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In this paper, we propose to study the magneto-photon-phonon resonance effects observed in terahertz
(TH2z)-driven two-dimensional electron gases in strong magnetic fields. The photon energy of the THz elec-
tromagnetic radiations is on the scale of the cyclotron enéinuced by strong magnetic fieldand the
LO-phonon energy so théi) THz radiations will modify strongly the process of electron energy relaxation in
the device structurgji) electrons can gain the energy from ac and dc driving fields through, e.g., absorption
of the photons and lose the energy through, e.g., emission of the LO phonon§i argonant scattering will
occur among different Landau leveldL's) when a conditonM e .+ w=w, o is satisfied, wherew,

(w,w ) is the cyclotronphoton, LO phononfrequency andv is an index difference between two LL’s. This

leads to an enhancement of the resistivity and, consequently, to an enhanced rate of the absorption of the THz
electromagnetic radiation in the sample systems. Varying the photon and cyclotron frequencies will result in a
series ofmagneto-photon-phonon resonanadsserved in the dc resistivitjor conductivity and/or in the

optical absorption coefficient. We have presented a detailed theoretical study to observe this quantum reso-
nance effect{S0163-18206)10731-]

[. INTRODUCTION physical properties through measuring, e.g., dc
conductivity>=>  photon-assisted  tunneliffg, cyclotron
Far-infrared (FIR) or terahertz(THz) electromagnetic resonancé etc. For the application of LDES'’s as THz radia-
waves are of paramount importance in applications such ason detectors, it is essential to study absorption of the device
radio astronomy, environmental monitoring, plasmon diag-of electromagnetic radiation. One of the most important and
nostics, and certain types of laboratory spectroscdples. the most popularly used experimental techniques to study
recent years, the generation, propagation, and detection oftical absorption is to measure the response of the dc con-
THz electromagnetic radiation has become a fast-growingluctivity (or resistivity) to the radiation fields. Recently, lin-
research field in photonics, optoelectronics, and condense@&ar and nonlinear electron transport in THz-driven two-
mater physics communities. It has been realized thatlimensional electron gas€8DEG's) at zero magnetic field
Al ,Ga,_,As/GaAs-based low-dimensional electron systemshas been studied experimentalfywhere some important
(LDES'’s) can be used as THz radiation detectors. In a LDESand interesting results were reported. At low temperatures
the conducting electrons are confined within the nanometeand in the presence of quantizing magnetic fields, photon-
distance scale so that the electronic subband energy, the elenedified Shubnikov—de Hass oscillations have been ob-
tron kinetic energy, the Fermi energy, etc. are on the me\served experimentally for a 2DERef. 5 and the measure-
scale(noting thatw~THz for zw~meV). Therefore, THz ments of FIR cyclotron absorption in 4bGa;_,As/GaAs
electromagnetic radiation may couple strongly to the devicéeterojunctions have been carried out recehtly.
system. Furthermore, the results obtained from a recent theo- In this paper, we present a detailed theoretical study of
retical study sho® that for an ALGa;_,As/GaAs-based electron(magnetgtransport in THz-driven 2DEG'’s in strong
LDES driven by THz electromagnetic fields, the inverse ofmagnetic fields at relatively high temperatures. At high tem-
the relaxation time(or scattering ratecaused by electron peratures T>50 K), electron interactions with optical
interactions with impurities and phonons is also on the scal@honons will play an important role in determining the elec-
of THz (i.e., 1/~10% s~ 1), which implies that THz radia- tronic transport properties. Now we enter a regime with dif-
tion may modify strongly the processes of the momentunferent competing energy scale@) electronic subband en-
and energy relaxation for the excited electrons in the devicergy (en); (ii) Fermi energy(or chemical potentigle*); (iii)
systems. Hence, THz techniques are of significant impact onyclotron energyf w.); (iv) phonon energyf{wg); (v) pho-
the characterizations of condensed-matter materials, esp®n energy fw); (vi) thermal broadeningkgT); and (vii)
cially for low-dimensional semiconductor systems and semilLandau-level broadening I'). For an AlLGa;_,As/
conductor nanostructures. GaAs-based 2DES driven by THz electromagnetic fields and
With the development and application of state-of-the-artby strong magnetic fields, all these enerdiesquenciesare
techniques such as free-electron las@¥EL’s), it has be- on the meV(THz) scale. This offers us a possibility to ob-
come realistic to investigate the electronic properties of &erve photon-induced quantum resonance effects. We will
device under THz electromagnetic radiation. FEL's can prodimit ourselves to a situation where the energy relaxation of
vide the source of the linearly polarized intense THz radia-€lectrons is mainly through the absorption of photons and the
tion with which one can study the frequency-dependenebsorption and emission of longitudinal opticdlLO)
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phonons. We are interested in the effects which are a cons@duced by electron interactions with impurities, phonons,
guence of electronic transitions among different Landau levetc. The memory function for electron-impurity scattering
els(LL’s) via electron interactions with photons and with LO has been documented in Refs. 12 and 15, and for electron-
phonons. In such a case, we predict that when a conditiophonon scattering in Ref. 15. From Ed), the longitudinal
Mw.+ w=w o (Wherew g is the LO-phonon frequency and and transverse magnetoconductivity are given, respectively,
M is an index difference between two LL'ss satisfied, by

resonant scattering will occur between two LL's so that the . )

dc resistivity and the optical absorption coefficient will be N w;(l-iwT)

enhanced. Consequently, these quantities are expected to os- Tom g (1—i an-)2+(w§ )2

cillate as a function of magnetic field and/or photon fre-
guency. This resonance effect, we callniagneto-photon-
phonon resonancéMPPR), is electrically analogous to the
magnetophonon resonand®PR) (Ref. 9 and electro- Opy=— : > —.
phonon resonancéEPR (Refs. 10 and 1L1which are ob- Y B (1-iw7n)?+(ws7)

served in the absence of the electromagnetic radiation. - \ye find that in the presence of an ac driving field, it is more

In the present study, we develop a model, in Sec. llqnyenient to study the frequency-dependent magnetoresis-
which can be used to study magnetotransport in an electrony iiies which are given by

photon-phonon system in 2DEG structures. The results ob-

an

nee (w7 7)?

@

tained for the observation of the magneto-photon-phonon B 1-iwr
resonance effect are presented and discussed in Sec. lll. Our Pxx= e T oF
. . . . € o T
conclusions from this study are summarized in Sec. IV.
and
Il. FREQUENCY-DEPENDENT MAGNETORESISTIVITY B
IN 2DEG'S P — 3
Xy e
e

There exist a number of theoretical studies on the ) . I
frequency-dependent magnetoconductivitiesresistivities e note that in the presence of electromagnetic radiation,
in 2DEG’s'?~*However, most of the published wofk.g. the real part of the transverse conductivityoRg (resistivity
in Refs. 12—1is focused on the problem of cyclotron reso- R€pxy) Will deviate from (remain a the conventional Hall
nance, which is essentially a low-temperature effect anéffect. ,
mainly caused by electron interactions with elastic scattering 1° Study the magneto-photon-phonon resonance, in the
mechanisme.qg., with impurities. In this paper, we con- Present paper we take into consideration electron interactions
sider a relatively high-temperature regime where electron in®nly With LO phonons. Aftexi) introducing the Hamiltonian
teractions with LO phonons are the main processes for eledor €léctron—LO-phonon interaction into the model proposed
tron energy relaxation accompanied by optical absorptioni Ref. 12,(ii) ignoring the effects of electron-electron inter-

Taking into account a configuration in whi¢h the growth a_ctions, andiii) ignoring_the contribution from photon emis-
direction of a 2DES is along theaxis; (i) the magnetic field Sion: the memory function for electron—LO-phonon scatter-

is applied perpendicular to the interface of the 2DES., NG is obtained in a simple form:

B=(0,0,B)]; (iii) the electromagnetic radiations are polar- 1

ized along thex direction; and(iv) the effect of the electro-  M(w)=— ———(N,— No) X aZlu(Q)|?TI(q, w0~ w),
magnetic field with a frequency can be represented by an m~wne Q

ac electrical field with a frequency, the frequency- (4)

dependent magnetoconductivities can be derived using, e.Gynere No=[e"“o/sT—1]"1 and N, =[e/(vLo-@)/ksT
the Kubo formula in the linear response approximation. In_ 1171, Q=(9,q,)=(0y.q,,q,) is the phonon wave vector,
this paper, we employ a simple model proposed by Ti”%ndl‘[(q ©)=1T,(q w)+i1y'[2(q ) is the Fourier transfor-
et al® to calculate the magnetotransport coefficients in theation of the electron dens’ity-densit}d-d) correlation
presence of THz electromagnetic fields and of electron—LOs,nction. Further, applying the Bntich Hamiltonian to a

phonon interactions. Following the derivation presented irQDEG, the square of the electron—LO-phonon interaction
Ref. 12, the frequency-dependent magnetoconductivity in @,5trix element is given by

2DEG is obtained in the form of the Drude formula, |U(Q)|2=47TaLo(ﬁwLo)ZG(qz)/Q2 with a the electron—

LO-phonon coupling constant,,= (%/2m* w c)*? the po-
T i _ 1) laron radius, ands(q,)=|(0|e'970)|? the form factor for

T M () 1-i(wF wp) T’ electron-phonon interaction. Here we have considered a situ-

ation where only the lowest electronic subband is occupied

where n., is the electron density of the 2DEG, py the electrons, which corresponds to a case when the elec-
m* (0)=m*[1+My(w)/0], 7=M;*(0)m*(0)/m* and tron density is less than 6105 m 2.6 Under some ap-
ws =w,m*/m*(w) are, respectively, the frequency- proximations, the memory function given by E(f) for
dependent effective electron mass, relaxation time, and cyelectron—LO-phonon interaction is found to be similar to
clotron frequencywith m* the effective electron mass and those obtained by other authors in Ref.(thich is based on
w.=eB/m* the cyclotron frequency in the absence of the aca momentum-balance equation approaatd Ref. 1qwhich
field), andM (w) =M (w) +iM »(w) is the memory function takes into account the full current-current correlations in the
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Kubo formulg. Equation(4) can be obtained from Eq&37)  the quantum mobility at zero magnetic field at low-
and(38) in Ref. 15 by taking(i) the linear response approxi- temperature limit* To determine the teriX(q), we need to
mation, ie., T=T,; (i) [m(w1+w—w,)] *—8(w; know the sample structure of the 2DEG. In this paper we
+w—w); (i) wg=0g-v=<w with v the drift velocity of consider an A|Ga, _,As/GaAs heterojunction. We make the
electrons; andiv) the phonon relaxation time,,—0. We  usual triangular well approximation to model the confining
note that(i) in this paper we have confined our study within potential along the growth direction and use the correspond-
the linear response regime due to the usage of the Kubimg variational wave functioh Thus, we have
formula; (i) the experimental measurements reported inX(q)=(#/8q)(8+9y+3y?)/(1+y)® where y=qg/b and
Refs. 3 and 4 are carried out at strong ac driving fieldsh=[(48mm* e?/ k#?)(Ngeprt+ 11n/32)]"3 defines the thick-
(Eac—kV/cm) under a weak dc biasEG.<2 V/cm) so that ness of the triangular well witk the dielectric constant and
wo<w is a good approximation in the theoretical model Ny the depletion charge density. Now, we can proceed
dealing with the THz radiation frequencies. Furthermore, duavith numerical calculations for the frequency-dependent
to E;>Eqc, the effects of a dc bias cannot be seen in themagnetoresistivity in AlGa; _,As/GaAs heterojunctions.
linear response theory; artili ) a very weak hot-phonon ef-

fect has been indicated by the experimental results reported . RESULTS AND DISCUSSIONS

in Ref. 3. We find that Eq4) can also be obtained from Egs. _ ) )

(2.33 and(2.33) in Ref. 17 by taking the phonon propaga- ~ The results of this section pertain to /8a; ,As/GaAs
tor to be ad function and ignoring the effects of screening heterojunctions. For a model calculation, we use typical

due to the self-consistent field. sample parameters for a heterojunctiGnthe electron den-

It can be justified that under THz electromagneticSity of the 2DEGn.=2x10"m"? (ii) the sample mobility
radiations M,(w)/w<1, which results inm*(w)=m*, atB=0,0=0,andT—0 isuo=2 m?/V s (which is used to
w*=w, and determine the LL widtjy and (iii) the depletion charge den-

sity Ngep=5X10 m~2. The material parameters corre-
alo(fiwo)? sponding to GaAs are: the effective electron mass
;2M2(w)=— W(NM—NO) m* =0.0665n, with m, the rest electron mass; the static

dielectric constant k=12.9; the LO-phonon energy
® hw o=36.6 meV; and the electron—LO-phonon coupling
X L dg ®X()1,(q, 0 0~ ), (®)  constanie=0.068. Further, the chemical potentjat is de-
termined by the condition of electron number conservation.
where X(q)=/”..dq,G(q,)/(q?+qg?) and the imaginary From Eq.(3) we see that under the linear response ap-
part of the electrori-d correlation function in the presence Proximation, the transverse resistivity, represents the con-
of strong magnetic field and in the absence of electronventional Hall effect, i.e.p,, depends very little on the elec-
electron screening is given '8 tromagnetic radiations. Hence, we may pay attention only to
the longitudinal resistivity,. The real and imaginary parts

2 of p,x are given, respectively, by
I5(0,0) =~ —z7 2, Cyr,n(1%07/2) “
N’,N

R B 1
- €0xx n_eewcr
X dE[f(E)—f(E+Aw)]
> and
XIMGN(E)ImMGy (E+7iw). (6) m*
Here, N is the index for theNth LL, |=(#%/eB)'? is M= = nee? " ®
; _ra(E—u*)/kgT -1 .
the magnetic Iength,f(E)—[e #Te is the Here, we see that Ipy,~ w and is independent of the mag-
Fermi-Dirac function, and  Cyn+3(X)=[N!/(N

Ty > 3 | netic field. Therefore, the real part p§, is of interest in the
+J)!Ixe TL{(X)]7 with Li(x) the associated Laguerre measyrements of magnetoresistivity and the optical absorp-
polynomial. Further, Iry(E) is the imaginary part of the ijon coefficient.

Green'’s function for théth LL. In principle, the imaginary The real part of the longitudinal magnetoresistivity as a
and real parts of the Green’s function for the LL's can befynction of magnetic fieldphoton frequencyis show in Fig.
determined by, e.g., self-consistent calculatidtisbut this 1 (Fig. 2) at a fixed temperatur&= 120 K for different ra-
complicates the numerical calculation considerably and Wejiation frequenciesmagnetic fields The effects of MPPR

do not attempt it in the present study. In this paper, we use gz pe clearly seen by spotting Re as a function ofB
Gaussian type of LL shape which is a phenomenological LLyng/or o, which indicates that the MPPR effects may be

structure and given by observed experimentally by measuring the dependence of the
dc resistivity(or conductivity and the optical absorption co-

IMG(E) = — T o(E-En?2r} ) efficient on the magnetic fieldgadiation frequencyat a
N 27Ty : fixed photon frequency(magnetic fielh The peaks of

Rep,x can be observed around the MPPR condition:
with Ey=(N+ 1/2)A o, theNth LL energy and’y the width  Mw.+ w=w o with M=1,2,3, ... being an index differ-
of theNth LL. For the LL broadening induced by short-range ence between two LL’s. This corresponds to electronic tran-
impurity scattering,['4=1"2= (2eh/muom*)fiw, with u,  sitions between two LL’s accompanied by the processes of
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shift to the low-magnetic-field regime, which implies that the
30 MPPR effect may be observed at relatively low magnetic
fields. The physical reason behind this is that, in the presence
of electromagnetic radiation, electrons can gain the energy
from radiation fields to reach the higher LL’s through optical
absorption processes. This is the electrical equivalent of a
reduction of the LO-phonon energy so that the resonance
occurs at a lowerB field, i.e., at the condition
Mw.=w o— . We note that by looking at the dependence
of magnetoresistivityor conductivity and the optical ab-
sorption coefficient on the magnetic field$ the number of
MPPR peaks decreases with increasing radiation frequency
becauseM decreases with increasing; (ii) the MPPR os-
cillation cannot be observed at very high radiation frequen-
cies (i.e., for w>w o) because the possibility of electronic
transitions via resonant processes of photon-absorption and
FIG. 1. Magneto-photon-phonon resonance observed by mea-O-phonon emission is suppressed; &iiid the amplitude of
suring dc resistivity as a function of magnetic field at a fixed tem-the corresponding MPPR peaks observed ip ,Réncreases
peratureT for different radiation frequenciess o=55.6 THz for  wjth radiation frequency due to the effect of optical absorp-
GaAs. tion. An important conclusion we draw from Fig. 1 is that a
stronger resonant absorption of higher-frequency electro-
photon absorption and LO-phonon emission. The resultsnagnetic radiation may occur at a lower magnetic field under
shown in Fig. 2 and obtained from our further calculationsthe MPPR condition.
have indicated that by plotting Rg, as a function of radia- The results presented in Fig. 2 show thiatthe strongest
tion frequency at a fixed magnetic field, a stronger MPPRMPPR oscillation can be observed arouae o o at high
oscillation can be observed around a magnetic field wherenagnetic fields. In this situation, the energy transfer for elec-
w o/w¢ is an integer numbefsee Fig. 2 i.e., when the trons during the electronic transitions via photon-absorption
condition of MPR is satisfied. This can be understood by theand LO-phonon emission is very smdii;) the amplitude of
fact that(i) the density of state®OS) for a 2DEG in strong the MPPR peak atv=w, ¢ increases with magnetic field,
perpendicular magnetic fields is a series of Gaussianwhich implies an enhancement of the resonant-optical ab-
function (or &-function, in an ideal cagepeaks centered at sorption by the magnetic fieldsiii) within a certain radia-
each LL; (i) in GaAs-based LDEG's, electrons interact tion frequency range, the number of MPPR peaks decreases
much more strongly with phonons than with photons; andwith increasing magnetic field{iv) the oscillations of
(iii ) the strongest optical absorption occurs among differenRep,, with w can still be observed at low magnetic fields
LL’'s when the condition of cyclotron resonan@eR) is sat-  whenw>w . This is due to the effect of cyclotron absorp-
isfied, i.e., whel w.=w with 1=1,2,3, ... being an index tion; and (v) the amplitude of oscillations decreases with
difference between two LL's. Therefore, we predict that themagnetic field. The results obtained from the further calcu-
MPPR effect may be observed under the conditions of MPRIlations show that at very high magnetic fieldse.,
From Fig. 1, we see that with increasing radiation fre-w.>w, o) the amplitude of the oscillation of Rg, with w,
quency, the MPPR peaks correspondingMe=1,2,3, etc.  where a peak can be foundat w, o, deceases rapidly with
increasing magnetic field.
In the present study, our numerical results are presented

Magnetic Field gTesla)
5 1% 15 0 25

0
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A T=120K
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i
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0.2

0.0
0.0

Photon Frequency (THz)

0 4 8 12 for a temperaturd =120 K. In the absence of electromag-
25 _ netic radiation, the results obtained from experimental mea-
T=120K // A surements and theoretical calculations have indicated that the
2.0 wro/we=1/ Y magnetophonon resonance effect can be observed for an

Al,Ga; _,As/GaAs-based 2DEG over a temperature regime
100<T<200 K? From the fact that in these sample systems
at high temperatures the electron—LO-phonon interactions
are much stronger than the electron-photon interactions, we
may expect that the effect of MPPR can also be observed
experimentally over the temperature range €00<200 K.
In our model, we have ignored the contribution from photon
emission to the resistivityor conductivity. This contribu-
tion is supposed to be much smaller than that from absorp-
tion in THz frequency regime, due {0 a reduced effective
phonon occupation numbem[#(w o+ w)/kgT] with

FIG. 2. Magneto-photon-phonon resonance observed by medl(X)=(€*—1)~* (note that for the case of optical absorption
suring dc resistivity as a function of radiation frequency for differ- we have a term[%(w o— 0)/kgT], see Eq(4)) and(ii) a

ent magnetic fields. On the top, the photon frequency is shown byeduced electrord-d correlation functionII(q,w o+ w)
f=wl/27. [whereas for optical absorption we have a term

wlwro
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I1(q,w 0— @) shown in Eqg.(4)]. We did not include the the imaginary part of the longitudinal resistivity pg~
effects of electron-electrorefe) screening within our calcu- and is constant in magnetic field; afid) only Rep,, is of
lations. The theoretical results reported have shown that dfterest in studying frequency-dependent magnetoresistivi-
relatively high temperature@nd/or high-electron tempera- ties.

ture the influence of thee-e screening on the transport ~ We have studied the dependence ofpReon the mag-
properties(e.qg., electron mobility??° magnetoresistivities, netic field and on the radiation frequency. The results indi-
and electron energy 105% is rather weak. This is because cate that(i) the effect of magneto-photon-phonon resonance
the inclusion ofe-e screening through, e.g., random phasecan be observed through measuring, e.g., the dc resistivity or
approximation results in an enhancement of the effective ratgonductivity as a function of magnetic fielgphoton fre-

of electron scattering due to dynamical effects and in a requency at a fixed radiation frequencymagnetic field; (ii)
duction of the density of states by static screening over th&€py oscillates withB and/or with w, and the peaks of
entire temperature and electron density region. The compeMPPR can be observed when the conditdm .+ o= w o
sation of these two processes suppresses greatly the effectigfsatisfied{iii) by plotting Rep,, as a functiornw, a stronger
e-e screening on the transport properties. Further, we havIPPR occurs around magnetic fields at which the conditions
used a phenomenological LL shape in our calculations an@f magnetophonon resonance is satisfigd) the strongest
we have used the result obtained from short-range scatterir@gcillation observed by plotting RRe, versusw appears at
for the LL width, to avoid a heavy numerical calculation in w=w o and the amplitude of the peak increases with mag-
determining the LL structure through, e.g., the self-consistennetic field. It suggests a magnetic-field-enhanced optical ab-
calculations’*® From our study of magnetophonon sorption effect(v) with increasing magnetic field, the corre-
resonancé,we know that a fully self-consistent determina- sponding MPPR peaks observed by plottingoReversus
tion of the LL structure could improve the theoretical resultsB shift to the low-magnetic-field regime, which implies that
significantly in reproducing the experimental findings. Wethe MPPR effect may be measured at relatively low magnetic
did not attempt it in the present study, mainly because ndields in comparison with the observation of magnetophonon
experimental measurement has been reported so far on thesonance(vi) when w>w, o, the MPPR oscillations can

MPPR effects, to the best of our knowledge. not be seen by varying magnetic field whereap Restill
oscillates withw at low magnetic fields; an@ii) at MPPR
IV. SUMMARY conditions, the amplitude of the peaks shown inpRen-

) ) creases with radiation frequency. Together with those stated

In this paper, we have studied the effect of magnetoj (v) and shown in Fig. 1, we may suggest that a stronger
photon-phonon  resonance observed in two-dimensiong{psorption of the higher-frequency radiation will occur at
semiconductor systems in the presence of strong magnetigyer magnetic fields.
fields and terahertz electromagnetic radiation. This effectis @ The theoretical results presented and discussed in this pa-
consequence of electronic transitions among different Lanper have indicated that high-field magnetotransport in THz-
dau levels accompanied by the processes of optical absorgriven 2DEG's is very rich both in physics and in device
tion and LO-phonon emission, and is electrically analogougppiications. From the fundamental study point of view, THz
to the magnetophonon resonance and electrophonon resgractromagnetic radiation brings us a possibility to observe
nance. We have developed a simple theoretical model tgnoton-induced novel quantum resonance effects through
study the high-field magnetotransport in THz-driven 2DEG'ssimp|e and classic measurements such as transport measure-
and the optical absorption. The main results obtained fromnents. And from the device application point of view, on the
this study are summarized as follows. other hand, the investigation of electrémagnetgtransport

The magnetotransport in THz-driven 2DEG’s and/or thej, THz-driven electronic systems would be very beneficial to
optical absorption in strong magnetic fields can be investiyye design and application of novel electronic, photonic and
gated by looking into the frequency-dependent magnetoresigspioelectronic devices. For example, the magneto-photon-
tivities which can be directly applied to the calculation of the phonon resonance effect may be applied in frequency tun-

frequency-dependent conductivity and of the optical absorpaple far-infrared detectors and in the determination of the
tion coefficient. At relatively high temperatures, Wherefrequency of THz electromagnetic radiation.

electron—LO-phonon interactions are of the most importance

in the electron s_cgttering mgchanisms, we find.tﬂh)athe ACKNOWLEDGMENT
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