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Ultrafast quantum-path interferometry revealing the generation process of coherent phonons

Kazutaka G. Nakamura,'>” Kensuke Yokota,! Yuki Okuda,' Rintaro Kase,' Takashi Kitashima,' Yu Mishima,’

Yutaka Shikano,>**> and Yosuke Kayanuma

L6,§

! Laboratory for Materials and Structures, Institute of Innovative Research, Tokyo Institute of Technology,
4259 Nagatsuta, Yokohama 226-8503, Japan
2Quantum Computing Center, Keio University, 3-14-1 Gakuen-cho, Yokohama 223-8522, Japan
3Research Center for Advanced Science and Technology (RCAST), The University of Tokyo, 4-6-1 Komaba, Meguro, Tokyo 153-8904, Japan
4Research Center of Integrative Molecular Systems (CIMoS), Institute for Molecular Science, National Institutes of Natural Sciences,
38 Nishigo-Naka, Myodaiji, Okazaki, Aichi 444-8585, Japan
3 Institute for Quantum Studies, Chapman University, 1 University Dr., Orange, California 92866, USA
SGraduate School of Sciences, Osaka Prefecture University, 1-1 Gakuen-cho, Sakai, Osaka 599-8531, Japan

® (Received 21 November 2018; revised manuscript received 18 March 2019; published 20 May 2019)

Optical dual-pulse pumping actively creates quantum-mechanical superposition of the electronic and phononic
states in a bulk solid. We here made transient reflectivity measurements in an n-GaAs using a pair of relative-
phase-locked femtosecond pulses and found characteristic interference fringes. This is a result of quantum-path
interference peculiar to the dual-pulse excitation as indicated by theoretical calculation. Our observation reveals
that the pathway of coherent phonon generation in the n-GaAs is impulsive stimulated Raman scattering at the
displaced potential due to the surface-charge field, even though the photon energy lies in the opaque region.
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Coherent control is a technique of manipulating quantum
states in materials using optical pulses [1-3]. A wave packet
in quantum-mechanical superposition is created by the optical
pulse via several quantum transition paths. In the case of a
double-pulse excitation, wave packets created by transitions in
each pulse and across the two pulses interfere and the gener-
ated superposition state is manipulated by controlling a delay
between the two pulses [4,5]. A contribution of individual
quantum paths can be extracted from the interference pattern,
which is referred to as quantum-path interferometry [6].

Coherent phonons are a temporally coherent oscillation of
the optical phonons induced by the impulsive excitation of
an ultrashort optical pulse [7-12]. Using coherent phonons
and making a pump-probe-type optical measurement, we can
directly observe the dynamics of the electron-phonon coupled
states in the time domain for a wide variety of materials
[13-26]. In this respect, the clarification of the generation
mechanism of the coherent phonon is a fundamental subject
as an ultrafast dynamical process [18,27-29]. The generation
mechanisms of coherent phonons are usually categorized
as two types: a mechanism of impulsive stimulated Raman
scattering (ISRS) [7] and a mechanism of displaced enhanced
coherent phonons [13]. In addition, for polar semiconductors
such as GaAs, the screening of the surface-space-charge field
[16,27] is considered to be another generation mechanism for
opaque conditions. The generation mechanism of coherent
phonons may become a controversial subject in the case of
opaque-region pumping because impulsive absorption (IA)
and ISRS processes coexist as possible quantum-mechanical
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transition paths [30]. A novel experimental technique is
needed to shed light on this subject.

In the present work, we apply quantum-path interferometry
to study the generation process of coherent optical phonons
through the coherent control of electron-phonon coupled
states in bulk solids. Coherent phonons are often coherently
controlled using a pair of femtosecond pulses as pump pulses,
and the phonon amplitude is enhanced or suppressed via the
constructive or destructive interference of induced phonons
[15,31]. Unlike these earlier works, we used two relative-
phase-locked pump pulses (pulses 1 and 2) and a delayed
probe pulse (pulse 3) [32], for quantum-path interferometry.
If the delay of the dual-pump pulses 7, was controlled with
subfemtosecond accuracy and if the electronic coherence was
maintained during the dual pulses, electronic excited states
were created as a quantum-mechanical superposition; i.e.,
the electronic polarizations induced by pulses 1 and 2 inter-
fered with each other. Meanwhile, polarization in the phonon
system was coherently created with resulting interference
within the phononic and electronic degrees of freedom. The
probe pulse was used to monitor the interference fringe via
heterodyne detection; i.e., via a change in the reflectivity
as a function of the pump-pump delay #;, and pump-probe
delay #;3. We could evaluate the electronic and phononic
coherence times of the sample using this scheme. Further-
more, a theoretical estimation predicts a decisive difference
in the interference fringes between ISRS and IA, and it will
be shown that the dominant pathway of the generation of
coherent phonons can be determined from the pump-pulse-
delay-dependent interference pattern of generation efficiency.

A femtosecond optical pulse (central wavelength of
798 nm, pulse width of ~50 fs) was split with a partial beam
splitter into two pulses (i.e., pump and probe pulses). The
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FIG. 1. Two-dimensional image map of the change in reflection
intensity with the pump-probe delay (¢,3) and pump-pump delay (¢1,).

pump pulse was introduced into a homemade Michelson-type
interferometer to produce relative-phase-locked pump pulses
(i.e., pulses 1 and 2), in which stability was within 6%. The
probe pulse (i.e., pulse 3) was irradiated with a controlled time
delay. The optical bandpass filter (the center wavelength of
800 nm with the bandwidth of 10 nm) was used for detecting
the reflected probe pulse in order to reduce cancellation effects
of Stokes and anti-Stokes components [33]. We set the two
pump pulses in a collinear condition with parallel polarization
in the present experiments. The k-vector direction of the two
interfering pump pulses may affect the interference fringes.
The sample was a single crystal of n-GaAs with (100) orienta-
tion and kept at 90 K in a cryostat. Details of the experimental
setting are described in the Supplemental Material [34].

Figure 1 is a two-dimensional map of the transient reflec-
tivity change AR/R plotted against the pump-probe delay #;3
and pump-pump delay f;,. For a fixed value of 75, AR/R
indicates an oscillation with periods of 115 and 128 fs, which
are equal to the periods of the longitudinal-optical (LO)
phonon and LO phonon-plasmon coupled mode (LOPC) at the
I" point in GaAs [35-38]. For a fixed value of #;3, meanwhile,
AR/R has a beat between a rapid oscillation with a period of
2.7 fs, which is nearly equal to that of the pump laser with a
wavelength of 798 nm, and a slow oscillation with vibration
periods of the LO phonon and LOPC.

For fixed values of t{,, a Fourier transformation of the
signal AR/R was carried out with respect to #13. The Fourier
transformation was performed over the interval of 0.25 ps <
t13 < 2.25 ps after the irradiation of pump 2 to avoid the
spurious effect of excess charge in the very early stage and
the effect of phonon decay at a late time. Figure 2 is a plot
of the oscillation amplitude AR® of the Fourier-transformed
data against the frequency w3 and delay #,,. The figure shows
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FIG. 2. Two-dimensional image map of the Fourier spectra at
various pump-probe delays (t13).

that two modes of coherent oscillations are excited in the
crystal.

To see more clearly the 7, dependence of the oscillation
amplitude AR° of the transient reflectivity, we plotted AR at
peak values at frequency w;3 of 8.7 and 7.8 THz for the LO
and LOPC modes, respectively. Figure 3(a) presents results
for the LO mode. The LOPC mode shown in Fig. 3(b) has
qualitatively the same interference pattern as the LO mode.

2 1.2x107
g (a)
e}
&) 0.8
S 04
£ '
=
=] 0.0 I I I I I
< 0 50 100 150 200 250 300
Pump-Pump Delay t,,(fs)
gl.leO-S T T T T T
g (b)
el
&) 0.8
2 04
2 '
g" 1 1 1 1 1
< 0 50 100 150 200 250 300
Pump-Pump Delay t,,(fs)
‘g 12 (c)
o)
8 08
2
'z 04
|
8
E 0.0 I I I I I
0 50 100 150 200 250 300

Pump-Pump Delay t,,(fs)

FIG. 3. Interference fringe of LO phonon (a) and LOPC (b) and
optical interference (c).
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In Fig. 3(a), the rapid oscillation with a period of ~2.7 fs is
the interference fringe of the electronic states that memorized
the phase of the pump-laser field. The slow oscillation with
period ~115 fs is the interference fringe due to the coherence
of phonons. The rapid interference fringes disappeared when
we used the cross-polarized pump pulses.

Note that the electronic coherence survives well after the
overlapping of the pump pulses ends, as can be seen from
comparison with the linear optical interference of the dual
pulses [Fig. 3(c)]. This means that the optical phase of pulse 1
is imprinted on the electronic polarization and interferes with
that of pulse 2. The most important feature of the interference
pattern is the apparent collapse and revival of the electronic
fringe at around #;, ~ 55 fs. It will be shown below that this
is due to a quantum-path interference peculiar to the ISRS
process.

In the time region where #;3 is large enough compared with
t1; and the pulse width, it is safely assumed that the generation
process and the detection process of coherent phonons are
well separated. Hereafter, we concentrate on the generation
process of LO phonons. See Supplemental Material [34]
for the theoretical treatment of the probe processes. For
microscopic interactions that induce the coherent oscillation
of LO phonons through the irradiation of ultrashort optical
pulses, several models are conceivable, including the Frohlich
interaction [39] and deformation-potential interaction [40]. In
the case of polar materials, it is considered that electrostatic
interaction due to transient depletion field screening plays
a central role [27]. It is known that there are two types of
photoinduced current: the usual injection current following
the real excitation of carriers and the shift current resulting
from quantum-mechanical polarization induced by optical
pulses [42,43], in ionic semiconductors [41]. The response
of the shift current is usually faster than that of the injection
current.

We assume a model Hamiltonian that describes the
electron-phonon interaction as

H = {e, + hwb'b}|g)(g]

+ ) e + hiwb'b + aho(b + b)) k) kI, (1)
k

where |g) is the electronic ground state of the crystal with
energy €, and |k) the excited state with energy €. The
creation and annihilation operators of the LO phonon at the
I" point with energy /iw are respectively denoted b' and b. It
is assumed that the dimensionless electron-phonon coupling
constant ¢« is small and k independent, assuming a rigid-
band shift. The parameter « indicates the displacement of the
potential, where all effects on deformation of the potential,
such as the surface-space-charge field, are included. See the
Supplemental Material [34] for a detailed explanation.

Within the rotating-wave approximation, the interaction
Hamiltonian with a dual-pump pulse is given by

Hpump(t) = Ep(t) Y _ k) (gl + Hc., )
k

where p; is the transition dipole moment from |g) to |k).
Ep,(t) is the temporal profile of the electric field of the pump

(a) ISRS

VAVAN
e

t

(b) 1A

FIG. 4. Double-sided Feynman diagrams for the density matrices
corresponding to (a) the ISRS process and (b) the IA process. The
thin and thick solid lines respectively represent the ground and
excited states. The dashed curves represent the one-LO-phonon state.
The red and blue Gaussian curves represent the pulse envelope of the
first and the second pulses, respectively, with the wavy lines their
photon propagators.

pulse,
Ep(t) = Eolf(t)e™ ™" + f(t — trp)e ™02 (3)

where €2 is the carrier frequency of the laser pulse.

Here, f(¢) is the pulse envelope, which is assumed to have
a Gaussian form, f(t) = (1/J7ToQ)e™/7", and Ey is the
amplitude of the electric field. A fundamental quantity used
to describe the optical properties of crystals is the electric
response function given by

F(t)= Y lmelPe @m0 (g =0, @)
k

which is obtained via the Fourier transform of the effective
optical absorption spectrum ZLg(£2).

We adopt the density matrix formalism to derive the
generation amplitude of the coherent phonon. The change
of the amplitude AR of the reflectivity is proportional to
the expectation value of the LO phonon coordinate Q =
V]20(b + b") except for constant factors. See Supplemental
Material [34] for the formula of spectrally resolved detection
of reflectivity modulation. Figure 4 presents double-sided
Feynman diagrams for the generation by ISRS [Fig. 4(a)]
and IA [Fig. 4(b)]. In Fig. 4, the propagators shown by
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FIG. 5. (a) Theoretical curve for the interference fringe in the
oscillation amplitude of transient reflectivity due to the ISRS process
at the LO phonon frequency plotted against the pump-pump delay
(t12). (b) Same as (a) but for the IA process.

thin lines correspond to the ground state and those shown
by bold lines correspond to the excited state. The dashed
lines represent the one-phonon state. Note that the Hermitian
conjugate terms arise from the processes in the diagrams in
which the upper and the lower propagators are interchanged,
but these processes are ignored in Fig. 4(a) for simplicity.

After a perturbation calculation, the amplitude of the os-
cillation of coherent phonons in the ISRS and IA processes,
Arsrs and Ayp are respectively given as

Ai(ti2) = Li(0) + € Li(0) + e 10~ @Dl 1))
+ et @D (g, (5)

in which i = ISRS, IA and

N e . WU g
Lisrs(x) = 2i dug(u — x)sin 76' “F(u), (6)
0

Lia(x) = f h du g(u — x)el = @PME (), (7

o0

with g(u) = /2% x = 0, 115, —t5. The amplitude AR
is proportional to the absolute values of A;(¢12). The first,
second, third, and fourth terms in Eq. (5) correspond to
the processes (1)—(4) in Fig. 4, respectively. Details of the
calculation are shown in the Supplemental Material [34].

The actual calculation of the transient reflectivity can be
done for real materials if the electric response function F (¢)
is given. In the calculation, we assumed a Lorentzian form,
Li(R) = In(T/m)/{( — Qp)* + T'?}, with iy = 1.55 eV
and I' = 0.015 eV based on the absorption spectra [44,45].
The calculated fringe patterns AR® are shown for ISRS
[Fig. 5(a)] and IA [Fig. 5(b)]. We found that the features in the

fringe shown in Fig. 3(a) are well reproduced if it is assumed
that only the ISRS process contributes to the generation of
coherent phonons. Furthermore, the overall line shape is in
good agreement with experimental data.

Most important is the fact that the feature of the collapse
and revival of the electronic fringe at around 7, ~ 55 fs arises
only from the ISRS process, while the IA signal does not yield
any such feature. This is due to the quantum-path interference
peculiar to ISRS. In Fig. 4(a), the contribution arising from
diagrams (1) and (2) gives rise only to the interference of
the phonon, which is described by the first and second terms
on the right-hand side of Eq. (5). The electronic interference
arises from diagrams (3) and (4), which correspond to the
third and fourth terms, respectively, in Eq. (5). It should be
noted that the fourth term in Ajsrs(#12) is negligibly small for
t12 > 0. Therefore, in ISRS, the electronic interference fringe
appears only from the cross term between (1) + (2) and (3).
At t;p = m/w, this term vanishes owing to the destructive
interference of the phonon. The high-frequency oscillation
of the electronic fringe therefore disappears at tj, = 7 /w =
55 fs. This is a manifestation of the path interference of the
electronic and phononic degrees of freedom in the dual-pump
process peculiar to the ISRS. Note that in the IA process,
both the third and fourth terms in Aja(f12) make a finite
contribution so that the electronic fringe does not vanish
attp =1 /w.

In Fig. 5(a), the amplitude of the electronic fringe becomes
small for #;, > 130 fs. This is due to the dephasing caused
by the inhomogeneous broadening of the continuous spectrum
in the excited states. In the experimental curve in Fig. 3(a),
the electronic fringe disappears almost completely for 7, >
130 fs in contrast to the case in Fig. 5.

The finding of the ISRS dominance in coherent phonon
generation in the opaque region is surprising because, in
the opaque region, the phonon generation intensity in the
IA process is generally estimated to be higher than that for
ISRS [29,30,46]. We conjecture that even if the coherent
phonon may be generated in the excited state subspace, its
coherence is quickly lost because of the ultrafast deformation
of the adiabatic potentials due to the electronic relaxation
in the excited state of bulk materials. This may be one of
the differences in the atomic and molecular dynamics of
solids compared with those of the gas phase, in which the
excited electronic states are long protected from relaxation.
In addition, it was revealed that the generation of the co-
herent phonon in GaAs is a quick process as deduced from
ISRS dominance even in the opaque region. The underly-
ing mechanism is the quantum mechanically induced shift
current.

In summary, we made transient reflectivity measurements
for n-GaAs using relative-phase-locked femtosecond pulses
and found characteristic interference fringes, which are as-
signed to quantum-path interference in the generation of
coherent phonons. Our observations and theory revealed that
the pathway of coherent phonon generation in n-GaAs is
ISRS at the displaced potential due to the surface-charge field,
even though the photon energy lies in the opaque region.
We demonstrated that optical dual-pulse pumping actively
creates quantum-mechanical superposition of the electronic
and phononic states in a bulk solid.
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