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The azimuthal angle dependence in the terahertz radiation power of �100� InAs under 1 T magnetic
field is presented. Results show that although the dominant radiation mechanism is surge current,
azimuthal-angle-dependent radiation due to the nonlinear effect is also observed. The twofold
symmetry of the p-polarized terahertz radiation power was modified to a fourfold symmetry with the
transverse magnetic field. Moreover, results exhibited fourfold symmetry for the s-polarized
terahertz power even with no applied field. The anisotropic intervalley scattering of photocarriers is
tentatively proposed as the origin of quadrupole response and the fourfold emission symmetry.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2721385�

The generation of intense terahertz radiation from InAs
surfaces illuminated with ultrashort optical pulses has been
the subject of immense work in the past decade.1,2 Moreover,
the behavior of this radiation phenomenon for various ap-
plied magnetic field strengths and excitation fluence has been
thoroughly investigated.3–8 The continued research efforts on
the terahertz radiation mechanisms in surface-illuminated
InAs wafers, however, imply that a complete understanding
of the terahertz radiation phenomena still has to be realized.
Recently, several works on the influences of carrier concen-
tration, diffusion, drift, and excitation wavelength depen-
dence on InAs terahertz radiation have been reported. This
lends proof to the contention that much has yet to be done in
this area of research.2,9–11

In this letter, we present experimental work on the azi-
muthal angle dependence of the polarized terahertz radiation
power of a �100� p-type InAs wafer. It has been revealed that
the dominant terahertz radiation mechanism in our study is
due to an azimuthal-angle-independent mechanism. This an-
gularly independent contribution could originate from photo-
carrier diffusion, surge current, and/or electric-field-induced
optical rectification.6,12,13 Moreover, further investigation on
the dependence of the terahertz time domain spectroscopy
�TDS� wave form on the polarity of the applied magnetic
field supports the dominance of the surge current mecha-
nism. However, an angle-dependent, twofold, nonlinear bulk
optical rectification effect was also detected. In the presence
of an external 1 T magnetic field applied parallel to the
sample surface, the twofold terahertz emission symmetry
was modified to a fourfold symmetry for the p-polarized
terahertz radiation. This fourfold dependence was also ob-
served for the s-polarized terahertz radiation even with no
applied field. An explanation pertaining to the anisotropic X

or L valley scatterings is offered to account for the results.
Knowledge of such carrier scattering is important in the de-
sign considerations for InAs-based terahertz emitters.

van der Pauw–Hall measurements were firstly performed
to determine the carrier concentration and the carrier mobil-
ity of the p-type InAs �100� sample at room temperature. The
measured carrier concentration was 7.1�1016 cm−3 and the
hole mobility was 150 cm2/V s. Primarily, terahertz TDS
and excitation fluence dependence of the terahertz radiation
power were measured to obtain some information on the
mechanism of terahertz radiation. The TDS experiments
were performed in free space with an excitation wavelength
of 800 nm from a p-polarized, mode-locked Ti: sapphire la-
ser with a 100 fs pulse width and a repetition rate of
82 MHz. The average pump power was maintained at
160 mW and the beam diameter at the sample was
�0.5 mm. The angle of incidence of the laser was set at 45°
with respect to the sample surface normal, and the terahertz
radiation was collected in the reflection direction using suit-
able optics. The transverse applied field was provided by a
1 T permanent magnet. Steady-state power measurements
were also performed to investigate the excitation fluence and
azimuthal angle dependence of the terahertz radiation power
as described by Gu and Tani.6 The azimuthal angle depen-
dence was measured for p-and s-polarized terahertz radiation
components. In this case, the photoconductive antenna was
replaced by an InSb hot-electron bolometer.

In order to discriminate the magnetic-field-enhanced
terahertz radiation, the TDS wave forms for the Bup, Bdown
�=−Bup�, and no-field cases were taken �illustrated in the in-
set of Fig. 1�. This offers an insight on the dominant terahertz
radiation mechanism as previously reported.5,14 Shown in
Fig. 1 are the wave forms obtained by subtracting the TDS
wave form of the no-field case from the Bup and Bdown data.
It is evident from the figure that the wave forms were �
phase shifted with respect to each other. Migita and Hangyo
have shown that the Lorentz-force-driven terahertz radiation
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due to the drift current will have a �-phase-shifted TDS
wave form when the applied magnetic field direction is
flipped due to the reversal of the drift current direction.14

Moreover, excitation fluence dependence experiments re-
vealed that up to a fluence of 1.2 mJ/cm2, the dominant tera-
hertz radiation mechanism is due to photocarrier diffusion as
shown in Fig. 2. This is in agreement with a previous report
demonstrating that, for excitation fluences below 2 mJ/cm2,
an angle-independent terahertz radiation mechanism is
dominant.15 It is worthwhile to emphasize that the TDS data
and the subsequent terahertz power azimuthal angle depen-
dence were all measured with an excitation fluence of
�0.2 mJ/cm2, well below the saturation of surge current
terahertz radiation.

The azimuthal angle dependence plots of the terahertz
radiation power are shown in Fig. 3. The y axes are the

voltage readouts from the lock-in amplifier-detected bolom-
eter output, wherein the noise levels did not exceed 20 �V.
The azimuthal angle, on the other hand, is defined as the

angle between the crystallographic axis ��1̄10� or �11̄0�� and
the reflection plane. A twofold azimuthal symmetry for the
p-polarized radiation with no applied field was observed as
shown by the closed circle trace in Fig. 3�a�. The oscillatory
signal is superposed on a high dc offset and constitutes only
about 20% of the total terahertz radiation power. Evidently,
although terahertz radiation from an angularly dependent
mechanism is clearly observed, the dominant terahertz radia-
tion mechanism is due to an angle-independent surge current
phenomenon, either from the surface depletion field or from
the photo-Dember effect.6 The open circle trace shows the
behavior of the with-field case. The magnetic-field-induced
enhancement due to the increased radiation collection effi-
ciency is immediately seen.16,17 The power was observed to
increase by about 140%. Interestingly, a fourfold symmetric,
azimuthal-angle-dependent feature appeared to be super-
posed on the usual twofold dependence. Initially, this modi-
fied symmetry was surmised to originate from a nonlinear
effect due to a magnetization-induced nonlinear optical sus-
ceptibility �magn in InAs. The magnetization-induced ��2�

contribution is given by18

FIG. 1. Subtracted TDS wave forms for the Bup−no field and Bdown−no field
cases where the orientation of the applied magnetic field is shown in the
inset. The �-shifted wave forms clearly show the reversal of the dominant
Lorentz-force-driven current surge when the field direction was flipped.

FIG. 2. Excitation fluence dependence of the emitted terahertz radiation.
The photocarrier-related radiation mechanism saturates at about
1.2 mJ/cm2. All the subsequent azimuthal-angle-dependence measurements
were performed at an excitation fluence of 0.2 mJ/cm2, wherein the surge
current terahertz radiation is expected to be dominant.

FIG. 3. �a� Azimuthal angle dependence of the p-polarized terahertz radia-
tion power �the voltage values are the actual lock-in amplifier readouts�. The
twofold symmetry of the bulk optical rectification effect for �100� InAs was
modified to a fourfold symmetry with the transverse magnetic field. �b�
Weak fourfold dependence is observed in the s-polarized terahertz radiation
even with no applied field. These results are suggested to be due to the
photocarrier scattering to the X or L valleys.
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Pnl�� � 0 = � − �� = �crE���E�− �� + �magnE���E�

− ��M = 2�0�
jkl

�ijkl
�2� EjEkHl. �1�

However, a calculation of the magnetization-induced
nonlinear susceptibility tensor in Eq. �1�, taking into account

the 4̄3m and �100� orientation for InAs, failed to yield the
fourfold symmetry that was observed in the experiment. The
possible modification from a twofold to a fourfold azimuthal
symmetry has been initially suggested by Reid and Fedose-
jevs to be attributed to a quadrupole response of InAs. This,
however, has been previously expected to have insignificant
contribution.6,15

The azimuthal angle dependence of the much weaker
s-polarized terahertz radiation power is shown in Fig. 3�b�.
Even with no applied field, the distinct fourfold symmetry is
evident even as the dc offset still dominates the terahertz
radiation. With an applied magnetic field, the dc offset also
increased and the fourfold symmetry shifted slightly but was
not modified. It appears that the fourfold azimuthal depen-
dence is a weak contribution, easily drowned by the much
more intense p-polarized, twofold symmetric, bulk-optical-
rectification-induced terahertz radiation. Previous reports on
the azimuthal angle dependence of s-polarized terahertz ra-
diation have not demonstrated this fourfold symmetry, pre-
sumably due to inherently weak signal levels and reduced
signal-to-noise ratio. Moreover, an incomplete separation of
the two polarized components will not manifest as the dis-
tinct symmetry folding as these have been previously re-
ported to be pahse shifted by just �45°.15

This weak fourfold symmetric behavior that was en-
hanced by the applied magnetic field �in the p-polarized tera-
hertz radiation case� is possibly attributed to a weak quadru-
pole response from an anisotropic intervalley scattering to
the L and X valleys in the �111� and �110� directions, respec-
tively. With �1.55 eV optical excitation and considering that
the holes will also have excess energy, the photogenerated
electrons have an excess energy of �1.03 eV for InAs �EG

=0.35 eV�. This is sufficient for the photocarriers to be scat-
tered to these two high-symmetry satellite valleys from the �
valley �EX−EG=1.02 eV and EL−EG=0.73 eV�.19 A fourfold
azimuthal angle dependence was previously reported in the
terahertz emission of yttrium barium copper oxide thin films
via bulk electric quadrupole–magnetic dipole optical
rectification.20 Although, this terahertz radiation mechanism
has been previously reported to be insignificant in InAs, it is
deduced that the intervalley scatterings of carriers in four
equivalent directions in the crystallographic half space imply
the creation of an electric quadrupole moment both in the
absence and presence of the applied field. This quadrupole
response is thought to cause the fourfold symmetry regard-
less of the actual terahertz radiation mechanism being surge
current or a nonlinear optical effect. With a transversely ap-
plied field, the quadrupole- and dipole-related emissions may
be enhanced with the associated tilting of their electric mo-
ments from the sample surface normal according to the Lor-
entz force.17 As the wafer is rotated about its surface normal,
the Lorentz-force-driven carriers will move in either the
positive or negative Y directions in the laboratory frame �i.e.,
parallel to the sample surface�, depending on the field
polarity.6–17 Thus, at several azimuthal orientations, the di-
rection of the motion of the carriers will coincide with the

�110� �or �1̄1̄0�� directions or the projection of the �111� �or

�1̄1̄1�� directions to the InAs surface �which is equivalent to

the �110� or �1̄1̄0� directions�.
The intervalley scattering time does not exceed 100 fs

and is much shorter than the estimated cyclotron period of
�800 fs under a 1 T applied field for electrons in InAs
�me

*=0.023mo�.21,22 Although the acceleration of the carriers
due to the cyclotron motion itself is the origin of the en-
hanced terahertz radiation under an applied field, the modi-
fication of the carrier trajectory can be neglected in the con-
text of valley scattering.

In summary, the terahertz radiation from �100� p-InAs
was studied, revealing dominant radiation from the surge
current for an excitation fluence of �0.2 mJ/cm2. The two-
fold azimuthal dependence of the p-polarized terahertz radia-
tion power due to bulk optical rectification was modified to a
fourfold symmetry under 1 T magnetic field. This was also
exhibited by the s-polarized terahertz radiation power even
with no applied field. An anisotropic intervalley scattering
mechanism in four equivalent directions that gives rise to a
quadrupole response is tentatively proposed for this
observation.
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