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Coherent lattice vibration of interlayer shearing mode of graphite
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Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan

~Received 17 April 2000!

We have observed a coherent oscillation signal of the interlayer shearing phonon mode of highly oriented
pyrolytic graphite by means of femtosecond pump-probe experiment. The optical polarization dependence
reveals a nontrivial phase shift between Rayleigh and Raman components. The detailed analysis of the phase
shift clarifies that the Raman component mainly comes from the real part of the dielectric function. The
excitation density dependence of the coherent phonon shows the same saturation behavior as that of the
electronic response and the generation process of the coherent phonon is attributed to the real excitation of the
p-p* transition.
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The recent development of femtosecond laser spect
copy enables the study of the optical phonon in a time
main. The time domain measurement of the lattice vibrat
offers not only complementary information of the Ram
spectrum but also the extended and detailed study of
lattice dynamics. The so-called coherent phonons are
served in many materials and various generation mechan
are discussed.1–5 Interpretative articles have been al
published.6,7

Graphite is one of the standard materials in solid-st
physics and its unique property attracts much attention fr
both fundamental research and industrial application. Th
fore, many works have been done on the various prope
of graphite in both experimental and theoretical aspects.8–12

In ultrafast time-resolved spectroscopy of graphite,
main interest is placed on laser melting and associa
phenomena.13,14 Although the femtosecond carrier dynami
of graphite has been comprehensively studied,15 there were
quite a few works on the ultrafast electron and phonon
namics which were well studied in GaAs and the other se
conductor materials.

In this work, we have observed the coherent phonon
cillation in highly ordered pyrolytic graphite~HOPG!. The
transient reflectivity measurement gives the coherent pho
signal of interplanar shearing motion whose vibrational
ergy is about 43 cm21. E2g symmetry of the phonon mod
shows its characteristic polarization dependence. From
detailed study of the polarization dependence, we have fo
a nontrivial phase shift between Rayleigh and Raman c
ponents in the reflected probe pulse from the sample.
phase shift is very important in considering the amplitude
the coherent phonon signal. By comparing the phase s
with the numerical calculation, we concluded that the det
tion process of the coherent phonon is dominated by
off-resonant Raman process. The intensity dependence
the coherent phonon signal and electronic response show
same saturation behavior, which indicates that the cohe
phonon is generated by the real excitation of thep-p* elec-
tronic transition.

The sample used in the experiment was a ZYA gra
HOPG. Time-resolved pump-probe experiments were p
formed using a mode-locked titanium-sapphire laser. T
time width, the repetition rate, and the center wavelength
PRB 620163-1829/2000/62~4!/2908~4!/$15.00
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the laser pulses were 130 fs, 82 MHz, and 790 nm, resp
tively. The pump and probe pulses were focused onto
sample with a camera lens and the spot size was 10mm. The
intensity of the probe pulse was about a fifth of that of t
pump pulse. The result of the pump and probe experim
and the schematic atomic displacements for theE2g interpla-
nar mode are shown in Fig. 1. The inset of Fig. 1 show
typical pump-probe signal obtained at 293 K with a pum
excitation density of 0.47 mJ/cm2. The polarizations of the
pump and probe pulses crossed each other. The sharp
structure around the time origin comes from the saturation
the p-p* electronic transition and relaxes within sever
picoseconds.15 The dashed and solid lines in Fig. 1 are t
corresponding time differential signal obtained by the tim
delay modulation technique16 and the differential signa
magnified 1000 times. The modulation amplitude is 0.2
and the oscillation signal corresponding to theE2g interlayer
shearing mode appears in the magnification.

In the following we consider the equations describing t
interaction between coherent phonons and optical fields.
choose the phonon fieldsq1 and q2 so that they have the
same transformation properties as those of the functi
x2-y2 andxy which form a basis of theE2g irreducible rep-
resentation. The selection rule for the optical excitation

FIG. 1. Coherent oscillation signal of the interlayer shear
phonon modeE2g of graphite. The dashed line is a whole profile
the pump and probe signal measured by a time-delay modula
technique and the solid line is its 1000 times magnification. T
inset shows a corresponding normal pump and probe signal.
2908 ©2000 The American Physical Society
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the phonon fields is determined by their symmetric prop
ties irrelevant to the detail of the interaction mechanism. A
sumingu is an angle between thex axis on the sample sur
face and the polarization of the pump pulse, the phon
fields impulsively generated by the pump pulse are descr
as

S q1

q2
D 5Qe2aze2Gt sinVtS cos 2u

sin 2u D , ~1!

where Q is the oscillation amplitude proportional to th
pump pulse energy,V and G are the frequency and th
damping constant of the phonon, anda is the absorption
coefficient of the graphite. Since the phonon dispersion al
thec axis of the graphite is very small,17 the depth profile of
the phonon fields is proportional to that of the pump pu
intensity ande2az appears in Eq.~1!. The penetration depth
of the probe light is so thin that the time delay caused by
optical pulse propagation is much shorter than the pho
period. Therefore, we neglect the phase shift and set the
non oscillation proportional to sinVt. The dielectric constan
of graphite is modified by the phonon fields and expresse

«~z,t !5«b1(
m

]«

]qm
qm~z,t !1•••, ~2!

where«b is the static dielectric constant of the graphite a
the Raman tensors in anx-y plane are expressed as

]«

]q1
5S f 0

0 2 f D ,
]«

]q2
5S 0 f

f 0D . ~3!

We consider the reflection of the probe light by the phon
fields based on the forward and backward scheme.18 If we
assume the incident probe field to beEW 0e2 ivt, the optical
dipole PW induced by the phonon field is given as

PW ~z,t !5(
m

qm~z,t !
]«

]qm

2n

11n
EW 0ei (kz2vt), ~4!

wherev is the optical frequency andn andk are the complex
refractive index and the complex wave vector derived
A«b /«0 andnv/c, respectively. The parameters«0 andc are
the dielectric constant and the light velocity in vacuum.
solving the backward equation with the boundary conditi
the first-order reflection caused by the phonon perturbatio
expressed as

DER~ t !52
2

11n

1

2cb«b
E

0

`

dz8
]PW

]t S z8,t2
z8

cb
D

'
2n

~11n!2«b

1

11 ia/2k (
m

]«

]qm
qm~z,t !EW 0e2 ivt,

~5!

wherecb is defined asc/n. In the approximation, we omi
the term proportional toV/v. If we assume that the polar
ization of the probe light is parallel tox, we can describe the
total reflected optical fieldEW R using the reflection coefficien
r 5(12n)/(11n) and Eq.~5! as
r-
-

n
d

g

e

e
n
o-
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n

s

,
is

EW R~ t !5rE0e2 ivtS 1

0D 1DrE0e2 ivte2Gt sinVtS cos 2u

sin 2u D ,

~6!

whereDr is defined as

Dr 5
dr

d«

f Q

11 ia/2k
. ~7!

The first term and the second term in Eq.~6! are considered
as the Rayleigh and Raman components, respectively,
pending on their optical frequencies. Here, the value of
sorption coefficienta can be taken as twice the imagina
part ofk. Since the intensity of the reflected optical fieldR(t)
is proportional to the absolute square valueuEW R(t)u2 anduDr u
is much smaller thanur u, the relative change of the reflectio
intensity is approximated as

DR

R
'

uDr u
ur u

cosf cos 2ue2Gt sinVt, ~8!

where the anglef is given as arg(Dr /r ).
The optical polarization dependence of the coherent p

non signal is shown in Fig. 2~a!. The angleu between pump
and probe polarizations changes the oscillation amplit
drastically and the angle dependence is explained by Eq.~8!.
A similar result is also observed in LaAlO3.5 In order to
elucidate the polarization dependence in detail, we chec
the polarization property of the probe signal atu545°. Al-
though Raman and Rayleigh components are present, th
cillation signal disappears due to their crossed polarization
shown in Eq.~6!. We inserted the polarizer in front of th
photodetector and set its polarization parallel and perp
dicular to the pump beam. The obtained signal is shown
Fig. 2~b!. The signal recovers and the phase of the oscillat
is opposite depending on the polarization, since the Ram
and Rayleigh components are mixed by the polarizer.

The heterodyne detection scheme of the Rayleigh and
man components gives another possibility to measure a r
tive optical phase between them. The schematic diagram

FIG. 2. ~a! Polarization dependences of the coherent phon
signal. The oscillation signal shows opposite phases for 0° and
and disappears at 45°.~b! Recovery of the signal by insertion of th
polarizer in front of the probe photodetector.
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the phase measurement is illustrated in Fig. 3~a!. If u is 45°,
the polarizations of these components are orthogonal to e
other. By inserting a Soleil-Babinet compensator in the pro
path, the phase difference is continuously changed. A po
ization beam splitter and two photodiodes are used to ext
the pure anisotropic property proportional to the product
the x andy components of the probe beam. The plot of c
herent phonon amplitude versus the phase retardation o
Raman component to the Rayleigh component is show
Fig. 3~b!. The accidental phase shift caused by the opt
components is compensated. The amplitude reaches its m
mum at the phase retardation of 110°. In order to evalu
the phase shift, a diagram of the arguments ofr and Dr is
shown in Fig. 3~b!. In the calculation of the arguments, th
complex dielectric constant of graphite at 790 nm is e
mated as 4.718.6i from the report in Ref. 8, and the factorf
of the Raman tensor in Eq.~7! is assumed to be real. Th
Raman component is advanced by 117° to the Rayle
component and the value is very close to the experime
observation. Although the resonant Raman process is
pected for the case of the large imaginary part of the die
tric constant, the result clearly shows that the Raman c
ponent is dominated by its real part. This means that
off-resonant Raman process works in the detection pro
of the coherent phonon in graphite.

The temperature dependence of the coherent phono
shown in Fig. 4. The time-domain signal is shown in F
4~a! and the power spectrum is shown in Fig. 4~b! at 10 K,
160 K, and 325 K. No significant temperature change is
served. The reason for this small temperature dependen
attributable to the lattice structure. The mode correspond
an entire translation of the graphite layers which is rigid
combined bys electrons. Therefore, the motion of the ma
sive graphite layer requires much energy and is insensitiv
the thermal perturbation even at the high temperature wh
thermal energy exceeds the phonon energy. In our meas
ment, the center frequency can be clearly determined with
accuracy better than 0.1 cm21, and the temperature depe
dence of the frequency is plotted in Fig. 4~c!. The plot shows

FIG. 3. ~a! Schematic diagram of the polarization analyz
SBC: Soleil-Babinet compensator, PBS: polarization beam spli
PD: photodiode.~b! Phase retardation dependence of the cohe
phonon signal.
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a small but clear redshift. As for the linewidth, the typic
value is about 1.0 cm21, but it shows a deviation of
0.2 cm21 depending on the sample position. We could n
obtain a reliable result on the linewidth and its temperat
dependence. This instability may result from the ‘‘sof
property of the graphite layer structure.

Figure 5 shows the excitation density dependences.
filled and open circles in Fig. 5~a! represent the amplitude o
the phonon signal and the peak value of the electronic

.
r,
nt

FIG. 4. Temperature dependence of the coherent phonon~a!
Time traces for three temperatures.~b! Corresponding power spec
trum. ~c! Plot of the phonon frequency versus temperature.

FIG. 5. ~a! Excitation dependences of the amplitude of the c
herent phononDRph/R and the peak value of the electronic r
sponse2DRel /R. Two responses show the same saturation beh
iors. ~b! Frequency versus excitation density. The frequency
almost constant except for the slight redshift at the high excita
level.
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sponse at the time origin, respectively. The solid and das
lines are guides for the eyes. The phonon and electronic
sponses exhibit the same saturation behavior. Figure~b!
represents the frequency change caused by the excit
density. Except for a slight redshift observed at the h
excitation region, the frequency is almost constant an
comparison with Fig. 4~c! denies a significant temperatu
rise of the sample. Therefore, the saturation behavior co
from a purely electronic origin and the coherent phonon
generated through thep-p* real optical transition. In addi-
tion to the polarization dependence and the impulsive
sponse shown in Eq.~1!, this result indicates that the gener
tion mechanism of the coherent phonon is the anisotro
weakening of bonding orbitals which is proposed for G2

Since the graphite planes are connected by the covalent
of p electrons, the photoexcitation of the valence electr
preferentially weakens the strength of bonding and cau
the polarization dependence. The rapid relaxation of an
tropic hole distribution in momentum space explains the
N.
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pulsive response of the coherent phonon field.
In conclusion, we have observed the coherent oscillat

of the interlayer shearing motion in graphite. A detail
study of the polarization dependence shows a nontri
phase shift between Rayleigh and Raman components o
reflected probe light as large as 110°. By considering
optical process at the graphite boundary, the phase s
clearly shows that the Raman component is dominated b
real part and mainly comes from the off-resonant Ram
process. The excitation density dependence of the cohe
phonon signal shows a similar saturation behavior to tha
the electronic response. The saturation behavior indic
that the coherent phonon is mainly generated by the
excitation of thep-p* optical transition.
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