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Ultrafast Formation of a Charge Density Wave State in 17-TaS,:
Observation at Nanometer Scales Using Time-Resolved X-Ray Diffraction
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Femtosecond time-resolved x-ray diffraction is used to study a photoinduced phase transition between
two charge density wave (CDW) states in 17-TaS,, namely the nearly commensurate (NC) and the
incommensurate (I) CDW states. Structural modulations associated with the NC-CDW order are found to
disappear within 400 fs. The photoinduced I-CDW phase then develops through a nucleation and growth
process which ends 100 ps after laser excitation. We demonstrate that the newly formed I-CDW phase is
fragmented into several nanometric domains that are growing through a coarsening process. The
coarsening dynamics is found to follow the universal Lifshitz-Allen-Cahn growth law, which describes
the ordering kinetics in systems exhibiting a nonconservative order parameter.
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Strongly correlated electron systems are known to exhibit
rich phase diagrams [1-3]. Such compounds also display
fascinating out-of-equilibrium physics, in the form of ultra-
fast symmetry changes known as photoinduced phase
transitions [4—6], and occurrence of new, transient states
[6-8]. Charge density wave (CDW) states are broken
symmetry states of metals arising from electron-phonon
interactions. They are characterized by a periodic modula-
tion of both atomic positions and electron density. The
metal-to-CDW phase transition is characterized by the
growth of a complex-valued order parameter p = Aexp'®,
which reflects both the amplitude A and the phase ® of the
periodic modulation [3]. A number of photoinduced phase
transitions that have been achieved in CDW compounds
correspond to a suppression of the CDW order, ie., a
transition between a CDW state and a metallic state free
of any structural modulation [5,9-15]. Among those, the
photoinduced suppression of the CDW state in blue bronze
was shown to involve a coherent motion of atoms along the
normal coordinates of the CDW amplitude mode [5]. In this
case, the amplitude mode allows continuous variations of the
modulus of the order parameter |p|, the metallic state
corresponding to |p| = 0. In the present Letter, we focus
on the photoinduced phase transition between the nearly
commensurate (NC) and the incommensurate (I) CDW
states in 17-TaS,, which exhibit two distinct order param-
eters. When thermally induced, this first-order phase tran-
sition involves a discontinuous change of atomic positions,
and a coexistence of NC and I phase domains over a 3 K
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range [16,17]. Thus, it is expected that the photoinduced I
phase appears through noncoherent atomic motions, by a
nucleation and growth process. We report that the photo-
induced NC — I phaseis completed within 100 ps after laser
excitation. At this 100 ps delay, the photoinduced I-CDW
phase is found divided into domains with a typical size of
150 A. Tts ordering kinetics could be captured in the form of
a coarsening of the domain pattern. To our knowledge, this
constitutes the first experimental observation of a coarsening
phenomenon on the nanometer and picosecond length and
time scales.

IT-TaS, is formed by sheets of edge-linked TaSq
octahedra [Fig. 1(a)]. In the structure of highest symmetry,
the Ta atoms form a regular hexagonal lattice. Below
543 K, a transition to the triple-¢ modulated I-CDW phase
occurs. In this phase, an atom which lies at the position 7 of
the hexagonal lattice is displaced by the vector
u(r) = >3, ué; x cos (q;' - ¥+ @;). The I-CDW modu-
lation is characterized by its wave vector ¢;' = 0.283a" +

1
3

as by the order parameter p; = u;exp'® [19] [p. 175].
Below 350 K, the modulation wave vectors suddenly rotate
in the (a*,b*) plane, marking the onset of the NC-CDW
state. At 300 K, the NC phase exhibits modulation vectors
gue! = 0.245a° + 0.068b* +%c_’; and equivalents by the
threefold symmetry [17,20].

The advent of setups dedicated to time-resolved dif-
fraction on sub-ps timescales has allowed detailed analyses

¢* and equivalents by the threefold symmetry [17], as well
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FIG. 1. (a) Crystal structure of 17-TaS,. The hexagonal unit
cell is represented in red [18]. (b) Location of diffracted intensity
in reciprocal space. Satellite peaks related to the 110 lattice peak
are represented in purple for the NC phase and in green for the I
phase (filled circles: [ = %, open circles: [ = —%). Scanning the
azimuthal angle ¢ allows measuring diffracted intensity along the
thick red line.

on the mechanism of several photoinduced phase transi-
tions [5-7,10,12,21-23]. Diffraction techniques are espe-
cially well adapted to studying CDW compounds
[5,10,12,14,15,22,24-29]. Indeed, a structural modulation
with wave vector ¢ gives rise to satellite peaks [Fig. 1(b)],
the intensity of which being proportional to the square of
the atomic displacement amplitude |p|>. In this work on
1T-TaS,, our original approach consisted in measuring the
width of an incipient photoinduced I-CDW satellite peak,
inversely proportional to the I-CDW correlation length.
Such analyses of time-dependent diffuse scattering signals
have rarely been performed, despite their relevance to
studying short-range correlated structural features [30].

Femtosecond pump-probe diffraction experiments were
carried out using a hard x-ray synchrotron slicing source
[31]. A plateletlike, (001)-oriented 17-TaS, single crystal
[32] was excited with 1550 nm laser pulses with p
polarization, at an incidence angle of 10° with respect to
the surface plane. The diffraction was studied in a grazing
incidence geometry by using 7.05 keV, 140 fs x-ray pulses
at an incidence angle of about 1°. The effective penetration
depths of the laser and x-ray beams are estimated to §; =
44 nm and 6y = 130 nm, respectively [33,34]. The dif-
fraction condition was tuned by rotating the sample about
its surface normal. In the following, this rotation is referred
to as the azimuthal angle and denoted ¢. The temperature
was controlled between 240 and 300 K by means of a N,
blower.

Figure 2(a) shows the profiles of diffracted intensity
measured at the gne = (—1.313,1.245,0.333) and ¢; =
(—1.283,1.283, 0.333) satellite peak positions in reciprocal
space, for various time intervals after photoexcitation
(6.8 mJ/cm? [35], 265 K). The time dependence of the
integrated intensity and full width at half maximum (FWHM)
was determined for both satellite peaks, by fitting a pseudo-
Voigt function to the data [Fig. 2(b)]. The photoinduced
NC — I phase transition is revealed, following a three-step
mechanism [Fig. 2(c)]: (1) An ultrafast transition occurs in
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FIG. 2. (a) Diffracted intensity profiles measured at the NC and
I satellite peak positions during the NC — I photoinduced phase
transition of 17-TaS, (absorbed fluence 6.8 mJ/cm?, 265 K).
The dots represent measured data and the solid lines their best fit
using a pseudo-Voigt function. (b) Time dependence of the NC
and I peak profile parameters, as extracted from the fit. (c) Sche-
matic drawing of the three-step dynamics of the photoinduced
NC — I phase transition. For each step, crystal views from both
the top and the side are given.

the first few ps after laser excitation, as shown by the drop of
the NC satellite peak intensity and the concomitant appear-
ance of diffuse scattering at the I satellite peak position.
(2) For pump-probe delays ranging from 100 to 500 ps, the
integrated intensities of the NC and I satellite peaks remain
fairly constant, meaning that the modulation amplitudes and
the relative volumes of both phases are stabilized. The width
of the I satellite peak, however, still evolves, giving evidence
for structural rearrangements within the photoinduced
[-CDW state. (3) A second growth of the I phase at the
expense of the NC phase is observed at pump-probe delays
longer than 500 ps and up to 50 ns. Taking into account the
typical heat diffusivity in solids [107® m?s~!'] and the
130 nm probed depth, the latter timescales can be associated
with heat diffusion processes. Because of the limited
penetration depth of the infrared photons, the laser excitation
density decays exponentially within the probed depth of
the sample [Fig. 3(c)]. Thus, the photoinduced I phase is
expected to nucleate close to the sample’s surface. Beyond
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FIG. 3. (a) Time evolution of the normalized diffracted inten-
sity at the NC satellite peak position —1.313, 1.245, 0.333
(240 K). Lines represent the best fits using a weighted sum of
the model functions defined for regions 1 and 2 (see text).
(b) Relative change of intensity observed for the NC satellite peak
as a function of fluence (At = 10 ps). (c) Schematic representa-
tion of the inhomogeneous excitation across the probed depth of
the 17-TaS, crystal. The z axis lies normal to the crystal’s
surface.

100 ps after laser excitation, an effective local temperature
can be defined, which follows an in-depth profile similar to
that of laser excitation density. Temperature homogeneity is
then slowly restored through heat diffusion, which causes a
transient temperature increase in the furthest regions from the
surface and, in turn, a thermally activated growth of the I
phase towards the sample’s depth.

Figure 3(a) shows the time evolution of diffracted intensity
at the NC satellite peak position gyc (240 K, 1.7 to
5.3 mJ/cm?). A drop of diffracted intensity is observed,
followed by a partial recovery within 3 ps. The diffracted
intensity then remains approximately constant up to at least
10 ps. At the lowest fluence studied, periodic oscillations
could be clearly resolved within 2 ps after laser excitation.
Variations of the NC satellite peak intensity can reflect either a
change of the NC-CDW modulation amplitude, or a change
of the relative volume of the NC phase. Figure 2(a) shows that
10 ps after laser excitation, the reduced intensity of the NC
satellite peak is observed concomitant with a diffraction
contribution located at the I satellite peak position. For larger
pump-probe delays, the NC and I satellite peak intensities
show an inverse correlation [Fig. 2(b)]. These observations
suggest that the intensity variations observed beyond 10 ps
after laser excitation are due to changes of the relative
volumes of the NC and photoinduced I phases, rather than
a change of the NC or I order parameters. Under this
assumption, the NC satellite peak intensity at a 10 ps
pump-probe delay is a measure of the relative volume of

the NC phase. We write Ve = 1(10 ps)/ly, where I
denotes the diffracted intensity before laser excitation. Its
fluence dependence is reported in Fig. 3(b), giving evidence
for two different regimes of the photoinduced response.
Below the threshold fluence Fyy, = 2.8 mJ/cm?, Vyc slowly
decreases with fluence, but remains greater than 93%. The
slope then dramatically increases above F';,. We propose that
Fy, is the threshold fluence of the photoinduced NC — I
phase transition [12].

Assuming linear absorption, the effective laser fluence
decays exponentially across the probed depth z, following
F(z) = Fye™*/°.. In the case where F, > Fy,, the sample
splits into two regions, each exhibiting a different behavior
upon laser excitation [Fig. 3(c)].

Region 1 [z <zy =6, 1In(Fy/Fy)].—This region
undergoes the photoinduced NC — I phase transition.
The NC satellite peak intensity measured from this region
is expected to drop to zero within a few ps, as a result of
both a decrease of the NC order parameter and a reduction
of the relative volume of the NC phase. We chose to model
the disappearance of the NC satellite peak intensity by a
sigmoid-shaped function. One writes I,(¢)/1;, = S(t),
where S(7) equals % (1 + cos[rt/T]) when 0 <1 <T,,
and 0 when ¢ > T. T, is the completion time of suppres-
sion of the NC-CDW order in region 1.

Region 2 [z > zyp,]—No  photoinduced transition
occurs in this region. In the low fluence regime, laser pulses
are known to coherently excite the amplitude mode of the
NC-CDW [36-38], which results in periodic oscillations of
the modulus of the order parameter pyc in time. This
behavior can be modeled assuming a displacive excitation
mechanism [5,39]. For >0, one writes I,(t)/I,, =
(1 4+ Ayfcos (2avgpt)e ™/ 7am — e7/7a))2 | where Ay, vam
and 7,y represent the amplitude, frequency, and damping
time of the coherent oscillations of the amplitude mode
(AM). The time constant 7, characterizes the relaxation of
the transient quasiequilibrium atomic positions.

The function (1 —Vnc)[li(1)/11)] + Vncll2(1)/12,]
allows an excellent fit of the experimental data [Fig. 3(a)].
In sample parts subjected to a fluence lower than Fy,, the
coherently excited amplitude mode is found to exhibit a
frequency vy of 1.9 +0.2 THz and a short damping
constant (4 varies from 290 to 140 fs as F|, increases
from 1.7 to 5.3 mJ/cm?). The parameter 7, is found equal to
570 £200 fs at all fluences studied. These results are
consistent with those previously obtained using time-resolved
optical measurements and angle-resolved photoemission
spectroscopy [36-38]. On the other hand, in sample parts
subjected to a fluence higher than Fy,, the fit using the S(7)
function shows that NC modulations decrease within
T, =400 fs, slower than half a period of the NC-CDW
amplitude mode [Fig. 3(c)]. A plausible scenario behind this
observation could be a displacive excitation of an overdamped
amplitude mode [22].
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FIG. 4. (a) Diffraction profiles of the photoinduced I satellite
peak (F = 6.8 mJ/cm?, T =240 K). The strong contribution
observed on the small angle side corresponds to the edge of the
NC satellite peak. (b) Time evolutions of the integrated intensity
of the I satellite peak (triangular dots), and of the photoinduced
[-CDW correlation length (round dots).

Figure 4(a) shows x-ray diffraction profiles of the I
satellite peak, measured at various delays after laser exci-
tation (6.8 mJ/cm?, T = 240 K). Their angular FWHMs
(~1.7° and ~0.6° at Ar = 2 and 100 ps, respectively) are
found to be remarkably larger than those of the NC sate-
llite peaks [~0.3°, see Fig. 2(b)] and regular lattice
peaks (~0.3°, data not shown). In the geometry used for
our diffraction experiment, the broadening of the I sate-
llite peak Ag; [40] is related to the spread of diffracted

intensity along the [a?‘ +b_’;] direction [see Fig. 1(b)]:
Ag; =~ ||q1 —%01||A¢1. Agy finally translates into the cor-

-

relation length of the photoinduced I-CDW in the (&, b)
plane, following & = 27/Ag;. It is found to increase from
7 to 23 nm in the [2-100 ps] delay range [Fig. 4(b)].
In parallel, we estimated the integrated intensity of the
photoinduced 1 satellite peaks by summing the positive
count differences /(¢) — I(¢t < 0) over the g-angle range
[Fig. 4(b)]. The diffracted intensity is found to progres-
sively increase in the pump-probe delay range [2—100 ps],
indicating an increase of the photoinduced I phase volume.
The concomitant growth of correlation length and increase
of the I phase volume observed is fully compatible with the
expected scenario of a first order phase transition, where
nuclei of the new phase are produced and grow over time.

Now, let us have a closer look at the experimental data
presented in Fig. 2(b) (6.9 mJ/cm?, T = 265 K). In the
pump-probe delay range [100-500 ps], the progressive
reduction of the I satellite peak FWHM is still observed,
meaning that the correlation length of the I-CDW is still
increasing. On the other hand, the integrated intensity of the I
satellite peak remains constant, meaning that the volume of
the photoinduced I phase is stabilized. These observations
exclude a scenario where the growth of correlation length
would be due to the growth of I phase regions. Instead, the
growth of correlation length should be thought of as an
internal rearrangement within the photoinduced I-CDW
phase. The correlation length of the -CDW state is a measure
of the typical distance over which the phase of the

400 v T T T g T g T T T

300 |- & x At0S
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L e
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I-CDW correlation length & (&)

> electron densi

FIG. 5. (dots) Time evolution of the correlation length of the
photoinduced I-CDW phase (F = 6.9 mJ/cm?, T = 265 K).
(line) Best fit using the power law function C x Af%3. The
bottom right inset represents a subset of 3 [[CDW domains, each
characterized by a different CDW phase ®y,. Modulations of
electronic density associated with the I-CDW are color coded
within each of the three domains. For the sake of simplicity, sharp
domain walls are represented: their actual width cannot be
deduced from the present experiment.

modulation remains constant. Thus, we assume that the
photoinduced I phase is fragmented into small domains, each
exhibiting one phase @y, (see inset in Fig. 5).

In the time interval [100-500 ps] after laser excitation,
both the electron and phonon energy distributions are
expected to be thermalized with a single characteristic local
temperature 7'(z). The observed development of the I phase
beyond 100 ps pump-probe delay gives evidence that 7'(z) is
greater than the critical temperature of the NC — I phase
transition, at least for some depths z close to the sample’s
surface [41]. As a consequence, the free energy is well
minimized within each photoinduced [-CDW domain. In
principle, the phases @y, can take any value, owing to the
incommensurability of the [-CDW with the underlying
hexagonal lattice. Nevertheless, the steep change in the
I-CDW phase which occurs through the domain walls
increases the energy of the system. This leads to a coarsening
of the domain pattern, driven by a reduction of the domain
wall area [Fig. 2(c), thumbnail 2].

Coarsening systems are known to obey the dynamic
scaling hypothesis [42]. Under such an assumption, the
domain pattern at later times exhibits similar length
distributions as at earlier times, provided that a global
scale factor is applied. As a consequence, the time-
dependent growth of the domains has to be modeled by
a scale-invariant power law Az”. Figure 5 shows the time
evolution of the I-CDW correlation length in the [100—
500 ps] delay range, as deduced from the broadening of the
I satellite peak. The time-dependent power law allows an
excellent fit of the data, the refined value for the exponent p
being 0.47 4= 0.03. The coarsening dynamics of the photo-
induced I-CDW is found to follow the universal Lifshitz-
Allen-Cahn growth law (t'/%), which describes domain
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growth in systems where the order parameter is not
conserved [42]. Note that this behavior has seldom been
observed experimentally, exclusively on quenched liquid
crystals until now, on micrometer and second length and
time scales [43,44].

In summary, we depicted the photoinduced NC — I phase
transition in 17-TaS,, over the relevant range of timescales
[100 fs—1 ps]. The NC-CDW modulations are found to
completely disappear within 400 fs. Regions exhibiting
[-CDW modulations nucleate and grow within the first
100 ps after laser excitation. At longer pump-probe delays
(> 100 ps), the photoinduced I phase has fully developed
close to the sample’s surface. Nonetheless, it does not
correspond to the I phase observed at thermodynamic
equilibrium: its short correlation length (~15 nm) makes
it a genuine out-of-equilibrium state. Some of the photo-
induced nanometric domains grow at the expense of others,
in a coarsening process driven by a reduction of the domain
wall area. The present work calls for further studies on the
fast domain wall dynamics in broken-symmetry phases,
which has important implications on the mechanisms of
(photoinduced) phase transitions, as well as on material
responses to external fields or stimuli.
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