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Modulated phases, commensurate or incommensurate with the host crystal lattice, are ubiquitous in
solids. The transition between such phases involves formation and rearrangement of domain walls and is
generally slow. Using ultrafast electron diffraction, we directly record the photoinduced transformation
between a nearly commensurate and an incommensurate charge-density-wave phase in 1T-TaS2.
The transformation takes place on the picosecond time scale, orders of magnitude faster than previously
observed for commensurate-to-incommensurate transitions. The transition speed and mechanism can be
linked to the peculiar nanoscale structure of the photoexcited nearly commensurate phase.
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Complex intertwined electronic and lattice orders are a
hallmark of strongly correlated materials. Prominent exam-
ples include the plethora of charge-density-wave (CDW)
phases in layered compounds [1], the strongly coupled
electronic and lattice orders involved in the metal-insulator
transitions of VO2 [2,3] and Fe3O4 [4], and the combined
charge, orbital, and lattice orders in manganites [5]. The
spatial structures range from homogeneous commensurate
and incommensurate phases over domain structures to
local short-range order on the nanometer length scale.
The understanding of these orders and the transitions
between them is an important step towards understanding
strongly correlated materials in general and harnessing their
properties.
In recent years, femtosecond time-resolved spectroscopy

[6–18] and diffraction techniques [19–26] have contributed
many important insights into the nature and origin of
electronic (charge, orbital, spin) and lattice orders.
Intense femtosecond optical pulses, with carrier frequen-
cies ranging from terahertz [6,7,24] to ultraviolet, are
usually used to perturb the low-temperature ground state
and the resulting dynamics are probed by tracking the time
evolution of the system in a stroboscopic fashion. By
selectively probing the dynamics of the electronic and
lattice subsystems, their coupling strengths can be deter-
mined [8,9], providing insights into the ground states and
opening new pathways for controlling macroscopic orders
[6,7,10,11,24,25]. In a large majority of these studies, the
low-temperature order is quenched at high enough excita-
tion densities, and studies focus on its melting [7,14,15,
20–25], switching [9–11,17,24] and/or recovery dynamics
[8,13,16,21]. In some cases, however, new transient [6,10]
or metastable [17] orders can be induced by light excitation.

In this Letter, we report an ultrafast electron diffraction
study, where we directly follow the genesis of a strongly
coupled electronic and structural order: the emergence of
an incommensurate (IC) CDW out of a nearly commensu-
rate (NC), domainlike CDW in 1T-TaS2, a drosophila of
ultrafast dynamics [12,13,16,17,20,26]. We initiate the
phase transformation from the NC phase at T ¼ 305 K
by exciting a ∼22 nm thin 1T-TaS2 crystal with an ultra-
short laser pulse. At subsequent delay times we monitor
both the suppression of the NC and the emergence of the IC
order in real time by capturing their structural fingerprints
in electron diffraction patterns. The experimental results
provide clear evidence that the phase transition follows a
multistep process: after a subpicosecond suppression of the
NC order, the new IC order nucleates at the original domain
walls of the NC phase within about 2 ps and grows into the
NC domains on the 10–100 ps time scale. Such transitions,
involving rearrangement of domain structure [27,28] in
macroscopic samples, should generally be slow. Indeed,
electric field-driven commensurate-to-incommensurate
transitions in ferroelectrics take place on a millisecond
time scale [29,30]. The dramatic difference in time scales
observed in this work is attributed to the peculiar nanoscale
structure of the NC phase.
1T-TaS2 provides a classic example of how complex

forms of coupled electronic and structural orders can
emerge from a simple layered structure. The phase diagram
of the pristine compound comprises a commensurate
(C) CDW coupled to a Mott insulating phase [31–33] at
low temperatures, stripelike and NC phases at intermediate,
and an IC phase at high temperatures [27,28]. Upon
intercalation, transition-metal substitution, and hydrostatic
pressure, several additional CDW phases come up, some
of them even coexisting with superconductivity [34–36].
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Here, we focus on the first-order phase transition [37,38]
from the NC to the IC order at TNI ¼ ð353� 1Þ K in
pristine 1T-TaS2. We note that the photoinduced phase
transition was (at least partially) realized in Ref. [20], yet
the data quality was insufficient to track its time evolution.
The NC phase exhibits an intriguing nanometer-scale

inhomogeneity in real space: it can be approximated as
consisting of small domains of commensurate 13-atom
clusters, separated by several atoms wide discommensu-
rations (domain walls), where modulation is negligible
[Fig. 1(a)] [27,28,39]. The volume fraction of discom-
mensurations is about 50%. The IC phase, on the other
hand, is spatially homogeneous but not in registry with
the underlying lattice [Fig. 1(c)]. The two phases differ in
reciprocal space, as demonstrated in the transmission
electron diffraction images in Figs. 1(b) and 1(d) recorded
with our femtosecond electron diffraction setup. The
CDW fingerprints are the weak hexagonal patterns sur-
rounding the strong diffraction peaks of the underlying
hexagonal crystal structure. Whereas the IC signature is in
line with the reciprocal crystal pattern, the NC signature is
rotated by ∼12° and also expresses higher order diffrac-
tion peaks.

The temperature dependences of the superlattice peak
intensities in the vicinity of TNI, recorded with our setup
and shown in Fig. S1 [40], display the steplike character-
istics of the first-order phase transition. The intensity of the
IC peak well in the incommensurate phase, I0IC, is about
one-half of the intensity of the NC peak at room temper-
ature, I0NC. This value reflects the reduced CDW amplitude
and a different structure factor of the IC phase [32,41].
All transient electron diffraction experiments were per-

formed at room temperature [40]. The overall experimental
temporal resolution was about 600 fs, with the electron
transverse coherence length of more than 8 nm [40]
sufficient to identify the different superstructures.
Figure 2(a) shows diffraction snapshots at several time

delays after excitation with a 150 fs near-infrared pulse
with an incoming fluence F ¼ 1.9 mJ=cm2. As shown in
Fig. 2(b) the intensity of the NC peak, INC, drops to zero on

FIG. 1. Real (a),(c) and reciprocal (b),(d) space representations
of the NC and IC phases of 1T-TaS2. (a) Simplified model of the
NC phase in real space: Commensurate domains of 13-atom
clusters in a
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superstructure are separated by unmodu-
lated domain walls [28]. Modulation amplitudes are exaggerated
for visual clarity. (b) The corresponding transmission electron
diffraction pattern. Bright diffraction peaks represent the host
crystal lattice, weaker satellite peaks with relative intensity of 6%
are the signature of the NC phase. Note the 12° angle between the
peaks of the crystal lattice and superstructure, distinctly different
from the 13.9° angle of the C phase. (c) Visualization of the IC
phase in real space. The hexagonal lattice is modulated by three
harmonic modulations (wavelength 3.53a) along the three lattice
vectors at 120°. Phases of the three harmonics are set to zero at the
center of the figure. (d) The diffraction pattern of the IC phase.
The superlattice peaks of about 3% relative intensity are aligned
with the lattice diffraction pattern.

FIG. 2. NC-to-IC transformation recorded at different excita-
tion densities. (a) Snapshots of diffraction intensity near the
superlattice reflection (zoom-in) at several time delays after
excitation with 1.9 mJ=cm2. (b) The corresponding time evolu-
tion of diffraction intensities (black symbols represent the
intensity of the main lattice peaks). (c) The time evolution of
intensity of the IC peak (1 mJ=cm2), displaying a two-step
process. (d) The evolution of the NC and IC intensities for
different excitation densities. Characteristic time scales are shown
(see text). The second stage of the photoinduced transformation
proceeds on an excitation density-dependent time scale (τ2),
describing both, further NC suppression and IC growth. τ2 ranges
from ≈230 ps at 0.8 mJ=cm2 to ≈50 ps at 2.1 mJ=cm2.
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the sub-ps time scale. By assuming an exponential process
[40], we estimate the time constant to be τ1;NC ≈ 0.3 ps,
ascribed to the “coherent” initial suppression of the NC
order [20]. This coherent process, accompanied by a rapid
electron-phonon thermalization on a time scale τDW ≈ 1 ps,
accounts well for the time evolution of the intensity of the
main lattice peak (black symbols). In addition to the two
signatures, whose time evolutions in the perturbative
regime were reported in Ref. [20], we observed the buildup
of the IC phase. The intensity of the IC peak, IIC, is found
to reach about 50% of I0IC on a time scale of τ1;IC ≈ 1.5 ps.
However, the growth of IIC continues up to ≈100 ps
reaching I0IC. The snapshot of diffraction taken 100 ps
after photoexcitation is identical in angular orientation and
intensity to that of a sample thermally heated above TNI,
demonstrating the phase transformation is complete. Unlike
in the recently reported low temperature (<50 K) phase
[17], the system then cools back to its initial NC state
before the arrival of the next pump pulse (1 ms). We
emphasize that during the photoinduced NC-to-IC transi-
tion the CDW diffraction peaks do not rotate. Following
quenching of the NC order within τ1 the IIC signal starts to
grow. As shown in Fig. S4 [40], the width of the IC peak is
initially about a factor of 2 larger than in thermal equilib-
rium, denoting a shorter correlation length. At 100 ps,
however, its width already matches the one of the lattice
reflections, implying the correlation length of the IC order
comparable to or larger than the transverse coherence
length of our electron pulse (8 nm).
This multistep phase transformation is further elucidated

in Figs. 2(c) and 2(d) showing the time evolutions of INC and
IIC for incident laser fluences between 0.8 and 2.1 mJ=cm2.
Interestingly, for 0.8 < F < 1.3 mJ=cm2 even INC is found
to follow a two-step process. Assuming the processes to
follow exponential time dependences, all data can be fit
(dashed lines) by considering τ1;NC ¼ 0.3 ps, τDW ¼ 1 ps,
τ1;IC ¼ 1.5 ps to be independent on F. However, the
time scale τ2, describing the second stage of the growth
(suppression) of IICðINCÞ, is found to vary between ≈230 ps
and ≈50 ps, decreasing with increasing F.
Important clues about the nature of the photoinduced

phase transition can be gained from the energetics of the
process. To estimate the absorbed energy density, we
combined spectroscopic ellipsometry on a bulk crystal
with measurements of the optical transmission and reflec-
tivity of the free-standing film and determined that the
excitation profile over the 100 μm × 100 μm × 22 nm
sample volume is homogeneous within 10% (see Fig. S2
[40]). Because of the fast electron-phonon thermalization
(τDW ≈ 1 ps), a quasiequilibrium between the electronic
and lattice systems will be reached within a few pico-
seconds. To estimate the resulting quasiequilibrium temper-
ature, T�, we used the calculated absorbed energy density
and the known values of the (total) specific heat, including
the phase transition enthalpy [42].

Figure 3 shows relative changes of NC and IC intensities
at two specific pump-probe delays, 2.5 ps and 1 ns, as a
function of F (bottom axis) and the calculated T� (top axis).
No signature of the photoinduced IC order is observed for
F ≤ 0.5 mJ=cm2, whereby the corresponding T� reaches
TNI. This indicates that the sample is superheated during the
photoinduced phase transition, similar to transient melting of
ice [43]. Moreover, forF > 1.0 mJ=cm2 the phase transition
is completed after τ2, while for F ¼ 0.8 and 1.0 mJ=cm2 the
crystal remains in a mixed phase even at 1 ns after photo-
excitation. Finally, comparing the relative IIC intensities at
the delays of 2.5 ps and 1 ns shows that their ratio is roughly
1:2 for fluences higher than 1 mJ=cm2.
From the equilibrium atomic positions of the NC and IC

phases (Fig. 1) it follows that the phase transformation
cannot proceed coherently, as one may expect for the
transition between a (commensurately) modulated and a
nonmodulated phase [25]. In other words, the two phases
are not linked by a generalized coordinate, and we neither
have access to the atomic trajectories, nor to the transient
potential energy surfaces along which the atoms move.
This is consistent with the observation that even the
formation time τ1;IC is substantially longer than τ1;NC
and the melting time τDW.
The observed two-stage buildup of the IC phase seems

consistent with the general features of driven first-order
phase transitions [44], where nucleation of the new phase is
followed by the domain growth, as, e.g., in the classic case
of quenching a binary mixture into the metastable state
between the binodal and spinodal curves [44,45]. The fact
that the correlation length of the IC phase grows during
the second stage (Fig. S4 [40]) is also consistent with
the domain growth. The nucleation process is commonly
associated with a nucleation barrier, implying the

FIG. 3. NC and IC intensities at the time delay of 2.5 ps (solid
circles) and 1 ns (open triangles) as a function of F and the
corresponding quasiequilibrium temperature T�. The gray line
represents the equilibrium transition temperature TNI. For F ≲
0.5 mJ=cm2 no signature of the IC phase is observed.
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dependence of the nucleation rate on excitation density
(or T�), which is not observed here. Moreover, the initial
buildup of the IC phase, proceeding on the time scale τ1;IC,
matches the characteristic phonon time scales. These two
observations imply the absence of a nucleation barrier in
the photoinduced NC -to-IC transition, as in the case of
spinodal decomposition following a rapid quench [44,45].
To gain further insight into the photoinduced NC-to-IC

transition, we have calculated the average net displace-
ments of Ta atoms upon the transition from the NC phase
into the high-temperature IC phase [40]. The result, shown
in Fig. 4(a) (see also Fig. S3 [40]), reveals that atoms within
the discommensuration regions (domain walls) are on
average much closer to their final positions than atoms
within the commensurate domains. Moreover, the volumes
of discommensurations and commensurate domains in the
NC phase around room temperature are roughly equal
[27,28]. Thus, we propose the following scenario: The
femtosecond laser excitation of the electronic system and
the resulting changes in the ionic potential launch coherent
atomic motion in the commensurate domains towards the
undistorted metallic phase. On a similar time scale
(τDW ≈ 1 ps) the energy is dissipated to the lattice, resulting
in a quasithermalized electron and lattice system at
T� > TNI. Within the discommensurations, taking up about
one-half of the sample volume, the lattice has to restructure
only slightly, and these areas develop the IC order within
picoseconds, consistent with the absence of a nucleation
barrier.
Following the “nucleation,” further growth of the IC

phase requires the transformation of the previously com-
mensurate domains. Here, the necessary atomic displace-
ments are much larger. Moreover, phase coherence needs
to be established over sizable areas. As demonstrated in

Fig. 2(d), the time scale of this process, τ2, depends on F
(or T�). It shows slowing down as T� approaches TNI. Most
interestingly, the rate τ−12 is found to scale with the reduced
temperature, T� − TNI, as shown in Fig. 4(b). While such a
critical behavior is expected for continuous phase transi-
tions, similar observations have been made for first-order
phase transitions in ferroelectrics [46], albeit for temper-
atures much closer to the phase transition temperature
[29,30] compared to our case.
Overall, our results reveal an excitation density-

dependent multistage NC-to-IC phase transformation that,
at the highest excitation density used here, completes
within ∼50 ps. This transformation time is orders of
magnitude faster than the ones reported previously for
electric field-driven commensurate-to-incommensurate
transitions in ferroelectrics [29,30]. In fact, even if we
extrapolate τ−12 to reduced temperatures, comparable to the
ones used in experiments on ferroelectrics (≈2 K)
[29,30,46], the phase transformation in our case proceeds
about 4 orders of magnitude faster. We attribute this to the
peculiar nanoscale structure of the NC phase. Indeed, for
the highest excitation densities, τ−12 approaches the ultimate
time scale for a buildup of new long-range structural order,
which is limited by the characteristic length scale of the NC
phase (5 nm [27]) and the sound velocity (∼103 m=s [47])
to a few picoseconds. This is consistent with the earlier
study [20], where for substantially higher fluences the
phase transition was realized, yet not resolved in time.
The mechanism of the photoinduced phase transition

followed here is distinctly different from that of the
thermally driven equilibrium phase transition [27,28]. In
the equilibrium NC-to-IC transition of 1T-TaS2, as in
commensurate-to-incommensurate transitions in general
[48,49], the commensurate domains successively melt into
a finer, denser network structure of discommensurations
[27,28]. By contrast, our measurements suggest that the
photoinduced transformation proceeds via a broadening of
the network structure. Since the symmetric CDWamplitude
mode of the 13-atom clusters in the commensurate domains
does not directly map onto the distortion pattern of the IC
phase, this appears as the fastest possible pathway.
These results establish one of the fastest transitions

between two quantum phases with distinct macroscopic
orders. As such they provide a reference for how and how
fast complex nanoscale structural orders can be trans-
formed. The proposed mechanism and characteristic time
scales could be relevant whenever there is no direct
“coherent” path between the initial and final phase of a
photoinduced transition. From an experimental point of
view, our results open an intriguing perspective on the
study of strongly correlated materials. In ultrafast electron
diffraction, information about structural dynamics over the
entire two-dimensional Brillouin zone is obtained in a
single run. Thus, one can envisage the use of ultrafast
electron diffraction in finding signatures of transient or

FIG. 4. (a) Average displacement amplitude for a NC-to-IC
phase transition. Solid circles represent the atomic positions of
the hexagonal host lattice; the color coding indicates how much
on average (considering that the IC modulation is not in registry
with the host lattice) each atom needs to move starting from its
NC position to arriving at its IC position (see Ref. [40]). Atoms
within the discommensurations are on average much closer to
their end positions. (b) The transformation rate τ−12 as a function
of reduced temperature (T� − TNI).

PRL 116, 016402 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

8 JANUARY 2016

016402-4



fluctuating orders. Indeed, with constantly improving
sensitivity, such experiments are becoming feasible.
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