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High-magnetic-field effects on the terahertz mobility of hot electrons inn-type InSb
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We study the high-frequency behavior of hot-electron transport inn-type InSb subjected simultaneously to
parallel high electric~dc plus ac! and magnetic fields. It is shown that the magnetic field reduces the real and
imaginary components of the hot-electron mobility inn-type InSb, reducing or even eliminating the hump in
the low-frequency side~around 0.1 THz! of the imaginary mobility.@S0163-1829~98!01919-5#
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The understanding of high-frequency hot-electron mag
totransport inn-type InSb is of technological interest sinc
its main possible device applications are in the fields of hi
frequency electronics and magnetic-field sensors.1 The elec-
tron transport properties in this narrow-gap semiconduc
can be strongly modified under the action of a magnetic fi
as a consequence of its small electron effective massm
50.0014m0 , with m0 being the free-electron mass! and the
population of Landau subbands. If the applied magnetic-fi
intensity is high enough (.30 T, as indicated by Weng an
Lei2!, only the lowest Landau subband is populated~the ex-
treme quantum limit! and all electrons move in the sam
circular orbit. Otherwise, several Landau subbands are o
pied and since the electrons can move in several circ
orbits and their interband scattering time is estimated to
much smaller than 4 ps,3 it is thus necessary to conside
high-lying Landau subband filling when calculating magn
totransport inn-type InSb.2,4

Electron scattering, which plays a major role in the det
mination of magnetotransport properties inn-type InSb,
changes with the order and filling of Landau subbands. Hi
lying Landau subband filling can modify both the stationa2

and the transient4,5 characteristics of the high-field electro
magnetotransport inn-type InSb. In the former case, a hig
magnetic field may suppress the occurrence of the nega
differential resistivity,2 while in the latter case the oversho
in the electron drift velocity decreases considerably by
action of the magnetic field.4,5

Recently, calculations of the hot-electron high-frequen
mobility in wide- ~SiC! and narrow-gap~GaAs and InAs!
semiconductors were performed in the absence of a mag
field.6 It is showed that the imaginary component of the In
frequency-dependent mobility exhibits a maximum and
minimum around 1 THz and 0.01 THz, respectively. T
minimum of the imaginary component of the mobility, how
ever, does not occur in the case of GaAs and SiC.6 These
results indicate that the effect of nonparabolicity has to
taken into account in the calculation of high-field transport
semiconductors such as InSb and InAs.
570163-1829/98/57~19!/11872~3!/$15.00
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Whenn-type InSb is subjected simultaneously to paral
high dc plus ac electric (E;1 kV/cm! and magnetic fields
(B;1 T!, very interesting phenomena can emerge due to
competition between the electron-phonon scattering~mean
collision time;12100 ps!, the electron heating induced b
the high-frequency (v;1 THz! electric field, and the Lan-
dau intersubband transitions~relaxation time;1 ps!. Among
interesting highly nonlinear phenomena that take place
these conditions, the present theoretical study focuses
how a strong magnetic field applied parallel to the high
plus ac electric field can change the terahertz mobility
electrons inn-type InSb.

For the purpose of demonstrating the possible phenom
rather than offering accurate results, we start from transp
equations for the electron energy« and the drift velocityv,
which are derived from the Boltzmann equation in the a
proximation of momentum and energy relaxation timestp

andt« , respectively.7–9 These relaxation times are field de
pendent, i.e.,tp5tp(E,B) andt«5t«(E,B), and can be ob-
tained using the steady-state relations between the elec
drift velocity and energyvs(E,B) and«s(E,B), respectively,
for each value ofE and B.4,5 The steady-state results o
Weng and Lei2 for hot-electron magnetotransport inn-type
InSb are used to calculate the relaxation timest«(E,B) and
tp(E,B). Consequently, high-lying Landau subband fillin
nonparabolicity of then-type InSb band energy, and electro
scattering due to ionized impurities and acoustic and po
optical phonons are considered during the numerical solu
of the coupled transport equations.

The electric field has the formE(t)5E01E1cos(vt) and
is assumed to be parallel to the magnetic fieldB. The time
evolution of the drift velocityv(t) is obtained numerically
for B52, 10, and 25 T, respectively, in the case of an
electric-field strengthE150.5 kV/cm and a dc electric-field
intensity in the range 0.5 kV/cm,E0,2.5 kV/cm. We have
chosen not do deal with large ac fields as an attempt to c
nect somehow our theoretical study with recent advance
experiments. Due to the development of the free-elect
11 872 © 1998 The American Physical Society
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laser, the effect of an intense terahertz field on electron tra
port has become a focus of many experimental studies
which the intensity of the high-frequency electric field can
as high as 10 kV/cm.10 In the numerical calculation, the
n-type InSb electron density is 1016 cm23 and the thermal
bath temperature is 42 K. Under these conditions, the ti
dependent electric fieldE(t) remains in the same directio
and never vanishes. Thus we can define a mobilitym(t) at
time t as the ratio of the drift velocityv(t) to the electric
field E(t). The complex Fourier spectrumm(v) of the time-
dependent mobility may represent the dynamic mobility
the system under a high dc plus ac electric field. It is cal
lated in the time periodT by performing the Fourier trans
form of the electron drift velocity after its arrival at th
steady state at the timet according to

m~v!5mR~v!1 i m I~v!

5
1

TEt

t1T v~ t !

E01E1 cos~vt !
e1 ivt dt. ~1!

The frequency dependence of the realmR(v) and imagi-
nary m I(v) components of the complex mobility is pre
sented in Figs. 1, 2, and 3 for magnetic-field intensities o
10, and 25 T, respectively. A reduction of bothmR(v) and
m I(v) can be observed whenB increases. This result is
direct consequence of the magnetic-field cooling effe6

which is due to the increase of the electron scattering
when high-lying Landau subbands become less populat4

Measurements performed by Songet al.1 showed that the
Hall mobility in n-type InSb films decreases when the ma
netic field increases, essentially in agreement with the res

FIG. 1. Real~top! and imaginary~bottom! components of the
electron mobility inn-type InSb subjected to a magnetic field i
tensityB52 T and an ac electric-field intensityE150.5 kV/cm.
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obtained here. Nevertheless, more experiments are
needed to confirm directly the magnetic-field dependence
the n-type InSb mobility predicted in this work. Additiona
theoretical calculations based on transport equations bey

FIG. 2. Real~top! and imaginary~bottom! components of the
electron mobility inn-type InSb subjected to a magnetic field in
tensityB510 T and an ac electric-field intensityE150.5 kV/cm.

FIG. 3. Real~top! and imaginary~bottom! components of the
electron mobility inn-type InSb subjected to a magnetic field in
tensityB525 T and an ac electric-field intensityE150.5 kV/cm.
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the relaxation time approximation are also needed to confi
and to improve the accuracy of our results.

While m I(v) exhibits only one maximum around 1 TH
in the frequency range investigated,mR(v) has a maximum
around 0.1 THz and a minimum around 10 THz. By inspe
ing Figs. 1–3, one can see that there is a shift to high
quencies in all maxima and minima ofmR(v) and m I(v)
when the intensity of the dc electric field becomes high
The increase of the magnetic-field intensity makes smalle
even eliminates the hump in the low-frequency side
m I(v). On the other hand, when the magnetic field is ma
tained constant, the variation ofmR(v) or m I(v) with the dc
electric field is highly frequency dependent.11 At a frequency
v of the order of 1 THz, bothmR(v) and m I(v) decrease
monotonically with increasing electric field, the forme
smoothly and the latter more sharply. At very low (v
;0.001 THz! or very high (v;100 THz! frequencies,
mR(v) varies monotonically with the electric field, while
m I(v) almost vanishes, indicating the fact that in the form
case the electrons closely follow the time variation of t
rm
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electric field, while in the latter case the electrons beco
completely idle in response to the fast changing of the el
tric field. The study of the frequency dependence of the el
tron mobility in narrow-gap semiconductors was pioneer
by Rees11 using a Monte Carlo simulation for a weak ac fie
response in GaAs without a magnetic field.

In conclusion, we have studied effects of high magne
fields on the terahertz mobility of hot electrons inn-type
InSb when both a high electric~dc plus ac! field and a par-
allel magnetic field are simultaneously applied. The behav
of the real and imaginary components of the mobility w
shown to be highly dependent on the magnetic-field intens
and on the frequency of the ac component of the appl
electric field. A high magnetic field (;25 T! can eliminate
the hump otherwise occurring on the low-frequency si
~around 0.1 THz! of the imaginary mobility.
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