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SELECTIVE COHERENT EXCITATIONOF CHARGE DENSITY WAVES�A.A. Tsvetkov, D.M. Sagar, P.H.M. van Loosdre
htD. van der MarelLaboratory of Solid State Physi
s, MSC, University of GroningenNijenborgh 4, 9747 AG Groningen, The Netherlandsand S. van SmaalenLaboratory of Crystallography, University of Bayreuth95440 Bayreuth, Germany(Re
eived July 10, 2002)Real time femtose
ond pump-probe spe
tros
opy is used to study 
ol-le
tive and single parti
le ex
itations in the 
harge density wave state of thequasi-1D metal, blue bronze. Along with the previously observed 
olle
tiveamplitudon ex
itation, the spe
tra show several additional 
oherent fea-tures. These additional resonan
es 
an be ex
ited sele
tively by applyinga sequen
e of pump pulses with intervals tuned to the period of the par-ti
ular 
oherent ex
itation. A study of the pump power dependen
e showsa non-linear response of the amplitudon mode, in 
ontrast to the linearpower dependen
e of the single parti
le, phonon, and phason ex
itations,whi
h is as
ribed to the ele
tron�amplitudon elasti
 s
attering.PACS numbers: 73.20.Mf 1. Introdu
tionThe instability of a one-dimensional Fermi surfa
e to the formation ofa 
harge density wave (CDW) engenders the appearan
e of two 
olle
tivemodes, related to the CDW order parameter � = j�j ei�. The phase mode,or phason, is asso
iated with the sliding of CDW and has been extensivelystudied in transport and opti
al measurements [1℄. The amplitude mode,or amplitudon, has re
eived mu
h less attention. In parti
ular 
on
erningthe intera
tion between the amplitudon and single parti
le ex
itations. The� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(387)



388 A.A. Tsvetkov et al.amplitude mode is an os
illation of the single parti
le gap �. It involvesan additional displa
ement of the underlying latti
e, and its frequen
y !Ais substantially smaller than the gap value, �=~, making it a well de�nedelementary ex
itation. The amplitudon has Ag symmetry and has been ob-served in Raman measurements [2℄. Neutron experiments have shown thatthe phase and amplitude modes arise from a Kohn anomaly at waveve
tor2kF [3℄. In the vi
inity of the phase transition they are 
oupled and substan-tially broadened. In the T = 0 limit these modes be
ome un
oupled andwell de�ned, with small broadening and !A 
lose to its mean-�eld value [1℄.Here we report on femtose
ond pump-probe measurements of the am-plitude os
illation in the quasi-1D metal K0:3MoO3, whi
h undergoes theCDW transition at 183 K. IR laser pulses 
an 
ouple to Raman a
tive ex-
itations through transient stimulated Raman s
attering [4℄. In 
omparisonto previous experiments [5℄ we apply 104�105 more peak intensity, using thesame average pump power. With this high power we rea
h a mu
h higherlevel of population of amplitude and single parti
le ex
itations, allowing fora more detailed study of their intera
tions.2. ExperimentalA regenerative Ti:sapphire ampli�er seeded with mode-lo
ked Ti:sap-phire 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 of100 �m, and a polarization parallel to the 
hains. The probe power was keptbelow 2 �W. The sample was pla
ed in a He �ow 
ryostat, whi
h allows tovary 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 measuredthe real-time evolution of the re�e
tivity with the delayed probe pulse.3. Results and dis
ussionFig. 1 shows the transient re�e
tivity for di�erent levels of pump powerat T = 40 K. At ea
h power level the response 
an be de
omposed intosix 
onstituents. Three 
omponents have purely exponential de
ay with thetime 
onstants approximately 0.3 ps, 2 ps, and a long lasting pro
ess with� � ns. The other three 
omponents are damped os
illations with frequen-
ies 1.7, 2.2, and 2.5 THz (56, 74, and 85 
m�1). All three resonan
es 
anbe 
learly seen in the Fourier spe
trum F (�) in Fig. 2. The �rst resonan
ewas identi�ed as an amplitudon mode [5℄. We as
ribe the last two modesto the Raman a
tive phonons, appearing due to the CDW deformations ofthe latti
e. The insert in Fig. 1 depi
ts the dependen
e of the amplitudonfrequen
y �A and damping �A upon the pump power. The absolute values
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tive Coherent Ex
itation of Charge Density Waves 389of �A and �A agree very well with previous Raman [2, 6℄ and pump-probeexperiments [5℄.
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Fig. 1. Transient re�e
tivity for various pump powers. Insert: Amplitudon fre-quen
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 pulsepump ex
itation (A), and the four pulse trains for two di�erent pulse separations.Left insert: transient re�e
tivity, indu
ed by four-pulse trains. Right insert: 
ross-
orrelation of the pump pulse train with the probe. Right panel: Normalizedpump-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
ussedbelow, the Raman modes be
ome well resolved at relatively high poweronly. 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 useof a pulse train with a spa
ing tuned to the period of the mode. A typi
alpump-probe 
ross-
orrelation fun
tion of su
h a pulse train is shown in the



390 A.A. Tsvetkov et al.right insert of Fig. 2. The top 
urve in the left panel of Fig. 2 shows aFourier spe
trum of a single pulse response at high power. When the trainrepetition rate is tuned to a resonan
e, we 
an suppress the other 
omponentsas demonstrated by the 600 fs spe
trum (i.e. tuned to �A, the transientre�e
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 
ansee that the os
illatory 
omponent, mainly determined by the amplitudemode, 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 reso-nan
e normalized to the pump power, F (�A)=P is plotted vs the pump powerin the right panel of Fig. 2 together with the other two resonan
es. As 
anbe seen, F (2.2THz)/P and F (2.5THz)/P remain fairly 
onstant over a widerange 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 logP0=P , where P0is a 
onstant.It is unlikely that the observed e�e
ts are due to heating. Be
ause �Aand espe
ially �A are strongly temperature dependent, they 
an serve as ameasure of heating. From a 
omparison of the data in Fig. 1 to Raman andpump-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 morethan 20 K 
hange in temperature. And thus, the temperature of the sampleremains well below the transition temperature 183 K and well below themean-�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 theamplitudon response is the quasiparti
le-amplitudon intera
tion. Quasipar-ti
les (QP) ex
ited by the pump pulse qui
kly relax to the single parti
le gapat k � kF, where they strongly s
atter from the 2kF periodi
 potential. Be-
ause the s
attering o

urs exa
tly by 2kF, the QP energy is un
hanged andthe s
attering is inevitably elasti
. This type of s
attering would lead to adephasing of the amplitudon ex
itations, 
onsistent with the observed weakbroadening of the amplitudon response as a fun
tion of the pump power.REFERENCES[1℄ G. Grüner, Density Waves in Solids, Perseus Publishing, Cambridge, MA, 2000.[2℄ G. Travaglini, et al., Solid State Commun. 45, 289 (1983).[3℄ J.P. Pouget, et al., Phys. Rev. B43, 8421 (1991).[4℄ R. Merlin, Solid State Commun. 102, 207 (1997).[5℄ J. Demsar et al., Phys. Rev. Lett. 83, 800 (1999).[6℄ S. Nishio, M. Kakihana Solid State Commun. 116, 7 (2000).


