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Quantum coherence is the key to new quantum technologies, although the details of decoherence processes
and times are still not well understood in solids. We demonstrate how to measure the decoherence time of
electronic excited states in n-type gallium arsenide (n-GaAs) crystals using a relative-phase locked double
pulse excitation method and quantitatively evaluate with a simple model including temperature dependence. The
interference patterns of both electronic and phonon coherence are observed in n-GaAs using ultrafast quantum
path interferometry with π/4 polarized femtosecond pulses, via the amplitude of longitudinal optical phonons
as a function of pump-pump delay. The electronic coherence shows uplifting and splitting in the collapse and
revival of the electronic interference, which is sensitive to temperature, and these features are well reproduced
using a simple quantum mechanical model. The decoherence time is determined using quantum calculations,
from the splitting and uplifting in the interference shape, to be 27.8 ± 0.5, 23.0 ± 0.3, and 12.9 ± 0.3 fs at 10,
90, and 290 K, respectively. The temperature dependence of the decoherence time is well reproduced by the
density of electrons in the conduction band with the group velocity of the photoinduced electrons.
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I. INTRODUCTION

Quantum coherence represents a superposition of quantum
states and has been widely studied in atomic [1], molec-
ular [2], biological [3,4], and solid-state systems [5–9]. In
solid-state materials, any coherence disappears quickly due to
interactions with the environment, and consequently the deco-
herence time and mechanism are still not well understood.

Optical phonons are often coherently induced by irradi-
ating a crystal lattice with ultrashort optical pulses [10–15].
These can be observed using a pump-probe method in time-
resolved reflection or transmission measurements [16–20];
often called coherent optical phonons, they are a superposition
of phonon Fock states that can be interpreted as a coherence of
phonon states. During the photoexcitation process, the wave
packets of quantum superpositions are generated via several
quantum transition pathways and evolution of phonon coher-
ence can be evaluated via the decay of coherent oscillation
in transient reflection or transmission. By using double-pump
pulses, the generated wave packets undergo quantum interfer-
ence with each other [21–23]. These quantum interferences
can be manipulated by controlling the polarization and the
delay time between double pulses, which is called coherent
control [24–27]. Furthermore, by applying a relative phase
of the optical pulses, not only phonon interference but also
electronic interference can be observed [28,29].
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In our previous work, we have performed quantum
path interferometry to study the quantum coherence of the
electron-phonon coupled system in n-type gallium arsenide
(n-GaAs) single crystals using femtosecond pulses with rela-
tive phase locking [29,30]. Under the parallel polarization of
double-pump pulses, both electronic coherence with rapid os-
cillation (∼2.7 fs period) and phononic interference with slow
oscillation (∼115 fs period) can be simultaneously observed.
Electronic coherence is also found to have a longer lifetime
than the optical interference and also shows collapse-revival
behavior [29]. In contrast, with orthogonal polarization, only
phononic interference is observed in this situation, with no
electronic interference being observed [30].

This interference behavior can be theoretically explained
using a simple quantum mechanical model, consisting of
two electronic bands and a single longitudinal optical (LO)
phonon mode, with a classical optical electric field and the Ra-
man tensor [29,31]. Theory predicts that uplifting and splitting
will be observable in the collapse and revival of the electronic
interference, when the two pump pulses are at π/4 relative
polarization. Moreover, this characteristic uplift and splitting
width is sensitively dependent on the decoherence in n-GaAs.
This allows decoherence time to be determined quantitatively
from the values of the height and width in the interference
pattern.

In this study, we demonstrate quantitative determination
of the electronic decoherence time in the electron-phonon
coupled system (n-GaAs), using ultrafast quantum path inter-
ferometry experiments with relative-phase locking and π/4
polarization. Temperature dependence of the electronic deco-
herence time is also discussed.
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FIG. 1. Quantum path interferometry on the n-GaAs (001) surface. (a) The relation between the electric polarization of pump 1, pump
2, and probe pulse and the crystal orientation ([100] and [010]). The red dotted and solid lines show the electric polarization of pump 1 and
pump 2, respectively. The black solid line shows electric polarization of the probe pulse. ϕ is the angle between the polarization of pumps
1 and 2, set to π/4. (b) Pump-probe delay dependence of the relative change in transient reflectivity (�R/R0) in double-pulse excitation at
pump-pump delay time (t12) of approximately 0 fs under 290 K. (c) Two-dimensional image map of the change in transient reflectance intensity
with pump-probe delay and pump-pump delay, under the π/4 relative polarized pump pulse condition, at 290 K. (d)–(g) Measured LO phonon
amplitudes as a function of pump-pump delay time t12 at (d) 290 K, (e) 90 K, (f) 10 K, and (g) optical interference of pump pulses. (h)–(k)
The calculated LO phonon amplitudes as a function of pump-pump delay time at a relative polarization angle of π/4 for the parameter �: (h)
0.075 fs−1, (i) 0.044 fs−1, (j) 0.035 fs−1, and (k) theoretical optical interference of pump pulses. Each calculated result reflects the experimental
visibility of optical interference. The vertical axis is normalized by the maximum phonon amplitude of all data in experiment and theory.

II. EXPERIMENT

Using a pump-probe method with double-pump pulses, we
measure the transient reflectance from the (001) plane in a
single crystal of n-type GaAs with a thickness of 0.35 mm.
The sample is doped with Si at a donor concentration of 1.0 ×
1018 cm−3 and set in a cryostat.

This experimental setup [29] uses a Ti:sapphire laser (KM
laser), producing pulses of width ∼60 fs at a repetition rate
of 94 MHz centered at approximately 800 nm. Chirped mir-
rors compensate for the dispersion in group velocity of the
optics. A beam splitter divides the pulse into pump and probe
pulses. The pump pulse is directed into a scan delay driven
at 20 Hz to control the pump-probe delay (t13) and a custom
built Michelson-type interferometer to create double-pump
pulses. In this interferometer, we use a feedback stage (Sigma
Tech Co. Ltd.) in the optical path of pump 2 to control the
pump-pump time delay (t12) in steps of 300 attoseconds. A
wave plate (λ/2) and a linear polarizer placed in each optical
path set the polarization direction and optical intensity, before
a lens focuses the pump and probe pulses onto the n-GaAs
crystal in the cryostat. A portion of the double-pump pulses

created by the Michelson-type interferometer is extracted
by a beam sampler and introduced into the optical monitor
system. With this system, interference between pump pulses
is also observed simultaneously during transient reflectance
measurements.

Applying the electro-optic (EO) sampling technique, pho-
todetectors are used to measure the photocurrent of the
reflected probe pulse. In this technique, a polarizing beam
splitter separates the reflected probe pulse into a pair of
beams, which are subsequently detected using twin balanced
photodetectors. The differential signal detected in balanced
photodetectors is amplified using a low-noise current ampli-
fier and recorded using a digital oscilloscope. The signals are
averaged 4000 times using an oscilloscope to remove electri-
cal noise.

In this experiment, we set the relative polarized angle of the
double-pump pulses to π/4. The pump pulse pairs were polar-
ized in the crystal orientations [−110] and [010], respectively
[Fig. 1(a)], with both intensities set to 10 mW. In addition, the
probe pulse is polarized in the [100] direction [Fig. 1(a)], with
an intensity of 5 mW. To measure temperature dependence,
three cryostat settings are used, at 290 K, 90 K, and 10 K.
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III. EXPERIMENTAL RESULTS

Figure 1(b) shows the transient reflectance (�R/R0) ob-
tained by double-pump pulse excitation (t12 ≈ 0 fs) of the
n-GaAs sample as a function of pump-probe delay (t13)
at 290 K with the light intensity of about 30 mW. A
nonoscillation background signal was removed. After Fourier
transformation with pump-probe delays ranging from 0.3 to
3.0 ps, the Fourier-transformed (FT) signals are approxi-
mately 7.6 THz and 8.6 THz. These correspond to oscillations
of the longitudinal optical phonon-plasmon couple (LOPC)
and LO phonon mode [14,15,32–34], where the LOPC mode
is smaller than that of the LO phonons. The ratio of the LO
and LOPC peaks in the Fourier spectrum depends on the range
of the Fourier transform and results from the much shorter
lifetime of the LOPC mode compared to the LO phonons.
Therefore, we focus only on the LO phonon in this study.

Figure 1(c) shows two-dimensional image maps of the
relative change in transient reflection (�R/R0) against pump-
probe delay (t13) and pump-pump delay (t12). We vary t12 in
steps of 300 attoseconds and measure the transient reflectance
of each pump-pump delay. At a delay time t12 between pump
pulses, we observe two types of oscillations: (1) slow oscil-
lation with a period of approximately 115 fs, corresponding
to the LO phonon of GaAs, and (2) rapid oscillation with a
period of approximately 2.7 fs.

To see greater detail of the interference behavior at a pump-
pump delay time of (t12), Fourier transforms are performed
for all pump-pump data along with the pump-probe delay
[e.g., horizontal axis in Fig. 1(b)]. Subsequently, we plot
the 8.6 THz signal corresponding to the LO phonon signal
versus the pump-pump delay time. Figure 1(d) shows rapid
oscillation via electronic coherence simultaneously with slow
interference fringes due to phononic interference. Moreover,
electronic coherence is confirmed to persist for a longer time
than optical interference. The splitting width of the electronic
interference is 15.9 ± 0.3 fs. We observe a less pronounced
amplitude suppression in the interference shape near the
pump-pump delay time t12 = 0 fs, which is different to our
previously reported results under parallel polarization [29].

Figures 1(d)–1(f) show the measured LO phonon ampli-
tudes (i.e., interference of quantum coherence) as a function
of pump-pump delay time t12 at 290 K, 90 K, and 10 K con-
ditions. The electronic decoherence time increases at lower
temperatures. By focusing on the quantum coherence’s in-
terference shape at a pump-pump delay time around t12 =
55 fs, a significant triangle pattern (due to uplifting of the
phonon amplitude and splitting of the interference shape) is
observed with decreasing temperature. This uplifting of the
phonon amplitude is a characteristic phenomenon caused by
quantum path interference in the impulsive stimulated Raman
scattering (ISRS) process [29]. Notably, this splitting width is
seen to expand as the temperature decreases, with the splitting
widths of the electronic interference at 10 and 90 K obtained
to be 27.4 and 24.6 ± 0.3 fs, respectively. Note that we define
splitting value as the width of the triangles observed in the
quantum interference shape when the pump-pump delay t12

is around 55 fs. Furthermore, we define the experimental and
theoretical uplifting value as the height from the minimum
phonon amplitude to the point of the electronic interference

collapse-revival behavior. Details of the definition of uplifting
and splitting are given in the Supplemental Material [35].

IV. THEORETICAL CALCULATION

The theoretical model for the coherent control of LO
phonons in GaAs by double-pulse excitation is derived using
the quantum mechanical model and ISRS process [31], de-
scribed as follows. This model was derived using a simplified
electronic band model, the phonon state as a harmonic oscil-
lator, and the electron-phonon interaction taking into account
the allowed and forbidden Raman scattering process [20,36–
38]. The Hamiltonian model and calculation of the density op-
erator corresponding to the double-sided Feynman diagrams
are described in detail elsewhere [31] and in the Supplemental
Material [35]. In this model, the resonant excitation occurs
at an energy slightly higher than the excitation band edge of
GaAs and coherent phonons are generated. We therefore in-
troduce a phenomenological effective response function F (t )
to describe the probability of electron transition to the energy
region corresponding to resonant Raman scattering. In this
calculation, we use a simplified Lorenz model for the effective
response function

F (t ) =
∑

k

|μk|2e− i
h̄ (εk−εg)t−η|t |/h̄ (η = 0+),

= |μ|2 exp(−i	ct − �|t |), (1)

where μ corresponds to the effective transition dipole mo-
ment, 	c to the center frequency of the optical pulse and �

to the decay constant, which is the reciprocal of the electronic
decoherence time.

We calculate the four quantum pathways in optical tran-
sition via ISRS with double-pump pulses. The visibility of
optical interference in the experiment [Fig. 1(g)] is confirmed
to be only approximately 75% of perfect interference (100%),
so we therefore consider a contribution of 0.75 from the two
quantum pathways related to electronic coherence.

Figures 1(h)–1(j) show the calculated LO phonon ampli-
tudes as a function of pump-pump delay time at a relative
polarization angle of π/4 while varying the parameter �. In
these figures, the theoretical results confirm that the experi-
mental interference shapes are well reproduced. In particular,
the splitting or uplifting of the interference shape shows a
similar change as the decay constant � decreases, i.e., as the
decoherence time increases, the feature interference pattern
formed becomes more significant as in the case of the experi-
mental lower temperature.

These results strongly suggest that the splitting and uplift-
ing of the interference shape are dependent upon the decay
constant. Moreover, it is possible to determine the decoher-
ence time in electron-phonon coupled states by comparing the
theoretical and experimental splitting widths and uplifting of
phonon amplitudes, calculations of which, as a function of the
decay constant, are shown in Fig. 2.

V. DISCUSSION

Using the calculated relation between the splitting width or
uplifting of phonon amplitude and the decay constant (Fig. 2),
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FIG. 2. Relation among the calculated decay constant �, the
splitting width, and the uplifting of the phonon amplitude in the
interference shapes at around t12 = 55 fs; (a) splitting width where
the phonon amplitude reaches a minimum. (b) Uplifting amplitude
at the moment of collapse and revival of the electronic coherence.

the electronic decoherence time at each temperature is
obtained, shown in Fig. 3 with a plot of decoherence time
as a function of temperature. Each decoherence time was de-
termined by comparing experimental and theoretical splitting
and uplifting values of triangle pattern in quantum interfer-
ence shape. The electronic decoherence time is found to be

FIG. 3. Decoherence time as a function of temperature. The red
and blue dotted lines show experimental decoherence times obtained
by uplifting of phonon amplitude and splitting width, respectively.
The black dashed line is the relation between the electronic decoher-
ence time and temperature estimated by the quantum kinetic theory
[Eq. (3)].

27.8 ± 0.5, 23.0 ± 0.3, and 12.9 ± 0.3 fs at each temperature
of 10, 90, and 290 K, decreasing as the temperature increases,
respectively.

Wegener et al. [7,8,43,44] have studied the influence of
photoinduced carriers on electronic coherence in bulk GaAs
(0.6 μm layer in GaAs/Al0.3Ga0.7As) using four-wave mix-
ing (FWM) and photon-echo techniques at room temperature.
They report that the electronic decoherence time (τ ) is 18
fs at a carrier density of 1017 cm−3 and is dependent on the
photoexcited carrier density ne as

τ−1 = τ−1
0 + c n1/3

e , (2)

where ne is the sum of the two individual photoexcited carrier
densities (ne = ne1 + ne2), τ0 is the decay constant for scat-
tering by phonons, and τ0 = 100 fs. The coefficient c can be
estimated from Fig. 1 in Ref. [7] to be 9 × 107 cm/s.

In this study, two types of carriers may contribute to
electronic coherence. One is the photoinduced carriers under
irradiation by double-pump pulses, while the other is the car-
rier density from Si dopants. It is necessary to consider the
contribution of both carrier densities to the theoretical model
in Eq. (2).

In Eq. (2), the parameter τ0 is the decay constant for scat-
tering by phonons and c is the coefficient. Here, we consider
the meaning of parameter c. Examination of the unit dimen-
sion of Eq. (2) shows that the first terms on the left and right
sides are in 1/s. For the second term on the right side, n1/3

e has
a unit in cm−1. We infer the dimension of c to be cm/s and
interpreted as akin to the group velocity of electrons. Calculat-
ing the group velocity of electrons excited by the optical pulse
(1.55 eV) using the free electron model (E = h̄2k2/2mn + Ec)
at 300 K gives an estimated group velocity 8.4 × 107 cm/s.

Subsequently, we attempt to evaluate the decoherence time
due to the photoinduced and dopant carrier densities by using
the modified quantum kinetic theory in Eq. (2) as

τ−1 = τ−1
0 + v(T )[nd (T ) + ne(T )]1/3, (3)

where τ0 = 100 fs, v(T ) is the group velocity of electrons,
and nd (T ) is the dopant carrier density. ne(T ) is the pho-
toinduced carrier density with double-pump pulses, which
was derived using the pulse power at maximum interference.
Details of each carrier density are given in the Supplemental
Material [35]. The estimated decoherence time with respect
to temperature is shown in Fig. 3, in which the estimated
values are shown to agree well with the experimental results.
Equation (3) can be easily interpreted as follows. [nd (T ) +
ne(T )]1/3 corresponds to the reciprocal of the mean distance
between electrons in the conduction band. v(T ) corresponds
to the group velocity of the photoinduced electron in the
conduction band. Consequently, v(T ) × [nd (T ) + ne(T )]1/3

corresponds to the reciprocal of the collision time. Therefore,
the decoherence time can be determined by the collision time
for the photoexcited electrons in the conduction band in the
present condition. The experimentally obtained decoherence
time at 10 K is shorter than the estimated values and there
are two possible explanations for this. One is that the free
electron model may not explain the parameter value of v(T )
at extremely low temperatures, because the band structure
and effective mass change with temperature. Alternatively, τ0

may depend on temperature because the lifetime caused by
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phonon scattering, such as electron-phonon scattering, varies
with temperature. In actuality, the estimated decoherence time
becomes lower and more consistent with the experimental
decoherence time at 10 K when τ0 is set to a time shorter
than 100 fs. In addition, excitons are generated by electrons
at the conduction band edge as the temperature decreases.
Consequently, the carrier density is expected to decrease and
the electronic decoherence time should increase beyond the
estimated time in this calculation. However, our experimental
result shows a shorter decoherence time at 10 K. This may
be due to the fact that our observations concern electronic
coherence at energies beyond the band edge, which are rela-
tively less affected by exciton generation. Further experiments
with various pump power densities, center wavelengths, and
temperatures will help to further elucidate the details of the
decoherence mechanism.

VI. CONCLUSION

We investigate the electronic decoherence time in the
electron-phonon coupled system (n-GaAs) using ultrafast
quantum path interferometry experiments with relative-
phase locked and π/4-polarized double-pulse excitation. The

decoherence time is quantitatively determined from the uplift-
ing of phonon amplitude and the split width is obtained with
the help of a quantum mechanical model calculation: 27.8 ±
0.5, 23.0 ± 0.3, and 12.9 ± 0.3 fs at 10, 90, and 290 K. The
temperature dependence of the decoherence time is discussed
from the perspective of electron density and is reproduced
using carrier densities in the conduction band and the group
velocity of the photoinduced electrons. The derived formulas
with electronic dispersion, photon energy, and intensity will
be expected to evaluate the electronic decoherence time in
solids. We also anticipate that the ultrafast quantum path in-
terferometry will be used to examine quantitatively electronic
and phononic decoherence times in solids.
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