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The anisotropic effective mass of energetic electrons in an isotropic, nonparabolic conduction band is

revealed using ultrafast THz-pump–THz-probe techniques in a n-doped InGaAs semiconductor thin film.

A microscopic theory is applied to identify the origin of the observed anisotropy and to show that the

self-consistent light-matter coupling contributes significantly to the THz response.
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Terahertz (THz) field-induced transport effects can
strongly influence the behavior of fast semiconductor com-
ponents operating under extreme conditions [1,2]. High-
field transport dynamics of the charge carriers in such
devices is, among other things, determined by the band
structure of the solid. Consequently, a complete under-
standing of the underlying physical processes requires a
detailed knowledge of the band structure. In recent years,
the development of extremely strong pulsed THz sources
and ultrafast coherent detection methods [3,4] has made
it possible to continuously alter the electron momentum
across the Brillouin zone. Using various techniques of
time-resolved THz nonlinear spectroscopy [3–20], effects
such as extreme THz nonlinearities [5–9], THz-pulse-
induced intervalley scattering [12–15], and ballistic trans-
port of electrons across half of the Brillouin zone [16]
have been investigated in semiconductors. Some of these
effects can be accessed by using optical-pump–THz-probe
(OPTP) [13,21–24] as well as THz-pump–optical-probe
setups [8–10]. Currently, THz-pump–THz-probe (TPTP)
techniques seem very attractive in probing nonlinear car-
rier dynamics induced by intense few-cycle THz pulses
in semiconductors, such as impact ionization in InSb [19]
as well as intervalley scattering in doped GaAs, Si, and
Ge [14].

The high-field electron transport is very much defined
by the diagonal part of the inverse effective-mass tensor

m�1
i ðkÞ � m�1

i;i ðkÞ ¼ 1
@
2
@2"k
@k2i

[25] where "k is the electron

energy and k is the electron wave vector. More than
50 years ago, magnetic cyclotron resonance (CR) revealed
that the Brillouin zone boundaries of Si and Ge produce
conduction bands with ellipsoidal constant energy surfaces
and therefore highly anisotropic miðkÞ [26,27]. For most
III–V semiconductors, however, the conduction band "k at
the � point is considered to be isotropic (i.e., spherically
symmetric such that "k ¼ "jkj) but nonparabolic [25].

Even though CR has also been used to determine band

nonparabolicity factors in these materials [28–30], CR
probes the average effective mass (often called cyclotron
mass) for a given orbit in k space and for a certain level
of energy. Therefore, it cannot probe the anisotropy of
electron effective mass [mxðkÞ � myðkÞ] caused by

nonparabolicity in bands with spherical constant energy
surfaces.
Figure 1 illustrates the origin of this mass anisotropy in

an isotropic but nonparabolic conduction band for electron
motion in the kx-ky plane [Fig. 1(a)]. If an electron is

accelerated in the x direction to k0 ¼ k0x̂, the masses
mxðk0Þ and myðk0Þ become different for any nonparabolic

band simply because the curvatures of the band along kx
[plane A, Fig. 1(b)] and ky [plane B, Fig. 1(c)] are different

at the pointk0. This results in an effective-mass anisotropy,
mxðk0Þ>myðk0Þ, for highly excited electrons as shown in
Fig. 1(d). Since the mass anisotropy only appears away
from the � point and increases with k0 [Fig. 1(d)], one
typically needs strong electric fields driving the electrons
to sufficiently high k0 in order to observe this effect. Note
that the effective-mass anisotropy disappears completely at
all k if the band is parabolic.
In this Letter, we present a new technique that enables us

to reveal the effective-mass anisotropy of energetic elec-
trons in an isotropic, nonparabolic conduction band. We
implement a polarization-dependent TPTP experiment as
shown schematically in Fig. 1(e). Here, a strong THz-pump
pulse accelerates the electrons in the x direction which are
then probed by another weaker THz pulse polarized either
in the x (colinear, CL) or y (cross-linear, XL) direction. We
show that the anisotropy of the electron effective masses
induced by the THz-pump pulse yields distinctly different
THz-probe responses for the CL and XL configurations
because the measured THz-probe signal is proportional to
the corresponding component of m�1

i ðkÞ. While the non-
linear THz response in doped semiconductors arising from
band nonparabolicities has already been reported [31,32],
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our experimental results demonstrate the fundamental
anisotropic nature of band nonparabolicity.

In our experiments, a large aperture ZnTe optical
rectification source was used to generate high-power
THz-pump pulses [4]. Figure 2(a) shows an example of
the temporal profile of the THz pulses produced by the
ZnTe source, and the inset shows the corresponding am-
plitude spectrum. The TPTP setup is shown schematically
in Fig. 2(b). The sample used here was a 500 nm-thick
n-type In0:53Ga0:47As epilayer (carrier concentration of
approximately 2� 1018 cm�3, Si dopant) on a 0.5-mm-
thick [100] semi-insulating InP substrate. A 10� 10�
0:5 mm3 [110] ZnTe crystal placed just after the first
off-axis parabolic mirror and just before the sample was
used to generate a THz-probe beam that overlaps the THz-
pump beam at the focus on the sample. An additional [110]
ZnTe crystal 0.5 mm thick was used to detect the THz-
probe pulses transmitted through the sample by free-space
electro-optic sampling. The spot-size diameters on the

sample for the THz-pump beam and THz-probe beam
were 1.6 and 2.5 mm, respectively. Both the ZnTe source
crystal and the ZnTe detection crystal for the THz-probe
beam could be rotated to produce (and detect) probe po-
larization states either parallel or perpendicular to the THz-
pump beam. At the sample position, the THz-pump and
THz-probe peak electric fields were estimated to be about
200 and 2 kV=cm, respectively. The THz probe itself is in
the low-field regime and therefore does not induce any
nonlinear response in the sample [12,13]. We note that
the noncollinear geometry of the TPTP experiment al-
lowed the THz pump and probe beams transmitted through
the sample to be spatially separated. Crosstalk between the
two THz beams was therefore avoided by simply placing a
metallic beam block in the path of the transmitted THz-
pump beam after the second off-axis parabolic. In addition,
lock-in detection of the transmitted THz-probe pulse am-
plitude was synchronized to an optical chopper inserted
in the THz-probe source beam. As shown in Fig. 2(c),
the amplitude of the transmitted THz-probe waveform
increases when it overlaps with the THz-pump pulse at
zero relative time delay, while the phase is relatively un-
affected. This allows the transmission of the main positive
peak of the THz-probe pulse to be monitored as a function
of pump-probe delay time. We also note that all the experi-
ments were performed under a dry-nitrogen purge at room
temperature.
Figure 3(a) shows the normalized transmission of the

main peak of the THz-probe pulse as a function of pump-
probe delay time in analogy to OPTP experiments [21–24].
The presence of the THz-pump pulse results in an increase
in transmission of the peak electric field of the THz-probe

FIG. 2 (color). (a) Electric field profile of the THz-pump beam
emitted by the ZnTe optical rectification source. Inset: amplitude
spectrum of the THz pulse. (b) Schematic of the experimental
setup. (c) Electric field profile of the transmitted THz-probe
beam at various delay times between the main positive peaks
of the THz-pump and THz-probe pulses.
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FIG. 1 (color). (a) Schematic of an isotropic, nonparabolic
conduction band with an electron excited in the kx-ky plane to

k0 ¼ k0x̂. (b) Schematic dispersion relation for the electron
along kx within plane A and (c) along ky within plane B.

(d) The corresponding effective masses mx and my together

with the �-point mass m� (shaded area). (e) Polarization-
dependent TPTP configuration. The large electric field of the
THz-pump pulse drives electrons high in the band along the
x axis. The polarization of the THz-probe pulse can then be set to
monitor carrier motion either parallel (colinear, CL) or perpen-
dicular (cross-linear, XL) to the THz-pump pulse polarization.
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pulse. The blue shaded area in Fig. 3(a) shows the trans-
mission change for XL polarizations of pump and probe
beams, while the red line shows the same measurement
performed for the CL polarizations. The CL case yields a
much larger amplitude oscillation than the XL case (blue
area) indicating that the TPTP method can indeed access
the mass anisotropy.

As previously mentioned, we have excluded the possi-
bility that these fast oscillations are due to crosstalk be-
tween the pump and the probe at the detection level. In
particular, when the probe beam is blocked, no residual
signal from the pump beam is detected; both beams have
to be present inside the sample in order to observe the
changes in transmission. Moreover, the nonlinear signal
disappears if we perform the experiment on a bare InP
substrate [12].

We next apply a microscopic theory to rigorously reveal
the microscopic origin of the detected anisotropy. The
propagation of a THz field Eðz; tÞ through a thin sample
follows from the wave equation

�
@2

@z2
� n2b

c2
@2

@t2

�
Eðz; tÞ ¼ �0�ðzÞ @@t JðtÞ; (1)

with the background refractive index nb, the speed of light
c, the vacuum permeability �0, and the excited current
density JðtÞ. The temporal evolution of J follows from

JðtÞ ¼ � jej
@V

P
kðrk"kÞfk where fk defines the micro-

scopic electron distribution and V is the quantization
volume of the semiconductor. For not too large k values,
the conduction band energy dispersion is well described by

"kð1þ �"kÞ ¼ @
2k2

2m�
[25] with the �-point effective mass

m� ¼ 0:04m0 and the nonparabolicity parameter � ¼
1:33 eV�1 [33] yielding significant nonparabolicity and,
hence, an anisotropic mi for elevated k.

We compute the dynamics of the electron distribution
using an equation-of-motion approach [34,35] and obtain

@
@

@t
fk ¼ jejEð0; tÞ � rkfk þ @

@

@t
fkjscatt: (2)

The first term on the right-hand side of Eq. (2) yields the
acceleration of the electrons due to the THz field. This
produces a time-dependent displacement of the electronic
distribution in k space according to fkðtÞ ¼ f~kðtÞ with
d
dt
~kðtÞ ¼ � jej

@
E. From our calculations, we find a maxi-

mum displacement of about 0:11 �
a (a being the lattice

constant) which is small enough to justify the use of our
band structure model. The second term of Eq. (2) includes
Coulomb and phonon scattering of the accelerated elec-
trons. This term leads effectively to a relaxation of the
carriers and, thus, to a damping of the current density. As
we will discuss below, however, the experimental results
are almost not affected by these relaxation processes and
we can omit the corresponding term in Eq. (2).

Equation (1) shows that the THz field itself entering
Eq. (2) for fk depends on the electron dynamics via the

current density. Consequently, Eqs. (1) and (2) must be
solved self-consistently in order to account for the back
coupling of the induced fields to the carrier dynamics.
Physically, this back coupling leads to a strong reflection
of the THz field from the sample and concomitantly to a
radiative damping [35] of the induced current density.
We find effective radiative relaxation times shorter than
40 fs, implying a dominance of the radiative decay.
Consequently, the results are only weakly affected by other
relaxation mechanisms.
We compute the transmission of a weak THz-probe

pulse in the presence of a strong pump field by numerically
solving Eqs. (1) and (2) for both CL and XL TPTP con-
figurations. We start from a Fermi-Dirac distribution for fk
at 300 K and an electron density of 2� 1018 cm�3. Similar
to the experiment, we record the peak transmission of the
probe pulse for various pump-probe delay times. The
results are presented in Fig. 3(b) and are in good agreement
with the measured data [Fig. 3(a)] indicating that experi-
mental deviations from an ideal collinear pump-probe
geometry are small.
We find that JðtÞ produces a high reflection of the THz-

probe pulse with only about 3.5% transmission in the
absence of the pump pulse. At the same time, the magni-
tude of the current induced by the probe pulse is propor-
tional to the inverse effective mass m�1

i ðkÞ. Therefore, the
acceleration of the electrons into the nonparabolic regions
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FIG. 3 (color). Measured (a) and calculated (b) normalized
peak transmission of the THz-probe pulse as a function of the
pump-probe delay time. The solid red lines and the blue shaded
areas show the results for CL and XL TPTP configurations,
respectively. The dashed red line and the light-blue shaded
area in (b) represent corresponding calculations omitting radia-
tive back-coupling effects.
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can significantly modify JðtÞ and, thus, also the probe
transmission detected. In particular, the solid line in
Fig. 3(b) shows that the transmission is strongly enhanced
for CL polarization due to the increased effective mass.
The XL case (blue shaded area) produces a much smaller
modification of the transmission since the effective mass is
changed only moderately [see Fig. 1(d)].

In both cases, the fast oscillations directly reflect the
transient pump-induced changes of the effective mass of
the electrons. The theory analysis unambiguously assigns
the difference of CL and XL excitations to the mass
anisotropy. The slow decay—only detected in the experi-
mental signals—results from intervalley scattering [12,13]
which is not included in our model because it does not
affect the detected anisotropy.

The importance of the radiative back coupling can be
highlighted with an artificial calculation where we ne-
glected these effects. Here, we simply replaced the full
THz field in Eq. (2) by the external incident field. The
corresponding results are shown in Fig. 3(b) as the red
dashed line (CL) and the light-blue shaded area (XL).
Evidently, such a simplification produces completely op-
posite behavior than observed in the experiment. Although
the basic findings of the experiment can easily be under-
stood intuitively by the change of the effective masses, a
complete understanding requires the inclusion of the com-
plex self-consistent back-coupling effects.

In conclusion, we have used polarization-dependent THz-
pump–THz-probe techniques to study the nonlinear THz
response of electrons in n-doped InGaAs. As is unambigu-
ously confirmed by our microscopic theory, the subpicosec-
ond time resolution of our technique, coupledwith the control
of probe polarization, reveals the anisotropy in effective
mass of hot electrons caused by the nonparabolicity of the
conduction band. This new tool may open the way to directly
mapping energy bands in semiconductors. Moreover, we
have shown that the inclusion of back-coupling effects is
crucial to understanding the results.

We wish to acknowledge financial support from NSERC
Strategic Projects, and F. B. wishes to acknowledge
FQRNT (#138131). We would like to acknowledge N.
Naka for helpful discussions. We are also thankful to A.
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[21] H. Němec et al., J. Chem. Phys. 122, 104503 (2005).
[22] S. E. Ralph et al., Phys. Rev. B 54, 5568 (1996).
[23] D. G. Cooke et al., Appl. Phys. Lett. 85, 3839 (2004).
[24] J. C. Delagnes et al., J. Phys. D 42, 195103 (2009).
[25] M. Lundstrom, Fundamentals of Carrier Transport

(Cambridge University Press, Cambridge, 2000).
[26] G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98,

368 (1955).
[27] C. Hamaguchi, Basic Semiconductor Physics (Springer,

Berlin, Heidelberg, 2010).
[28] E. D. Palik et al., Phys. Rev. 122, 475 (1961).
[29] R. J. Nicholas et al., J. Phys. C 18, L427 (1985).
[30] C. K. Sarkar et al., J. Phys. C 18, 2667 (1985).
[31] A. Mayer and F. Keilmann, Phys. Rev. B 33, 6962

(1986).
[32] A. G. Markelz and E.G. Gwinn, J. Appl. Phys. 80, 2533

(1996).
[33] S. Ahmed, B. Nag, and M. Roy, Solid State Electron. 28,

1193 (1985).
[34] H. Haug and S.W. Koch, Quantum Theory of the Optical

and Electronic Properties of Semiconductors (World
Scientific, Singapore, 2009), 5th ed.

[35] M. Kira and S.W. Koch, Prog. Quantum Electron. 30, 155
(2006).

PRL 107, 107401 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

2 SEPTEMBER 2011

107401-4

http://dx.doi.org/10.1038/nature01175
http://dx.doi.org/10.1088/0022-3727/44/8/083001
http://dx.doi.org/10.1088/0022-3727/44/8/083001
http://dx.doi.org/10.1109/JSTQE.2010.2047715
http://dx.doi.org/10.1109/JSTQE.2010.2047715
http://dx.doi.org/10.1103/PhysRevLett.99.043901
http://dx.doi.org/10.1103/PhysRevLett.99.237401
http://dx.doi.org/10.1103/PhysRevLett.99.237401
http://dx.doi.org/10.1103/PhysRevLett.101.246401
http://dx.doi.org/10.1103/PhysRevB.81.081305
http://dx.doi.org/10.1103/PhysRevB.81.081305
http://dx.doi.org/10.1063/1.3470105
http://dx.doi.org/10.1063/1.3205115
http://dx.doi.org/10.1063/1.3205115
http://dx.doi.org/10.1103/PhysRevB.78.125203
http://dx.doi.org/10.1103/PhysRevB.78.125203
http://dx.doi.org/10.1103/PhysRevB.79.193204
http://dx.doi.org/10.1364/OE.17.009620
http://dx.doi.org/10.1103/PhysRevB.81.035201
http://dx.doi.org/10.1063/1.3386542
http://dx.doi.org/10.1063/1.3386542
http://dx.doi.org/10.1103/PhysRevLett.104.146602
http://dx.doi.org/10.1063/1.3177345
http://dx.doi.org/10.1063/1.3177345
http://dx.doi.org/10.1063/1.3489102
http://dx.doi.org/10.1063/1.3489102
http://dx.doi.org/10.1103/PhysRevB.79.161201
http://dx.doi.org/10.1038/nphoton.2010.259
http://dx.doi.org/10.1063/1.1857851
http://dx.doi.org/10.1103/PhysRevB.54.5568
http://dx.doi.org/10.1063/1.1807959
http://dx.doi.org/10.1088/0022-3727/42/19/195103
http://dx.doi.org/10.1103/PhysRev.98.368
http://dx.doi.org/10.1103/PhysRev.98.368
http://dx.doi.org/10.1103/PhysRev.122.475
http://dx.doi.org/10.1088/0022-3719/18/15/005
http://dx.doi.org/10.1088/0022-3719/18/13/013
http://dx.doi.org/10.1103/PhysRevB.33.6962
http://dx.doi.org/10.1103/PhysRevB.33.6962
http://dx.doi.org/10.1063/1.363040
http://dx.doi.org/10.1063/1.363040
http://dx.doi.org/10.1016/0038-1101(85)90042-5
http://dx.doi.org/10.1016/0038-1101(85)90042-5
http://dx.doi.org/10.1016/j.pquantelec.2006.12.002
http://dx.doi.org/10.1016/j.pquantelec.2006.12.002

