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Coherent phonons from the CDW state inh-Mo4O11
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The charge-density-wave~CDW! phase transition inh-Mo4O11 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 temperatureTc1 , six vibrational modes were clearly detected. Four of them,
centered at 64, 78, 85, and 98 cm21, were enhanced belowTc1 . We conclude that the generation of these
coherent phonon modes are closely related to the CDW state.@S0163-1829~98!50140-3#
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I. INTRODUCTION

By virtue of the recent development of femtosecond
sers, femtosecond time-domain spectroscopies, especiall
ing pump-probe techniques, have been applied to studie
coherent phonons in various materials.1–6 Impulsively and
coherently excited optical phonons are called coher
phonons. The term ‘‘coherent’’ reminds us of the coher
states used frequently in quantum optics.7 Coherent phonons
partially possess the properties of coherent states. An a
ogy between the phonons and photons has been discu
recently in terms of quantum optics view point.8,9

Time-domain spectroscopies, as well as frequen
domain spectroscopies,11 have been used to study phase tra
sitions in condensed matters. Among these transitions
superconducting ones4 in addition to metal-insulator,1 and
structural10 ones. On the other hand, to the best of o
knowledge, no study on charge-density-wave~CDW! phase
transitions by time-domain spectroscopy has been repor

To study CDW phase transitions by time-domain sp
troscopy, we chose a quasi-two-dimensional conduc
h-Mo4O11 as a CDW sample. The Magne`li phase Mo4O11
has two modifications, monoclinich- and orthorhombic
h-Mo4O11, both being quasi-two-dimensional metals
room temperature. Theh-Mo4O11 undergoes two CDW
phase transitions atTc15105 K andTc2535 K.12–14,19The
existence of CDW inh-Mo4O11 has been established b
various measurements such as electrical resistivity and e
tron diffraction.13,12–14

Spectroscopic studies onh-Mo4O11 are relatively few.
Guyot et al. reported that the IR reflectivity at 15 K de
creased compared to that at 300 K although the spectral
files were similar to each other.15 They ascribed this decreas
in the IR reflectivity to the loss of carriers induced by t
CDW gap opening. In addition, no significant change in
Raman spectra was detected around the transition temp
tures except for anAg mode at 98 cm21; this mode was
detected only belowTc1 .

We carried out the femtosecond pump-probe experime
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on the reflectivity of a quasi-two-dimensional conduct
h-Mo4O11 at various temperatures. The time-domain res
was compared with Raman spectra by the use of a Fou
transform. Coherent phonons have been observed in both
CDW and the normal states. The amplitudes of coher
phonons with frequencies below 100 cm21 show drastic en-
hancements as the temperature decreases belowTc1 . By
considering temperature dependence of these cohe
phonons, we conclude that the generation mechanism of
herent phonons is closely related to the lattice distortion
to the CDW phase transition.

II. EXPERIMENT

Single crystals ofh-Mo4O11 were grown by chemical va
por transport using TeCl4 as a transport agent. The sour
materials (MoO2 and MoO3) at the appropriate molar ratio
~1:3! and the transport agent were sealed in an evacu
quartz tube and heated at 560– 510 °C in a two-zone furn
The CDW phase transition was identified by measuring e
trical resistivity. Theh-Mo4O11 crystal belongs to theC2h

5

(P21 /a) space group aboveTc1 .16 From the factor group
analysis, the vibrational modes at theG point are decom-
posed into the following representations for theC2h symme-
try:

G545Ag145Bg145Au145Bu .

The sample was excited by pulses from a mode-loc
Ti:sapphire laser with a wavelength of about 8000 Å with
50-mW average power. The pulse duration was about 80
and the repetition rate was 82 MHz. The pump and pro
pulses were focused on the bc plane of the sample. The p
beam was polarized perpendicular to the pump beam.
pump beam was modulated at the rate of 620 Hz with
shaker and the detected signal is thus a time derivative
reflectivity change (]/]t)(DR/R0). Fractional changesDR
were of the order of 1026. To analyze the time-resolve
signals and compare them with Raman spectra, we used
R7484 © 1998 The American Physical Society
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Fourier transform. For the temperature measurement,
samples were mounted on the cold finger of a cryos
Raman-scattering measurement was performed in the q
back scattering geometry by using 50-mW cw Ti:sapph
laser also tuned tol58000 Å.

III. RESULTS AND DISCUSSION

The derivatives of the reflectivity changeDR/R0 at vari-
ous temperatures are plotted as a function of time dela
Fig. 1. Oscillatory features are clearly seen below room te
perature. Beating is seen in traces at low temperature w
no clear beating is observed above the first transition t
peratureTc1 ~105 K!. The beating indicates that there a
multiple oscillations at low temperature.

Fourier transform~FT! spectra are presented in Fig.
There are six phonon peaks, at peak frequencies of abou
73, 78, 85, 98, and 121 cm21, in each FT spectrum below
Tc1 . All bands in the FT spectra, except the 64 cm21 band,
correspond to theAg symmetry Raman bands. On coolin
the sample fromTc1 down to 22 K, the phonon frequencie
upshift by 1 to 3 cm21. As also seen in Fig. 2, the bands

FIG. 1. The time derivatives of the reflectivity change plotted
a function of time delay measured at various temperatures.

FIG. 2. FT spectra of the time domain in Fig. 1 shown f
various temperatures.
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64, 78, 85, and 98 cm21 exhibit strong temperature depen
dence. The amplitude of these four bands increases sudd
with decreasing temperature. And they almost disappea
the normal state. It is expected that phonon vanishing occ
at the first transition temperature. Nevertheless, the temp
ture at which the phonons vanish is slightly lower thanTc1 .
Heating effect by the laser brings about the lowering of
temperature at which the phonons are expected to disapp
Above Tc1 , only one mode (at 120 cm21) is seen.

Figure 3 shows unpolarized Raman spectra ofh-Mo4O11
in a low-frequency range at various temperatures. We
serve a number of phonon bands among which the band
78, 86, 98, and 122 cm21 are also observed in the pump
probe measurement. All the bands except the band
98 cm21 are seen below and aboveTc1 . Polarization Raman
measurements~not presented here! indicate that these band
are the fully symmetricAg modes. In the temperature rang
studied here, the width of each Raman band is slightly wi
than that of the corresponding coherent phonon. T
98-cm21 Raman band, as well as the corresponding cohe
phonon band, is observed only belowTc1 . The intensity and
frequency of the two Raman bands at 78 and 86 cm21 show
no discontinuous change at aroundTc1 . In addition, we did
not observe any significant change in the phonon Ram
spectra at the second CDW transition temperatureTc2 .

As shown in the inset of Fig. 3, no phonon band w
observed at around 64 cm21 in the polarized Raman spec
trum at 9 K taken with thea(bb)ā geometry. We did not
observe any Raman band around 64 cm21 aboveTc1 either.
This result suggests that the coherent phonon at 64 cm21 is a
Raman inactive mode.

The amplitudes of FT bands at 64, 78, 85, and 98 cm21

normalized to that of a band at 120 cm21 are plotted agains
temperature in Fig. 4~a!. We chose the 120 cm21 band as a

s

FIG. 3. Unpolarized Raman spectra ofh-Mo4O11 taken with
8000-Å excitation at various temperatures. Inset: polarized Ram
spectrum in the frequency range 50– 70 cm21 at 9 K.



-
-
re
,
on

s
th
u
nt

nt
n
n
in
a

in
d
ra-
the
ent

ase
ters

ot
ne-
he
DW
the

er
udes
dip
is

nd
ely

in-
with
FT

pli-
the
in-

co-
for
sed;

rge
ng
-
er-

-
elow

is
si-
ion
the
an
in

able
is-
r-
er
sm
O.
er
the
in-

s
e
a

a-
pl
t

K
itie

RAPID COMMUNICATIONS

R7486 PRB 58KISODA KENJI et al.
reference because~i! it was present in both normal and CDW
states,~ii ! the peak amplitude did not show significant tem
perature dependence, and~iii ! the absolute oscillation ampli
tude was difficult to be evaluated at various temperatu
Figure 4~a! shows that belowTc1 the FT amplitudes of 64
78, 85, and 98 cm21 phonons are enhanced drastically
cooling and that these bands almost disappear aboveTc1 .
This disappearance is not due to the damping because
widths of these bands remain finite even at aroundTc1 . For
example, the width~FWHM! of the 85-cm21 coherent pho-
non band increases slightly from 2 cm21 ~22 K! to 4 cm21

~82 K!. The enhancement of the amplitude belowTc1 sug-
gests that the generation of these four coherent phonon
closely related to the lattice distortion that accompanies
CDW phase transition. Within the framework of a weak co
pling BCS-like theory for CDW’s, the atomic displaceme
is given in terms of the gap parameterD(T) and other pa-
rameters such as the electron-phonon coupling consta17

According to the relation between the displacement a
D(T),17 the displacement shows a temperature depende
similar to that of the gap parameter: the displacement
creases with decreasing temperature in the CDW state
becomes zero aboveTc1 .

FIG. 4. ~a! Temperature dependence of the peak amplitude
64, 78, 85, and 98 cm21 bands. Each intensity is normalized to th
amplitude of the 120-cm21 mode. Inset: the amplitudes versus
reduced temperatureT/Tc1 . The broken curve shows the temper
ture dependence of the gap parameter in terms of the weak-cou
BCS theory and the open circle shows the estimated gap from
transport data. The amplitudes are normalized by those at 22
the inset.~b! Temperature dependence of the integrated intens
of the Raman bands at 78, 85, and 98 cm21 normalized to that of
the 120-cm21 band.
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The amplitudes normalized to those at 22 K are shown
the inset of Fig. 4~a!. The horizontal axis is the reduce
temperatureT/Tc1 . The broken line represents the tempe
ture dependence of the gap parameter derived from
weak-coupling BCS model and the open circles repres
that estimated from transport data.19 The theoretical and the
experimental gaps are normalized to respectiveD~0!’s. As
shown in the inset, the amplitudes exhibit a sharper decre
with increasing temperature than those of the gap parame
and become zero at a temperature slightly lower thanTc1 .
The deviation from the calculated curve for the gap is n
surprising because the model is mainly used in quasi-o
dimensional CDW conductors. The FT amplitude for t
CDW state might be used as the order parameter of the C
transition even though the temperature dependence of
amplitude is different from that of the actual gap. Furth
studies on the temperature dependence of the FT amplit
is required. We also note that the amplitudes exhibit a
aroundTc2 in the inset. At present, it is unclear whether th
dip comes from the second CDW transition atTc2 .

Integrated intensities of Raman bands~78,85, and
98 cm21! normalized to that of the 120-cm21 band are plot-
ted against temperature in Fig. 4~b!. Comparing Fig. 4~a!
with Fig. 4~b!, it is clear that the Raman bands at 78 a
85 cm21 and the corresponding FT bands show complet
different temperature dependence. That is, the integrated
tensities of these Raman bands increase almost linearly
temperature, whereas the amplitudes of corresponding
bands show a drastic change at aroundTc1 . The 98-cm21

Raman band and the corresponding coherent phonon am
tude show a similar temperature dependence; that is, both
integrated intensity and the FT amplitude decrease with
creasing temperature and disappear above 90 K.

The understanding of the generation mechanism for
herent phonons is still an unsettled issue, especially
opaque materials. Various mechanisms have been propo
displacive excitationsof coherent phonons~DECP! in
semimetals,1 ultrafast screening of the surface space cha
field in GaAs,2 and transient stimulated Raman scatteri
~TSRS! in transparent materials.6,18 The temperature depen
dence of coherent phonon amplitudes is different for diff
ent modes as shown in Figs. 2 and 4~a! and an additional
coherent phonon~Raman inactive! is generated. The anoma
lous temperature dependence of the coherent phonons b
Tc1 can be explained in terms of DECP: belowTc1 , the
CDW gap in the electronic band is formed and the lattice
distorted simultaneously. High-density excitation of qua
particles by pump pulses will induce the abrupt destruct
of the CDW state and then the gap will close. As a result,
free energy of the lattice subsystem will remain higher th
that of the normal state. As a result of this abrupt change
the electronic state, the lattice deformation becomes unst
and the atoms in the crystal will be displaced from the d
torted position towards the equilibrium position of the no
mal state. In this way, the lattice will start to oscillate aft
the arrival of pump pulses. A similar generation mechani
has been proposed in the superconducting state of YBC20

Mazin et al. claimed that the abrupt breakup of the Coop
pair by pump pulses changes the ion positions toward
equilibrium position of the normal state and this process
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duces the coherent oscillation in the superconducting sta
YBCO.

Guyot et al. pointed out that the physical properties
h-Mo4O11 are similar to those of the transition-met
dichalcogenides.14 The displacements of atoms accompan
by the CDW are not necessary equivalent inh-Mo4O11
which is built with infinite slabs of MoO6 octahedra sepa
rated by layers of MoO4 tetrahedra.16 The structure of MoO4
tetrahedra and MoO6 octahedra would remain unchanged b
low Tc1 and relative displacement of MoO6 octahedra, for
example, might induce the Peierls distortion. As a matte
fact, the nesting wave vectors are estimated asq1

W

5(0,0.23b* ,0) andq2
W5(?,0.42b* ,0.28c* ) below Tc1 and

Tc2 , respectively.21 This suggests that the magnitude and
direction of the distortion belowTc1 differ from those below
Tc2 . When the lattice deformation relevant to a given ph
non mode is large, the amplitude of the coherent pho
amplitude is expected to be large. On the other hand,
coherent phonon amplitude would be very small for high
frequency modes which are not influenced much by
CDW transition.

In the normal state ofh-Mo4O11, only oneAg mode at
120 cm21 was detected by the pump-probe measurem
We discarded the other modes (at'80 and 110 cm21)
because these bands were not reproducible in pump-p
measurements aboveTc1 . The h-Mo4O11 is a metal in the
normal state. Since the carrier density is quite high~almost
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1022 cm23),15,19 the carrier density excited by laser pulses
negligibly small compared to the background carrier dens
This reduces the efficiency of the generation of coher
phonons aboveTc1 . Comparison of the FT spectra with th
Raman spectra demonstrates that there is no correlation
tween time-domain and Raman-scattering intensities in
normal state. The TSRS model6 is probably inapplicable to
the coherent phonon generation.6 The coherent phonon gen
eration via ultrafast screening of a surface charge field
also be excluded becauseh-Mo4O11 is metallic in the normal
state and because the surface space-charge field doe
exist.

In summary, we have observed coherent phonon osc
tions from both the CDW and the normal states
h-Mo4O11. In the CDW state, six coherent phonon mod
were excited. Moreover, belowTc1 , the amplitudes of four
of these coherent phonons~at 64, 78, 85, and 98 cm21! are
drastically enhanced with decreasing temperature. We c
clude from the present result that the generation of cohe
phonons is correlated strongly with the Peierls distortion.
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