high gain, even without cobfi@pth of these

"?SsegélDeSpite Spasers help to _reduce_ radiative I_o_sses oaches are based on the excitation of Mie resonances in
sizes>®'they also introduce parasitic Ohmic losses orlglnatmlq .
onplasmonic resonators that correspond to a deeply

from their metallic parts.
Recently, active all-dielectric metaphotonics has emerged &slawavelength regime when the characteristic dimensions of
new and rapidly expandiredd of subwavelength optics that is the nanocavity become a fraction of the emitted wavelength of
based on electric and magnetic optical Mie resonances excitefgft. Further assembly of such particles into one- and two-
h|gh—|nde(>j< bd'i/lleCtk”g ”?(fryr‘g?ﬁ'ﬁm'm"ar t? the spa_lger dimensional structures opens additional possibilities for creating
suggested by Mark Stoc dielectric nanolaser provides a highly directional nanoscale lasers with tailorable directivity.

tight con nement of local electromagnegicls combined with h | . | ical |
low losses. Its physics is driven by multipolar interferences! "€S€ recent developments in nanoscale optical contro

available in single dielectric nanoparticles supporting Mfalggest many opportunities for subwavelength signal processing,
resonances that provide novel tools to tailor the properties optical computing, and biosensing.
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ATTOSECOND NANOPHYSICS AND PETAHERTZ
OPTOELECTRONICS

Matthias F. Kling and Ferenc KrauszIn the year 2007,
Mark Stockman paid hisst visit to the Max Planck Institute of
Quantum Optics (MPQ). We immediately started discussior
about the potential of attosecond spectroscopy for tracir = £
electron dynamics in nanoscale materials. Within the one mor
that he spent at MPQ at the time, he initiated arg%worked out v
proposal for attosecond nanoplasmonic microsScapyich - . X . ~
might have inspired the birth of attosecond nanoscience. Tkﬁxﬂ]?;ssﬁgﬁf én an skiing with Matthias King. Photos courtesy of
technique, also referred to as ATTO-PEEM, combines atto- '
second streaking spectroscopy and photoemission electron ADIABATIC COMPRESSION OF SURFACE
microscopy (PEEM). It involves a pump pulse inducing near- PLASMONS

elds on a (metal) nanostructure. The nels are probed via i o ] ] .
photoemission using a time-delayed attosecond extreme-Stefan Maier. The d_escrlptlon of adlaba_ltlc compression qf
ultraviolet (XUV) pulse. Momenta of XUV-released electrongyrface plasmofi& unique way of channeling electromagnetic
can be measured with a time4ght PEEM, providing energy to nanoscopic dimensions, constitutes another INspiring

nanometer spatial resolution. The space and time-depend e”;n%y mzrknirgzcmngﬁgﬁ'ghlgg£;s rr:.?d alts'g"t”r%ea(;rd a
momenta sample the surface nelgis at the time of the y P : unity- pu W

) S . otentially highly ecient way for channeling radiation from
electrongelease. His initial work, where Mark also pointed ou e far- to the neaeld, with a concomitant enhancement of the

important dierences to conventional attosecond streaking, h?&cal electriceld by up to 3 orders of magnitude. Intriguingly

led toavyealth qffu_rther gtudies on probing plasmons and othgle original work predicted a wealth of applications in an

electronic excitations in matructures with attosecond inerdisciplinary contesin particular, for probing, spectrosco-

spectroscopies (see, e.g., Gefand references therein). - detection, and modation on the nanoscale in physics,

Tremendous erts were directed toward implementing chemistry, biology, electrical enginéefingte from Mark

ATTO-PEEM experimentally. Despite sigmit progre$5°° paper).

the technique is still awaiting its realization. This story while various techniques for nanofocusing with surface

exemplies the way Mark has been making contributions t@lasmons were concisely reviewed by Gramotnev and

the emergence of nealds of science. In the case of attosecond3ozhevolnyi some time ago, it is the broadband nature of

nanophysics, a visionary concept has set the stage fbe adiabatic compression described by Mark Stockman that has

interactions with many interested researchers, giving rise epabled intriguing applications in spectroscopy, for example, for

the formation of a new community. the exploitation of hot electroreets® and nanoscale chemical
During the coming years, upon his repeated visits and via @@pping” The work has further inspired extension toward

possible communication channels, we discussed with Mark dgtamaterials and metasurfaces, such‘aspiped rainbdw

rst experimental observations of unusual behavior of dielectfigt storage concéptand extensions of spoof plasmon

in strong laserelds. These observations inclugddrinduced ~ Polariton waveguides tder waveguide geometfieShe

currents in silica-based Schottky junctfuesersible changes €Merging area of topological plasnftrebsuld be a fertile

in extreme-ultraviolet absorptivity and near-inframtivty ground for the further development of this pioneering work.

of dielectrics in stronglds,* and characteristic cutener
modi cation for elecgon emission from silica nano;?ei/rticles PLASMONIC NANOGAPS

above a threshold intensitySearching for a possible = Maiken Mikkelsen. In pursuit of the vision to realize
interpretation of the results, Mark developed his revolutionatytrafast nanoplasmonics, nanogap structures have been studied
concept and basic theory for the semimetallization of solids @xtensiveRf. To experimentally realize nanogap structures with

strong elds*"“This ground-breaking idea is a cornerstone of &ltrasmall mode volumes in a reproducible manner, often a
eld now known as petahertz optoelectréhicsecent years, ~hanoparticle-on-mirror geometry has been utilized. For
he has extended his work to straglg-interactions with other €xample, silver nanocubes have been plat@dih from a

types of solids, including 2D materials such as grégehe Metal Im, where a dielectric spacer layer occupies the gap
2D transition metal dichalcogenides (TMD#)s an example,  '€9ion and denes the gap distance. Exciting such structures

he introduced strongpld valleytronics in TMDs and the use of \évr']tﬁa::%g%gg t Eﬁstﬁga}gggl gzsctrsgr%\gn tol i Eﬁtseur:gli?oi_r]:()twe
such phenomena for information storage and processing 9 y

— - C . dgp regiofi? When emitters are embedded in this gap region,
petahertz optoelectroni¢#lis pioneering work is stimulating @ their local density of states is strongly reddiresulting in

wealth of strongeld studies on solids, including probing their gnhanced spontaneous emission rates up to 1000-fold for
response via high-harmonic spectro%@dele petaheriz  onsembles ofuorescent dye moleculedditionally, when
optoelectronics is in its infancy, it holds the promise tQgjidal quantum dots were embedded, this nanoplasmonic
revolutionize electronics by increasing information processiggycture was shown to enable ultrafast spontaneous emission
frequencies to the ultimate limit, given only by the speed of lighttes with lifetimes of less than 11 ps, limited by the detector
Mark Stockmas stipulation of new research directions inresolutio?® For single quantum dots or nitrogen-vacancy
ultrafast and strongid science has provided and continues tacenters in diamond, the structure even enables an imafast
provide a strong inspiration for us and a steadily growingtrabright single photon souféeBy tuning the plasmon
community in these areas. resonance to overlap with the excitation wavelength, instead of
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the emission wavelength, as done above, the absorption ratéofising of optical neagtds would be possible in plasmonic

the embedded emitters can be strongly enhanced, resulting intapers composed of tips with a nanoscalé*spexidea that

to a 30000-fold increase in therescence of dye molecules for light could be funneled with highatency into arbitrarily small

the same excitation powawhich could play an important role volumes served as a great inspiration to the devekidiog

for, for example, point-of-care bioseriSofgiditionally, nano-optics. This conceg)t was experimentally tested soon after

depending on the concentration of embedded emitters arid various geometri€s. *°° Phase- and polarization-resolved

their coupling to the cavity mode, strong coupling between threear-eld microscopy of the focusing plasmon modes revealed

emitters and cavity mode can be observed both from large-atleair special antisymmetric nature that allowed these modes to

metasurfaces and individual nanogap cavities. focus adiabatically, unhindered by theadion limit:>*

Stockman also proposed very strong optical focusing in a

SURFACE ENHANCED RAMAN SPECTROSCOPY plasmon lens composed of an arrangement of nanoscale

Martin Moskovits. A decade later, largely through the work pl_asmonlc nanospheres with decreasingSi. structures

of Mark Stockman, it became clear that for fractal nanoparti%?@th na_moscale plasmonic gaps were made using DNA-
e : emplating of Au nanobeats.

aggregates, the self-sintylanf the colloidal aggregates Th f ing that Stock dicted found direct

produced a kind of symmetry-breaking that, in general, led to I'e r:_ano _ocur?_mg a | t_oc man preaicte 'tr?unh |_rec|

a highly heterogeneous distribution of hot spots so that almd&¢P '.‘t?a.t'gg‘ |_||r_1 _|g_-rr]?so_ utlo?h nan?scopy W][ IC emica

all of the SERS intensity originated from a rather small volum&NSIVILY. IS [InSIghts into the relevance of plasmonic

fraction of the aggregate. The predicted SERS localization WX ((jj.e. con.v_ersi;)n and syrlnrr:ﬁtrigs hellve hadtbrcf)?d im?act Otr.] the
proved by direct neaeld imaging. Our teacher, we will miss eld, |nO%p|r|ng or example the development of transtormation
optics:*®waveguide-based negative-index metam&téiials,
you greatly. " .
and ultrasensitive nanomechanical sensors based on the
coupling of subwavelength plasmoslids to the mechanical
SI_DASERS . vibrations of nanostructuté%:'° At AMOLF, these insights
Teri Odom. Mark Stockmas seminal paper on spasers,  also triggered a wider program to use nanophotonic concepts to
surface plasmon ampli stimulation emission of radiation, create solar cells with improvedciency and lower
introduced a concept elegant in simplicity but complex imanufacturing costs.
experimental interpretation. This ansplion of light should
be localized to deep-subwavelength length scales, but would FAREWELL TO A FRIEND
there be enough gain surrounding the metal nanoparticle core tg

overcome the losses and, then, could this coherent radiation beCheng Wei Qiu. Professor Mark Stockman is an iconic

used in the fareld? Several years later, the prospects oggure In nanoplasmomcs, Spacers, and ultrafast physm_s. He is
directionality from arrays of resonators provided furthef€EPIY récognized not only for his fundamental contribution in
guidancé? We achieved lasing action from two-dimensionafci€Nce but also for his attitude toward the rigor in science. His
lattices of metal nanoparticles surrounded by molecular g&ﬂm_men_ts and viewpoints were always resourceful, informative
materials nearly a decade after the spaserstaposed” and inspirational. | always recall that he used to sitin the front
We found that nanocavity modesnee by surface lattice row of every conference he attended, and a favorite moment of a

resonances, hybrid modes from the coupling of localized surféggzzlne\ggzyﬁ;ttﬁgqﬁg Ze:;?(g?(\j,\gsq;ejg% rr1 ?gfeg?cn;\@f 2: a
plasmons of individual nanoparticles tadiion modes of a g P J

periodic array, could provide optical feedback for directiongp&zrskevr\'lgsr gr\‘/ee'r special scientist to me. | had iust completed
lasing at room temperature; critically, the stimulated emissign ysp . : justcomp
mechanism was cared to the neareld (tens of nm) of the my Ph.D. when Irst talked to him. | asked a few quite simple

nanoparticle surface. The spatial coherence of these naﬁ%?\gogfslyaggfeﬁoag'méigsgﬁg’g;n I?g:t?oerzz ZQS I?rﬁ?z;nﬂgggl
particle lattice lasers approached £tm. P Pp '

ed?eived very detailed and sophisticated answers from him while

With the spasing mechanism established, we achieved reat- : ” =
time tuning of the Iasinrh%;9 wavelength with this open, distributeg:;Eg\c’jvg?oeﬂSﬁ(\:’;’]elrzevvevﬁ'tﬁ:g%;%rIhd'irg gé:ﬁ%g%Ttirfensceea?ﬂ é?]
nanocavity architectifeeither by changing the refractive pasers, | have betsel a lot from candid interactions with

index environment around the nanoparticle lattice within ﬁ/l . ; . .
ark since then via conference contacts and working emails.

micro uidic devic& or by mechanically stretching the devices ; : . ) =
to increase the separation between paffitlos-symmetry  Many of his works identify and study the fundamental limits of
plasmonics and nanophotontés™® which inspired me to

lattice geometries with rhombohedral unifZellso exploited ore limits in ol . 1 : 4 dih

the spasing mechanism, where changing the pump polariza fapiore Imits in p aﬁnfmnlcs an met§1|§yr aches}ggﬂé?ranscen the

resulted in dierent populations of molecules within the sam arriers and search for new possibi lties the He
Itﬂows us a role model for how to identify the intrinsic

electromagnetic hotspots contributing to lasing action and bundaries and limits of the knowledge and how to go all in to

very dierent wavelengths. Closing the loop on the origing sh that territory outward. His scholarly impact goes across
spaser design, we found that colloidal semiconductor quantL? Y : y impact g

dots combined with plasmonic nanoparticle lattices Coul%enerations, continents, and cultures. He has planted all sorts of
produce lasing action with both radially and azimuthall§eEdS into the soil of our hearts. Let me end by quoting a poem

- . . I - *Farewell to a Friehty Bai Li, a Chinese poet (7062 AD)
ggg}ggzﬁgo light and with an emission beam at any desm?g Tang Dynasty.’ | translated it into English and particularly

used some typical words to dedicate to our great friend Mark.

PLASMONIC TAPERS We miss him sorely and dearly.

Albert Polman and Ewold Verhagen. One of Mark Farewelltannenq Bai Li
Stockmais key theoretical predictions was that extreme  Evergreen mountains mark the northern landscape
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Glistening creeks gird the eastern town In my own eyes, the most remarkable aspect was that Mark
Here is the place to say goodbye and David were able to match between seemingly unrelated
phenomena: laser science and plasmonics. Naturally, plasmonics

Youll drift like lonely dandelions, are anything but related to lasers. Plasmons mean metals, and

taking a journey of ten thousands of miles metals mean loss to any electromagnetic wave propagating on a
Over oating clouds, you ski away plasmonic surface. Lasers are the opposite of loss. In fact, the
With the twilight, you take our thoughts away higher the loss, the higher the laser threshold and the less
We wave as you Start your Way e Cient the Iaser |S SO Why the heCk matCh betWeen |aserS and
The steeds still neigthdieu, adieu plasmons? The scientreasoning was size: plasmons can be

con ned to the nanoscale, so this meant that perhaps one can
construct lasers smaller than the wavelength they emit. The
nonscientic reasoning was Mark: he liked to be provocative,

INSPIRED BY THE SPASER OF A CANTONESE JE¥hd this seemed a proper provocation. At the time, | had many

Mordechai Segev.Mark Stockman was an unusual scientis@rguments with Mark, also about the spaser. But a little more
and person: A person | liked to argue with, a stubborn perséha” adeca_de later, I_took_a5|mllar path, matched between Ia}sers
that would argue even after he changed his mind, just for the s&kél Photonic topological insulators, and created the topological
of the argument. At the same time, he was a graceful person thatllator lasef." ***Last year, just before Mark passed away,
truly cared about others. But if you asked Mark how hesde Ne published a paper on topological sp‘ﬁéers.
himself, he would tell you: | arst of all a Cantonese Jew. Who _Restin peace, Mark, my friend. We will always remember the
were the Cantonese Jews? They were not from the city high-speed skier, the highly creative super provocative scientist,
Canton (Guangzhou), China. They were not even from any &f€ outspoken, often blunt, person with a good heart. The
the 26 cantons of Switzerland. Cantonese Jews lived in the 19@ntonese Jew. From the land of your great forefathers.
century Imperial Russia and were Jewish boys who were drafted
to military service at the age of 12 and placed for their six-year COMPOSITE, ENGINEERED OPTICAL MATERIALS

military education in cantonist schotighey were required Vladimir Shalaev. Mark Stockman performed the founda-

to serve in the Imperial Russian Army for 25 years after ey work on the optics of random media that helpedrie de
completion of their studies. During their long army servicgny propel the entire area of composite, engineered optical
discriminatory regulations ensured that those Cantonese J erials. Specally, Stockman, together with Shalaev,
were held back in their army promotions. In fact, Jews whoynqycted pioneering studies of linear and nonlinear optics of
refused to convert were barred from becomiegrs; only  factals, marked by an important discovery of how the
eight exceptions were recorded during the 19th century. The) ation nature of fractals des their optical properties as
were required to distinguish themselves in combat in order {0o 55 the important role of the enhanced local electromagnetic
get promoted. . eldst?3*?® Later Tsai, Moskovits, and Shalaev demonstrated
Mark took pride of being a descendent of a 19th centuny,; the ocalized plasmon modes in frittaisable highly
Jewish ocer in the Ts& army who re_malne_d Je_vwsh despite.on ned strong electromagnetids, the so-calléibt spots
the strong pressure to convert. This family histegtesl  hich are responsible for the unique optical properties of
Marks views on life and also spemlly on science. Like his 50515 including their greatly enhanced nonlinear redgonses.
ancestors, Mark felt he had to distinguish himself when doifgsireq by these early papers, Shalaev and Sarychev showed
research. He was always searching for new conceptual ideag he hot spots also occur in thin metallic/plasmémi
hated secondary work. He has generated many original idggs; are grown close to the percolation threshold, which consist
and we used to argue about them quite often, sometimes qUiftractal clusters of all sizes, and that such hot spots result from

vocally. Of course, Mark was never wrong in anything ... he Anderson localization of plasméhsThe localized
To me, Marls single most important and creative work wa lasmons in random metdielectric Ims were later

the spaser, surface plasmon acagion by stimulated emission oy nerimentally demonstrated inl&d Mark Stockman with

of radiation, a paper he wrote with Prof. David Bergman frofty 5 ,thors also showed that the localized and delocalized modes
Tel Aviv Universit} This paper described a crazy idea wherg, andom metaldielectric Ims can coexiét,as was later

the surface plasmon serve as the amptin mechanism that e e experimentall§’ It should be noted that these early

can support the emission of coherent light. The idea wag,jings in the eld of optics of random composites had later
qw@lped to initiate and mold a nesld of optical metamaterials

series of papers on nanolasers, some published at the iy haq since become one of the most active and dyelaisiic
journals. Since | never worked on plasmonics or og¢ g optics.

metamaterials, what caught my interest is the ability 10 gOpe theoretical prediction by Stockman and Bergman of the
against the mainstream. Conventional lasers operate by virtuggftace Plasmon Amptation by Stimulated Emission

population inversion, which provides the coherenteatioh  pagiation (SPASERY, which was later experimentally
through stimulated emission, despite the fact that the aton)g,i eq6111%was indeed one of the key breakthroughs in the
remain‘thermdl, lacking any kind of coherence among them. o4 of plasmonié€? This discovery inspired myriads of new

Marks spaser does not rely on population inversion whatsoevefy, ies on ultrafast plasmonic and nanophotonics and it will stay
and itdoes not rely on stimulated emission in its usual sense, QU o history of science.

the spaser does have similarities with laser actiols. Mdrat
important, in Mark languagéSpaser generates temporally
coherent high-intensitglds of selected surface plasmon modes SURFACE LATTICE RESONANCE SPASERS

that can be strongly localized on the nanbtis€Ehis sentence Pavi Torma. The idea of a spaser, originally proposed by
naturally inspired subsequent work on nanciasSers® Mark I. Stockmat¥,has inspired work on nanoscale lasing in a

As if they sayDon't go too fast, ddhgo that fast.
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multitude of dierent systems. One of them is plasmonicMarKs great eort and perseverance to sustain this important
nanoparticle arrays hosting collective modes of nanopartielenual plasmonics conference in San Diego over the last 20
oscillations and diacted orders of the periodic structure, calledyears.

surface lattice resonance (SLR) modes. The arrays can b&Ve are lucky to have met and interacted with Professor Mark
combined with organic gain media, for instance, dye molecul&ockman over the last 28 years. We sincerely appreciate his
in such systems, lasing has by now been observed by sevgmeht eorts and contributions to physics research and
research groups; for a review, sé88As suggested by Mark, scholarship, especially in plasmonics. His smile, voice, and
the features specito plasmonic systems have led to the uniqudaugh are always kept in our memory.

behavior of the observed lasing, such as ultrafast dynamics. The

strong nearelds of the plasmonic particles are advantageous for HOT SPOTS

strong light matter coupling, which has been observed in these
system$:>* Moreover, since the nanoparticles can host both
dipolar and quadrupolar modes, lasing in a dark quadrupo
mode (so-called bound state in continuum) can be realized. T
nanoparticles can be arranged into a hexagonal geometry,
consequently, K-point lasing with sppgoolarization proper-

ties emergés> Mark realized that, in this type of setting, onef | d h ol . e dicti
can observe chiral, valley-selective [a8itis proposal will ~ Tactals and on rough plasmonic su ese predictions
were promptly commed experimentally with a newly

de nitely inspire future work. Finally, utilizing the platforms

; ; : ; developed technique of scanning radr-optical micros-
developed for nanoparticle array lasing, Bosstein con- .
densa’?ion of the pSLR excitgtions ghas been recent p)}2£43and become the foundation for the advancement of

achieved®¥%" this shows how Maskvisionary contributions ew types of the enhanced spectroscopies, such as surface-

to nanoscale lasing have led to developments that probably oﬁw&amed Raman spectroscopy with single molecule sensitivity

a few could anticipate at the time hi spaser paper was &11d second-harmonic gener 6iThe studies of these so-
published. called plasmonic hot-spots have revealed numerous fundamen-

tal properties of the electromagnetic nelais such as
LOOKING UP CLOSE AT HOT SPOTS Anderson localization and bright and dark plasmonic eigenm-
— . . . odes as well as was a push to development of nonlinear nano-
Din Ping Tsai.Professor Mark Stockman was a pioneering, hics'44145 Moying from two-dimensional surfaces to three-
researcher in plasmonics. | knew him before the worgimensional nanoscale composites (aka metamaterials), Mark
plasmoni¢swas known to most people. In 1992, Professofemonsirated how the localized optiefs can be used to
Martin Moskovits advised me how to chemically produce silvgepieye nonlinear optical respéff@sonlinear metamaterials
nanoparticles. | still vividly remember that he taught me thg,q in particular, those based on plasmonic nonlinearities, have
specic recipe and to put the beak_er into the |ce-c_old water Siffeen proven to provide some of the strongest and fastest third-
to cool the chemical process, in the Lash Miller Chemicg)jer optical nonlinearities for controlling refractive index,
Laboratories around 28 years ago. As a postdoctoral rese agation, and absorption of i§hDespite the absence of
fellow, I laid the silver nanoparticle droplet on the cleame ik second-order nonlinear response in the majority of
coverslip and took the SEM images for various parameterspufésmonic metals, sculpturing of electromagreits in
order to produce the best fractal silver clusters forel@ar- atamaterials results in theaive second-order susceptibility
optical imaging experiments. We had a brilliant and emineghmnarable to conventional nonlinear cry&talsese few of
theoretical physicist, Dr. Vladimir Shalaev as our team mempﬁény examples illustrate miversity of the concept of
to calculate and simulate the collective electrons oscillationéﬁgmeered hot spots in plasmonics and metamaterials, which
the hot spots of the fractal silver nanoparticle clusters at thgbre then extended to achieving strong nanoaidle'
time. | used our homemade photon scanning tunneling,cajization in self-similar waveguides and high-harmonic

microscope to measure the optical neldrimages on the  gonaration and development of a concept of a spaser.
samples of the fractal silver nanopatrticle clusters. The enhangeg

optical neareld was found at localized hot spots with clear ,
dependence of the polarization. Professor Martin Moskovits PLASMON NANOLASERS: FROM CONCEPT TO
submitted the manuscript to Physics Review Lettersin 1993 and IMPLEMENTATION
it immediately received attention from many, including Mark Xiang Zhang. The invention of lasers has enabled a new
Stockman. capability in controlling light. During the past decades, lasers
Mark published a research highlight arti®&poton have had an enormous impact on our life and society, driving
Tunneling Microscope Reveals Local Hot 3ot$994°° science and applications ranging from information technologies,
to discuss the important physics of the localized surface plasniafense, energy, imaging, and biomedicine. The current
discovered and reported in our Physical Review Lettemsformation explosion requires the miniaturization of optical
paper->’ | met him in his talk at the University of Toronto in devices and computing chips imposing a new challenge in laser
1993. Since then, we exchanged ideas and discussed some gégearch: that is, the physical and mode volumes of lasers must
research and development of plasmonics. He visited us hka miniaturized. However, the spatial concentration of the laser-
Taiwan, and gave short course talks a few times. He alwagdiation energy is fundamentally limited by thadion of
kindly provided his physics opinions and comments on ouight, with the smallest scale being at the half-wavelength scale
experimental studtés$ *** in plasmonics. He founded the (about a few hundred nanometers for visible light).
Plasmonics Conference of the SPIE Optics and Photonicsin 2003, David Bergman and Mark Stockman proposed the
Symposium in 2002. | was invited to help as the cochair of thi®ncept of spasers (Surface Plasmon Amaptn by
Plasmonics conference since 2014. People respected very nStanulated Emission of Radiatibh)They theoretically

Anatoly Zayats.The eld enhancement and localization are
iquitous in plasmonics. At the dawn of modern plasmonics,
en the attention shifted from the studies of idealized smooth
and single nanoparticles to more complex structures, it was
arks theoretical work that introduced the giant enhancement
of electromagnetields in clusters of interacting nanoparticles,
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Figure 2(a) The demonstration of hybrid plasmon laser designed with CgSAlIgén guration, maintaining ultrasmall opticaliwement in

dielectric gap region while mitigating the metal loss. Reprinted with permission frofif (eflefemtier suppressed cavity loss enabled by total

internal reections leads to a high temperature plasmon nanolaser, as evidenced by the observation of a transition from spontaneous emission (ble
through amplied spontaneous emission (red) to full laser oscillation (blue) at room temperature. Reprinted with permissi@Gogmright

2011 Nature.

Figure 3.(a) Due to the loss compensation by active media, the sensitivity of lasing emission is approximgtielytBa0 that of spontaneous

emission. Reprinted with permission frofbrefCopyright 2014 Nature. (b). Integrated plasmon nanolaser interconnect that enables wavelength-
division-multiplexing andextive waveguiding is a promising step toward on-chip photonics and optoelectronics. Reprinted with permission from ref
152 Copyright 2012 American Chemical Society.

introduced surface plasmon quanta for stimulated emissionlefgth optical energy cored in the thin nonmetallic regions,
radiation that was amm@d by surface plasmon polaritons which could signtantly reduce metal loss while maintaining
(SPPs), coming the optical energy at the medétlectric ultrasmall modes=igure &). At the same time, the strong
interface with the spatial scale much smaller than a hatfen nement of optical modes reveals a broadband enhancement
wavelength (at the order of ten nanometer and even smalleof,the exciton spontaneous emission rate by up to six times. In
well below the draction limit. Later on, this concept has beenanother aspect, the current applications of optoelectronic
generalized to plasmon nanolasers, or plasmonic nanolasgéesices and photonics circuits critically relies on the small
Inspiring from that, subwavelength spasers or plasmon lasewherent light source working at the room temperature.
have been successfully demonstrated and implementddwever, the nanoscale plasmon lasexssstom drastically
experimentally in 2009, opening a new door to ultracompattcreasing losses and deteriorating gains upon elevating the
and ultrafast on-chip communications and information procegssmperatures. Room-temperature operation of a plasmon laser
ing 119149 poses another challenge in #ld. By further mitigating cavity

Yet, the surface plasmon polaritons are light coupledsses, a total internale@etion of SPPs in a whispering-gallery
delocalized electron oscillations, which inevitably lead to thasmonic cavity was realized, where sustained plasmonic lasing
intrinsic metal/ohmic loss. To mitigate such metal losses, action at room temperature has been successfully demon-
hybrid plasmon approach that integrates dielectric waveguidstgated®® (Figure B). In addition, high cavity quality factors
with plasmonics has been proposed and experimentathgether with strong/20 mode connement lead to
demonstratetf. This hybrid plasmon laser consists of aspontaneous emission rate enhancement by up to 18-fold.
dielectric nanowire separated from a metal surface by @hus, plasmon nanolaserserothe new opportunities in
extremely thin dielectric gap. The coupling between thexploring extreme interactions between light and matter,
plasmonic and waveguide modes across the gap enaldpsning up new avenues of active photonic circuits, sensing
“capacitor-likReenergy storage that allowedive subwave- and quantum information technologies.
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Based on the ampdation of the surface plasmons, an active | had the privilege of collaborating with Mark from 2004,
plasmon laser sensor has been achieved with a subpart-pdren we started working‘aative plasmonics ‘the ability to
billion level of sensitivity, the lowest reported to date fodynamically control the propagation of surface plasmon
plasmonic sensdrs.Due to the loss compensation by the polaritons. In 2006, we together wrote tisé experimental
active media, it leads to ultrasensitive detection of 300 timpaper on the generation of traveling surface plasmon waves by
greater than traditional semiconductor sensor based on tfree electron impattexactly as was originally predicted by the
spontaneous emission (Figure 2a). Such exceptional detectfather of surface plasmonics, Rufus Ritchie, in 1957. And, in
ability demonstrates the potential of actively excited surfa2809, we wrote with Mark a paper demonstrating femtosecond
plasmons for important applications in chemical/biodiagnostica)-optical switching of plasmon polaritéh€xcited and
security, defense. With an unprecedented ability to localize thtemulated by Maikwork on the spaser, we developed it further
electromagneticeld, plasmon nanolasers can also play a kegnd introduced the lasing spdSea, laser based on a
role in the scaling down of current photonic chips and circuitrynetamaterial array of spasers, which was published in a paper
However, ever-increasing radiation divergence and challengahat Mark saw and endorsed prior to publication and promoted
the integration of current electronic functionality brings an many subsequent occasions. Plasmonics was everything to
fundamental hurdle for the ultracompact circuitry. A promisinlark, and | am grateful to him for supporting our work that drew
solution is to design a metaisulator metal waveguiding or an analogy between plasmonics and superoscilkltsy
multiplexed plasmon nanolaser interconneigisré b), in which he handled as editor at NPG Light Science and
which an integrated waveguide embedded (WEB) plasmon laggplications®® In 2018, Mark organized a roadmap paper on
that e ciently converts surface plasmons into directional lasptasmonic§*collectively authored by leading authorities in the
emission and the metal strips simultaneously serve as ttedd. In his own part of the roadmap, he passionately wrote:
electrical contacts™>®Such a waveguide-integrated plasmortModern nanoplasmonics iscairishing science, rich in ideas,
laser circuits can reach more than 70% directional emissifumdamental achievements, and applications. Among them are
coupling with dramatically enhanced radiati@mieacy on- biomedical and environmental sensing, detection of minute
chip, illustrating the potential future applications for large scablBmounts of vapours from explosives, cancer diagnostics and
ultradense photonic computing and communications. treatment, etc. In my opinion, the future of nanoplasmonics isin

In the past, we have seen tremendous progress in bringing the fundamental progress with further extensions into areas of
plasmon laser to the deep subwavelength®soade, several — strong, ultrafast, and extremely nanolocalizied, where
future challenges are still down the road. For example, thigeory will need to become fully quantum mechanical to
temporal characteristics of plasmon lasers has to be extensigeburately predict and describe new phenomena. At the same
explored for ultrafast computing and communications (e.gime, the existing applications will be further improved, and
Purcell enhancement factor, modulation bandwidth). On-chigommercialized, and new applications will be invented, and
electrical data input and optoelectronic integration begins thgnong those ultrafast optical computing may be one of the most
quest for an electrically driven plasmon nanolaser. Thmportant.He has been the founding member and evangelist of
signi cant optical losses at electrical contacts and sevestasmonics for most of his creative life. Mark Stockman never
nonradiative losses as the current densities increase will ngedght recognition, and he was never awarded big medals or
to be overcome. Moreover, single-crystalline processing and gglfes for his scientiwork. Fame came to him in aedent
assembly @r opportunities to explore both new design andway. He will be remembered by colleagues and friends as one of
scalable applications of plasmon nanolasers. the most inuential and creative contributors to the science of

light from our generation.

FINAL THOUGHTS

Nikolay Zheludev. Mark Stockman became a household
name in the photonics community in 2003, after publishing his
seminal paper on the spaS&rom that point on, his career was
elevated to a new level: according to Web of Science, 95% of
papers referencing Marlworks were written since 2003. We
met and became friends at around that time and worked
together on a number of occasions. His opinion was always
extremely valuable to me, and it came as no surprise to me that
he achieved such a colossalénce in the nanophotonics
community: his regular journal papers and letters published
since 2003 were each cited nearly 100 times on average (98).
Every conference speaker would keep an eye on Mark sitting ilMark Stockman with friends at Ein Gedi Kibbutz, Israel, 10
the front row of the audience in his signature white shirtcebruary 2019. Photo courtesy of Nikolay Zheludev.
anticipating his sharp, deeply physical question. Regardless afavier Aizpuruaorcid.org/0000-0002-1444-7589
personalities, Mark was happy to challenge sotemitepts he Harry A. Atwaten orcid.org/0000-0001-9435-0201
did not agree witfi*'>>and keenly defended and promoted his  Jeremy J. Baumbergrcid.org/0000-0002-9606-9488
own ideas, such as the spdsptasmonic tapér,or the Sergei |. Bozhevolrybrcid.org/0000-0002-0393-4859
ultrafast topological all-optical §&téne of his last papers), Mark L. Brongersm=aorcid.org/0000-0003-1777-8970
which he passionately believed can change technology. Helennifer A. Dionne
earned the reputation of a theorist with a background, opinion, Harald Giessen
and ideas spanning a very wide range of subjects, from solid statdlaomi Hala® orcid.org/0000-0002-8461-8494
physics to biomedicine. Yuri Kivsha® orcid.org/0000-0002-3410-812X
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