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Multiphoton-magnetophonon resonance in two-dimensional electron systems
under intense terahertz fields
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865 Changning Road, Shanghai 200050, China
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The magnetophonon resonance in the dc resistivity of a quasi-two-dimensional polar semiconductor irradi-
ated by intense electromagnetic fields of terahertz frequency is investigated theoretically using a balance-
equation approach. We find that the longitudinal resistivity as a function of the cyclotron frequency of the
magnetic field exhibits, in addition to the conventional magnetophonon resonant peaks~zero-photon peak!,
many new peaks which correspond to one-, two-, and three-photon emission and absorption processes. With an
increase of the strength of the terahertz field the zero-photon peaks descend, while the multiphoton (unu.1)
peaks ascend. These multiphoton-magnetophonon resonant peaks should be observed experimentally in real-
istic, high-mobility systems when exposed to an intense terahertz irradiation.@S0163-1829~99!07135-0#
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Magnetophonon resonance1 ~MPR! in two-dimensional
~2D! semiconductor systems has been extensively studie
the literature.2–6 It arises generally from the resonant co
pling between electrons and longitudinal-optic~LO! phonons
and occurs when the separation between two Landau le
matches the LO-phonon energy. This effect leads to osc
tion behavior in a variety of transport properties, such
magnetoresistance6 and energy relaxation,7 as functions of
the magnetic field. In the presence of a high-frequency
field, so far theoretical studies have been attempted o
within the framework of linear-response theory. Xu a
Zhang8 calculated the frequency-dependent complex lin
resistivity of a 2D electron system subject to a quantiz
magnetic field, based on a Drude-type formula proposed
Ting et al.,9 and found that the effect of an ac field is to sh
the positions of the resonant peaks of the real part of
longitudinal magnetoresistivity down fromMvc5VLO (vc

andVLO are, respectively, the cyclotron and the LO-phon
frequency,M51,2, . . . is an index difference between tw
Landau levels! to Mvc1v5VLO (v is the frequency of the
ac field!, without a significant shape change of the resistiv
curve.

The development of the free-electron laser techniq
which provides a tunable source of linearly polarized f
infrared or terahertz~THz! electromagnetic radiation of hig
intensity, has recently stimulated extensive experimental
theoretical studies on the nonlinear dynamics of 2D elect
systems driven by intense terahertz electric fields.10–14When
a magnetically quantized 2D polar semiconductor is expo
to an intense electromagnetic radiation of THz frequency,
magnetophonon resonance behavior is expected to be
fected drastically by the radiation field due to multiphot
emission and absorption. These interesting phenomena,
ever, cannot be disclosed within a linear-response theor

The purpose of the present paper is to investigate
magnetophonon resonance in dc longitudinal magnetore
tivity in a 2D semiconductor system subject to an inten
terahertz field, using the nonlinear balance-equat
approach14 extended to the case in the presence of a qu
tized magnetic field,15 with all orders of multiphoton pro-
cesses included.
PRB 600163-1829/99/60~15!/10624~4!/$15.00
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We consider a two-dimensional system, which consists
Ns electrons moving in thex-y plane with a parabolic energ
spectrum«(ki)5ki

2/2m @ki[(kx ,ky)#. A uniform magnetic
field B5(0,0,B) applied along thez axis quantizes these 2D
electrons to form Landau levels of equidistance:

«n5~n1 1/2!vc , n50,1,2, . . . ~1!

wherevc5ueBu/m is the cyclotron frequency. When a un
form dc electric fieldE0 and a sinusoidal terahertz ac field
amplitudeEv and angular frequencyv,

E~ t !5E01Ev sin~vt !, ~2!

are applied in thex-y plane, the average drift velocity of th
electrons in the time-dependent steady state,v0, can be de-
termined by the following force and energy balan
equations:14,15

05NseE01Nse~v03B!1F, ~3!

052v0•F2W1Sp . ~4!

Here F is the frictional force~due to electron-impurity and
electron-phonon interactions!, W is the energy-transfer rat
from the electron system to the phonon system due
electron-phonon interaction under the influence of the hi
frequency electric field, andSp is the rate of the energy th
electron system gains from the radiation field through
multiphoton absorption and emission process (n561,
62, . . . ) associated with the intraband transition of the ele
trons with the assistance of electron-impurity and electr
phonon interactions. They take exactly the same form
those without a magnetic field,14,15 except thatP2(qi ,V)
now represents the imaginary part of the Fourier represe
tion of the density correlation function for 2D electrons
the presence of the magnetic field, which can be written
terms of the density correlation function in the Land
representation9,16

P2~qi ,V!5
1

2p l 2 (
n,n8

Cn,n8~ l 2qi
2/2!P2~n,n8,V!, ~5!

P2~n,n8,V!52
2

pE d«@ f ~«!2 f ~«1V!#

3Im Gn~«1V!Im Gn8~«!, ~6!
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wherel 5A1/ueBu is the magnetic length,

Cn,n1 l~Y!5@ n!/ ~n1 l !! # Yle2Y@Ln
l ~Y!#2 ~7!

with Ln
l (Y) being the associate Laguerre polynomial,f («)

5$exp@(«2m)/Te#11%21 is the Fermi-distribution function
and ImGn(«) is the imaginary part of the Green’s functio
of the Landau leveln, which is proportional to the density o
states, such that the sheet density of electrons is given b

Ns52
1

p2l 2 (
n
E d« f ~«!Im Gn~«!. ~8!

This equation determines the chemical potential.
In principle, the ImGn(«) function in Eq.~6! should be

determined self-consistently from the Dyson equation
Green’s function and that for self-energy with all the scatt
ing mechanisms included. The resultant imaginary part of
self-energy is generally a complicated function of the m
netic field, temperature, and Landau-level index, also dep
dent on the relative strength of the impurity and optic
phonon scattering. In the present study we do not attem
self-consistent calculation ofGn(«). Instead, we use a
Lorentz-type function for the Landau-level shape

Im Gn~«!52
Gn

Gn
21~«2«n!2

~9!
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with a unified broadening parameterGn5G for all the Lan-
dau levels, which is taken asG5(2vcG0 /p)1/2 with G0 be-
ing related to the linear mobilitym0 in the absence of the
magnetic field:G05e/m0m.19 By considering thed function
like Im Gn(«), the integration in Eq.~6! may be carried out,
and the functionP2(n,n8,v) takes the form2

P2~n,n8,v!52@ f ~«n2v!2 f ~«n!#
4G

4G21~«n82«n1v!2
.

~10!

In the case of a small dc field we can take the limitv0→0.
The energy-balance equation~4! is reduced to14

05(
qi

uU~qi!u2 (
n52`

`

Jn
2~qi•rv!nvP2~qi ,2nv!

12(
q,l

uM ~q,l!u2 (
n52`

`

~nv2Vql!Jn
2~qi•rv!

3P2~qi ,Vql2nv!FnS Vql

T D2nS Vql2nv

Te
D G . ~11!

The force-balance equation yields the transverse and
gitudinal parts of the resistivity tensor as

rxy5B/Nse, ~12!

and (v0 is assumed to be in thex direction!
rxx52
1

Ns
2e2 (

qi

qx
2uU~qi!u2 (

n52`

`

Jn
2~qi•rv!F ]

]V
P2~qi ,V!G

V52nv

1
2

Ns
2e2 (

q,l
qx

2uM ~q,l!u2

3 (
n52`

`

Jn
2~qi•rv!H 1

Te
n8S Vql2nv

Te
DP2~qi ,Vql2nv!1FnS Vql2nv

Te
D2nS Vql

T D GF ]

]V
P2~qi ,V!G

V5Vql2nv
J .

~13!
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In Eqs.~11! and~13!, U(qi) stands for the electron-impurit
potential,M (q,l) the electron-phonon matrix element in th
plane-wave representation~the phonon is characterized by
three-dimensional wave vectorq and a branch indexl, hav-
ing energyVql), n(x)[@exp(x)21#21 is the Bose function,
Te is the electron temperature,rv[eEv /(mv2), andJn(x)
is the Bessel function of the ordern.

We see that the transverse resistivity has the same for
the conventional Hall resistivity in the absence of the hig
frequency field. However, the longitudinal resistivity can
significantly affected by the strength and the frequency of
THz field.

As an example, we consider a GaAs/AlxGa12xAs hetero-
junction with electron densityNs52.031015 m22 and the
depletion charge densityNd55.031014 m22. The electron
effective massm50.067m0 (m0 is the free-electron mass!.
In addition to the impurity scattering, which is assumed to
weak, we consider only the polar optical-~LO-! phonon scat-
tering via Fröhlich interaction with electrons. The LO
phonon energyVLO536.6 meV, the static dielectric consta
k512.9, and the optical dielectric constantk`510.8. In the
numerical calculation we will use Eq.~10! for theP2(qi ,V)
as
-

e

e

function and choose three different values ofG0: 0.058,
0.087, and 0.17 meV, which correspond to the electron m
bility m0530, 20, and 10 m2/V s, respectively.

Without the irradiation of the THz field, we have conve
tional magnetophonon resonance, as shown in Fig. 1, wh
the longitudinal magnetoresistivity due to optic phonon sc
tering, rxx , is plotted as a function ofvc /VLO at lattice
temperatureT5120 K for the above-mentioned three diffe
ent values of parameterG0. Resonant oscillation of magne
toresistivity shows up withrxx peaking when the energy dis
tance between the centers of two different Landau lev
matches approximately the optic phonon energyVLO , i.e.,
when the conditionMvc5VLO is almost satisfied (M
51,2, . . . represents an index difference of two Landau l
els!. TheG050.17 meV case is roughly comparable with th
oscillation part of the experimentally observe
magnetoresistivity6,17,18 for high low-temperature mobility
(;100 m2/V s) GaAs/AlxGa12xAs systems having an elec
tron sheet density of order of 231015 m22.

In the presence of a THz field, we see from Eq.~10! that
the P2(qi ,VLO2nv) function has local maxima under th
condition

Mvc1nv5VLO . ~14!
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Therefore, it may happen that the longitudinal resistivity@Eq.
~13!#, as well as other transport quantities, also exh
maxima or other kinds of structure around where the con
tion ~14! is approximately satisfied. Heren50,61,62, . . .
corresponds to the zero-photon, one-photon, and two-ph
emission and absorption process, respectively. In the num
cal calculation, we first consider the parallel configuratio
i.e., the THz electric field polarizes along the direction p
allel to v0. To demonstrate the fine structure related to
multiphoton process, we first calculate the longitudinal res
tivity under the influence of THz radiation fields having thr
different angular frequencies,v50.1VLO , 0.15VLO , and
0.2VLO ~or frequencyn5v/2p50.89, 1.34, and 1.78 THz!
and three different amplitudesEv50.5, 0.75, and 1 kV/cm,
by using a small valueG050.058 meV. The lattice tempera
ture isT5120 K. The calculated resistivityrxx is shown as a
function of vc /VLO in Fig. 2. The zero-photon and all pos
sible multiphoton peaks in the casesM51 and 2 are dis-
played and identified by two integers: (M ,n). The following
features can be seen.~1! Zero-photon peaks~1,0! and ~2,0!
are located essentially at the same positions as in the ca
the magnetophonon resonance without a THz field~Fig. 1!,
but the heights of therxx resonant peaks are significant
reduced due to the irradiation of the THz field.~2! In the case
of v/2p50.89 THz@Fig. 2~a!#, with an increase of the THz
field amplitudeEv from 0.5 to 1.0 kV/cm, zero-photon peak
~1,0! and ~2,0! and one-photon peaks withM51, ~1,1! and
~2,1!, descend, while two-, three-, and four-photon pea
~1,2!, ~1,3!, (1,22), (1,23), (1,24), and (2,22), and one-
photon peaks withM52, ~2,1! and (2,21), ascend@Fig.
2~a!#. In the cases ofv/2p51.34 THz @Fig. 2~b!# and
v/2p51.78 THz @Fig. 2~c!#, however, all the nonzero
photon peaks are enhanced when the strength of the
field increases.~3! For a fixed THz-field amplitude, this ef
fect of resonant peaks descending or ascending app
stronger at a lower frequency of the THz field than a
higher frequency@Figs. 2~a!–2~c!#, just as that of the THz-
field-induced suppression or enhancement of the dc mob
is stronger at lower frequency.14 ~4! The widths of all the
resonant peaks having the same indexM, such as~1,0!, ~1,1!,
(1,21), ~1,2!, (1,22), ~1,3!, (1,23), and (1,24), are es-

FIG. 1. Magnetophonon resonance in the longitudinal resistivityrxx for
three different values of the Landau-level broadening parameterG0: 0.058,
0.087, and 0.17 meV.
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sentially the same but differ from those having differentM.
This feature can be used to distinguish the close multipho
peaks with differentM, such as~1,3! and (2,22) in Fig.
2~a!.

The multiphoton resonant peaks can also be observe
for a fixed magnetic field, we look at the magnetoresistiv
as a function of frequency of the THz field. Figure 3 is o
tained atT5120 K under the condition of a given amplitud
of the THz fieldEv50.5 kV/cm for the broadening param
eterG0 as in Fig. 2. Multiphoton peaks appear clearly.

Figure 4 shows the multiphoton-magnetophonon re
nance in the longitudinal resistivityrxx of the same
GaAs/AlxGa12xAs heterojunction driven by radiation field
having three different amplitudesEv50.5, 0.75, and 1.0
kV/cm but the same frequencyv/2p50.89 THz, obtained at
lattice temperatureT5120 K by using a larger broadenin
parameterG050.17 meV. ThisG0 corresponds to a mobility

FIG. 2. Multiphoton-magnetophonon resonance in the longitudinal
sistivity rxx of a GaAs/AlxGa12xAs heterojunction driven by radiation field
having three different frequencies,~a! n5v/2p50.89, ~b! 1.34, ~c! 1.78
THz, and three different amplitudesEv50.5, 0.75, and 1 kV/cm. The peak
are indicated by two integers (M ,n) in reference to the resonant conditio
~14!. The value of parameterG0 is 0.058 meV. The lattice temperatureT
5120 K.
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of m0510 m2/Vs when estimated withm05e/mG0. It is a
quite realistic situation for GaAs/AlxGa12xAs heterojunc-
tions evenm0 is taken as the mobility atT5120 K. The
multiphoton resonant peaks, although not as sharp as in
case ofG050.058 meV, still show up distinctly in this fig
ure. All the features discussed with respect to Fig. 2 rem
The overall shape of therxx-vs-vc /VLO curve appears quite
different for different strengths of the radiation field. The
multiphoton-magnetophonon resonant peaks should be
served experimentally in a moderately high-mobil
GaAs/AlxGa12xAs heterojunction irradiated by an intens
THz irradiation.

We have also performed a numerical calculation in
perpendicular configuration, i.e., the high-frequency field
larizes along the direction perpendicular tov0. Qualitatively

FIG. 3. Resistivityrxx versus the frequency of the THz field fo
two different strengths of magnetic field:~a! vc /VLO50.9 and~b!
0.8. The amplitude of the THz fieldEv50.5 kV/cm, the broadening
parameterG050.058 meV, and the lattice temperatureT5120 K.
he

n.

b-

e
-

similar features are obtained. However, to achieve a qua
tatively comparable effect, a larger strength of the THz fie
is needed in the perpendicular case than in the parallel c

Multiphoton-magnetophonon resonance peaks can
show up in the electron temperatureTe /T versusvc /VLO .
However, at the strengths of the THz fields discussed ab
the maximum oscillating amplitude ofTe /T is only a few
percent, and thus hardly observable in the present situat

In conclusion, we have demonstrated that when a m
netically quantized 2D polar system is exposed to an inte
electromagnetic radiation of THz frequency, the magn
tophonon resonant peaks may appear in the longitudina
resistivity as a function of the magnetic field~for fixed fre-
quency and the amplitude of the radiation field!, and may
also show up in the longitudinal dc resistivity as a functi
of the frequency of the radiation field~for fixed strength of
the magnetic field and fixed amplitude of the radiation fiel!.
We expect that these predictions about the behavior
multiphoton-magnetophonon resonance can be confirmed
perimentally.

This work was supported by the National Natural Scien
Foundation of China, the Ministry of Science and Techn
ogy of China, the Shanghai Municipal Commission of S
ence and Technology, and the Shanghai Foundation for
search and Development of Applied Materials.

FIG. 4. Longitudinal resistivityrxx as a function of the strength
of the magnetic field for three different amplitudes of the THz fie
Ev50.5, 0.75, and 1 kV/cm. The broadening parameterG0

50.17 meV, the frequency of the THz fieldv/2p50.89 THz, and
the lattice temperatureT5120 K.
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