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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 teréhdezlaser 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 atfabtufHz 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 ine THz-photon-modified high-field and high-temperature
magnetotransport phenomena such as the magnetophonon
When we consider a semiconductor-based electron gaesonancéMPR) effect. However, these measurements were
subjected simultaneously to quantizing magnetic fields angarried out in the Faraday geometiye., a magnetic field is
intense terahert2 THz) laser fields, we enter a regime with applied along the direction and a laser field is applied par-
different competing energies where the electron kinetic en@llel to the magnetic field and is polarized linearly along the
ergy, cyclotron energy, phonon energy, photon energy, etcX dlr_ect|or) for GaAs—bgsed two-dimensional systems,.where
are of the order of meV. Hence, by applying intense THzthe intense THz laser field couples strongly to the static mag-
fields to a semiconductor in quantizing magnetic fields, wehetic field. As a consequence, only a pronounced cyclotron
can investigate high-field magneto-optical properties andesonancéCR) effect’ could be observed and the MPR ef-
photon-modified magnetotransport in an electron gas systerfect could not survive in the measurement of resistiyify.
At present, intense THz radiation can be provided by THz In order to examine a THz-photon-modified quantum
free-electron |asere:E|_’s)’ which are coherent, high-power resonance effect such as MPR in magnetotransport measure-
(the output power can reach up to 100 kWfgnfrequency- ments, it is necessary for us to suppress the CR effect. One
tunable ~0.1—10THz), and linearly polarized radiation option is to undertake the measurements in the Voigt geom-
source< etry where the laser field does not couple directly to the
In semiconductor materials such as GaAs and Si, the erinagnetic field and, therefore, the CR effect is no longer
ergy gaps E,~eV) among different bands and valleys are present. The m_otlvatlon _of this paper is to study theoretlcally
much larger than the energy of THz photorfsw(~meV). hoyv elgctrons in a semlco_nduc_tor interact with linearly po-
Thus, under THz radiation the electronic scattering via interlarized intense THz laser fields in the presence of quantizing
band and intervalley transitions in these materials can b&agnetic fields in the Voigt geometry. In Sec. Il, we study
neglected when the radiation intensity is not extremely highthe magnetophoton-phonon interactions in this geometry.
This implies that the electron-photon-phonon interaction ig~rom these results, in Sec. Ill we derive the momentum- and
the limiting factor in determining transport and optical prop- €nergy-balance equations based on the Boltzmann equation.
erties of these semiconductor materials in the presence difese balance equations can be used to calculate magne-
intense THz radiation. When a linearly polarized radiationtotransport and magneto-optical coefficients for an electron
field and a static magnetic field are applied simultaneously t§as system. The results obtained from this study are dis-
an electron gas system, there are two different configurationgussed in Sec. IV and summarized in Sec. V.
that can be used to study the response of electrons to these
fields. In the Voigt geometry, the linearly polarized radiation II. MAGNETOPHOTON-PHONON INTERACTIONS
field does not couple to the magnetic field, whereas in the ) . o )
Faraday geometry the radiation field couples to the magnetic !N this paper, we consider the situation where a magnetic
field. In the presence of an intense THz laser field and &i€ld B is applied along the direction of an ideal three-
quantizing magnetic field, some interesting magneto-opticaflimensional electron ga@DEG), and a laser field\(t) is
properties of semiconductors have been investigated in reaPplied along thex direction and is linearly polarized along
cent theoretical work, such as magnetophoton-phono#h€ z direction. In this configuratiortknown as the Voigt
resonancésand the dynamical and magneto-optical Franz-9eometry, the time-dependent single-electron Schinger
Keldysh effect"® equation can be solved analytically and the effect of the ra-
Recently, experimental work has been conducted to invegdiation and magnetic fields can be included exactly within
tigate magneto-optical and magnetotransport properties i€ time-dependent electron wave fUﬂCtl@N\,ky,kz(R,t)-4 It
GaAs-based systems in quantizing magnetic fields and THkas been demonstrafethat for an electron-photon-phonon
FEL fields® The prime motivation of this work was to exam- system(i) the unitary operator in the presence of the electro-
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magnetic(EM) field, Uy(t,t"), can be determined from the For polar semiconductors such as GaAs, the frequency of
time-dependent electron wave function when electronthe phonon oscillation associated with longitudinal-optic
phonon scattering is absertti) with Uy(t,t"), the unitary (LO) modes is at about THz frequency w(o/27
operator in the presence of the electron-phonon scatterings8.85 THz). This suggestes that the electron—LO-phonon
U(t,t’), can be derived using time-dependent perturbatiorcoupling is the principal channel for relaxation of THz-
theory, where only the electron-phonon interaction is treateéxcited electrons in GaAs, due to its large energy transfer
as a perturbation; an@i) from U(t,t’) the steady-staté.e.,  during a scattering event. For electron—LO-phonon scatter-
t—t'—o0) electronic transition rate can be obtained in theing, (i) wg=w o, the LO-phonon frequency in the long-
presence of the radiation field and of the electron-phonorvavelength rangdji) NQzNoz(eﬁ“’LO/kBT—l)‘l; and (iii)
interaction. Applying these theoretical approaches to the cagke coupling coefficient is given by the Filech Hamiltonian
of a 3DEG subjected to EM and magnetic fields in the Voigt|Vo|?=4maLo(fw 0)*/Q? where a is the electron—LO-
geometry, the first-order steady-state transition probabilityphonon coupling constant ahg= (%/2m* )2 is the po-
induced by magnetophoton-phonon scattering is obtained dar radius. Thus, the transition rate induced by
magnetophoton—LO-phonon interaction reads

2
’ — — 2
Whon(k; k) = 5 22 [Ng+ 27 311Vl Wiyin(k} ko) =87 2al o fo[No+ 37 3]
242
ch,N(lqu/z)ak;,kﬁqz «S CNrNZ(I q°/2) S kre
T aPral 2e e
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Here, N is the Landau-leve(LL) index, k, is the electron
wave vector along thedirection,Q=(q,d,) =(dx,qy,d,) is
the phonon wave vectofiwq is the phonon energyNqg
=(e"“e/*sT—1)"1 is the phonon occupation numbeéry In the present study, we consider a situation where the
is the electron-phonon interaction coefficienEn(k,)  stationary transport and optical properties are investigated by
=En+72K22m*, m* is the effective electron mass, conventional transport measurements. That is, an external dc
En=(N+1/2)h w, is the Nth LL energy with w.=eB/m* probing fieldE, (or currentl,) is applied along the direc-
being the cyclotron frequency, Cy n+(X)=[N!/(N tion, the currentor voltage is measured along this direction,
wL.J)!]xJe‘X[L,J\‘(x)]2 with Lf\‘(x) being the associated La- and the longitudinal resistivity,, and the electron-energy-
guerre polynomials)=(#/eB)? and the upperlower) loss rate EELR) are deduced from these data. In this case, a
case refers to absorptio@mission of a phonon. Further- semiclassical transport equation such as the Boltzmann equa-
more, in Eq.(1), mis an index form-photon absorptionm tion can be used as a governing transport equation to calcu-
>0) or emission (N<0) andm=0 for elastic optic scatter- late quantities such gs,, and the EELR. The steady-state
ing, ro=eF,/(m* »?) with the dimension of lengthp and  Boltzmann equation in the case of nondegenerate statistics
Fo are, respectively, the frequency and the electric fielocan be written as
strength of the radiation field, ardg,(x) is a Bessel function.

Ill. MOMENTUM- AND ENERGY-BALANCE EQUATIONS

Equation (1) exhibits features distinctive for Fafn(ky) _ , ,
magnetophoton-phonon interactions in an electron gas sys- ho ok, _gSN,Ek, [ (k) Wi (kz kz)
tem in the Voigt geometry. When an intense EM field is vz
present, electrons in the system can interact with the radia- — (K Wiyrn(Ke k) T, (3

tion field via channels for optical emission and absorption. In

the Voigt geometry, the emission and absorption of photonsvhere fy(k,) is the steady-state momentum-distribution
by electrons can be achieved via indirect optical channelfunction for an electron in the stat®l,k,), gs=2 accounts
mediated by electron-phonon scattering. On the other handor spin degeneracyWy (K} ,k,) is the steady-state elec-
the emission and absorption of phonons via electronic trantronic transition rate for an electron scattered from state
sition events are accompanied by the emission and absorfN,k,) to state|N’,k.), andF=—eE, is the external force
tion of photons. For the case of a high-frequena2(1)  acting on the electron. It should be noted that in the present
and/or low-intensity Ey<1) radiation, entailing,—0, Eq.  problem the effect of the radiation field has already been
(1) becomes that obtained by using Fermi’s golden rule wheiincluded within the electronic transition rate and, hence, the
the radiation field is absent. From E() we see that the radiation field no longer appears in the force term of the
change of electron wave vector or momentum along the diBoltzmann equation.

rection where the radiation field is polarizegl,, plays an Using the balance equation approach based on the Boltz-
essential role in switching different optical channels formann equation, the idea is to choose a certain form for the
magnetophoton-phonon  scattering, through the ternglectron distribution function. After assuming that the elec-
Jﬁ,,(roqz) in Eq. (2). tron momentum-distribution function can be described by a
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statistical energy distribution function vidy(k,)=f(e), 1 Zal-owfom* 1.1
where e=Ey+#2(k,—m*v,/#)?/2m* drifted by the aver- —=———77|Not
. Lo T T AN 272
age electron velocity , along thez direction due to the pres-
ence of the electric field,, for the first and second mo-
ments the momentum- and energy-balance equations can be X E Z XN,N(|2q§/2)Jﬁ1(r0qz)
derived by multiplying, respectively, EN'kaZ and m===n'n Jo Oz
EN'kZEN(kZ) on both sides of the Boltzmann equation. Thus, . If(EN+E)
two equations can be obtained: X(qu+ en'nm) JE ©
E=(Eq +e )2/4E
eE=—1 > 2 (—k)f(eWyn(k} k) (49  and
”Nl NN k! kg
and P= > (Mhiw+ho o)\, (103
m=—w
1
EeEZNevZ |2 > > [En(kl)—En(ky)] with the inverse of the energy-relaxation time for thth
N'.N K] k, optical process
X f(e)Wyrn(Ks Ky). 4b
( ) N N( z z) ( ) )\I aLOwEOm* l l}
Here N, is the total electron density in the system and the M 72Nl 2 2732
condition of electron-number conservation has been used
where N=(721%) 12 [5dk,f(En(ky)). For the case of a xS qZXN/NUqu/Z)JZm(foqz)
weak probing fieldE,, the average electron velocity, is NN YO Yz
also small. Expandindi(€) with respect tav, gives T
panding(e) P zd X F[Ept (Eq,+ €gpm) Y4Eq, ] (10b)
of(EN+E) _
f(e)=f(En+ E)—ﬁvzsz, 5 Here, ey nn=(N'—N)iw;—mhoFhw o, Xyn(y)

=[5dx Cyn(X)/(x+Y), and quzhquIZm
where E=#%2k2/2m* . After using this approximation and  For the case of a weak probing fiefg,, the electron-

noting that the longitudinal resistivity is defined by energy-loss rate induced bf, is very small andP~EZ
<1. Thus,
1 m* E,
N en T N2 Neev,' © T — E=
€ zz € exvz Pop:§ mﬁw)\m:PLo=§ (+)ﬁ(1)|_o)\m, (11)
the momentum-relaxation timecan be calculated from the
momentum-balance equation through whereP,, andP , are the EELR’s induced, respectively, by
optical and phonon scattering processes. Equatidh re-
1 Zﬁwc , of(Ey+E) erc_ts_the _fact t_hat th_e energy an electron g_ain_s fr_om the
E E K (k, —k,)Wyrn(K, Z)ﬂ—E' radiation field via optical absorption and emission is bal-
m N, NN k7 k, anced by the energy an electron loses via emission and ab-

(7) sorption of phonons. Furthermore, the energy gain in an op-
tical process is the summation over the processes caused by
Furthermore, the electron-energy-loss rate per electron is dgghonon emission and absorption, whereas the energy loss in
fined asP=aZZE§/2Ne with o,,=1/p,,, which can be deter- a phonon process is the energy difference between phonon
mined from the energy-balance equation through emission and absorption.
For an electron gas system with relatively low electron
density and at relatively high temperature or high excitation

P=——%> > [En(k. 1) —En(ky) Wiy n(K, k) level, the Maxwellian with an electron temperattrg, i.e.,
77' NN K.k, f(x)=ce #%, is the most popularly used statistical electron-
energy-distribution function, wher@=1/kgT, and c is a
Xf(ENTE). (8) normalization factor determined by the condition of electron

number conservation viac=2mNgl 2B/ (A2m*/#?)
Introducing the transition rate induced by magneto-with A=3.e #En. Using this distribution function, the
photon—LO-phonon scattering, E@®), into the momentum- momentum- and energy-relaxation times can be calculated
and energy-balance equations, E@8.and (8), we have simply through
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FIG. 1. Electron temperature as a function of magnetic field for

different radiation intensitieB at a fixed lattice temperatufieand
a fixed radiation wavelength=75um (or f=4 THz).
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IV. NUMERICAL RESULTS AND DISCUSSION

FIG. 2. Resistivityp,, versus magnetic field at a fixed radiation
frequency for different radiation intensitiesFo=0 is the case in
the absence of the radiation field.

can be observed by measuring the electron temperature. With
increasing radiation intensity, a more marked MPR effect
appears. It is interesting to note that at a wavelength
=75um (or a frequencyf =4 THz) the presence of the THz
radiation results in a cooling of the electron gas, i'E,
<T. In this case, the process for an electron to lose energy
via LO-phonon emission is much more efficient than that to
gain energy via photon absorption, due to the large energy
transfer caused by LO-phonon scattering. As a result, the
requirementP,,=P o leads to loweringT, so that LO-
phonon absorption becomes stronger. This is the main reason
why a stronger MPR occurs when intense THz radiation is
present. The cooling of electrons through a similar mecha-
nism was already seen in nonlinear electron transport in
stronlgl dc field¥ and in the presence of a weak magnetic
field.

The resistivityp,, as a function of magnetic field is shown
in Fig. 2 at a fixed radiation frequency for different radiation
intensities.F,=0 is the case where the radiation field is
absent. In the presence of THz radiation, electrons in the

In this paper, the numerical calculations are carried out fosystem can gain energy from the radiation field via absorp-
bulk GaAs. The material parameters for GaAs are taken ason of photons(see Fig. 3 and lose energy by emission of

(i) effective electron mass* =0.0665n, with m, being the

LO phonons. This two-step process opens up new channels

rest electron masgji) electron—LO-phonon coupling con- for electronic transitions and, therefore, a larger resistivity

stant «=0.068; and (iii) LO-phonon energy Zw o
=36.6meV. The optical channels fon=0,+1,+2, ...,
+25 and the Landau levels f?&=0,1,2 .. . ,5 areincluded

within the numerical calculations. Inclusion of more optical

can be found when THz radiation is present. With increasing
radiation intensity, more channels for optical emission and

2

processes and more LL's affects only the results for low- 10" /\/\_/f:__x
frequency and very high-intensity radiation and for low mag- = I N wm=l |
. . . C e I 5
netic fields. Moreover, for the calculation of the resistivity, c o
we take a typical electron density imtype-doped GaAs: E i N
Ne=10"m3, = e T
X . =, 0 | T=7TK
By solving the energy-balance equation, ELL), we can 2 10"\ =75 ym
obtain the electron temperatuiie, and then calculate the & 5 |Fy=10kV/cm
power induced by opticaP,, and phononP s scattering . . -1
processes. Introducing, into the momentum-balance equa- B
tion, we can determine the momentum-relaxation time and oo 20 25 30
o agnetic Field (Tesla)
resistivity p,,.

~ The dependence of electron temperature on magnetic field FiG. 3. Contribution from different optical channels to resistiv-
is shown in Fig. 1 at a fixed radiation frequency and a fixedty p,, as a function of magnetic field at a fixed radiation field.

lattice temperature for different radiation intensitiasle see

m>0 (m<0) corresponds to a contribution fromphoton absorp-

that in the presence of intense THz radiation the MPR effection (emission and the solid curve is the total resistivity.
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FIG. 4. Power of optical absorption per electron as a function of _F1G- 6. Resistivityp,, as a function of radiation wavelength for
magnetic field at a fixed radiation frequency for different radiationdifférent radiation intensities at a fixed lattice temperature and a
intensities. fixed magnetic field.

. . . absorption per electrotf:(ii) with increasing radiation inten-
absorption open up gnd.the resistivity increases. Similar t%ity, a stronger MPR effect can be found in the optical ab-
what we have seen in Fig. 1, a stronger MRP effect can b'§orption coefficient; andii ) the MPR effect can also be seen

observed inp_zz at a higher I_aser excitatio_n level. When anin the optical absorption coefficient for different optical pro-
electron gas is subjected to intense THz fields and quanuangesses{See Fig. 5

magnetic fields in the Voigt geometry, the emission and ab-

about\ ~300um (or f~1 THz). With increasing radiation
intensity, a stronger absorption can be observed and the ab-
sorption peak shifts to the higher-frequency regime. In 1995,
Asmaret al. measured the frequency dependence of the THz
absorption in different 2DEG samples including GaAs-based
heterojunctions and single quantum wells in the absence of a
magnetic field* At B=0 they also found a peak of resonant
absorption at abouf~0.5THz at moderate electron tem-

optical processes. The contribution from different optical
channels to resistivity is plotted in Fig. 3 as a function of
magnetic field at a fixed radiation field. We notice that opti-
cal absorption fn>0) and elastic opticalfi=0) processes
contribute mainly to the resistivity and that the MPR effect
can be observed for different optical processes.

The power of optical absorption per electron is plotted in
Fig. 4 as a fun_ctlon of magnetic f'EId.‘f"t a fixed rad'at'onperatures Te~80K) or radiation excitation levels. As can
e o o -be seen fom Fig 7, at abott-300um (or 1 T+ he
a fixed radiation field is shown in Fig. 5. From these resultsStrongeSt magnetophoton-phonon scattering occurs via chan-

) . . s nels for optical absorption including multiphoton absorption
Vh\;l%gndﬁthit in thg presence co)lf mttensle I%setr radm(uizthe _processes. When this happens, the electrons in the system are
etiect can be measured not only by transpor eXpe”h(?ated and can gain energy from the radiation field and lose

ments pUt also by. opti_cal measurements, because the O.pti(%?by emission of LO phonons. This process opens up new
absorption coefficient is proportional to the power of Opt'calchannels for electronic  transitions via resonant
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FIG. 5. Contribution from different optical processes to power FIG. 7. Contribution from different optical channels to resistiv-
of optical absorption as a function of magnetic field at a fixed ra-ity as a function of radiation wavelength at a fixed radiation inten-
diation field. m>0 (m<0) corresponds to a contribution from sity and a fixed magnetic field.m>0 corresponds to a contribu-
m-photon absorptioniemission and the solid curve is the total tion from m-photon absorption and the solid curve is the total
power of optical absorption per electron. resistivity.
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100 sorption as functions of radiation and magnetic fields.
B=21T /\ When an electron gas is subjected to quantizing magnetic

75 15T A\ fields and an intense THz laser field in the Voigt geometry,
1L dramatic THz radiation ph be observed i -
9T phenomena can be observed in mag

netotransport quantities such as the resistivity and electron-
energy-loss rate. The physical reason behind this is that in
the presence of intense THz radiation electrons can gain en-
T=77TK S . . o
Fy=6 kV /cm ergy from the radiation field and lose it by emission of
o phonons. This opens up new channels for electronic transi-
~ tions and, therefore, the excitation and relaxation of electrons
are modified strongly by the radiation field. Thus, the mag-
Wavelength (pm) netotransport coefficients depend strongly on the frequency
and intensity of the THz field. We have found that the pres-
FIG. 8. Resistivityp,, versus radiation wavelength at a fixed ence of intense THz radiation can result in an enhanced mag-
radiation intensity for different magnetic fields. netophonon resonance effect in polar semiconductors such as
_ GaAs. Furthermore, the resonant magnetophoton-phonon
magnetophoton-phonon scattering and, as a result, the resigattering can lead to an absorption peak observed at about
tivity increases and an optical absorption peak can be obt—1 THz for GaAs within a wide magnetic field regime.
conclude that the resonant-absorption peak observed at aboafiplication of THz free-electron lasers as intense radiation
f~1THz in the presence of magnetic fields is electricallysoyrces in the investigation into optoelectronic properties of
analogous to those observed experimentally at abfout semiconductor systenis®~*°*When a GaAs-based electron

~0.5THz atB=0. Moreover, the results obtained from fur- gas is Subjected to a quantizing magnetic field and a laser
ther calculationgsee Fig. 8 show that at a fixed radiation field with a frequencyf~1THz and an intensityF,

intensity the peak of the resonant absorption does not shift 10 kv/cm (or output powerl ~100 kW/cn?),® conditions
with varying magnetic field. such asw~ w o~ w. andr,q~1 can be satisfied. As a con-
sequence, the photon-modified MPR effect can be observed
V. SUMMARY and the effects caused by magnetophoton-phonon coupling
) , . can be examined. These radiation conditions have been real-
In this paper, we have developed a simple theoretical apzeq py the current generation of THz FELs. We therefore

proach to Qealing with electron interactions with an intensq,loIoe this work can provide a theoretical backup to experi-
laser field in an electron-photon-phonon system in the presyents and experimental findings.

ence of a quantizing magnetic field in the Voigt geometry.
The electronic transition rate induced by magnetophoton-
phonon interaction has been obtained for an ideal 3DEG sys-
tem. Introducing this electronic transition rate into the
Boltzmann equation, we have derived the momentum- and W.X. acknowledges financial support from the Australian
energy-balance equations, which can be used to calculate tifrResearch Council. This work was also supported by the Aus-
transport and optical coefficients for the present system. Futralian Academy of Science and Japan Society for the Pro-
thermore, we have carried out the numerical calculations fomotion of Science. Discussions with P. M. Koenrd@tJE)
electron temperature, resistivity, and power of the optical aband R. A. Lewis(UoW) are gratefully acknowledged.
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