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Ultrafast high-field transport is studied in n-type GaAs with ultrashort terahertz 共THz兲 pulses of an electric
field amplitude of up to 300 kV/cm. At lattice temperatures between T = 300 and 80 K, we observe coherent
ballistic transport of electrons over a major part of the first Brillouin zone. At T = 300 K, ballistic transport
occurs at a constant electron density whereas at lower temperatures, the THz pulses generate additional
electron-hole pairs by field-induced tunneling between valence and conduction bands. We show that the
ultrashort decoherence time of superpositions of valence- and conduction-band states plays a crucial role for
the efficiency of the tunneling process. The extremely fast interband decoherence at room temperature results
in a negligible tunneling rate.
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I. INTRODUCTION

In the periodic potential of a crystal, an electron under the
action of an electric field performs a ballistic motion if scattering processes have a negligible influence. In this case, the
change in electron wave vector kជ with time is solely determined by the electric field acting on the electron,1,2
ប

dkជ
ជ 共t兲.
= − eE
dt

共1兲

electrons undergoing such motion is substantially enhanced
and exceeds the number of electrons present by doping. This
shows that the transient THz field promotes a substantial
number of electrons from the valence into the conduction
band, although the THz photon energy is much less than the
band gap, បTHz Ⰶ Eg. Field-induced tunneling from the valence to the conduction band represents the main mechanism
enhancing the number of free carriers. The tunneling rate
depends sensitively on the decoherence rate between
valence- and conduction-band states. The temperature depen-

From the time-dependent wave vector, the momentary electron velocity is obtained via the gradient of the relevant band
in the band structure 共Fig. 1兲,
1
vជ 共kជ 兲 = ⵜkជ E共kជ 兲.
ប

共2兲

Under most circumstances, the prerequisite for Eqs. 共1兲 and
共2兲, namely, that scattering is unimportant, is not fulfilled. If
scattering is important, we typically find drift transport, described by the Drude model6 and concepts such as electron
mobility.
Very recently,7 we have demonstrated that electrons in
bulk n-type GaAs at room temperature 共T = 300 K兲 undergo
coherent ballistic transport in the high electric field of several
100 kV/cm of short terahertz 共THz兲 pulses. The THz field
radiated by the accelerated electrons demonstrates that the
carriers are coherently driven into the range of the conduction band where the effective mass becomes negative. A
quantitative analysis shows that the coherent electron motion
covers approximately half of the first Brillouin zone of bulk
GaAs. Such results clearly demonstrate negligible friction
due to incoherent scattering processes, in particular, polar
optical-phonon scattering,8,9 on the few hundred femtosecond time scale of the experiments. The observed behavior is
fully reproduced by quantum-kinetic transport calculations.
In this paper, we present an extension of the previous
work7 toward lower lattice temperatures 共T = 200 K and
T = 80 K兲. The results presented in the following clearly
demonstrate coherent carrier transport at such lower temperatures. In contrast to room temperature, the number of
1098-0121/2010/82共7兲/075204共8兲

FIG. 1. 共Color online兲 共a兲 Electronic band structure of GaAs
along the 关100兴 direction calculated by the local pseudopotential
method without spin-orbit interaction 共Refs. 3–5兲. 共b兲 Corresponding velocity of electrons in the lowest conduction band 共cb兲 and in
the light-hole band 共lh兲, Eq. 共2兲. 共c兲 Interband matrix element
2
squared Xlh-cb
for the transition between the light-hole band and the
lowest conduction band.
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optic pulse shaper15,16 between oscillator and amplifier
allows to tune both spectral amplitude and spectral phase to
obtain a few-cycle THz pulse with a center frequency of 2
THz, which excites the sample placed in the focus of a pair
of parabolic mirrors. The electric field of the transmitted THz
pulse is measured via electro-optic sampling in a thin ZnTe
crystal. The entire optical path of the THz beam is placed in
vacuum.17–19 For the low-temperature measurements, the
sample is mounted on the cold finger of a helium-flow cryostat, the latter being also placed in the vacuum chamber.
The electron current density,
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FIG. 2. 共Color online兲 The Ti:sapphire oscillator-amplifier system generates 25 fs pulses at a wavelength of 800 nm with a repetition rate of 1 kHz and a pulse energy of 0.5 mJ. THz pulses,
obtained by optical rectification in a GaSe crystal, are focused onto
the sample, which is mounted on the cold finger of a cryostat.
Electro-optic sampling in a 关110兴 ZnTe crystal allows the measurement of the electric field as a function of delay time. The polarization state of the probe pulses from the oscillator is read out by the
quarter-wave plate 共 / 4兲, a Wollaston polarizer 共WP兲, and the two
photodiodes PD1 and PD2. The whole THz path and the sample are
in a vacuum chamber.

dence of the decoherence rate leads to a temperaturedependent tunneling rate and, thus, to the experimentally observed difference between the results at room temperature
and at lower temperatures.

j共t兲 =

− 2Eem共t兲
Z 0d

共4兲

共see Appendix兲 in the sample is proportional to the coherently emitted field
Eem共t兲 = Etr共t兲 − Ein共t兲,

共5兲

which is given by the difference of Etr共t兲, the field transmitted through the sample, and Ein共t兲, the field incident on the
sample 共Z0 = 377 ⍀, the impedance of free space兲. As the
thickness of our sample d = 500 nm is much less than the
THz wavelength  ⬇ 150 m, all electrons in the sample
experience the same driving field Eloc共t兲, which is identical to
Etr共t兲.18,20 The two transients Etr共t兲 and Ein共t兲 are measured in
separate scans, Etr共t兲 with the sample in place and Ein共t兲
without the sample. Since the sample is very thin, the delay
introduced by its refractive index has a very small value of 8
fs. This delay is taken care of when calculating Eem共t兲, Eq.
共5兲.
III. RESULTS

II. EXPERIMENT

To study high-field transport on ultrafast time scales, we
need both high electric driving fields and a method to determine the electron velocity as a function of time.
In our experiment 共Fig. 2兲, high electric fields are applied
to the sample in the form of strong THz pulses. The time
dependence of the electric field acting on the sample is measured by electro-optic sampling.10–13 The same detection
scheme is used to measure the electric field emitted by the
electrons in the sample, which is in our geometry proportional to the current density j,
j共t兲 = − en共t兲v共t兲,

共3兲

where n共t兲 and v共t兲 represent the time-dependent density and
velocity of electrons.
The sample investigated was grown by molecular-beam
epitaxy and consists of a 500 nm thin layer of n-type GaAs
with a donor 共Si兲 concentration of ND = 2 ⫻ 1016 cm−3 clad
between two 300 nm thin Al0.4Ga0.6As layers 共the same
sample was studied in Ref. 7兲. In the relevant area, the substrate is etched away14 so that the experiment is performed
on a free-standing GaAs film.
THz pulses with a high electric field amplitude are generated by optical rectification of 800 nm pulses from a femtosecond Ti:sapphire oscillator-amplifier system. An acousto-

In Fig. 3, we show the incident and the emitted electric
field transients measured at sample temperatures of 200 and
80 K for different amplitudes of the incident field. In all
cases, one finds that in the beginning of the pulse Eem共t兲 and
Ein共t兲 are out of phase, signifying absorption of the THz
pulse in the sample. At later times, Eem共t兲 and Ein共t兲 are in
phase, signifying THz emission.
Of particular interest is the comparison of the present
low-temperature results with the results at room temperature,
which have been discussed in detail in Ref. 7. At
T = 300 K, the amplitude of the emitted electric field is limited to about 7 kV/cm. The analysis in Ref. 7 shows that this
amplitude agrees with the maximum emitted field possible
for the electron density present by doping and the maximum
electron velocity reached in ballistic transport 共see Fig. 3 in
Ref. 7兲. In contrast, at an incident amplitude of 300 kV/cm,
the emitted field amplitude reaches 35 kV/cm at T = 200 K
关Fig. 3共b兲兴 and more than 50 kV/cm at T = 80 K 关Fig. 3共d兲兴.
In Fig. 4, we show Eem共t兲 at T = 80 K for an incident amplitude of 300 kV/cm on an extended scale and compare it with
the results at room temperature under otherwise identical
conditions.
According to Eqs. 共3兲 and 共4兲, the emitted field is proportional to the electron density times electron velocity. The
velocity is determined by the band structure 关Eq. 共2兲兴, which
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FIG. 4. 共Color online兲 共a兲 Measured emitted field transients
Eem共t兲 = Etr共t兲 − Ein共t兲 for lattice temperatures of T = 80 K 关solid line,
same data as in Fig. 3共d兲兴 and of 300 K 共dots兲. Although the amplitude of Ein共t兲 is 300 kV/cm in both cases, the low-temperature
curve has an amplitude corresponding to a ten times higher carrier
density, i.e., to ne ⬇ 10⫻ ND = 2 ⫻ 1017 cm−3. 共b兲 Normalized transiently absorbed energy 关Eq. 共6兲兴 for T = 80 K 共solid line兲. After the
THz pulse the absorbed energy of 15 eV corresponds to
⬇2 ⫻ 1017 cm−3 field-generated electron-hole pairs. The dashed
lines in 共a兲 and 共b兲 are calculated from the theoretical model explained in Sec. IV.

FIG. 3. 共Color online兲 Transients of the incident 关Ein共t兲, dotted
lines, right ordinate scale兴 and of the emitted 关Eem共t兲, solid lines,
left ordinate scale兴 electric fields at temperatures of 200 K 关共a兲 and
共b兲兴 and 80 K 关共c兲 and 共d兲兴 for different field amplitudes.

changes only slightly as a function of lattice temperature. We
thus conclude that the much higher amplitude of the field
emitted at lower temperatures is due to an increase in the
density of carriers contributing to the emission. Such an increase in electron density requires the promotion of electrons
from the valence into the conduction band, i.e., an excitation
energy equal to at least the band-gap energy Eg = 1.5 eV. To
find out whether the THz pulse can provide the required
energy density to the sample, we calculate the transiently
absorbed energy18 normalized to the density ND of electrons
present by doping,
Wabs共t兲 =

=

−2
dNDoc

1
ND

冕

冕

t

j共t⬘兲Etr共t⬘兲dt⬘

−⬁

t

Eem共t⬘兲Etr共t⬘兲dt⬘ .

共6兲

−⬁

In Fig. 4共b兲, Wabs for T = 80 K is plotted as a function of time
共solid line兲. In the following, we consider two particular
values of Wabs共t兲, the maximum Wmax and the value Wirr, the
irreversibly absorbed energy after the end of the THz pulse.

During the THz pulse of an amplitude of 300 kV/cm,
the sample at T = 80 K stores a large amount of electromagnetic energy up to Wmax = 33 eV. Part of this energy is
reemitted, the remaining energy after the THz pulse of
Wirr = 17 eV⬇ 10⫻ Eg is the energy needed for the generation of N = 10ND = 2 ⫻ 1017 cm−3 electron-hole pairs by the
THz pulse. This number agrees well with the estimated density of nonlinearly emitting carriers contributing to the transient in Fig. 4共a兲.
In Fig. 5, we show Wmax and Wirr as a function of incident
field amplitude for temperatures between 80 and 300 K. The
data at 300 K and the data at low amplitudes are taken from
our previous work.7,17,18 Also shown is the range possible for
Wmax if no tunneling occurs, i.e., if the electron density stays
equal to the doping density. In this case, the highest value for
Wmax is given by the highest energy an electron can have in
the conduction band relative to the conduction-band minimum, that is 2.1 eV. The data for a temperature of 300 K stay
within this range, showing that the electron density has not
increased beyond the doping density. In contrast, for lower
temperatures the data reach considerably higher values, signifying THz-induced tunneling from the valence into the
conduction band. At an amplitude of 300 kV/cm and a temperature of 80 K, the energy per donor that is irreversibly
absorbed reaches Wirr = 17 eV, sufficient for the generation
of ten electron-hole pairs per donor.
IV. MECHANISM FOR THZ-INDUCED INTERBAND
TRANSITIONS

There are two possible mechanisms for the transfer of
electrons from the valence into the conduction band, impact
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FIG. 6. 共Color online兲 Population of the upper level 共conduction
band兲 after the end of the exciting THz pulse calculated for a twolevel system as a function of the constant decoherence time  共dots兲.
The diamonds are estimates for the decoherence times at the temperatures of our experiment.

FIG. 5. 共Color online兲 Maximum energy Wmax 共open symbols兲
and irreversibly absorbed energy Wirr 共closed symbols兲 as a function
of the incident electric field amplitude, calculated according to Eq.
共6兲, for temperatures of 80, 200, and 300 K. For T = 80 K and for
T = 200 K, the dashed lines are fits to Wmax = const E2in. The hatched
area shows the possible values for Wmax if only the electrons present
by doping participate, i.e., if no tunneling occurs.

ionization and tunneling. An important issue for distinguishing between the two possibilities is whether the mechanism
explains the experimentally observed temperature dependence, i.e., a negligible increase in electron density in the
conduction band at room temperature and a strong increase
at lower temperatures 共T = 80 and 200 K兲.
In impact ionization,21–29 an electron loses its kinetic energy to generate an electron-hole pair. This is only possible if
the electron has a kinetic energy larger than the band gap.30
Theoretical descriptions of impact ionization21,22 predict ionization rates that depend only on the electron kinetic energy
and on the band structure. Thus, the lattice temperature influences the ionization rate only indirectly, either by changing the band structure or by preventing the electron to reach
a sufficient kinetic energy. Both effects cannot explain our
results. On the one hand, the band structure changes only
little with temperature. On the other hand, our roomtemperature results7 show that on our time scale temperaturedependent scattering processes do not influence the electron
dynamics. Already at room temperature, we have ballistic
transport. Thus, the kinetic energy the electrons reach is only
determined by the electric field and by the band structure,
which are both essentially temperature independent.
Another point that rules out impact ionization as an explanation for our results in GaAs is the low rate for impact
ionization. The highest energy an electron can have in the
lowest conduction band is 2.1 eV above the conduction-band
minimum. For this kinetic energy, the impact ionization rate
is 1012 s−1, see Fig. 5 in Ref. 22. Thus, considering that the
electron has such high kinetic energies only during a small

part of the pulse, impact ionization can at most account for
the generation of 0.1 electron-hole pairs per initially present
electron. Compared to the experimentally observed generation of ten electron-hole pairs this again shows that impact
ionization is not able to explain our results.
Tunneling of electrons in high electric fields from the valence band into the conduction band is a well-known effect
共Zener tunneling兲. Using the theoretical results for Zener tunneling in a static electric field,31–33 one finds a temperatureindependent tunneling rate much lower than the rate needed
to explain our results. For example, a tunneling rate close to
zero is derived from Eq. 共39兲 of Ref. 31 in a static electric
field of 300 kV/cm. However, the model of Refs. 31–33 is
not applicable to the present experiment as it neglects decoherence processes, i.e., the decay of quantum coherences between carrier wave functions of the initial and final states. As
shown by Kazarinov and Suris34,35 共see also Ref. 36兲, decoherence strongly influences the tunneling rate R,
R⬀


.
1 + 共⌬兲2

共7兲

In this equation, the decoherence is described by the constant
decoherence time  共we shall see below that actually  will
not be constant兲, ⌬ is the detuning from resonance of the
initial and final state. For resonant tunneling 共⌬ = 0兲 Eq. 共7兲
shows that decoherence decreases the tunneling rate 共the
highest R is obtained for the longest 兲. For nonresonant
tunneling, however, the tunneling rate will increase up to the
point where the decoherence time  is equal to the inverse of
the detuning ⌬. For even shorter decoherence times, the
tunneling rate decreases again 关see Fig. 6兴.
In our case, the detuning is approximately Eg / ប, since the
THz frequency is much smaller than the band gap. Thus, the
highest tunneling rate is obtained for  = 0.5 fs. Under the
reasonable assumption that  decreases with increasing temperature, the decoherence times at the temperatures of our
experiment have to be near the values marked in Fig. 6 to
explain our results.
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FIG. 7. 共Color online兲 Dynamics of the electron wave function
during interband tunneling: 共a兲 valence-band electron wave packet
共schematic兲 before THz excitation. 共b兲 The THz field drives an offresonant interband Rabi oscillation resulting in a coherent superposition of valence- and conduction-band wave packets. The amount
of conduction-band character is determined by the parameter ⌰. 共c兲
Further acceleration of the superposition will spatially separate the
conduction-bandlike part from the valence-bandlike part of the
same wave function with a pronounced nonclassical character.

At first sight, such short decoherence times seem unrealistic. Considering interband absorption, the sharpness of the
observed features precludes decoherence times shorter than
about 100 fs at room temperature and even longer at lower
temperatures. However, the decoherence times for interband
absorption and high-field THz transport are not the same.
The decoherence time for high-field THz transport is much
shorter than the decoherence time for interband absorption as
explained in Fig. 7. An electron wave packet at the top of the
valence band 关part 共a兲兴 is exposed to a strong THz pulse. The
electric field drives an off-resonant interband Rabi oscillation, i.e., it modifies the fast oscillating cell-periodic part of
the wave function 关part 共b兲兴, which results in a coherent superposition of a valence-band wave packet and a conductionband wave packet. At the same time, the THz field drives an
intraband motion of this coherent superposition. During this
motion, the conduction-bandlike part moves in the opposite
direction as the valence-bandlike part of the same wave function, resulting in an extremely “nonclassical” wave packet
having two density maxima 关part 共c兲兴. In our experiment, the
spatial separation of the two components can be as large as
⌬x = 300 nm. As shown by Zurek37–39 共see also Refs. 36, 40,
and 41兲, such nonclassical wave packets experience high decoherence rates at finite temperatures T,

−1 = −1
m

mkBT共⌬x兲2
.
ប2

共8兲

In this equation, m is the momentum relaxation time, responsible, e.g., for low-field transport. In contrast to the
model used in Eq. 共7兲 and for Fig. 6, the decoherence rate in
Eq. 共8兲 is not constant in time since it depends on the time-

dependent ⌬x. For a temperature of 80 K, one finds from the
mobility m = 1000 fs. At the maximum ⌬x, this results in the
very short decoherence time of 0.1 fs. Thus, Eq. 共8兲 accounts
共i兲 for the very short decoherence times needed for high tunneling rates and 共ii兲 for the temperature dependence of decoherence 共apart from the direct proportionality of the decoherence rate on T, 1 / m increases with T兲. On the other hand,
Eq. 共8兲 still allows for sharp features in linear interband absorption since there ⌬x will be very small.
In contrast to the case considered in Refs. 34–36, Eq. 共8兲
demonstrates a pronounced temperature dependence of .
Taking this fact into account, we performed calculations considering on the same footing both interband and intraband
transitions under the influence of an electric field. The electronic band structure was included in the form of a
pseudopotential4,5 calculation neglecting spin-orbit interaction with a finite set of local pseudopotentials. The general
Bloch wave function of an electron with wave vector kជ in
band b,

b,kជ 共rជ,t兲 = eikrជ 兺 cb,kជ ,Gជ 共t兲eiGrជ ,
ជ

ជ

ជ
G

共9兲

is a coherent superposition of plane waves displaced by the
ជ . The coefficients cb,kជ ,Gជ 共t兲 are obreciprocal-lattice vectors G
tained from the following Hamiltonian, which includes the
interaction with the external electric field via the vector poជ 共t⬘兲dt⬘ and the interaction with the periodic
tential Aជ 共t兲 = 兰t0E
crystal potential:42

ជ 兲兴Gជ ,Gជ =
关Hg共kជ ,A
⬘

␦Gជ ,Gជ⬘
2m0

ជ 兲 − eAជ 兴2 + V共G
ជ − Gជ⬘兲.
关ប共kជ + G
共10兲

ជ 兲 are the coefficients of the Fourier expansion
The V共G
of the periodic potential and m0 is the free-electron mass.
By diagonalizing the Hamiltonian Hg, one can transform it
ជ -dependent eigenbasis He, He共kជ , Aជ 兲
into the kជ - and A
ជ = 0, the Hamiltonian yields
= S共kជ , Aជ 兲Hg共kជ , Aជ 兲S−1共kជ , Aជ 兲. For A
the single-electron band structure, i.e., one gets the band energies Eb共kជ 兲 and the corresponding coefficients cb,kជ ,Gជ 共t兲 for
the band b.
In our calculations, we work in the single-particle picture,
i.e., we neglect all many-body interactions, among them
electron-electron scattering,43 which could mix Bloch waves
with different kជ vectors. Without this mixing, each electron
can be labeled by its initial kជ 0 and band index b0 before THz
excitation. To include decoherence according to Eq. 共8兲, we
calculate the electron-hole distance as the time integral of the
difference of the electron and hole velocities. The velocities
in turn are obtained from the band structure 关Eq. 共2兲兴. For
simplicity, we use a single decoherence rate for all electronhole coherences, using the average electron-hole distance.
In the initial state of our system, all valence-band states
are filled and all conduction-band states are empty.44 The
time evolution of the density matrix is obtained from the
Liouville equation,
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d 1
= 关H共t兲, 兴 − ⌫共t, 兲.
dt iប

共11兲

The last term in the equation above describes the decoherence. In principle, it is also necessary to consider spontaneous 共incoherent兲 electron-hole recombination but this process
can be neglected because of its low rate 共typical lifetimes of
electrons in the conduction band are in the nanosecond
range兲. In solving Eq. 共11兲, it is necessary to transform back
and forth between the bases g and e mentioned above, using
the transformation matrices S and S−1. The first term in Eq.
共11兲 is calculated in the basis g, the decoherence in the basis
e. For the numerical calculation, the size of the time steps
has to be below the shortest  关Eq. 共8兲兴, i.e., at room temperature atmost 0.01 fs, which makes the calculations very
time consuming. From the calculation, one obtains the time
dependence of the density matrix for the initial kជ . The resulting currrent density is obtained as the expectation value of
the velocity operator times the electronic charge and the
emitted electric field from Eq. 共4兲. The main results are: 共i兲
tunneling can only occur at such points in k space where the
ⴱ
interband matrix element Xb−b⬘共kជ 兲 = 兰b,kជ xb⬘,kជ dV is high.
The band-structure calculation allows the determination of
these interband matrix elements. It turns out that they are
zero for the transition from the heavy hole to the conduction
band so that only tunneling from the light hole to the conduction band contributes. The square of this matrix element
2
共kជ 兲 is shown in Fig. 1共c兲. One finds the maximum of
Xlh-cb
this matrix element and thus of the tunneling rate at the
center of the Brillouin zone. It decreases for larger wave
vectors so that only electrons with wave vectors within a
diameter of 1/10 of the Brillouin zone can tunnel into the
conduction band. From the corresponding k-space volume
and the population probability, we obtain a total electron
density of 3 ⫻ 1017 cm−3 in the conduction band, which
agrees well with the observed value of 2 ⫻ 1017 cm−3.
For ballistic transport, the electron wave vector is proportional to the vector potential. Thus, one expects interband
tunneling near the zeros of the vector potential. An additional
requirement for interband tunneling is a high electric field.
The effect of these two competing requirements is shown in
Fig. 8共a兲. We see that the increase in the conduction band
population is especially high if a high electric field and a
zero of the vector potential A coincide 共at t = 1.9 ps兲.45 In
contrast, for impact ionization the highest increase in the
conduction-band population is expected near the extrema of
the vector potential.
共ii兲 As mentioned already, decoherence plays an important
role. Without decoherence, any tunneling is completely reversible 关curve for ␥m = 0 in Fig. 8共b兲兴. After the THz pulse,
no electrons remain in the conduction band. For higher decoherence, we find an increasing conduction-band population
after the end of the pulse, reaching 4 ⫻ 10−3 for
␥m = 共1 ps兲−1, the value relevant for our experiment at low
temperature. The corresponding population probability at
room temperature is 5 ⫻ 10−4, nearly a factor of 10 less.
共iii兲 Half of the additional current is carried by electrons
in the conduction band, the other half by light holes. As can

FIG. 8. 共Color online兲 共a兲 Incident electric field Ein共t兲 共field
amplitude 300 kV/cm, dashed line兲, corresponding vector potential
A共t兲 共dashed-dotted line兲, and time derivative of the conductionband population dpcb / dt calculated for ␥m = 共1 ps兲−1 and T = 80 K.
The arrows mark the zeros of the vector potential. 共b兲 Time dependence of the conduction-band population calculated for different
momentum relaxation rates ␥m.

be seen in Fig. 1共b兲, the velocities in these bands are of
comparable magnitude.
The theoretical curves in Fig. 4 共dashed lines兲 have been
calculated with the model described above. While the time
dependence of the absorbed energy Wabs共t兲 agrees quite well
with the theoretical curve 关Fig. 4共b兲兴, the calculated emitted
electric field shows deviations, in particular in the beginning
of the pulse 关Fig. 4共a兲兴. Nevertheless, for such a simple
model, which neglects all many-body effects such as
electron-electron scattering and the formation of excitons,
the agreement is satisfactory.

V. CONCLUSIONS

In conclusion, ultrafast high-field THz transients induce
ballistic electron transport in bulk GaAs. At room temperature, it is possible for the electrons to traverse half the Brillouin zone for electric field amplitudes of 300 kV/cm.7 At
lower temperatures 共80 and 200 K兲, we observe additional
THz-induced electron-hole pair generation, which leads to an
increase in the density of free carriers by a factor of 10. The
mechanism of this electron-hole pair generation is fieldinduced tunneling from the valence into the conduction band.
The tunneling rate depends strongly on the decoherence of
the coherent superposition of electron and hole states. Since
the strong electric field accelerates electrons and holes in
opposite directions, we get a highly nonclassical wave function, which decoheres very fast because of its coupling to the
environment.

075204-6

PHYSICAL REVIEW B 82, 075204 共2010兲

TERAHERTZ-INDUCED INTERBAND TUNNELING OF…
APPENDIX: MEASUREMENT OF VELOCITY VERSUS
ACCELERATION OF ELECTRONS ON ULTRAFAST
TIME SCALES

The electromagnetic field radiated by a single charged
particle in motion is essentially proportional to its acceleration, see, e.g., Eq. 共14.18兲 in Ref. 46. In our present experiment and in previous experiments,47–49 however, we do not
deal with a single moving particle but rather an extended
sheet of simultaneously moving particles. As a first approximation, we assume an infinite sheet of particles all moving
with the same velocity. Because of interference between the
individual contributions of all particles, it turns out that the
electric field at the sample19,20,50 Esample is proportional to the
velocity of the moving charges or, equivalently, to the current density j in the sample 共see Ref. 19 for a direct derivation using Maxwell’s equations兲.
In the experiment, one does not directly measure Esample
but measures the electric field Edet at the electro-optic crystal.
The relationship between Edet and Esample depends on the
optics used for the transfer of the electric field from the
sample to the electro-optic crystal. We use a first parabolic
mirror to collimate the radiation emitted from the sample and
a second parabolic mirror to focus the radiation onto the
electro-optic crystal 关Fig. 9共a兲兴. Under the assumption of focusing mirrors collecting the entire solid angle, we get in this
case Edet = −Esample. Thus, the detected field is proportional to
the electron velocity.
We now consider how deviations of the actual experimental conditions from the idealized assumptions influence the
results. Using the formalism of Ref. 50, it is possible to
calculate the electric field at the electro-optic crystal generated by a Gaussian current distribution on the sample. It
turns out that the on-axis field 共 = 0兲 is proportional to the
on-axis current density down to spot sizes of about one THz
wavelength and, for the mirror sizes used 共diameter 25.4 mm
and parent focal length of 12.7 mm兲, in the frequency range
ⲏ1 THz. This frequency range is perfectly adequate for our

FIG. 9. 共Color online兲 Two possible geometries for the transfer
of the electric field from the sample to the electro-optic crystal
共EOX兲. 共a兲 In our setup, the radiation from the sample is collimated
共in the actual experiment instead of lenses parabolic mirrors are
used兲, propagates to the second lens and is focused onto the electrooptic crystal. This results in the on-axis 共 = 0兲 electric field at the
ជ sample共0 , t兲. Also shown is our sample with the
detector Eជ det共0 , t兲 = −E
etched substrate 共gray兲. 共b兲 In another often used setup 共Refs.
47–49兲, the THz emission is focused by one lens onto the electroជ det共0 , t兲 ⬀ Eជ sample共0 , t兲 / t.
optic crystal. This results in E

experiments since the incident field has negligible spectral
density below 1 THz.
On the electro-optic crystal, the spot size of the probe
beam is much smaller than the spot size of the THz beam.
Therefore, we measure the on-axis THz field, as required by
the analysis described. As a result, the signal measured in our
setup is proportional to the electron velocity.
In contrast to our experiment, the setups of, e.g., Refs.
47–49 关Fig. 9共b兲兴 use a single focusing element that images a
large area of the sample onto a small spot on the electrooptic crystal. In the frequency domain, using Gaussian optics, one finds in this case Ẽdet共兲 ⬀ Ẽsample共兲. The reason
for this is that the size of the focal spot is proportional to the
wavelength and thus inversely proportional to the frequency.
In the time domain, this leads to Edet ⬀ Esample / t. With
Esample ⬀ v one thus gets in this case that the signal is proportional to the acceleration of the particles.
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