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Abstract: Photoinduced phase transitions in organgompounds with strong
electron correlationET [bis(ethylenedithioYetrathiafulvalengbased saltsU-(ET),ls,
d-(ET),RbZn(SCN), o-(d-ET),Cu[N(CN)Br] were discussedbased on time resolved
optical pumpprobe spectroscopysing ~150 fs mid-infrared pulse, 12 fs near infrared
pulse, and supicosecond terahertz puls@) In chargeordered insulator§+(ET).ls and
d-(ET),RbzZn(SCN), we captured ultrafast snapshotscbarge dynamicse., immediate
(ca. 15 fs) generation of a micragmc metallic statgor equivalently the microscopic
melting of the charge ordewhich is driven by the coherent oscillation (period; 18 fs) of
correlated electra Subsequently, condensation of the microscopic metsthiteto the
macroscopic scaleocaurs in U(ET)ls. However, in d-(ET),RbZn(SCN), such
condensation is prevented by the large potential barrier reflecting the structural difference
between the insulator and metal) (n a Dimeri Mott insulatora-(d-ET),Cu[N(CN),Br],
photogeneration ofhe metallic state rises durirgp. 1 psthat is much slower than the
melting of charge ordebecause thphotoinduced insulator to metal transition is driven by
the intradimer molecular displacement in the dimer Mott insuldtoe. ultrafast dynamics
of photoinduced insulatometal transitionslepend stronglpn the molecular arrangement
reflecting various competing phases in the ET sheets

Keywords: photoinduced phase transitionultrafast spectroscopy; insulatoretal
transition; charge order; Mott in&tor
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1. Introduction

The insulator to metal (M) transition is the most well known electronic phase transition in
correlated electron systems, as describetthértext book[1]. The I M transition is a melting of the
frozen charge, which is localized by Coulomb repulsion interadtiofon-site) andV (inter-site),
i.e., the charg®rdered (CO) insulator and Mott insulatdfigure lap shows the schematic
illustrations of the CQOnsulaor (Figure 18 andthe Mott insulator(Figure 1b), respectively. Charges
are localized in a pattern of 1, 0, 1,10¢ nithe CO insulator and 1, 1, 1,é& in the Mott insulator.
The damatic change of the electronic phase from insulator to metaltattrach attention in itself,
but this phenomenons also related tather exotic phase transitions involving superconductivity,
ferroelectricity, and ferromagnetism. Many examplesi M transitions induced by the filling control
(FC) andthe bandwidth cotrol (BC) have been reported in 3d transition metal oxjdgsnd/or low
dimensional organic conductof8,4] (Figure 2a) In addition, photoexcitation can inducéM
transition [3 16] (Figure2b).

Figure 1. Schematic illustrations ofaf CO insulator andb) Mott insulator.U, V, andt
respectively represent esite and intesite Coulomb energies and an intermolecular
transfer integral.
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The photoinducedilM transitions(PIMTs) are dynamic melting of the electron ordering in a Mott
insulator and the CO insulatolhe Mott and the CO insulators sometimes compete with the
dielectrically and/or magnetically cgded phases @he superconducting staféi 4].

Therefore PIMT is expected to induce electronic or magnetic ordérashort laser technology
enables us to realize higipeed switching in terabit/s of optical, electronic and/or magnetic properties
(Figure 3a) Furthermore, discovery of new material plsagerders B and C in Figur@b) as
norrequilibrium state on the free energy surface with multi stabilitieexpected.

Figure 3. Schematic illustrations ofa] optical switch and k) photoinduced Ipase
transition from the ground state to Requilibrium states on the free energy surface with
multiple stabilities.
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Layered organic compounds (EX)[ET; bis(ethylenedithio)tetrathiafulvalene, hereafter, &
anion (acceptofare typical of organic compounds with strong electron correl§B@h. The series of
this compound consists of ET (donor, D) and acceptor (A) sheets, as portrayed schematically in Figure 4
A characteristic feature of this organic salt is thatdtieerencein the molecular arrangemeim the
donor sheet shows various polytypes suct-a+, anda-types, as depicted in Figure 5. In/type
charge transfer (CT) salts, the highest occupied molecular orbital band of D sheets (average charge of
D molecule is +0.5) is 3Milling. In such salts, a CO insulator, in which the electrons (or holes) are
sometimedocalized on the molecular site in a pattern as shbya red circle, is stabilized at low
temperaturéFigure5ap).

The M transition is an electronic transition. However, such a dramatic change of the electronic
state necessarily affects the lattice, although the manner of eldattime interaction depends
strongly on the kind of compound. THeM transition in the tygial ET saltd}(ET),ls (Figure5a CO
[T M transition temperatureT,, = 135 K [17i22] shows very small structural chan§gl(CO),

Pll (metal]. However, theilM transition inanother COcompound ¢-(ET);RbZn(SCN) (Figure 5b,

Teo = 195 K) [23i 25], shows thdargesymmetry breaking of the molecular arrangement uponi tie |
transition (C2(CO), 1222(metal)), which is induced by changes of the intermolecular dihedral angle.
An interesting asect of the CO is ferroelectricity. Our recent results reveal that a CO Sta{ET),l3
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shows ferroelectricity, which is attributable to the breaking of the inversion symmetry as a result of
charge disproportionation, not by a structural deformai@&j. Such ferroelectricity induced by the
electronic origin (electronic ferroelectricif)27i 29]) is advantageous for high speed switching or
modulation of dielectric properties.

Figure 4. Crystal structure of (EEX consisting of donor (ET) layers and actepayers.

Figure 5. Schematic illustration of the molecular arrangemémt (a) U-(ET)ls;
(b) d~(ET),RbZN(SCN),; (c) a-(d-ET),Cu[N(CN)]X (X = Br, CI). Red circles and dashed
rectangles respectively denote the localized charge and the unit cetiri@ed indicate
the electric dipole moment induced by the CO.

metal metal

(@) a-(ET),l, (b) ¢-(ET),RbZNn(SCN), () k-(d-ET),Cu[N(CN),]X
:X=Br, Cl

Other layered ET salts-(d-ET),Cu[N(CN)]Br and a-(d-ET),Cu[N(CN)]CI presented in Figuréc
areDimeri Mott (DM) insulatorg[30i 35]. In a-type ET salts, the ET layer has a unit comprisipgia
of ET molecules (ET dimer). If an effective-site Coulomb energyqimer 0N each dimer site is larger
than a critical value, which is usually of the order of the bandwidth and proportional winreer
(or equivalently intesite) transfer energy, then electrons are localized on each dimer site in a
Hubbard model, forming Bimeri Mott insulator.
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Various electronic properties have been observed using physical and chemical methods for tuning
of bandwidth. The BC phase diagramafype (ET}X salt, comprising a Mott insulator and metal
(superconductor) phaseseparated by a characteristic curved boundary, is drawn by changing
chemical pressure through deuteration of ET and substitutions of X, or by changing of external
pressure as discussed in eefgection

In this study, we investigated the fundamental mechanism of photoinduced melting of the CO and
the Mott insulators for different polytypes U and o type salts.The differences in molecular
re-arrangement in the thermdlM transition for espective polytypeare evidentTherefore such an
approach is effective for clarifying the roles of the electron correlation and the elphtyoon
interaction in the PIMT.

This review is organized as follows; in Sect@nexperimental setups for vau® methods of time
resolved spectroscopy in neafrared, midinfrared (IR) and terahertz (THz) regiofts investigating
the PIMT will be described. In Sectio, PIMT in CO insulatord}(ET),lz and d-(ET),RbZn(SCN)
will be discussedbased on resultsfmearlR and midIR pumpprobe spectroscopy with time
resolution of 200 fs3 11 3.3.) [15,36], optical pumpTlHz probe spectroscop.@. [37], hightime
resolution spectroscopy using infrareeb@ical cycle (12 fs) pulses3.6.) [38]. The PIMT in the
Dimefi Mott insulator a-(d-ET),Cu[N(CN)]Br is discussed in Sectiod [39]. In Section5, we
summarize the results described above.

2. Experimental Section

Single crystals of}(ET).ls (~1.5 x 1.5 x 0.2 mm),d-(ET),RbZn(SCN) (~1 x 1 x 0.2 mm) and
deuterate@-(d-ET),Cu[N(CN)]Br (~1 x1 x0.5 mm) ands-(d-ET),Cu[N(CN)]CI (~1 x1 x0.5 mm)
were prepared using a previously reported procedure [17,23,31]. A schematic illustration gqfrpbenp
spectroscopyFigure 6a) and diagram bthe experimentgFigure 6b) are presented. Photoinduced
changes of the electronic states in the sample were measured by the probe lights, which are reflected
transmitted from the sample. For near and-fRidpoumpprobe measurements, the fundamentagbuut
from a Ti: Sapphire regenerative amplifier (Hurricane; Speelngsics) operating at 1 kHz, 800 nm,
with a pulse width ota. 100 fs was used for the excitation of optical parametric amplifiers (OPAS) or
the generation of THz pulse.

For the nearand midIR pumpprobe measurements, signal, idler pulses generated in type II
b-BaB,O, (BBO) and differential frequency generation (DFG) between them were used as pump and
probe lights. Energies of pump and probe beams are, respediixety0.89 eV and,, = 0.1/ 0.8 eV.

Time resolution of the neamid IR pumpprobe measurement was approximately 20@dsermined

by the pulse width of the signal, idler and DFG pulsesi(180 fs). For pumyprobe spectroscopy

with higher time resolution,uper broadband 2nd stage OPA with a degenerate type | configuration in
BBO crystal [40], which was pumped by the Ti: sapphire amplifier, was constructed. In such
degenerate OPA, phase matching condition is satisfied i2 1.2¢ m, resul ti migandi n t
OPA. Such super broadband pulses were compressed using the computer controlled active mirrol
compressor or chirped mirror compressor. The center wavelength and pulse widtrespaetjvely,
measured by the frequency resolved time gating (FROG)umeegasnt as 12 fs, and 1400 nim this
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measurement, time resolution of the puptpbe measurement was evaluated as 15 fs by the cross
correlation at the 28 nthick BBO at the sample position in the cryostat.

Figure 6. (a) Schematic illustration of pumprobe (reflection detected) spectroscopy.

(4 represents the time delay between the pump and the probe pulses. Time resolution of the
measurement setups are, respectively, 200 fs-J&Rganid-IR (0.11 0.8 eV), 12 fs [nealR

(0.65 0.9 eV)], and ~1 ps [THz (25 meV)]; ) Experimental diagrams of visibhaid IR
pump-probe measurement, high timesolution measurement and optipaimp and THz

probe measurement.
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For the opticapump THzprobe experiment, a THz probe pulse was generated by the serctand
norinear effect in ZnTe crystal (thickness, 3 mm) and GaP crystal (thickness, 0.5 mm). We employed
the 25 fs pulse frona Ti: sapphire regenerative amplifier (Legend Elite USX; Coherent Inc.) as an
excitation source for generatimgrHz pulse. The teraherfmlse was focused on the 4r#in diameter
sample surface. The residual beam was used for generating a 1400 nm pump beam in the OPA. Th
pumping diameter on the sample was 2 mm. The transmitted THz probe was detected using an
electreoptical (EO) samplig method. The probing energy region and the time resolution were,
respectively, 0.67 THz andca. 1 ps.

3. Photoinduced Meling of CO and Metallic Domain Formation in U-(ET),l ; and
d-(ET).RbZn(SCN), [15,36 39]

3.1. Mid-IR Response Reflecting tRbotoinducedilM Transition[15,36]

Figure 7a,c respectivelyshows t h e pol ari zed r e f-(E€)gdst and ioft vy S
d-(ET),RbzZn(SCN) for the electric field of light perpendicular to the molecular staglxis in
U(ET)l andc-axis ind-(ET),RbZn(SCNJ)]. A reflection band at less than 0.8 eV was assigned to the
CT transition between the ET molecu|d&i 43]. Reflectivity (R) spectra for temperaturds> T, and
T < T, are shown respectively as dashed and solid curves. Open circles in Faglshows the
transient reflectivity changbR/R spectra at 20 K.
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Figure 7. Reflectivity spectra ofd) -(ENqls; (c)d-(ET),RbZn(SCN) [15]. DR/R spectra
measured atty = 0.1 ps (20 K) are shown as red circles fdr) (-(ET)als;
(d) d-(ET).RbZn(SCN). Excitation energyEex and intensitylex are, respectively, 0.89 eV
and 0.1 m&n?. Differential spectraRy-R)/R reflecting the thermaliM transition are
shown in b) and ¢) as solid curves.
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The pump Eex = 0.89 eV) and probe lights were polarized perpendicular to the molecular stack.
The DR/R spectra measured & = 0.1 ps are analogous to the differential reflectivity spectra
(RuwT R)/R (solid curves in Figur@b,d), in whichRy andR, respectively epresent the reflectivity of
the high temperatur¢150 K [U(ET)l], 200 Kd-(ET),RbZn(SCN)]} metallic and CO insulator
phases{20 K [U(ET)l], 10 K [d-(ET),RbZn(SCN)]}, which indicates that the PIMT occurs
immediately after photoexcitation in both compounds. The spectral coincidence béRygeR)/R,
and the transient reflectivity ithe mid-infrared region shows that the optical excitation results in the
generatiorof the metallic statevhich is similar to the higlemperature metal.

The magnitude oDR/R observed at 0iD.8 eV forty = 0.1 ps increases linearly with excitation
intensity (e,) up to 0.1 m&n?. Considering the absorption coefficief8000 cni® [UT (ET).l4],
15,000 crh' [d-(ET),RbZn(SCN)]} at 0.89 eV and unit cell volum§s690 A for U-(ET),l5, 2050 &
for d-(ET),RbZn(SCN)], the le of 0.1 mdcn? corresponds to the excitation of one photon per
approximately 60QU-(ET),l3], 1600[d-(ET),RbZn(SCN)] and donor molecules. The efficiency of the
PIMT is evaluated as 29Q@+-(ET).ls], and 10qd-(ET),RbZn(SCN)] molecules/photon. According to
these results, PIMT starts with the generation of the microscopic metallic clusters i&0Q00
moleculega scale ota. 10 nm).

The ultrafast (<100 fs) PIMTs for botb-(ET)l; and d-(ET),RbZn(SCN) suggest that these
responses are not driven by structural instability. Recent results of the ol experiment using
threeoptical cycle (12 fs) IR pulsshows that the initial process occurs in tineescaleof ca. 15 fs[38],
as shown in Sectio.5. Such an ultrafast response indicates that the molecular rearrangement or
structural change is unimportant and that electronic processes play a main roke ieeainitial
response is as fast as tiraescaleof the intermolecular CTcé. 20 40 fs).
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3.2. Recovery Dynamics of the Photoinduced Metallic State

In this section, relaxation processes dhe photoinduced metallic state are discussed. Time
evolutions of DR/R at 0.12 eV inU(ET).ls, reflecting the recovery dynamics of the photoinduced
metallic state to the original CO state for varitgs/aluesand temperaturegre shown in Figur8a e.

Figure 9a,b summarize the time evolution§ifure & U(ET)lz (20 K), Figure & U-(ET)ls (124 K)]
together with that of-(ET),RbZn(SCN) (20 K) (Figure 9c). The decay curves d#(ET),ls depend
strongly onle and temperature. Figur@b shows that the decay time of the dominant component
lengthens withe, in the picosecond region. At 124 K, just beldw, the decay time increases more
markedly withlex from the sukpicosecond to the nanosecond time domain. The longer decay time for
thelargerley nearT., suggests the inhomogeneous characteristics of the photoinduced metallic state, as
portrayed in Figure 1Q,e., the microscopic metallic domain is relaxed rapidly to the chardered

state for smalley. For largeley, themicroscopic domains were condensed into the macroscopic domain
to reduce the interfacial energy, accompanying the molecular rearrangement, as described later.

Figure 8. Time evolutions oDR/R at 0.12 eV inJ-(ET)ls, reflecting the recovery dynamics
of the photoinduced metallic state to the original CO state for vafdigusalues and
temperatures are shown. Fitting curves [see the t}t é8e also shown as black curves
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Decay profiles foid-(ET),RbZn(SCN) (Figure 9c) were fitted using a twwgomponent exponential
curveqR()/R = Apstexpl t/lhs) + Asow € X pt/Uigwiwhose decay timeghs, Wow [fractions Aas{ (Avast
+ Asiow), Asiow/(Asast + Asiow)] are st= 0.2 ps (0.83) antlo, = 2 ps (0.17). The recovery dynamics are
independent o, (0.00% 0.1 mJ crif) and temperature (2050 K).

The thermodynamic natwsef the photoinduced macroscopic metallic domaikH{ET).l3 will be
described in the nexdection Here, the difference between the relaxation dynamids (&T).ls and
that of d-(ET),RbZn(SCN) is considered. Ind-(ET),RbZn(SCN), marked temperature anidy
dependences were not observed, indicating that the condensation of the dense metallicidorotin d
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occur. These results are related with how different from each other the structures-ph#ise kand
M-phase are in the thermaliM transition for both compounds: in th€O phase of
d-(ET),RbZn(SCN), structural symmetry is reduced by the chamgenolecular rotation in the-a
plane and molecular tilts from theaxis [23i 25] (Figure 5b), modulating the intermolecular CT,
although such structural modification is very small in the thermidyl Itransition of
U(ET)ls [18,19 (Figure 5a) Considering the large molecular rearrangement is observed in
¢(ET),RbzZn(SCN) [23,24], potential barriers against moleculdisplacementsuch as changes of
dihedral angle, might block the evolution of macroscopic egstasilemetallic domains. Consegutly,

the microscopic unstable metallic domains return to tlbargeordered states within a few
picosecondgFigure 10b). The small structural difference and the small barrier between the CO and
metallic phases it+(ET).l; favor generation of the maacopic metallic domaingigure10c)

Figure 9. Time evolutions oDR/R for [(a) U-(ET).ls (20 K), (,c) U(ET)l3 (124 K)] are
summarized together with that d{ET),RbZn(SCN) (20 K) ().
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Accordingly, the primary processes of the PIMT in the CO ET salts consist of the following two
steps: (i)generation of the microscopic domain by the electronic ptioping responsel{(ET)als,
d-(ET),RbZn(SCN)) in <100 fs timescale and (ii) the condensation of the metallic domain
accompanying the molecular rearrangemerET)2l3). Detailed dynamics dhe microscopic metallic
state in a shorter time region will be discussed in Se8tkn

3.3. Thermodynamiblatureof the Photoinduced M Transition Critical Slowinddownin
U-(ET)la. [15,36]

Another feature of the PIMT itH(ET)yls is that the relaxation timej(of the metallic state shows
critical slowingdown (CSD) [44], indicatinga reduction of the thermodynamic recovery force of the
CO state neaf, as shown in Figuréic,d,i.e., a large instability induces fast recovery Tok< T,
(Figure 11c) The slower recovery fof~Tg, is attributable to its slight instabilitgFigure 11d). The
thermodynamic natusef the photoinduced phase transitioivénbeen extracted from the C3856,46]

As described in the previowsction the slower decay for largés is attributable to condensation of
the shorlived microscopic domain to the macroscopic domain. The temperature dependence of the
decay times oDR/R U and Upon, are shown as functions of reduced temperdfiffie, i for
variousle values in Figurdla Furthermorelhs and (i represent the time constants obtained from
the fitting procedure, with three exponential functions whose time constartig.ard. ps,Ghidge ~15 ps,

and Qow ~ 1 ns (Figures 8 and 9)Of the three components, the decay time of the small
(ca. 5%) componenthiage (~15 ps) is independent of temperature, indicatingGhatie is unrelated to

the I M transition. Thelex depen@nces of the relative fraction for the fast and slow components are
presented in Figur&lb. The fast component was observed solely for smallwhereas the slow
component becomes dominant for large ThereforeJis; and Qo are attributable to theelaxation of

the microscopic and the macroscopic metallic domains. Fiflaeshows that, foiT < Tco, Ghs and
Qiowincrease WitHT/TeoT . 1 |

According to the dynamic scaling theory (DST) of the seamnaiér transition, the CSD observed in
the relaxation time {J of the quasstable state can be representedlby [T/TeoT  'F fvherenandz
respectively signify critical exponents of the correlation lersgind the dynamic critical exponent.
For lex > 0.01 mJ cif, Qiow Sshowssz = 1.8, which is close to the calculated value (=2.1665), as
evaluated by Monte Carlo simulation within the framework of tH2 Bing model[47]. The slow
component is therefore attributable to the macroscopic metallic domain. These medeitcaore that
the thermodynamicharacteristicef the microscopic domain differ from those of the macroscopic domain.

The concept of CSD is available for the seconder transition, although the thermaM transition
in U(ET).l3 is the firstorder phae transition. The reason for the observation of @&Dbehavior in
the photoinduced metallic state is regarded as explained belagebondorder phase transitiothe
energy barrieEg (Figure 11c,d) between both phases is smaller than the energy scale of the critical
behavior,i.e., the energy differencBE >> Eg. In the thermal phase transitioDE is in the energy
scale of the thermal fluctuatidgT (ca. 10 meV).
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Figure 11. (a) Relaxation times fothe photoinduced metallic staie a-(ET),ls, Uast and
Wiows areshown as a function di/Te, 7 fbr| variousle (b) Fraction of the fast (open
circles: (st~ 1 ps)and slow (closed circlel,w ~ 1 ns) decay components are shown as a
function of lex (124 K); (,d) Schematic illustrations of free energy surface for
(©) T << T, (fast relaxation) anddj T~T, (slow relaxation).
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The energy scale of the fluctuation induced by the photoexcitatxtremely largeca. 1000 meV).
Therefore DE >> Eg might be satisfied for the photoinduced phase transition, even if the relation is not
satisfied in the thermal phase transition because the photoinduced metallic state is far from the grounc
state. Inother words, the observed C3ike behaviorsarendghet r ue fAcr i ti cal 0 phe

3.4. THz Spectroscopy of Photoinduced Phase Transition Electronic State of Photoinduced
Metallic Statd37]

Spectroscopianeasurement ifHz or equivalently the far IRegion is well known as a powerful
technique for investigating the metallic state in transition metal oxides andite@nsional organic
conductors. To investigate the electronic state of the photoinduced metallic state with the lifetime of
approximatelyone picosecond, transient THz spectra in a picosedondscaleshould beobtained
using thetime resolved optical pumpHz probe spectroscopy.

In earliersectiors [Section3.1. 3.3], we described that the shdirted (ca. picosecond) microscopic
metallic state was observed for weak excitatioi gk T, whereaghe macroscopic metallgtate is
stabilized in theéimescaleof >ns for strong excitation d-T¢, Such a dramatic change of the lifetime
depending onex andtemperaturestrongly suggests a difference between the electronic characteristics
of the microscopic metal and that of the macroscopic metal. However, optical spectrafthnegibn
cannot probe such a difference.

Figure 12ap shows transient terahert#DOD, photoinduced absorption change) spectra observed
respectively at 20 K (a) and 124 K (i)0.1 ps,ex = 0.03 mJ/crf). Both spectra show an absorption
increase in th@Hz region, indicatinga closing of the optical gap. The time profiles of @D shown
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in Figure 12c,d shows behaviors that are analogous to those of-iRidesponse (Figures &nd9).
However, the transient THz spectra in Figurab provide additional informationj.e., broad
absorption is detected at 20 K, although the Dilide spectral weight exists in the low energy
(<5 meV) region at 124 Kred arrow in Figurel2b). Considering that the time profile presented in
Figure 12d reflects the recovery of the macroseopnetallic state, the Drudike THz response
detected at 124 KT(~ T.,) corresponds to the macroscopic metallic state. The broad absorption
increase at 20 KI(<< T,) is attributable to the microscopic metallic state.

Figure 12. (a,b) Transient absorgin (DOD) spectran U(ET).lz at @) 20 K; () 124 K in
THz region Eex = 0.89 eV, le, = 0.03 md/crf); (c,d) Time evolutionsdetectedat
5meV [€) 20 K; d) 124 K].

VA AN

It is worth notingthat the Druddike spectral weight detected at 124 K is not observed for the
thermal TM transition, indicating that the low energy electronic characteristics of the photoinduced
metallic state differ from those of the hitggmperature (HT) steady statestallic state. The electronic
properties of the photoinduced macroscopic metallic state remain unclear. However, one possible
explanation is that in the photoinduced macroscopic metallic state, the charge disproportionation (CD)
is melted on the BC moleailar stacks in Figure 5 arising from the asymmetric structure, is markedly
weakened in addition to the melting of the correlated CD on theNdtack. In the HT metallic state,
however, the CD on thel® stack remaingl8].

3.5. Ultrafast Snapshot of Coriated Electron Dynamics 10 fs Spectroscopy of Photoinduced
Phase Transitiofi38,41]

In earliersectiors, the recovery dynamics of the photoinduced metallic state were disdozsed
on the neat mid-IR and THz spectroscopy with the time resolution of 200 fs to 1 ps. However, that is
insufficient to capture the initial dynamics for thiéV transition. Here, ultrafast snapshots are captured
using the 3optical cycle 12 fs puls@ near IR region.



