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Multiphoton-magnetophonon resonance in two-dimensional electron systems
under intense terahertz fields
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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 (zeaksgphoton 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 multiptiotan (
peaks ascend. These multiphoton-magnetophonon resonant peaks should be observed experimentally in real-
istic, high-mobility systems when exposed to an intense terahertz irradip86h63-18209)07135-0

Magnetophonon resonaricéMPR) in two-dimensional We consider a two-dimensional system, which consists of
(2D) semiconductor systems has been extensively studied iNs electrons moving in thg-y plane with a parabolic energy
the literature?™® It arises generally from the resonant cou- spectrums(k”)=kﬁ/2m [kj=(ky,ky)]. A uniform magnetic
pling between electrons and longitudinal-ofti®©) phonons  field B=(0,0B) applied along the axis quantizes these 2D
and occurs when the separation between two Landau levefjectrons to form Landau levels of equidistance:

matches the LO-phonon energy. This effect leads to oscilla- en=(n+1/2)w,, n=0,12... (D)

tion behavior in a variety of transport properties, such asyhere w.=|eB|/m is the cyclotron frequency. When a uni-
magnetoresistantend energy relaxatiohas functions of  form dc electric fieldE, and a sinusoidal terahertz ac field of
the magnetic field. In the presence of a high-frequency aamplitudeE, and angular frequency,
field, so far theoretical studies have been attempted only E(t)=Ey+E,, sin(wt), ®)
within the framework of linear-response theory. Xu and
Zhand calculated the frequency-dependent complex linea ) .

lectrons in the time-dependent steady statecan be de-

resistivity of a 2D electron system subject to a quantize ermined by the following force and energy balance
magnetic field, based on a Drude-type formula proposed bgquations“'“

Ting et al,® and found that the effect of an ac field is to shift

pre applied in the-y plane, the average drift velocity of the

the positions of the resonant peaks of the real part of the 0=NseEo+Nse(Vox B)+F, €
longitudinal magnetqresistivity down froMl w,=Q, o (o, 0=—Vvo-F-W+S,. (4)
and(), o are, respectively, the cyclotron and the LO-phonon ) o ) )
frequencyM=1,2, . .. is an index difference between two HereF is the frictional force(due to electron-impurity and

electron-phonon interactionsw is the energy-transfer rate

: - L .. .. from the electron system to the phonon system due to
ac field, without a significant shape change of the resistivit . . ) ;
9 g P 9 yelec'[ron—phonon interaction under the influence of the high-

curve. - .
The development of the free-electron laser techniquefrequency electric field, an8, is the rate of the energy the

) : . . electron system gains from the radiation field through the
which provides a tunable source of linearly polarized far'multiphoton absorption and emission process=¢ 1
@nfrare_d or terahertzTHz)_ electromagneti_c radiation of high +2,...)associated with the intraband transition of the élec—
intensity, has recently stimulated extensive experimental angons with the assistance of electron-impurity and electron-
theoretical studies on the nonlinear dynamics of 2D electro : :

. . o honon interactions. They take exactly the same form as
systems driven by intense terahertz electric fiéfds*When P y y

maaneticall ntized 2D polar semiconductor is exnosell0S€ Without a magnetic field;"> except thatlT,(qy,Q)
a magnetically guantize ) polar semiconductor IS exposef,,, represents the imaginary part of the Fourier representa-
to an intense electromagnetic radiation of THz frequency, th

tooh behavior i ed © b fion of the density correlation function for 2D electrons in
magnetophonon resonance benhavior 1S expected 1o be gh, presence of the magnetic field, which can be written in
fec;ed_ drastically by fche rad|at|qn field .due to Ifm"t'ph(mmterms of the density correlation function in the Landau
emission and absorption. These interesting phenomena, ho‘?’épresentatiognls

ever, cannot be disclosed within a linear-response theory.
The purpose of the present paper is to investigate the 1

Landau levelsto Mw:.+w=Q, o (w is the frequency of the

2 ’
magnetophonon resonance in dc longitudinal magnetoresis-  112(91:€) = o2 2 Con(I70[/2TI5(n,0",Q),  (5)
tivity in a 2D semiconductor system subject to an intense mn
terahertz field, using the nonlinear balance-equation 2
approach extended to the case in the presence of a quan- Iy(n,n", Q)= — ;j de[f(e)—f(e+Q)]
tized magnetic field® with all orders of multiphoton pro-
cesses included. XImG,(e+Q)ImG,(¢g), (6)
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wherel = y1/|eB| is the magnetic length,

Crnai(Y)=[nl/(n+1)!]Y'e Y[Ly(Y)]? @)

with L'n(Y) being the associate Laguerre polynomiglg)
={exd(e—w)/TJ+1} ! is the Fermi-distribution function,
and ImG, (&) is the imaginary part of the Green’s function
of the Landau leveh, which is proportional to the density of

states, such that the sheet density of electrons is given by

1
st—ﬁ; fds f(e)ImGy(e). (8)

This equation determines the chemical potential.
In principle, the ImG,(&) function in Eq.(6) should be

determined self-consistently from the Dyson equation for
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with a unified broadening parametBr=1" for all the Lan-
dau levels, which is taken d3= (2w.I'y/7)Y? with T'; be-
ing related to the linear mobility., in the absence of the
magnetic fieldT" o= e/ uom.!° By considering thes function
like Im G, (&), the integration in Eq(6) may be carried out,
and the functiodI,(n,n’, ) takes the forrh

4T
4F2+(sn,—sn+w)2.
(10

In the case of a small dc field we can take the limjt-0.
The energy-balance equatiof) is reduced t&

IIx(n,n",w)=—[f(eq— )~ f(en)]

0=2, |U(q\\)|2n;x J2(q-r,)nelly(g), —nw)

q

Green'’s function and that for self-energy with all the scatter-
ing mechanisms included. The resultant imaginary part of the
self-energy is generally a complicated function of the mag-
netic field, temperature, and Landau-level index, also depen-

+2§ M@ 3 (nw—Qq) I3 r,)

dent on the relative strength of the impurity and optical

phonon scattering. In the present study we do not attempt a

self-consistent calculation ofs,(¢). Instead, we use a
Lorentz-type function for the Landau-level shape

Qq)\_ Nw
Te

Qo
T

]

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

r _
Im Gn(s) — Z—nz 9) Pxy= B/Nsea (12
I'i+(e—ep) and (v, is assumed to be in thedirection
|
b= S U@ S Jz(q'rw)[inﬂqwﬂ) b S @M@
Nie? q nSe " o{d 0--no NZe2 a1
- 1 [Qgp—ne Qg —Nw Q J
2 S e _ ekl Y (el 0 I |
X 2 Jn(q'fw>|Te” ( T, )Hz(q’ﬂqx o)+ N —= ) ”( T )Hag“z(q’ﬂ) Q%_nw]
(13

In Egs.(11) and(13), U(q)) stands for the electron-impurity function and choose three different values Iof: 0.058,
potential,M(q,\) the electron-phonon matrix element in the 0.087, and 0.17 meV, which correspond to the electron mo-
plane-wave representatidthe phonon is characterized by a bility 10=30, 20, and 10 A1Vs, respectively.

three-dimensional wave vectgrand a branch index, hav-
ing energy(),), n(x)=[exp&)—1] ! is the Bose function,
T, is the electron temperature,=eE, /(mw?), andJ,(x)
is the Bessel function of the order

We see that the transverse resistivity has the same form

Without the irradiation of the THz field, we have conven-
tional magnetophonon resonance, as shown in Fig. 1, where
the longitudinal magnetoresistivity due to optic phonon scat-
tering, pyy, IS plotted as a function of /) o at lattice
temperaturd =120 K for the above-mentioned three differ-
it values of parametdi,. Resonant oscillation of magne-

the conven'.tional Hall resistivity in Fhe .absenc.e pf the high-gresistivity shows up withp,, peaking when the energy dis-
frequency field. However, the longitudinal resistivity can betance between the centers of two different Landau levels
significantly affected by the strength and the frequency of thenatches approximately the optic phonon eneflyy, i.e.,

THz field.

As an example, we consider a GaAs/@k, _,As hetero-
junction with electron densitiN,=2.0x 10> m~2 and the
depletion charge densitfg=5.0x 10* m~2. The electron
effective masan=0.067n, (m, is the free-electron mass
In addition to the impurity scattering, which is assumed to b
weak, we consider only the polar opticdl-O-) phonon scat-
tering via Frdnlich interaction with electrons. The LO-
phonon energ{), o= 36.6 meV, the static dielectric constant
xk=12.9, and the optical dielectric constatit=10.8. In the
numerical calculation we will use E¢LO) for the IT,(qy,(2)

when the conditionMw.=Q,5 is almost satisfied NI
=1,2, ... represents an index difference of two Landau lev-
els). Thel',=0.17 meV case is roughly comparable with the
oscillation part of the experimentally observed
magnetoresistivity'’18 for high low-temperature mobility
e(~1OO nt/Vs) GaAs/AlGa _,As systems having an elec-
tron sheet density of order 0f210* m™2.
In the presence of a THz field, we see from ED) that
the IT,(q;,Q2 o—Nnw) function has local maxima under the
condition

M(J)C+ n(,():QLo. (14)
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FIG. 1. Magnetophonon resonance in the longitudinal resistjityfor B N I A I 0.75 kV/cm |
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Therefore, it may happen that the longitudinal resisti{iig.
(13)], as well as other transport quantities, also exhibit
maxima or other kinds of structure around where the condi-

tion (14) is approximately satisfied. Here=0,=1,+2, ... 0.0} — -
corresponds to the zero-photon, one-photon, and two-photor 5 4| (1,0) (0) 0/2n=1.78 THz 1
emission and absorption process, respectively. In the numeri ] o ]
cal calculation, we first consider the parallel configuration, 20 y
i.e., the THz electric field polarizes along the direction par- 16 [ ]
allel to vo. To demonstrate the fine structure related to the 1

multiphoton process, we first calculate the longitudinal resis- .

tivity under the influence of THz radiation fields having three
different angular frequenciesy=0.1Q,,, 0.15),5, and
0.20), o (or frequencyr= w/27=0.89, 1.34, and 1.78 THz
and three different amplitudés,=0.5, 0.75, and 1 kV/cm,
by using a small valu&',=0.058 meV. The lattice tempera-
ture isT=120 K. The calculated resistivity,, is shown as a
function of w./Q, o in Fig. 2. The zero-photon and all pos-
sible multiphoton peaks in the casbt=1 and 2 are dis-
played and identified by two integerd¥i(n). The following
features can be see(l) Zero-photon peaksl,0) and (2,0)

are located essentially at the same positions as in the case g,

the magnetophonon resonance without a THz f{€lig. 1),

l

5

FIG. 2. Multiphoton-magnetophonon resonance in the longitudinal re-

sistivity p,, of a GaAs/AlGa, _,As heterojunction driven by radiation fields
having three different frequencie®) v=w/27=0.89, (b) 1.34, (c) 1.78
T

z, and three different amplitudés,=0.5, 0.75, and 1 kV/cm. The peaks

but the heights of thep,, resonant peaks are significantly =120 K.

reduced due to the irradiation of the THz fie(d) In the case

indicated by two integerdv(,n) in reference to the resonant condition
(14). The value of parametdr, is 0.058 meV. The lattice temperatufe

of w/27w=0.89 THz[Fig. 2(@], with an increase of the THz- sentially the same but differ from those having differéht

field amplitudeE , from 0.5 to 1.0 kV/cm, zero-photon peaks This feature can be used to distinguish the close multiphoton
(1,0 and(2,0) and one-photon peaks witd =1, (1,1) and  peaks with differentM, such as(1,3) and (2;-2) in Fig.
(2,1), descend, while two-, three-, and four-photon peaks2(a).

(1,2, (1,3, (1,—2), (1,-3), (1,—4), and (2+-2), and one- The multiphoton resonant peaks can also be observed if,
photon peaks wittM =2, (2,1) and (2;-1), ascendFig.  for a fixed magnetic field, we look at the magnetoresistivity
2(@]. In the cases ofw/2w=1.34 THz [Fig. 2b)] and as a function of frequency of the THz field. Figure 3 is ob-
wl2r=1.78 THz [Fig. 2(c)], however, all the nonzero- tained afT=120 K under the condition of a given amplitude
photon peaks are enhanced when the strength of the TH the THz fieldE,=0.5 kV/cm for the broadening param-
field increases(3) For a fixed THz-field amplitude, this ef- eterl’y as in Fig. 2. Multiphoton peaks appear clearly.

fect of resonant peaks descending or ascending appears Figure 4 shows the multiphoton-magnetophonon reso-
stronger at a lower frequency of the THz field than at anance in the longitudinal resistivityp,, of the same
higher frequencyFigs. 2a)—2(c)], just as that of the THz- GaAs/ALGa, _,As heterojunction driven by radiation fields
field-induced suppression or enhancement of the dc mobilithaving three different amplitudeg,=0.5, 0.75, and 1.0

is stronger at lower frequend§.(4) The widths of all the kV/cm but the same frequeney/27=0.89 THz, obtained at
resonant peaks having the same inbtigxsuch ag1,0), (1,1), lattice temperaturd =120 K by using a larger broadening
(1,-1), (1,2, (1,—2), (1,3, (1,-3), and (1;-4), are es- parametel’(=0.17 meV. Thid’, corresponds to a mobility
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FIG. 3. Resistivityp,, versus the frequency of the THz field for
two different strengths of magnetic fielth) w./Q o=0.9 and(b)
0.8. The amplitude of the THz fieH,,= 0.5 kV/cm, the broadening
parameted’;=0.058 meV, and the lattice temperatdre 120 K.

of wo=10 n?/Vs when estimated withuo=e/ml,. It is a
quite realistic situation for GaAs/iba _,As heterojunc-
tions evenpu, is taken as the mobility aT=120 K. The
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FIG. 4. Longitudinal resistivity,, as a function of the strength
of the magnetic field for three different amplitudes of the THz field,
E,=0.5 0.75, and 1 kV/cm. The broadening paramelgy
=0.17 meV, the frequency of the THz fietldl277=0.89 THz, and
the lattice temperatur€=120 K.

similar features are obtained. However, to achieve a quanti-
tatively comparable effect, a larger strength of the THz field
is needed in the perpendicular case than in the parallel case.
Multiphoton-magnetophonon resonance peaks can also
show up in the electron temperatufg/T versusw:/Q, o .
However, at the strengths of the THz fields discussed above,
the maximum oscillating amplitude of,/T is only a few
percent, and thus hardly observable in the present situation.
In conclusion, we have demonstrated that when a mag-
netically quantized 2D polar system is exposed to an intense
electromagnetic radiation of THz frequency, the magne-
tophonon resonant peaks may appear in the longitudinal dc
resistivity as a function of the magnetic fieltbr fixed fre-

multiphoton resonant peaks, although not as sharp as in thfuency and the amplitude of the radiation fieldnd may

case ofl'(=0.058 meV, still show up distinctly in this fig-

also show up in the longitudinal dc resistivity as a function

ure. All the features discussed with respect to Fig. 2 remainef the frequency of the radiation fieldor fixed strength of

The overall shape of the,,-vs-w./{) o curve appears quite

the magnetic field and fixed amplitude of the radiation field

different for different strengths of the radiation field. Thesewe expect that these predictions about the behavior of

multiphoton-magnetophonon resonant peaks should be olnultiphoton-magnetophonon resonance can be confirmed ex-
served experimentally in a moderately high-mobility perimentally.

GaAs/AlLGa _,As heterojunction irradiated by an intense

THz irradiation.
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