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Coherent control experiments using a pair of collinear femtosecond laser pulses have been carried out to
manipulate longitudinal optical (LO) phonon-plasmon coupled (LOPC) modes in both p- and n-type GaAs.
By tuning the interpulse separation, remarkably distinct responses have been observed in the two samples. To
understand the results obtained a phenomenological model taking the delayed formation of coherent LOPC
modes into account is proposed. The model suggests that the lifetime of coherent LOPC modes plays a key role
and the interference of the coherent LO phonons excited successively by two pump pulses strongly affects the

manipulation of coherent LOPC modes.
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I. INTRODUCTION

In polar semiconductors when the plasmon and the lon-
gitudinal optical (LO) phonons have comparable frequencies
the two longitudinal modes become mixed to generate the
LO phonon-plasmon coupled (LOPC) mode.!> The dynamics
of the LOPC mode are well described by a pair of coupled
equations for the electronic polarization and the normalized
lattice displacement.>* For GaAs, one of the most studied
polar semiconductors, both the frequency-domain®>~7 and the
time-domain®-!? experiments demonstrated that, depending on
the carrier type, the LOPC mode could exhibit considerably
varying properties. The LO phonon-hole plasmon coupled
mode has only a single branch with the frequency between
the LO and the transverse-optical (TO) phonons.%”!!:12 This
peculiar behavior is due to overdamped character of hole
plasmon.®” The LO phonon-electron plasmon coupled mode,
nevertheless, splits into two anticrossing branches: the upper
branch mode L and the lower branch mode L_.3

Although numerous experiments verified the validity of
the coupled equations, one may notice that the equations
simply assumed an instantaneous coupling between two
longitudinal modes. However, recent laser pump-THz probe
experiments clearly indicate that the formation of the plasmon
in GaAs is actually time consuming.'® The transition from
the photoexcited electron-hole plasma to a collective response
of the many-body system takes around one period of the
plasmon (less than 100 fs). Moreover, both theories and
experiments of quantum kinetics have demonstrated that the
LOPC modes are not established instantaneously and the
coupling of two longitudinal modes is a kinetic process
controlled by time and carrier density.'*"!® It is not surprising,
however, that the delayed formation of coupled modes has
no considerable influence on the observed dynamics because
most of the frequency-domain measurements are incapable
of resolving such short time scale. The time-domain mea-
surements with the single pump pulse are able to resolve
such kinetics but usually ignore it, because such ultrafast
dynamics only affects the initial phase of coherently excited
modes.!”
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On the other hand, coherent control experiments in p-
GaAs'® showed an interesting feature. Namely, the amplitude
modulation of the L_ mode as a function of the interpulse
separation was synchronized to that of coherent LO phonons.
This result is in sharp contrast to the case of n-GaAs, in which
the amplitude of the L_ mode was modulated independently
of the phonon mode."” To explain the peculiarity of coherent
control Ref. 18 suggested a possible influence of the delayed
formation on coherent control. It is also worth noting that
a theoretical work tried to describe coherent control with two
pump pulses.?’ Based on the coupled equations Bukunov et al.
assumed the same procedure for the second pump excitation
as for the first one and succeeded in simulating coherent
control experiments in n-GaAs. However, the results of
coherent control in p-GaAs cannot be well reproduced by this
model.

In our paper we demonstrate the manipulation of coherent
LO phonons and LOPC modes in both p- and n-type GaAs
using a pair of temporally spaced femtosecond laser pulses.
A simple phenomenological model is proposed to interpret
different results of coherent control in the two samples.

II. EXPERIMENTAL

The samples used were a Zn-doped p-GaAs(100) with
the carrier density of N =5 x 10'® cm™ and a Si-doped
n-GaAs(100) with the carrier density of N = 5 x 107 cm™3.
Both crystals obtained from MTI Corporation were grown by
the liquid-encapsulated Czochralski method. To study the ul-
trafast lattice and carrier dynamics the femtosecond reflection-
type pump-probe technique with electro-optic detection was
employed.® Ultrashort laser pulses with the duration of 45 fs
and the photon energy of 1.55 eV (A = 800 nm) acted as
a pump and a probe, the polarizations of which were set
orthogonal to each other to eliminate the coherent artifact. The
pulses were delivered by a Kerr-lens mode-locked Ti: sapphire
oscillator at the repetition rate of around 80 MHz. Excitation
was achieved slightly above the direct gap (~1.44 eV) at the
I' point. The delay line was modulated by a fast scan delay
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at the frequency of 20 Hz to obtain the transient reflection
change AR,,(t)/ Ry, where AR,,(¢) is the difference between
two orthogonal components of the reflected probe with pump
and Ry is the reflectivity without pump. To perform coherent
control experiments, the pump pulse was fed into a modified
Mach-Zehnder interferometer to be divided into two collinear
beams with a variable interpulse separation, At, controlled by
a translation stage. All the measurements were carried at room
temperature with a probe fluence of ~3 uJ/cm?.

III. RESULTS AND DISCUSSION
A. Single-pump excitation

In n-GaAs, the time-domain signal shown in Fig. 1(a)
demonstrates a clear mode beating. In p-GaAs, although the
beating feature is not that obvious as in n-GaAs, one can
easily see that the ultrafast oscillations shown in Fig. 1(b)
undergo successively fast and slow decay, in which the fast
decay lasts only a few hundreds of femtoseconds. The Fourier-
transformed (FT) spectra, shown in the insets of Fig. 1, confirm
that in both samples two modes are coherently excited, one of
which has the frequency w; /27 = 8.7 THz corresponding
to the LO phonon. The other mode in both samples has a
frequency smaller than that of the TO phonon (8.1 THz).
We assign this mode to the lower branch, L_, of the LO
phonon-electron plasmon coupled modes. Such two-mode
behavior can originate from the spatial (either lateral or depth)
inhomogeneity of the photoexcited carrier density induced by
ultrashort laser pulses, whereas the absence of an upper branch
L, mode might be due to overdamping. To obtain the mode
parameters for the oscillations shown in Fig. 1, we modeled
the transient reflectivity by two damped harmonic oscillators.
Note that the FT spectra for fitted and experimental signals are
just the same. Interestingly, the fitted lifetime of the L_ mode
in n-GaAs is about 5 times larger than that in p-GaAs, which
can be due to ultrafast carrier scattering in the latter sample.?!
The two similarly excited modes with significantly different
lifetimes provide us a good opportunity to make a comparison
study about the role of lifetime in coherent control.
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The frequency of the L_ mode depends on the total car-
rier density including background and photodoped carriers.’
Therefore, we further examined the mode assignment through
measuring its dependence on the photoexcited carrier den-
sity. To this end, we varied the pump fluence from 19 to
122 puJ/em?, corresponding to the photoexcited carrier density
from 6.48 x 107 em™3 to 4.15 x 10'8 cm™3, to detect the
transient signal at different excitation strengths. The FT spectra
and the fitted parameters of the time-domain signals are
plotted as a function of the pump fluence in Figs. 2 and 3,
respectively. In both samples we observed that the frequency
of the L_ mode substantially depends on the pump fluence.
With the increasing pump fluence (or photoexcited carrier
density) the frequency of the L_ mode tends to that of TO
phonon. Therefore, the L_ mode at high excitation strength
is phononlike. Its lifetime is almost independent of the pump
fluence. In contrast, the lifetime of LO phonon monotonically
decreases with the increasing pump fluence, whereas its
frequency remains essentially unchanged. We attribute the
decreasing lifetime to the increasing phonon-phonon and
phonon-carrier interactions. The amplitudes of two modes in
the two samples, in the experimentally available range of the
pump fluence, exhibit an opposite trend on the pump fluence.
In p-GaAs, the saturation of LO phonons comes from the
complete screening of the built-in field, whereas the almost
linear rise of the L_ mode suggests that its increase is due
to the plasmon contribution. In n-GaAs, the amplitude of
LO phonons linearly increases with increasing pump fluence,
thus suggesting an incomplete screening, whereas in p-GaAs
the amplitude tends to saturate. The varying response of LO
phonons in the two samples in the same range of pump
fluence can be due to different built-in fields, which is higher
in n-GaAs than in p-GaAs.® The sublinear rise of the L_
mode, the same as observed by Ishioka et al.,"' indicates
its direct relation to the photoexcited carrier density. In
addition, we noticed a phase difference of ~m /2 between two
coherent modes, shown in Fig. 4, which may be indicative
of kinetic process responsible for the generation of LOPC
modes.!’
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FIG. 1. (Color online) The oscillatory part of transient reflectivity for the single-pump excitation measurement in n-GaAs (a) and p-GaAs
(b). Here we have removed the incoherent signal related to the fast generation and slow recombination of photoinjected carriers. The FT spectra
of the time-domain signals are shown in the insets. The fitting results (red thin lines) are also presented to compare with the experimental

results (green thick lines).
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FIG. 2. (Color online) Fourier-transformed spectrum as a function of pump fluence in n-GaAs (a) and p-GaAs (b). The fitting results (blue
solid lines) are presented to compare with the experimental results (red dashed lines).

B. Double-pump excitation

As mentioned above, while the dynamics of coupled modes
in the frequency domain, as well as in the time domain with a

single-pump excitation, are relatively well understoo
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the prospect of manipulating their excitation with two ul-
trashort laser pulses has not yet been fully addressed. To
achieve coherent control, we used two collinear pump pulses
to excite and control the ultrafast dynamics of coupled modes.
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FIG. 3. (Color online) Amplitude and lifetime of LO (a) and L_ (b) modes as a function of pump fluence in n- and p-GaAs. The diamonds
and circles indicate data in n-GaAs and p-GaAs, respectively. The dashed lines are just a guide for the eye.
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FIG. 4. (Color online) Initial phase of coherent oscillations of LO phonons and L_ modes in n- (a) and p-GaAs (b). The open and solid

circles indicate LO phonons and L_ modes, respectively.

In n-GaAs, the photoexcited carrier densities induced by
every pump pulse were 1.94 x 10'® and 1.43 x 10'® cm—3.
In p-GaAs, the carrier densities equaled 3.77 x 10'® and
3.56 x 10'8 cm™3.

We varied the interpusle separation from 315 to 545 fs.
In both samples the delay between two pump pulses affects
the time-domain signal to a significant degree. To obtain the
parameters of the resulting ultrafast response we set the second
pump excitation as the zero time and fitted the time-domain
signal. The fitted mode parameters as a function of the
interpulse separation are presented in Fig. 5. There are two
interesting features in the results obtained. First, in n-GaAs, the
amplitudes of the LO phonons and L._ mode are harmonically
modulated by the second pump pulse. By fitting the data by an
exponentially damped sine function the modulation periods of
two modes are determined to be 133 and 114 fs, respectively,
corresponding to L_ mode and LO phonon frequencies. This
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result is consistent with Mizoguchi et al.’s observation.'” In
p-GaAs, however, the amplitude of the L_ mode is modulated
in phase with that of the LO phonons at the period of LO
phonons, although these two modes actually have different
frequencies. This observation similar to Ref. 18 in terms of
the modulation period, however, is in striking contrast to
Ref. 18 in terms of the modulation phase. Namely, in Ref. 18
out-of-phase modulation of the two modes was observed,
whereas in our case the modulation is in phase. The disparity
might be due to different experimental techniques used to
study the ultrafast dynamics. In Ref. 18 a second-harmonic
generation pump-probe technique was used, in which either
excitation or probe was mainly limited by the depletion layer.
Such a limitation may result in somehow different coupling
dynamics.'!

The second interesting feature is that the lifetime of the
L_ mode in both samples is also modulated by the second
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FIG. 5. (Color online) Variation of coherent oscillations by two pump pulses as a function of interpulse separation in n- (a) and p-GaAs
(b). The open and solid diamonds indicate LO phonons and L_ modes, respectively. The dashed lines represent fits to a damped harmonic
function. The dash-dotted lines show the lifetime for single-pump excitation. The solid lines are calculated using the model of Egs. (1)—(6).
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FIG. 6. (Color online) Schematic sketch of the kinetic processes involved in coherent control experiments.

pump pulse. Especially in p-GaAs the change in lifetime is
quite large, exceeding 50%. These results are not consistent
with the pump fluence measurements, in which the lifetime
of the L_ mode is not sensitive to the carrier density. On the
other hand, one can also expect that by tuning the interpulse
separation to such a short time interval the total carrier density
excited by two pump pulses would not be changed; therefore,
the modulation of the lifetime of the L_ mode as a function of
the interpulse separation is unexpected.

C. Phenomenological model

Itis well known that the generation of coherent LO phonons
in GaAs is based on the ultrafast screening of the built-in
field in the depletion layer, which takes more than 10 fs.® A
similar excitation mechanism can be also applicable to the
collective carrier excitation (plasmon),”>?? but it may take a
longer time than that for coherent LO phonons. As observed
by Huber ef al. using the THz technique, the formation of
plasmon takes around one intrinsic period determined by the
carrier density.'3 According to our excitation conditions, the
estimated formation time of the plasmon is expected to be
longer than 50 fs. Note that the coherent excitation of plasmons
in our case is somehow different from that in Ref. 13. In
Ref. 13 the coherent excitation is achieved via the (quantum
kinetic) buildup of the microscopic Coulomb screening, while
in this case that is mainly realized via the (semiclassical)
macroscopic screening of the depletion fields associated with
the sample surface. Clearly, this is connected to transport of
photogenerated charge carriers and will have a finite internal
dynamics as well. Taking into account the possible delay of the
coupling between the coherent LO phonon and the plasmon
after their formations, we expect the formation of the LOPC
mode can take even longer time. Therefore, the possible steps
in temporal order after the first-pump excitation are as follows:
Coherent LO phonons are first launched, then the plasmon
is formed, and finally the two longitudinal modes become
coupled [given by Egs. (1) and (2) in the following paragraph].
For the delayed second pump excitation, in principle, a similar
kinetic process should occur. Due to the delayed formation

of coupled mode, however, it is possible that the coherent LO
phonons excited by the second pump pulse interfere with those
excited by the first one, before coupling with plasmon [given
by Egs. (3) and (4)]. After this interference the coherent LO
phonons are coupled to the plasmon to form the LOPC mode,
which further interferes with the coupled mode excited by the
first pump pulse [given by Eqgs. (5) and (6)]. The temporal
order of the events, schematically shown in Fig. 6, helps in
understanding of coherent control experiments in GaAs. Note
that our treatment is essentially different from the idea adopted
by Bakunov et al.,’° in which the authors assumed the same
process for each pump pulse to address coherent control.

Based on the idea of the delayed formation, we suggest
a phenomenological model to interpret coherent control
experiments. From the previous analysis, we know that the
dynamics of two coherent modes can be well described by the
damped harmonic functions. Therefore, immediately after
the first pump excitation, the dynamics of two coherent modes
are given by

Al opc(t) = anAyexp(—(t — 8)/tLopc)
x cos(wropc(t —9)), (1)

Apo(®) = Ai(1 — a)exp(—t/TL0) cos(wLot). @)
After the second pump excitation at t = At, the dynamics
are described by

A2 (1) = Asexp(—(t — At)/tro) cos (wro(t — AD),  (3)
AZ (8 4 A1) = AL (8 + A1) + AZ ) (5), 4)
A2 o pe(8 4+ AD) = anAZ (5 + Ar) + AL, pc(8 + A1), (5)

A2 8+ Aty = A2, (5 + AD)(1 — a), (6)

where A is the oscillatory amplitude, § the delay time to form
the LOPC mode, t the lifetime, o the portion of coherent LO
phonons coupled to the plasmon, and 7 the amplitude ratio of
two modes. In this model, all parameters except § and « can
be directly obtained from the pump dependence. By adjusting
the values of § and «, the main features of the amplitude

235145-5



HU, MISOCHKO, GOTO, AND NAKAMURA

modulation of the L_ mode and LO phonons in both samples
can be well reproduced by this model, as shown in Fig. 5. From
this simulation it is easy to see that the lifetime of the L_ mode
plays a key role in understanding different results in the two
samples. Indeed, in p-GaAs the L_ mode has a much shorter
lifetime. Therefore, when the second pump pulse arrives at
crystal the L_ mode excited by the first pump pulse has already
significantly decayed. Thus, the L_ mode excited by the second
pump pulse has nearly no interference with the first one, and
the dynamics are determined mainly by the interference of
the coherent LO phonons excited by two pump pulses. In
contrast, in n-GaAs the L_ modes excited by each pump pulse
experience strong interference due to a longer lifetime. As a
result, in this case we can observe the independent modulation
of the L_ mode. The formation time § obtained from the fit is
110 fs for n-GaAs and 120 fs for p-GaAs, which is close to
the period of LO phonon. It is worth mentioning that in our
model only coherent LO phonons are coupled to the plasmon,
and the calculated results are good enough to explain the
experiments. Thermal LO phonons in GaAs do not play a
considerable role in controlling the coherent L_ mode. The
observed lifetime modulation by the second pump pulse is
always anticorrelated with the amplitude modulation in both
samples. In Ref. 24, Hase et al. ascribed the lifetime increase of
coupled modes to the decreased Frohlich-type phonon-carrier
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interaction. Such explanation does not look suitable for our
observation. Actually, the lifetime modulation could be well
understood according to the theory and experiments of Vallee
et al.”® For a phononlike coupled mode, the plasmon character
strongly affects its lifetime. In our case, it is possible that the
lifetime decrease is due to the increase of plasmon contribution
when the amplitude of the L_ mode increases, and vice versa.

IV. CONCLUSIONS

In conclusion, a phenomenological model has been pro-
posed to interpret the results of coherent control experiments
in both n- and p-GaAs. Based on the comparison between the
experiments and suggested model, the coupling dynamics of
the plasmon and coherent LO phonons has been understood,
in which the formation of the L_ mode takes around one
period of LO phonons, and the lifetime of the L_ mode
plays an important role in explaining the substantially different
behaviors observed in the two samples.

ACKNOWLEDGMENTS

We are grateful to Professor Dr. Alfred Leitenstorfer for
helpful and critical discussions.

'T. Yokota, J. Phys. Soc. Jpn. 16, 2075 (1961).

B. B. Varga, Phys. Rev. 137, A1896 (1965).

3A. Mooradian and A. L. McWhorter, Phys. Rev. Lett. 19, 849
(1967).

“A. V. Kuznetsov and C. J. Stanton, Phys. Rev. B 51, 7555 (1995).

°D. Olego and M. Cardona, Phys. Rev. B 24, 7217 (1981).

°R. Fukasawa and S. Perkowitz, Phys. Rev. B 50, 14119
(1994).

7K. Wan and J. F. Young, Phys. Rev. B 41, 10772 (1990).

8T. Pfeifer, T. Dekorsy, W. Kiitt, and H. Kurz, Appl. Phys. A 55, 482
(1992).

°G. C. Cho, T. Dekorsy, H. J. Bakker, R. Hovel, and H. Kurz, Phys.
Rev. Lett. 77, 4062 (1996).

M. Hase, S. Nakashima, K. Mizoguchi, H. Harima, and K. Sakai,
Phys. Rev. B 60, 16526 (1999).

K. Ishioka, A. K. Basak, and H. Petek, Phy. Rev. B 84, 235202
(2011).

12Y. M. Chang, Appl. Phys. Lett. 80, 2487 (2002).

13R. Huber, F. Tauser, A. Brodschelm, M. Bichler, G. Abstreiter, and
A. Leitenstorfer, Nature (London) 414, 286 (2001).

4Q. T. Vu, H. Haug, W. A. Hiigel, S. Chatterjee, and M. Wegener,
Phys. Rev. Lett. 85, 3508 (2000).

15Q. T. Vu and H. Haug, Phys. Rev. B 62, 7179 (2000).

15R. Huber, C. Kiibler, S. Tiibel, A. Leitenstorfer, Q. T. Vu, H. Haug,
F. Kohler, and M. C. Amann, Phys. Rev. Lett. 94, 027401 (2005).

7M. U. Wehner, D. S. Chemla, and M. Wegener, Phys. Rev. B 58,
3590 (1998).

18Y. M. Chang and N. A. Chang, Appl. Phys. Lett. 81, 3771 (2002).

YK. Mizoguchi, F. Miyamaru, M. Nakajima, M. Hase, and
S. Nakashima, J. Lumin. 87-89, 939 (2000).

20M. I. Bakunov, A. V. Maslov, and S. N. Zhukov, Phys. Rev. B 67,
153201 (2003).

2I'T. Furuta and A. Yoshii, Appl. Phys. Lett. 59, 3607 (1991).

22W. Sha, A. L. Smirl, and F. Tseng, Phys. Rev. Lett. 74, 4273 (1995).

BR. Kersting, J. N. Heyman, G. Strasser, and K. Unterrainer, Phys.
Rev. B 58, 4553 (1998).

2*M. Hase, D. Hayashi, and J. D. Lee, J. Appl. Phys. 109, 073715
011).

E Vallee, F. Ganikhanov, and F. Bogani, Phys. Rev. B 56, 13141
(1997).

235145-6


http://dx.doi.org/10.1143/JPSJ.16.2075
http://dx.doi.org/10.1103/PhysRev.137.A1896
http://dx.doi.org/10.1103/PhysRevLett.19.849
http://dx.doi.org/10.1103/PhysRevLett.19.849
http://dx.doi.org/10.1103/PhysRevB.51.7555
http://dx.doi.org/10.1103/PhysRevB.24.7217
http://dx.doi.org/10.1103/PhysRevB.50.14119
http://dx.doi.org/10.1103/PhysRevB.50.14119
http://dx.doi.org/10.1103/PhysRevB.41.10772
http://dx.doi.org/10.1007/BF00348337
http://dx.doi.org/10.1007/BF00348337
http://dx.doi.org/10.1103/PhysRevLett.77.4062
http://dx.doi.org/10.1103/PhysRevLett.77.4062
http://dx.doi.org/10.1103/PhysRevB.60.16526
http://dx.doi.org/10.1103/PhysRevB.84.235202
http://dx.doi.org/10.1103/PhysRevB.84.235202
http://dx.doi.org/10.1063/1.1466535
http://dx.doi.org/10.1038/35104522
http://dx.doi.org/10.1103/PhysRevLett.85.3508
http://dx.doi.org/10.1103/PhysRevB.62.7179
http://dx.doi.org/10.1103/PhysRevLett.94.027401
http://dx.doi.org/10.1103/PhysRevB.58.3590
http://dx.doi.org/10.1103/PhysRevB.58.3590
http://dx.doi.org/10.1063/1.1521246
http://dx.doi.org/10.1016/S0022-2313(99)00480-9
http://dx.doi.org/10.1103/PhysRevB.67.153201
http://dx.doi.org/10.1103/PhysRevB.67.153201
http://dx.doi.org/10.1063/1.105647
http://dx.doi.org/10.1103/PhysRevLett.74.4273
http://dx.doi.org/10.1103/PhysRevB.58.4553
http://dx.doi.org/10.1103/PhysRevB.58.4553
http://dx.doi.org/10.1063/1.3562188
http://dx.doi.org/10.1063/1.3562188
http://dx.doi.org/10.1103/PhysRevB.56.13141
http://dx.doi.org/10.1103/PhysRevB.56.13141



