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We present the magnetic-field dependence of terahertz~THz!-radiation power from
femtosecond-laser-irradiated InAs with various surface orientations. Under 800 nm optical
excitation, the magnetic field that provides the maximum THz-radiation power is found to be
affected by the surface orientation, and InAs~111! exhibits it at lower magnetic fields than that of
the other surfaces. In contrast, under 1560 nm excitation, the dependence on the surface orientation
almost disappeared, and saturation is observed at a much smaller magnetic field than that in the 800
nm excitation case. Additionally, from the results of magnetic-field dependence up to 14 T, the shift
of the peak in the THz-radiation spectrum toward lower frequency is confirmed, depending on the
magnetic field applied, which is possibly induced by the emergence of a magnetoplasma effect.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1690099#

I. INTRODUCTION

Due to the rapid progress of ultrafast laser technology,
much pioneering work has been done in various fields, not
only in conventional physics but also in biophysics or medi-
cal sciences. This is due to the fact that an ultrafast laser is
capable of producing high-rate stable optical pulse trains
with sufficiently high-peak power, which is vital for ultrafast
spectroscopy or material processing. To extend its area of
activity, a great deal of attention has been focused on the
findings of new research in conjunction with high-field phys-
ics in the terahertz~THz! regime including static electric
fields or magnetic fields. As part of this, the semiconductor
surface irradiated by ultrashort optical pulses is extensively
studied under the effect of high magnetic field, since it is
reported to generate electromagnetic waves in the far-
infrared region, particularly in the THz frequency domain.

To generate THz radiation with high temporal coher-
ence, various schemes have been demonstrated utilizing ul-
trashort optical pulses, including photoconductive switches,1

semiconductor surfaces,2 or nonlinear optical processes.3,4

Among these techniques, use of an InAs surface is widely
accepted as the practical THz radiation source since it pro-
vides intense THz radiation and it does not require chemical
processes and microfabrication techniques for sample prepa-
ration. The physical origin of THz radiation from the semi-

conductor surface can be categorized into two major pro-
cesses, difference-frequency mixing and transient
photocurrent induced by photoexcitation. The former process
creates instantaneous polarization via optical rectification,
which is described by a second-order nonlinear susceptibility
and becomes dominant under high-excitation conditions.5,6

THz radiation originating from this process is reported to be
significantly enhanced by using a~111! surface, since it has
an asymmetric structure and nonlinear optical processes are
effectively enhanced. In contrast, under low-excitation con-
ditions, the contribution by transient photocurrent becomes
the dominant source for THz radiation. The origin of tran-
sient photocurrent is classified in two ways depending upon
the surface properties: the acceleration of photoexcited car-
riers by the surface-electric field, and the surge of current
induced by different diffusion velocities between photoex-
cited electrons and holes. By exciting narrow-band gap semi-
conductors, e.g., InAs and InSb with near-infrared lasers, the
latter process is thought to be the main source for THz ra-
diation. This is because diffusion is significantly enhanced by
both the narrow absorption depth and high kinetic energy of
photoexcited carriers.7–9

Since Zhanget al. reported the quadratic magnetic-field
dependence of THz-radiation power from GaAs,10 many
studies have shown that the application of a magnetic field
causes an order of magnitude enhancement of THz radiation
from various semiconductor surfaces.11,12 This enhancement
is explained by the change in direction of carrier accelera-
tion, which is induced by Lorentz force in a magnetic
field.13–19Because of the high contrast of the refractive index
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at the semiconductor surface, the change of acceleration di-
rection enhances the THz radiation transmitted through the
air–semiconductor interface.13 Previously, we achieved sig-
nificant enhancement of THz-radiation power by using InAs
and reported the quadratic magnetic-field and excitation in-
tensity dependence of THz-radiation power.20,21 Further-
more, anomalous magnetic-field dependence of THz-
radiation power has been observed, including saturation,
decrease, and recovery.22,23 However, the physical mecha-
nism for such magnetic-field dependence has still not been
clarified, partly due to the lack of experimental results to
provide clear insight with which to explore it.

This article presents the magnetic-field dependence of
THz-radiation power from InAs with different surface orien-
tations. The magnetic-field dependence of THz-radiation
power exhibits a clear difference depending on the excitation
wavelength and surface orientation. Under 800 nm optical
excitation, magnetic-field dependence is affected by surface
orientation. Compared to the~100! or ~110! surface, InAs
~111! exhibits significant deviation from quadratic magnetic-
field dependence and its saturation point is dramatically
shifted toward lower magnetic field. In contrast, for 1560 nm
excitation, this shift is significantly enhanced, while the de-
pendence on surface orientation almost disappears. A pos-
sible explanation for these results is briefly discussed by con-
sidering the effect of the nonparabolic band structure for
InAs. Moreover, we investigated the magnetic-field depen-
dence of THz-radiation power up to 14 T. The shift of the
peak in the THz-radiation spectrum is clearly observed by
applying a magnetic field, which might be related to the
emergence of the magnetoplasma effect.

II. EXPERIMENT

The experimental setup for the THz-radiation emitter in
a magnetic field is shown in Fig. 1. A Ti:sapphire laser and a
fiber laser ~IMRA model A50! were used as excitation
sources. A mode-locked Ti:sapphire laser delivered 100 fs
pulses at wavelengths from 775 to 850 nm with a 82 MHz
repetition rate. A mode-locked fiber laser delivered 100 fs

pulses at a wavelength of 1560 nm with a 50 MHz repetition
rate. The laser wasp polarized and the laser spot size on the
sample surface was approximately 2 mm. The samples were
undoped bulk InAs with~100!, ~110!, and ~111! surfaces,
which have carrier concentrations of 2.031016, 2.031016,
and 1.8531016 cm23, respectively. The doping densities of
the InAs samples were measured by Hall measurement at
room temperature. Magnetic fields were provided by a split-
coil superconducting magnet and a cryogen-free supercon-
ducting magnet,24 which are capable of producing maximum
magnetic field up to 5 and 15 T, respectively. A liquid-
helium-cooled Ge bolometer was used to detect the radiation
power. The magnet field was applied parallel to the sample
surface and perpendicular to the plane of incidence of the
excitation laser. The THz-radiation spectrum was measured
by a polarized Michelson interferometer.

III. RESULTS AND DISCUSSION

Figure 2 presents the magnetic-field dependence of THz
radiation power from InAs with various surface orientations.
For InAs ~100!, the THz radiation power exhibits quadratic

FIG. 1. Experimental setup for the THz-radiation emitter in a magnetic
field. A Ti:sapphire laser and a fiber laser~IMRA model A50! were used as
excitation sources. The laser spot size on sample surface was about 2 mm.
The samples were undoped bulk InAs with~100!, ~110!, and~111! surfaces.
A liquid-helium-cooled Ge bolometer was used to detect the power of the
total radiation. A magnet field was applied parallel to the sample surface.
The maximum magnetic field of a split-coil superconducting magnet was 5
T.

FIG. 2. Magnetic-field dependence of THz-radiation power.~a! InAs ~111!,
~b! InAs ~100!, and~c! InAs ~110! surfaces are irradiated with a femtosec-
ond laser under excitation of 300 mW at a center wavelength of 800 nm.
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dependence on the magnetic field, and increases up to a satu-
ration point at around 2.8 T. Then, the THz-radiation power
decreases and reaches a minimum. By further increasing the
magnetic field, the radiation power recovers and again satu-
rates at around 13 T. For the~110! surface, magnetic-field
dependence is quite similar to that of~100! surface, except
that a small difference is observed in the saturation points.
However, for the~111! surface, a significant difference is
observed. The saturation point is observed at around 2.4 and
10 T, smaller than that for other surfaces. As reported by
many researchers, the main mechanism for magnetic-field
induced enhancement of THz-radiation power is considered
to be caused by Lorentz force, which rotates the carrier ac-
celeration toward the surface’s parallel direction. The change
of dipole direction leads to the enhancement of THz radia-
tion due to dielectric contrast between air and the semicon-
ductor surface.13 This is observed in the experimental results
below 2.8 T. The reduction of the THz-radiation power
above 2.8 T is still under discussion. However, one possible
explanation is given by the higher cyclotron frequency at
magnetic field over 2.8 T, which leads to a smaller cyclotron
radius so these dipoles cannot effectively contribute to gen-
erate THz radiation.

Figure 3 illustrates the excitation-wavelength depen-
dence of THz-radiation power at various magnetic fields. A
shift of the saturation point toward lower magnetic field is
observed by varying the excitation wavelength from 775 to
850 nm. Under 1560 nm excitation, this shift is significantly
enhanced, and observed at around 1.2 T independent of the
surface orientation. We confirmed that the magnetic-field de-
pendence of the THz-radiation power does not exhibit any
difference with variation of the excitation power from 30 to
600 mW. This proves that the photoexcited carrier density
cannot affect the magnetic-field dependence of THz-
radiation power under the current experimental conditions,
and the above phenomenon should be explained by the dif-
ference in excitation wavelength.

Figure 4 presents a schematic diagram of the band struc-
ture of InAs. During optical excitation, electrons are excited
from the heavy-hole, light-hole, and split-off-hole bands to
the conduction band, and populate in three separate regions
in k space. The photoexcited electrons mainly originated
from the first two excitation processes, and are then redis-
tributed via electron–hole interactions at the subpicosecond
time scale.25 The effective electron mass in aG valley is
given as the curvature of the conduction band, and the effect
of the nonparabolic structure becomes significant as the ki-
netic energy of the electrons increases. In this case, the ef-
fective electron mass becomes heavier than that of theG
valley and depends on its kinetic energy.26 For excitation at
800 nm ~1.55 eV!, photoexcited carriers have high kinetic
energy that far exceeds that of the band gap of InAs~0.36
eV!, and the effect of the nonparabolic band structure be-
comes significant. Since InAs has an asymmetric band struc-
ture in k space, this effect leads to the effective mass of
photoexcited carriers depending on both thek-space direc-
tion and the kinetic energy. In contrast, for 1560 nm excita-
tion ~0.79 eV!, the band structure of InAs is almost a para-
bolic structure. Therefore, the effective mass of photoexcited

carriers is independent of thek-space direction. To discuss
the saturation point, depending on the effective mass of pho-
toexcited carriers, we briefly review a physical model to give
the emitted THz-radiation power reported in Ref. 11.

In the presence of an external magnetic field, the photo-
excited carriers are accelerated by Lorentz force and their
motion is expressed as

m* ~dn/dt!52e~E1n3B!, ~1!

wherem* , E, andB are the effective electron mass, surface
electric field, and magnetic field applied, respectively. Here,
we neglect motion of the holes, since their effective mass is
much heavier than that of electrons. Assuming the surface
electric fieldE points along thez axis and the magnetic field

FIG. 3. Excitation-wavelength dependence of the THz-radiation power in
varying magnetic fields.~a! InAs ~111!, ~b! InAs ~100!, and~c! InAs ~110!
surfaces are irradiated with a femtosecond laser under excitation of 300 mW
at wavelengths from 775 to 850 nm, and 160 mW at 1560 nm.
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points along thex axis as shown in Fig. 3, the time-
dependent acceleration of carriers is given by

ay~ t !5
E

B
vc sin~vct !, ~2!

az~ t !5
E

B
vc cos~vct !, ~3!

wherevc is the cyclotron frequency.
For small magnetic fields,vct is small, so the instanta-

neous THz electric field is expressed as

Ey}ay~ t !5
E

B
vc

2t5S e

m* D 2

EBt ~4!

and

Ez}
E

B
vc5

eE

m*
, ~5!

wheret is the acceleration time, which depends on the time it
takes for the carriers to reach constant velocity. These equa-
tions mean that there are two components of carrier accel-
eration that can generate THz radiation. In this article, we
measure the THz-radiation power enhanced by an external
magnetic field. Therefore, we focus on the THz electric field
given by Eq.~4!. THz-radiation power is given as the time
integral of Eq.~3! and expressed as

PTHz}E
0

t

Ey
2dt5aB2, ~6!

wheret is the average acceleration time anda is the scaling
factor.

At small magnetic fields, the THz-radiation power ex-
hibits quadratic magnetic-field dependence that follows Eq.
~6!. However, the linear approximation leading to Eqs.~4!
and ~5! is no longer valid at higher magnetic fields, and
saturation of the THz-radiation power is expected to be ob-
served at high magnetic field depending upon the effective
mass of photoexcited electrons.

Figure 5 presents THz-radiation spectra of InAs mea-
sured at various magnetic fields. All spectra show consistent

results. At magnetic fields below 5 T, the THz-radiation spec-
trum exhibits a broad band structure, and the low-frequency
component is dramatically enhanced with an increase in
magnetic field. At magnetic fields above 5 T, the peak fre-
quency of the THz-radiation spectrum shifts toward the low-
frequency side with an increase in magnetic field. Addition-
ally, the periodic structure is observed in the THz-radiation
spectrum at magnetic fields above 10 T. This is attributed to
a change of dielectric constant induced by the strong mag-
netic field and results in interference of THz pulses from the
front and back surfaces of the InAs substrate.23 Kersting
et al. investigated the THz radiation from ann-GaAs surface
and reported that its origin can be ascribed to plasma oscil-
lation of the extrinsic carriers in the bulk sample, which is
initiated by screening of the surface depletion field.27,28Hey-
man et al. have extended this model to include magnetic-
field effects.16 They reported that THz radiation from the
n-GaAs surface in a magnetic field could be described well
by their model, whereas quantitative agreement of the peak
frequency in the THz-radiation spectra is only achieved for

FIG. 4. Schematic diagram of the band structure of InAs. The excitation
process is indicated by arrows that point upward. The valence band is com-
posed of three bands, the heavy-hole, light-hole, and split-off-hole bands.

FIG. 5. THz-radiation spectra measured at magnetic fields up to 14 T.~a!
InAs ~111!, ~b! InAs ~100!, and~c! InAs ~110! surfaces are irradiated with a
femtosecond laser under excitation of 300 mW at a wavelength at 800 nm.
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n-type InAs. In their experiment, they measured the
magnetic-field dependence of the THz-radiation spectrum up
to 5 T. To evaluate their model in more detail, we fitted it to
the magnetic-field dependence of THz-radiation spectra at
magnetic fields up to 14 T. In their model, the dynamics of a
homogeneous three-dimensional plasma of charges in the
shifted coordinate system are expressed as

a52vp
2r2

en3B

m*
2gn, ~7!

where vp is the plasma frequency, andg is the effective
scattering rate. For the case of the initial displacement and
velocity of charge perpendicular to the magnetic field, the
eigenvalues of magnetoplasma frequencies are given as

v65
1

2
@~vc1 ig!6A~vc1 ig!214vp

2#, ~8!

where vc is the cyclotron frequency.16 The calculated fre-
quencies of the lower branch of the magnetoplasma for zero
damping are shown as black circles in Fig. 5. In this calcu-
lation, the dielectric constant of InAs and the effective mass
of extrinsic electrons were set at 11.8 and 0.024m0 , respec-
tively. At higher magnetic field, the peak frequency of the
THz-radiation spectrum follows the calculated magneto-
plasma frequencies, and shifts toward lower frequency with
an increase in magnetic field. This implies that the origin of
the new THz-radiation spectrum observed at magnetic fields
above 5 T might be ascribed to the lower branch of the
magnetoplasma. Here, it should be noted that the frequency
bandwidth of the detection system is limited by the system
response of the Michelson interferometer and is estimated to
be around 2 THz. Therefore, the higher frequency compo-
nents over 2 THz cannot be detected in the spectrum data.
This idea is also supported by the periodic structure of the
THz-radiation spectrum observed at higher magnetic fields,
since the appearance of magnetoplasma can contribute to a
change in both real and imaginary parts of the refractive
index in the THz region. However, further investigation is
required to validate this. A study of the THz-radiation spec-
trum of InAs with different doping densities may provide
clearer results, since the magnetoplasma frequency shift to-
ward the high frequency side depends upon the doping den-
sity of the InAs substrate.29,30

IV. CONCLUSION

We investigated the magnetic-field dependence of THz-
radiation power from InAs with different surface orienta-
tions. We found that the magnetic-field dependence of THz-
radiation power is affected by the surface orientation for the
800 nm excitation case, and that the maximum THz-radiation
power from InAs ~111! is obtained at magnetic field of
around 2.4 T, which is lower than that of~100! and ~110!
surfaces. Under 1560 nm excitation, the shift of the satura-
tion point is significantly enhanced, although the dependence
upon the surface orientation almost disappeared. From the
brief discussion of these experimental results, we want to
point out that the effective electron mass plays an important
role in the magnetic-field dependence of THz-radiation

power and that the band structure of InAs, including the
effect of thek-space direction and nonparabolic structure,
must be taken into account when building a complete physi-
cal model. Moreover, we investigated the magnetic-field de-
pendence of THz-radiation power up to 14 T. It is found that
the peak frequency of the THz-radiation spectrum shifts to-
ward the low-frequency side with an increase in magnetic
field, which might be related to the lower branch of the mag-
netoplasma effect. The physical origin of these phenomena is
still under discussion, however, our experimental results
prove that there is a big possibility of coming across really
exciting results in the field of ultrafast laser technology re-
lated to a high magnetic field.
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