PRL 106, 016401 (2011)

PHYSICAL REVIEW LETTERS

week ending
7 JANUARY 2011
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The transient optical conductivity of photoexcited 1T-TaS2 is determined over a three-order-ofmagnitude frequency range. Prompt collapse and recovery of the Mott gap is observed. However, we
find important differences between this transient metallic state and that seen across the thermally driven
insulator-metal transition. Suppressed low-frequency conductivity, Fano phonon line shapes, and a
midinfrared absorption band point to polaronic transport. This is explained by noting that the photoinduced metallic state of 1T-TaS2 is one in which the Mott gap is melted but the lattice retains its
low-temperature symmetry, a regime only accessible by photodoping.
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Low-dimensional dichalcogenides exhibit a wealth of
competing phenomena, ranging from Mott and Peierls
transitions [1,2] to spin and charge density waves (CDW)
[3,4] and superconductivity [5]. Many such materials
also display photoinduced phase transitions, wherein light
pulses can create new transient states by driving ultrafast
changes in the macroscopic properties [6,7].
1T-TaS2 is a quasi-two-dimensional transition metal
dichalcogenide in which CDW behavior coexists with
strong electron-electron correlations [8–12]. At high temperatures 1T-TaS2 is metallic. Below 350 K, a periodic
lattice distortion creates star-shaped clusters of tantalum
atoms, causing the CDW to become nearly commensurate
as domains of such clusters appear [5,10]. Below TC ¼
180 K, as the CDW becomes
commensurate
with the
pﬃﬃﬃﬃﬃﬃ fully
pﬃﬃﬃﬃﬃ
ﬃ
lattice and a long-range 13  13 superlattice structure
emerges [9–11], the system becomes insulating. This structural distortion reduces the bandwidth below a critical
value and leads to the opening of a 100-meV correlation
(Mott) gap, with electrons localized at the star centers
[4,9,12]. Mott localization explains the low-temperature
conductivity, which is lower than that expected from band
structure [9].
The general features of the photoinduced dynamics in
1T-TaS2 were first revealed in all-optical studies [13–15],
which highlighted important changes in the near-infrared
optical properties and the excitation of coherent CDW
amplitude-mode oscillations. Time-resolved photoelectron
spectroscopy experiments [7] have provided a more comprehensive view of the physics, demonstrating the prompt
collapse and recovery of the gap at k ¼ 0 on a time scale
short compared to the period of the coherent amplitude
mode. This was interpreted as ultrafast melting of the Mott
0031-9007=11=106(1)=016401(4)

insulator, driven primarily by carrier temperature and only
weakly influenced by the amplitude mode. Recent ultrafast
electron diffraction measurements substantiate this view,
showing that photodoping does not trigger complete relaxation of the structural distortion [16].
Here, we set out to probe the electrodynamics of this
transient Mott-melted phase, using a combination of ultrafast optical probes that cover three decades of frequency.
In this way, we access a state of the solid in which
photodoping has removed the correlation gap, while the
lattice symmetry, and presumably the bandwidth, of the
low-temperature Mott insulator are only weakly perturbed.
In our experiments, 1T-TaS2 was held in its lowtemperature insulating phase at 15 K and excited with
1:3 m-wavelength pulses (950 meV) from an optical
parametric amplifier. In a first set of measurements, lowenergy transport was probed with time-resolved THz
spectroscopy [17–19]. The time-dependent reflectivity
was referenced against that of the unperturbed sample
and of a gold-coated portion of the surface. This allowed
for the determination of the complex optical constants for
each time delay [20]. The time-dependent conductivity
was extracted by considering a thin photoexcited film
with an unperturbed bulk volume beneath, thereby keeping
into account the mismatch in pump and probe penetration
depths (45 nm and 7 m, respectively).
Figure 1(a) shows the real part of the conductivity 1
obtained in the low-temperature equilibrium phase and
at several pump-probe time delays for a pump intensity
of 550 J cm2 . For comparison, the pump fluence range
used in earlier photoemission studies on the photoinduced
phase was restricted to intensities lower than 150 J cm2
[7]. In the conductivity data presented here, Drude-like
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FIG. 1 (color online). (a) Real part of the conductivity 1 as
a function of pump-probe time delay for 550 J cm2 pump
intensity. Static conductivity in the low- and high-temperature
phases is shown in black for comparison (high-temperature data
from [12]). (b) Transient behavior of 1 (1 THz) for different
pump intensities (lines are guides to the eye). (c) Intensity
dependence of 1 (1 THz) at 0 ps time delay.

behavior is indicated by a flat response in 1 . The temporal
evolution of 1 (1 THz) is plotted in Fig. 1(b). A prompt
increase is followed by exponential decay back towards
equilibrium, reflecting changes in the Drude spectral
weight indicative of the loss and recovery of the Mott
gap [7]. However, the photoinduced change in 1 is
significantly smaller than that observed upon heating.
Furthermore, the three low-lying phonon modes observed
[11,12] remain essentially unscreened and 1 increases
continuously with excitation fluence, as shown in
Fig. 1(c). All these observations are inconsistent with the
larger steplike increase in 1 and the complete screening
of the phonon modes observed at 220 K [12,21]. This
indicates a transient metallic state with qualitatively different transport properties to those observed in the thermal
metallic state.
Figure 2 shows the complex conductivity around the
1.6 THz phonon resonance at various time delays. We
find that the Lorentzian phonon line shapes of the insulator
become strongly asymmetric in the photoexcited state.
The real part 1 exhibits a clear shift of spectral weight
from the low- to the high-energy side of the mode, with a
dip developing below the central frequency. The imaginary
part 2 flattens on the high-energy side. A similar effect,
though of smaller magnitude, is seen in the other two
modes within our measurement bandwidth.
These asymmetries are well described by the Fano
effect, a general spectroscopic feature which arises from
coupling between a discrete resonance and a continuum
of excitations [22]. Such coupling produces interference
around the resonance, leading to a complex conductivity
of the form


!2  !20 1
ð!Þ ¼ i0 ðq  iÞ2 i þ
;
0 !
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FIG. 2 (color online). Temporal evolution of the 1.6 THz mode
after excitation with 550 J cm2 pump pulse. Left-hand
panels: Real and imaginary parts of the conductivity for different
pump-probe delays (black lines). Gray (red) lines are fits using a
Fano line shape. Right-hand panels: Time-dependent asymmetry
parameter 1=q and renormalized mode frequency !0 .

where !0 and 0 are the mode central frequency and
linewidth, respectively, and q is the Fano asymmetry parameter (1=q denotes a more asymmetric profile) [22,23].
Fano effects in phonon line shapes have been observed
in other correlated electron systems both statically [23,24]
and dynamically [25,26]. Their presence indicates strong
electron-phonon coupling, and studying them can reveal
much useful information on the interactions in correlated
systems [24,27].
The gray (red) lines in Fig. 2 show a fit to the line shapes
of the 1.6 THz mode as a function of pump-probe time
delay. We note that the asymmetry parameter and renormalized phonon frequency, shown on the right-hand side of
Fig. 2, reach their maximum alteration after around 2 ps.
This is in apparent contrast with the prompt increase in
low-frequency conductivity of Fig. 1. However, it is to be
stressed that the temporal resolutions of the two measurements are different. The extrapolated dc conductivity is
found by measurement of the broadband THz response,
which can be determined on the subpicosecond time scale.
On the other hand, reshaping of the phonon linewidths
involves only spectral features that extend over a few
hundred GHz bandwidth and, as such, cannot be detected
faster than a few picoseconds.
The decay back to equilibrium of the asymmetry parameter and mode frequency exhibit the same temporal
dependence as 1 in Fig. 1 and of the Mott gap measured
in Ref. [7]. Moreover, the sign of the asymmetry shows
that the phonons are interacting with a continuum centered
at higher energy, likely the new states appearing as the
Mott gap collapses [22,24].
At higher photon energies, photoinduced reflectance
changes were measured with pulses from a second optical
parametric amplifier, continuously tunable from the
100-meV Mott gap (12:4 m wavelength) to the visible.
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Figure 3 shows typical time-domain traces obtained for
three different probe energies above the gap. The reflectance shows a sudden increase near zero time delay, followed by decay with superimposed 2.4-THz oscillations
from the coherent CDW amplitude mode [13–15].
The magnitude of the reflectance change, the relative
size of the oscillations, and their lifetime all depend on
the probe photon energy, as illustrated in the inset of Fig. 3.
As the probe energy is lowered towards the gap, R=R
increases dramatically due to the shift of spectral weight
into the previously gapped region [7]. Conversely, the
coherent lattice vibrations influence the optical response
progressively less. This suggests that the structural distortions are only weakly connected to the low-frequency
electrodynamics, further substantiating a view in which
the Mott gap is melted independently from the coherent
CDW distortions.
The photoinduced changes in reflectance from the THz
to the visible are summarized in Fig. 4. The data were taken
at 0 ps time delay, when the Mott gap has just collapsed and
the reflectance changes, and hence the associated conductivity changes, are maximal. Note that while in the THz
range the raw signal is small ( 1%) due to the large
difference between the pump and probe penetration depths,
in the midinfrared region, where the extinction coefficients
are better matched, a pronounced increase in reflectance
is clearly visible already in the unprocessed data.
To extract broadband time-dependent optical conductivity in the absence of phase information at high photon
energies, we applied the following procedure. First, the
static broadband reflectance at 30 K was fitted by modeling
the equilibrium optical conductivity with a series of
Lorentzians, accounting for the phonons and electronic
transition bands. Second, we analyzed the photoinduced

FIG. 3 (color online). Pump-probe traces for three probe
photon energies. Inset: Peak reflectivity changes (R=R) as a
function of probe photon energy (black dots, left-hand axis) and
ratio of oscillation amplitude to peak R=R (red circles, righthand axis). In all cases the pump intensity was 750 J cm2 .
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changes in reflectivity, which could be modeled by shifts of
spectral weight among the oscillators of the equilibrium fit.
However, the midinfrared response required the addition of
a new resonance centered at 155 meV. This feature has no
analogue in any of the thermal phases. Its time dependence
can be seen in the reflectance transients of Fig. 3 which
give it its structure, especially the trace at 120 meV, close
to the center of the absorption band. It appears promptly
upon photoexcitation and has decayed after almost 1 ps,
indicating a strong connection to the loss and revival of the
Mott gap, which occurs on the same time scales.
The lower panel of Fig. 4 shows the broadband conductivity of the photoinduced phase at 0 ps time delay, as
determined by this procedure. Three features emerge as
especially meaningful: reduced low-frequency conductivity
compared to the high-temperature phase, Fano line shapes
for the phonons, indicative of strong electron-lattice coupling, and a transient midinfrared resonance. The nature of
this midinfrared band is consistent with that of polaron
bands in other strongly correlated materials [28,29], and
the asymmetric reshaping in the phonon line shapes emphasizes strong coupling between electrons and the lattice
coinciding with the appearance of this new feature.
From the combined observations above, then, the key
conclusion of our work is that transport in the photoinduced phase is polaronic. Microscopically, charges that in

FIG. 4 (color online). Upper panel: Reflectance change immediately after photoexcitation (red dots). Gray (red) line is a fit to
the data (see text). Lower panel: Calculated conductivity immediately after photoexcitation [gray (red) line]. Dashed black line
is a Lorentzian representing a polaron band. In both panels,
continuous black lines are the reflectance and conductivity of the
thermal phases [12].
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the ground state were localized by electron correlations are
made mobile after photodoping, although electron-lattice
coupling, which is still strong due to the presence of the
CDW, imposes a dominant energy scale on their transport.
These features belong to an exotic state of 1T-TaS2 that is
only accessible with photodoping.
In summary, we have used optical spectroscopy over a
broad frequency range to measure the transport properties
of photoexcited 1T-TaS2 . Our data clearly indicate the
formation of a new state, with polaronic transport that
descends directly from the separate influence that light
has on electron correlations and on the lattice response.
As such, the use of ultrabroadband time-resolved optical
spectroscopy emerges as an indispensable tool to understand the role of many interacting degrees of freedom in
transient states of complex matter.
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