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Femtosecond time-resolved photoemission is used to investigate the time evolution of electronic
structure in the Mott insulator 1T-TaS2. A collapse of the electronic gap is observed within 100
femtoseconds after optical excitation. The photoemission spectra and the spectral function calculated
by dynamical mean field theory show that this insulator-metal transition is driven solely by hot electrons.
A coherently excited lattice displacement results in a periodic shift of the spectra lasting for 20 ps without
perturbing the insulating phase. This capability to disentangle electronic and phononic excitations opens
new directions to study electron correlation in solids.
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Materials exhibiting photoinduced transitions from an
insulating to a metallic character are ideal candidates for
ultrafast optical switches because of their giant photocon-
ductivity and ultrafast recovery time [1–4]. In typical
systems of interest the insulating ground state is deter-
mined by either Mott or Peierls instabilities. While in a
Mott insulator the electrons of a half-filled conduction
band are localized due to their mutual repulsion, the elec-
tronic gap of a Peierls insulator arises from a periodic
distortion of the lattice. The giant photoconductivity ob-
served in both cases has been ascribed to a photoinduced
insulator to metal transition [3–5]. Although the break-
down of the insulating phase is commonly accepted, a
direct evidence for the collapse of the electronic gap and
the respective time scale is lacking up to date. Moreover, it
is still debated whether this transition is driven directly by
the excited electrons or by the subsequent rearrangement
of the nuclear lattice [1–5].

A conclusive answer to this question requires tools that
probe the nuclear and the electronic structure under non-
equilibrium conditions. On one hand, femtosecond time-
resolved x-ray diffraction monitors the nuclear lattice di-
rectly [6] and provides clear indication that phonons drive
the insulator-metal transition in the Peierls insulator VO2

[1,2,7]. Femtosecond time-resolved photoemission, on the
other hand, probes the temporal evolution of the electronic
states. Thus, this technique provides direct access to the
collapse of the electronic gap.

In this Letter, we show by time-resolved photoemission
spectroscopy and by dynamical mean field theory (DMFT)
that in the Mott insulator 1T-TaS2 the breakdown of the
electronic energy gap around the Fermi level arises from a
purely electronic process. A pronounced response of the
lattice due to a coherent nuclear displacement can be
clearly identified and is properly disentangled from the
effect of the excited electrons. We demonstrate that such
coherent phonons modulate the binding energy of the

electronic states, but are not responsible for the insulator
to metal transition.

The layered compound 1T-TaS2 is a quasi-two-
dimensional crystal without surface reconstruction [8]. In
this system, both electron-electron and electron-phonon
interactions are important. The strong coupling between
valence electrons and phonons periodically distorts the
lattice, modifying the spatial distribution of the charge
density. As sketched in Fig. 1(a), the structural unit in the
Ta plane consists of ‘‘stars‘‘ with a central atom and two
rings with 6 Ta atoms each [8,9]. The formation of these
metal clusters is accompanied by a charge density wave
(CDW), namely, a large charge transfer from the outer ring
towards the inner part of the stars [10]. Since Ta atoms have
nominal d1 valence, only 6 orbitals of the cluster are totally
occupied whereas the 7th is half filled [11]. Figure 1(b)
shows that the electronic bands split into 2 occupied mani-
folds (each embedding 3 orbitals), and a conduction band
arising from the uppermost cluster orbital (UCO).
According to experiments [12,13], the CDW amplitude
increases at low lattice temperature Tl, thus reducing the
overlap between orbitals of different clusters. At the criti-
cal value of Tl � 180 K, the energyU that is necessary for
the double occupation of one UCO becomes larger than the
bandwidth W. Therefore, the metallic state is no longer
stable and electrons localize into the Mott insulating (MI)
phase [14,15].

Angle resolved photoelectron spectroscopy (ARPES) is
highly sensitive to the different electronic structures across
the metal-insulator transition [13]. Therefore, we first dis-
cuss the photoemission signal generated by 6 eV probe
photons while the sample is in thermal equilibrium. The
ARPES spectra of Fig. 1(c) have been recorded in normal
emission (parallel wave vector kk � 0� 0:02 �A�1) in the
metallic (room temperature) and insulating phase (lattice
temperature Tl � 30 K). These spectra are similar to mea-
surements performed at ’ 20 eV photon energy, where the
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direct photoemission outweighs secondary electrons and
the sudden approximation is safe. In agreement with
Ref. [16], we also conclude that 6 eV probe photons pro-
vide spectra that are roughly proportional to the electronic
spectral function. The spectral function contains all infor-
mation about the dispersion of electronic states and many-
body interactions. As an example, the room temperature
spectrum of Fig. 1(c) displays the Ta d band cut by the
Fermi-Dirac distribution. Upon cooling to 30 K, a large
amount of the spectral weight moves from the Fermi level
to the lower Hubbard band at U=2 ’ 0:21 eV, leading to
the opening of the electronic gap. Figure 1(d) indicates the
estimated U=W ratio when the system is at room tempera-
ture (metal) and at 30 K (insulator). This phase diagram
can be extended to the nonequilibrium case if the photo-
excitation produces a quasithermal distribution of elec-
trons with temperature Te � Tl.

In the following we investigate nonequilibrium states by
means of time-resolved ARPES [17]. The sample is ex-

cited by a 50 fs pump pulse with center energy of 1.5 eV
while the photoelectrons are generated by a delayed 80 fs
probe pulse with energy of 6 eV [17]. We estimate that the
pump pulse excites ’0:1 electrons in each star. Figure 2(a)
shows several time-resolved ARPES spectra acquired at
room temperature, at different pump-probe delays. The
excited distribution tail indicates that electrons reach an
energy density which is equivalent to an electronic tem-
perature [18] of Te ’ 1100 K. Their fast relaxation is
shown in Fig. 2(b), where a color scale image maps the
photoelectron intensity as a function of binding energy and
pump-probe delay. Electrons release their energy to the
lattice on a time scale �M � 150 fs, thus providing evi-
dence for an efficient electron-phonon coupling. However,
the large heat capacity of the phonon bath limits the
increase of the lattice temperature to 30 K. This cooling
process is typical of metals and is usually described by the
two temperature model [19].

If the system is originally in the MI phase, the photo-
excitation does not merely act as a redistribution of the
electronic occupation. As shown by the phase diagram of
Fig. 1(d), the elevated Te induces an ultrafast transition
towards the crossover phase residing between the insulator
and the metal. According to the Hubbard model, the cross-
over phase differs from the metallic one because it does not
display bandlike quasiparticles near the Fermi level but
rather ‘‘incoherent‘‘ midgap states. This process is cap-
tured by the time-resolved spectra of Fig. 3(a), which
display a major transfer of the spectral weight from the
Hubbard band to the originally gapped region near the
Fermi level. The instantaneous collapse (<100 fs) and
subsequent recovery of the MI phase is monitored by the
peak intensity IH��� of the Hubbard band. Figure 3(b)
shows that IH��� drops suddenly to 80% of the original
value and recovers its intensity with time constant of �H �
680 fs. Therefore, the Mott insulator is soon reestablished
by the cooling of excited electrons. A closer inspection of
Fig. 3(a) reveals that nonequilibrium spectra display also a
shift of the Hubbard peak towards the Fermi level. The
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FIG. 2 (color online). (a) Spectra acquired in the metallic
phase (Tl � 300 K) at different pump-probe delays.
(b) Photoelectron intensity map as function of pump-probe delay
and binding energy (Tl � 300 K).

(a) (b)

(c) (d)

FIG. 1 (color online). (a) The in-plane CDW distortion pro-
duces ‘‘stars’’ of Ta atoms in which the per atom electronic
density is larger towards the center (yellow) and smaller towards
the periphery (green). (b) Sketch of the electronic states with the
uppermost cluster orbital (UCO) band in the metallic (Tl �
300 K) and Mott phase (Tl � 30 K). (c) Normal emission spec-
tra acquired at 300 K (red curve) and Tl � 30 K (black curve).
(d) Phase diagram of a Mott transition in the U=W, Te=W plane
as obtained from the Hubbard model [Eq. (1)]; U is the Coulomb
repulsion, W is the bandwidth. Notice that in thermal equilib-
rium Te � Tl whereas out of equilibrium Te � Tl. The shaded
area is a crossover phase between the metallic and Mott phase
whereas the red line delimits a first order transition. Red and
black circles indicate U=W values for Tl � 300 K and Tl �
30 K, respectively. The black arrow shows the large increase of
Te induced by the absorption of the pump pulse.
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shift arises from photoinduced doping, inasmuch as the
nonequilibrium occupation of the UCO deviates from half
filling. We perform a numerical simulation of the spectra in
order to estimate the effective temperature of the electrons
and the UCO filling factor n after excitation. The UCO
band and its correlation energy are described by the
Hubbard model:

 He � �t
X

hi;ji;�

�cyi;�cj;� � c
y
j;�ci;�� �U

X

i

ni;"ni;#; (1)

where ci;� and cyi;� are the destruction and creation opera-
tors of an electron at site i and with spin �, ni;� � cyi;�ci;�
the occupation operator, t is the hopping matrix element
between nearest neighbors, and U � 0:4 eV is the UCO
Coulomb repulsion. Figure 3(c) plots the spectral function
calculated with dynamical mean field theory [20] for suit-
able Te and filling factor n. The best agreement to the
spectrum measured at � � 100 fs is obtained for Te �
1320 K and n � 0:48. It follows that the electronic tem-
perature exceeds the MI stability range of Fig. 1(d),
whereas n decreases by only a few percents. This finding
proves that the elevated Te dominates the breakdown of the
Mott insulator.

Besides the ultrafast collapse of the MI phase, we also
observe periodic modulation of the time-resolved ARPES
spectra. The intensity map of Fig. 4(a) shows that large
oscillations of the electronic spectra start abruptly at zero
delay and endure for many picoseconds. The period of

these oscillations corresponds closely to the breathing
mode of the stars, also called the amplitude mode of the
CDW [21]. In the cluster picture of Fig. 1(a), the short
pump pulse transfers part of the electronic density towards
the outer ring of the stars, leading to the displacement of
the nuclear coordinate of the CDW amplitude mode. This
collective and coherent excitation of the clustered atoms
initiates a spectral oscillation of the coupled electronic
states. We exploit the different response time of electrons
and phonons to disentangle their contribution to the mea-
sured spectra. One picosecond after the absorption of the
pump pulse, the electrons have already cooled down, and
only the nuclear motion persists. The latter acts on the elec-
tronic structure in a remarkably simple way. Figure 4(b)
compares the spectra acquired on a maximum and mini-
mum of an oscillating period, at � � 1:2 ps and 1.6 ps,
respectively. The two spectra display a rigid shift of
18 meV, proving that the oscillation of the CDW amplitude
changes the mean binding energy of the lower Hubbard
band without perturbing the Mott phase. Similar modula-
tions of the binding energy are expected whenever phonons
or magnons are strongly coupled to the electrons. The
dynamics is analyzed by plotting in Fig. 4(c) the shift
��"H��� of the lower Hubbard peak as a function of the
pump-probe delay. Two modes with frequency �B �
2:45 THz and �S � 2:51 THz generate a beating response
that decays with a time constant of �C � 9:5 ps. The
frequency �B is in excellent agreement with the bulk
CDW oscillations measured by transient reflectivity [21]
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FIG. 4 (color online). (a) Photoelectron intensity map mea-
sured in the MI phase (Tl � 30 K) as a function of pump-probe
delay and binding energy. (b) Two spectra acquired on a maxi-
mum (� � 1:4 ps) and minimum (� � 1:6 ps) of one CDW
oscillation period display a rigid shift with respect to each other.
(c) Measured shift of the Hubbard peak (diamonds) and the
calculated gX��� (solid line). The inset displays the Fourier
transform of the oscillations as a function of frequency.
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FIG. 3 (color online). (a) Spectra acquired at � � 100 fs
(green curve) and � � 550 fs (blue curve) are compared to the
spectrum collected before the arrival of the pump pulse (black
curve). Although Te reaches high values, the lattices temperature
remains roughly at 30 K. (b) Time-resolved ARPES intensity of
the Hubbard peak normalized to the equilibrium value. The
exponential fit (black line) provides the decay time �H �
680 fs. (c) Spectral function of the Hubbard model calculated
at the center of the Brillouin zone for U � 0:4 and W �
0:29 eV. The electronic temperature and filling factor are Te �
1350 K, n � 0:48 (green curve), Te � 1100 K, n � 0:49 (blue
curve), Te � 60 K, n � 0:5 (black curve).
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whereas the �S response is attributed to the stiffer mode of
the surface layer. Its amplitude appears 2 times larger than
the bulk component due to the surface sensitivity of the
photoelectron signal. The temporal evolution of the nuclear
displacement X���� is obtained [22] by the differential
equation

 

@2X�
@�2

�
�
�C

@X�
@�
� �2����2X� � F���; (2)

where the suffix � stands for the displacement of the
surface or bulk mode, F��� is the driving force, and �C is
the damping time provided by anharmonic interaction with
other phonons. The driving force is modeled with an ex-
ponential function having the decay time �H of the excited
electronic state. We introduce the parameter g to quantify
the coupling of UCOs electrons with the CDW displace-
ment. Since the electronic bandwidth is much larger than
the phonon frequencies, the electron-phonon Hamiltonian
[23] reduces to the adiabatic limit Hp � gX�

P
i;�ni;�.

Notice that X� does not depend on the site i because the
excitation occurs coherently in all stars. Consequently, X�
generates a deformation field g=e that shifts the electronic
binding energy around the equilibrium value. Upon
weighting the surface and bulk contribution to the spectra,
the phonon induced shift of the Hubbard peak assumes the
form gX � g�cSXS � cBXB�. Figure 4(c) compares the
experimental data to gX��� calculated for cS � 0:65, cB �
0:35, and �H � 680 fs. The model is in excellent agree-
ment for � > 1 ps but does not reproduce the initial rise of
��"H���. As depicted in Fig. 3(a) and 3(c), the Hubbard
peak at early delays exhibits an additional, nonoscillating
shift that arises from photoinduced doping.

In conclusion, photoexcitation of the Mott insulator
1T-TaS2 induces an insulator to metal transition and the
excitation of a coherent phonon mode. Time-resolved pho-
toelectron spectroscopy is employed to directly measure
the time evolution of the electronic structure. The different
response-time of electronic and nuclear excitation allows
for an identification of the respective contributions to the
measured spectra. (i) We observe the ultrafast collapse and
680 fs revival of the electronic gap after the absorption of
the pump pulse. The spectral properties of the nonequilib-
rium state indicate a dominant contribution of the elevated
electronic temperature and minor effects of photoinduced
doping. Our results establish the primary process leading to
the giant and fast photoresponse of Mott insulators. (ii) We
prove that coherent excitation of phonons modulates the
binding energy of the electrons around the equilibrium
value. We propose that all coherently excited nuclear or
spin excitations that are strongly coupled to the electrons
may generate similar oscillations. Therefore, the nonequi-

librium dynamics of electronic states observed by time-
resolved ARPES open a novel and appealing direction for
research in the field of highly correlated materials. Future
experiments involving high temperature superconductors
may provide new insights to the pairing mechanism.
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