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We report on the terahertz radiation from femtosecond-laser-irradiated indium arsenide in high
magnetic fields up to 14 T. It is found that the radiation power exhibits anomalous magnetic-field
dependence, including saturation, decrease, and recovery up to 14 T. Moreover, the radiation
spectrum possesses a clear periodic structure over 6 T20@3 American Institute of Physics.
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Numerous potential applications of teraheffAHz) ra-  bore in a commercially available, split-pair superconducting
diation, including various imagirigand sensinguses, have magnet immersed in liquid helium was employethe large
emerged with photoconductive antenna emitteibowever,  bore required in three orthogonal directions for the optical
severe sensitivity to alignment and insufficient power pre-experiment obviously increased the heat flow to the cryostat.
vented the wide popularity of this device. To overcome thesd his heat flow limited the experimental time with the same
limitations, simple and intense THz-radiation sources havéptical alignment required for systematic measurements and
been studied eageryPreviously, we reported significant en- 'estricted the practical mqgnetic field \{vith the given spatial
hancement of THz-radiation power from femtosecond-lasefactor. To explore much higher magnetic field dependence, a
irradiated indium arsenidénAs) in a magnetic field by the cryocooled superconductlng magnet with sufflcllent borg size
quadratic dependence of the magnetic field and excitation"oU/d Pe prepared. For this purpose, a specially designed,
power® We found saturation of THz-radiation power in a cryocooled superconducting magnet with a 52 mm diameter

magnetic field, around 3 T.However, the mechanism of room-temperature bore generates a magnetic field of up to 15

12 " . e ; _
such anomalous magnetic-field dependence has still not beérh An 82 MHz repetition rate mode-locked Ti:sapphire la

clarified’"** The magnetic-field dependence in high mag--- - delivered approximately transform-limited 100 fs pulseso
. . 2 : . at 800 nm. The excitation laser irradiated the sample at a 45
netic fields will provide important information to explore

. : L .~ incidence angle. The sample was undoped bulk InAs with
such mechanisms, and to design more efficient and simpl g P P

. o . 00 surfaces.
emitters for real-world applications. In this letter, we reportFl z\magnetic field was applied parallel to the sample sur-
that the THz-radiation power from femtosecond

that tio sec laserace and perpendicular to the incidence plane of the excita-
irradiated InAs exhibits anomalous magnetic-field depen-

dence, including saturation, decrease, and recovery up to 14

T. Moreover, the radiation spectrum possesses a clear per Tiﬁ:rs’::‘"e 15-T Cryocooled Excitation laser
. . . superconductin .
pdlc structure over 6 T, possibly due to the phase dlﬁgrences 800nm, 100fs, B2MHz il " mim<. InAs (100)
in radiation from different holes or due to the modulation of
dielectric constant in high magnetic fields. " 1.
The experimental setup is illustrated in Figa) includ- rad 1Y) ¢ U ’
ing the excitation laser, magnet, emitter, and detection sys \
. . . h
tem. In previous experiments up to 5 T, a 25 mm diameter
or THz InAs
Polarizing ¢ radiat] Magneti | THz

dElectric mail: ohtake@imra.co.jp Michelson Wire grid THzradiation  °© Nae
YAlso at: Department of Photo Science, The Graduate University for Ad- \Interferometer J)  polarizer

vanced Studies¢Grad, Univ. Advanced StudigsShonan Village, Hayama

240-0193, Japan. FIG. 1. Experimental setup for a THz-emitter module fitted to the 52 mm
9Present address: AISIN SEIKI CO., LTD. Kojiritsuki 17-1, Hitotsugi, diameter bore of the superconducting magnet. The excitation laser and THz

Kariya 448-0001, Japan. radiation should propagate parallel to the direction ef2im bore axis. The
9Also at: Department of Applied Physics, Tokyo University of Science, magnetic field was applied perpendicular to the laser incident direction and

Kagurazaka 1-3, Shinjuku 162-8601, Japan. parallel to the InAs surface.
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FIG. 2. The anomalous magnetic-field-direction dependent saturation, de=IG. 3. The radiation spectrum exhibited an interesting magnetic depen-
crease, and recovery of THz-radiation power from InAs irradiated by adence and periodic spectral structure. This might be attributed to the inter-
femtosecond-laser in a strong magnetic field. The radiation intensity has aference of the radiation from the different holes, since the radiation origi-
asymmetric dependence on the magnetic field inversion, as observed in tmating from different carriers should have had the same phase difference.
low-field case. At around 6 T, the radiation intensity reaches a minimum

value and recovers slowly.

recovered slowly. This drastic change of the magnetic field
4lependence might be attributed to the change of the radiation

nism, as shown in Fig. (b). A liquid-helium-cooled mechanism in higher fields. There are two possible explana-

bolometer was provided to monitor power. Anomaloustions for these experimental results. .
magnetic-field-direction dependent saturation, decrease, and ©ONe iS a transient photocurrent originating from various
recovery of THz-radiation power from a femtosecond-laselcaM€rs f‘;‘Ch as electrons, light and heavy holes, and split-
irradiated InAs in a strong magnetic field was observed, a@ff holes.” The great difference in mass of these carriers
shown in Fig. 2. The radiation intensity demonstrated asym{€lectron 0.027mo, light hole 0.024m, heavy hole 0.41
metrical dependence on the magnetic field inversion, as ofTo» and split-off hole 0.14no) will result in a larger spatial
served in the low field caseThe maximum intensity was separation of carriers by Lorentz force acceleration. That
obtained at approximately 3 T. This can be achieved evefio™plicated screening effect originating from mass differ-
with a permanent magnet incorporating a special design. THgNces obviously adds further complexity to the system.
total radiation power is estimated as approximately.89in Moreover, the initial velocity overshoot for the smaller mass
average power from the InAs emittérFrom the viewpoint electrons due to this acceleration occurred in lower magnetic
of applications, this was a significant finding for practical fields, so that after reachipg a quasistead_y state, ther.e should
light source desigh* The theoretical approach to understand@ve been no acceleration for generating the rad|éﬁon.
the quadratic magnetic-field dependence is performed byherefore, the radiation from electrons should be dominant

Weisset al5 The power enhancement factgy is written as in lower magnetic fields, and the c'ontributi.on from holes
with a larger mass should play a major role in higher fields.

2 s 5 Supporting this hypothesis, to some extent, the radiation

W) 7B°=aB", (1) spectrum exhibits a clear periodic structure over 6 T. This
might be attributed to the interference of the radiation from

wheree, m*, 7, B, anda are elementary electric charge, the holes of different masses, since radiation originating
effective mass, scattering lifetime, magnetic field, and scalfrom different carriers should have the same phase differ-
ing factor, respectively. The magnetic field dependence of thence.
radiation power shows good agreement with EQ. for a The other hypothesis is the change of dielectric constant
magnetic field smaller than 3 T. Above 3 T, the linear ap-originating from the existence of strong magnetic fields. Ac-
proximation leading Eq(1) is no longer valid because the cording to the classical dynamics, dielectric constant de-
magnetic field strength becomes very high. As Weiss expends on magnetic fields, therefore, optical properties of
pected in case of InSb, a deviation of quadratic dependencgemiconductor change dramatically in high magnetic fields.
is clearly seen in case of InAs as shown in Fig. 2. There ar&or example, the dielectric constant of InSb is well investi-
many theoretical works to explain this saturation, howevergated in Ref. 19 and they reported that InSb becomes par-
no clear explanation has been proposed for decrease atidlly transparent in the THz region due to modulation of the
recover 11 dielectric constant in high magnetic fieltiThe same argu-

The THz-radiation spectrum was obtained by a polariz-ment can be applied for InAs. If InAs becomes partially
ing Michelson interferometer. The radiation spectrum exhibtransparent in high magnetic fields, the radiation spectrum
ited an interesting magnetic dependence and periodic speshould exhibit a clear periodic structure as shown in Fig. 3.
tral structure, as shown in Fig. 3. The cyclotron frequency In conclusion, we found that the THz-radiation power
was 3.36 THz for a 3 T magnetic field, therefore the spectrafrom femtosecond-laser irradiated InAs exhibited anomalous
structure could not be explained by this proc¥sat around  magnetic-field dependence, including saturation, decrease,

6 T, the radiation intensity reached a minimum value andand recovery up to 14 T. Moreover, the radiation spectrum
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