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Terahertz-photon-modified magnetotransport in a semiconductor in Voigt geometry
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We present a theoretical study of transport and optical properties of a semiconductor-based electron gas
subjected simultaneously to quantizing magnetic fields and intense terahertz~THz! laser fields in Voigt geom-
etry. It is found that the presence of the THz radiation can result in an enhanced magnetophonon resonance
effect and a resonant-absorption peak can be observed at aboutf ;1 THz for GaAs in high magnetic fields. The
results are pertinent to experiments where THz free-electron lasers are employed as intense radiation sources.
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I. INTRODUCTION

When we consider a semiconductor-based electron
subjected simultaneously to quantizing magnetic fields
intense terahertz1 ~THz! laser fields, we enter a regime wit
different competing energies where the electron kinetic
ergy, cyclotron energy, phonon energy, photon energy, e
are of the order of meV. Hence, by applying intense T
fields to a semiconductor in quantizing magnetic fields,
can investigate high-field magneto-optical properties a
photon-modified magnetotransport in an electron gas sys
At present, intense THz radiation can be provided by T
free-electron lasers~FEL’s!, which are coherent, high-powe
~the output power can reach up to 100 kW/cm2!, frequency-
tunable (f ;0.1– 10 THz), and linearly polarized radiatio
sources.2

In semiconductor materials such as GaAs and Si, the
ergy gaps (Eg;eV) among different bands and valleys a
much larger than the energy of THz photons (\v;meV).
Thus, under THz radiation the electronic scattering via in
band and intervalley transitions in these materials can
neglected when the radiation intensity is not extremely hi
This implies that the electron-photon-phonon interaction
the limiting factor in determining transport and optical pro
erties of these semiconductor materials in the presenc
intense THz radiation. When a linearly polarized radiati
field and a static magnetic field are applied simultaneousl
an electron gas system, there are two different configurat
that can be used to study the response of electrons to t
fields. In the Voigt geometry, the linearly polarized radiati
field does not couple to the magnetic field, whereas in
Faraday geometry the radiation field couples to the magn
field. In the presence of an intense THz laser field an
quantizing magnetic field, some interesting magneto-opt
properties of semiconductors have been investigated in
cent theoretical work, such as magnetophoton-pho
resonances3 and the dynamical and magneto-optical Fran
Keldysh effect.4,5

Recently, experimental work has been conducted to inv
tigate magneto-optical and magnetotransport propertie
GaAs-based systems in quantizing magnetic fields and
FEL fields.6 The prime motivation of this work was to exam
0163-1829/2001/64~8!/085209~7!/$20.00 64 0852
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ine THz-photon-modified high-field and high-temperatu
magnetotransport phenomena such as the magnetoph
resonance~MPR! effect. However, these measurements w
carried out in the Faraday geometry~i.e., a magnetic field is
applied along thez direction and a laser field is applied pa
allel to the magnetic field and is polarized linearly along t
x direction! for GaAs-based two-dimensional systems, whe
the intense THz laser field couples strongly to the static m
netic field. As a consequence, only a pronounced cyclot
resonance~CR! effect7 could be observed and the MPR e
fect could not survive in the measurement of resistivityrxx .

In order to examine a THz-photon-modified quantu
resonance effect such as MPR in magnetotransport mea
ments, it is necessary for us to suppress the CR effect.
option is to undertake the measurements in the Voigt ge
etry where the laser field does not couple directly to
magnetic field and, therefore, the CR effect is no long
present. The motivation of this paper is to study theoretica
how electrons in a semiconductor interact with linearly p
larized intense THz laser fields in the presence of quantiz
magnetic fields in the Voigt geometry. In Sec. II, we stu
the magnetophoton-phonon interactions in this geome
From these results, in Sec. III we derive the momentum-
energy-balance equations based on the Boltzmann equa
These balance equations can be used to calculate ma
totransport and magneto-optical coefficients for an elect
gas system. The results obtained from this study are
cussed in Sec. IV and summarized in Sec. V.

II. MAGNETOPHOTON-PHONON INTERACTIONS

In this paper, we consider the situation where a magn
field B is applied along thez direction of an ideal three-
dimensional electron gas~3DEG!, and a laser fieldA(t) is
applied along thex direction and is linearly polarized alon
the z direction. In this configuration~known as the Voigt
geometry!, the time-dependent single-electron Schro¨dinger
equation can be solved analytically and the effect of the
diation and magnetic fields can be included exactly with
the time-dependent electron wave functioncN,ky ,kz

(R,t).4 It
has been demonstrated8 that for an electron-photon-phono
system~i! the unitary operator in the presence of the elect
©2001 The American Physical Society09-1
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magnetic~EM! field, U0(t,t8), can be determined from th
time-dependent electron wave function when electr
phonon scattering is absent;~ii ! with U0(t,t8), the unitary
operator in the presence of the electron-phonon scatte
U(t,t8), can be derived using time-dependent perturbat
theory, where only the electron-phonon interaction is trea
as a perturbation; and~iii ! from U(t,t8) the steady-state~i.e.,
t2t8→`! electronic transition rate can be obtained in t
presence of the radiation field and of the electron-pho
interaction. Applying these theoretical approaches to the c
of a 3DEG subjected to EM and magnetic fields in the Vo
geometry, the first-order steady-state transition probab
induced by magnetophoton-phonon scattering is obtaine

WN8N~kz8 ,kz!5
2p

\ (
q

@NQ1 1
2 7 1

2 #uVQu2

3CN8N~ l 2q2/2!dk
y8 ,kz1qz

3 (
m52`

`

Jm
2 ~r 0qz!d@EN8~kz8!

2EN~kz!2m\v7\vQ#. ~1!

Here, N is the Landau-level~LL ! index, kz is the electron
wave vector along thez direction,Q5(q,qz)5(qx ,qy ,qz) is
the phonon wave vector,\vQ is the phonon energy,NQ
5(e\vQ /kBT21)21 is the phonon occupation number,VQ
is the electron-phonon interaction coefficient,EN(kz)
5EN1\2kz

2/2m* , m* is the effective electron mass
EN5(N11/2)\vc is the Nth LL energy withvc5eB/m*
being the cyclotron frequency, CN,N1J(x)5@N!/(N
1J)! #xJe2x@LN

J (x)#2 with LN
J (x) being the associated La

guerre polynomials,l 5(\/eB)1/2, and the upper~lower!
case refers to absorption~emission! of a phonon. Further-
more, in Eq.~1!, m is an index form-photon absorption (m
.0) or emission (m,0) andm50 for elastic optic scatter
ing, r 05eF0 /(m* v2) with the dimension of length,v and
F0 are, respectively, the frequency and the electric fi
strength of the radiation field, andJm(x) is a Bessel function.

Equation ~1! exhibits features distinctive fo
magnetophoton-phonon interactions in an electron gas
tem in the Voigt geometry. When an intense EM field
present, electrons in the system can interact with the ra
tion field via channels for optical emission and absorption
the Voigt geometry, the emission and absorption of phot
by electrons can be achieved via indirect optical chann
mediated by electron-phonon scattering. On the other h
the emission and absorption of phonons via electronic tr
sition events are accompanied by the emission and abs
tion of photons. For the case of a high-frequency (v@1)
and/or low-intensity (F0!1) radiation, entailingr 0→0, Eq.
~1! becomes that obtained by using Fermi’s golden rule w
the radiation field is absent. From Eq.~1! we see that the
change of electron wave vector or momentum along the
rection where the radiation field is polarized,qz , plays an
essential role in switching different optical channels
magnetophoton-phonon scattering, through the te
JM

2 (r 0qz) in Eq. ~1!.
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For polar semiconductors such as GaAs, the frequenc
the phonon oscillation associated with longitudinal-op
~LO! modes is at about THz frequency (vLO/2p
.8.85 THz). This suggestes that the electron–LO-phon
coupling is the principal channel for relaxation of TH
excited electrons in GaAs, due to its large energy trans
during a scattering event. For electron–LO-phonon scat
ing, ~i! vQ.vLO , the LO-phonon frequency in the long
wavelength range;~ii ! NQ.N05(e\vLO /kBT21)21; and~iii !
the coupling coefficient is given by the Fro¨hlich Hamiltonian
uVQu254paL0(\vLO)2/Q2, where a is the electron–LO-
phonon coupling constant andL05(\/2m* vLO)1/2 is the po-
lar radius. Thus, the transition rate induced
magnetophoton–LO-phonon interaction reads

WN8N~kz8 ,kz!58p2aL0\vLO
2 @N01 1

2 7 1
2 #

3(
q

CN8N~ l 2q2/2!

q21qz
2 dk

z8 ,kz1qz

3 (
m52`

`

Jm
2 ~r 0qz!d@EN8~kz8!

2EN~kz!2m\v7\vLO#. ~2!

III. MOMENTUM- AND ENERGY-BALANCE EQUATIONS

In the present study, we consider a situation where
stationary transport and optical properties are investigated
conventional transport measurements. That is, an externa
probing fieldEz ~or currentI z! is applied along thez direc-
tion, the current~or voltage! is measured along this direction
and the longitudinal resistivityrzz and the electron-energy
loss rate~EELR! are deduced from these data. In this case
semiclassical transport equation such as the Boltzmann e
tion can be used as a governing transport equation to ca
late quantities such asrzz and the EELR. The steady-sta
Boltzmann equation in the case of nondegenerate stati
can be written as

F

\

] f N~kz!

]kz
5gs (

N8,kz8
@ f N8~kz8!WNN8~kz ,kz8!

2 f N~k!WN8N~kz8 ,kz!#, ~3!

where f N(kz) is the steady-state momentum-distributio
function for an electron in the stateuN,kz&, gs52 accounts
for spin degeneracy,WN8N(kz8 ,kz) is the steady-state elec
tronic transition rate for an electron scattered from st
uN,kz& to stateuN8,kz8&, andF52eEz is the external force
acting on the electron. It should be noted that in the pres
problem the effect of the radiation field has already be
included within the electronic transition rate and, hence,
radiation field no longer appears in the force term of t
Boltzmann equation.

Using the balance equation approach based on the B
mann equation, the idea is to choose a certain form for
electron distribution function. After assuming that the ele
tron momentum-distribution function can be described b
9-2
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statistical energy distribution function viaf N(kz). f (e),
wheree5EN1\2(kz2m* vz /\)2/2m* drifted by the aver-
age electron velocityvz along thez direction due to the pres
ence of the electric fieldEz , for the first and second mo
ments the momentum- and energy-balance equations ca
derived by multiplying, respectively, (N,kz

kz and

(N,kz
EN(kz) on both sides of the Boltzmann equation. Thu

two equations can be obtained:

eEz5
2\

pNel
2 (

N8,N
(

kz8 ,kz

~kz82kz! f ~e!WN8N~kz8 ,kz! ~4a!

and

1

2
eEzNevz5

1

p l 2 (
N8,N

(
kz8 ,kz

@EN8~kz8!2EN~kz!#

3 f ~e!WN8N~kz8 ,kz!. ~4b!

Here Ne is the total electron density in the system and
condition of electron-number conservation has been u
whereNe5(p2l 2)21(N*0

`dkzf „EN(kz)…. For the case of a
weak probing fieldEz , the average electron velocityvz is
also small. Expandingf (e) with respect tovz gives

f ~e!. f ~EN1E!2\vzkz

] f ~EN1E!

]E
, ~5!

where E5\2kz
2/2m* . After using this approximation and

noting that the longitudinal resistivity is defined by

rzz5
1

Neemzz
5

m*

Nee
2t

52
Ez

Neevz
, ~6!

the momentum-relaxation timet can be calculated from th
momentum-balance equation through

1

t
5

2\vc

pNe
(

N8,N
(

kz8 ,kz

kz~kz82kz!WN8N~kz8 ,kz!
] f ~EN1E!

]E
.

~7!

Furthermore, the electron-energy-loss rate per electron is
fined asP5szzEz

2/2Ne with szz51/rzz, which can be deter-
mined from the energy-balance equation through

P52
1

p l 2 (
N8,N

(
kz8 ,kz

@EN8~kz8!2EN~kz!#WN8N~kz8 ,k!

3 f ~EN1E!. ~8!

Introducing the transition rate induced by magne
photon–LO-phonon scattering, Eq.~2!, into the momentum-
and energy-balance equations, Eqs.~7! and ~8!, we have
08520
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p2\Nel
2 FN01

1
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7

1

2G
3 (

m52`

`

(
N8,N

E
0

` dqz

qz
XN8N~ l 2qz

2/2!Jm
2 ~r 0qz!

3~Eqz
1eN8Nm

7
!
] f ~EN1E!

]E U
E5~Eqz

1e
N8Nm
7

!2/4Eqz

~9!

and

P5 (
m52`

`

~m\v6\vLO!lm
7 , ~10a!

with the inverse of the energy-relaxation time for themth
optical process

lm
75

aL0vLO
2 m*

p2\Nel
2 FN01

1

2
7

1

2G
3 (

N8,N
E

0

` dqz

qz
XN8N~ l 2qz

2/2!Jm
2 ~r 0qz!

3 f @EN1~Eqz
1eN8Nm

7
!2/4Eqz

#. ~10b!

Here, eN8Nm
7

5(N82N)\vc2m\v7\vLO , XN8N(y)
5*0

`dx CN8N(x)/(x1y), andEqx
5\2qz

2/2m* .

For the case of a weak probing fieldEz , the electron-
energy-loss rate induced byEz is very small andP;Ez

2

!1. Thus,

Pop5(
m

m\vlm
7.PLO5(

m
~7 !\vLOlm

7 , ~11!

wherePop andPLO are the EELR’s induced, respectively, b
optical and phonon scattering processes. Equation~11! re-
flects the fact that the energy an electron gains from
radiation field via optical absorption and emission is b
anced by the energy an electron loses via emission and
sorption of phonons. Furthermore, the energy gain in an
tical process is the summation over the processes cause
phonon emission and absorption, whereas the energy lo
a phonon process is the energy difference between pho
emission and absorption.

For an electron gas system with relatively low electr
density and at relatively high temperature or high excitat
level, the Maxwellian with an electron temperatureTe , i.e.,
f (x)5ce2bx, is the most popularly used statistical electro
energy-distribution function, whereb51/kBTe and c is a
normalization factor determined by the condition of electr
number conservation viac52pNel

2Apb/(AA2m* /\2)
with A5(Ne2bEN. Using this distribution function, the
momentum- and energy-relaxation times can be calcula
simply through
9-3
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1

t
5vLO

2ab

A
Ab\vLO /pFN01

1

2
7

1

2G (
m52`

`

(
N8,N

e2bEN

3E
0

` dqz

qz
XN8N~ l 2qz

2/2!Jm
2 ~r 0qz!

3~Eqz
1eN8Nm

7
!e2b~Eqz

1e
N8Nm
7

!2/4Eqz ~12!

and

lm
75vLO

a

A
Ab\vLO /p FN01

1

2
7

1

2G (
N8,N

e2bEN

3E
0

` dqz

qz
XN8N~ l 2qz

2/2!Jm
2 ~r 0qz!e

2b~Eqz
1e

N8Nm
7

!2/4Eqz.

~13!

IV. NUMERICAL RESULTS AND DISCUSSION

In this paper, the numerical calculations are carried out
bulk GaAs. The material parameters for GaAs are taken
~i! effective electron massm* 50.0665me with me being the
rest electron mass;~ii ! electron–LO-phonon coupling con
stant a50.068; and ~iii ! LO-phonon energy \vLO
536.6 meV. The optical channels form50,61,62, . . . ,
625 and the Landau levels forN50,1,2, . . . ,5 areincluded
within the numerical calculations. Inclusion of more optic
processes and more LL’s affects only the results for lo
frequency and very high-intensity radiation and for low ma
netic fields. Moreover, for the calculation of the resistivi
we take a typical electron density inn-type-doped GaAs:
Ne51023m23.

By solving the energy-balance equation, Eq.~11!, we can
obtain the electron temperatureTe and then calculate the
power induced by opticalPop and phononPLO scattering
processes. IntroducingTe into the momentum-balance equ
tion, we can determine the momentum-relaxation time a
resistivity rzz.

The dependence of electron temperature on magnetic
is shown in Fig. 1 at a fixed radiation frequency and a fix
lattice temperature for different radiation intensities.9 We see
that in the presence of intense THz radiation the MPR ef

FIG. 1. Electron temperature as a function of magnetic field
different radiation intensitiesF0 at a fixed lattice temperatureT and
a fixed radiation wavelengthl575mm ~or f 54 THz!.
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can be observed by measuring the electron temperature.
increasing radiation intensity, a more marked MPR eff
appears. It is interesting to note that at a wavelengthl
575mm ~or a frequencyf 54 THz! the presence of the THz
radiation results in a cooling of the electron gas, i.e.,Te
,T. In this case, the process for an electron to lose ene
via LO-phonon emission is much more efficient than that
gain energy via photon absorption, due to the large ene
transfer caused by LO-phonon scattering. As a result,
requirementPop.PLO leads to loweringTe so that LO-
phonon absorption becomes stronger. This is the main rea
why a stronger MPR occurs when intense THz radiation
present. The cooling of electrons through a similar mec
nism was already seen in nonlinear electron transpor
strong dc fields10 and in the presence of a weak magne
field.11

The resistivityrzz as a function of magnetic field is show
in Fig. 2 at a fixed radiation frequency for different radiatio
intensities.F050 is the case where the radiation field
absent. In the presence of THz radiation, electrons in
system can gain energy from the radiation field via abso
tion of photons~see Fig. 3! and lose energy by emission o
LO phonons. This two-step process opens up new chan
for electronic transitions and, therefore, a larger resistiv
can be found when THz radiation is present. With increas
radiation intensity, more channels for optical emission a

r
FIG. 2. Resistivityrzz versus magnetic field at a fixed radiatio

frequency for different radiation intensities.F050 is the case in
the absence of the radiation field.

FIG. 3. Contribution from different optical channels to resisti
ity rzz as a function of magnetic field at a fixed radiation field.
m.0 (m,0) corresponds to a contribution fromm-photon absorp-
tion ~emission! and the solid curve is the total resistivity.
9-4
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absorption open up and the resistivity increases. Simila
what we have seen in Fig. 1, a stronger MRP effect can
observed inrzz at a higher laser excitation level. When a
electron gas is subjected to intense THz fields and quanti
magnetic fields in the Voigt geometry, the emission and
sorption of photons are indirect optical processes that
mediated by electron-phonon scattering. As a result, the
sistivity of the system is the summation over all possi
optical processes. The contribution from different optic
channels to resistivity is plotted in Fig. 3 as a function
magnetic field at a fixed radiation field. We notice that op
cal absorption (m.0) and elastic optical (m50) processes
contribute mainly to the resistivity and that the MPR effe
can be observed for different optical processes.

The power of optical absorption per electron is plotted
Fig. 4 as a function of magnetic field at a fixed radiati
frequency for different radiation intensities, and the con
bution from different optical channels to optical absorption
a fixed radiation field is shown in Fig. 5. From these resu
we find that in the presence of intense laser radiation~i! the
MPR effect can be measured not only by transport exp
ments but also by optical measurements, because the op
absorption coefficient is proportional to the power of optic

FIG. 4. Power of optical absorption per electron as a function
magnetic field at a fixed radiation frequency for different radiat
intensities.

FIG. 5. Contribution from different optical processes to pow
of optical absorption as a function of magnetic field at a fixed
diation field. m.0 (m,0) corresponds to a contribution from
m-photon absorption~emission! and the solid curve is the tota
power of optical absorption per electron.
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absorption per electron;12 ~ii ! with increasing radiation inten
sity, a stronger MPR effect can be found in the optical a
sorption coefficient; and~iii ! the MPR effect can also be see
in the optical absorption coefficient for different optical pr
cesses~see Fig. 5!.

The dependence of resistivity on radiation frequency
shown in Fig. 6 at a fixed magnetic field for different radi
tion intensities. We note that there is an absorption pea
aboutl;300mm ~or f ;1 THz!. With increasing radiation
intensity, a stronger absorption can be observed and the
sorption peak shifts to the higher-frequency regime. In 19
Asmaret al. measured the frequency dependence of the T
absorption in different 2DEG samples including GaAs-bas
heterojunctions and single quantum wells in the absence
magnetic field.13 At B50 they also found a peak of resona
absorption at aboutf ;0.5 THz at moderate electron tem
peratures (Te;80 K) or radiation excitation levels. As ca
be seen from Fig. 7, at aboutl;300mm ~or f ;1 THz! the
strongest magnetophoton-phonon scattering occurs via c
nels for optical absorption including multiphoton absorpti
processes. When this happens, the electrons in the system
heated and can gain energy from the radiation field and
it by emission of LO phonons. This process opens up n
channels for electronic transitions via resona

f

r
-

FIG. 6. Resistivityrzz as a function of radiation wavelength fo
different radiation intensities at a fixed lattice temperature an
fixed magnetic field.

FIG. 7. Contribution from different optical channels to resisti
ity as a function of radiation wavelength at a fixed radiation inte
sity and a fixed magnetic field.m.0 corresponds to a contribu
tion from m-photon absorption and the solid curve is the to
resistivity.
9-5
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magnetophoton-phonon scattering and, as a result, the r
tivity increases and an optical absorption peak can be
served in the resistivity. From these theoretical results,
conclude that the resonant-absorption peak observed at a
f ;1 THz in the presence of magnetic fields is electrica
analogous to those observed experimentally at abouf
;0.5 THz atB50. Moreover, the results obtained from fu
ther calculations~see Fig. 8! show that at a fixed radiation
intensity the peak of the resonant absorption does not s
with varying magnetic field.

V. SUMMARY

In this paper, we have developed a simple theoretical
proach to dealing with electron interactions with an inten
laser field in an electron-photon-phonon system in the p
ence of a quantizing magnetic field in the Voigt geome
The electronic transition rate induced by magnetophot
phonon interaction has been obtained for an ideal 3DEG
tem. Introducing this electronic transition rate into t
Boltzmann equation, we have derived the momentum-
energy-balance equations, which can be used to calculat
transport and optical coefficients for the present system.
thermore, we have carried out the numerical calculations
electron temperature, resistivity, and power of the optical

FIG. 8. Resistivityrzz versus radiation wavelength at a fixe
radiation intensity for different magnetic fields.
6

M
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sorption as functions of radiation and magnetic fields.
When an electron gas is subjected to quantizing magn

fields and an intense THz laser field in the Voigt geome
dramatic THz radiation phenomena can be observed in m
netotransport quantities such as the resistivity and elect
energy-loss rate. The physical reason behind this is tha
the presence of intense THz radiation electrons can gain
ergy from the radiation field and lose it by emission
phonons. This opens up new channels for electronic tra
tions and, therefore, the excitation and relaxation of electr
are modified strongly by the radiation field. Thus, the ma
netotransport coefficients depend strongly on the freque
and intensity of the THz field. We have found that the pre
ence of intense THz radiation can result in an enhanced m
netophonon resonance effect in polar semiconductors suc
GaAs. Furthermore, the resonant magnetophoton-pho
scattering can lead to an absorption peak observed at a
f ;1 THz for GaAs within a wide magnetic field regime.

The present work is motivated by recent development
application of THz free-electron lasers as intense radia
sources in the investigation into optoelectronic properties
semiconductor systems.6,13–15 When a GaAs-based electro
gas is subjected to a quantizing magnetic field and a la
field with a frequency f ;1 THz and an intensityF0
;10 kV/cm ~or output powerI;100 kW/cm2!,6 conditions
such asv;vLO;vc andr 0q;1 can be satisfied. As a con
sequence, the photon-modified MPR effect can be obse
and the effects caused by magnetophoton-phonon coup
can be examined. These radiation conditions have been
ized by the current generation of THz FEL’s. We therefo
hope this work can provide a theoretical backup to exp
ments and experimental findings.
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