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Abstract
In the 60 years since the invention of the laser, the scienti ¢ community has developed
numerous elds of research based on these bright, coherent light sources, including the areas
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of imaging, spectroscopy, maials processing and communins. Ultrafast spectroscopy

and imaging techniques are at the forefront of research into the light... matter interaction at the
shortest times accessible to experimentsgiag from a few attoseconds to nanoseconds.

Light pulses provide a crucial probe of the dynamical motion of charges, spins, and atoms on
picosecond, femtosecond, and down to atasd timescales, none of which are accessible

even with the fastest electronic devices. Farthore, strong light pulses can drive materials

into unusual phases, with exotic properties. In this roadmap we describe the current
state-of-the-art in experimental and theoretical studies of condensed matter using ultrafast
probes. In each contribution, the authors alse their extensive kidedge to highlight

challenges and predict future trends.

Keywords: spectroscopy, light...matter interaction, imaging techniques, ultrafast spectroscopy,
ultrafast, ultrafast probes, attosecond

(Some gures may appear in colour only in the online journal)

C 7. Probing and manipulating magnetic and 2D quan-
ontents . ) .
tum materials using ultrakt laser and high har-
1. The 2021 roadmap for ultrafast probes of condensed monic sources 17
matter 3 71 Status 17
1.1 Historical background 3 7.2. Currentand future challenges 17
1.2. Overview of the roadmap 3 7.3. Advances in science and technology to meet
1.3. Summary and outlook 4 challenges 17
2. Electron dynamics due to optical excitation in 7.4. Concluding remarks 18
extended systems 48. Ultrafast momentum microscopy,a new approach
2.1. Status 4 for ultrafast bandstructure imaging 18
2.2. Current and future challenges 5 8.1. Status 18
2.3. Advancesin science and technology to meet 8.2. Momentum microscopy for time-resolved
challenges 7 photoelectron spectroscopy 20
2.4. Concluding remarks 7 8.3. Current challenges and future strategies 20
3. Time-dependent density functional theory of ultra- 8.4. Concluding remarks 21
fast electron-nuclear dynamics in crystals . Time-resolved photoemission spectroscopies of 2D
3.1. Status 7 semiconductors and their heterostructures 21
3.2. Current and future challenges 7 91 Status 21
3.3. Advancesin science and technology to meet 9.2. Current and future directions/challenges 23
challenges 38 9.3. Advances in science and technology to meet
3.4. Concluding remarks 9 challenges 23
4. Ultrafast materials design with classical and quan- 9.4.  Concluding remarks _ _ 24
tum light g 10. Ultrafast nanooptics and plasmonics by time-re-
41 Status 10 solved photoemission electron microscopy 24
10.1. Status 24
4.2. Current and future challenges, and advances
needed 10 10.2. Current and future challenges 25
. 10.3. Advancesin science and technology to meet
4.3. Concluding remarks 12
S . challenges 25
5. Ultrafast magnetism: experiments 12 .
51 S 12 10.4. Concluding remarks 27
" tatus 11. Ultrafast spectroscopy of hybrid metal halide per-
5.2. Current and future challenges 12 4yskites 28
5.3.  Concluding remarks 14 11.1. Status 28
6. Ultrafast magnetic spectroscopy,theory 15 11.2. Current and future challenges 30
6.1. Status 15 11.3. Concluding remarks 30
6.2. Currentand future challenges 182 Ultrafast dynamics of excitons and free charges in
6.3. Advances in science and technology to meet carbon-based 1D van der Waals heterostructures 30
challenges 16 12.1. Status 30
6.4. Concluding remarks 16 12.2. Current and future challenges 31

2



J. Phys.: Condens. Matter 33 (2021) 353001

12.3. Advances in science and technology to meet

challenges
12.4. Concluding remarks

13. Ultrafast near- eld spectroscopy of semiconducting

and strongly-correlated nanomaterials
13.1. Status

13.1.1. Aperture-type vs scattering-type

13.1.2. Moving to the THz range
13.2. Current and future challenges
13.2.1. Cryogenic operation
13.2.2. High magnetic elds
13.2.3. Increased sensitivity
13.2.4. Artefact-free detection

13.2.5. Increased spatial resolution

13.3. Concluding remarks

14. Ultrafast lightwave-driven scanning tunnelling

microscopy

14.1. Status

14.2. Current and future challenges
14.3. Concluding remarks

Acknowledgments

References

Topical Review

While the ultra-short duration of light pulses from CPA
32 lasers allows pump-probe experiments to track dynamics on
32femtosecond to nanosecond timescales, it is the extreme peak
intensity that is perhaps even more signi cant, as it has enabled
3the conversion of light from the laseres fundamental wave-
32 length (often around 800 nm, 1064 nm or 1550 nm) to a wide
3sgange of the electromagnetic spectrum. Here, non-linear opti-
g3cal processes,like high harmonic generation (HHG), second
3?armonic generation, supercontinuum generation, difference
g3irequency generation and opticalcti cation,are deployed
with great effect to produce light pulses from XUV wave-
33 lengths ( 10...100 nm) through the visible all the way to the
3THz range ( 300 um). This exibility allows innumerable
34combinations for the excitation and probe sources, even for
33impler two-beam pump-probe experiments, that can allow
35 speci ¢ interactions to be targed. For instance, the free car-
rier absorption of THz pulses can be used to probe the intra-
35 band motion of mobile charges, giving direct insights into elec-
35 trical transport on ultrafagimescales, while UV pulses are
3@ritical for time-, momentum-, and spin-resolved studies of the
37 electronic bandstructure.

37 12. Overview of the roadmap

3g The roadmap kicks off with three articles that summarise the

current state-of-the-art in understanding the dynamical inter-
play of electrons, atoms, and light in crystals from rst prin-
ciples theory. Pereira dos Sastand Andre Schleife describe
some of the challenges facing explicit real-time models of the
electronic and nuclear systeat different times during and
after the light pulse. Meng caentrates on recent conceptual
and computational advances tlaae allowing real-time time-
dependent density functiondlgory (TDDFT) to treat nuclei,

and not just electrons, as quantum objects. Finally, Sentdf
describe the importance of ultrafast spectroscopy in designing
new quantum materials, and in probing systems in the strong
light/matter coupling regime (e.g. created by a cavity), where
While the scientic and technological developments madte quantum nature of light is paramount.

by many researchers worldwide have contributed to the cre-Recent progress in understanding ultrafast magnetic pro-
ation of ultrafast spectroscopy as a research eld in its owsesses is described in the subsequent contributions from Radu,
right, the eld can trace much of its origins to the seminaDppeneer and Murnane, Shi and Kapteyn. Radu highlights
development of chirped pulse ampli cation (CPA) by Strickiwo key drivers of progress in this eld: rstly recent exper-
land and Mourou in 1985, for which they were awarded iaents that demonstrate optical control of spin and angular
share of the 2018 Nobel Prize in Physics. Indeed, as illustomenta, and secondly the need to explore magnetic inter-
trated in gurel, in the early 1990s journal articles featuractions over many orders of magnitude in time and space.
ing eultrafast spectroscopye or «femtosecond spectroscopy«@gpeneer focusses on challenges facing a complete theoretical
keywords started to appear, leading to the curset®00 pub- understanding of ultrafast demagnetisation processes, where
lications per year. Although bright light sources at large-scadifferent mechanisms can contribute, and energy ow from
facilities have contributed signi cantly, it is the ready avail-€lectrons to phonons and magnons has yet to be fully captured
ability of high-power, tabletop lasers based on CPA that hastime-dependent density funeotial theory (DFT). Finally,
underpinned the dramatic expansion of ultrafast spectroscd@yrnane, Shi and Kapteyn dathe how element specic
witnessed over the last tteedecades. Both academia andhagneto-optic probes, based on HHG, can reveal new insights
industry have played critical tes in re ning and improving into the speed of ultrafast demagnetisation.

such laser ampli ers, increasing their peak power and short- Another key theme of this roadmap is the use of ultrafast
ening their pulse duration, but also enhancing their reliabilitasers to produce ultrashort pulses of electrons from materials,
and introducing turn-key operation. Here, the academic comitereby probing the electronic states near the materiales sur-
munity has undoubtedly bene ted from the drive to improvéace. The state-of-the-art in time- and angle-resolved photoe-
the stability of CPA lasers for industrial applications, whiclmission spectroscopy (ARPESyhere electrons are ejected
include micro-machining and laser surgery. from a material into free space, is discussed by Stadtmdiller,

1 The 2021 roadmap for ultrafast probes of
condensed matter

J Lloyd-Hughekand P M Oppeneér

tUniversity of Warwick, United Kingdom
2Uppsala University, Sweden

11 Historical background
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The nal two contributions of the roadmap describe the
recent drive to perform ultrafast spectroscopy, using light-
based excitation and probes, on ever smaller length scales.
Boland details how tip-scattering methods can access the opti-
cal near- eld, allowing ultrafast measurements with femtosec-
ond time resolution and nanometre spatial resolution in the
IR and THz bands. This is a powerful approach for the study
of nanowires and nanomaterials made from traditional semi-
conductors as well as from strongly-correlated matter. Finally,
Cocker and Hegmann conclude the roadmap by describing
how experiments at the ultimate limits of time and space can
be achieved, using ultrafast scanning tunnelling microscopy
(STM) to probe individual atoms with sub-picosecond time
resolution.

13. Summary and outlook

Figure 1. Journal articles per year with espectroscopy- in the topicWhile advances in ultrafastpsctroscopy and imaging are
plus «attoseconds (blue) or sfemtoseconde (orange). Other articles ushing back the boundaries oearch within each individ-
with eultrafaste and espectroscopye are also shown (green). Source; . - . .

Web of Science. ual eld, a unifying theme evident from this roadmap is that the
most insightful and wide-reaching conclusions can be drawn
when multiple ultrafast techniques can be deployed simulta-

who highlights the potential of the technique to obtain ultrafagieously, under similar conditions, and to study the same mate-

snapshots of the electronic bandstructure close to the Brilloyial system or physical problem. A prominent example is the
zone (BZ) centre. Murnane, Shi and Kapteyn highlight the usetudy of ultrafast magnetism using THz or x-ray pulses (Radu),
fulness of HHG-based ARPES in determining the electron aghere the different wavelengs are required to interact with

phonon distribution functions, as well as their couplings, imagnetic order over different length scales: THz radiation

a method they term ultrafast electron calorimetry. Dani angteracts with long-range magnons (spin waves); x-rays with

da Jornada then describe how momentum space (ARPES) @tthl magnetic moments. As expertise in ultrafast methods

real-space photoemission microscopy (PEEM) can be uggstomes more widespread, hyper-spectral studies performed
to study ultrafast carrier dynamics in two-dimensional (2Dt multi-technique labs will become more commonplace.
transition metal dichalcogenide (TMD) materials, a particu- While gleaning knowledge using a broad range of wave-
larly fertile research area that matches well with the surfacengths undoubtedly increases the experimental and theo-
sensitivity of the photoemission process. They suggest fuetical complexity required, it can dramatically advance the
ther challenges facing experiments and advances neededuitdamental understanding of the underlying photophysical
theoretical treatments of the photoemission process, in pand photochemical processes. Alternatively to standard pump-
ticular to understand systems with strong excitonic effectsrobe schemes, ultrafast coherent spectroscopy (also called

Prinz and Aeschlimann conciate on recent developments incoherent multi-dimensional spectroscopy, or 2D electronic

plasmonics and nano-optics, aie ultrafast PEEM is playing spectroscopy) can provide a more complete picture of the

a vital contribution in unravelling processes including nan@oherent and incoherent dynarspf a system of coupled reso-

scale coherent energy transfer mediated by surface plasmences, by using a sequence of three pulses at different relative

polaritons (SPPs). delays.

Probing and understanding the ultrafast dynamics of elec- The breadth and depth of reselaevident in each section of
trons in new materials is a particularly important stage ithis roadmap, we believe, highlights ultrafast spectroscopy not
the scienti ¢ life-cycle, whch leads from basic knowledgejustas a vibrantresearch eldin its own right, but perhaps more
to re ned materials design, and ultimately to the functionamportantly as a vital area that underpins much of contem-
use of materials in devices. For semiconductor nanomatesbrary condensed matter physics. By compiling this detailed,
als in particular, ultrafast spectroscopy therefore plays a sigut by no means all-inclusive, snapshot of the eld we aim
ni cant role in materials with good optoelectronic potentialto inform scienti ¢ discussions and stimulate future work by
Milot describes one such system,hybrid metal halide perresearchers with and without a background in ultrafast probes.
ovskites,which have rapidly emerged as a next-generation
photovoltaic material with compelling ef ciencies. There2. Electron dynamics due to optical excitation in
ultrafast spectroscopy has allowed recombination dynam'(’?)?‘tended systems
and mobilities of electrons to be determined, benchmarking the
material parameters relevant for the performance of photoRiGg eira dos Santos and M A Sentef
devices. Lloyd-Hughes and Burdanova highlight works on
exciton processes and free charge motion in 1D van der Waldlisiversity of lllinois at Urbana-Champaign, United States of
(vdW) heterostructures, such as bundles of carbon nanotuBeserica
(CNTSs), and radial heterostructures including TMDs. E-mail: tpsantos@illinois.edu and schleife@illinois.edu
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2.1 Status was studied using RT-TDDFT, leading to predictions that may

Int tin time-d dent ¢ h . allow solid-state HHG sources to be optimized, e.g. via band-
nterest in ime-dependent quantum phenomena 1S growlgg, oy, re engineering. Finally, coupling the approach of ref-

rapidly due to emerging applications and experimental bre ‘ence §] to Ehrenfest molecular dynamics allowed study-

thlr.Olé?hs' Ih'ﬁ' exc(;t_mg trednd '? in ?a.\rtf, bec?usel fahst iy the generation of optical phonons in a diamond sample,
refiable optical reading and writing of Information 1S Neave 4 o0y in impulsively stimulated Raman scattering spec-
ily sought after, e.g. in the context of novel memory co

. . o froscopy. There are also extensions in the literature that com-
cepts or for quantum cpmputlng. Wh'le. the intricate deta|. ement an optical pump by a probe pulse to directly simulate
and.me.chamsms rgquwed to accomplish such Challengltri]gnsient(absorption) spectroscofy Recently, modelling of
gpphcatlons are bemg worked out]{ a dgep un.derStand'optical excitations is being pushed into stronger light... matter
N9 OT processes durmg a’.“‘ ater the interaction Of m oupling regimes by means of quantum eld theoretical exten-
ter with light is inevitably important. Both characterlzmgS

. ; . o . ions to conventional density functional approaches, as dis-
and manipulating materials with light require an accuratg .o by Senteft al (sectiond)

description of the charge, spin, and Iattige degrees of freeoIornSpin-dependentangle-resolved photoelectron spectroscopy
across many lengths and time scales, including for extenngQPES) with time resolution on the order of tens of fem-
£,

.2D or crysta]lme materials. Recent progress in .th'S cont seconds is an important technique to study the electronic
is largely driven by novel high-precision experiments thagttr

L2 . . . ) ucture and its dynamics in materials ranging from 2D
provide insight into materials of high crystalline order on y ging

b-femt dii les. h th dtob ayers to thin Ims. Recent progress in pump-probe time-
sub-femlosecond ime scales, NOWEVer, INEse need to be gﬁendentARPES experimentation improves energy and time
plemented by theoretical insight, e.g. from static or time

o . . esolution and extends the excitation source into the extreme
dependent rst-principles simulation2]

. ; Itraviolet (EUV) regime (see contribution by Stadtmiller,
Arguably, thg real-time pr.opagauc.)n approach to TDDF ection8). Accordingly, real-spce, real-time TDDFT, includ-
and its recent implementatiorfsaturing excellent parallel ing non-collinear spin con gurations, has been used to
scaling on modern supercomputers, are increasingly eme bdel the photoelectron current ux W,hiCh determines time-
ing as the most promiging techniqyes to comprghensivg solved ARPES spectra via the t:SURF methdl Bim-
study real-time dynamics of the light...matter Interactiqn . ime resolved ARPES studies exist also for materials

with attosecond resolution. They provide an intricate balangﬁch as silicene and polyacetyke, as well as phonon-dressed
between computational ef ency and accuracy and have hug'(?4uasipartic|e electronic states in graphesje Gaussian elec-

promise for rst—pr'|n0|ples simulations of electron dyr?am—tron wave packets were also explored by RT-TDDFT, [

¢ isti f hundreds of at TDDET is the f side from RT-TDDFT, experimental efforts on time-resolved
€ms consisting ot hundreds ot atoms. IS the 10CURPES are also accompanied bsst-principles simulations

of Meng in this Roadmap, along with the non-adiabatic elef)'ased on the non-equilibrium Greenes function approach as

tron...ion dynam|c§ that follgw excitation (sect@n RT- well as many-body perturbation theory, see contribution by
TDDFT for crystalline materials has, so far, focussed 99ani and Jornada (secti@h

qon—llnealr redspf;;engterfexcnanon bydlrclitense .Iaslec; eHis [ Finally, electronic excitations after exposing solids to short
tlmg-rgso ve (referencd]], and dynamical demag- 476 light pulses can lead to demagnetization within
netization p]. A clear advantage of this real-time approacﬁénS of femtoseconds, for example, if followed by inter-

is tr:tat it doesdnotI ma:ga prloe:]h?ssumptg)ns atbout stEec]: Cilatomic spin transfer and mediated by spin...orbit coupling.
scattering and refaxation meaimsms and captures the IUllpe 410 experimental and theoretical efforts on ultrafast laser-
real-time dynamics, includg the superposition of all eIec-in uced demagnetization mechanisms are discussed in the
tron...electron and electron...phonon scattering. The exampl&sinutions by Radu (sectidB) and Oppeneer (sectics)
discussed in the following represent the current forefront? spectively. Pioneering rst-principles simulations of explicit

applications of this framework and push its quality and acclal-time spin dynamics were carried out based on RT-TDDFT

racy !'T“'ta“ons tha_t depe_nd on the apprOX|mat|on§ Ma0fy ferromagnetic solids 5], by solving time-dependent
exhibiting need for improving exchange and correlation a hn...Sham equations for noncollinear spins and modelling

the mixed guantum...classical description of ions. the laser eld as a time-dependent vector potential. The anti-

The state-of-the-art approach to real-time SlrnUIatlor1‘§rromagnetictoferromagnetictransitionWas demonstrated in

of stror;gflastﬁr eIdI;s_ lthattﬁxc't? electrcir;)s n bul!k SySteméomplex magnetic materials, showing inter-sub-lattice redis-
accountsforthe muili-length scalé aSpect by COUPIIMRBIO- iy, 1o of spins in Heusler and half-Heusler alloys, without
scopicelectromagnetic eld, described via Maxwell equat'onﬁﬁecting the global moment of the material

in continuous media, to the time-dependent Kohn...Sham

equations 3]. Recent work explores the dependence of non-

linear optical effects on the intensity of the laser, e.g. for sik- 5 cyrrent and future challenges

icon [3], con rming that linear response dominates at low

intensities. After increasing the laser intensity, characteri§he scenarios discussed above focus mostlyearty elec-

tic re ectivity changes are detected and attributed to nonliton dynamics during or immediately after the excitation, i.e.
ear response. High-harmonic generation (HHG) in sol@js [the non-thermal regime in gur@. Much more challenging
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Figure 2. Schematics of electron...electron and electron...ion scattering after laser excitation during a transition to a thermalized regime, ar
their respective approximate time scales.

and much less explored are rst-principles simulations of readlectron...electron exchangereladion interaction and the
time dynamics of thermalization occurring during later stagesiixed quantum...classical electron...ion interaction constitute
This involves various scattering mechanisms of the electrothg biggest de cienciesl[1]. Aside from Ehrenfest dynamics,
among themselved ()], as well as with phonons or magnonsrecent developments of sade-hopping techniques can also
Even when neglecting the dif culties of magnetic couplingsaddress the latter problem and have been applied to extended
studies of non-magnetic bulk materials still need to accuratedystems12].
describe electron...electron and electron...phonon scatteringmbdemng electron...ion reitne dynamics from rst prin-
the time domain, in order to understand the thermalization &fbles would also illuminatéhe in uence of electron...phonon
initially non-thermal, highly excited electronic states and theioupling on several carrier...carrier mediated mechanisms.
subsequent cooling. _ _ Speci ¢ examples that are imp@nt in materials after opti-
The current state-of-the-art approach is the solution of tg ,umping include Pauli bloakg/state lling and dynamical
Kadanoff...Baym equation (KBE) or the Boltzmann (transpogand_gap renormalizatior], Auger recombinationd], and
equation, parametrized by static rst-principles data. Remarks iton . exciton annihilation (EEA)3. Understanding the
able agreement with experiments was reported for the thﬁFﬁe—dependent interplay of Pablocking, band-gap renor-

malization of excited electrons in semiconductors including i, aion, and excitonic effects is critical to fundamentally
silicon and gallium nitride; similar theoretical studies alsg

al 4 nobl al di din th ei|1derstand modern pump-probe experimeidis Currently,
cover meta's and noble MEtals, as discussed N e ExGeg of he most accurate models of dynamical band-gap renor-
lent review in referenceld] and references thereiixplicit

- . ) . malization is based on the time-dependent extension of the
rst-principles simulations of the real-time electron thermal: . L
o : . Bethe...Salpeter equation (BSE) within many-body perturba-
ization dynamics, however, are still much less common arny

have only been reported for laser-excited nickel, chromiurfr'ﬂ] tg_le_o_l%glr__]_?_w;gé i:Zzg:pzZe?otoergﬁjngjgegg/lnof a
and copper, using RT-TDDFT1]]. For these systems, in ' o y deployed’ y o-gap
which electron...phonon scattering was excluded, the dyn \ormalizationT], however, thermalization, i.e. the transition
ics is unusually fast. Interestingly, referendel][ points to rom initially hllg.hly excited to thermalized electrons, was not
the need to include the coupling of the electronic system fgodelled explicitly. _ _ _

an external time-dependent potential, such as the ionic sys-EEA @S an example of exciton dynamics, becomes impor-
tem or a laser eld, in order to observe electron dynamics }r,?”t in the highly excited regime and in 2D materials. Other
RT-TDDFT with adiabatic exchange and correlation. Thedgadiative and non-radiative exciton recombination channels
ndings agree with the picture that electron thermalizatioflVOKe trions and exciton...phonon couplibg].[ Currently,
involves both electron...electrand electron...phonon scatN0 explicit real-time rst-principles simulations of these pro-
tering [10]. Furthermore, while cding of thermalized elec- cesses exist, and the few theoretical interpretations in the lit-
trons progresses on longer time scales, it also involves el@gature use predictions from gtaelectronic-structure simu-
tron...electron and electron...phsnattering as illustrated in lations, based on density functional or many-body perturba-
gure 2. Even for a given material, it remains a fundamertion theory. Addressing this critical challenge will allow us
tal challenge to understand their relative importance, requirit@better understand mechanisms that limit their lifetimes and
a simulation framework that treats them on an equal, rsgan impact materials selection and design, e.g. to accomplish
principles footing over long time scaleg; [LO]. In order for RT-  hot-carrier extraction.

TDDFT simulations coupled to Ehrenfest dynamics to succeed All the mechanisms discussed here are challenges of
in this context, the approximate, adiabatic description of tlgreat interest for experiments and applications, and their

6
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time-dependence is currenthot well understood. Separat-Acknowledgments

ing the inuence of electronic and lattice contributions to

the response, i.e. the screening in a material, is desirableV¥e gratefully acknowledge nancial support from the Of ce
explain the transition froomon-thermalized to thermalizedof Naval Research (Grant No. NO0014-18-1-2605).
electrons. Doing so entirely fro predictive rst-principles
simulations will allow to analyse (i) the relative importance3 . . .
of electron...electron and electron...phonon scattering, (ii)"th ime-dependent density funcfuon.al theory of
dependence on wavelength and intensity of the optical pun’ftlt,rafaSt electron-nuclear dynamics in crystals
and (iii) the in uence of optical transition probabilities in the

. . . S Meng
energy range of interest for a given material.

Chinese Academy of Sciences, Peopless Republic of China

2.3. Advances in science and technology to meet
challenges

Combining RT-TDDFT with Ehrenfest dynamics leads to dhe ultrafast dynamics of laser-driven electrons and nuclei in

simulation framework that enables explicit real-time Stud:_rystalline materials, occurring at a time scale ranging fro.m a
ies with the exciting prospect of describing both eIectrorfEW attoseconds to hundred femtoseconds, encodes rich infor-

and ions from rst principles. However, two main Iimitationsm"’Ttion aboutintense laser...solid interactibfis Comparing

emerge that need to be overcome. First, the adiabatic appréiSclated molecules in gas phase, the interactions between
imation for the time-dependent exchange...correlation fum,@ Ia}ser eld and solids anauch more comphcateq, due to
tional is widely, if not exclusively, used. Memory-dependerjipe diverse and complex electronic structure of solids and the
approximations for the electron...electron interaction Comramountnumber of degrees of freedom involVEg].[This

be explored to better understand how this affects dissip%t”lns forgn accurate, fullgib initio, statg-of-the-arttheoret|cal '
tion within the electronic syem. Recent improvements 0fdes:crlptlon of the attosecond dynamics of electrons and nuclei

the description of the ele@n...electron interactiarithin the in materials under a strong laser eld, going beyond the usual

adiabatic approximation address shortcomings of the |ocgmpiricgl semiconductorSphrbdingerlBloch equations and the
density or generalized-gradient approximation e.g. by expl@rg?Eat'zBom ' ..Opp;enhe;mgr approTlmatlc;_anFT h
ing hybrid functionals or the recently developed SCAN metg- ' €2 vantages o employing a rea -time approac
GGA approach. Second, approximating the ions as classi ure 3) enable us to S|'mulate corrg!atgd quaptum movement
particles leads to several welbcumented de ciencies of the © electrons” and nuc_lel, the lnmut')“b”um -h|dden statfez-_f
Ehrenfest dynamics approach. Future advances in the desci‘}@' a(sj well as ?’;Ot'chOUp |ngs| gtweenda r\]/anety_o "
tion of electron...ion coupling can, for instance, build on t gent degrees of freedom (e.9. lattice and charge) in mate-

surface-hopping technique exploring the exact factorizationr'als under strong laser elds beyond the perturbative regime
approach [15, 16]. In recent years the eld of real-time TDDFT sim-

That being said, another strong appeal of applying riplations of ultrafast electron-nuclear dynamics has witnessed

TDDFT to bulk materials is the numerical ef ciency: how-an explosive growth, with intense efforts devoted into devel-
ever, the improvements of the method discussed in the preQ/P—'ng ff?r?ter gnd more ef ctlenlt altgon_thms, accuraye s'mlt.”?'
ous paragraph will certainly negatively impact this. In order t on of the MICroscopic Optoelectronic processes In realistic

account for the necessary multi-length and time-scale aspee@te”als’ and benchmarking tretical descriptions and pre-

computational cost needs to be kept at an absolute minimuf"L.Ct'Ons against experlmen_tal data, tog_ether with signi cant
challenges nonetheless being present in the current research

frontier and rich opportunities to make further advances. All
2.4. Concluding remarks these advances promise a bright future for real-time TDDFT

simulations of electrons and nucla laser-driven crystals in
There is extreme potential for and tremendous interest tife next few years to come.

a rst-principles approach thaiccurately predicts real-time

e_Iectron...ion guantum dyngmic&any successfull applica- 3 5 current and future challenges

tions of many-body perturbation theory and real-time TDDFT

nd excellent agreement withx@eriment and recent progressThe past decades have witnessed the great successes of
for both techniques expand the application space. Howev@fpund-state DFT in capturing static electronic properties of
this has also exposed de ciencies in the currently used appra®rious materials, as exempli ed by the Nobel Prize in Chem-
imations: the next big challenges to overcome lie in the adtry awarded to Walter Kohn in 1998. However, for time-
abatic approximation of the exchange...correlation functiogpendent processes, in particular those involving excited
and the asymmetric quantum...classical description of egfétes, real-time TDDFT and advanced nonadiabatic algo-
tronic and ionic system. Addressing these in a computatiofithms are essential, especially for practical simulations of
ally highly ef cient way has great promise and will certainlyextended crystalline materials§. 20].

advance the eld of computational materials modelling and Currently, at the research frontiers of the TDDFT simula-
design in interesting directions, with great societal bene t. tion of crystalline materials, various challenges are present that

3.1 Status

7
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essential. However, acceptable functionals that capture fre-
guency dependence and such memory effects do not yet exist.
Up to today most of the great many TDDFT simulations rely
on the adiabatic functionals (such as adiabatic local density
approximation) in real application&6..21]. This raises ques-
tions on the validity of calculation of key dynamic properties,
such as photocurrents or demagnetization in crystals. Func-
tionals accounting for strong correlation effects, such as the
onsite Coulombic Hubbard interactions, are also desirable.

Schemes for calculating time-dependent properties and
numerical analysis on the rich information of excited states,
particularly for periodic systems, are largely absent. Compared
to ground-state DFT calculationthie properties accessible in
typical rst-principles TDDFT models are scarce and under-
developed. The foundation for calculating physical proper-
ties in a non-equilibrium dynamisystem is under debate,
adding to the dif culty in developing ef cient schemes to com-
pute such quantitie$or example, mechanical modulus, elec-
tron and magnetic susceptibility, transient optical absorption,
not to mention transient electron...phonon coupling strength,
magnetic anisotropy, and topological edge states etc.

A variety of degrees of freedom, such as lattice, charge,
spin, orbital, valley, pseudospin, etc, are required to be
included in advanced TDDFT simulations of quantum mate-

Figure 3. Scheme for typical TDDFT simulations of rials. Applications to new forms of materials other than reg-
electron-nuaar dynamics in crystalline materials. HereHy, S, ular metals and semiconductors, e.g. magnetic solids, low-
ul, are the total density of electrons, electronic Hamiltonian ma"ix'fdimensional crystals, materials with nontrivial topology, and

the overlap matrix, and the periodic part of Bloch wavefunctions o duct till dienai Applicati ¢
thelth-band at wavevectdk, respectively. This scheme has been superconductors, are st ging. Applications to new

combined with ring polymer dynamics for treating quantum nucleadphenomena such as light-enhanced superconductivity and
effects. In regular simulations, one usually adopt a classical laser-induced quantum Hall effect are yet limited; a strong pre-

simulation of nuclei dynamics, namely= 1. dictive power from the current TDDFT simulation schemes is
expected but seldom demonstrated.
Since the timescale is ultrashort, quantum nuclear effects
including zero-point energy and nuclei tunnelling become
signi cantly hinder rapid progress in uncovering and undetmportant and need to be taken in considerati@2 23]. A
standing the ultrafast dynamics of electrons and atoms itgjority of TDDFT simulations of crystals performed today
crystals under strong laser elds from a theoretical perspectiv@ly focus on the dynamics of electrons, usually with clamped
A rst and long-lasting challenge is of course the unprecdltclear dynamics, based on the fact that the mass of electrons
dented computational costs for solving time-depende®d nuclei differs by at least three orders of magnitude. This
Schrédinger equations with quantum many-body effects @@nstrainthowever can be broken in photoexcited states, since
an attosecond precisio®]]. Since the electronic couplingsNOW nuclei may stay on highly unstable high-energy poten-
in crystalline materials usually occur with a strength of Hal €nergy surfaces, thus the velocity of atoms might approach
few to hundreds of electron-volts, the corresponding timescaf¥se of electronsZfl]. A small percentage of simulations
for integrating the electronic equation of motion is sulk@!/low the atoms to move according to the quantum forces act-
attosecond. A tiny period of dynamics running for a fedPd on them, albeit within a classical approximation of nuclear
femtoseconds wouldeguire millions of méecular dynamics degrees of freedom, namely all nuclei are treated as point par-
steps at the level of regular DFT calculations, which mailes. The quantum aspects, such as the zero-point vibration
the simulation of time-dependent processes prohibitive. TRE&toms, splitting of nuclear wavepackets, and quantum tun-
time scale as well as the length scale under simulation (e"§/ling, which are especially prevalent at low temperatures
a real-time simulation ofion-equilibrium phonon dynamics&nd for light elements (such as hydrogen, carbon, oxygen), are
would require tens of primitive unit cells) need to be signifcompletely ignored.
icantly extended to hundreds of picoseconds and supercgllg Advances in science and technolo
. 3. gy to meet
comprising thousands of atoms. challenges
Developing new exchange...correlation functionals beyong
the adiabatic approximation that can describe the memadxgw schemes aimed at perforrgiaccurate simulations on the
effects and excitonic effects are strongly desiratlg.[Since interactions between laser elds and solid-state materials are
TDDFT is a dynamic theory of matter, knowledge of the hisinder intense development. In most previous works, numeri-
tory of the electron-nuclear trajectory subject to causality cal implementations of real-time TDDFT for solids were built

8
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and so-called ring polymer molecular dynamics (RPMD)
based on imaginary-time path integral simulations of nuclear
trajectory has beerecently introducedZ2]. This approach
allows us to treat quantum nuclear effects in nonadiabatic
excited state dynamics involving many potential energy sur-
faces. Generalizing exact paiitegral molecular dynamics
for static equilibrium properties, RPMD is a simple approxi-
mate technique to describe real time quantum dynamics, which
has been used to calculate cheah reaction rates and the
quantum diffusion in liquid water in the ground stat3].
Figure 4. Ultrafast electron dynamics in graphene upon The RPMD approach provides quantum statistics and semi-
photoexcitation in different laser elds, reproduced from reference classical dynamic descriptions by constructing a ctitious
[16]. Red and blue dots represent excited electrons and hole polymer for the original system. This polymer is comprised
respectively. Dot sizes are scaled to the number of photocarriers gt \ replicas (beads) of the real poly-atom system and each
eachk point. L . T
bead of the same atom is linked by harmonic spring inter-
actions. According to the isomorphism between a quantum

upon real-space grids, including some well-known programrRarticle and classical ring polymer, the bead con guration in
packages such as OCTOPUBS[and SALMON [20]. Real- real-time trajectory can be regked as the possible existing
time TDDFT has also been implemented in plane wave codé&kate of aguantum particle. In such quantum electronic-nuclear
for example, the ELK, FP-LAPW, and FPSID, where encouflynamics simulations, real-time TDDFT calculations provide
aging results are obtained to denstrate the effectiveness ofthe information of ionic forces, electronic energy and stress
TDDFT approacheslb]_ If one is interested in h|gh energytensor, Wh”e RPMD deals W|th the eVOlution Of atomiC pOSi-
excitations on the energy scale of tens to hundreds of electr§@ns and velocities ( gure). This method can go beyond the
volts, extremely dense real-space grids and high kinetic enefg¢an- eld Ehrenfest approadh the sense that correlations
of plane waves are indispensable. By employing a local baSigtween electrons and nuclei are recovered by propagating
representation built upon numerical atomic orbitals inste&#ectronic wavefunctions foeach bead of the ring polymer
[21], propagation of systems of a large size500 atoms) [22. Potential areas for applications of such a full quantum
for a long simulation time (1000 fs), with a moderate com-approach include calculating the broadening and redshift of
putational cost while maintaining a relatively high accurac@ptical absorption spectral peaks in diamond nanocrystals due
can be routinely achieved ( gurd). Non-perturbative phe- to quantum nuclear effect29, developing strategies for opti-
nomena in crystalline materials under a strong laser eld, &§! manipulation of quantum paelectrics such as SrTi(30]
well as linear responses to a weaker eld, can be simulated 8Rd atomic tunnelling rates in BaB$31].
an equal footing, either in the presence or absence of nuclear
movements. 3.4. Concluding remarks

The electron...hole exchange effect can be adequately o )
described with the new development of the kernels based b€ Néw developments and applications of real-time TDDFT
BSE and bootstrap functionald]. In such approaches to 5|mulgt|ons of uItrafast.dy'nam|c processes in crystalline
go beyond a single-particle picture, many-body interactiofjaaterials represent a signi cant step towards a full quan-
between quasiparticles on the electron...hole basis are exPfi€ description of electronic and nuclear states from rst-
itly taken into account. At present there is a need to tranlnciples. This approach has the potential to provide a com-
fer such functionals from the linear response framework infy€hensive and predictive understanding of quantum interac-
non-perturbative real time schemes. On-site Coulomb interd{onS and dynamics of complex materials at the atomic and

tions can be parameterized based on time-dependent elecftiASecond scale. These advances open new opportunities for
densities obtained from rst-principles simulatioris]. studying, and ultimately, conting, the ultrafast quantum

The combination of length-gauge and velocity-gaugf@ma_‘mics of a variety of qugsipgrticles and a broad range of
description of external electromagnetic elds has extended t@nlinear strong- eld behaviour in crystals.
d!verSI'[y of materials under.cop&de'ratu.)n, ranging from Io‘f&cknowledgments
dimensional systems to periodic solids in laser elds. Mean-

while, by employing a fast propagation algorithm in the recippe acknowledge nancial support from NSFC (Grant Nos.
rocal space, one can simulate real time propagation of thayrgs0120 11934003, and 12025407), MOST (Grant No.

sands of electrons lasting for a few picoseconds with p95016YFA0300902), and «Strategic Priority Research Pro-
odic boundary conditions2fl]. Exotic phenomena such aSgramme Be of the CAS (No. XDB330301).
nonlinear optical absorption, high harmonic emission, high-

order resonant energy transfer, and electron...phonon coupling
in excited states can be described accurately in such a schemeitrafast materials design with classical and
[24..28]. quantum light
To consider nuclear quantum effects in ultrafast processes, a
practical computational scheme combining real-time TDDFW A Sentef, M Ruggenthalérand A Rubié
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4.1 Status

Ultrafast pump-probe spectroscopy has allowed researchers

to disentangle the microscopic degrees of freedom of mate-

rials (charge, spin, orbital, lattice). Moreover, by employing

the energy ...time complementarity, low-energy collective exci-

tations, whose frequency-domain signatures require high res-

olution, are more easily probed in the time domain, where

their coherent oscillations are slow. More recently, the focusin

the eld has shifted away from interrogating quasi-equilibrium

properties towards the creation of new light-induced states of

matter without any equilibriumaunterparts. In the following Figure 5. Floquet... Bloch states observed on the Dirac-fermion
we discuss selected examples of light-induced states, both Hﬁjs""ce;;ateROf a tdhreeéd'".lﬁ”s'on"?" tF’poiog'C""‘:' '?]S‘é'?\;orﬁ g
the case of strong laser driving (sclassical lights) and for matter’ & [33]. Reproduced with permission from Fahad Mahmood.
in dark cavities (squantum lighte).

One of the highlights of this extremely active eld of . L . ) o
research was the demonstration of possible light-induc}fit ideas for engineierg material properties by periodic driv-
superconductivity32]. Upon driving the crystal lattice with N9 €&n be readily trqnsferred to the cavity QED situation. The
mid-infrared light pulses the low-energy optical conductivemMergence of polaritons and changes in material properties
ity of KsCso was shown to exhibit superconducting featurds duite un!versal anq is not restricted to only molecular sys-
even far above its equilibrium superconducting critical tempelf€MS- For instance, in the case of a 2D electron gas, strong
ature. Similarly, spectacular results have by now been demd§ht---matter coupling can lead to large modi cations of the
strated in a variety of different superconductors, among theRf-gneto-transport propertiezq. _ _
several classes of cuprates as well as an organic kappa sall '€ €ld of cavity engineered quantum materialsd their
compound 83. emergen.t electronlp p'rop'em'es is still in |.t§ relative infancy.

A related class of light... matter coupled phenomena coifiore discussing its intriguing opportunities and key chal-
Floquet materials engineeringas also recently demonstratedSn9es below, let us highlight a few recent developments that
in solids. Here the key idea lies in the fact that periodﬁhowcase its enormous po'Fent|aI. In close similarity to |degs
cally driven systems can be mapped stroboscopically Orﬁgsed on Floquet engineering to control the superconducting

quasi-static ones through the Floquet theorem. This has bggﬁaviourof materials by periodic driving, it was theoretically
employed in nearby research elds, for instance in atom&redicted that the electron...phonon interaction in a monolayer

and molecular physics as well as quantum simulators wili F6S€ on the dielectric substrate Srii®enhanced through
cold atoms or trapped ions. In solids a breakthrough wi formation of phonon polaritons at the FeSe/SgTi@er-
achieved by observing Floguet...Bloch states on the surf@e When the system is placed inside a QED cavity (see
of a topological insulator using time-resolved photoemissiofUré ©)- This cavity-controlled electron...phonon coupling
spectroscopy34] (see gure5). Another more recent high- WS predicted to systematically affect superconductivity in that

light was the report of the light-induced anomalous Hall effeffaterial B0l and in many others. _ .
[35] motivated by earlier theoretical predictions. . A closely related experiment was indeed reported with
A complementary development in the research of novaimilarly striking results. Researchers employed the strong
light... matter coupled states was achieved in the eld of poldtfa’~ €ld SPPs on a gold surface coupled to phonon modes
tonic chemistry. This eld hadeen stimulated by ideas from®! @ Polymer matrix, to modify the superconducting critical

cavity quantum electrodynamics (QED) to manipulate mattégmpPerature Tc) in two very different superconductors,
with pure vacuum uctuations of quantum light. The desigfRPCeo and optimally doped YBCOJL). Magnetometry mea-
of properties on demand in quantum materials by placify’éments showed thatonetoé ngerprints of superconduc-
them in controlled QED environments (quantum cavities) nggnty,,the Meissner effect, could be mduged atsigni cantly ,
inspired, for instance, by the aliwation of enhanced ultrafastd!TerentTc compared to the samples without the QED envi-
non-radiative energy transfer between cyanine dyes in a caJigfMent- Indeed, an enhancemenTeffrom 30 to 45 K was
[36]. This signi cant change is due to the emergence of hybri@und for RRCeo, whereas a suppression from 92 to 86 K was
light...matter states called polaritons, whose ultrafast dynanhfgrted for YBCO.

can be revegle_d by pump-probe experimeB@.[The theq- 4.2. Current and future challenges, and advances needed

retical description of these novel states of matter requires a

guantum treatment of the light eld and has some resemblanidere we categorize key challenges that in our view require
to the Floquet approach for classical ligB8]. This suggests dedicated attention, namely the control of detrimental effects

10



J. Phys.: Condens. Matter 33 (2021) 353001

(b)

Figure 6. lllustration of predicted cavity-controlled

electron...phonon coupling and superconductivity in monolayer FeSe
on SrTiG; substrate39]. Reproduced with permission from Joerg

M. Harms, MPSD.

(strong lasers, heating, short lifetimes) in classically-driven
materials, the achievement of strong light...matter coupling
under controlled materials conditions in different QED set-
tings, as well as the development of theoretical and compu-
tational approaches enabling the description and prediction
of ultrafast time-domain phenomena in available or designed
quantum materials.

(a) Classical light: control of heating, extension of lifetimes
of novel states of matter, selective ultrafast switching.
Despite the promises to create properties on demand with
controlled laser pulses and no shortage of creative theoret-
ical proposals, clear-cut demonstrations of Floquet states
in solids have still been scarce to this date. Three of the
key issues are: (i) the need for strong laser pulses, (ii) the
accompanying heating of the sample, and (iii) the limited
lifetime of the induced states. It is important to further
develop experimental techniques that push the boundaries
in this respect. For instance, the use of tailored laser exci-
tations in the mid-infrared32], which in certain situa- (c)
tions and in particular anisotropic geometries can avoid
electronic heating, has been an important step forward.
Another big step lies in the identi cation of scenarios in
which driving with selective light pulses allows for ultra-
fast optical control of a collective condensate with promis-
ing functionalities (cf section by Radu). As an example,
the switching of chiral condensates with emergent Majo-
rana edge modes by circularly polarized light has been
suggested42], which might eventually nd an intriguing
application in the optical programing of Majorana-based
quantum logic gates. However, there are various chal-
lenges to overcome before this becomes a reality. Besides
the need for the synthesis and clear-cut identi cation of a
chiral topological superconductor as a materials platform,

1
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also the development of tailored laser pulses (pulse shap-
ing) that can be applied at suf ciently low temperatures,
as well as corresponding probing techniques (cf section
by Murnane, Shi and Kapteyn), remain a major challenge
that researchers in the eld should tackle within the next
decade.

Quantum light with strong coupling: new device fabrica-
tion and probing scheme$he cavity approach has sev-
eral appealing features, compared to classical light: (i)
strong external elds are not necessary; (ii) there is thus
much less heating of the sample; (iii) hybrid light... matter
states can have very long lifetimes; and (iv) quantum
aspects of light can be important also on very short sub-
cycle time scales. Indeed strong-light matter coupling
appears to be robust and can be achieved even at ambient
conditions. However, the main challenge is to reach strong
light...matter coupling in the rst place. Depending on the
situation there are several standard ways to do so: (a) to
increase the collective coupling to the QED environment
by increasing the matter density, (b) to increase the quality
factor of the cavity, or (c) to minimize the mode volume
of the cavity. To gain a detailed microscopic understand-
ing of the strong-coupling process ultrafast experiments
investigate subcycle switch-on of strong couplidg][

The emerging subcycle QED allows for applications such
as the measurement of vacuum uctuations of the light
eld [ 44]. Another important research direction is the use
of an auxiliary material that couples itself strongly to the
light eld and mediates the strong coupling to the sam-
ple of interest40]. Here it would be desirable to achieve
similarly strong couplings in well-de ned atomically con-
trolled heterostructures. Moreover, the crossover between
the quantum regime of cavity QED and the ultrafast clas-
sical regime, speci cally with respect to the modi cation

of materials properties, is largely unexplored and provides
ample opportunity for future experimental and theoretical
research45, 46]. First results indicate that the concept
of Floquet engineering of microscopic materials parame-
ters can be implemented both in the classical-light regime
(weak light...matter coupling, many photons in a coherent
state) or in the quantume-light regime (strong light... matter
coupling, few photons in a Fock state, i.e., with zero
macroscopic electromagnetic eldd.

Development of comprehensive theoretical frameworks
able to describe ultrafast phenomena and predict prop-
erties of nonequilibrium and cavity material®n the
theory side many aspects of ultrafast dynamics and cavity-
controlled modi cations of material properties remain
challenging. So far, the standard approach is to extend
quantum-optical or solid-state models to light...matter
coupled systems in order to rationalize experimental nd-
ings. But such an approach clearly needs insights about
which degrees of freedom are important. A detailed
understanding of many of the observed effects, however,
is currently missing, which limits the predictive power
of such models. Therefore, an unbiased approach that
treats all microscopic degrees of freedom on an equal
footing is desirable. Howevgin that case rst-principles
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approaches needto solve a quantum- eld theoretical QEAMd length-scales pertinent to the microscopic interactions
problem, which is of course even much harder thagoverning the magnetic order, e.g. the exchange interaction,
the many-body Schrddinger equation on its own. Thepin...orbit coupling, and the magnetic dipole...dipole interac-
newly developed quantum electrodynamical density funtien. As shown in gure7, these span the timescales from
tional framework is one of the promising approaches tattoseconds (£32 s) to nanoseconds (2®s) and the length
achieve this goal47], and rst-principles simulations of scales from angstroms (1 m) to micrometers (1% m).
QED...matter systems were recently repodgdA par- Broadly speaking, the eld of ultrafast magnetism encom-
ticularly appealing feature of this framework is that ipasses the non-equilibrium spin and magnetization phenom-
reduces for zero coupling to the photon eld to (TD)DFTena driven by an ultrashort external stimulus. Such a stimulus
Therefore, it can be nicely cdmmed with advanced meth- could be, for instance, an ultrashort pulse of light, a fast charge
ods of TDDFT as discussed by Dos Santos and Schledad/or spin current burst or a pulsed magnetic €30,[68].

or also Meng in this roadmap. Due to their ability to provideeal-time information about,
and experimental access to thecnoiscopic processes (e.g.
4.3. Concluding remarks spin...electron...phonon scattering) and magnetic interactions

o ) ~governing non-equilibrium magnetism, the use of femtosec-
We are only at the beginning of a systematic exploration gfq |aser pulses is of particular interest and relevance. More-

novel phenomena enabled by light...matter coupled quanB{fgr, such intense and ultrashort laser pulses are well suited for
many-body materials and their potential use for future quagranipulation and control of agnetization at unprecedented
tum technologies. We believe that the interface between highlyeeds; ideally on timescales as fast as the driving pulse itself.
active and successful research elds,quantum optics, quan- Being highly relevant for both fundamental and applied sci-
tum materials and 2D heterosotures (cf section by Mur- ance, the ultrafast magnetism eld has undergone an intense
nane, Shi and Kapteyn or Dani and de Jornada), ultrafgglivity and development over the past decades, both exper-
spectroscopies, hanoplasmonics, polaritonic condensates,mta"y and theoretically 8], see section 6 by P M
polaritonic chemistry,,will offer a plethora of unexpected dis- Oppeneer for a perspective on the theory of ultrafast mag-
coveries and an interesting platform to explore new phasesic spectroscopy. Since the rst report of a laser-induced,
matter B9]. In particular, ultrafast spectroscopy using quansyp-picosecond demagnetization of ferromagnetic Ni in the
tum light is expected to lead to novelinsights into the interplaya minal work of Beaurepaire, Bigot and collaboraté[the
of microscopic degrees of freedom and their ultrafast dynangig has witnessed spectacular demonstrations of how ultra-
ics upon laser excitation, while the combination of stronghort pursts of light can affect the magnetic order ranging, for
light....matter coupling and ultrashort laser pulses opens Opg¥tance, from ultrafast magnetization quenching on a few fs
tunities for the creation of properties on demand in quantUifhescale $2] to laser-induced magnetization generati6g[
materials in the time domain. and from coherent spin precession at THz frequen&idistd
all-optical magnetization switching (AOS)5%, 56].

The conventional approach to investigate ultrafast magnetic
Hhenomena was the employment of pump-probe techniques

the Emmy Noether programme (SE 2558/2-1). AR and M sing fs laser pulses in the visible spectral range (400 nm tp
; 0 nm) to photo-excite and subsequently probe the magnetic
acknowledge nancial support by the European Researc
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Forschungsgemeinschaft (DFG),EXC 2056, project ID induced spin dynamics. Although these approaches reveal

390715994 and the SFB925 elight induced dynamics and c the rst glimpses of ultrafast spin dynamicsQ..51, 53, 55
trol of correlated quantum systemse. The Flatiron Institute iq‘{]n’ they provide only an indirect measure of magnetization

o . : Sdfi‘/namics. This limitation stems from the fact that all-optical
Division of the Simons Foundation. . . : .
pumping and probing beams are non-speci ¢ with respect to
the constituent magnetic elements, the sample sub-systems
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5. Ultrafast magnetism: experiments (e.g. charge, lattice, spin, and orbital degrees of freedom),
and their excitations (e.g. phonons, magnons, electron...hole

| Radu pairs). It was soon recognized that, for a thorough under-

Freie Universiat Berlin, Germany standing of ultrafast magnetic phenometigre is an utmost

Max Born Institute, Germany need for time-resolved speescopic techniques providing

such element-, sub-system-, and quasiparticles-speci city with

fs time resolution and down to atomic scale spatial resolution
5.1 Status

. . . . 5.2. Current and future challenges
Long-range magnetic ordering arises from the subtle interpla

between quantum mechanical effects and relativistic interg&uch capabilities, which broughtelultrafast magnetism eld
tions. Therefore, a prereqitisto understand non-equilibriumto the next level, have become readily available only in
magnetic phenomena, and a key challenge of the ultrafastent years with the advent of novel light sources generat-
magnetism eld, is the complete knowledge about the timéag ultrashort and intense THz/mid-IR and x-ray radiation,
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Figure 7. The relevant time and length scales for ultrafast magnetic phenomena. Reproduced with permissib from [

using either laser-based schemes or synchrotrons and fré&ta storage industry, which considers the AOS process as an
electron lasers (FEL). For stance, high- eld THz pulses alternative, emerging magnetic recording technology.
are now almost routinely used resonantly and selectively A crucial requirement to understand ultrafast magnetism,
excite quasiparticles (phonon§g and magnonsg4, 59]) and particularly AOS, is the ability to obtain real-time and
to drive ultrafast spin dynamics or even to trigger mageal-space information about the transient evolution of the spin
netic phase transition®(]. Also, femtosecond x-ray pulsesensemble, from the initial photexcitation event to the full
turned out to be extremely powerful tools to monitor and diselaxation of the system. As shown in gui& this implies
entangle the element-speci ¢ spin and orbital dynamics afieasuring spin dynamics over many orders of magnitudes
magnetic alloys and heterostructures during, for instance, tindime- and length-scales, essentially requiring a multi-scale
laser-driven demagnetizatiof]] and magnetization switch- probing tool. Moreover, as the spin system continuously and
ing processesp], or on extremely fast timescales during thenutually interacts with other degrees of freedom [like charge,
coherent light...matter interacti®2][ X-ray FELs are useful orbitalangular momentum (OAMlattice], one needs to moni-
tools in this context since, due their high intensity/brilliancepr and disentangle their dynamic behaviour, both in the spatial
short pulse structure and wavelength tunability from XUV tand temporal domainsience, a key challenge is obtaining a
hard x-rays, caprovide both femtosecond time- and nanome&omplete and simultaneous spatio-temporal measurement of
ter spatial-resolutionsee e.g. referencé?]. the non-equilibrium spin dynamics, complemented by a full
All-optical magnetization switchindeside the fundamen- spectroscopic description of the individual dynamics of all
tal scienti ¢ interest in exploring and understanding ultraeonstituent degrees of freedom.
fast magnetism, the eld bears an exciting potential for Existing ultrafast techniques lack the required combina-
technological applications in high-speed magnetic logic artidn of time and spatial resolutions; for instance, XUV HHG
magnetic storage devices. In this respect, the most appealurces do provide attosecond time resolution (see e.g. ref-
ing phenomenon is the so-called AOS, denoting magnetizrence $2] and section?) but have poor spatial resolution,
tion reversal driven by a fs laser pulse alone without arwhereas XFEL sources can probe the magnetic matter down
external magnetic eld%5]. Initially discovered in ferrimag- to 10 nm length scales with only tens of fs time resolu-
netic GdFeCo alloysgb, 56] and later shown to occur in tion. Future advances in XFEL capabilities towaedtosec-
various magnetic systems (shetic ferrimagnets, ferromag-ond FELS[64] complemented by progress in table-top light
nets, iron garnets)p, 66], AOS represents the fastest magsources and ultrafast instremtation will provide unprece-
netization reversal mechanism known so far, with switchindented opportunities in measugiand controlling spin dynam-
times on picosecond timescales. With obvious advantages (ios. as well as spin-related processes and interactions on their
1000-fold faster, no external magnetic eld required) whenatural time and length scales.
compared to the current magnetic recording techniques, theUltrafast angular momentum owanother major issue
potential of AOS has been recognized by the computer adkallenging our understanding of ultrafast magnetism is angu-
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lar momentum conservation and dissipation during an ultra-
fast, laser-induced change of magnetizati®, [68]. The
angular momentum transfer rate is a crucial parameter for
any spin dynamics experiment (demagnetization, magnetiza-
tion reversal,etc) since it will ultimately set the speed and
the magnitude change of magnetizaticvihereas it is com-
monly believed that the atomic lattice will eventually act as
a nal sink of angular momentum, the microscopic path-
ways of angular momentum exchange among the laser pulse,
electronic orbitals, spins,na surrounding lattice are essen-
tially unknown. The angular momentum dissipation and trans-
fer terms are equivalently used here to denote reversible
spin dynamics processes responsible for removal of angular
momentum out of the spin sub-system.

Recent time-resolved x-ray diffraction studies have sug-
gested §5] that most of the angular momentum dissipated

upon ultrafast demagnetization appears within 200 fs agFigure 8. Pictorial view of the coherent interaction between spins
and a single-cycle laser pulse (red solid line). The strong elegtric

lattice d'SFort'On in the fon of a surface acoustic phonon.eld of the laser could modulate the exchange interaction and affect
These ndings have been corroborated by femtosecond softiXa spins orientation and magnitude viatareld-orbit. .. spin

ray MCD measurements (able to monitor the spin and orbitateraction or alternatively the laser pulse could couple to the spins
moments dynamics), showing that the lattice can acconia Zeeman interaction with the magneficeld; such a coherent
modate 100% of the angular momentum dissipated withff§nt..-magnetic matter interactiguld provide the ultimate time
. . N scales for spin manipulation with light.

500 fs during the fs laser-induced demagnetization process
[61]. Although groundbreaking, these works did not reveal the
iptermediate ;teps of angular momentum transfer from thelir%i.-s_ Concluding remarks
tial photoexcitation to the lattice. Future studies employing
lattice-, spin-, and orbital-sensitive probing tools with time re4-ooking back the ultrafast magnetism eld has come a long
olutions down to 1 fs (in metallic magnets the dynamic orbitavay from the rst report on sub-ps demagnetization of nickel
momentum quenching by the lattice is expected to occur on 1996 b1] to the rst attosecond MCD measurements

1 fs timescale or faster) should be able to reveal the intrigteported recentlyd2]. New and sometimes unexpected mag-
ing complexity of the angular momentum dissipation from angetic phenomena driven by ultrashort laser pulses have been
into the spin system. discovered 50, 51. .66, 68|, like the pure optical control of

Towards attosecond magnetisone of the most intrigu- magnetism$5] or the generation of transient magnetic states
ing yet largely unexplored area of ultrafast magnetism is thdth no counterparts in thegeilibrium phase diagram of the
coherent light...spin interaction occurring on the timescaleilvfestigated magnetS§], to name just a few. To a large extent,
the photo-excitation event itself,see gure. Although the the key enablers of such breakthrough studies were the fast-
rst steps have been taken in this direction, in the pioneerirgdgveloping technological and instrumental advances in ultra-
work of Bigotet al[57] and more recently by Siegristal[52], fastscience. Covering essentially the entire spectral range from
the eld of coherent magnetism is in a very incipient phasd.Hz to hard x-rays, both at a table-top and large-scale facility
Ultrashort, single-cycle laser pulses (at wavelengths from thevel, such an sultrafast science toolboxe has played a pivotal
THz to the visible) offer intriguing possibilities with respect taole in our understanding of the ultrafast light... magnetic matter
coherent magnetization effects: given that the spin system dateraction.
follow the eld (either E or B eld component) of the excit-  Looking ahead the eultrafast toolboxe will continue to
ing pulse in a phase-locked manner (cf gu8gone could expand by adding new capabilities (e.g. attosecond light
excite spin dynamics on timescales substantially faster thapelses, ultrafast electron bunches, ultrashort and ultrastrong
single oscillation cycle of the driving pulse, i.e. well into theelectric and magnetic elds, phase-locked THz and x-ray
attosecond regime. pulses) with the aim of obtaining real-time and real-space

We envisage future studies addressing such coherent malgservations of electron, lattice, and spin motion, essentially
netization processes and their effects on the average magfh attosecond time resolution and down to atomic length
netization of spin ensembles in various functional magnesé€ales. New electronic and magnetic phenomena are to be
materials. Such an experimahapproach in combination with revealed, occurring especially in the sterra incognitas of ultra-
an element-speci ¢ probing of spin§2, 56] will reveal the fast magnetism, i.e. during the rst 10 fs after laser exci-
genuine microscopic processes and interactions involvedtation and faster. On a more applied level, novel material-
photo-driven coherent magnetic phenomena, and thus bridghped approaches and different magnetic material classes will
critical gaps in our understanding of ultrafast magnetism. be investigateddg. 68] targeting low-energy-dissipation and
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deterministic control of magnetic order parameter on ult6.2. Current and future challenges

mately fast time and length scales. i o )
In static equilibrium, MO spectroscopy relates directly to the

magnitude of the sample magnetization. To extract the purely
Acknowledgments magnetic signal requires a magjaation-related change of
. o . the MO spectrum yet without it being affected by edichroic
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. Thechanisms of ultrast demagnetization.
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dichroism (XMCD) effect, a purely magnetic signal would
require a similar, magnetization-related change in the absorp-

6. Ultrafast magnetic spectroscopy, theory tion coef cients p* (t), u° (t), for right and left circularly
polarized light, with u* (1) S pus (t) M(t), the transient
P M Oppeneer magnetization, but without a changejof (t) + p° (t). In the

context of ultrafast demagnetizatiqut (t) and p° (t) were

only recently studied carefully. Figuré(a) shows the rst
measurements q@f* , u° performed at the Pt4 edge of fer-
romagnetic FePt using an x-ray free electron la3é€t.[The
measurements show the expected smagnetice behaviour, i.e.,
The spectroscopy of magnetic materials has a long histomirror symmetry around thg = 1 axis, implying that a mag-
starting with the initial discoveries of the Faraday and M@etic signal proportional to the Pt 5d magnetic moment was
Kerr effects in the 19th century. Over the years the sensitivipptained. For comparison, in gur@b) the transient absorp-

of magnetic spectroscopies has been tremendously improvéshs (TA) measured in the rst 150 fs at the Pt dge of

to the extent that it is nowadays feasible to detect, in a nonderromagnetic CoPt are showr]. In this casep” andu® do
structive way, the tiniest magnetic response e.g. from a magbt show a mirror-type behaviour, which implies the presence
netic molecule on a surface or a magnetic impurity in a crysf a sizeable charge, not magnetic, contribution to the magnetic
tal. A further dimension was added to magnetic spectroscogiyectrum. The CoPt measurements further showed a similarly
two decades ago: pulsed light sources that could deliver fefgst magnetization decay 00 fs) of the atomic moments on
tosecond laser pulses became available and made it possideand Pt, whereas the FePeasurements observed a fast
to perform magnetic spectroscopy in the fs-time domain usig@magnetization on Fe but a much slower one on BOQ fs)

the pump-probe technique. Employing this technique, Beaufey) despite the similar electronic structures of these materi-
paireet al discovered ultrafast laser-induced demagnetizatigfs These rather disparate observations led to different mech-
[51] which led to the birth of a whole new research area: thahigms discussed for ultrafast demagnetization in FePt (fs-

of ultrafast magnetism, or femto-magnetism. magnon generation) and CoPt (optical inter-site spin trans-

This rst ultrafast demagnetization experiment revealed A 0ISTR [2]), which emphasizes that a comprehensive
extremely fast quenching of the magnetization in some 250 aerstanding c;f the fs MO signal is essential for drawing

pointing to a previously unthought-of fast interaction of Spingonclusions on the demagnetization mechanism

and photons1]. The discovery has farreaching consequences Coming back to the origin of ultrafast demagnetization, sev-

for the speedwith which spins can be manipulated with eIec_eral mechanisms have been proposed to explain the ultrafast
tromagnetic elds,it could be orders of magnitude faster prop P

than expected previously. Moreover, the discovery lay balf mo.val of spin angular momentum (ség), such as transfer
that the fundamental interaction of magnetism and light gt spin angular r"nomgn'tum o PhO”O”S- photohs or magnons,
ultrashort timescales was only poorly understood. KnowintBr_ough local spin... ip mtera(.:tlon.s, or alternatively, nonlocal
how to manipulate spins with light pulses at the fs timescaf®in transfer, such as superdiffusive transpo pr OISTR
could establish new pathways to construct ultrafast spintronfcd- A current challenge in magnetic spectroscopy is to pro-
or opto-magnetic devices. Since then, both the origin of ultr¥lde conclusive evidence forspeci ¢ mechanism. This task
fast magnetization dispersal and the interpretation of the méabontrivial; for example, both superdiffusiord and OISTR
sured MO response have been intensively debaef(fee [71] transfer spin in the sample, with a distinction that OISTR
also sectior by | Radu). A recurrent question has been: wheft@kes place during the optical excitation.

does the spin angular momentum go on fs-timescales? ThisUnderstanding these processes becomes even more impor-
relates to the on-going discussion on the mechanisms of ultf@nt for the technological relevant all-optical magnetization
fast demagnetization, and howashces in theory for ultrafast reversaldriven by short laser pulse§4]. Here, one of the
magnetism and spectroscopy can contribute to solve this isstiécussed mechanisms is a nonlinear MO effect, the inverse
Another recurring question focuses on the interpretation of th@raday effect (IFE), in which an intense laser pulse induces
response measured with pump-probe magnetic spectroscaphacalstaticmagnetization™ = K'FE () E2 whereM™™ is
what is precisely measured with this spectroscopy? the coherent induced magnetization that is present during the

Uppsala University, Sweden
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with ab initio calculations for their MO responses to under-
stand if, and why, different core and semi-core levels could
yield contrasting conclusions.

A clearer identi cation of ultafast demagnetization chan-
nels needs to be achieved, in a material-speci c way. Although
it is evident that hot electrons transfer their energy to cold
phonons$1], a rigorous observation of spin angular momen-
tum transfer to phonons still needs to be made; a rst step in
this direction was made recentlg@q]. Demagnetization due
to angular momentum transfer to magnons was obse@gd [
and also due to superdiffusive spin transfég|[ but these
too, need further examination. For example, which phonon or
magnon modes are at play in the dynamics? Also, theory treat-
ing explicitly electron...magnon/phonon scattering is requested
on several levels, including seclassical Boltzmann theory
and time-dependent many-body theorg|f

Understanding the situation during pump-probe overlap
and immediately after the punqulse is a complicated task.
Dichroic bleaching causes aodi cation of the XMCD signal
[68] looking similar to the effect of OISTR7L]. How can the
effect of an on-site electron excitation be distinguished from
that of an optical inter-site transition? In a picture of electron
wavefunctions extending over several atomic sites it might not
be possible to trace this experimentally and advances in theory
will be needed to pinpoint essential distinctions.

Figure 9. Comparison of pump-probe XMCD measurements of the . . . .
time-resolved Pt magnetic moment in FePt (top) (reproduced from On the theory side, TDDFT is well suited to describe the

[70]. CC BY 3.0) and CoPt (bottom) (reproduced fromj. CC time-evolution of the single-particle wavefunctionsin an exter-
BY 4.0). The mirror symmetry around the= 1 axis in the nal eld [80]. As was pointed out early on, to treat the demag-
1" andu® absorption coef cients at the Piledge (top panel) netization adequately the energy ow from the hot electrons

represents a purely magnetic signal, attributed to ultrafast magnoRqg the phonons and magnons must be consideBaddd].

generation T0]. The absence of mirror symmetry in the XMCD . .
measurements at the P Kidge (bottom) signi es a signi cant However, currently in most TDDFT calculations the pump

charge response at noticeably short times, attributed to optical ~ €N€rgy stays in the electron system, which restricts its appli-
inter-site spin transfer from Pt to C3]]. Note the different scales  cability range to 100 fs or less, i.e. before energy transfer to

of the axes. phonons/magnons occurs. Recently, transfer of spin to OAM
_ _ has been studied within TDDFT8g]. Further inclusion of
pump and then decay29. In spite of its relevance, an unam-energy transfer to phonons/magnons will be needed to treat

biguous identi cation of this eféct still needs to be made. On qgnger timescales (for recent progress in this direction, see
more general note, the use of highly intense pump pulses instsction3 by S Meng).

magnetic spectroscopy brings with it that non-linear contribu-

tions ( E?) become signi cant. These add an additional statig.4. Concluding remarks
magnetic contributio™ to the demagnetization signal tha
needs to be distinguished from linear MO and nonmagn
electronic contributions.

tUltrafast magnetic processes measured with pump-probe spec-

eyr%scopy happen under non-élthrium conditions and involve
coupled spin, charge, orbital and nuclear degrees of free-
dom. Currenttheoretical approaches cannot capture their time-
evolution without making restrictive approximations. Conse-
quently, although ultrafast magnetic spectroscopy has been

Scienti c advances are needed to correlate better magnedimployed over the past twentyears, its full bearing on

and electronic structure modi cations due to intense pumgxplaining ultrafast magnetism has not been achieved yet.

pulses and be able to disentangle them. One approach fhla¢ére is much room for development of both theoretical

was recently used, is to emplowd complementary ultrafast and experimental advances, in particular to unambiguously

spectroscopies on the same sample in one setup, e.g. timatch measured time-resolved magnetic spectra with theoret-

resolved MOKE and angular resolved photoemission specal spectra to be able to conclusively identify the origin of the

troscopy (ARPES) (see secti@rby M Murnaneet al), which  underlying ultrafast magnetic processes.

gave a consistent magnetization decay timé&70 fs) for Ni

[76] even though the pump pulse did modify the electroniscknowledgments

structure. The differences in the transient XMCD spectra of

CoPt and FePt ( gur®) underline that systematic measurePMO acknowledges nancially support by the Swedish
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(DFG) through TRR227 (ultrafast spin dynamics), the Eur@-3. Advances in science and technology to meet
pean Uniones Horizon 2020 programme (Grant No. 73770¢)allenges

FEMTOTERABYTE) and the K and A Wallenberg Founda- . . . .
tion (Grant No. 2015.0060). High harmonic generatianthe HHG process has made it

possible to generate bright attosecond-to-femtosecond pulse
trains or pulses, that can capture the fastest coupled charge,

7. Probing and manipulating magnetic and 2D spin, phonon, and transport dynamics in materials and nano
quantum materials using ultrafast laser and high systems. Recent advances in HHG have made it possible to
harmonic sources extend bright HHG from the EUV region into the vacuum

ultraviolet (VUV) and soft x-ray regions, with spectral, tem-
poral, and polarization properties that are ideal for a host of
University of Colorado and NIST, United States of America Ultrafast spectroscopie88, 89]. It is now possible to gener-
ate bright HHG into the soft x-ray region of the spectrum at
>kHz repetition rates required for advanced spectroscopies.
71 Status It is also possible to create polarization and phase structured

The ability to probe the fullynamic response of quantumtiHG beams (spin and OAM) to enhance contrast, and to
materials on the length- and time-scales (A and attoseconidplement unique excitations and probes of chiral structures
and up) fundamental to charge, spin and phonon interactiongignagnetic materials and nanostructu@ 2. There have
leading to a host of new discoveries. The coupled interactioalso been signi cant advances in generating light in the VUV
between charges, spins, orbital, and lattice degrees of freedspectral region (6...18 eV), a spectral region uniquely suited
are key to determining the state of a material, whether metéd-probe chemical processesyas| as time- and spin-resolved
lic, insulating, superconducty, or magnetic. Under thermalangle-resolved photoemission spectroscopy (trARPES,see
equilibrium conditions thesetates can be tuned by varyingsection8 by Stadtmidiller). It harnesses a new highly cas-
the temperature, pressure, ofieal doping, or dimensionality. caded harmonic generation process where UV and VUV spec-
However, their inherent complexity and rich phase landscagg) Jines are produced through upconversion of an infrared
make them challenging to understand or manipulate deteire |aser such that each harmonic contributes to the cas-
ministically. Fortunately, ultrafast light sources have undegzded formation of higher hawonics. A signi cant advan-
gone remarkable advances ecentyears, achieving Whatwa%age of this process is that the peak intensity required for

merely a dream three decades ago, i.e., full coherent CORis process is in the range of 2OW cm2, substantially

trol of light elds spanning the THZ to the x-ray reglons'Iower(>< 10...100) than that required for HHG, correspondingly
These new capabilities are providing powerful new tools for

coherently manipulating and@ing quantum materials usin owering the pulse energy needed for VUV generation. This
light y P 9 94 gmakes it possible to producegh ux, high repetition rate

(100 kHz to>MHz) pulses in a photon energy range from
the UV to 18 eV, with variable energy (L0...40 meV) and
time resolution ( 50...100 fs)8B]. Cavity-based HHG was
Recent advances in HHG have provided new techniques fdso demonstrated to achieve a repetition rate of tens of MHz
uncovering new phases and couplings in 2D and magndt®0, 101]. These new HHG capabilities, that span the VUV,
materials. A femtosecond laser can coherently manipulate e®dV, and keV regions, are ideal for a suite of ultrafast x-ray
tune the properties and interactions in the material, while HHﬁ)sorption spectroscopies, photoelectron spectroscopies, and
is a powerful probe to map these new phases and couplifgggneto-optic spectroscopies.

[83..86, 104. There are several beautiful recent observations jtrafast electron calorimetrykey to using the capabilities

of exciting new states in materials using light,however, in ¢ these new light sources to understand quantum materials is
some cases, the limited experimental data points made,ife\, approach we call ultrafast electron calorimeds; B6].

challenging to validate an intgrpretation. The new ability %sing HHG-based trARPES, we can measure the full dynamic
ultrafast HHG-based photoemissi@8{ 36, 98, 99, 109 and electronic band structure anceetron temperature. Since the

magneto-optic spectroscopiéb] 95, 103 to precisely probe electrons thermalize very qrkly and their heat capacity is

multiple phases, electronic and magnetic order parameters - .
when combined with scannintpe laser excitation uence, small, heat transfer from theedltrons is directly monitored.

is allowing us to map how material phases, magnetic statgy, varying the laser excitation uence while monitoring this

and electron...phonon...spin couplings interplay in these JIERITON temperature at very short times, we can sensitively

icate materials §7]. One aspect that facilitates the precisd€tect the changes in the microscopic interactions. When
manipulation of materials using light is the large separatigipupled with the ability of HHG trARPES to simultaneously

in timescales between the Charge7 Spin, and phonon dynami‘@pture the full dynamiC band structure (Wthh re ects the
Much effort has been devoted to coherent control of molectacroscopic order parameter), we can map and expand the
lar systems, and the prospects for similar control in quantuphase diagram using light as antng parameter. In recent
materials systems are just as exciting and appear even m@gearch, we used femtosecond laser pulses to coherently
achievable. manipulate the electron and phonon distributions, and their

M Murnane, X Shiand H Kapteyn
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couplings, in the quasi 2D charge density wave (CDW) matdevelopment of many exciting areas of future investigation.
rial 1T-TaSe. We observed a large electron temperature moBer example, delicate control of coherent phonons with well-
ulation and a phase change ofvhen increasing laser uence, designed laser pulse sequences, or resonant driving of quantum
suggesting a switching of the dominant coupling mechanismmaterials with mid-IR and THzadiation, provide unprece-
between the coherent phonon and electrons ( du)e Phys- dented opportunities to tune the material state and complex
ically, as the displacement/distmn decreases, the electronidnteractions. To better understand the response of quantum
entropy at constant electron temperature increases (the revensgerials, a combination diHG-based photoemission and
is also true). Then, to compensate for the increase in entromagnetic spectroscopies, with structured EUV/x-ray scatter-
the electron temperature decreases. Thus, it oscillates atitigeand diffraction methods, can give a comprehensive under-
same frequency as the coherent amplitude mode, but wittanding of both the equilibuim as well as new light-induced
opposite phase. Thisphase change may indicate the presenggoperties of materials. The study of high harmonic quantum
of additional indirect couplings. Moreover, it is also possiblight science, and the applications for time-resolved studies
to dynamically tune the material phase all the way from thia material, have shown an extraordinary potential for further
usual insulating CDW phase, through the normal undistortadvances and impact on broaglds of materials science.
metallic phase, to highly metallic CDW phase, using light.
Light-induced spin manipulationfor more than two
decades, ultrafast lasers have been used to quench or s
the magnetic state of materials (see sectiwasd6 by Radu
and Oppeneer for additional perspectives on experiments
theory in ultrafast magnetism®8, 94]. To date laser-induced
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spatially transfer angular momentum between neighbouring
atomic sites on timescales 10 fs. In yet another surprizing
nding in Ni (gure 11, right), when the electron tempera-
ture is transiently driven above the Curie temperature, there .
is an extremely rapid change in the material response: the sfinUltrafast momentum microscopy,a new
system absorbs suf cient energy within 20 fs to subsequeng@pProach for ultrafast bandstructure imaging
proceed through the phase tsition, while demagnetization i
occurs on much longer, uence-independent, timescales Bfotadimuller

176 fs. These ndings uncover a new timescale of ultrafagechnische Universit Kaiserslautern, Germany
demagnetization and collectively show that previous theoreti-
cal understanding is incomplete. The addition of spin-resolved
ARPES, and ultrafast soft x-ray and electron spectroscopies
and imaging, can yield additional insight into ultrafast spig 1 Stat
dynamics and transport. ' us
Over the last decades, time-resolved photoelectron spec-
troscopy has developed into one of the most powerful tech-
nigues to study electronic structure dynamics of condensed
Over the past 3 decades of studies of HHG, and 2 decadeatter after optical excitation. In the so-called single parti-
of developing new experimental methodologies using ultrale excitation limit, the time-dependent photoemission cur-
short pulse EUV light to study materials, we now have a segnt directly re ects the quasi-particle lifetimes of optically
of tools with broad applicability, whose potential has to-datexcited charge and spin carriers. This provides a direct
barely been tapped. As HHG sources become easier to ugeyw onto the fundamental energy and (angular-) momentum
they can proliferate to a larger variety of experimental venuedissipation processes in materials. On the other hand, opti-
both to apply already-established techniques, and to devetmlly induced (spin-dependent) band structure renormaliza-
new ones. The ability to coherently manipulate quantum mat&ns, such as band shifts, bagdp renormalizations or band
rials, using HHG as a probe and expanding the use of a varibtpadenings are spectroscopic signatures of optically induced
of complementary coherent techniques, would facilitate thphase transitions and non-equilibrium states of matter. The
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Figure 10. Coherently manipulating the charge and lattice orders and their interactions using light. After excitation by an ultrafast laser
pulse, the electron temperature in a CDW material 1T-Té&Smodulated by the excited coherent phonon, by between 200 and 2000 K. In
all past work, the electron bath cooled monotonically due to electron... phonon coupling. The dominant interactions also switch as the
material enters a new 2D phase that cannot be reacheduilibéum routes. Reprodied with permission fromg3].

Figure 11. New timescales for spin manipulation observed experimentally. (Left) Light can transfer spin polarization between two elements
in a Heusler alloy, on few-fs timescales. Reproduced frdgh [CC BY-NC 4.0 (Right) Ultrafast electron calorimetry showed that the

energy required to drive a true magnetic phase transition in Ni is absorbed by the spin system Rttén clearly observable as an

in ection point in the measured electron temperature at the Curie temper@#i@entre) Distinguishing electron... electron scattering and
screening in Ni. Reproduced fror§]. CC BY-NC 4.Q

magnitude of these band structure changes is typically in ttren analysers emerged with 2D detector systems for parallel
range of a few to several hundreds of meV depending on ttetection of energy and momentum of the photoelectrons (see
class of materials and can be directly linked to the chargeqper left of gure 12) or with highly ef cient spin detec-
spin-, and orbital-dependent interactions of the many-electrtmrs. They were the foundation that provided the rst insights
system with its surrounding. into the collective excitations of the electron and spin sys-

These enormous capilities of time-resolved photoemis-tems during the optical melting of charge and spin order in
sion have been propelled over the last decades by the coragnetic and correlated material®p, 110 with a temporal
tinuously evolving developments in photoemission detectogsolution down to the sub-100 fs range. The latter is mainly
technology and ultrafast light sources. In the early dayketermined by the temporal width of the laser pulses of the
of time-resolved photoemission, conventional photoemissipnmp and probe beam which can nowadays be as shortas a few
spectrometers allowed one to record the energy dependemis of femtoseconds (see sectiblby Margaret M Murnane,
photocurrent at selected points in the band structure (S€en Shiand Henry C Kapteyn).&3pite these achievements,
schematic illustration in the lower left corner of gu?). we are still far away from harnessing the full potential of
This enabled groundbreaking studies that revealed the therntethe-resolved photoelectron spectroscopy that could be simul-
ization dynamics of electrons in metalsOf| or the energy- taneously sensitive to the time-, spin-, momentum-, energy-,
dependent scattering of bulk and surface electrt86.[108. and spatially-resolved band-structure dynamics throughoutthe
At the beginning of the 21st century, novel hemispherical eleentire BZ.
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Figure 12. Evolution of the complexity of the spectroscopy information in time-resolved photoemission experiments over the last few
decades.

8.2. Momentum microscopy for time-resolved photoelectron Inspired by these extraordinary advances in conventional
spectroscopy photoemission spectroscopy, momentum microscopy has also

The d f h lete phot - . ¢ found its ways into the time-resolved photoemission com-
€ dream ot such a complete pholoemission experimen rP’ﬁccfnity. This has resulted in the successful implementations

recentlybeenrev?ved by a new breakthroughin ARPES KNOWR itrafast (pump-probe) momentum microscopy experi-
as momentum microscopjt11..113. A momentum micro- ments optimized for different types of ultrafast light sources.
scopeisillustrated in guré3. Ittakes advantage of animmer-|n the single particle excitation regime, time-resolved two-
sion lens column of a photoemission electron microscoghoton momentum microscop¥14 was introduced to access

(PEEM) optics operated in momentum space mode to recahg momentum-dependent quasi-particle lifetime of optically
the entire photoemission didttition above a sample surfaceexcited electrons in the centre of the surface BZ using fs-
In combination with a dispersive or time-of- ight imaginglaser light pulses in the visible range. Similarly, time-resolved
energy analyser, it allows one to access the entire enerfflomentum microscopy setups were combined with ultrafast
and momentum-dependent photoelectron distribution abdi@1t sources in the EUV or soft x-ray range. This paved the

the sample surface in a single experimental geometry. %gytowardslm_agmg ultrafast _band struc_ture_ renormalizations
. . . qr the (excitonic) charge carrier dynamics in molecular and

extreme UV photon energies, this allows to image the complete SO .
vel quantum materials in an exceptionally large range of

valence banq str-ucture of materials thro-ug.houtthew entire %omenta and throughout their entire surface BZg,.118.
(see upper right inset of guré?2) for xed incidence angle of
light. This, in turn, enables one to exploit dichroism- and ligh.3. Current challenges and future strategies

polar!za.tlon-mduc.ed effects in Fhe momentum resqlved phWhile these successful implementations have demonstrated
toemission expenlments.. Cruma!ly, momentum mIC'rOSCOQMe capabilities of time-resolved momentum microscopy, they
can also be combined with imaging multichannel spin ltergaye ais0 unearthed challenges and limitations that must be
that conserve the full momam-space information in the gyercome to unleash the full potential of this new technique.
spin- Itering process 112 113 thus allowing for a complete The most severe obstacle is space-charge effects. They limit
imaging of the spin-dependent band structure with utmogie ultimate energy and momentum resolution as well as
ef ciency. the signal-to-noise ratio (SNR) of the experiment. Despite
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Imaging energy band structure signatures beyond the conventionally investi-
k filter gated high-symmetry directions of materials in momentum
y space.
ka 8.4. Concluding remarks

Undoubtedly, momentum microscopy has revolutionized
many aspects of spin- and momentum-dependent photo-
electron spectroscopy and has demonstrated its unique
potential for time-resolved band structure imaging of mate-
E— rials in exceptionally large ranges of energy and momentum
PEEM optics s space. However, it still needs to pe seen whether momentum
6/,7 microscopy can replace herplgerical electron analysers as

\\\ 'O/@ next-generation ultrafast band structure imaging tool. First, it
needs to prove its capabilities for time-resolved band structure

// y imaging of novel materials beyond mere model systems. This
[ will be the necessary starting signal to begin focussing on fur-

X N ther degrees of freedom such as the spin or spatially-dependent
Image Back focal band structure dynamics. This will open new avenues towards
plane plane exploring ultrafast phenomena and optically induced transi-
tions in novel quantum materials or stacked and twisted 2D
\%stems that can nowadays only be grown on the micrometre
scale.

Figure 13. Schematic illustration of a momentum microscopy
experiment. It consists of a PEEM optics and a dispersive (as sho
here) or time-of- ight imaging energy lter.
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being present in all time-resolved photoemission experime

space-charge induced distortioosthe photoelectron distri-

bution are particularly crucial for time-resolved momentu

microscopy. In particular, they can both occur by Coulom

repulsion of photoelectrons in vacuum in front of the sam-

ple surface as well as in the microscope column itself. Tie Time-resolved photoemission spectroscopies

in uence of space charge effects on the quality of the ph& 2D semiconductors and their heterostructures

toemission data can only be reduced by limiting the number .

of photoelectrons that are dted by each laser pulse. Thisk M Dani' and F H da Jornada

Qpproach, however,'severely reduces the signgl to noise ralEﬁdnawa Institute of Science and Technology Graduate Uni-

in the momentum microscopy data when reducing the averagQsi Japan

photon ux of the ultrafas.t lighsource 'at constan.t repetition2gi,ford University, United States of America

rate. On the other hand, it can potentially result in a constant

heating of the material when increasing the repetition rate §f gi41us

the ultrafast light source to compensate for the reduction of

pump or probe photons per pulgelf. This vicious circle can Photoemission spectroscopy techniques,wherein one pho-

only be broken by novel innovative concepts for improving th@emits an electron from a material using a high-energy

momentum microscopy optics itself. Design criteria for sugphoton and studies its properties,can provide unparalleled

improvements have already been proposed recehtl§] piv-  insight into materials and condensed matter systems. Among

ing hope to overcome the instrumental induced space chatgese, two particularly powtil and complementary tech-

challenge in time-resolved momentum microscopy. niques exist: with ARPES, the kinetic energy and emission
A second major obstacle is the sheer amount of Sp@pgle of the photoemitted eleoh provide direct knowledge

troscopic information that can be obtained by time-resolvéd the electronic structure of the material[l}; on the other

momentum microscopy. This requires the development of né@nd, PEEM images a materialss surface in real space and can

data handling and data analysis schemes, which enable hicfijiver detailed knowledge about surface morphology, elec-

ef cient online data screening during experiments as well 4&nic and chemical properties, and magnetic structures with

in-depth analysis afterwards. Looking on the bright side, tH@nometer-scale spatial resolutidri2g].

extensive spectroscopic information can pave the way towardsOver the past few decades, the merger of techniques of

yet unexplored data analysis procedures that could be basedBgtoemission spectroscopy with ultrafast spectroscopy have

pattern recognition algorithms, machine learning or big daBgought in the temporal dimension. In such schemes, rst a

analysis schemed.20. This could potentially revolutionize femtosecond pump pulse, typically in the visible-near infrared

band structure imaging and set the stage for uncovering not@&hge, excites the sample. Thereafter, a time-delayed femto
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Figure 14. Schematics of a TR-ARPES setup to probe an exciton. (a) Merging ultrafast techniques with photoemission spectroscopy: a visible
pump pulse excites the sample at zero-delay, followed by a timgeklUV probe pulse to phoemit electrons. Thphotoemitted electrons

are resolved in energy, momentum and real space, as a function of time-delay to obtain movies of the electron dyuakREES mode, or
momentum-resolved PEEM mode. (b) Within a Wannier picture and a two-band model, an §Xcitwith zero center-of-mass momentum

(left) can be described as a linear combination of electron... hole pairs (right). (c) An ultrafast XUV probe in an TR-ARPES experiment setup
probes a particular conduction electron with a given energy and momentum, thus leaving behind one of the holes that make up the exciton
For an initial exciton with zero center-of-mass momentum, larger monikesuta associated with higher-energy holes (lower-energy valence
electrons), and hence the ktizeenergy of the photoemittedesdtron decreases with increasikgc) The apparent photoemission spectrum
associated with photoemitting an elext from an exciton displays a cleateristic negative dispersion igh follows the dispersion of the

valence electron that is left behind during the XUV probe.

second probe pulse in the UV...XUV photoemits electrom&nts and their interpretation easier. Among the 2D materi-
from the photoexcited sample. As in the case of static measuaés, semiconductors and semi-metals constitute an important
ments, this photoemitted electron can be resolved in energyb-class, wheréme-resolvedTR) photoemission studies are
momentum (ARPES) or real-space (PEEM). By assemblingry relevant due to the signi cance of their optically excited
the data taken at different time-delays, one obtains powerfihtes for science and technolod24.
visuals of the system dynamics after photoexcitation. However, studying 2D semiconductors, such as monolay-
Photoemission spectroscopy techniques, which are largelg of TMD, via time-resolved photoemission spectroscopy
surface sensitive, have found an ideal partner in 2D materigigs proven to be experimentally challenging. For TR-ARPES,
where the absence of the third dimension makes the measuf@re studies have been performed on bulk TMDs, where the
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availability of large-area, high-quality samples and increased Beyond the observation of excitons in monolayer TMDs,
photoemission signal makes the experiments easier. Howewgrestions immediately arise regarding the TR-ARPES signa-
studies on bulk TMDs are not a substitute for their atomicallyires (and dynamics) of other exotic few-particle states, such
thin versions, due to critical differences in electronic stru@s trions, biexcitons, and exciton polarons.
ture, optical properties, electronic screening, and proposedBeyond monolayer TMDs, TR-ARPES measurements in
applicability for opto-edctronic technologies. other 2D heterostructures, such as bilayer graphene and
For TR-PEEM, studies on 2D semiconductors have betmisted TMDs, could be used to probe unusual ground states
even more challenging. Even for traditional semiconductornd their interaction with light to form novel elementary exci-
TR-PEEM measurements are datévely recent achievementtations, such as the interlayer exciton and exciton insula-
[123, which were followed by some initial results in 2Dtors. Additionally, time-resolved techniques also allow one to
materials 127..129. explore and characterize metastable electronic con gurations,
Beyond the early results in TR-ARPES and TR-PEEMsuch as optically driven Floquet states in topological insulators
a rich world of scienti ¢ exploration awaits, one that likelyand Floquet...Weyl phases in 3D Dirac semimetals.
requires a merger between these two, hitherto disparate,Time-resolved PEEMn addition to angle-resolved pho-
elds. toemission experiments, nanoscale spatially resolved studies
via PEEM also offer powerful and complementary insights
into the properties of 2D semiconductors. The grand challenge
in this context is to obtain static and time-resolved PEEM
images of monolayer TMDs with nanoscale spatial resolu-
tion and meV-scale energy resolution, using only speci ¢ pho-
Time-resolved ARPESVhile the rst few TR-ARPES stud- toemitted electrons, such as those from the vertices of the
ies in monolayer TMDs125, 126] have observed free photo-BZ, or those bound in different excitonic states. Since 2D
carrier dynamics, the grand challenge remains to observe Hemniconductors are quite susceptible to small changes in the
strongly bound excitonic states which arise due to the weldcal environment, such images would provide powerful infor-
electronic screening in 2D. mation on the spatio-temporalvariations in energy and occupa-
Since the 1950s, the relative electron...hole momentum fti@s for the speci ¢ electronic states probed. On the one hand,
played a key role in the description and understanding of extlitis will help to eliminate unwanted sample heterogeneity, thus
tonic properties. However, since excitons have mostly beéatilitating the fabrication of larger, higher-quality samples
studied using optical techniques, the momentum degreesfaf science (like the TR-ARPES studies described above), or
freedom of the bound electron and hole have remained unavéilture device technology. On the other hand, such studies could
able, with only a few notable exceptionk39 14(. A slew be crucial for realizing proposals to engineer 2D materials on
of recent theoretical studied35 136, 138 have proposed the nanoscale by manipulatirtggtiocal dielectric environment
resolving the momentum degrees of freedom in an excit¢h3( or through strain engineerind 31].
using TR-ARPES. By photoemitting the bound electron and Beyond monolayer TMDs, TR-PEEM could offer an alter-
measuring its momentum, one could directly distinguish theate route to study Mdérphysics in twisted TMD heterostruc-
different excitonic states (e.g. bright excitons, dark excitonsires by directly accessing the nanoscale periodicity in space.
hot excitons), reveal their properties, and understand th&imilarly, TR-PEEM could study interesting spatio-temporal
role in the dynamics after photoexcitation. This would cordynamics occurring near the intaces of lateral heterostruc-
stitute critical knowledge for @posed opto-electronic tech-tures. Finally, the possibility of single-shot TR-PEEM imaging
nologies in monolayer TMDs. Next, one could directly probef multiple electrons could access electron...electron correla-
the nature of the electron...hole bond in the exciton, imdigns in space and time between photocarriers.
ing the excitonic wavefunctioin real- and momentum-space,
and observing the long predicted anomalous dispersion rela- .
tionship:the photoemitted bound electron exhibits the neg 3. Advances in science and technology to meet
. . . . . challenges
tive dispersion and mass of its hole-partner, instead of the
positive dispersion of a free electrqrgure 14). With TR-  Experimental advance®hile the path ahead in time-resolved
ARPES, one can also directly access dynamical procespé®toemission spectroscopies of 2D materials is alluring and
such as exciton...phonon scattering and exciton...exciton gchtwith the promise of new scienti c discoveries, it is fraught
tering in momentum space. These processes, fundamentaligh experimental and theoretical challenges.
different and more complex than their free-electron counter- Critically, time-resolved photoemission studies of 2D mate-
parts, have been theoretically described over the past sesis require ultrafast XUV photons to access the interesting
eral decades, but remain experimentally unavailable. In tpaysics at the vertices of the BZ. Synchrotrons easily provide
course of preparation of this chapter, TR-ARPES expedUV photons, but they typically lack time resolution. Table-
ments on microscopic samples of monolayer W®ave top setups can deliver the time-resolution, but they typically
indeed been successful in observing the bright and dark exsidfer from poor photon ux. Continued advances in delivering
tonic states117], in imaging the excitonic wavefunction anda large ux of ultrafast XUV photons, at high repetition rates
in observing the elusive, anomalous dispersion relationshgpminimize space-charge effects, are necessary (see s@&ction
[147). by Margaret M Murnane, Xun Shi and Henry C Kapteyn).

9.2. Current and future directions/challenges
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For TR-PEEM there is an additional constraint,the require-conductivity, and optically driven exciton-insulator ground
ment of forming an image with nanometer-scale resolutiatates.
necessitates a large ux of ultrafast XUV photopsr unit Going forward, rst, one needs to properly account for
area memory effects, which are important when dealing with
Next, for TR-ARPES studies of few-layer TMDs, one needdfrong pump excitations, and are related to the physics
to exclusively probe small, micron-scale regions of the sampff, photocarrier-induced change in the electronic screening,
where the number of layers is constant, i.e. TRRPES. In dynamical renormalization of the bandgap and exciton bind-
addition, the ARPES studies described above, such as imiy} energy, exciton Mott transitions, etc. The community will
ing of the exciton wavefunction, require measuring the full 2fkely need to study the KBE with approximations such as
BZ of the monolayer TMD. Both these issues can be solvéde generalized Kadanoff...Baym ansatz. Secondly, given the
by incorporating PEEM-based technology into the ARPEIgterest in excitons in quasi-2D TMDs, it is necessary to accu-
measurement, often referred to as momentum microscopy (§at€ly capture their dynamics and dephasing from rst prin-
section8 by Benjamin Stadtmiiller). Similarly, for TR-PEEM, CiPles, which is hard to access with the standard KBE for
the need to only image photoelectrons from speci ¢ regioﬁEe single-particle electronic Greenes fgncnon. Instead, it is
in the BZ brings in angle-resolution considerations to PEERfUCN more natural and conceptually simpler to study such
measurements. While some of these instrumentation capaB[PC€Sses employing a twadicle non-equilibrium Greenss
ities are now availablel4Z], further development is continu- 'unction approach,or even higher-order Green-s function to
ously occurring to combine and enhance more aspects of pfiiidy nonequilibum phenomena involving trions and biexci-

toemission spectroscopy, including the tantalizing possibilig‘?ns"’ though th?y are 'cc.)mputatlonally much mgre.m\'/ollved
of adding spin-resolution to the mig82] nd correspondin@b initio approaches are still incipient

Finally, inhomogeneous broadening in the sample is Iike[ 34, 135. still, the possibility of characterizing novel mate-

a major factor in limiting sophisticated measurements of phof’1IS and predicting qualitatively new metastable electronic

toexcited states (particularly long-lived ones) with high energ%‘has.es tungble _by light makes this development an exciting
. . . . d timely direction.
resolution. While photoluminescence experiments on 2
semiconductors now regularly achieve few meV linewidth
ARPES studies on few-layer TMDs suffer from very broa
linewidths. Improvements in sample quality, in the context afhe advent of time-resolved photoemission spectroscopies
photoemission spectroscopy, is very important. have the potential to offer powerful and insightful views into
Theoretical advance&esides the advances and challengébe detailed dynamics in condensed matter systems, as well as
required in experiment, substantial developments in theory dne complex nature of states that form after interaction with
required to understand the photoemission spectroscopic sigiméense light. In 2D semiconductors, rich avenues of scien-
tures in low-dimensional materials, especially given the vatti-c exploration await, but need further advances in ultrafast
ety of single- and multi-particle states which can be createdUV optics, multi-dimensionaphotoelectron spectroscopy,
Since such experiments probe systems in their excited elégd high-quality sample fatwation for photoemission stud-
tronic con guration, it is natural to describe them via equiies. With the level of experimental sophistication that can
librium Greenes-function approaches, such as abeinitio be achieved, theoretical advances that account for memory
GW approach for describing quasiparticle excitations and te&ects after photoexcitation, and employ multi-particle non-
ab initio GW plus BSE approach for excitons. The dynangquilibrium Greenes function approaches, are necessary to
ics of Wannier excitons near equilibrium has also been sully understand the measured phenomena.
cessfully parametrized in terms of Bloch states, often provid-
ing important insights of the exciton dynamics of novel 2\cknowledgments
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rigorously exact formalism to describe systems out of equi-

librium. In practice, approximations are required when simu0. Ultrafast nanooptics and plasmonics by

lating real materials, since one needs to propagate two-tin@e-resolved photoemission electron microscopy

Greenes functions, of the forr@®(r, r ; t, t), instead of the

equilibrium, single-time Greenes functig®(r, r; t S t). To E Prinz and M Aeschlimann

La:)cgle this, recent appachestyplgally apprommate the m.anyzlhechnische Universit Kaiserslautern, Germany
y electron...electron interactions as instantaneous (i.e., they

neglect memory effects)1B3 and hence only require to

evolve a much simpler time-diagonal Greenes funciin,

r; t). Such approximations have been used to understand IBurface plasmons enable theddization of light below the

ear and higher-harmonic absorption processes, shift-curréee space diffraction limit at optical frequencies, making

%’.4. Concluding remarks

10.1 Status
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plasmonics an active research eld presenting a variety tdw femtoseconds of LSPs at plasmonic nanoantent§ [
technological applications, ranging from cancer treatment ¢@ures 15(d) and (e)).

improved photovoltaic cells. Two different plasmonic modes
can be excited by ultrashort light pulses: 10.2. Current and future challenges

(a) Localised surface plasmons (LSPs) in metal nands?' the development of new plasmonic applications, specif-
tructures. These are coherent oscillations of the whd@@lly designed plasmonic structures are required. In this

conducting electron gas that result in strongly enhancé&gction, different promising examples will be presented that
electromagnetic near- elds. could be solely investigated with the temporal and spatial

. : olution provided by TR-PEEM.
(b) rire()'ugﬁ?.zgilglge C?;“;??ﬁ; r?allizzognp(:? QL?P;C e(sspglill Salgi?Due to their unique properties, SPPs enable radiatic_)n—free
not decay radiatively due to the momentum mismatc(ﬁoherent energy transfer and they. can'be used to excite LSP
between SPPs and light, which leads to long coherent lii;ee_sonanceslb()]. In an elliptical cavity with two Whlsperlng-
times and propagation lengths of hundreds of micromggllery-mode (WGM) nanoantennae, the delocalized SPPs

ters. For the same reason, SPPs cannot be excited dire ?{: combined with LSPs, pedically transferring energy

with light. Instead, either evanescent waves or structur ureogg(ai)e lﬁtézegytth%?Magaigggaéoaﬁgesgtgfgtg db
such as slits and gratings allow the momentum mismat N ' P y

wice the wavelength of the exciting light, the energy transfer
to be overcome. L ) .
rate is similar to free-space coupling over a distance of only
To observe the dynamics of plasmonic elds, a measuree nm. This opens new perspectives for long-range quantum
ment technique that combines subfemtosecond temporal &ffiitter coupling and mesoscopic energy transfer.
nanometer spatial resolution is needed. For this, time-resolvedanother intriguing implementation of a plasmonic switch
photoemission electron microscopy (TR-PEEM) has begRes a gold substrate coated with a polymer Im doped
established as a powerful ultrafast spectroscopy tool that ful{gith photochromic molecular switches that enable a UV-light
all the requirementsl43. Commonly, plasmons are excitedinduced reversible change of the SPP group velot&g] By
with an ultrashort pump laser pulse and their dynamics ag@mbining this functional interface with a plasmonic lens, the
probed with a second pulse in a two-photon photoemissigPp focus can be controlled and used as a plasmonic switch
process. In addition, many PEEMs also allow for energygure 16(b)). Alternatively, a switching of the focus spot can
resolved measurements. Thisature aided, for example, inalso be achieved by utilizing the plasmonic spin-Hall effect
the investigation of the so-called plasmoemission, where el@gat leads to different spot positions depending on the pumping
trons are emitted from a metal surface in a nonlinear prghtes helicity [L53.
cess purely by the absorption of SPPs, without an involved A different, promising approach utilizes polarization-
light eld. By using energy-resolved PEEM, differentorders okensitive metasurfaces composed of nanoslits. When arranged
plasmoemission could be separated4 ( gures 15a)...(c)). in an Archimedean spiral and excited by a femtosecond laser
TR-PEEM is also commonly used for the study of LSPBulse at resonant frequencies, rotating SPP vortices with OAM
lifetimes at nanostructure449 and for the real-time obser- are created, while the orientation of the nanoslits offers a new
vation of SPP propagatiod4§. However, at a lightincidence degree of control over the plasmonic OAM dynamits4). It
angle of 65...74as it is generally used (with this grazingdis possible to make the origilia chiral Archimedean spirals
incidence geometry, the light beam passes by the electi@nat create light-spin depdent OAM) achiral, which leads
optics column), just a beating pattern of the SPP and ligif the formation of light-spin independent vortices. Alterna-
eld is recorded. Thus, the development of the rst normafively, the amount of plasmonic OAM and the rotation direc-
incidence (NI-)PEEMs in 20141f7 in order to provide a tion of the vortices can be controlled, which can be especially
direct descriptive visualization of SPP wave packets propaseful by offering additional exibility in plasmonic tweezer
gating across a metal surface was a signi cant breakthrougipplications.
Normal incidence can be realized with two different methods: Lastly, the rapidly growing eld of magneto-plasmonics
either by inserting a small mror in the back focal plane of aims to combine magnetic and plasmonic functionalities. It
the objective lens, as close to the photoelectron path as pohsis been shown that on a nanopatterned ferromagnetic nickel
ble, or by the use of a magnetic beam splitter (sector eld) thatirface that supports SPPs, the electric near- eld can be con-
de ects the electron sidewaynto the imaging column. trolled by tuning the polarization state or the photon energy of
This direct visualization ©SPP wave packets in attosecthe incident light 155 (gure 16(c)). This effect is directly
ond time-steps was used e.g. to record the revolution @rrelated to the excitation of SPPs and the enhancement of
plasmonic vortices with orbital angular momentum (OAMj}he polar magneto-optical Kerr-effect, introducing the concept
that allowed determining high-order OAM for the rst timeof a magneto-plasmonic metastructure and opening new routes
[148 (gures 15(f)...(i)). Plasmonic vortices have promise ifor the design of functional plasmonic systems.
delivering high-order angular momentum quanta to electronic While all the studies presented here led to many new
degrees of freedom, and can also be used as tweezersirfsights and aided the desig functional devices, recent
particle manipulations. technological and methological advances that are presented
In addition, an NI-PEEM set-up has been used to studly the next section open the door towards an even deeper
the near- eld enhancement and dephasing times of onlyuaderstanding in the eld of plasmonics.
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Figure 15. (a) Sketch of multiplasmon plasmoemission from focussed SPPs. (b) Energy- Itered plasmoemission based PEEM images of the
focus spot at energies corresponding to different emission orders. (c) Corresponding simulation results. (d) Scanning electron microscope
(SEM) image of nanodisk dimers. (e) Corresponding time-resolvedphussion intensities with tted dephasing times, measured for

different disk distances. (f) SEM image of a plasmonic Archimedean spiral lens (of thenordéliO) for the generation of vortices with

OAM. (9) ... (i) TR-PEEM images of a rotating plasmonic vortex within a single optical cycle. (a)...(c) Reprinted with permissiatffrom [
Copyright (2017) American Chemical Society. (d) and (e) Reprinted gure with permission ftdgh [Copyright (2020) by the American

Physical Society. (g)... (i) Frod4g. Reprinted with permission from AAAS.

10.3. Advances in science and technology to meet to resolve since it is hard to maintain the necessary tempo-
challenges ral stability during the time that is required for the acquisition

Inrecentyears, the concept ofsalled atto-PEEM thatprobesOf an atto-PEEM image. Fortunqtely, the regent develo.p'ment
%f bre laser systems that offer signi cantly higher repetition

the ultrafast near- eld oscillations on their native attosecon ; ; L
. . ) . . rates in the MHz range was a major step towards establishing
time scale has gained great intereE34] as it promises new

R i . R atto-PEEM as a new time-resolved technique. In addition, a
insights into the physics of plasmonic eigenmodes. The P'R6vel scheme makes use of a sample rear side pump and front

posal is based on attosecond streaking spectroscopy, th%% probeillumination geometry that further reduces the space
a few-cycle near-infrared femtosecond pump pulse exc'tgﬁarge problem157]

LSPs and the temporal evolution of the plasmonic eld is sub- Apsther challenge that calls for the implementation of new
sequently probed by a single XUV attosecond pulse thatys-hnologiesis the investigation of plasmon-generated hot car-
created via HHG (see sectigrby M Murnaneet al). riers. This offers many opportities for fundamental research

To successfully implementt@-PEEM, a variety of tech- anq in applications such as photon harvesting. For the con-
nological and fundamental challenges that must be overcogig,ction of new devices for plasmonic energy conversion it is
are currently being addressed. With a pulse duration of a feWsential to understand the differences between photo-induced
hundred attoseconds or even less, the energetic spectruma@ plasmon-induced hot electrons. Ultrafast TR-PEEM is
the XUV pulses has an FWHM of 10 eV or more which neganiquely suited for the detection of differences in the electronss
atively affects both the imagncontrast and the achievableenergy and even momentum distributions. It not only allows
spectral resolution. Also, to avoid space charge effects that gseboth the temporal and spatial separation of SPPs and light
caused when too many photoelectrons are created in a singléses (in the case of LSPs, only a temporal separation is pos-
excitation event, the used intensity of the pump and/or probible) but can also be used as a momentum microscope by
pulse must be severely limited. This makes the low repetitieuijusting the settings of the electrostatic or magnetic lenses
rates of 10 kHz or less of the laser sources that are commotdyimage the Fourier transform of the real space image onto
used for HHG generation one of the mostimportant challengéee detector. An open very fundamental question is whether

26



J. Phys.: Condens. Matter 33 (2021) 353001 Topical Review

Figure 16. (a) SEM image of an elliptical SPP cavity with two WGM antennas embedded at the two focal points of the cavity. The
illumination condition for a TR-PEEM to observenmlic energy transfer be®en the antennas is indicateld) Gchematic of a plasmonic
lens switchable by UV light with two possible focus spots. (¢) PEEM images with a photon energy of 3.1 eV in a hexagonal
magneto-plasmonic crystal for different polarization states as indicated. (a) Reproduced5ipnCC BY-NC 4.0 (b) Reprinted with
permission from152]. Copyright (2015) American Chemical Society. (c) Reprinted with permission fid [ Copyright (2016)
American Chemical Society.

there is a difference in the energy and momentum distributiad.4. Concluding remarks
of hot electrons that were either excited directly by light or d
to plasmon decay.

The most recent methodological breakthrough in T
PEEM is the successful implementationtiofie-resolved vec-
tor microscopy This approach employs two probe beam
with distinct but different light polarizations to access th&
dynamics of all vector electric eld components of plasmonifil
waves and not merely their intensity distribution. This offers
unique opportunity for imaging the evolution of topologica

u'?he near- eld sensitive TR-PEEM technique, offering
Fp_anometer spatial and subfemtosecond temporal resolution,
Is an ideal tool for the investigation of a variety of plasmonic
ghenomena. These range fronmélamental properties of SPPs
nd LSPs, such as plasmoemission, rotating SPP vortices with
n OAM, resonances at nanoantennas, the plasmonic spin-Hall
ffect, and topological plasmonic elds, to functional designs
or future applications like the coupling of LSPs and SPPs

plasmonic quasiparticles, such as skyrmions and mer L radigtion—free.energy transfer, surfaces with switchaple
[158 159, for instance to uncover the time-dependent expeqleIeCtrIC properties, metadaces, and magneto-plasmonic

imental skyrmion numberdp§. It also could be the decisive crystlalsc.i In addition, TanydPEEMsl alsé)o allov(\j/ for energy;
tool towards an unprecededtenderstandingf topological resoived measurements and can aiso be used as momentum

nanophotonic systems in space and time. microscopes. These features, together with emerging novel

27



J. Phys.: Condens. Matter 33 (2021) 353001 Topical Review

Figure 17. (A) Cubic crystal structure of methylammonium lead triiodide ¢BHizPbl), the prototypical metal-halide perovskite. Hybrid

metal halide perovskites demonstrate the classic AMetovskite structure, where A is an organic cation such as methylammonium or
formamidinium (FA), M is a divalent metal cation such a$Pbr Sr#* , and X is a halide. (B) Thin Ims of mixed halide FA lead

perovskites demonstrating thenability of the band gap with halidemposition. Reproduced from Eperehal 2014Energy Environ Sci.

7(3) 982...8 with permission from the Royal Society of Chemistry. (C) A diagram of a perovskite solar cell. Light is absorbed by the
perovskite layer and charge carriers then diffuse to the electrahh@le-transport media (ETM andTi¥, respectively). The optically

transparent electrode typically consists of a conducting oxide layer deposited on glass, and a layer of gold serves as the counter electrode.
Reprinted with permission fron1p0. Copyright (2016) American Chemical Society

light sources such as XUV attosecond pulses generated vidn perovskite thin Ims, many of the optoelectronic pro-
HHG pave the way towards exciting future discoveries armésses essential for ef cient device performance occur at
fundamental insights in the eld of ultrafast plasmonics anditrafast timescales. Within femtoseconds to nanoseconds

the development of novel miniaturized devices. following photoexcitation, charge-carriers encounter a range
of energy loss possibilities including cooling of hot carri-
Acknowledgments ers, recombination events, diinteractions with the lattice.

Although other processes can occur at much longer timescales,
ese initial ultrafast processes have the potential to impose an
upper limit on the ef ciency of the entire device, and ultra-
fast probes are thus essential for characterizing these dynam-
ics [161]. As perovskites have spectroscopic features rang-
ing from the terahertz to the visible frequencies, a variety

EP acknowledges support from the Max Planck Graduate C
ter at the Johannes Gutenberg University Mainz througha P
fellowship.

11 Ultrafast spectroscopy of hybrid metal halide

perovskites of ultrafast techniques have been employed including time-
R L Milot resolved photoluminescence (TRPL) spectroscopy, ultrafast
pump-probe techniques such as THz spectroscopy and visi-
University of Warwick, United Kingdom ble and infrared TA spectroscopies, ultrafast coherent spectro-
scopies, and surface technigues such as sum frequency gen-
111 Status eration and ultrafast photoemission microscof$d..164].

Hvbrid | halid ki & T(A | Although the majority of studies have focussed on isolated per-
ybrid metal halide perovskites (gur@7(A)) are a class ovskite thin Ims, studies of full or partial devices will be of

of hybrid organic...inorganic semiconductors that have shawn . .

; . . ._ncreased importance as the eld progresddH]. The discus-
great promise for use in a number of optoelectronic dewcesslbn below summarizes some of the main results obtained thus
most notably photovoltaic cell$igh quality perovskite thin

Ims are easily synthesized witsimple starting materials andfar (;Qr isolated Ims and highlights potential for additional
have therefore been hailed as potential alternatives to tragfidies. . ) .
When perovskites were rst incorporated into solar cells,

tional semiconductors such as silicon or GaAs, which require i N ; k
harsher and more stringent synthesis conditions. Furthermdh¢ hybrid organic...inorganic nature of the materials led to

the band gap absorption onset of perovskites is highly turf? Uncertainty as to whether tieain charge-carriers were
able with simple chemical substitutions ( gutk?(B)) and excitons as in organic semiconductors or free electrons and
can therefore be tailored to maximize the ef Ciency for Spé'lOIes asin inorganic semiconductors. Initial ultrafast measure-
ci c applications such as tandem solar cells, LEDs, laser@lents of photoconductivity and PL dynamics supported the
or photodetectorsijs(. As these materials have developeddea thatthe majority speciesedree electrons and holes, with
rapidly over the last decade, wfast spectroscopy has playednoderate combined charge-carrier mobilities in the range of
an important role in analysing charge transport mechanisi@...50 cfivS! s°1 [160, 165. These measurements demon-
and has thus contributed greatly to informed device design.strated the feasibility of a planar heterojunction device design,
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steering the eld away from its initial design based on the dye-
sensitized solar cell towards its current norm ( gurgC)).
Subsequent studies have suggested the charge-carriers may
exist as large polarons, but these results are consistent with a
largely free charge-carrier moddlg5.

Although excitons are a minority species at room temper-
ature in many common perovskite materials, understanding
the interplay between excitons and free charge carriers will
be important for re ning the picture of charge transpdé].
Additionally, there has been an increasing interest in 2D per-
ovskites and perovskite nanocrystals, where increased exciton
binding energies make excitons the majority carrier. Although
charge-carrier lifetimes are shortened and effective charge-
carrier mobilities are decreased as a result, these undesirable
properties can be tuned syntheticall6p, 163. For both
material classes, investigations are ongoing to fully character-
ize excitonic effects and their in uence on charge transport and
device ef ciency.

Ultrafast spectroscopy has also aided in understand-
ing deactivation process folldng photoexcitation, includ-
ing charge-carrier cooling and atge-carrier recombination.
Charge-carrier recombination dynamics, which have been
investigated by several ultrafasttechniques, are generally mod-
elled by a simple rate equation

dn - - .
g = CSkinS kon? S ksn®,
which expresses the rate of change of the carrier density
terms of a generation raté and monomolecular, bimolec-
ular, and Auger recombination rate constarks &, and o
ks, respectively). Most work has focussed on understandiﬁg@ure 18. (A) An example of the vaability of monomolecular

. L . combination with defect density. For a series of FA tin triiodide
monomolecular and bimolecular recombination mechanis ASnk thin Ims), lifetimes of 59...590 ps are determined using

V\{ith fewer reports and _|935 consensus onige.neration MeCHftical pump/THz probe spectroscopy (OPTP) for defect densities

nisms (e.g. carrier cooling and @ton dissociation) and very ranging from 7x 108 cm®3 to 2 x 10%° cm®3. Reproduced from

limited information about Auger recombination. Milot et al2018Adv Mater.30(44) 1804506CC BY 4.0
Monomolecular processes generally involve carrier tra 3) Bimolecular recombination rate constaatdetermined from

. . . : ._OPTP measurements (blue circles) as comparég ¢alculated via
ping with defect sites and are the dominant loss mechanis S van Roosbroeck... Shockley relation and ts to the stead-state

in solar cells where charge-carrier densities are typically @Bsorption spectra. Reproduced from Daieal 2018Nat
the order of 1& to 10'> cm™3 under operating conditions. Commun9 293.CC BY 4.0

The doping in perovskites thin Ims is generally unintentional
and therefore largely uncharacterizegriori, and some of the
only information about defect densities and energies comes
from ultrafast measurements. Furthermore, degradation, ligiitolves radiative recombinaticbetween electrons and holes.
illumination, and ion migration can alter the defect chenit is thus essential for understanding the potential for light-
istry, often complicating the analysi$§2. In perovskite thin emitting devices but also places an upper limit on charge-
Ims, monomolecular lifetimes have been found to enconearrier diffusion lengths166. Due to photon recycling and
pass a wide range of values from picoseconds to microsééffusion effects, the exact values kf are dif cult to sum-
onds, pointing to a large varidity in defect concentration marize, but effectivek, values have been reported to range
and activity between samples (see gui&A)). However,val- from 10°* to 10°° cm® °* [166. These values suggest
ues on the order of 100 ns and above give suitable diffusigrat bimolecular recombination should not signi cantly limit
lengths to enable ef cient charge transport at solar illuminatigtharge-carrier diffusion at solar intensities but that carrier den-
intensities 166. Ultrafast microscopy measurements havgities of 187 to 10'® cm® are needed to maximize radiative
shown both energetic and spatial variations in charge-carrédiciency for light-emitting devices. Subsequent investiga-
dynamics, highlighting the complex nature of the defects fiPns have shown that an inverse absorption model can accu-
perovskites and the need for continued study in this dr@é4[ rately describe temperature trendsjnvalues determined by
Contrasted to monomolecular recombination, bimoleculdiiirafast spectroscopy ( guré8(B)), further emphasizing the
recombination is an intrinsic property of the material thaimilarities between perovskites and standard semiconductors
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such as GaAsl[67]. As there are still many unanswered quesgnore a range of interface and surface effects due to the inter-
tions in this area such as the in uence of polarons and lattieetion of the perovskite thin Im with other components of
interactions 164, work to understand bimolecular recombi-the cell (see gurel7(C)). To address this issue, ultrafast mea-
nation is ongoing and will be of increased importance as tlserements must be performadder conditions more closely
development of light-emitting devices progresses. resembling devices. Encouragingly, some work has begun to
In addition to interactions with each other, interactionanalyse ultrafast processes in full devices and related struc-
of charge-carriers with the perovskite lattice have also betures [L61]. As with initial perovskite research, analysis of
shown to in uence charge transport ef ciency by affectinghese processes will at rst be complicated due the inherent
both the exciton binding energy and charge-carrier mobitariability of the quality of perovskite thin Ims and devices.
ity [169. Perovskites have strong phonon modes at THzowever, these investigations will present an opportunity to
frequencies due to metal-halide lattice vibrations. For botietter understand the many physical processes occurring in
lead- and tin-based materials, these modes were founddevices and further justify these of ultrafast measurements
put an upper limit on the charge-carrier mobility, helping tdor this purpose.
explain why perovskites have lower charge-carrier mobilities _
than other inorganic semiconductorssf. However, these 13- concluding remarks

phonon modes may assist in screening Coulomb interactio@rafast measurements of charge-carrier dynamics and lat-
preventing the formation of excitons, and thus allowing fajce interactions have been an essential part of the develop-
free-charge-carrier transport at ambient temperatut69.[ ment of the eld of perovskite optoelectronics. This in uence
Vibrations of organic cations could also have an effect q§ expected to continue as the devices are developed com-
exciton binding energy, charge-carrier mobility, bimoleculahercially, highlighting to a wider audience the potential of
recombination, and hot carrieoaling, but further investiga- yltrafast measurements to amdevice characterization.

tions are needed to determine the extent of these eff&68s [
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Although much has been learned about perovskite optoelec-

tronics in the last decade, there are still several challengesito Ultrafast dynamics of excitons and free

overcome, both fundamental and more device-speci ¢, whigharges in carbon-based 1D van der Waals

ultrafast spectroscopy has the potential to address. heterostructures

A main fundamental challenge remaining is to more fully
re ne the picture of charge transport in order to better undel-Lloyd-Hughes and M Burdanova
stand the roles that excitons, polarons, and lattice vibrations ) ] . )
play and what in uence, if any, they have on device ef ciencytJniversity of Warwick, United Kingdom
These effects have proven dif cult to characterize with ONe | Status
ultrafast technique alone, often resulting in conicting evi-
dence reported in the literature. The solution to this proble@arbon nanotubes (CNTs) have formed a rich and fertile
will require careful comparisorsetween different techniquesresearch eld over the last two decades, and ultrafast spec-
and further investigation, for instance with ultrafast coheretroscopy has played a prominent role in uncovering the fun-
spectroscopy methods, which can identify coupled states ateinental optoelectronic properties of these 1D materials.
thus help clarify coupling mechanismbsql]. With the rise of atomically-thi 2D materials in recent years,

A challenge that has existed since perovskites were r#te materials community has placed renewed importance in
identi ed for use in solar cks has been characterizing theexploring how the vdW force can bind dissimilar compounds
chemical identity, energetics, and densities of defect stategether into heterostructures, producing composites with tai-
[165. Although ultrafast techniques have documented tHered properties. In this contribution we highlight the impor-
effects of defects on recombitian lifetimes, a full char- tance of ultrafast spectroscopy for a broad class of carbon-
acterization of the chemicgiroperties of the thin Ims to based 1D vdW materials, including CNT bundles and com-
support these analyses is often lacking, although microscapysite heterostructures containing CNTs and transition metal
studies are beginning to make progress in this af€]][ dichalcogenides (TMDCs). We begin, however, by discussing
To fully solve this problem, however, synthetic advancementse historical successes of, and challenges faced in, the ultra-
are needed to controllably dope materials so that the effetdst spectroscopy of CNTSs.
of known defects can be benchmarked with ultrafast spec-In nanomaterials the low effective dielectric constant results
troscopy and compared to unintentionally doped samples. in stronger Coulomb interactions than found in bulk semicon-

One common criticism of ultrafast research in the peductors, thereby promoting the formation of many-body quasi-
ovskite eld is that ultrafast techniques tend to probe locadarticles such as excitons and trions. For CNTSs, exciton bind-
effects at timescales that are largely irrelevant to device oparg energies in the 200...500 meV range result in rapid exciton
ation. Although largely a markieg problem, this criticism formation at room temperature, even after non-resonant exci-
is partially valid as measurements on isolated thin Ims catation [177. Ultrafast TA spectroscopy, TRPL spectroscopy,

11.2. Current and future challenges
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and optical pump, THz probe spectroscopy have all played
major roles in elucidating the current, complex picture of exci-
ton dynamics in CNTs172..176]. Various processes con-
tribute at different times after exciton formation, from fast,
ef cient exciton energy relaxation through the continuum of
electron and hole states (within 100 fs), to exciton trapping
(timescales of 10...100 ps) and slower radiative lifetimes
(' 1ns). Although excitons have large electric dipole moments
for absorption, CNTSs typically feature relatively weak photo-
luminescence (PL) as a result ef cient non-radiative pro-
cesses, including exciton relai@n to optically-dark singlet
states below the bright exciton singlet state.

Advances in the understanding of the photophysics of exci-
tons in CNTs have progressed hand-in-hand with improve-
ments in sample quality, as long, chirally-enriched, isolated
CNTs become increasingly available. However, and some-
what counter-intuitively, greater sample homogeneity has led
to more complex dynamical processes being uncovered, rather
than revealing simpler trends. For instance, non-exponential
(power law) exciton dynamics were identi ed in (6, 5) CNTSs,
linked to the trapping of dark excitond73. Time-resolved
PL on single CNTSs, rather than on an ensemble, uncovered
substantially different monoexponential lifetimes for tubes
with the same chirality, while extonic dark states produced
biexponential dynamicsi[72. With long diffusion lengths
(> 100 nm) excitons are very mobile along the CNT axis, and
variations in the number ofadects on each individual CNT
may account for the tube-to-tube changes in dynamics.

12.2. Current and future challenges

While much of the basic photophysics of CNTs is now well
established]72), many aspects of exciton dynamics in CNTs

are still opento interpretation and debate due to the comple>ﬁi_1|¥ure 19. (a) EEA in a CNT in the diffusion-limited regime.

of many—_body interactions within an N_T and V_Vith the NT’?b) Exciton energy transfer proceeding from a larger bandgap (6, 5)
local environment, and to tube...tube interactions in mateGaT to a smaller gap (7, 6) tube. (c) A mixed-dimension vdw

containing bundles of CNTs. heterostructure comprising a CNT bound to a TMD monolayer,

Owing to the large number of photons per pump pulse, mdégating a 1D/2D heterojunction. (d) A radial vdW heterostructure
ultrafast spectroscopy experiments on CNTs are performecﬁﬁﬁf&}ﬂ&%ﬁ?t”be building blocks, forming 1D/1D
the emultiple excitone regime, where many excitons are present '
within the typical exciton diffusion length. Hence a substan-
tial challenge has been to identify the nature of the many-body
EEA process in CNTs, where an exciton decays by transfenal photoconductivity, where photoexcitation creates mobile
ring its energy to another exciton. As discussed in secttynscharges with a nite conductivity, and unususgative pho-
3 and 9, excitons, EEA and exciton...phonon coupling ateconductivity, where visible light absorptioowers the
challenging to describe accurbtdrom rst-principles the- samplees THz conductivity, have been reported for CNLT/§|
ory, and hence phenomenological ts to experimental dai&7. In doped CNTs, photogenerated excitons can interact
are often usedl]74, 175. For excitons moving in 1D along with equilibrium extrinsic charges and form trions, lowering
the axis of a CNT (gurel9(a)), thediffusion-limited EEA  the free carrier density and enhancing their mass. It is also
rate is expected to bitme-dependenSurprisingly, early TA important to correctly include the equilibrium THz conduc-
spectroscopy studied T4 found population dynamics con- tivity in the analysis of experimental dathq]7]. THz radiation
sistent with atime-independenEEA process, such as foundhas also been used to probe the internal transitions of dark exci-
for 2D/3D diffusion. The resolution of this unexpected resutbns in isolated CNTs1[7§, in a way not possible using PL.
came from the identi cation of the importance of tteaction- While isolated CNTs (often in solution) are valuable for
limited EEA process: with high exciton densities at earljundamental spectroscopic studies of the intrinsic properties
times (or high uences) the short exciton...exciton distancECNTSs, real-world devices often require thin- Im materials
means diffusion is not required before EEA occursy. that can be electrically contaxt. In this geometry the vdW

A further ongoing discussion is centred upon the nature fifrce creates CNT bundles, and charge or energy can read-
the THz photoconductivity of CNTs [176 177). Both nor- ily transfer between CNTs within the same bundle. Ultrafast

31



J. Phys.: Condens. Matter 33 (2021) 353001 Topical Review

coherent spectroscopy uses a sequence of three pulses atalifactive as saturable absorbéor pulsed lasers, with recent
ferent relative delays to create a coherent output beam wark showing the mode-locking regime of bre lasers can be
four-wave-mixing L79. Bene ts include the ability to distin- controlled electrically by changg the saturable absorption of
guish coherent and incoherentaoeation processes, and iden-CNT bundles integrated onto an optical brég4]. CNTs are
tifying coupling between resonancds’f. Ultrafast coherent also under development as ultrafast sources, either producing
spectroscopy has thus provided a powerful method to exaatectron pulses via photoemissidr8f] or making pulsed THz
inetube...tube energy transfer rateggure 19(b)) for semi- radiation from spontaneous exciton ionisati@8.
conducting tubes, showing that excitons migrate to the larger Controlling and exploitingatomic-scale defects in 1D
diameter, lower bandgap CNTs within a few A8(}. Impor- vdW materials will be important for their future functional
tantly, the mechanism involved was found to not depend mise. Such defects in bulk crystals (e.g. theNdefect in dia-
the spectral overlap of the initial and nal CNT involved, rul-mond) have been widely explored for nanoscale magnetom-
ing out the Forster energy transfer model traditionally appliegtry and quantum computing applications, and ultrafast spec-
to molecules with large dipole moments. A current challengescopy has helped understand how these defects couple elec-
is therefore to extend experimahtnd theoretical investiga- tronically and vibrationally to their surroundings by probing
tions in this area to better distinguish between the alternthe lifetime of coupled vibronic transition&$7] or vibrational
tive non-Forster energy transfer mechanisms sugges8gll [ relaxation dynamicsl88. However contemporary work has
Complementary experiments on energy and charge trandfeen performed on macroscopic ensembles of defects, in bulk
rates should also be performed on heterostructures containingterials: advances in ultrafast techniques are required to
metallic/semionducting or metallic/metallic CNT junctions. study smaller ensembles, with the goal of studying nanoma-
In addition to composites containing different CNTsterials containing isolated @mic-scale defects. Here, tech-
striking new functionalities are predicted by combining 1Miques similar to ultrafast STM (sectidd by Cocker and Heg-
CNTs with 2D materials ( gurel9(c)), such as TMDCs, mann)thatcombine atomic spatial resolution and femtosecond
in mixed-dimensional 1D/2D vdW heterostructured181]. temporal resolution may be deployed in the future.
TMDCS al.so exhibit strqng _excitonic effects, which are nof, 4, Concluding remarks
desirable in device applications based on photocurrent (e.g.
solar cells; photocatalysis), and excitons often recombine tbderstanding ultrafast charge and energy transfer processes
quickly. CNTs provide an attractive material for 1D/2D hetin these new classes of heterostructures based on CNTs will
erojunctions, offering rapid charge extraction if energeticalgonstitute substantial challenges over the next decade, in order
favourable. Recent studies using ultrafast TA spectroscojy fully unlock their applications in photonic devices and
have shown that electron and hole extraction times in hetegnergy generation. The ultrafast dynamics within each con-
junctions between MoSmonolayers and (6, 5) CNTs are fasstituent material (e.g. EEA, trapping) needs to be fully under-
(<1 ps), and that after charge separation, the trions formedsi®od, and may mask the timescales for transfer between the
the CNTs are very long lived (730 ns lifetimé)g2. The com- components (e.g. from a TMDC to a CNT). No single tech-
bination of fast charge extrtion plus slow decay is ideal for nique can fully explain all the salient photophysical proper-
energy and photochemical reamts, as yields are maximisedties and multiple ultrafast spectroscopy methods, covering a
when electrons persist longer. wide range of the electromagnetic spectrum and a range of
CNTs and CNT bundles can be used as the template fength scales, must be deployed to unpick the complex tangle
growth of radial 1D vdW heterostructures, such as pic- Of ultrafast processes in carbon-based vdW heterostructures.
tured in gure 19(d). These can be regarded as 1D/1D het-
erojunctions in the quantum limit (small tube diametersficknowledgments
where the electron (or exciton) wavefunction wraps around the ) .
nanotubess circumference. Radial 1D vdW heterostructutd$B thanks th_e Russian Government for nancial support
comprising CNTs wrapped by BN and MgBanotubes com- (Global Education programme).
bine the attractiye exciton_ic properties of both QNTS and Mo§3_ Ultrafast near-
[1.83' A dynamic chapge In THz photoconduct!\{nyfrom neg'semiconducting and strongly-correlated
ative photoconductivity (from the CNTSs) to positive photocorh anomaterials
ductivity (from the MoS) indicated the good electrical mobil-
ity of the MoS NTs, and further showed the possibility t05 Boland
combine dissimilar nanomaterials to create composites with

field spectroscopy of

a unique ultrafast responstd3. University of Manchester, United Kingdom
12.3. Advances in science and technology to meet 13.1 Status
challenges

Ultrafast spectroscopy with nanometre spatial resolution is
In order to progress from basic knowledge of ultrafast scienessential for understanding anahtrolling light... matter inter-
into useful technological applications, carbon-based 1D vd¥¢tions at the nanoscale. Conventional far- eld ultrafast tech-
materials must be integrated irftoctional ultrafast devices  niques suffer from poor spatial resolution: the diffraction
Thin- Ims of CNTs are already promising in this regard: thdimit of light restricts radiation to a diameter of/2, pro-
strongly non-linear excitonic absorption of CNTs makes thewmding only micron spatial resolution at long wavelengths
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(150 um for 1 THz). This spatial resolution is much largepromise, as the THz range encompasses many low-energy
than the dimensions of nanostructures along their con nexcitations residing in nanoscale quantum systems, including
ment directions (1...100 nm), restricting measurementsptmnons, magnons, and energy gaps in Higlsuperconduc-
nanomaterial ensembles and averaging over sample inhortws. Near- eld THz-TDS via a-SNOM consistently provides
geneity. It also makes it dif cult to optically resolve the transyum-spatial resolution,an ideal range for spatio-temporal
port of carriers and/or excitations (e.g. plasmons) that occurapping of THz SPs in graphene and sub-surface modes
on subpm length scales in real space and time. To ovein strongly coupled resonators. To push towards nm-spatial
come this, scanning near- @loptical microscopy (SNOM) resolution, current efforts are focussed on coupling ultrafast
has been combined with ultrafast techniques to probe bdikz pulses to s-SNOM. However, the low scattered signal
the optoelectronic and vibrational dynamics of semiconduand lack of high-power THz sources available pose technical
tor and strongly-correlated materials with sub-ps temporal adi culties. To overcome this, approaches have included THz
nanoscale spatial resolution. emission microscopy, phase-resolved near- eld detection via
i . self-mixing in a THz quantum cascade laser (THz-QCL), and
13.11 Aperture-type vs scattering-type. SNOM exploits  yetection of THz-induced near- eld photocurrea®l. Yet,
evanescent elds chahsed around sub—wavelength structutfshe past year, ultrafast near- eld optical-pump/THz-probe
to locally interact with a sample, overcoming the far- eld res'spectroscopy has been demonstrated using photoconductive

olution limit and prowcri]ln'gaccess to nan%scalle "}fom}at'onantennas (PCAs), allowing the photoinduced dynamics of
For aperture-type techniquea-BNOM), the ultrafast laser o hhene/inAs heterostructures to be exploesy,
source is focussed through a sub-wavelength aperture, expe-

riencing sub-diffractional scattering that con nes the incidentz 5 cyrrent and future challenges
eld without any far- eld background to a volume set by
the aperture size (limited to/10 due to waveguide cut-off) 13.2.1 Cryogenic operation. Nanoscale investigation of sev-
[189. Light transmission also depends strongly on apertug$al exciting solid-state phenomena, including phase transi-
size, reducing by 10for 100 nm aperture. Careful aperturdions in perovskites and multifeoics, requires cryogenic oper-
design is therefore required to achieve the best spatial reg§on. In particular, low temperatures are essential for THz
lution with suf cient SNR to detect the near- eld signal. Asfrequencies, where THz resonances are often screened at room
the spatial resolution is wavelength-dependent, a-SNOM H&gnperature. a-SNOM operating at liquid helium tempera-
become extremely popular for ultrafast near- eld pump-prodégre is already well established, yet restricted to visible and
spectroscopy in the UV...NIR range, where apertures do NgR wavelengths. Cryogeais-SNOM faces more technical
suffer from frequency cut-off and high-power sources (e.ghallenges associated with conventional tapping-mode AFM
ultrafast bre-based ampli ersre readily available. This hasin ultrahigh-vacuum (UHV) environments. Several indepen-
led to the rst ultrafast study of the coherent nonlinear optic&lent piezoelectric positioners with large scanning ranges are
response of a single GaAs QDJJ. required; and drift due to thermal expansion/contraction of the
In contrast, scattering-type techniques (s-SNOM) utiliset# and sample supports must be considered. Optical access to
metallic atomic force microscope (AFM) tip as the nanoscalBe tip also requires high-NA collection optics and good radi-
probe, con ning ultrafast pulses to a volume de ned by th@tion shielding to account for thermal loss due to optical com-
tip radius of curvature. When ¢htip approaches the sampleponents. Cryo-s-SNOMwas rstdemonstrated in a home-built
it scatters the near- eld signal back into the far- eld, where igystem to observe the insulator...metal transition,0k \at
can be detected using conventional far- eld techniques [e.g150 K [197]. Since then, operation temperature has lowered
electro-optic (EO) sampling]107. s-SNOM removes the Signi cantly, enabling direct imaging of plasmon...polariton
need to fabricate nanoscale apertures and provides a high@pagation at 60 K in graphen&dg. However, cryogenic
wavelength-independent spatial resolution only limited by thétrafast s-SNOM remains in its infancy. Commercial cryo-s-
tip radius ( 10 nm). However, the large scattered far- eldSNOM (10 K) systems (attocube, neaspec) are now readily
background signal produces unwanted artefacts, making dir@eailable, easing technical challenges of UHV operation. Yet,
extraction of near- eld information challenging. To suppresgnprovements in sensitivity and artefact-free near- eld detec-
this background, s-SNOM is operated in AFM-tapping modéon will also be essential to probe nanoscale dynamics at low
with the measured signal demodulated at higher harmoit@mperature on ultrafast timescales.
orders of the tip oscillation frequency, where the near- eld ) o )
contribution dominates. Combining s-SNOM with ultrafast3-2-2- High magnetic fields. Ultrafast s-SNOM in strong
spectroscopy has pushed near- eld studies out to long waJ/B29netic elds is another exciting development that would
lengths (MIR...THz) and length scale§0 nm, providing gllow direct imaging of magpetlc domains and spin dynam-_
important breakthroughs: starting with the direct observatidfs " nm-length scales. While one system reaching magnetic

of ultrafast plasmon phenomena in grapheh®Z and the eId; up to 7 T has been presenteti9[7], no prerimental
extraction of the time-dependent dielectric function of a siriudies have yet been reported. As commercial cryo-s-SNOM

gle InAs nanowire193; and more recently, exciton...polalritoﬁyS'FEHnS with lntegrgted superconducting magnets become
formation and propagation in WSEL94. available and technical challenges are addressed, ultrafast

near- eld magneto-spectrospy could become widespread,
13.12. Moving to the THz range. Ultrafast near- eld THz opening up a new research area for investigating low-
time-domain spectroscopy (THz-TDS) holds enormoutimensional materials.
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Figure 20. Top left: schematic diagram of a-SNOM technique, where the far- eld incident light is directed through a sub-wavelength
aperture, producing an evanescent near- eld at the sample. The near- eld light can be detected either in transmission or re ection. Bottom
left: schematic diagram of s-SNOM technique, where the incident far- eld is coupled to an AFM tip, producing an evanescent near- eld at
the tip apex. The desired near- eld signal and large far- eld background signal is scattered back from the tip and detected using conventional
far- eld techniques. Right: graphical summary of possible applications of s-SNOM for different incident energies and spatial resolution. The
shaded areas depict the accessible spatial resolution for each fregarge for ultrafast STM (red), s-SNOM (blue) and a-SNOM (yellow)
respectively.

13.2.3. Increased sensitivity. To ensure adequate SNR forl3.2.4. Artefact-free detection. A key challenge facing ultra-
near- eld detection, high-power sources are routinely usddst s-SNOM is accurate near- eld extraction, as the mea-
with high-repetition-rate ultrafast lasers. A high repetitionsured signal contains both the desired near- eld information
rate guarantees high average incident power (and thereby hégid a large scattered far- eld background. While operating s-
SNR), yet at the cost of small pulse energy and heating at tBBIOM in tapping-mode largely suppresses this background,
tip/aperture. It also places a limit on available light sources,,ean appropriate detection technique must be chosen. For ultra-
speci c problem for ultrafast s-SNOM in the THz range, wheréast s-SNOM, eld-resolved detection has been widely used to
typical sources (e.g. PCAs) have output powers 60 uW. extract both the amplitude and absolute phase of the scattered
Field-resolved detection via EO sampling is therefore essentiadar- eld waveform. Recently, iehsity-based detection tech-

to achieve suf cient SNR to detect the near- eld. While furtheniques have been extended for use with ultrafast pu@d.[
development of ultrafast high-power THz sources will improvBy combining pseudoheterodyne detection with two digital
sensitivity, an alternative approach is to combine SNOM withoxcars, the background-free demodulated signal can be col-
low-repetition-rate ( kHz) ultrafast lasers, reducing accumulected just before and after a pump pulse is applied. Providing
lative heating and broadening the range of sources availalilee time delay between the probe pulses (i.e. between off/on)
For tapping-mode s-SNOM, the repetition rate is limited by this long enough for the sample to relax back to steady-state,
Nyquist...Shannon sampling theorem. However, phase dontiaéndifference frfﬁ"ﬁ) will yield both the amplitude and rela-
sampling removes this theoretical limit, allowing s-SNOM dive phase of the photoinduced near- eld signal. However, it is
repetition rates below the tip-tapping frequency) (199. important to note that artefacts can still remain for both detec-
This allows ultrafast laser sources with high pulse energy tion techniques. Appropriate harmonic orders must therefore
be coupled to the tip, simultaneously increasing both selme chosen to reduce the background signal enough that the
sitivity and local eld enhancement. Further gains, includrear- eld response dominates. At NIR, MIR, and THz wave-
ing increased polarisation control and/or spatial resolutiolengths, the 3,2 , and 1 respectively are suf cient. How-
could also be achieved through structural tip engineering. Sueber, for UV and visible, very high harmonic orde¥s4{ ) and
advances combined with eldesolved detection would not small tapping amplitudes are essential. To address this, novel
only provide improved sensitivity to spatio-temporally maapproaches are required that remove the need for tapping-
propagating plasmonic wavepackets; but also suf ciently largaode operation. For example, plasmonic-nanofocussed four-
eld strengths at the tip apex to induce and probe nonlinearave-mixing on a grating-coupled conical tip has recently
dynamics on the nanoscale ( gugg). been used to probe localized SP hotspots in gold @0 fs
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timescales 201]. Such techniques could pave the way foBTM [209], a technique in which voltage pulses generated
artefact-free detection in the UV, visible range and beyond. by photoswitches are launched down a transmission line
on the sample. The voltage pulses subsequently exploit

13.2.5. Increased spatial resolution. Ultrafast near-eld the nonlinearity of the tunnel junctionss current...voltage
spectroscopy is constantly moving to smaller length scalgharacteristic to overcome the relatively low duty cycle and
While s-SNOM consistently achieves10 nm spatial res- produce a measurable ultrafast signal.
olution, it is theoretically limited only by the tip radius of  The nonlinearity of the current...voltage characteristic is
curvature. As described in sectidtdby Cocker and Hegmann, similarly important in LWD-STM, but the voltage pulses

2 nm spatial resolution haseen achieved via THz-STM gre replaced by free-space, caréevelope-phase-stable light
to image the ultrafast dynamics of a single molecule. Asyises focussed directly onto the STM tip, removing the need
THz-STM and cryogenic s-SNOM effectively utilise the samgy g transmission line. The tip acts as a long-wire antenna,
hardware, integrating the two techniques could push uItraf%ﬂhanCmg the eld of the pulse at the tip apex, where its
s-SNOM down to molecular/atomic length scales. Howevghaximum reaches the strong- eld regime. In the strong- eld
this will only be achieved alongside advances in cryogenjggime, an oscillating electromagnetic wave can be treated as

operation and sensitivity. a quasi-static modulation of the potential energy landscape,
so the pulse behaves as an ultrafast bias voltage transient that
acts on the instantaneous currentoltage characteristic, gen-

Ultrafast near- eld spectroscopy has already become a poW_ating an uItrafast current pulse. T.he STM electronics cannot
erful tool for non-destructive optoelectronic characterisatid§Solve the oscillatory features of this current pulse because the
of semiconducting and strongly-correlated materials. Its veé¥Scillation rate far exceeds the detection bandwidth, but the
satility across a broad frequency range allows for integratiGeCctronics can measure its recti ed component. The current
with several techniques (e.g. nano-XRD, SERS), opening BHIse contains arecti ed component, even thoughthetemporal
a large parameter space for nanoscale investigation. The r{Biggral of the incident pulse is zero, thanks to the nonlinear-

step is to push the technique to the extreme: longer wavl- of the current...voltage characteristic. Such nonlinearities

lengths, atomic/molecular ngth scales, low temperatures®re presentin almost all STM tunnel junctions, since the local
< 10 K and strong magnetic elds. density of states of the sample varies as a function of energy

(i.e. STM bias voltage). Because the recti ed component of the
current pulse is ultimately measured as an average over many
pulses to increase sensitivity, the phase stability of the incident

J L Boland would like to acknowledge and thank the EPSRRUISE is essential for LWD-STM. The shape of the electromag-
(EP/S037438/1, EF01914X/1) and Leverhulme Trust (Philipnet'c waveform at the tip apex is also a key consideration, and

Leverhulme Prize) for research funding and support. should ideally be only a single oscillation cycle long.
Ultrafast LWD-STM was rst demonstrated using pulses

in the terahertz (THz) spectraange,an implementation

14. Ultrafast lightwave-driven scanning tunnelling called THz-STM,with proof-of-principle NIR pump/THz-
microscopy STM probe experiments in ambient conditio@6g]. The eld
of THz-STM has developed rapidly since then, with ultrahigh
vacuum, cryogenic operation becoming stand2@B[ 206).
Atomic spatial resolution with simultaneous sub-picosecond
temporal resolution has been shown for silicon surfaces in
a fully THz-driven mode, where no DC bias is present and
the STM feedback loop responds only to THz-induced tun-
nel currents 206]. These tunnel currents can reach extreme
The promise of ultrafast STM has motivated three decadesssfales due to their ultrafast duration, opening up a new direc-
development effort, as the visimf dynamic electron densitiestion for exploration. Meanwhile, state-selective tunnelling in
Imed in atomic resolution movies continues to inspire. Thighe regime of one electron per pulse has been achieved for
scienti ¢ goal is nally within reach. Many of the technical THz-STM of single molecules2D3. It has been shown that
challenges that long limited progress have now been solviée peak eld of a THz pulse can remove a single elec-
through the concept of lightwave-driven STM (LWD-STM)tron from a single molecular orbital within a time window
[202..204, 206,208 213 214, which introduces femtosecondfaster than an oscillation cycle of the THz wave. This has
temporal resolution without sacri cing the strengths of steadllowed the electron density of a single molecular orbital to be
state STM, such as atomic spatial resolution and spectroscomptured in 100 fs snapshot images with sub-angstrom
sensitivity. spatial resolution. THz pump/THz probe experiments have

LWD-STM builds on progress from complementaryurther revealed the picosecond motion of a single molecule
approaches to time-resa@d STM, from all-electronic following the lightwave-dsien tunnelling process. Recently,
schemes307] to techniques based on photoexciting the jundhe concept of LWD-STM has also been extended to the sub-
tion with free free-space optical pulse20p, 211]. Perhaps femtosecond timescale using phase-stable NIR pulz@4,[
the most direct precursor of LWD-STM is junction-mixingfollowing the demonstration of NIR eld-emission control in

13.3. Concluding remarks
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| I " 14.2. Current and future challenges

(a) i i in® We focus our discussion on the steps needed to ful | the sci-

25fs  <15fs <500fs enti ¢ promise of LWD-STM, with particular emphasis placed
on potential impediments to imaging transient electron densi-
ties on the atomic scale. We believe that LWD-STS will be an
essential complementary tool in the future for understanding
the phenomena observed in such snapshot images. Here, we
de ne LWD-STS as an analogue of steady-state STS, i.e. as
an experimental means to extract the time-dependent differ-
ential conductivity as a function of voltage. We propose that
the ultrafast evolution of the differential conductivity can be
directly related to the transient occupation of the local density
of states. Developing a practical and comprehensive approach
to LWD-STS is therefore considered to be a high priority.

So far, THz-STM signals have typically been modelled by
assuming a reasonable current...voltage characteristic and sim-
ulating the lightwave-driven tunnelling process. This can be
done as a function of peak eld strengt®J2, 203, 206, 214],
tip height 08, or time between two pulseg()2, 203, 206 to
constrain the free parameterdignatively, for samples that
respond to NIR excitation much faster than the THz oscilla-

; tion cycle, it has been suggested that the recti ed current vs
o THz peak eld traces out the transient current...voltage charac-
Gap width - . .
(1=1) 5 tgnsﬂc [213. queyer, this approagh averages over the life-
—10A time of the excitation, precluding time-dependent THz-STS.
—8A A challenge for the future is to develop a method to directly
:22 extract time-dependent differential conductivities from arbi-
. : trary lightwave-driven signals.
0.01 +Frr——— An additional challenge for the prospect of ultrafast THz-
1 10 100 STS is that coupling THz pulses to the STM tip can substan-
Frequency, f (THz) tially affect the temporal shape of the THz waveform. We

Figure 21. LWD-STM at different frequencies. (a) Experimental anticipate that knowing th.e preglse eld p.ro le will be 'mP‘?r'
scheme: an ultrafast, phase-stable, single-cycle pulse in the terahtft for future THz-STS inversion algorithms. A promising
(THz), mid-infrared (MIR) or neainfrared (NIR) spectral range is development to this end has been the demonstration of THz
focussed onto the tip of a scanning tunnelling microscope, where ggreaking of electrons photoemitted from a sharp metal tip
eld, E(t), coherently controls the current across the tunnel junctio[}212] and the subsequent adaptation of this approach to the

The nonlinearity of the tunnel junction leads to an asymmetric . . .
current pulsei(t), with a recti ed component that can be detected b TM geometry 208 213, which provides a convenient way

time-integrating electronics. The duration of the current pulse for 10 sample the THz waveform at the tip apex. One potential
unipolar tunnelling is less than halh@scillation cycle of the probe, challenge we foresee for this approach is that when the sam-
de ning the time resolution. The relative oscillation frequencies argyle contains a strong resonance within the bandwidth of the

not to scale. (b) The lightwave-driven tunnelling concept holds in . . . . - .
the strong- el(d)regimegof optical nonlinearity dg ned hgre as 1 probe pulsethe eldinthe junction will feature a free induction

where is the Keldysh parameter. Solid lines show voltages for decay [93 thatis not presentwhen the tip is retracted from the

which = 1 for different scanning tunnelling microscope tip surface (or in close proximity to a test sample). In such a case,
heights. Above the work function of the sample £ 5 eV here, anin situalternative to photoemission sampling may be neces-
grey dashed line) the tunnel apparent barrier width becomes voltaggy e g. scattering-type scanning near- eld THz microscopy

dependent, corresponding to the eld-emission regime (grey shad . : o
region). The frequencies of the pulses in (a) are shown as vertical‘,z'gee sectior13 by Jessica L Boland). Here, we note that it is

dashed lines (red: THz, 1 THz; green: MIR, 30 THz; blue: NIR,  importantto distinguish between the spectral content of the in-
300 THz). We note that for a constant input eld the voltage applie¢oupled pulse, i.e. the amplitudéits Fourier transform, and
across the junction is constant, i.e. it does not change Wiz06, LWD-STS, through which the intrinsic physics of the tunnel
209, and emphasnze that (b) is a conceptual map of the relevant junction is related to the eld of the driving pulse.

LWD-STM regimes, not eld enhancement. . .

The spectral content of the input pulse is also a key param-
eter for its eld enhancemednrat the tip apex. Whereas the
eld enhancement at THz frequencies reache$ th01® in
THz-STM [202, 203 206, 208,213 214, this enhancement is

an optical antenna geometr21d. We discuss the relative inversely proportional to frequency due to capacitive effects.
merits of differentfrequency ranges for LWD-STM (illustrated’ip heating is also more prominent at higher frequencies, as
in gure 21(a)) in the next section. has been observed recently in LWD-STM experiments at NIR

Oscillation period, T (ps)
(b) 1 0.1 0.01
L Lo v v v 0y Lovv vy 0
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frequencies 204]. Nevertheless, the fastest time resolutiof202 213. In the future, time-resolved THz-STS will further

in LWD-STM is achieved with the highest driving frequen+eveal transient changes to the current...voltage characteristic
cies. Therefore, with this motivation, we outline some of thimduced by the pump. Another approach is to employ both a
key considerations and challenges in designing future ultrafastherent pump and probe, for example in a local, lightwave-
sources for LWD-STM. driven excitation 203 or in a cross-polarized geometry to

To fully realize the potential time resolution for a giverindependently couple to the samp29], though care must be

frequency, the pulse should baly a single oscillation cycle taken to account for interference and nonlinear heating. A key
long. Furthermore, the pulses should be phase-stable andaividening the reach of LWD-STM will be to use these and
suf cient eld strength to drive tunnelling, while the laser rep-other geometries to target speci ¢ phenomena of interest with
etition rate should be high enough to produce a measurahigh ef ciency. For oscillatory phenomena, the initial phase of
signal. The duty cycle of the lightwave-driven current and itdhe oscillation needs to be locked to the excitation process in
interplay with tip height is another key consideration. For typerder for its effect to be imprinted on the average lightwave-
ical THz-STM parameters (100 fs current pulses, 1 MHz rephiven current 203. Another potential strategy is to spatially
etition rate) the duty cycle is £3. To account for this and separate alocal excitation from the lightwave-driven probe, for
produce a measurable average current, the tunnel rate neagtmple by using a multi-probe STM geometry. In general,
be increased for THz-STM experiments. One way to do thi®mbining LWD-STM with other advanced scanning probe
while maintaining STS function is by operating with a tigechniques promises to imiluce yet new pssibilities, both
height that is closer to the sample than for steady-state ST further technical advances and for a richer understanding
operation. For the same peak voltage at higher probe frequehthe dynamics of the tunnel junction.
cies, and hence lower duty cycles, the tip must be moved yetLooking forward, new challenges, both technical and con-
closer to the sample, which is not always stable, or the regeptual, may arise as the scientic scope of LWD-STM
etition rate must be increasethough this conversely leadsexpands. Nevertheless, tackling these challenges will be well
to larger heating effects2P4. Most importantly, the com- worth the effort, as LWD-STM affords a unique view of the
patibility of a given frequency and peak eld strength withhanoworld. Unlike diffraction-based probes, itimages directly
the concept of lightwave-driven tunnelling should be considR real-space, and remains tbely ultrafast microscopy tech-
ered. The Keldysh parameter,distinguishes the strong- eld nique for which simultaneous atomic spatial resolution and
regime ( < 1), in which lightwave-driven tunnelling occurs,sub-picosecond temporal resolution has been demonstrated. It
from the multi-photon regime & 1) of optical nonlinearity. Provides exclusive access to dynamics in a number of systems,
Itis givenby = 2me |/ (eE), where is the angular fre- including the ultrafast motion of single molecules and, in prin-
quency of the driving eldme is the electron effective mass,ciple, wavefunction dynamics. The prospects for future LWD-

| is the ionization energy or barrier heigktis the charge of STM studies are diverse, ranging from atomically-resolved
the electron, anét is the driving eld strength. The Keldysh dynamics in quantum materials to quantum statistics in the
parameter can also be written as= / ;, where . is the regime of few quasiparticles. Ultimately, we envision its in u-
tunnelling rate through the b@er. The minimum voltagd/ €nce reaching past fundamemaaterials research to impact
that can be applied across a tunnel junction of widlthithin ~ incipient technology, such as next-generation solar energy
the strong- eld regime isV= d 2me /e Figure21(b) conversion and quantum computing.
shows the result of this calculation as a function of frequengy 3 Concluding remarks

f = / 2 andoscillation period = 1/f for atypical material
work function of | = 5 eV. For voltages abovg/ ethe system With the advent and rapid development of LWD-STM, espe-
enters the eld emission regime, where the apparent gap widilly at THz frequencies, ultrafast STM has now progressed
depends on voltage and the spatial resolution degrades, at 18§yond the demonstration phase. A number of steps still
for steady-state STM. Reducing the gap distance improves flgghain to make the technique practical and generally applica-
situation, allowing lower voltages to be used for lightwavedle, but it can now be employed for scienti ¢ exploration. We
driven tunnelling at a particular frequency. However, thef@recast an exciting time for the eld over the next ve years,
is a clear trade-off between time resolution (10% to 50% &g the number of groups working in ultrafast STM expands. We
one oscillation period for a single-cycle pulse, depending ¢i9te that even since the submission of this roadmap a number
the nonlinearity of the current...voltage characteristic) and @&@ew LWD-STM papers have been publish2d$. 219 that
voltage range over which the concept of lightwave-driven tuee unfortunately do not have space to feature here. Movies
nelling holds. For example, NIR and optical frequencies afd transient electron densities resolved in energy, space, and
predicted to reach the strong eld regime only for voltageme with femtosecond temporal resolution and atomic spatial
above the work function. In general, gurl(b) serves as resolution may even be widespread in the near future.
a guide for selecting an appropriate probe frequency for a
particular LWD-STM experiment. Acknowledgments
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