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The charge-density-wav@CDW) phase transition inp-Mo,O,4 is studied by femtosecond time-resolved
reflection. We observed coherent optical phonons in the reflectivity signal in both the normal and the CDW
states. Below the transition temperatufg,, six vibrational modes were clearly detected. Four of them,
centered at 64, 78, 85, and 98 chhwere enhanced beloW,,. We conclude that the generation of these
coherent phonon modes are closely related to the CDW $&04.63-18208)50140-3

I. INTRODUCTION on the reflectivity of a quasi-two-dimensional conductor
n-Mo,0,, at various temperatures. The time-domain result

By virtue of the recent development of femtosecond la-was compared with Raman spectra by the use of a Fourier
sers, femtosecond time-domain spectroscopies, especially ugansform. Coherent phonons have been observed in both the
ing pump-probe techniques, have been applied to studies &DW and the normal states. The amplitudes of coherent
coherent phonons in various materi&t§.Impulsively and ~ phonons with frequencies below 100 chshow drastic en-
coherently excited optical phonons are called coherenffancements as the temperature decreases be&lgw By
phonons. The term “coherent” reminds us of the coherentconsidering temperature dependence of these coherent
states used frequently in quantum opfigoherent phonons phonons, we conclude that the generation mechanism of co-
partially possess the properties of coherent states. An andherent phonons is closely related to the lattice distortion due
ogy between the phonons and photons has been discussiedthe CDW phase transition.
recently in terms of quantum optics view poftt.

Time-domain spectroscopies, as well as frequency- 1. EXPERIMENT
domain spectroscopiéshave been used to study phase tran-
sitions in condensed matters. Among these transitions are Single crystals ofy-Mo,O,; were grown by chemical va-
superconducting onésn addition to metal-insulatdr,and ~ por transport using Teg¢las a transport agent. The source
structural® ones. On the other hand, to the best of ourmaterials (MoQ and MoQ) at the appropriate molar ratio
knowledge, no study on charge-density-wa@W) phase (1:3) and the transport agent were sealed in an evacuated
transitions by time-domain spectroscopy has been reportedjuartz tube and heated at 560—510 °C in a two-zone furnace.

To study CDW phase transitions by time-domain spec-The CDW phase transition was identified by measuring elec-
troscopy, we chose a quasi-two-dimensional conductotrical resistivity. Thes-Mo40,; crystal belongs to thé:gh
7-M0,0;; as a CDW sample. The Magh@hase MQO,;  (P2,/a) space group abov&.;.*® From the factor group
has two modifications, monoclinie;- and orthorhombic analysis, the vibrational modes at thepoint are decom-
7-Mo,O,;, both being quasi-two-dimensional metals atposed into the following representations for thg, symme-
room temperature. They-Mo,0,; undergoes two CDW try:
phase transitions af;;=105 K andT,=35 K.1271419The

existence of CDW in»-Mo,0;; has been established by I'=45A,+45B,+45A,+458B,.
various measurements such as electrical resistivity and elec-
tron diffraction312-14 The sample was excited by pulses from a mode-locked

Spectroscopic studies op-Mo,O;; are relatively few. Ti:sapphire laser with a wavelength of about 8000 A with a
Guyot et al. reported that the IR reflectivity at 15 K de- 50-mW average power. The pulse duration was about 80 fs,
creased compared to that at 300 K although the spectral pr@nd the repetition rate was 82 MHz. The pump and probe
files were similar to each othét They ascribed this decrease pulses were focused on the bc plane of the sample. The probe
in the IR reflectivity to the loss of carriers induced by the beam was polarized perpendicular to the pump beam. The
CDW gap opening. In addition, no significant change in thepump beam was modulated at the rate of 620 Hz with a
Raman spectra was detected around the transition tempershaker and the detected signal is thus a time derivative of
tures except for arA; mode at 98 cm®; this mode was reflectivity change {/dt)(AR/R,). Fractional changedAR
detected only below ;. were of the order of 10°. To analyze the time-resolved

We carried out the femtosecond pump-probe experimentsignals and compare them with Raman spectra, we used fast
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FIG. 1. The time derivatives of the reflectivity change plotted as 20K
a function of time delay measured at various temperatures.

9
at
iz
$ =4 wg
Intensity

i

=
=)
o
s

Time delay (ps)

300K

Fourier transform. For the temperature measurement, the P I T

samples were mounted on the cold finger of a cryostat.

Raman-scattering measurement was performed in the quasi-

back scattering geometry by using 50-mW cw Ti:sapphire F|G. 3. Unpolarized Raman spectra giMo,O,; taken with

laser also tuned ta =8000 A. 8000-A excitation at various temperatures. Inset: polarized Raman
spectrum in the frequency range 50—70¢mat 9 K.

Raman shift (cm-1)

Ill. RESULTS AND DISCUSSION
64, 78, 85, and 98 cnt exhibit strong temperature depen-

The derivatives of the reflectivity changeR/R, at vari-  dence. The amplitude of these four bands increases suddenly
ous temperatures are plotted as a function of time delay iyith decreasing temperature. And they almost disappear in
Fig. 1. Oscillatory features are clearly seen below room temthe normal state. It is expected that phonon vanishing occurs
perature. Beating is seen in traces at low temperature whilgt the first transition temperature. Nevertheless, the tempera-
no clear beating is observed above the first transition temg;re at which the phonons vanish is slightly lower thag.
peratureT¢; (105 K). The beating indicates that there are Heating effect by the laser brings about the lowering of the
multiple oscillations at low temperature. temperature at which the phonons are expected to disappear.

Fourier transform(FT) spectra are presented in Fig. 2. Apove Te1, only one mode (at 120 cm) is seen.

There are six phonon peaks, gt peak frequencies of about 64, Figure 3 shows unpolarized Raman spectraydf10,0;,

73, 78, 85, 98, and 121 cm, in each FT spectrum below iy a low-frequency range at various temperatures. We ob-

Tcy- All bands in the FT spectra, except the 64¢nband,  serve a number of phonon bands among which the bands at

correspond to thé\; symmetry Raman bands. On cooling 78, 86, 98, and 122 cht are also observed in the pump-

the sample fronT; down to 22 K, the phonon frequencies probe measurement. All the bands except the band at

upshift by 1 to 3 cm*. As also seen in Fig. 2, the bands at 98 ¢t are seen below and aboVe, . Polarization Raman
measurement&ot presented heréndicate that these bands

o " Mo O ! are the fully symmetricA; modes. In the temperature range
3. 4 2 g s studied here, the width of each Raman band is slightly wider
X o than that of the corresponding coherent phonon. The
M | I 98-cm ! Raman band, as well as the corresponding coherent
phonon band, is observed only beldy; . The intensity and
3 A N0k — frequency of the two Raman bands at 78 and 86 tshow
2 oA ok — no discontinuous change at aroufg . In addition, we did
g \ not observe any significant change in the phonon Raman
& 10K spectra at the second CDW transition temperaiige
e ek — As shown in the inset of Fig. 3, no phonon band was
A —] observed at around 64 crhin the polarized Raman spec-
A oK — | trum & 9 K taken with thea(bb)a geometry. We did not
<12 observe any Raman band around 64 ¢éraboveT,, either.
sm“‘ = This result suggests that the coherent phonon at 64 isra

Raman inactive mode.
The amplitudes of FT bands at 64, 78, 85, and 98tm
FIG. 2. FT spectra of the time domain in Fig. 1 shown for normalized to that of a band at 120 chare plotted against
various temperatures. temperature in Fig. @). We chose the 120 c¢i band as a

Frequency (cm'l)
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5@ Pump- Probe 1.0 The amplitudes normalized to those at 22 K are shown in
038 the inset of Fig. 4a). The horizontal axis is the reduced
ab ° 06 temperaturel/T.;. The broken line represents the tempera-
04 ture dependence of the gap parameter derived from the
=il e 02 weak-coupling BCS model and the open circles represent
;::’ . o that estimated from transport défaThe theoretical and the
B, 702 04 06 08 10 experimental gaps are normalized to respecti¥)’s. As
5 - ® 64_CT§°1 shown in the inset, the amplitudes exhibit a sharper decrease
L fra@ o O 78-om’ with increasing temperature than those of the gap parameters
- A 85om’ and become zero at a temperature slightly lower tiign
'*% . + swen® The deviation from the calculated curve for the gap is not
03 % %a 150 Qz«'m 250 300 surprising because the model is mainly used in quasi-one-
10 Temperature (K) dimensional CDW conductors. The FT amplitude for the
(b) Raman O] 7o’ CDW state might be used as the order parameter of the CDW
Zosl A ssom’ transition even though the temperature dependence of the
g +  9gem amplitude is different from that of the actual gap. Further
e e studies on the temperature dependence of the FT amplitudes
oo e x * is required. We also note that the amplitudes exhibit a dip
T g ° aroundT, in the inset. At present, it is unclear whether this
:%““" ° g . e e dip comes from the second CDW transitionTa} .
=} RN Integrated intensities of Raman band¥8,85, and
’5‘0-2-“}_&_? ----------------------- 98 cm 1) normalized to that of the 120-cr band are plot-
AL N ted against temperature in Fig(bd. Comparing Fig. &)
00— o0 T80 200 280 300 with Fig. 4(b), it is clear that the Raman bands at 78 and

Temperature (K) 8_5 cmi ! and the corresponding FT band_s shovy completel_y
different temperature dependence. That is, the integrated in-
FIG. 4. (@) Temperature dependence of the peak amplitudes ofensities of these Raman bands increase almost linearly with
64, 78, 85, and 98 cht bands. Each intensity is normalized to the temperature, whereas the amplitudes of corresponding FT
amplitude of the 120-cm' mode. Inset: the amplitudes versus a phands show a drastic change at arodng. The 98-cm*
reduced temperaturé/T.,;. The broken curve shows the tempera-_ Raman band and the corresponding coherent phonon ampli-
ture dependence of the gap parameter in terms of the weak-coupling e show a similar temperature dependence:; that is, both the
BCS theory and the open circle shows the estimated gap from thﬁltegrated intensity and the FT amplitude decrease with in-
transport data. The amplitudes are normalized by those at 22 K iEreasing temperature and disappear above 90 K

the inset.(b) Temperature dependence of the integrated intensities The understanding of the generation mechanism for co-

of the Raman bands at 78, 85, and 98 ¢mormalized to that of . . . .
the 120-cm* band. herent phonons is st!II an unsettl_ed issue, especially for
opaque materials. Various mechanisms have been proposed,
displacive excitationsof coherent phononsDECP in
reference becaug® it was present in both normal and CDW semimetals, ultrafast screening of the surface space charge
states (i) the peak amplitude did not show significant tem-field in GaAs? and transient stimulated Raman scattering
perature dependence, afiiil) the absolute oscillation ampli- (TSRS in transparent materiafs:® The temperature depen-
tude was difficult to be evaluated at various temperaturesgence of coherent phonon amplitudes is different for differ-
Figure 4a) shows that belowl;; the FT amplitudes of 64, ent modes as shown in Figs. 2 an@4and an additional
78, 85, and 98 cm' phonons are enhanced drastically oncoherent phonofRaman inactiveis generated. The anoma-
cooling and that these bands almost disappear afigye lous temperature dependence of the coherent phonons below
This disappearance is not due to the damping because thg, can be explained in terms of DECP: beldly,, the
widths of these bands remain finite even at arolipd For  CDW gap in the electronic band is formed and the lattice is
example, the widti{FWHM) of the 85-cmi coherent pho- distorted simultaneously. High-density excitation of quasi-
non band increases slightly from 2 cm(22 K) to 4cm!  particles by pump pulses will induce the abrupt destruction
(82 K). The enhancement of the amplitude beldw sug-  of the CDW state and then the gap will close. As a result, the
gests that the generation of these four coherent phonons feee energy of the lattice subsystem will remain higher than
closely related to the lattice distortion that accompanies théhat of the normal state. As a result of this abrupt change in
CDW phase transition. Within the framework of a weak cou-the electronic state, the lattice deformation becomes unstable
pling BCS-like theory for CDW's, the atomic displacement and the atoms in the crystal will be displaced from the dis-
is given in terms of the gap paramet®(T) and other pa- torted position towards the equilibrium position of the nor-
rameters such as the electron-phonon coupling conStant.mal state. In this way, the lattice will start to oscillate after
According to the relation between the displacement andhe arrival of pump pulses. A similar generation mechanism
A(T),Y the displacement shows a temperature dependendes been proposed in the superconducting state of YECO.
similar to that of the gap parameter: the displacement inMazin et al. claimed that the abrupt breakup of the Cooper
creases with decreasing temperature in the CDW state amhir by pump pulses changes the ion positions toward the
becomes zero abovk,; . equilibrium position of the normal state and this process in-
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duces the coherent oscillation in the superconducting state aft??> cm=2),1>%the carrier density excited by laser pulses is
YBCO. negligibly small compared to the background carrier density.

Guyot et al. pointed out that the physical properties of This reduces the efficiency of the generation of coherent
7-M040,; are similar to those of the transition-metal phonons abov@,;. Comparison of the FT spectra with the
dichalcogenide$! The displacements of atoms accompaniedRaman spectra demonstrates that there is no correlation be-
by the CDW are not necessary equivalent AMo,O;;  tween time-domain and Raman-scattering intensities in the
which is built with infinite slabs of Mo@ octahedra sepa- normal state. The TSRS mofé$ probably inapplicable to
rated by layers of MoQtetrahedrd® The structure of Mo@  the coherent phonon generatidithe coherent phonon gen-
tetrahedra and Mogoctahedra would remain unchanged be-eration via ultrafast screening of a surface charge field can
low T¢; and relative displacement of Mgdctahedra, for also be excluded becaugeMo,0;; is metallic in the normal
example, might induce the Peierls distortion. As a matter oktate and because the surface space-charge field does not
fact, the nesting wave vectors are estimated Eﬁs exist. _
=(0,0.23*,0) andcﬁz(?,OA:b*,O.Z&*) below T,; and _ In summary, we have observed coherent phonon oscilla-
T.,, respectively?! This suggests that the magnitude and theons from both the CDW and the normal states of
direction of the distortion below,, differ from those below  7-M04O1.. In the CDW state, six coherent phonon modes
T.,. When the lattice deformation relevant to a given pho-Were excited. Moreover, beloW,,, the amplitudes of four
non mode is large, the amplitude of the coherent phono®f these coherent phonortat 64, 78, 85, and 98 cm) are
amplitude is expected to be large. On the other hand, thdrastically enhanced with decreasing temperature. We con-
coherent phonon amplitude would be very small for higherdUde from the present result thafc the gene_ratlon_of cqherent
frequency modes which are not influenced much by thPhonons is correlated strongly with the Peierls distortion.
CDW transition.

In the normal state ofy-Mo,Oy;, only one A, mode at
120 cm'! was detected by the pump-probe measurement.
We discarded the other modes (at80 and 110 cm?) Dr. Kohji Mizoguchi is much appreciated for helping with
because these bands were not reproducible in pump-prolibe early stage of the time-domain experiment. One of the
measurements abovi,;. The »-Mo0,0;, is a metal in the authors(K.K.) thanks Dr. Oleg V. Misochko for carefully
normal state. Since the carrier density is quite higlmost  reading the manuscript and giving useful comments.
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