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Real time femtose ond pump-probe spe tros opy is used to study olle tive and single parti le ex itations in the harge density wave state of the
quasi-1D metal, blue bronze. Along with the previously observed olle tive
amplitudon ex itation, the spe tra show several additional oherent features. These additional resonan es an be ex ited sele tively by applying
a sequen e of pump pulses with intervals tuned to the period of the parti ular oherent ex itation. A study of the pump power dependen e shows
a non-linear response of the amplitudon mode, in ontrast to the linear
power dependen e of the single parti le, phonon, and phason ex itations,
whi h is as ribed to the ele tronamplitudon elasti s attering.
PACS numbers: 73.20.Mf
1. Introdu tion

The instability of a one-dimensional Fermi surfa e to the formation of
a harge density wave (CDW) engenders the appearan e of two olle tive
modes, related to the CDW order parameter  = jj ei . The phase mode,
or phason, is asso iated with the sliding of CDW and has been extensively
studied in transport and opti al measurements [1℄. The amplitude mode,
or amplitudon, has re eived mu h less attention. In parti ular on erning
the intera tion between the amplitudon and single parti le ex itations. The
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amplitude mode is an os illation of the single parti le gap . It involves
an additional displa ement of the underlying latti e, and its frequen y !A
is substantially smaller than the gap value, =~, making it a well dened
elementary ex itation. The amplitudon has Ag symmetry and has been observed in Raman measurements [2℄. Neutron experiments have shown that
the phase and amplitude modes arise from a Kohn anomaly at waveve tor
2kF [3℄. In the vi inity of the phase transition they are oupled and substantially broadened. In the T = 0 limit these modes be ome un oupled and
well dened, with small broadening and !A lose to its mean-eld value [1℄.
Here we report on femtose ond pump-probe measurements of the amplitude os illation in the quasi-1D metal K0:3 MoO3 , whi h undergoes the
CDW transition at 183 K. IR laser pulses an ouple to Raman a tive exitations through transient stimulated Raman s attering [4℄. In omparison
to previous experiments [5℄ we apply 104 105 more peak intensity, using the
same average pump power. With this high power we rea h a mu h higher
level of population of amplitude and single parti le ex itations, allowing for
a more detailed study of their intera tions.
2. Experimental

A regenerative Ti:sapphire amplier seeded with mode-lo ked Ti:sapphire laser was used to generate 130 fs pulses at 800 nm (rep. rate 1 kHz).
The pump power was varied between 7 W and 7 mW with a spot size of
100 m, and a polarization parallel to the hains. The probe power was kept
below 2 W. The sample was pla ed in a He ow ryostat, whi h allows to
vary the temperature between 10 and 300 K. In the experiment we ex ited
rst the system with the strong pump pulse or train of pulses and measured
the real-time evolution of the ree tivity with the delayed probe pulse.
3. Results and dis ussion

Fig. 1 shows the transient ree tivity for dierent levels of pump power
at T = 40 K. At ea h power level the response an be de omposed into
six onstituents. Three omponents have purely exponential de ay with the
time onstants approximately 0.3 ps, 2 ps, and a long lasting pro ess with
  ns. The other three omponents are damped os illations with frequenies 1.7, 2.2, and 2.5 THz (56, 74, and 85 m 1 ). All three resonan es an
be learly seen in the Fourier spe trum F ( ) in Fig. 2. The rst resonan e
was identied as an amplitudon mode [5℄. We as ribe the last two modes
to the Raman a tive phonons, appearing due to the CDW deformations of
the latti e. The insert in Fig. 1 depi ts the dependen e of the amplitudon
frequen y A and damping A upon the pump power. The absolute values
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of A and A agree very well with previous Raman [2, 6℄ and pump-probe
experiments [5℄.
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Fig. 1. Transient ree tivity for various pump powers. Insert: Amplitudon frequen y A and damping A as a fun tion of pulse power.
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Fig. 2. Left panel: Fourier spe trum of the transient response for the single pulse
pump ex itation (A), and the four pulse trains for two dierent pulse separations.
Left insert: transient ree tivity, indu ed by four-pulse trains. Right insert: rossorrelation of the pump pulse train with the probe. Right panel: Normalized
pump-power dependen e of the amplitudon (1.7 THz) and two Raman phonons
(2.2 THz and 2.5 THz).

Due to the non-linear power dependen e of the amplitudon, dis ussed
below, the Raman modes be ome well resolved at relatively high power
only. This is probably the reason why they were not reported previously [5℄.
Another method to in rease the sensitivity to parti ular modes is the use
of a pulse train with a spa ing tuned to the period of the mode. A typi al
pump-probe ross- orrelation fun tion of su h a pulse train is shown in the
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right insert of Fig. 2. The top urve in the left panel of Fig. 2 shows a
Fourier spe trum of a single pulse response at high power. When the train
repetition rate is tuned to a resonan e, we an suppress the other omponents
as demonstrated by the 600 fs spe trum (i.e. tuned to A , the transient
ree tivity for this experiment is shown in the left inset).
Power dependent experiments were done with an intermediate tuning
(500 fs) between the phonons and the amplitudon. From the Fig. 1 one an
see that the os illatory omponent, mainly determined by the amplitude
mode, initially in reases with the pump power, rea hes its maximum at
5 dB, and falls ba k at higher power. The amplitude of the 1.7 THz resonan e normalized to the pump power, F (A )=P is plotted vs the pump power
in the right panel of Fig. 2 together with the other two resonan es. As an
be seen, F (2.2THz)/P and F (2.5THz)/P remain fairly onstant over a wide
range of pump power. In ontrast, F (A )=P shows a strong P -dependen e,
whi h results in a highly non-linear relation F (A )  P log P0 =P , where P0
is a onstant.
It is unlikely that the observed ee ts are due to heating. Be ause A
and espe ially A are strongly temperature dependent, they an serve as a
measure of heating. From a omparison of the data in Fig. 1 to Raman and
pump-probe data [2, 5℄ we on lude that the 4 % hange in A and 30 %
hange in A observed in the present experiments would a ount for no more
than 20 K hange in temperature. And thus, the temperature of the sample
remains well below the transition temperature 183 K and well below the
mean-eld limit of the de oupling of the amplitude and phase  100 K [3℄.
The most probable andidate for the observed strong de rease of the
amplitudon response is the quasiparti le-amplitudon intera tion. Quasiparti les (QP) ex ited by the pump pulse qui kly relax to the single parti le gap
at k  kF , where they strongly s atter from the 2kF periodi potential. Beause the s attering o urs exa tly by 2kF , the QP energy is un hanged and
the s attering is inevitably elasti . This type of s attering would lead to a
dephasing of the amplitudon ex itations, onsistent with the observed weak
broadening of the amplitudon response as a fun tion of the pump power.
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