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Saturation of THz-radiation power from femtosecond-laser-irradiated
InAs in a high magnetic field
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THz-radiation power from femtosecond-pulse-irradiated InAs is found to be saturated at the
magnetic field around 3 T. Additionally, we find that this saturation magnetic field strongly depends
on geometrical layout. Interesting magnetic-field dependence of the center frequency for THz
radiation is also observed. ©2000 American Institute of Physics.@S0003-6951~00!03311-8#
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There have been numerous necessities for intense, c
pact, and simple THz-radiation sources,1–7 which can be ap-
plied for sensing, imaging, and time-resolve
spectroscopy.8–10 Zhang et al. reported enhancement o
THz-radiation power due to quadratic magnetic-field dep
dence of THz-radiation power~up to 0.3 T! from GaAs irra-
diated with a femtosecond laser.11 Previously, we also re-
ported the significant enhancement of THz-radiation pow
from InAs in a magnetic field irradiated with femtoseco
optical pulses, owing to quadratic magnetic-field and q
dratic excitation intensity dependence of THz-radiati
power.12,13From the practical point of view, the advantage
using InAs as a THz emitter is approximately one ord
higher efficiency of THz-radiation power compared with t
GaAs case due to its smaller effective mass.12 To design
useful THz-radiation sources, it is strongly required to exa
ine the scalability of THz-radiation power with thi
magnetic-field enhancement scheme. In this letter, we re
saturation of THz-radiation power from femtosecond-las
irradiated InAs in a high magnetic field and magnetic-fie
dependence of THz-radiation spectra. We also pres
magnetic-field direction dependence of THz-radiation pow
and spectra.

The experimental setup is almost similar to that of R
12. An 82 MHz repetition-rate mode-locked Ti:sapphire
ser delivers nearly transform-limited 70 fs pulses at 800 n
The sample is undoped bulk InAs with a~100! surface. The
average power for excitation is about 700 mW with 3 m
spot size in diameter on the sample. A spilt-coil superc
ducting magnet with cross-room-temperature bores can
vide a magnetic field up to 5 T. With this specially design
magnet, five different optical geometries, as illustrated
Fig. 1, are compared by changing the magnetic fie
magnetic-field direction, and excitation laser incident ang
A liquid-helium-cooled silicon bolometer is provided for d
tecting the power of the total radiation and a wire-grid p
larizer is placed in front of the bolometer as shown in t
insets of Fig. 2. The THz radiation polarizes almost horizo
tally, as shown in Fig. 2~a!. From lower magnetic field to
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near 2 T, the THz-radiation power shows quadra
magnetic-field dependence.12 Moreover, in the case of the
magnetic field parallel to the surface and the laser incid
angle 45° to the surface normal~G-1!, the saturation at
around 3 T and the reduction of the radiation power above
T are observed. On the contrary, clear saturation is not
served in the case of the G-5~G-5: the magnetic field paralle
to the THz-radiation propagation direction and the laser
cident angle 45° to the surface normal!, as shown in Fig.
2~b!. In the case of the G-5 geometrical layout, the polari

n.
u,

FIG. 1. Geometry dependence of THz-radiation power. The saturatio
THz-radiation power is observed in the upper two cases. The magnetic
is parallel to thê011& crystal axis in the G-1, G-2 geometrical layouts, an
the ^100& axis in the G-3 geometrical layout, respectively. In the case of
G-4 and G-5 geometrical layouts, the magnetic field is 45° to the sur
normal.
8 © 2000 American Institute of Physics
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tion of the THz radiation changed dramatically with increa
ing magnetic field. Photoexcited electrons are accelerate
the plane that is perpendicular to the propagation directio
the THz radiation in the G-5 geometrical layout. Since t
polarization of THz radiation reflects the projection of t
carrier accelerating direction to each direction, both com
nents of polarization should be observed. Figure 3 illustra
the time-domain measurement of the THz-radiation elec
field from InAs in the G-1 geometrical layout with a 1-
permanent magnet. A dipole antenna is used as a receive
THz radiation. There is a very clear difference between th
two cases. In Fig. 3~a!, the phase of the field oscillation i
completely opposite, because the photoexcited electrons
accelerated to the opposite directions by the magnetic fi
Thus, the spectral shapes in Fig. 3~b! show a clear difference
The five geometrical layouts are schematically illustrated
the first column of Fig. 1. The saturation of THz-radiatio
power is observed only in the G-1 and G-2 geometrical l
outs ~G-2: the magnetic field parallel to the THz-radiatio
propagation direction and the laser incident angle perp
dicular to the surface!. Additionally, in the G-1 geometrica
layout, we have observed the remarkable magnetic-field
rection dependence of the THz-radiation power. This re
also originates from the difference of the electron accele
tion direction. We are currently working to clarify the sat
ration mechanism with a combination of time-resolved sp
troscopy and complicated magnetic direction dependenc
THz-radiation power and spectra. One possible explana
for this saturation is as follows. Under this experimental co
dition, photoexcited electrons in theG valley may be scat-

FIG. 2. Magnetic-field dependence of THz-radiation power. The inset in
cates the experimental setup for the G-1 and the G-5 geometrical layout~a!
for the G-1 and~b! for the G-5 geometrical layouts, respectively. Cle
saturation is observed at around magnetic field 3 T in thecase of the G-1
geometrical layout.
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tered to theL valley by Lorentz acceleration of electrons du
to the magnetic field, as observed in the electric-fie
case.14This process will reduce the number of electrons
the G valley contributing to generating THz radiation.

Detailed THz-radiation spectra have been also obtai
by a polarizing Michelson interferometer. To extract the fe
tures of the THz-radiation spectra in various cases, the ce
frequency and the spectral width of the THz radiation is d
fined as the average and the standard deviation of the
quency between 0.05 and 5 THz by integration. Both
center frequency and the spectral width show interes
magnetic-field dependence that differs significantly with t
optical layout, as shown in Fig. 4. In Figs. 4~b! and 4~c!, for
the G-5 geometrical layout, the center frequency shows s

i-

FIG. 3. Time-domain measurement for THz radiation.~a! Delay dependence
of electric field from InAs in 1.0 T magnetic field. The direction of th
magnetic field is described in the insets. The phases are completely diff
from each other.~b! THz-radiation spectra. The interference patterns are
to the dipole antenna, in which the substrate is transparent in the tara
region.

FIG. 4. Two-dimensional plots for THz-radiation spectra on different ma
netic fields.~a! for the G-1, and~b! and~c! for the G-5 geometrical layouts
Open circles and bars show the center frequency and spectral bandw
respectively. H-pol and V-pol indicate horizontal and vertical polarizatio
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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metric magnetic-field direction dependence, as expec
from the motion of the electrons. On the other hand, asy
metric magnetic-field direction dependence of THz radiat
is shown in Fig. 4~a! for the G-1 geometrical layout. Th
relative powers could be compared with all geometrical l
outs. The maximum power is obtained in the case of the
geometrical layout. As mentioned in the time-resolved m
surement, the electrons are accelerated to the opposite d
tions with changing magnetic-field directions in the G-1 ge
metrical layout. Therefore, the center frequency should
changed. While in the case of the G-5 geometrical layo
since both the upward and the downward electron accel
tion cause the same polarization of THz radiation, we c
observe the same spectra even in the opposite magnetic
This explanation is applied for the G-2 and G-4 geometri
layouts~G-4: the magnetic field and the laser incident an
are 45° to the surface normal!.

In conclusion, we have found saturation of TH
radiation power in high magnetic field. The optimum ma
netic field is 3 T, as shown in Fig. 1. We have also obser
an interesting dependence of the frequency and spe
width of the radiation. From the practical point of view,
design compact and intense THz-radiation sources, the o
mum magnetic field is found to be around 3 T from these
experiments. This magnetic field will be easily achieved
our permanent magnet.15 Additionally, the geometry-
dependent saturation behavior and spectral shift should
ply very rich physics of semiconductors to be explored.
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