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Abstract: We propose a scheme for real-time observations of Bloch oscillations in semiconductors
using time-resolved band gap emission spectroscopy. By solving the time-dependent Schrédinger
equation, we find one remarkable band gap emission besides the normal high harmonics generated
in the interaction of a mid-infrared laser pulse and a semiconductor. It is shown that the band
gap emission yield is directly connected to the population in the conduction band (CB). By
adopting a pump-probe scheme, the time-dependent population in the CB, that is the dynamical
Bloch oscillation, can be probed by measuring the band gap emission signal versus pump-probe
delay. We also present a model based on accelerated Bloch states to explain the time-resolved
measurement of dynamical Bloch oscillation.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In solid-state physics, the oscillation dynamics of a Bloch electron in the presence of an electric
field is a fundamental quantum-mechanical process [1-10]. The seminal works of Bloch [1]
and Zener [2] on the dynamics of a Bloch electron in periodic potentials predicted that the
quasi-momentum 7k of a Bloch electron in an electric field F follows the acceleration theorem
hdk/dt = —eF, where 7 is the reduced Planck constant and e is the elementary charge. As
soon as the Bloch electron reaches a boundary of the Brillouin zone for a large enough Kk, it is
Bragg reflected as a consequence of the crystal symmetry. This phenomenon is known as Bloch
oscillation (BO), where the electron moves periodically in real and reciprocal spaces.

Bloch oscillation is a basic dynamical process in semiconductors and is combined with many
other phenomena of ultrafast charge transport [8—18]. A direct real-time observation of Bloch
oscillations in semiconductors is crucial for understanding and studying these phenomena, which
has so far only been realized in artificial superlattices [19-21]. However, the access to natural
solids is often not available, because the Bloch frequency needs to be large enough to allow for
full oscillations of the Bloch electron within the relevant scattering and tunneling times. For
many years, it has been a common sense that Bloch oscillations can never be observed in bulk
semiconductors, as witnessed by Kroemer’s statement in his Nobel Prize autobiography [22].
The situation has recently changed due to the advent of state-of-the-art intense ultrashort pulses,
in particular in previously inaccessible spectral regions such as the mid-infrared (MIR) and
terahertz (THz). These pulses can serve as a desirable bias field in semiconductor because their
photon energies are far below typical electronic interband transitions and their high intensity
provides a strong bias. The oscillation driven by these intense pulses has a large enough Bloch
frequency and can be maintained for more than one cycle within the scattering and tunneling
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times. Recent experiments [16] have observed indirect signatures of Bloch oscillations in high
harmonic generation by using a THz source. Nevertheless, a full oscillation of the Bloch electron
in the semiconductor takes only a few or tens of femtoseconds and thus it is still a big challenge
to realize the direct real-time measurement.

In this work, we propose time-resolved band gap emission spectroscopy to probe the dynamics
of Bloch electrons in a semiconductor. By adopting an ultrashort 400 nm pump pulse and a MIR
or THz probe pulse, which is a solid-state analog to the attosecond-streaking camera [23,24], we
can probe the dynamical Bloch oscillation in real time. The Bloch electron is shown to move with
the rate fidk/dt = —eF. In an intense THz field, the electrons are driven beyond the Brillouin
zone boundary and Bragg reflection can occur. These results are explained by our theoretical
model for the pump-probe scheme by using the accelerated Bloch states.

2. Method

Our simulation is performed by solving the single-active electron time-dependent Schrodinger
equation (TDSE) [25-28], in which we describe the laser-crystal interaction in a one-dimensional
system with the laser field polarized in the crystal plane. Since the wavelengths we are interested
in are much larger than the lattice constant, the dipole approximation is employed. In the length
gauge, the time-dependent Hamiltonian is written as (atomic units are used unless otherwise
stated)

H(t) = Hy + xF(1) (D

where Hy = %2 + V(x) is the field-free Hamiltonian and F(¢) is the electric field of the driving
laser. p is the momentum operator and V(x) is the periodic lattice potential. In our calculations,
we choose the Mathieu-type potential [29] V(x) = —=Vp[1 + cos(2nx/ag)] with Vy = 0.37 a.u. and
lattice constant ap = 8 a.u.. In the absence of an external laser field, the eigenvalue equation of
the field-free Hamiltonian FIO can be written as

Hodn(x) = Epdp(x). 2)

The eigenenergies E, and the eigenstates ¢, (x) can be obtained by solving for the eigenvalues
and eigenvectors of Hy on a coordinate grid.

The obtained eigenvalues versus the eigenstate number are shown in Fig. 1(a). The valence
band (VB) and conduction band (CB) can be clearly distinguished. The energy gap between VB
and CB is E, = 4.2 eV, which mimics that of a direct semiconductor. Note that the other bands
are also calculated but not plotted here. We also calculate the energy bands by the Bloch-state
expansion in k-space [25,26]. The results are shown in Fig. 1(b). Comparing the energy bands in
Fig. 1(a) and 1(b), one can see that the number of bands, the width of the bands and the band
gaps agree well with each other. Therefore, we can also discuss the oscillation of a Bloch electron
in eigenstate number space.

With the interaction of laser field, the time-dependent wavefunction W(x, ) is obtained by
solving the TDSE with the split-operator technique [30,31]. The initial state is located at the
top of the VB. A Gaussian envelope is adopted for all laser pulses in this work. The harmonic
spectrum is obtained by calculating the Fourier transform of the laser-induced dipole acceleration:

S(w) = | / a(t)e dt|? (3)
where the laser induced dipole acceleration is

a(t) = (Y(x, ) - 0xV[¥(x,1)). “
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Fig. 1. (a) and (b) are the band structures calculated by the diagonalization scheme in
coordinate space and by the Bloch-state expansion in reciprocal space, respectively. (c) The
harmonic spectrum for laser wavelength A = 3um and intensity / = 8 x 10'! W/cm?. The
arrow indicates the band gap Eg.
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Fig. 2. Harmonic spectra for laser wavelengths from 4 = 2um to 4um and intensity
I = 8 x 10" W/cm?. The dashed line indicates the band gap Eg.
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3. Results and discussions

Figure 1(c) shows the calculated harmonic spectrum by using a laser pulse with wavelength
A =3 pm and intensity 7 = 8 x 10" W/cm?. The full width at half maximum (FWHM) of the
Gaussian envelope is 4 Ty, where Ty denotes the optical cycle of the laser pulse. As is shown in
Fig. 1(c), the harmonic spectrum exhibits a fast decay with clear odd harmonics in the low-energy
region and a plateau structure. These results agree with previous work [25]. Besides the normal
high harmonic signal, the harmonic spectrum shows a remarkable peak near 4.2 eV, which equals
to the band gap energy between the VB and CB. Hereafter, we call this signal band gap emission.

We also perform the simulation by changing the laser wavelength A from 2 um to 4 um. The
results are shown in Fig. 2. The simulation shows that the central frequency of the remarkable
peak remains at 4.2 eV irrespective of the change of the laser parameters (the simulations with
different laser intensity and pulse duration are also performed but the results are not shown here).
Note that one can also see a similar peak in the experiment performed on a ZnO crystal [8],
which was called fluorescence signal in [8] but has not attracted much attention so far.

In order to get an intuitive insight of the band gap emission signal, we analyze the sub-
cycle dynamics of the emission process with the time-frequency spectrum and time-dependent
population imaging [32,33]. The time-frequency spectrum is calculated by the Gabor transform
[34,35]. The time-dependent population imaging is calculated by |(¢, (x)|¥(x, #))|%. In Fig. 3(a)
and 3(b), we plot the vector potential |A(?)| = | /_t , F(7)d7| and the time-dependent population
in the CB, respectively. One can see that the population oscillates following the vector potential.
The electron momenta are driven from zero up to their maximum value and back to zero in every
half cycle of the driving field. This corresponds to the laser-driven oscillation of Bloch electrons
in reciprocal space, i.e., the so-called dynamical Bloch oscillation [16]. Note that the population
oscillation, which is termed the field-induced transient population [9], can lead to the oscillation
of the transient observable [9, 36-38]. After the laser pulse is gone, a fractional population
survives at the bottom of CB. For clarity, we call it real population. This population results
from resonances that exist in the laser dressed band gap resulting in conduction band population
that grows through the duration of the pulse [39,40]. In Fig. 3(c), we plot the time-frequency
spectrum. The horizontal dashed line marks the energy of the band gap emission signal at 4.2 eV.
As is shown in Fig. 3(c), the emission time of band gap signal is continuously maintained after 5
Tp when the population is mainly located at the bottom of the CB. Unlike the harmonics, the
band gap emission signal is a long-lived signal, which is dominantly emitted at the tail of the
laser pulse and even after the laser pulse is gone. On the contrary, we also performed simulation
using a laser pulse with a sine square envelope without long enough evolution time. The band gap
emission signal is significantly suppressed as that in [41]. The comparison between Fig. 3(b) and
3(c) indicate that the band gap signal is directly connected to the real population at the bottom of
the CB.

According to the discussion above, one can employ the band gap emission signal as a probe of
the population oscillation, that is the dynamical Bloch oscillation driven by the pump pulse. To
this end, we propose a time-resolved band gap emission spectroscopy experiment by adopting a
pump-probe scheme. The Bloch electron oscillates in the long-wavelength MIR pump pulse. The
pump pulse has a low intensity, thus the excitation from the VB to the CB can be ignored. An
ultrashort violet (e.g., 400 nm) probe pulse is employed to excite the electron from the VB to the
CB. The pulse duration of the probe pulse needs to be much shorter than the optical cycle of
the pump pulse. In this scheme, the probe pulse triggers the dynamical Bloch oscillation. By
detecting the band gap emission yield as a function of pump-probe delay, one can probe the
dynamical Bloch oscillation in real time.

To show how one can extract the dynamical Bloch oscillation, we consider to model the
electron dynamics in the above scheme in an intuitive picture. Following Refs. [42,43], we adopt
the accelerated Bloch states (the eigenstates of the time-dependent Hamiltonian) as a basis to
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Fig. 3. (a) The time-dependent population imaging picture of the conduction band CB. The
insert shows a zoom in of the result at peak of the laser pulse. The colorbar marks the
population on a logarithmic scale. (b)The time-frequency harmonic spectrum obtained for a
laser wavelength A = 3um. The colorbar marks the harmonic yield on a logarithmic scale.
The green dashed lines mark the absolute value of the vector potential |A(7)].

solve the TDSE,

AT E;, (k(7))
T T 0

Ui 0) = > gy o ) 5)

where the accelerated Bloch states are ¢, x,(r, 1) = e tAWDr Xmk(+)(r), and the time-dependent

crystal momentum is k(¢) = ko + A(¢). xm.x(r) is a Bloch state with a band index m and a crystal
momentum k. The Hamiltonian can be divided into three parts:

- 2
L (G I G )
A A 2
A=y gt Arel Ly = [Ar- 8 A0+ ©6)
~ 2
Prteel b vy 1= (Ar+ &L oo)

where Ap), and Ap;, are the vector potentials of the pump and probe pulses, respectively. We
assume that the pump pulse is centered at ¢ = 0 and the probe pulse is delayed by Az. 6¢ is the
pulse duration of the probe pulse. Under the parameters we used in this work, the population in
higher conduction bands are much lower (less than 1%) than that in the first conduction band.
Therefore, only one VB and one CB are considered here and the initial state is chosen as yvg,o(7).
In the time range of t = (—co, At — %) andr = (Ar + %, 00), only the pump pulse is turned on and
the transition between VB and CB can be ignored. In the time range of r = [Ar — %, At + %],
the probe pulse excites the Bloch electron. Since the probe pulse duration is extremely short
(6t <« Tp), we can only consider the transition between VB and CB but ignore the oscillation of
the Bloch electron in [Af — 6t /2, At + 6t/2]. Therefore, the solution of TDSE can be expressed as

.ort
avp(t)e Lo dTEBED) 4y (1 1) t = (=00, At — )
. At
Y(r0) = Smeve,cs @m(Ar)e™ Lo ATEnKO g (1 Ar) t=[Aa=-% A+ 5] (D
.t
2Zm=vB,cB @m(t)e™" Lo drEn® g, (7, 1) t=(Ar+ %, )

For t < At, ayg(t) = 1 and acg(t) = 0. For t > At, ayg(t) = 1 — acg(?) and acg(t) =
ac(Ar) « dy.(k(Ar)), where d,.(k) = (xvB.x|7| xcB.x)- In this case, the radiation yield is
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One can see that only the terms satisfying E,,,(k) = E,(k) — E;,(k) = E, contribute to the
signal at the band edge S(w = E,). Then the emission yield can be obtained

S(w = Eg) o /dthlQB(I)GCB(t)dvc(k(t))5(k(t) -0 (€))

We can assume that the depletion of the VB due to the THz field can be ignored, i.e., |ayg(t)|* ~ 1,
as in the well-known Lewenstein model [44] for HHG in a gas medium. Then, we have

S(w = Ey) / dtNew ot) dye (O) (19)

where Ncg,o(t) = |acp(t)d(k(t)—0)|? is the population at the bottom of the CB. Therefore, the band
gap emission signal is proportional to the integration of the transition dipole and the population
at the bottom of the CB. Note that d,,.(0) is a constant and acg(t) = ac(At) « d,.(k(At)), the
delay time dependence of the band gap signal can be rewritten as

S(w = Eg, At) o Nep,o(t) o |dye (k(AD))[. (11

The parameter k(At) is the location of the Bloch electron at the time At in the pump pulse. The
population at the bottom of the CB is proportional to the term |d,.(k(At))|?, which contains the
information of k(Az). By scanning the delay time At¢, one can probe the population at the bottom
of the CB by the band gap emission yield, which tracks the oscillation of the Bloch electron.

To demonstrate the above scheme, we calculate the band gap signal as a function of pump-probe
delay by numerically solving the TDSE. In our proposed experimental scheme, we are not creating
large carrier densities that would lead to rapid dephasing via carrier scattering. As the Bloch
oscillation period is therefore much shorter than the dephasing time in our scheme, we can neglect
dephasing in this work. The wavelengths of the pump and probe pulses are 3.0 ym and 400
nm, respectively, which can be realized by an optical parameter amplifier and second-harmonic
generation pumped by the fundamental Ti:Sapphire laser. The duration of the pump pulse is
about 20 fs and the pump pulse intensity is 8 x 10° W/cm?. The duration of the probe pulse is 2
fs and the intensity is 8 x 10'® W/cm?. Figure 4(a) shows the time-dependent population imaging
in the CB. Figure 4(b) shows the band gap emission yield as a function of pump-probe delay.
One can see that both the CB population and the band gap signal oscillate following the vector
potential of the pump pulse with the period of Ty/2. The result agrees well with the acceleration
theorem. However, by comparing Fig. 4(a) to 4(b) the oscillation phases of the CB population and
band gap emission differ by 7/2. In other words, the CB population reaches the highest energy
state at 2”4+1 Ty, when the band gap emission yield is minimum. This can be well explained by
Eq. (11). When At = % To, the Bloch electron is driven farthest away from the initial state
where k = 0 a.u. and d,,.(k(Ar)) is smallest, leading to a minimum of the band gap signal. When
At = 7 T, the Bloch electron is dominantly populated at the state of k = 0 a.u. where dy,.(k(Ar))
is largest and therefore the band gap emission becomes maximum.

In a typical wide band gap semiconductor, the VB is fully occupied initially. To consider this
effect, we perform the calculation by taking into account the initially fully occupied VB with the
model described in [45]. For a detailed description of the formalism, we refer the reader to [45].
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Fig. 4. The time-dependent population imaging picture (a) and the delay-dependent band
gap signal (b) for A = 3 um. The solid line is obtained by TDSE with single-active electron.
The circles is obtained by TDSE with fully occupied VB.

Briefly, we adopt the eigenstates with different k values in the VB (see Fig. 1(b)) as the initial
state and then obtain the time-dependent wavefunction and also laser-induced dipole acceleration
by numerically solving the TDSE for each initial state. The total dipole acceleration is calculated
by coherent summation over the initial states for all the k in the VB. Then the spectrum of the
radiation is calculated by Fourier transforming dipole acceleration. The delay-time-dependent
band gap signal is shown by the circles in Fig. 4(b). One can see that the results are in good
agreement with simulation with single-active electron TDSE model. This is because the excitation
probability decreases quickly with increasing the energy gap between the CB and VB. The
energy gap is smallest at k = 0 a.u., i.e., the top of the VB. Therefore, only a small portion of the
electrons populated near k = 0 a.u. are excited to the CB under the laser conditions in this work.
Then the TDSE model with a single-active electron at k = 0 a.u. still can reliably reproduce the
simulation with the fully occupied VB.

So far, we have shown that one can trace the oscillation of Bloch electron with our pump-probe
scheme. Note that the maximum electron momentum is determined by the maximum of the
vector potential of the pump pulse. Under the pump intensity and wavelength considered in Fig.
4(a), the maximum energy populated in the CB is 2.2 eV, which is smaller than the width of
the CB (9.2 eV as shown in Fig. 1). Therefore, the oscillation of Bloch electron stays far away
from the Brillouin zone boundaries and no Bragg reflection can be observed. To detect the full
Bloch oscillation, we next consider to use a THz pump pulse with the central wavelength of 40
um (corresponds to 7.5 THz). The pump pulse intensity is increased to 2 x 10! W/cm?. The
probe pulse intensity is increased to 4 X 10" W/ecm? accordingly. Figures 5(a) and 5(b) show the
time-dependent CB population and the band gap emission yield as a function of pump-probe
delay. In contrast to the results in Fig. 4, the vector potential of the THz pump pulse is large
enough to drive the electron to 9.2 eV, reaching the edge of the Brillouin zone. As shown in
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Fig. 5. The time-dependent population imaging picture (a) and the delay-dependent band gap
signal (b) for A = 40 um. The solid line is obtained by TDSE with single-active electron.

Fig. 5(a), the Bloch electrons are driven from zero up to their maximum. Then, at 0.1 Ty, the
electron momentum changes its sign, once Bragg reflection occurs. As shown in Fig. 5(b), these
phenomena can all be monitored by observing the delay-dependent band gap emission yield.

4. Conclusion

In conclusion, we proposed a time-resolved band gap emission spectroscopy scheme to probe
the dynamical Bloch oscillation in real time. It is shown that a remarkable band gap emission
can be generated besides the normal high harmonics in the interaction of a mid-infrared laser
pulse and a semiconductor. By adopting an ultrashort probe pulse and MIR or THz pump pulse,
one can trace the dynamics of Bloch electrons in real time by monitoring the band gap signal
versus pump-probe delay. This scheme suggests an all-optical method for directly investigating
the ultrafast dynamics of electrons in semiconductors.
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