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We present the first systematic studies of the photoinduced phase transition from the ground charge 
density wave (CDW) state to the normal metallic state in the prototype quasi-ID CDW system KO.3Mo03• 

Ultrafast non thermal CDW melting is achieved at the absorbed energy density that corresponds to the 
electronic energy difference between the metallic and CDW states. The results imply that on the 
subpicosecond time scale when melting and subsequent initial recovery of the electronic order takes 
place the lattice remains unperturbed. 

In superconductors (SC), it has been known for decades 
that an intense laser pulse can nonthermally destroy the SC 
ground state [1]. The energy required to destroy SC should, 
in the case when all absorbed optical energy is kept in the 
electronic subsystem during the process of SC suppression, 
be equal to the condensation energy (energy difference 
between the free energy of the SC and normal states at T = 

OK). In recent experiments on MgB2 [2] and the high-Tc 
SC La2-xSrxCu204 [3] it has been shown, however, that 
the absorbed optical energy required to suppress SC is 
substantially higher than the thermodynamically measured 
condensation energy [3]. This discrepancy was accounted 
for by considering in detail all energy relaxation pathways 
on the time scale when SC suppression is achieved. From 
this analysis it follows that on this time scale a quasiequi
librium between the density of quasiparticles and high 
frequency phonons is achieved with most of the absorbed 
energy density being stored in the phonon subsystem [2,3]. 

Charge density wave systems present another broken 
symmetry ground state. Here upon cooling through the 
CDW transition temperature the translational symmetry 
is broken [4]. The appearance of the long-range CDW is 
accompanied by the appearance of the gap in the single 
particle excitation spectrum at the Fermi level, while the 
collective excitations of the CDW state are the so called 
amplitude (AM) and phase mode [4]. While real-time 
studies of photoexcited quasiparticle and collective mode 
dynamics in CDW compounds have been quite extensive in 
the weak and moderate perturbation regime [5-9], system
atic studies in the high perturbation regime, where the 
energy of the optical excitation pulse is enough to drive 
the phase transition from the CDW ground state to the 
normal metallic state [10,11] are still lacking. 

In this Letter we report on the first systematic study of 
carrier and collective mode dynamics in a prototype quasi-
1 dimensional CDW Ko.3Mo03' Systematic temperature 
and excitation density dependent measurements of the 
photoinduced (PI) reflectivity changes reveal that the phase 

transition from the ground CDW state to the normal me
tallic state can be achieved on the femtosecond time scale. 
From the energy conservation law it follows that the phase 
transition is non thermal in origin; i.e., the phase transition 
is not a result of a simple heating of the sample to above the 
critical temperature. The absorbed energy density required 
to optically induce the phase transition is found to be 
comparable to the electronic energy difference upon 
CDW condensation. These results give new insight in the 
ultrafast processes governing the relaxation dynamics in 
low-dimensional CDW systems. In particular, the results 
suggest that on the time scale shorter than the period of the 
characteristic lattice vibrations (= O. 6 ps in Ko.3Mo03' 
which is the inverse frequency of the AM [5,12]) the 
charge density modulation is suppressed while the lattice 
remains unperturbed keeping the 2 kF modulation. 

We studied the excitation intensity and temperature 
dependence of the PI reflectivity dynamics in single crys
tals of blue bronze KO.3Mo03 using a degenerate optical 
pump-probe technique. We used a commercial Ti:sapphire 
amplifier producing 6 ILJ, 50 fs laser pulses at A = 800 nm 
(photon energy of 1.55 eV) at a variable repetition rate 
between 9 and 250 kHz. The laser was used as a source of 
both excitation and probe pulses. Samples were mounted in 
an optical helium flow cryostat, with both excitation and 
probe beam entering the sample at near normal incidence. 
Because of the strong anisotropy of the induced changes in 
reflectivity with respect to light polarization [5], the probe 
laser beam was polarized along the chain [010] direction, 
while the excitation beam was polarized along the perpen
dicular [102] direction [4]. To ensure a homogeneous 
excitation profile, the diameter of the pump beam at the 
sample position was twice the diameter of the probe beam. 
To determine the photoexcitation density at the position of 
the sample with high precision we used a beam profileI'. We 
filled the beam profile with a Gaussian, and the excitation 
fluences, F, used throughout the Letter correspond to the 
maximum fluence at the center of the beam. Low thermal 
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conductivity in Ko.3Mo03 [ 13] can lead to a pronounced 
increase of the equilibrium temperature in the probed 
volume, proportional to the average laser power. There
fore, the high excitation experiments were performed at a 
low repetition rate (10-30 kHz), where at F = 1 ml/cm2 

the temperature increase is :5 10 K. 
Figure I prese nts the induced re flectivity transients 

taken at 4 K at several excitation densities. At low excita
tion densities the data show the same behavior as previ
ously reported [5]. The decay dynamics of the (incoherent) 
electronic response show a biexponential decay with time 
scales 71 = 0.3 ps and 72 = 7 ps . The former one, show
ing critical slowing down upon approaching Ti D , was 
attributed to the ' recovery of the CDW gap, while the 
second one was initially tentatively attributed to an over
damped phase mode [5]. Recent detailed studies of the 
dynamics as a function of F and applied external electric 
field however suggest that this longer time scale more 
likely presents the second stage of the CDW recovery 
[ 14]. On top of the incoherent transient an oscillatory 
(coherent) signal is observed whose Fourier transform, 
obtained by fast Fourier transform (FFT) analysis, shows 
several frequency components which can be attributed to 
the coherently excited AM (the strongest mode at 
1.68 THz) and several other phonon modes [5,10,14] . 

While the PI transient is linear in F over several orders 
of magnitude [14], we observe pronounced changes upon 
increasing the excitation intensity into the 100 fhl/ cm2 

range . The electronic component shows clear saturation 
at F ;:::>: 200 fhl/cm2 with a maximum induced change in 
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FIG. I (col or online). PI reflectivity changes in KO.3 Mo03 at 
4 K following photoexcitation with 50 fs optical pulses at 
different exc itation fluences [22]. Inset: the F dependence of 
the initial decay time 7) determined by fitting the data as 
described in Ref. [14]. 7) (F) displays critical behavior near 
the threshold flucnce of ""200 pJ/cm2 (dashed line is a guide 
to the eye). 

re fl ectivity approaching 18% [ IS]. One is tempted to as
cribe this saturation behavior in reflectivity change to the 
PI suppression of the CDW order, where this difference in 
reflectivity corresponds to the change in reflectivity be
tween the normal metallic and the CDW state. Since no 
measurement of the temperature dependence of ref"lectivity 
at optical frequencies is reported to date, we have per
formed thermomodulation measurements to determine 
the magnitude and sign of change in equilibrium re flectiv
ity upon increasing the temperature to above Ti D . We 
measured the re f"l ec tivity difference be tween CDW and 
metallic state at 1.55 eV (800 nm) by heating the sample 
to above the phase transition using a CW laser. The data 
show that the reflectivity at 800 nm indeed decreases upon 
increasing the temperature. The change in refl ectivity of 
- I 0% was observed upon heating from 160 K to just 
above Tz,D . At temperatures above Tz,D the corresponding 
change in equilibrium refl ect ivity was less than 1%. 
Therefore the observed refl ectivity change and its satura
tion behav ior upon increasing the excitation flu ence are 
consistent with the PI CDW-M phase transition. 

From the rise- time of the re fl ectivity transient it also 
follows that this transition happens on the 100 fs time scale 
after photoexcitation (rise-time is becoming shorter upon 
increasing F). The initial decay time, 71, shows a pro
nounced increase near the threshold f'luence, followed by 
a rapid drop as shown in inset to Fig. 1 (the secondary 
decay time 72 shows only a slight decrease upon increasing 
F). This critical slowing down of relaxation below the 
threshold for the CDW melting shows similar behavior as 
in the weak perturbation limit upon increasing the tem
perature towards Ti D [5]. 

Additional support to the assignment of the saturation 
behavior to the PI CDW-M transition comes from the study 
of the oscillatory response, shown in Fig. 2. Here clear 
suppression of the AM, whi ch presents a fi ngerprint of the 
CDW state, is observed at comparable fluences . Figure 2 
shows the two-dimensional surface plot of the FFf spec
trum of the oscillatory signal as a function of excitation 
intensity over several orders of magnitude. Several sharp 
lines are observed, the strongest being that of the AM at 
about 1.68 THz (56 cm - I). The two second strongest 
modes at 2.25 THz (74 cm- I) and 2.55 THz (85 cm- I) 
correspond to zone-folding modes [ 16,17]. Several weaker 
phonons in the 3-5 THz range are also observed as in 
Raman [16], as well as the weak side modes [18] in the 
vicinity of the AM and the two zone-folding modes. 

. While Fig. 2 clearly shows strong suppression and in
creased damping of the AM above F = 200 fhl/cm 2

, sup
pression of other phonons follow at the excitation densities 
that are about 1 order of magnitude higher in F. More 
information about the nature of the PI CDW-M phase 
transition can be gained by looking at the evolution of 
the FFf spectrum with time at different F, which is pre
sented in Fig. 3 for four different fluences. Here one clearly 
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FIG. 2 (color online). F dependence of the Fourier transform 
of the oscillatory signal at 4 K. The data were, prior to FFT 
analysis (time window of 50 ps), normalized to F for clarity. The 
area between 1.1 and 9 jJ-J/cm2 is obtained by interpolation 
between the low F data recorded with the Ti:sapphire oscillator 
and rhe data recorded with rhe amplified system. Color cod
ing represents the FFT amplitude. Strong suppression of the AM 
(= 1.68 THz) is observed at F = 200 jJ-J /cm2

, while the other 
modes vanish at flll ences that are about I order of magnitude 
higher. 

sees that the AM vanishes at F ~ 300 / .. d/cm2 whi le the 
two zone-folding modes persist up to F ~ 2.5 mJ/cm2 

finally disappearing above F ~ 3 mJ/cm2. The fact that 
high frequency modes survive above the threshold flu ence 
for the PI CDW-M phase transition suggests that on a short 
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FIG. 3 (color online). The time evol ution of the FFT spectrum 
at 4 K recorded at F = 12 jJ-J/cm2 , 130 jJ-J/cm2 , 0.38 mJ/cm2 , 

and 2.5 mJ/cm2 [panels (a)- (d») . The plots are obtained by time
windowed FFT analysis with a 5 ps time window. The AM is 
strongly suppressed at F ;:0:: 200 jJ-J/cm2 , while the high fre
quency modes are present up to F = 3 mJ/cm2 . 

time scale following the PI CDW-M transition and subse
quent recovery on the sub-ps time scale (inset to Fig. I) the 
lattice remains largely unperturbed. In other words, photo
excitation with a 50 fs optical pu lse of F > F sal induces 
melting of the electronic density modulation, which par
tially recovers on the sub-ps time scale, whi le the lattice 
is-on this time scale-uncoupled from the electron sub
system and retains its 2 kF modulation. Only in the second 
step of relaxation, which proceeds on the 10 ps time scale, 
the CDW can be described with a single order parameter 
where electrons adiabatically fo llow the lattice. 

We studied the F dependence of the amplitude of the 
electronic signal at different temperatures below TJD 
(Fig. 4). Upon increasing the temperature saturation ap
pears at decreasing values of F. In order to determine the 
temperature dependence of the saturation fluenee, Fsat ' we 
fit the data with the simple saturation model, which is 
described in detail in Ref. [3]. The temperature dependence 
of F sal ' together with the corresponding absorbed energy 
density per unit cell volume (u.c.v) [19], Esal ' is presented 
in Fig. 4(b). To find whether the CDW m elting is a res ult of 
a simple pulsed heating or is nonthermal in origin we 
calculated the expected temperature rise /1T which corre-

d . E . E - f To+I!.T . (T) iT H . spon s to sal' uSll1g sal - To Cl' c.. ere Cl' IS 

the total spec i fie heat I: 13]. At To = 4 K and Esal = 
60 meV / u.c. v. we obtain /1T :s 40 K, while at higher To 
this value is considerably smaller (/1 T :s 3 Kat 172 K and 
Esat = 20 meV /u.c. v.) . In fact, the absorbed energy den
sity required to heat KO.3Mo03 from 4 K to its phase 
transition TJD = 183 K is about 600 meV /u.c.v., an order 
of magnitude higher than Esal ' It fo llows that the PI CDW
M phase transition is nonthermally driven . 

Observation of coherently excited zone-folded modes at 
flu ences up to I order of magnitude hi gher than F sal 
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FIG. 4 (color online). (a) F dependence of rhe PI refl ectivity 
maximum at several temperatures below T~D . The solid lines are 
fit s with the simple saturation model [3 J. (b) Saturation (lllences 
extracted from (a) and the corresponding absorbed energy den
sities in meV per unit cell volume. The dashed line represents the 
calculated T dependence of Eo! given by Eq. (I ), where BCS T 
dependence of /1 was used. 
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suggests, that on the sub-ps time scale after photoexcita
tion, the electrons are nearly uncoupled from the lattice. In 
this case Esat should be compared to the energy gain of 
the electronic subsystem upon CDW condensation, Eel' To 
estimate Eel we used the mean-field expression in the weak 
coupling limit, given by Eq. 3.40 in Ref. [4]: 

2(1 2EF) Eel =, -n(EF)6. 2 + 10gT . (1) 

Here n(E",) is the normal state density of states at the 
Fermi energy, EF, and 6. is the value of the CDW gap. 
Using 6. = 60 meV, EF = 0.24-0.39 eV and n(EF) = 
4-6eV-l/u.c.v. [4,21] we obtain Eel (4K)= 
37-66 meV /u.c. v .. This value is in excellent agreement 
with Esat (4 K) = 60 meV /u.c. v., giving further support to 
the argument that during PI CDW melting the electronic 
order parameter is decoupled from the lattice on the sub-ps 
time scale. At F ;;::: 3 m] / cm2, which corresponds to the 
absorbed energy density of 1 eV /u.c.v., other modes are 
also completely suppressed. This energy density is in good 
agreement with the calculated energy density required to 
heat up the excited volume to above T~D. In this regime, 
recovery proceeds on a much longer time scale which is 
determined by heat diffusion out of the excited volume. 
The temperature dependence of Esat , shown in Fig. 4(b), 
shows good agreement with the expected T dependence 
of Eel' The dashed line in Fig. 4(b) shows Ecl(T) calcu
lated from Eq. (I), where the BCS T dependence of 6. was 
used [4]. 

We have shown that in K{1.3Mo03 the PI CDW-M phase 
transition is nonthermal and takes place on the 100 fs time 
scale. The good agreement between measured Esat and 
calculated Eel, the observation of the order parameter 
recovery on the sub-ps time scale, and the observation of 
zone-folded phonons high above Esat suggest that during 
the process of melting and sub-ps recovery of the elec
tronic modulation the lattice remains nearly frozen. This 
has an important implication for understanding the ultra
fast relaxation processes in systems with reduced dimen
sionality, in particular, for the systems with strong 
electron-phonon interactions that lead to phenomena like 
charge density modulation. The initial reconstruction of 
the CDW state is found in all systems studied thus far to 
proceed on the sub-ps time scale [5-11]. Importantly, this 
time scale is one to 2 orders of magnitude faster than in the 
high-Tc superconductors [3], and is indeed close to the 
typical time scale for electron-phonon thermalization. The 
formation of the CDW requires freezing of a phonon and 
our results do imply that the lattice remains frozen in its 
modulated state on the sub-ps time scale after perturbation. 
Therefore, the extremely fast order parameter recovery in 

this entire class of low-dimensional materials [5-11] could 
be a consequence of the fact that on the short time scale 
after photoexcitation the lattice remains in its unperturbed 
state. Thereby, the retaining 2 kF modulation presents a 
strong potential well driving ultrafast reformation of the 
charge density modulation. Clearly, further theoretical 
studies as well as studies of the ultrafast structural dynam
ics are required to shed additional light on these fascinating 
phenomena. 
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