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Dynamics of coherent phonons in bismuth generated by ultrashort laser pulses
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Coherent phonon spectra of bismuth measured at temperatures from 10 to 295 K by a femtosecond pump-
probe reflectivity technique were compared with the corresponding Raman-scattering spectra. The decay rate
and frequency show almost the same behavior for the coherent and incoherent phonons. This result indicates
that the decay process of the coherent optical phonons is dominated by the anharmoni@dexgay relax-
ation) and that the contribution of the pure dephasing is negligibly sii&@1163-182808)01034-0

[. INTRODUCTION tion of coherent phonon'¢. This mechanism does not require
photogenerated carriers, and the phonon oscillation shows a
Recently, there have been a lot of reports on coherergine dependence. The phases of the coherent phonons at zero
phonons generated by ultrashort laser pulses. These repofielay time have been measured for a few matetfafs!
have covered the observation of high-frequency phonons anidowever, the reported values of the phase are widely scat-
the dephasing of phonons and have discussed the mecH&fed because the pl_.llse durationsluse-d were not SuffiCiently
nisms by which these phonons are generated. The studies 8Maller than the period of the oscillation and because they
dephasing are especially important for understanding of théliffered in different experiments.
nature of coherent phonons, and the decay process of coher- Coherent phonons generated by femtosecond pulses are in
ent phonons excited by picosecond pu|ses has been examhase, and are in a nonequilibrium state. The amplitude of
ined using time-resolved coherent anti-Stokes Raman scafb@ coherent phonons depends strongly on the excitation
tering (CARS).1® The phonon dephasing rate can bePower densities. For incoherent phonons, the expectation
genera”y described as a sum of the anharmonic decay rat@lue of the amplltude vanishes because of the randomness
and the pure dephasing rété’lhe main channels for the re- in the phase of the atomic displacements. The intenSity of
laxation of incoherent optical phonons in semiconductors ar&aman scattering by incoherent phonons is related to the
thought to be the dephasing originating from the phononnumber of thermal equilibrium phonons, and is proportional
phonon interaction caused by anharmonicity of the latticd0 the Bose-Einstein thermal factor depending on the tem-
potential and the decay of the excited optical phonons int®erature. The temperature dependence of the behaviors of
acoustic phonon.Direct comparison has been made be-coherent phonons has not yet been examined, but if we are to
tween the results obtained by time-resolved CARS and Raunderstand coherent phonons we must investigate their prop-
man scattering spectroscopfesLiu et al. have measured erties over a wide range of temperatures. _
frequency and decay rate of it phonon in LaAlQ by In this paper the relaxation process of coherent optical
impulsive Raman- and incoherent Raman-scattering at varRhonons in bismuth films has been studied by comparing
ous temperatures, and have compared these pararheters. results obtained by femtosecond pump-probe reflectivity
direct comparison between the ultrafast Kerr effect and highmeasurements with the results obtained from Rarties
resolution light-scattering spectroscopy has been made kjuency domainmeasurements. The amplitude and phase of
Kinoshitaet al® However, no systematic study of the relax- the coherent phonons have been evaluated precisely by fem-
ation of optica| phonons excited Coherenﬂy by femtosecondosecond reﬂeCtIVIty measurement at temperatures below 300
laser pu'ses has been carried out. K, and the initial phase of the COhereh{g mode has been
Several mechanisms have been proposed for the coherefigtermined by using ultrashoi0 fs) pulses.
phonon generation. The coherent phonons are in general rep-
resented by exponentially damped sinusoidal waves in the
time domain, and the phase of their oscillations is thought to
be related to the generation mechanism. For semimégals

Sb, and TjOs), the so-called displacive excitation of coher-  Based on the well established theory of vibrational
ent phonongDECP mechanisinhas been proposéd? In dynamics* we will briefly describe the frequency-domain
this mechanism, photoexcited carriers create a nonequilitand time-domain spectra. The equation of a damped har-
rium electron distribution, and as a result, the crystal latticemonic oscillator is given by

begins to oscillate around the new equilibrium position and

the phonon oscillation shows a cosine dependence. For mo- )

lecular crystals, impulsive stimulated Raman scattering d_Q E d_Q
(ISRS is considered as the main mechanism of the genera- dt? 7 dt

Il. COMPARISON BETWEEN TIME-DOMAIN AND
RAMAN MEASUREMENTS

1
+wgQ= (1), &
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whereQ is the displacementy is the natural frequency of
the oscillator,f(t) is the impulsive driving forcer=1/y is
the decay time of the oscillation amplitudiere y is the WW
decay rate of phonofisandm is the mass of the oscillator.
The solution of Eq(1) can be written 250K
WWWWNWW%
(wg—wz_Ziw/T) - ) _/VWW\A’WVWVWW“M/V\WN\AMWWWNW
150K
where Q(w) and F(w) are, respectively the Fourier-
transformed displacement and the Fourier-transformed im- J\AMMMNWM’V\WWWV\WMMMNMW

pulsive driving force. From Eq(2) we obtain the response

Q)= —

AR/R

function 50K
10K
= i 3 \
x(®) m(wg—wz—le/T) @ —— T T T
0 4 8 12 16
and its imaginary part Delay time (ps)
Im[ x(o)] 1 1 FIG. 1. The time-resolved reflectivity changes for bismuth films

(4) at temperatures between 10 and 295 K.

el 5l 2o

) :E’(wz—wg)z-i—(Zw/T)z'

According to the fluctuation-dissipation theorem, the spectral ﬁ = 1
intensity for Raman scatteringlgg(w) is given by R R
Im[ x(w)])/w. The phonons measured by Raman scattering are

incoherent phonons at a thermal equilibrium. Using &d,. ~ é (E> (a_e) exp( — E) cog wot], (8)
we obtainl g w) for frequenciesw near the resonance fre- R{\de/1Q T
quencyawg: wheree is the dielectric constant antiQ is the expectation
value of the microscopic displaceme@t Thus we can ob-
| ) = const 1T ' 5) tain the decay rate of the coherent phonons by a time-domain
R (w—wo)?+(1/7)? measurement and that of incoherent phonons by a Raman-

scattering measurement.
In Eq. (5) the full width at half maximum of the Raman

band,I'[cm™1], is related to the decay time(in the units of
ps by the relation of '[cm ]=2/7r=1/(w7c), and the de-
cay rate of phonons is given Hy(=2y).*% Herec is the The bismuth films studied in this work were prepared by
speed of the light. The time correlation function of the dis-evaporation on polished silicon substrates at room tempera-
placement Q is given by the Fourier transform of ture. They were about 1000 A thick, and x-ray-diffraction
Im[ x(w) ]/ w: measurements showed that they were polycrystalline. The
short pulse laser used was a mode-locked Ti:sapphire laser
= Im[x(w)] . with a central wavelength of 800 nm and pulse width of 80
e“dw. (6) fs. A standard reflection-type pump-probe configuration was
employed. Pump and probe beams were polarized orthogonal
. o . . L to each other to avoid the scattered pump beam, and were
Equation(6) indicates that the spectral intensity distribu- f5cused to a diameter of about 50n on the samples. The
tion | g w) is connected to a vibrational correlation function reflectivity change\R/R was measured as a function of the
¢(t) by Fourier transformation. The time correlation func- delay time by scanning the optical path length of the probe
tion of the displacemen(t) can readily be calculated from peam. In order to determine the initial phase of coherent
Egs.(5) and(6): phonons precisely, we also used pulses with a duration of 20
fs. Figure 1 shows the coherent oscillations of the fully sym-
metricA;; mode (97.7 cm'=2.93 THz at 295 K measured
cog wot], @) at temperatures between 10 and 295 K. As the temperature is
lowered, both the decay time and the amplitude of the coher-
whereA is the amplitude of a vibrational correlation func- entA;q mode become larger. ThHg; mode (71 cm?) has
tion. We have assumed here that the coherent oscillation otalso been observed using an EO sampling techriitji@r
served by time-resolved reflectivitpr transmissivity mea-  Bi single crystals with th¢111) surface, the amplitude of the
surement is given by the time correlation function of E; phonon oscillation is large at low temperatures when the
displacemen®. For transport phenomena, Kubo related thepolarization of the pump beam is parallel to thexis. In Sb
expectation value of a curredtto the time correlation func- crystals theE; mode was measured with a specific polariza-
tion (J(0)J(t)).® The reflectivity change is expressed as tion setup at low temperatur@ K) by Garrettet al*’ The

Ill. EXPERIMENTS
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FIG. 2. A comparison of the frequencies Af, mode between domain and Raman-scattering spectroscopies. The closed circles
time-domain and Raman-scattering spectroscopies. The closé'd open triangles represent time-domain data, and Raman data,
circles and open triangles represent time-domain data and Ramd@spPectively. The solid line is a fitting curve with EG.0).
data, respectively. The inset shows the amplitude of the coherent
Ahlg mode. The_closefd C'rc'ﬁs are elxp_erln;enta_l data, the solid line igmplitude of the coherem,, mode increases with decreas-
the curve predicted from the correlation function. ing temperature. The ratio of the amplitude of the coherent
A14 mode obtained at 10 K to that obtained at 295 K is about

AR_A t B
?— ex ; COiwt)'f'

decay time of theE; mode also became longer at lower lt-7- In Fig. 3 the decay rates for ti#g, mode obtained by
temperatures. The temperature dependence of the decay r % two measurements are plotted as? a function of tempera-
and frequency for thé,; andEy modes in Bi films is almost ithouah th P d d £ th g
the same as in single crystals. The frequencies, amplitudetstre' Alt oudt the temperature dependences o these decay
and decay times of the cohereft; mode at various tem- rates f‘lre In qgreement within expe ””?e”ta' errors
peratures were determined in the present study by fitting th D.2cm), there is a sl!ght .bUt systematic discrepancy at
time-domain data to a harmonic oscillation with a single ex-OWer temperatures. This discrepancy might partly result
ponential decay: from the difference in a laser heating of the sample by the
femtosecond pulse laser and the cw laser. Another cause may
t t be a difference in pure dephasing. The incoherent phonons
exp( - T—) —ex% - 7_—) , generated in Raman process are the same in frequency but
1 2 have different wave vectors, whereas the coherent phonons
©) generated by femtosecond pulses have the same frequency
whereA is the amplitudew is the frequency, and is the  and wave vector. For the incoherent phonons a momentum
decay time of the coherent phonon. The second term ariseelaxation by phonon-phonon scattering contributes to the
from the photoexcited carriers. HelBeis the amplitude, and pure dephasing of phonons, but for the coherent phonons this
7, and 7, are the relaxation time, and the rising time of the contribution may be small. This explanation is consistent
electric component, respectively. with the fact that the decay rates of the incoherent phonons is

The excitation power dependence of the amplitude, of theslightly greater than those of the coherent phonons. Another
decay time, and of the frequency was studied for coherenpossible explanation for this discrepancy is a contribution of
phonons in Bi at room temperature. The amplitude increasethe self-energy effect due to anharmonic interaction on the
linearly with increasing excitation power at weak excitation Raman-allowed optical mode. Menendez and Cardona have
when the spot size of laser beams wasu®0. However, the reported that the linewidth measured experimentally arises
amplitude saturates at high excitation for a spot size of aboutom not only the imaginary part but also the real part of the
5 um. Both the oscillation frequency and decay time de-phonon self-energy, and one should calculate the spectral
crease with increasing excitation power. Such a behavior cadependence of real part of the self-energy at each tempera-
be explained in terms of sample heating at high excitation.ture in order to obtain the corresponding correctidrs.

In order to compare the decay rates of the incoherent anseems, however, difficult to attribute the discrepancy to the
coherent phonons, we measured the Raman spectra by usigglf-energy effect because the self-energy would affect the
a cw Ti:sapphire laser operating at the same wavelength. Thdecay rate of both the incoherent phonons and the coherent
Raman bandwidth was corrected for a slit function of thephonons. Even if the pure dephasing contributes to the decay
spectrometer by a deconvolutidh!® In Fig. 2 the frequen- process, the decay of the coherent optical phonons in bis-
cies of theA,;; mode at different temperatures obtained bymuth seems to be dominated by anharmonic ddeagrgy
the time-domain measurement are compared with those olvelaxatior) because of the similarity of the decay rates de-
tained from the Raman data. The amplitude of the coherenived from the two different methods. A possible decay
A4 mode is plotted in the inset. The frequency of g, channel for theA;; mode in bismuth is the decay into two
mode shifts from 101.5 to 97.7 crhwhen the temperature acoustic phonons at th& point whose frequency is half of
increases from 10 to 295 K. Th#&,;4-mode frequencies ob- the A;4-mode frequency’ The corresponding temperature
tained from the two different measurements are consistertependence of the decay rate of thg, mode is given, ac-
over a wide temperature range. As shown in the inset, theording to Ref. 6, by
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IV. DISCUSSION

5 T = 295K
i_ﬂfs An alternative expression of the time correlation function
| (a) SHG signal that includes initial phase shift was given by Kubkoal,
who calculated vibrational correlation function using a dif-
ferent form of the power spectrum for the displacem@rft
The calculation of the correlation function was done using
Eq. (4) instead of Eq(5), yielding

;

all

............... Experiment s ot Y 1
t)= —5——e "'/ 1+ 55cos Qt—tan
Il | i L 1 | 1 | (11)

—— Cosine wave
04 -0.2 00 02 04 06 08 1.0

Delay time (ps) where Q=\w2—9? and y=1/r is the decay rate of
FIG. 4. The time-resolved reflectivity changes of #g mode phonons. Here it is assumed that t_he impulsive driving force
obtained with 20 fs ultrashort laser pulsés) Autocorrelation of ~ f(t) can be expressed by &function, so that the power

the laser pulsegb) Coherent phonon oscillation for the Bi film. Spectrum of impulsive driving forck(w) is nearly constant
The dotted curve corresponding to the experimental data, and tHvhite spectrunt I¢(w) = I ;= const. The main difference be-

Intensity

solid curve[ «cosft)] corresponds to a displacive limit. tween Eq.(11) and Eq.(7) is that the former includes the
initial phase shift. The term (& y%Q?)Y? in Eq. (11) is
2 approximately equal to unity whep=3 andQ =97 cm .
Fp, =T 1+ — | (100  Equation(11) indicates that the amplitude increases when
" expiiop, [2/keT)—1 decreases. As shown in the inset of Fig. 2, the amplitude of

the coherent phonon does increase with decreasing tempera-
ture. The ratio of the amplitudes at 10 and 295 K
(v205 k! v10 k) predicted using the observed valuesyofs

3.5, more than twice the experimental value 1.7. The ten-
dency in temperature variation of the amplitude is consistent

- with Eq. (11) even though the magnitudes of the experimen-
described by Eq(10). tal and predicted amplitudes are not the same. A possible

The initial phasey in bismuth films was determined in gypianation for this difference between the predicted ratio
pump-probe experiments using 20 fs laser pulses, which B 5 and the experimental valuél.7) is the self-energy

much shorter than the oscillation perit@#1 fS. Figure 48)  gftectS However, it is not clear at present how the real part
shows the autocorrelation of the laser pulse obtained by gt the self.energy affects the temperature dependence of the
second-harmonic generatid8HG) at the sample position.  gecay rate and amplitude of the coherent phonons in bis-
The width of the autocorrelation function of laser pul$é8 .,

fs)_ gives a pulse width qﬁ 25fs. Thus the peak position of_ The temperature dependence of the initial phase could not
this SHG signal determines zero delay time accurately. Figpe measured because of the difficulty in determining the zero
ure 4b) demonstrates the coherent oscillation of ¥,  {ime delay when the sample was in the cryostat. The phase
mode observed in the initial stage at room temperature. Fitzpift estimated using Eq11), and the measured values f

ting the damped oscillation with a single exponential decay,nq () is o=—tan ¥(y/Q)=—1.7 degrees, and this is too

to the experimental data give§5a phonon decay time 1/ gma|| when compared with the experimental value (15.4
=3.79 ps, an amplitude 1.3610 °, and an initial phas® .+ 1 degrees when we tak@=2.93 THz). A similar expres-

—15.4+ 1 degrees. The calculated ce(oscillation is also  sjon of the oscillation profile based on the DECP mechanism
shown in Fig. 4. The observed coherdh; phonon shows \yas optained by Zeigeet al222 For the driving force de-
cos(t+¢) dependence. The phase shift obtained for Bi iScaying exponentially they calculated a response function
comparable to the values reported for other semimetals: Thghich is proportional to the photoexcited carrier density.
initial phase of coherent phonons in Sb and Bi reported byrpeir calculation shows that the amplitude varies wjtand
Zeigeret al. were (3+4) degrees for thé\,q mggie in Sb 5 (3 is the decay constant of photogenerated cajriensd

and (—13+13) degrees for thé\;; mode in Bi.” Garrett  that the initial phase has the same form as in our expression.
et al, on the other hand, reported that the initial phases in Shneijr calculation, however, cannot explain the temperature

were (—23+11) degrcises for thé,4 mode and (43 8) de-  gependence of the amplitude observed in our experiment.
grees for theEy mode:” These results demonstrate that the

coherentA,, oscillation observed in semimetals is described
approximately with a cosf) wave, whereas th&; mode
shows significant departure from the ceg(wave. There- In conclusion, the relaxation of the coherent optical
fore, the dominant generation mechanism of the coherenthonons in bismuth films has been studied by comparing the
A1 phonons in semimetals may be the DECP. Especially foresults of femtosecond pump-probe measurements and
the E4 mode, however, a mixture of DECP and ISRS cannoRaman-scattering measurements at various temperatures.
be excluded®* The agreement of the decay rates obtained from the two

where, I, is an effective anharmonic constamA1gl is the

frequency of theA,;; mode, andkg is the Boltzmann con-
stant. The fitting of the time-domain data to EJO) is

shown in Fig. 3, where we obtaifi,=0.5 cmi' . The tem-
perature dependence of the decay raté\gf mode is well

V. CONCLUSION
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