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We employ few-femtosecond extreme ultraviolet Tee 2s

(XUV) transient absorption spectroscopy to reveal simulta- . g e Mo

neously the intra- and interband carrier relaxation and the light°"> = 20

induced structural dynamics in nanoscale thims of layered Zas

2H-MoTe, semiconductor. By inteogating the valence ¢ . z

electronic structure via localized Tel439 46 eV) and Mo {77 ™7 dte i

4p (35 38 eV) core levels, the relaxation of the photoexcitedt = O wy Cos

hole distribution is directly observed in real time. We obtainf® °§ ¥ %i'e’ XV | i

hole thermalization and cooling times of #55 fs and 38Gt CaV RV N o 4p '

90 fs, respectively, and an electrdiole recombination time of e & ¢ ¢ Todd 323 tonEneray v 1%

1.5+ 0.1 ps. Furthermore, excitations of coherent out-of-plane

A4 (5.1 THz) and in-plane E; (3.7 THz) lattice vibrations are visualized through oscillations in the XUV absorption spec
By comparison to BetheSalpeter equation simulations, the spectral changes are mapped to real-space excitel
displacements of the lattice along the dominagy ¢oordinate. By directly and simultaneously probing the excited carri
distribution dynamics and accompanying femtosecond lattice displacement in 2H,-Widflia a single experiment, our work
provides a benchmark for understanding the interplay between electronic and structural dynamics in photoe
nanomaterials.

transition metal dichalcogenide ,Mmfeer thermalization, carrier-phonon scattering, coherent lattice vibre
extreme ultraviolet pumpmbe spectroscopy

he compound MoTes a member of the emerging ality,*'°the overall performance of TMDC-based devices

class of two-dimensional layered transition metgle gdominated by the individual subcompisecurrier

dichalcogenide (TMDC) materials with atomically \ o a1 £or devices involving multilayer tHins of
thin layers separated by weakly bound van der Waaqg ' 9 y

interactions. ® While MoTg is stable in two structural phases 2H-MoTe, the carrier transport properties within the MoT¢
at room temperature, including the semiconducting hexagoralbcomponent can dictate their functiorfdfityh addition to
(2H) and semimetallic monoclinic (L'phases, the more o carrier dynamics, there is a growing interest in the i
thermodynamically stable 2H-phase Mdias attracted . ! .

signi cant interest due to its band gap of 0.9 eV in bulk andtduced structural responses of TR&DAxluding MoTgand
1.1 eV in the monolayer, similar to that of Si (1.1 Rekent

investigations have shown the potential for integrating both August 19, 2020

monolayer and multilayer TMDC semiconductors into October 14, 2020

devices, including transistdrghotonic logic gatéghoto-

detector§, and nonvolatile memory célirhile the typical

device application involves stackingreint subcomponent

thin- Im materials into heterostructures to extend function-
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Figure 1. (a) Static XUV absorption spectrum of 2H-MgWéth Mo 4p;, CB and Te 4,3, CB absorption edges labeled3 The

Mo 4p,, CB edge is too weak to observe and is omitted. (b) Band structure of 2H-Madieg the K M  path. The corresponding
core-level transitions for the three absorption edges labeled in (a) are shown by vertical blue and purple arrows and Bbeteddingly.

Note that the arrows only show tlansebf the core-level absorption edge for the case of the material without WéRexcitation. As the

XUV energy is increased above each onset, carriers are promoted to higher energies in the &Bratmisitions throughout k-space. One
representative VB CB transition induced by the NIRvis pump pulse (of the range of transitions possible from the broad bandwidth
pump) is shown as a red arrow. (¢) An expanded plot of the normalized XUV absorption spectrum in the Te window (black line). The red-
dotted and the blue-dotted lines are plots of the calculated normalized CB DOS relative to thg,Teode level (labeled DOS_4¢l) and

4d,, core level (labeled DOS_4g4), respectively. The derence in the relative amplitudes of DOSg4@nd DOS_ 44}, is described in the

main text. The sum of DOS_4¢d and DOS_ 44, is plotted (green solid line). (d) Model of the XUV transient absorption probing scheme

for 2H-MoTe,. The VB and CB are shown as parabolic bands. The solid (dashed) parabolas represent the bands with (without) band gap
renormalization. The photoexcited holes and electrons are represented by the shaded light-green and dark-green areas, respectively.
Representative XUV transitions from the Tetgbre levels are shown with and without an X to represent a decrease or increase in absorption
relative to the static spectrum, respectively, due to sthitey.

WTe,, especially for applications in optically controlled phadéetime, but without carrier sp@ify and without sensitivity
transitions® *° to hot carrier intraband dynamics.
Recent studies have therefore aimed at characterizing thé\s a possible solution to these challenges, recent

carrier relaxation and associated structural dynamics of féQxestigations have shown the potential of using ultrafast
layer and bulk 2H-MoF&*° 18 Although the understanding core-level spectroscopy such as XUV transient absorption to

of carrier-spea dynamics of holes and electrons is critical fop|sentangle the intraband hole and electron dynamics in

desianing ambioolar semiconductor deVite separatin semiconductofs.*®> In XUV transient absorption experi-
gning P 'SEP g ments, an optical pump pulse excites carriers across the band

the di erent contributions of the charge carriers by '[raditionaéap at time zero, and, at a series of controlled time delays, the
time-resolved optical/IR and THz spectroscopies is Cha”enéﬁergy-dependent change in carrier population is probed by
ing due to overlapping spectral features. This is exeyli  core-level transitions to the partially occupied valence band
the studies of 2H-MoJ &y Li et al.® and Chi et al.] where  (VB) and conduction band (CB). In some cases, photoexcited
THz and optical experiments were used to measure the carfigmies and electrons can be separately and simultaneously
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attributed to changes in spectrally distinct transitions from by the arrival of a broad-band (80 eV), sub-5 fs XUV
atomic core levels to the transiently empty states in the Viulse produced by high-harmonic generation. The transmitted
(holes) and reduced absorption in the transielidgi CB XUV intensity through the sample is measured as a function of
(electrons). These phenomena are collectively referred to hereoton energy, I(E), by a spectrometer. The transient
as‘state-lling” It is possible not only to distinguish the hole absorption signal, OD(E, ) = ODyympon(E, )
and electron distributions but also to gain energy-depende®Dy,myo(E), is determined by the @rence between the
dynamics of the specihot carriers within the VB and CB: XUV absorbance, or optical density (OD), of the photoexcited
The element-specity inherent to core-level spectroscopy sample at timeand the static XUV absorbance in the absence
o ers the additional capability to distinguish the individuabf pump excitation.
subcomponent materials in heterostru&%ﬁ%i;:.inally, the The broad-band XUV pulse allows for the simultaneous
sensitivity of core-level spectroscopy to bonding, bonabsorption measurement covering the M@tiges (35 38
distances, and symmetry provides simultaneous structugad, referred to as tli®lo window) and the Te N5 edges
information on photoexcited materald? (39 46 eV, referred to as thie window). The transmission

In the present study, we apply sub-5 fs XUV transierdf the broad-band XUV spectrufig(ire S1ds referenced to
absorption spectroscopy on a 2H-MakEeniconductor thin  the transmission of a blani\Sisubstrate to obtain the static

Im ( 50 nm/70 layers) to probe the dynamics of intrabandabsorption spectrum of the thim 2H-MoTeg sample: i.e.,
carrier-speat relaxation, interband electrbole recombina-  absorbanca = 10g(pjan !sampid: Which is shown iRigure a.
tion, and excited-state coherent lattice displacement. W&JV transitions in the Mo and Te windows occur by
obtain element-speciinformation by simultaneously measur-promotion of Mo g/, 1., and Te 4, 3, core electrons to the
ing the spectral range around the Tg &bsorption edge CB, respectively. The onset of the transitions from each
(39 46 eV) and the Mo Nedge (3538 eV), as a function of observed core level is labele® in Figure &, and the
delay time after optical excitation. The XUV absorptiortorresponding transition is shown schematicallytire b.
captures the same total density of states information at baklote that the arrows fFigure b only show thenseof each
edges. This enables us to analyze the hole distributi@are-level absorption edge. As the XUV energy is increased
dynamics in the VB, distinguishing between thermalization above each onset, carriers are promoted from the correspond-
the holes by carriecarrier scattering, subsequent cooling bying core level to higher valleys in the CB atreint k-space
carrier-phonon scattering, and the much slower elduiten  positions throughout the Brillouin zone. In the Mo window,
recombination process. We also report on the observationtat onset of transitions from the Mm,4core level is too
light-induced coherent lattice vibrations in the out-of-plane Aweak to observe in the static spectrum and is omitted from the
and the in-plane;Fmodes of 2H-MoTewhich are captured analysis. The onset of Mm4 CB absorption is measured
via high-frequency oscillations (THz) in the XUV spectra. Byt 36.1 eV and labeled edge 1. In the Te window, the onset of
comparison tab initiolBethe Salpeter equation simulations of the Te 4, CB (edge 2) is measured at 40.7 eV and the
the core-level absorption spectrum witerdint 2H-MoTg onset of the Ted}, CB (edge 3) is at 42.2 eV. The 1.5 eV
lattice geometries, the excited-state displacement of the lattéiegaration of edges 2 and 3 matches the JgAspin orbit
that drives the coherent motion is extracted. Using thisplitting in MoTe con rmed by XPS spectr&upporting
approach, we are able to capture the real-space lattigBormation Figure $3When the VISNIR pulse excites the
displacement simultaneously with the cacaerier thermal-  material, additional transitions become accessible from the

ization of the holes, cooling (hole-phonon), and elettot®  core levels to the VB and transitions to the CB can be reduced
recombination, leading to a cohesive picture of carrier arflie to statefling, as discussed below.

structural dynamics in a layered semiconductor nanomaterialConsidering more closely the Te windBigire t), the

relatively sharp features allow for a detailed mapping of the CB
density of states (DOS) from the Tkcére levels. First, DOS
Experimental Scheme and Static Absorption of 2H- calculations are performed, which are described and shown in
MoTe,. The experimental apparatus and methodology of thdetail in the Supporting Informatiéiigure S4in Figure &,
XUV transient absorption spectroscopy measurements p#re calculated CB density of states (DOS) is plotted relative to
formed here have been previously described a detailed the 4k, core level (red dashed line, labeled D@g) 4nd
description is provided in tHdethods section and the to the 43, core level (blue dashed line, labeled D@y3).4
Supporting InformatiorThe experiment is performed on a The relative amplitudes between D@S, 4nd DOS_d;),
thin- Im (50 nm thick, i.e. 70 layers) polycrystalline sample df set according to the expected degeneracies of the core-hole
2H-phase MoTg which is synthesized by chemical vaportotal angular momentum J states (J = 5/2 versus J = 3/2),
deposition (CVD) onto a I, susbtrate of 30 nm thickness which, to rst approximation, predicts a 3:2 ratio fgp 4
and 3x 3 mnf lateral size. The sample is characterized b B versusdi, CB amplitudes. The resulting core-hole-
Raman spectroscopy to awm the 2H-phase structure (see mapped DOS (green solid line) is compared to the
Supporting Informatiofor sample preparation and detailed experimental XUV absorption spectrum (black solid line).
characterizatior)In the XUV transient absorption experi- The close agreement between the calculated CB DOS and the
ments, this sample is photoexcited by a sub-5 fs, visible-XlJV absorption spectrumfiigure ¢ demonstrates that the
near-infrared (VIS-NIR) pump pulse spanning2122eV core hole of the Te )\ absorption is well screened such that
with an average photon energy of 1.65 eV. The initidhe core-level absorption spectrum can be regarded as a map of
photoexcited carrier density lsx 10°cm 3 (i.e., 7 x 10" the CB unoccupied DOS in the valence shell.
cm 2 in each layer, given th®.7 nm thickness per layer),  Within this picture, the probing scheme for measuring the
which corresponds to a 0.1% excitation fraction of the totahrrier dynamics following optical excitation can be understood
valence electrons (se@pporting Informatidor details). The by the model illustrated Figure d. In the leftmost panel,
photoexcited sample is then probed at a controlled time delahove-band-gap photoexcitation produces a nonthermalized
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Figure 2. (a) XUV transient absorbance in a false-color plot versus time shown in the bottom panel and compared to the static absorbance
spectrum in the top panel. The vertical dotted and dash-dotted lines in the upper panel are drawn at the energies corresponding to the CB
minimum and VB maximum, respectively, from both the Npg.A4and Te 45, core levels. (b) Transient absorbance in a false color plot
versus time, expanded from the gray box region in the lower panel of (a). The indicated 200 fs oscillations ierémidi absorbance are
discussed further in thenal section of the paper. (c) Dérential absorbance lineouts averaged over early time delay5@¥6) and long

time delays (2.53 ps). Orange and blue shaded regions indicate the energy windows used for temporal lin€ouiiseirb

distribution of carriers corresponding to a convolution of thelotted in a false-color map as a function of time delay and
excitation spectrum and the VB/CB DOS. The broadphoton energy. Changes are observed in both the Mo and Te
bandwidth excitation in the present experiment producesindows near 3387 eV and 3846 eV, respectively. The
carriers over a large range of momentum values in k-spageund-state absorbance spectrum of 2H-Mo3leown here
Moving from left to right ifigure #, the initial nonthermal again in the upper panelfofure a2 to emphasize where the
carrier distribution is expected to undergo cacdeter major pump-induced absorption changes appear relative to the
thermalization, carrigghonon cooling, and recombination in static spectrum. The dotted vertical lindsgare 2 (upper
accordance with known carrigarrier and carriephonon panel) at 36.1 and 40.7 eV show the energies of thp;Mo 4
scattering processes in semiconduticfhiese carrier CB minimum and the Ted4, CB minimum,
dynamics lead to energy- and time-dependent changes in tespectively. With a bulk band gap of 0.9 eV in 2H-MoTe
unoccupied DOS within the VB and CB, as shown in thé¢he dash-dotted vertical lines at 35.2 and 39.8 eV correspond
schematic. For example, the peak of the hot hole distributiontes the derived VB maximum energy relative to thepyjo 4
expected to shift upward toward the VB maximum due to botiind Te 4, core levels, respectively. Cle@D signals are
thermalization and cooling, which can occur on time scales afserved near these energies in the photoexcited sample. We
10s to 100s 8. *® The corresponding changes to the XUV focus rst on the Te window in the gray box regioRigfire
absorption (OD) due to statelling eects® ?*?° are  2a (lower panel), which is blown up for clarifyigure B. At
schematically illustrated by vertical arrows from the reprenergies above 42 eV within the Te window, the XUV
sentative Tedicore level. In the following sections, the time-absorption spectrum involves overlapping transitions from
resolved OD of the spectrally dispersed XUV probe is usedoth the Te 4, and the Te d;, core levels, as shown in
to extract both the carrier distribution and populationFigure t. Below 42 eV (i.e., 382 eV), however, the
dynamics in 2H-MoTerevealing the individual steps depictedspectrum is characterized by resonant transitions involving
in Figure @. Due to the sharper XUV absorption edgeonly the Te 4, core level, which greatly facilitates the
observed in the Te window as compared to the Mo windovanalyses and interpretation of experimental spectra in this
we focus primarily on the Te N-edge to report on the carrieregion. Two OD spectral lineouts in this energy window are
and structural dynamics in this work. However, as shown in teeown inFigure 2, averaged over short (B0 fs) and long
Supporting Information iRigure S@ndFigure S9the Mo delay times (2.83 ps). Within this energy range (32 eV),
4p,,, core level can also be used to capture the hole populatitiee resonant transitions correspond to promotion of an
dynamics and the coherent phonon dynamics, respectivelyelectron primarily from the Teds4 core level into the
XUV Transient Absorption Following Broadband unoccupied DOS of the VB and CB.
Photoexcitation. In Figure 2@, the change in the XUV Two main features are observed in therelntial spectra at
absorbance, OD (E, ), following VISNIR excitation is early delay times (160 fs window): a positive peak
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Figure 3. (a) Hole population dynamics measured as the integrafdd amplitude at 39.739.9 eV versus time delay. The gray solid line is

the experimental absorption data, and the black solid line is a rolling average over 7 delay points. A single exponential teibeydata

(blue solid line) with a time constant of 15 0.1 ps. (b d) Di erential absorption of the Tedd,, VB hole signal at time delays of 00

fs, 60 80 fs, and 700800 fs. The closed circles are the experimental absorption data, and the solid orange lines arts Vbigt gray

dashed vertical lines show the center energy of the Vaigt each time slice. Blue arrows show the energy shift observed between time

slices. Each derential absorption spectrum is an average over 10 time points within the designated time window. At each time point, 36
OD spectra are averaged and the error bars are calculated as the standard error of the mean. The error for each time point is then

propagated in the average of the 10 time points for each window and plotted with the data. (e) Hole distribution dynamics determined by

extracting the center energy of the Té&s4 VB hole signal using a Voigt at each time delay. The open circles are the extracted center

energies, and the error bars represent the standard error of the center eniéngyparameter in each Voigtt. A biexponential decay

function is t (solid blue line) to the data with time constants of 55 fs and 38G 90 fs.

appearing near 39.5 eV and a derivative-shaped featuneasure the time-dependent amplitude (population) and the
centered at the onset of the ground-statgp 4 CB central energy (distribution) of thly4 VB peak. Ifrigure
absorption edge at 40.7 eV. The positive feature centered3at the hole population measured via the integrdied 4
39.5 eV appears 0.3 eV below the deridgd 4 VB VB absorption amplitude near the VB maximum (39.9
maximum (shown as dash-dotted vertical line). This featurea¥) is plotted as a function of delay time. The population
therefore assigned to transitions from thg dore level to  decay ist to a single exponential with a time constant,of
“hot’ holes in the VB produced by the above-band-gag 1.5 + 0.1 ps, which is assigned to electhomhe
photoexcitation (schematically represented by the left panelrecombination. Thet to an exponential decay is chosen to
Figure d). In the later time window (2.8 ps), the dg, provide a direct comparison to recent Mid-IR and THz
VB hole feature has disappeared and the derivative featuréramsient absorption measurements of the carrier lifetime in
characterized by a slight blue shift relative to the early delai-phase MoT,&%"’ In the THz study? the carrier lifetime
times and a sigmiant increase in absorption at energiesis found to be dominated by a phonon-mediated trapping/
between 40.6 and 40.9 eV. Severddt® contribute to the recombination mechanism, accelerated by Auger scattering,
derivative feature, including stéitag by the electrons in the which can be reduced to a single exponential decay constant of
CB and band gap renormalization (BGR), as schematically2 ps. This is consistent with our resulpgf= 1.5+ 0.1 ps,
illustrated irFigure #2%***° These overlappingexts, which  but here we can explicitly assign this time constant to
are discussed in detail below, make the electronllstgte- electron hole recombination with minimal contributions from
signal less straightforward as compared to the hole signalldng-lived carrier traps. Any long-lived trapped holes would
the following, we therefore concentrase on extracting the  still be visible in the XUV transient absorption spectrum, if
hole distribution and population dynamics from the temporgiresent in sucient densiti€s,but no evidence for these long-
evolution of thedl, VB signal centered near 39.5 eV. lived hole states is evident after a few picoseconds (see
Hole Distribution and Population Dynamics in the Supporting Information Figure).Sbhe population dynamics
Valence Band.In order to track the detailed dynamics of of the holes can also be independently extracted from the Mo
both the population and distribution of the holes in the VB, wedge by measuring the decay of the integrateg;Mo 4/B

E https://dx.doi.org/10.1021/acsnano.0c06988
ACS NanoKXXX, XXX, XXXXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c06988/suppl_file/nn0c06988_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06988?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06988?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06988?ref=pdf

signal at 35.135.3 eV Gupporting Information Figure). & carrier scattering using optical transient absorption spectros-
time constant of,,,= 1.4+ 0.1 ps is extracted, which matches copy?’ In the experiment by Nie et al., the hole and electron
the measurement in the Te window within the error bars. dynamics are not distinguished and the optical spectrum is
Turning now to the distribution dynamics of the holesblind to the distinct energy distributions of the carriers.
within the VB, werst examine more closely the @g,4 However, the <20 fs time constant is assigned in that work to
VB hole feature at three representative time sliced®fq) thermalization by carriezarrier scattering, which is supported
60 80 fs, and 70®B00 fs plotted inFigure ® d. The by ab initiocalculations.
spectrum of the hole feature is interpreted in accordance within our experiment, the,; = 15+ 5 fs measured in the
the one-particle picture to directly record the hole energgeak of the carrier-speacihole distribution energy in 2H-
distribution within the VB. In each time slice, thedlg 4 MoTe, is assigned to a similar thermalization step via hole
VB peak ist by a Voigt function to take into account the carrier carrier scattering, as schematically represented in
photoexcitation bandwidth, which produces a broad holeigure 8l (left to middle panels). This assignment is consistent
distribution approximated by a Gaussian function, and theith a recent calculation of carrigarrier scattering in
convolved Lorentzian core-hole lifetime broadening. In theonolayer 2H-MoTeat similar carrier densities (per layer),
rst time slice (010 fs), the &, VB signal is centered at which predicts a thermalization time of sub=20fss is also
39.5 eV, which is 0.3 eV below tttg,4 VB maximum. This  consistent with carriecarrier thermalization time scales
peak is assigned tak4 core transitions to the nascent, measured in other semiconductors including lead iodide
nonthermal hole distribution in the VB, which is representederovskité’ and other layered materials including graBhite.
by the schematic illustration in the left panElgfre d. In Additionally, intra- or intervalley scattering processes involving
the 60 80 fs time slice ikigure 8, the 4, VB hole carrier phonon interactions may also contribute. An inter-
feature has blue-shifted from 39.5 to 39.65 eV. This shift of thalley scattering time of 70 fs was measured, for example, in
holes to higher energies is interpreted as a combination afiother TMDC semiconductor, WSeia ultrafast angle-
carrier carrier (i.e., holehole or holeelectron) thermal- resolved photoemission spectroscopy at similar excitation
ization and partial hole-phonon cooling of the nascent holauence8! However, the hole distribution in 2H-MgTe
distribution, which correlates to the middle and right panels ofieasured here does not reach the global maximum of the
the schematic model kigure @l. Note that while thermal- VB, which is localized at theoint (Figure b), until after the
ization by carriercarrier scattering does not lead to a changelower time constant a@f,;» = 380 £+ 90 fs. The hole
in the total energy of the carrier distribution péwof the distribution energy then remains constant near the VB
hole distribution still shifts toward the VB maximum bymaximum over the remaining hole population lifetimg,of
thermalization to a Fernirac distribution (see Supporting = 1.5+ 0.1 ps. The slower hole redistribution timig,@5 =
InformationFigure S) A slight asymmetry is observed in the 380+ 90 fs is therefore assigned to hole-phonon cooling via
feature at 6080 fs Eigure 8), which could be an indication intra- or intervalley scattering in the VB to th@oint,
of the formation of a Fernirac distribution, but the peak is allowing the carriers and lattice to come into thermal
still t well by a broad Voigt distribution. In the 7800 fs equilibrium before electronole recombination takes place.
time slice irFigure 8, the hole feature is blue-shifted further Spectral Decomposition of Conduction Band Tran-
to the VB maximum at 39.8 eV and the overall amplitude dfients. We now discuss the derivative feature in the transient
the peak is decreased. This BID fs time slice is interpreted spectra near the onset of thg4 CB absorption (40.7
in accordance with the rightmost pan€igidfre @l. The blue eV). Several ects contribute to this feature including band
shift toward the VB maximum represents near-completgap renormalization (BGR) and stdlieg by the electrons in
cooling of the holes, and the decay of the integrated areatbf CB (illustrated iRigure @), excited-state broadening, and
the signal is caused by partial loss of hole population due ltical modications to the structural environment due to
electron hole recombination. phonon excitatioris?*>*° In Figure 4the Te window OD
To map the full evolution of the hole distribution, the Voigtspectrum in the time slice immediately following photo-
tting procedure of thed4, VB peak is repeated for each excitation (010 fs) is plotted along with a manual
time delay within the lifetime of the hole population and thelecomposition of the broadening, BGR, and diate-
extracted Voigt center energies are plotted as a function adntributions in this energy window (further details in
delay time irigure 8. Although the hole distribution can also Supporting Informatipn The decomposition is performed
be t by a FermiDirac distribution at intermediate delay using a similar procedure to that used hghZet al. on
times to monitor the hole cooling proééssne can only  Germanium?
de ne a carrier temperature in terms of a Fddmc The BGR and broadening contributions are calculated
distribution after thermalization has occurred. Since one of ostarting from the measured static XUV absorption spectrum by
primary goals is to distinguish the thermalization and coolirapplying a linear energy shift and convolving the spectrum with
time scales of the holes, the Vditijhg procedure used here a Gaussianlter, respectively. The stalleig e ects are
allows us to trace the entire hole relaxation process usingn@deled by Voigt functions with a positive (negati@s)
single time-dependent parameter. The observed hole enesign for holes (electrons) and by taking into account the
distribution dynamics iRigure 8 can be described by a known spinorbit splitting of the Ted4,, and Te 4, core
biexponential energy shift with a fast time constgpt< 15 levels. The unknown parameters of the shift, broadening, and
+ 5 fs) and a slower componeng,f, = 380+ 90 fs). A state-lling contributions are manually adjusted rid a
monoexponentiat was also attempted, but did not result in a qualitative match with the spectrurfigure 4 The resulting
good agreement with our data (Segporting Information decomposition shows that the Tg4 VB hole signal is

Figure S) The initial energy redistribution time scalg({= clearly isolated from the other transieetts, which makes

15+ 5 fs) from the biexponentidlis very similar to the <20 the interpretation of this feature straightforward (as exploited

fs time constant measured by Nie et al. in, KboSarrier in the previous section). The situation is less straightforward
F https://dx.doi.org/10.1021/acsnano.0c06988
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0.03 di erential absorption at these photon energies in a
continuously heated sample compared to the room temper-
ature sample (details Supporting Information Figure) S5

Since both of these recombination-inducect® can lead to

the observed increase in the XUV absorption at 40.65

eV, we assign this time-dependent increase as a signature of the
electron population decay and corresponding nonradiative
lattice heating.

Coherent Lattice Displacement Dynamics. Super-
imposed on the slowly varyin@D signal described in the
previous section, high-frequency oscillationsGb are
evident near the derivative featuré&idgnire b, the OD at
XUV energies where the largest-amplitude oscillations are
observed (40.4%0.65 eV, marked as orange shaded region in
35.0 38.5 35.0 35.5 40.0 405 41.0 415 42.0 F@gure 2) is plotted as a function of deIay.tim_e. The inset in

Photon Energy (ev) Figure B shows the high-frequency oscillations at 40.45
40.65 eV after subtraction of the slowly varying signal. In
Figure 4. Solid black line is the experimental transient absorption Figure 8, the Fourier transform (FT) spectrum of the time-
data at a time delay of A0 fs. The colored solid lines are the  domain oscillations in tifégure B inset is plotted, showing
manually decomposed contributions from the statmg (SF), the presence of two clear vibrational frequencies at 69 cm
broadening, and bandgap renormalization (BGR), which are (5 1 1H7) and 122 cm (3.7 THz). These frequencies match
determined by the procedure described in the main text with closely to the Aout-of-plane and;gin-plane optical phonon
further details in theSupporting InformationThe total sum of the .
decomposed contributions is shown as the solid purple line. modes_ of 2H'MOT2? respectlve'ly, as observed by Raman
scattering’ (Supporting Information Figure) Sbhe phonon
motions associated with these modes are shown schematically

for the electron signal (staténg: Te 4k, CB), which  in Figure &. _ _

overlaps with the Tal4, VB hole signal and the BGR and ~ From the FT spectrum ifigure 8, the amplitude of the
broadening contributions of the Tig,4 CB edge. Using coherent oscillations in the XUV spectra is dominated by the
spectral decomposition to extract the electron Htage- Aug mode, which is similar to the observation of coherent
signal is possible at short delays when the signal is strongPB@nons through transient optical transmission measurements
shown irFigure 4but as the carriers recombine at later times!n M0S and WSg™*> We note that the g, mode is not

the decomposition becomes less reliable. In the next sectigfServed in the FT spectrum at the characteristic frequency
therefore, we analyze the time-depend®Bt observed near  S€en in the Raman spectrum (2327grhowever, there may

the Te 4k, CB edge (40.65 to 40.9 eV) in terms of both be evidence for a small contribution by this mode, which we
the decay in this electron stdting contribution and the describe in the Supporting Informatiéig(re S0 While
overlapping evolution of the broadening and BGR related the largest-amplitude oscillations are observed near the Te
recombination. ad;), CB edge (40.4%10.65 eV), oscillations at the

Electron Population Dynamics and Recombination- ~ dominant A, frequency are also seen in other spectral regions,
Induced Lattice Heating. In Figure &, the integrated including near the ho_Ie signal in t.he Tg window and near the
di erential absorption amplitude at energies near the onsetP €dge (se&upporting Information Figure FIHocusing
the 4k, CB edge (40.65 to 40.9 eV, marked as blue shaded! the 40.4540.65 eV region, the qsullat[ng signal plot'ted in
region inFigure 2) is plotted as a function of delay time. The the inset ofigure 6 can be t (blue line) using the following
initial decrease in absorptiont & 0 is followed by a slow function:
increase, leading to an overall positieratitial absorption -
after 2 ps. The slowly evolving increaset i a single OD(M) = 40082 t+ )+ 20082 tzr )
exponential growth, and a time constant of 1061 ps is @
extracted. This time constant matches well with the decay where ,, ,, and |, correspond to the amplitude, frequency,
the hole signal shownFigure a. Two overlappingectscan  and phase of the™ vibrational component. Theted
contribute to the increase in absorption between 40.6 to 40f@&quencies are; = 5.08+ 0.01 THz and , = 3.69+ 0.02
eV, both of which are caused by electrole recombination. THz, in agreement with what we observe in the FT spectrum
The rst is the electron kinetics in the CB. As illustratedn Figure 8, and the tted phases arg= 0.95 + 0.07 and
schematically iRigure 8 and demonstrated by the spectral ,=0.1 + 0.2.
decomposition ifrigure 4the initial statelling e ect in the There are two possible mechanisms for the observed
CB leads to a decrease in absorption at these energmsherent phonon generation when the optical pump pulse is
immediately following photoexcitation. When eledinde resonant with the electronic excitations of the material. First,
recombination occurs, this causes the reopening of these stéteselectronic excitation can lead to a direct change in the
with a corresponding increase in i 4 CB absorption.  charge density of the electronic excited state and drive the
Second, nonradiative electrbale recombination leads to a nuclei to the new minimum of the potential energy surface.
concomitant increase in the lattice thermal energy. Structuithis mechanism is referred to “displacive excitation of
modi cations caused by lattice heat can lead to a&oherent phonoh$DECP)*® Second, the optical pump pulse
corresponding increase in thig,4core-level transitions at can couple the ground-state electronic wave function to the
energies just below the CB minimum due to shifting angotential energy surfaces of electronic excited states through
broadening ects’>*? This is evidenced by the increase in resonant impulsive stimutht®aman scattering (ISRS),
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Figure 5. (a) Time evolution of the integrateddD at photon energies just above th&s4  CB edge (40.65 40.9 eV). This energy range

is indicated by the blue shaded regiorHigure Z. The gray line is the experimental data, and the black line is a 7-point rolling average over
delay time. The blue line is a single exponentiaio the data with a time constant of 146 0.1 ps. (b) Time evolution of the OD just

below the onset of the Ted4, CB edge (40.45 40.65 eV). This energy range is indicated by the orange shaded regimuie Z. The

gray solid line is the experimental absorption data, and the black line shows a 7-point rolling average (smoothed) over delay time. The inset
shows a cosinet to the smoothed data as described in the main text. (c) The Fourier transform (FT) spectrum of the time-depe@dent

signal in (b) is shown as a solid blue line, revealing peaks at 169 @l THz) and 122 cm' (3.7 THz). The orange line is the FT
spectrum of the time-dependentOD integrated over 3132 eV (i.e., where no transient absorption signal is observed) to illustrate the
noise oor. The inset shows a schematic of the displacive excitation mechanism, as described in the main text. (d) The upper panel shows
the simulated displacement-induced change in the XUV spectrum calculated by OCEAN foy,elistiortion direction. The bottom panel

shows the experimentalOD data at time slices of 180 and 300 fs, respectively, demonstrating the uniform increase/decrease of the
absorption near these energies at the two extremes of the coherent oscillation.

resulting in a force driving coherent vibrations of the fattice. excitation pulse in 2H-MoJés clearly displacive and not
As mentioned by Trovatello et*alag consensus as to the impulsive, as determined by the extracted phasés45 +
dominant mechanism in the absorptive regime has not be8r)7 and ,=0.1 * 0.2). With this information, our aim is
established in the literature. Both mechanisms can produceextract the real-space lattice displacement involved.
displacive coherent phonons with cosine phases of ¥or To understand the XUVOD oscillations in terms of real-
For this reason, the Raman scattering mechanism is aiface lattice displacements, vge calculate distorted 2H-
termed‘transient stimulated Raman scatte(ifi§RS) inthe ~ MoTe, structures along the dominant, Alisplacement
absorptive regime, to account for the possibility of inducing@pordinate. This is achieved by displacing eachi ataith,
displacive force by this mechariisiHowever, while the —masam located at; in the MoTe unit cell by a distancer;
DECP mechanism favors only coherent phonon excitations &Png the real part of the eigenveefaorresponding to the
totally symmetric modes ;(A"®*° the Raman scattering dominant Ay vibration mode,q = , computed as
mechanism allows excitation of all Raman-active moded; = /. /MRe eexp(qg;r]. The amplitude of the displace-
Therefore, the excitation of both, And E4 modes FEigure ment, , is chosen such that the maximum real-space
5c) indicates that TSRS contributes to the coherent phonodisplacement of any atom in the simulation cell is less than
excitation in 2H-MoTe Regardless of the mechanism, the0.3 A. Next, Bethé&alpeter equation calculations of the A
force induced by interaction with the ultrashort resonandistortion-dependent Tel4 CB transitions are performed
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using the OCEAN (Obtaining Core-level Excitations aising a growing interest in light-induced lattice displacements in
initio methods and the NIST BSE solver) software packlayered materials for applications toward optically controlled
age’™® The results are plotted ffigure 8 (upper panel).  phase transitions™®

The calculations reveal that the XUV absorption amplitude at
the 45, CB onset reaches a maximum when the Te atoms
are moved outwardly in the direction away from the plane of
Mo atoms. !n th_e opposite direction, corresponding to the T?ellurizing a Molm at 700°C for 2 h in a tube furnace directly on a
atoms moving mward!y toward the plane of Mo atoms, th_ 0 nm thick, 3x 3 mn? SiN, window. The Mo Im was rst

XUV absorption amplitude decreases and slightly blue shifisyosited onto the 48, window by sputtering previous to the
near the &,  CB onset. This uniform decrease/increasereaction with Te powders. The as-synthesized ,MdTie was

over the &5,  CB spectral region qualitatively matches thecharacterized by Raman spectroscopy and X-ray photoelectron
observed OD oscillations in the experiment, as shown in thespectroscopy (XPS). The Raman spectrum inStimorting
bottom panel of-igure 8. From the phase of the,A  Information Figure Sshows several modes including &, B,
oscillation () extracted from the experimental dat@ignre  indicating that the MoFelm forms the 2H phaséigure S3n the

5h, the displacementtat 0 begins with increasing absorption SuPporting Information shows the XPS spectrum of the 2H-MoTe
near the d, CB onset. This shows that photoexcitation sample studied in this work. The relative peak spacing gives the spin

. - orbit splitting of the d, and the d;, core levels of 1.5 eV. The
leads to a displacement along tlfbemk)de in the outward detailed sample preparation and characterization can be found in the

direction. This ultrafast lattice expansion along thecSpgCi  reference by Zhang ef alote that the synthesized MgTea large
phonon mode in the excited state provides a key experimendgda and continuous polycrystalline tinm
benchmark for understanding how light-induced changes inExperimental Details. In the XUV transient absorption experi-
electronic structure can drive nonthermal structural changesnirent, laser pulses centered at 790 nm with a pulse energy of 1.7 mJ
layered materials. and pulse duration of 30 fs from a Ti:sapphire @anffiemtopower
Compact PRO) operating at 1 kHz repetition rate were focused into a
hollow-core ber lled with 1.5 bar of Ne to generate a
. . . . supercontinuum spectrally spanning between 500 and 1000 nm.
In a single optical pump, XUV transient absorption prob@ispersion compensation of the broad-band pulses was achieved
experiment, we simultaneously uncover the detailed dynamig®ugh broad-band chirped mirrors (PC70, UltraFast Innovations)
of intraband hole relaxation, electtusie recombination, and and a 2 mm thick ammonium dihydrogen phosphate tiyital.
excited-state coherent lattice displacement in 2H,MaTe laser beam was subsequently split into the probe and pump arm by a
contrast to optical transient absorption spectroscopy where th@ad-band beam splitter with a 9:1 intensity ratio. A pair of fused
signals correspond to convolutions of electrons and holesgﬂlCal wedges in each arm was usedéetuning of dispersion. With
a

. . P : persion scafithe pulse duration of the pump and the probe were
various energies within the VB and CB, here we directly M Raracterized to be below 53sigporting Information Figure Bla

the time evo!utlon of the hole energy d!StI’IbUtIOh spdlgiin . The laser beam in the probe arm was focused into a 4 mm long cell
the VB. Taking advantage of the straightforward, one-particlg,y with kr to generate broad-band XUV lightipporting
interpretation of the N-edge core-level absorption, especiallyormation Figure SjicThe driving eld in the probe arm was
through the Te XUV edge, the intraband hole relaxation timétered by a 100 nm thick Alter, and the XUV light subsequently
scales are separated from the interband elelstlen  focused into the sample chamber by a Au coated toroidal mirror in a
recombination. The holes are found to redistribute withir2f 2f geometry. The pump light was optically delayed and
the VB on two distinct time scales of 5fs and 38@ 90 fs. recombined with the probe by an annular mirror with a hole at 45
The former time constant is assigned to a thermalizatidifd vyith respect to the mirror surface. To eliminat.e tinje delay drift, a
process by carrierarrier scattering, which leads to a shift intransient absorption measurement on %P Bp autoionizing states

- - was run after each time-delay scan on the Mafiplé”
the peak of the hole energies closer toward the VB maximuiMoceaN and Density Functional Theory Calculationdensity

The slower hole redistribution time constant o&380 fS i fnctional theory (DFT) with the projector augmented wave (PAW)
assigned to carrigshonon cooling by intra- or intervalley method® implemented in the Vienah initioSimulation Package
scattering to the VB maximum, which is localized at the (VASPJ*°” was used to compute the ground-state density of states
critical point. These dynamics provide key insight regardifigr bulk-MoTe crystals. Exchange and correlatioacte are
energy loss mechanisms following above-band-gap excitatiogedsfulated using the PBE form of GGA. Wave functions are
2H-MoTe thin Ims, which is important for designing next- constructed using a plane wave basis set with components up to a

generation photovoltaic or other optoelectronic devices usilftetic energy of 400 eV, and the reciprocal space is sampled using a 3
this layered semiconductor nanomaterial x-3 x 3 Gamma-centered mesh with a 0.05 eV Gaussian smearing of

The present work furthermore reveals Iight-induce(gb'tal occupancies. DFT simulations of lateral interfaces were

A . . erformed on a bilayer MgTsupercell containing 216 atoms,
coherent lattice displacement dynamics along the out-Qheasyring 21.09 A 21.09 Ax 13.97 A along the, b-, andc-

plane A, and the in-plane fphonon coordinates of 2H-  girections. Calculations were performed until each self-consistency
MoTe,. These structural dynamics show that thendde in  cycle is converged in energy to withil 2¥/atom and forces on
particular is strongly coupled to the electronic excitation. Thiens are under 1HeV/A.

strong electrorphonon coupling in this out-of-plane mode The calculation of core-level absorption spectra at theseeldé

leads to a new equilibrium structure in the excited stat&as accomplished with DFT and BeSwpeter equation (BSE)
reached by expansion of the Te atoms away from the Mglculations using Quantum ESPRESSO and the OCEAN software

. h 525859 _ ; ;
plane. By extracting the real-space displacement of the Mgckage>>"° The DFT-BSE calculation was conducted using
norm-conserving scalar-relativistic Pef8axe Ernzerhof pseu-

MoTe, lattice following optical excitation, the measurement

. ; &o otentials with nonlinear eorcorrection under generalized
presented here provide a benchmark for understanding h%Y‘:fdient approximation and & & x 1 k-point meshg?ﬁﬂ’. &3 |

structural changes in these materials are coupled to excitgf calculation, the number of bands is set to 40 and the dielectric
state electronic structure. Oundings and experimental constant is set to 12.9. Convergence was achieved with an energy
approach will be of bendo the larger community that has cuto of 80 Ryd and cutoradius of 4 Bohr.

Sample Preparation. The MoTeg thin Im was synthesized by
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