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ABSTRACT
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Symmetry-broken states are characterized by an order parameter, which usually appears if a material is
cooled below a critical temperature. These fragile states are typically destroyed by strong optical pulses
on an ultrafast timescale. A nontrivial challenge is therefore the enhancement of an order parameter
by optical excitations, as this implies a strengthening of long-range order in a perturbed system. Here,
we investigate the non-equilibrium dynamics of the electronic structure of the layered semiconductor
TaoNiSes using time- and angle-resolved photoelectron spectroscopy. We show that below the critical
excitation density of Fc = 0.2 mJ cm~2, the direct band gap is transiently reduced, while it is enhanced
above Fc. An analysis based on Hartree-Fock calculations reveals that this intriguing effect can be
explained by the exotic low-temperature ordered state of TapNiSes, which hosts an exciton condensate
whose order parameter is connected to the gap size. These results demonstrate the ability to manip-
ulate condensates of bound electron-hole pairs with light, and due to the similarity to BCS theory, this

approach might also be applicable to the case of superconductors.

Main text

Semiconductor materials are intensively studied due tio thehnological importance, for instance in
the field of photovoltaics or data processing. The elemgmeeitation of a semiconductor is the transfer
of an electron across the semiconductor bandEgafsom the fully occupied valence band (VB) to the
unoccupied conduction band (CB), leaving a hole behind. fidm carriers and charge redistributions
generated, for instance, by light absorption modify thesring properties and electrostatic (Hartree)
energies, which may lead to a shifting of the CB and VB towaadheother and hence a narrowing
of the band gap. This process is referred to as band gap refipation’? In addition, due to the
attractive Coulomb interaction (CIA) between the oppdgitharged carriers, bound electron-hole pairs,
called excitons, may form after the relaxation of the etatsrand holes toward the band extrema. Such
excitons usually have a finite lifetime, depending on thenagination probability and availability of
dissociation channef.

When, for example in small gap semiconductors with low diele constant, the electron and hole
are so strongly bound that the exciton binding endfgyexceeds the band g&jg, a new situation arises

(see fig. 1(b)). Then, the spontaneous formation of excitons, wittanyt external stimulus, results in
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a total energy gain. Similar to Bose-Einstein condensdtiofior example, superfluid Het® or BCS
superconductivity! a macroscopic condensation of excitons has been prediztedcur in small gap
semiconductors, resulting in a new ground state, the exiciosulator (El) phasé®* This El phase is
characterized by a wider band gap+ 2A, whereA is the energy difference between the parabolic (semi-
conductor) and flat upper (excitonic insulator) VB maximdaiah is related to the exciton condensate

density and hence to the order parameter of the phase toan'sit

In the past, it has been difficult to address exciton condeasa&perimentally, as excitons, usually,
have finite lifetimes and low binding energies that limit thgld-up of a condensate. However, these
difficulties have been circumvented by, for instance, cedgluantum wells where exciton lifetimes are
enhanced through spatial separattort? Complementary to these studies of (meta)stable realizitb
Els, a few materials have been suggested to exhibiband stateEl phase, like TaNiSes (TNS)% 21
TiSe?223 | and TmSgysTep 5542 whereEg > E4 and exciton formation and condensation is consid-

ered to occur spontaneously.

The quasi-one dimensional TNS shows a second-order pheasstion at a critical temperature of
Tc = 328 K, accompanied by a structural distortfddrf® Above T¢, TNS exhibits a direct band gap at
which increase¥ up to approximatively 0.3 eV with decreasing the tempegfurelowTc. Simultane-
ously, an anomalous flattening and broadening of the VB soetiich has been interpreted as a signature
of the formation of an El phase in TN%&.21:28.29 Contrary to the indirect band gap material TiSthe El|
phase of TNS is not coupled to a charge density wav.lt, thus, offers the unprecedented opportunity
to directly investigate the effect of photoexcitation beém the electronic states involved in the exciton

formation, without the complication of a charge density e&>3

Not much is known about theon-equilibriumproperties of exciton condensates, although these are
crucial with regard to any potential application, whichuratly occurs out of equilibrium. Envisioning
the optical control of an exciton condensate and thus themadis band gap, or even imagining the ma-
nipulation of other Bose-Einstein condensates to achfevesxample, photoinduced superconductivity
on ultrafast timescales, requires sound understandingeaglementary processes following optical exci-
tation of the condensate. In particular, what is the impadte® carrier screening on the band gap and

does it matter which bands are populated directly by theqehaitation? Can the exciton density and
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therefore the order parameter be enhanced by light absofptCan these transient properties be tuned

by tailouring the optical excitation to achieve full cortad a material band gap?

Towards these aims, we study here the ultrafast, non-bquiin dynamics of the occupied electronic
structure of TNS using time- and angle-resolved photoslacpectroscopy (trARPES). We show that, at
modest near-infrared (NIR) excitation densitiesKc = 0.2 mJ cm?), the occupied electronic structure
exhibits an abrupt shift towards the Fermi enerBy, These dynamics are indicative of a transient
narrowing of the band gap induced by free-carrier screeafritpe CIA and Hartree shifts. Above:,
however, the direct band gap of TNS is transieetijnancedn the timescale of 200 fs. As this behavior
is opposite to that of ordinary semiconductors, we arguegherbasis of Hartree-Fock calculations, that
it is a direct consequence of the transient enhancemenedartter parameter of the exciton condensate.
We demonstrate that we can either increase or decreasez¢hefghe band gap in the semiconductor
TNS by tuning the NIR excitation density, the proof of priplei of ultrafast electronic band gap control

in a semiconductor.

The electronic structure of TNS and the experimental schgme illustrated in fig.1(a). From
the upper VB, two electronic transitions can be opticallgieed by an ultrashort NIR laser pulse with a
photon energy of hymp=1.55 eV: (1) to the flat unoccupietband af” (i.e. k= 0), and (2) to the lowest
CB, but at largek-vectors. The occupied electronic band structure and itsaguilibrium dynamics are

monitored by ARPES of the blue shaded region usingdge= 6.2 eV.

At T =110 K and in equilibrium, i.e. without pump excitation, TNghéits, as shown in fig1(c),
two occupied VBs with maxima & — Er ~ —0.5 eV and—0.1 eV, respectively, which is consistent
with previous ARPES resulfé. Considering the optical gap of®eV, the sample appears to be slightly
p-doped. Fig.1(d) shows the temporal evolution of the photoelectron (PEgrisity atr andT = 110
K in false color representation after moderate photoetioita The data reveal a rapid response to the
optical excitation at = 0 fs: a massive suppression of PE intensity within the figét 8, and an energy
shift of both VBs toward&g. This is further illustrated by two energy distribution ees (EDCs), before
(empty grey circles) and 190 fs after (solid red circles) [givtoexcitation in figl(e). For a quantitative
analysis of the monitored electronic structure dynamiasfitvsuch EDCs at various pump-probe time

delays* and obtain the transient amplitude of the spectral fundiioe energetic position &t for each

4/17



band. Two exemplary fits are shown in fi¢e) (solid lines). The resulting peak positions are deglicte
in panel (d) (red circles), confirming that both VBs show arugbupward shift upon photoexcitation,

which is more pronounced for the lower band.

Fig. 1(f) displays the temporal evolution of the flat top VB amptieuatl” for different incident pump
fluences: the VB is increasingly depopulated by the increpsixcitation density and its occupation
recovers, on average, within 820210 fs. The population minima scale linearly with the pump fluence
up to a critical valud=c ~ 0.2 mJ cn? above which the VB depopulation saturates-g&0%, as shown
in fig. 1(g). It seems likely that this behaviour results from an apson saturation along the lines of

Einstein’s derivations for a two-level systeth.

Before turning to a discussion of the transient shift of thétthp VB with respect to its equilibrium
energetic position at the-point (k= 0), we focus on the shifts observed for the upper VB4t0 and the
lower VB atk = 0 shown in fig.2. The latter are expected to remain largely unaffected bygahduced
changes to the exciton condensate. Different trace cotwrespond to different excitation densities. In
both cases, the bands shift abruptly toward lower bindirgygn i.e. towardeg. This upward shift
is the fingerprint of aransient shrinkingof the band gap following the photoexcitation. We quantify
these dynamics by fitting a single exponential decay comedlwith the laser pulses’ envelofjeas
exemplarily shown by the black curves in figj. At all fluences and for both VBs, the peak shift recovers
on comparable timescales below 1 ps. Clearly, this is in gagprdement with the timescale observed
for the population dynamics of the photoinduced carrier§,asee fig. 1(f). Furthermore, the band
shift becomes stronger with increasing excitation dengatyo the same critical fluend&; at which the
absorption saturation of the flat top VB occurs. These firglstgongly suggest that the abrupt band gap

narrowing is a consequence of the photocarriers genergtpdioexcitatior(1) from the flat top VB.

The photoinduced shift of the flat top VB &tis shown in fig. 3(a). ForF < F¢, the dynamics
resemble the trend observedkat O (see fig.2(a)), although less pronounced at the respective fluences
(blue to light green traces). The same fit function (solictk)aas in fig.2 is used to quantify these early

dynamics. However, for larger fluences, we observe a shilfteoppositedirection, delayed by 200 fs,

1The change of the integral of the VB spectral function camberpreted as a measure for its occupation evolution under
the established assumption of temporally constant transi¢rix elements.
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such that the flat top VB maximum transiently liehaherbinding energies than its equilibrium position
(yellow and orange traces). After approximately 1 ps, tffisce relaxes by an upward shift of the band
that even “overshoots” the equilibrium position. The delhglownshift of the flat top VB is sufficiently
pronounced to be directly seen in the raw PE data, as eviddncéhe normalized EDCs in fig3(b)
for different time delays before (empty grey circles) anrafsolid red circles) photoexcitation. These

results demonstrate that the band gap of TNS is transientipncedy strong photoexcitation.

Fig. 4(a) summarizes the observed different VB shifts at threatpon the TNS electronic structure
as a function of the incident fluence. Clearly, the upwardt sidcurring in the upper VB ak # 0
(yellow) and in the lower VB al (green) is enhanced with increasing excitation densityextnibits a
slope change at the same critical fluekgeas the VB depopulation threshold shown in fiff). The
transient shift of the flat top VB dt follows, on the contrary, a non-monotonic curve, reveathrag two
competing phenomena are at play: While, Fox F¢, the flat top VB qualitatively follows the trend
of the yellow and green curvestime-delayegrocess counteracts this band gap narrowind-for Fc.
This is reflected in a shift away frofer with respect to the equilibrium position and, consequeratly
transient widening of the band gaprat

Both effects are illustrated by the insets in fia). As the upward shift saturateskat, we conclude
that it must be connected to the transient free carrier tethit is generated by excitation mechanism (1)
(cf. fig. 1(a)) where carriers from the flat top VB are transferred taupgger CB, a process that saturates
at a population redistribution of 50 %. The upward shift isjd, driven by a band gap renormalization
which is caused by free carrier screening, as expected femgcenductor under optical excitatidr?.
Once excitation mechanism (1) has saturated, excitatiprw@ich occurs away fromi (cf. fig. 1(a)),
becomes increasingly important. It seems plausible thatdbminance of excitation (2), which takes
place within the upper VB and lower CB, fér> F¢ is responsible for the sign change of the flat top VB
shift atl". This extraordinary behavior is analyzed with regard topgtesence of an exciton condensate

in the following.

In particular we show that, in the presence of an exciton eosdte, nonthermal carrier distributions
and a decrease of the semiconductor band gap can lead to@mcentrent of the condensate density and

a corresponding enhancement of the band gdp ato demonstrate this, we perform a Hartree-Fock
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calculation for the simplified case of a one-dimensionatband system, representing the upper VB and
lower CB. The bands are shown in fig(b), where the dashed (solid) curves represent the noattieg
(interacting) case. In order to mimic the effect of exctatmechanism (1) that involves also other bands
in the experiment, we reduce the splitting between the areconductor VB and CB by some valdg

(fig. 4(b)). The effect of excitation (2) iexplicitlyincluded in the calculation in the form of a nonthermal
carrier distribution as shown in panel (c) (dark red). Qigeaxe observe that the interplay of (1) and
(2) can lead to an enhancement of the band gapvaliile the bands shift towards each other at lalger

(compare solid dark red and grey lines in #gb)) as observed in the experiment.

The enhancement of the gap in the Hartree-Fock calculagioelated to an increase of the exciton
condensate density (and hence of the order parameter ofl {hlealse), which relies on two effects: on
the one hand, one finds that for a given value of the CIA thelibguim condensate density increases
if the (noninteracting) conduction and valence bands aifeteghcloser together, because then excitons
are formed from more resonant states. The electrostatctedif a photoexcited electron density
(i.e., the Hartree contribution to the interaction) candquae such a shift, and thus tends to enhance the
density of condensed pairs. On the other hand, a laggereakens the condensate, similar to a thermal
population of quasiparticle states. The crucial obseswais that this potentially detrimental effect of
the photoexcited population on the order parameter can o nveaker in a nonthermal state than in a
thermal one: for the parameters of fifb) and an excitation density agx= 0.02 we use the nonthermal
carrier distribution displayed in panel (c) (dark red). histsituation the exciton condensate is enhanced.
This enhancement of the order parameter in the presencetifermnal quasiparticles is robust for a broad
range of distribution functions, e.g., for a flat distrilmrtj or one where electron and hole distributions
are thermalised independently within the VB and CB, see4fif). For all these nonthermal distributions
the band gap dt is enhanced, once the CIA between electrons and holes isheagliton (solid curves)
and a Hartree shift is applied, while in tlaly thermalized state the temperature would be above the
melting temperature of the condensate. This means thabgkatation of an El can result in a transient
enhancement of the order parameter, if thermalizatiorficgntly delayed by, for instance, the presence
of the band gap. On longer timescales, as thermalizationarscwe expect a band gap reduction, as is

indeed observed in the experiments after about 1 ps (cf3f&).
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To summarize, the discovery of a transient band gap enhardeim the layered semiconductor
TapNiSe; upon photoexcitation can be consistently explained by thstence of an excitonic insula-
tor phase in this material. We propose that the strengtigesfithe condensate in the perturbed state is
a consequence of the low-energy electronic structure sfritaterial, which provides different channels
for resonant excitation and the possibility of significarartiee shifts and nonthermal quasiparticle dis-
tributions. Our results demonstrate that there existstecakifluence of the photoexcitation separating
regimes in which the semiconductor band gap can be eithezased or decreased offering the possi-
bility of controlling the band gap by tuning the photoextita fluence. Moreover, our study strongly
suggests that photoexcitation at lower photon energieghafavours excitation mechanism (2), could
be used to enhance the condensate density even furtherlyCles will stimulate further experimental
and theoretical investigations of this effect aimed at aglete characterization. Interestingly, the recent
observation of the enhanchement of the charge density wapétade in elemental chromiuthtypifies
another, very different possibility of enhancing order bypfexcitation. Furthermore, it seems possible
to apply the demonstrated mechanism of manipulating qagsgife condensates also to the case of BCS
superconductors: in the vicinity of a van Hove singulastyigid band shift induced by the electrostatic
potential of excited nonthermal carriers can stronglyease the electronic density of states at low ener-
gies, which might lead to a transient enhancement of thersapducting condensate density on ultrafast

timescales.

Methods

Experimental details

TNS single crystalline samples were prepared by reactiageldmentals nickel, tantalum and sele-
nium with a small amount of iodine in a evacuated quartz tibe. tube was slowly heated and kept with
a temperature gradient from 98C to 850°C for 7 days, followed by slow cooling. Single crystalline
samples with a typical size of 0.04 x 1 x 10 rimere obtained in the cooler end.

For the photoemission experiments, the samples were ddaveitu at room temperature under
ultrahigh vacuum (UHV) conditiong(= 1.6 x 1019 mbar) and then slowly cooled down to 110 K using

liquid N2. TNS was optically excited by the p-polarized, fundameotaput (pump = 1.55 eV) of a
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regeneratively amplified Ti:Sa laser system working at atiépn rate of 40 kHz. The photoinduced
changes to the electronic structure along the Ni chain timeof TNS was probed by time-delayed p-
polarized probe pulses ¥pone = 6.2 €V), generated by frequency quadrupling of the fundaate The
photoemitted electrons were detected by a hemispherieftzer (SPECS Phoibos 100) that was held at
a bias voltage of 0.5 eV with respect to the sample holder.eReegy resolution of 86 meV is obtained as
root sum squared of the UV pulse bandwidth (25 meV) and theument resolution (82 meV) estimated
in situfrom the low-energy secondary electron cut-off of a dirdattpemission spectrum of the metallic
sample holder. PE spectra are plotted as a function of emathyespect to the equilibrium Fermi level
E — Er = Exin—hVprope+ ®. @ is the work function.Er was determined independently on the metallic
sample holder, which was in direct electrical contact with sample. We can neglect sample charging
as the origin of the observed transient spectral shifts)am(igid shift of the angle-resolved PE spectra
was observed (parts of the spectrum shift up, others dowah)igrthe low-energy secondary electron
cut-off remains unchanged. The energetic offset of the Ipasdions in fig.1(c) and (d, negative delays)
is attributed to the heat-load of the pump pulse that is Nt flissipated within the repetition rate of the

experiment.

EDCs were fitted with a sum of three Gaussian peaks multigdiedhe Fermi-Dirac occupation
distribution and convoluted with another Gaussian to aotéaor the energy resolution. The Gaussian
peak at lower binding energy is fit to the lower VB, while thersaf the other two Gaussians is used to
reproduce the asymmetric shape of the upper VB. Differeritifictions lead to qualitatively the same
peak shifts, as the effects are sufficiently strong to be setre raw data (see fig3(b)). The energetic
position of the maximum of this combined peak was used as sunedor the energetic position of the
upper VB. The transient population of the VBs has been estidfaom the area under the corresponding

peak at each pump-probe delay.

The two-photon photoemission signal of TNS at high kinetiergies represents a cross correlation of
the Gaussian pump and probe laser pulses and was used tatesdimmupper limit for the time resolution

of 110 fs.
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Theoretical modeling
We investigate the dynamics of the El by considering a ongedsional two-band system of spin-less

fermions with direct band gap] = Ho + Hint, where the noninteracting part is
Ho=Y (&ka+Ma)Gy ¢Ckar
K,a

with the band dispersiogy 1) = —(+)2tocogk). Theck denote the annihilation operators for an
electron with momenturk in orbital a = 1,2. The bare band splittingg; » are chosen such that band
1(2) is totally occupied (unoccupied). For the interaction wasider a local density-density CIA of the

form

1
Hint = > IZU N, 1N 2.

The hopping parametés and interaction strengtl are chosen such that the ground state gap matches
the experimental one. Explicitly, for the ground state gkdtions, we useth = 0.26 eV,U /to = 3.0 and
the relative bare band splitting2 — n1) /to = 2.1.

The excitonic instability arises because of the attradfil& between the electrons in the upper band
and the holes in the lower band, leading to a condensatioheoexcitons which are formed across
the direct band gap. The order parameter of the condensate is <CE71C|<72> = 0. In order to solve
the problem we employ standard Hartree-Fock calculati@s®¢h on the mean-field decoupling of the
interaction term. The experimentally observed abrupt lgaminarrowing is modeled by a reduction of
the bare band splitting, — n1 between the VB and CB. The effect of the nonthermal distidoubn the
band gap sizé is determined from the self-consistent Hartree-Fock datmn. In order to show that
the conclusions do not depend on the particular choice adigtabution function, we compared several
parametrizations of the nonthermal distribution functisee also figl(e)-(f): (i) additional constant
population of holes (electrons), (ii) Lorentzian peak Jdipthe Fermi-Dirac distribution function below
(above)Er, namelyfon(e, A E) = frp(e,0) +Ay?/((e —E)?+y?), wherefep (&, u) is the Fermi-Dirac
distribution,A is the amplitudey the width andE the center position of the Lorentzian peak (dip), (iii)

intraband thermalized distributions at elevated tempieeat
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Figure 1. (a) Schematical band structure of;NiSe; at low-temperature. Electronic transitions
induced by NIR optical excitation from the upper VB (red avs) populate (1) a high energy empty
d-band at” or (2) the lower CB away nedr. Time-delayed UV photons (blue arrow) are used to
monitor the photoinduced changes to the occupied electstnicture by photoemission (blue shaded
area).(b) Schematic El (solid) and semiconductor (dashed) bandtatesEy is the semiconductor
band gap and the enhancement of the gap related to the order parametas sétniconductor-to-El
phase transition(c) ARPES measurement of TNS at 110 K, showing the occupiedretectstructure
aroundr . (d) Transient changes of the PE intensity as a function of the electron binding energy
with respect tder (left axis) and pump-probe time delay (bottom axis) at 110Aarkers indicate the
transient energetic position of the two VBs) EDCs at equilibrium (empty grey circles) and 190 fs
after photoexcitation (solid red circlesf) Transient population of the upper VBIat (g) Minima from
(f) as a function of pump fluence: Beldw ~ 0.2 mJ cnm?, the VB population decreases linearly with
excitation density, above the VB depopulation saturat&®%. Dashed lines are linear fits.
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Figure 2. (a) Shift of the upper VB ak £ 0 as a function of pump-probe time delay for different
excitation densitiegb) Same analysis for the lower VB Bt Black lines in (a) and (b) are single

exponential fits to the data.
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Figure 3. The shift of the upper VB dt as a function of pump-probe time delay for different
excitation densities (see text for detaild)) EDCs atl” before (empty grey circles) and 365 fs after
(solid red circles) photoexcitation, when the upper VB siantly lies at higher binding energy than the
equilibrium position.
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Figure 4. (a) The exponential fit amplitude of the shift of the lower VBlrafgreen) and of the upper
VB atk # 0 (yellow) as well as the amplitude of the shiftfafred) as evaluated for a delay of 255 fs
(see fig.3(a)) as a function of the incident pump fluence. In the in$&t dand structure dynamics are
schematized for two excitation regimes, below (left) andva(right) Fc respectively(b) Dispersion
relation for the initial ground state (grey) and a nonthdrdmstribution function (dark red), obtained
from the Hartree-Fock calculations. The dashed lines shevbare semiconducting dispersion (with
Hartree shift included)c) Distribution functions corresponding to the dispersidatiens in panel (b)
and (d).(d) Comparison of the thermal state dispersion at the elevatagdrature (orange)
corresponding to the energy of the nonthermal state to theng state and photoexcited nonthermal
state.(e) Comparison of the ground state dispersion relation to tkes avtained from different
nonthermal distribution functions, but with the same eat@in densityne,, Nnamely in blue a constant
population of holes (electrons), in dark red a dip (humphm Eermi-Dirac distribution function below
(above)Eg, respectively, in green the correspondinggaband thermalized distribution at elevated
temperatures. The negative energy parts of the correspgudtribution functions are presented in
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