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Magnetophonon resonance in the energy relaxation of electrons in a quantum well
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The magnetophonon resonance effect in the energy relaxation rate is studied theoretically for a quasi-
two-dimensional electron gas in a semiconductor quantum well. An electron-temperature model is adopted to
describe the coupled electron-phonon system. The energy relaxation time, derived from the energy relaxation
rate, is found to display an oscillatory behavior as the magnetic-field strength changes, and reaches minima
when the optical phonon frequency equals integer multiples of the electron cyclotron frequency. The theoret-
ical results are compared with a recent experiment, and a qualitative agreement is found.
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Since the pioneering work of Gurevich and Firdothe (i) For simplicity, only one subband is considerég) The
magnetophonon resonané¢®PR) effect has been exten- electrons are described with an effective mass, but the band
sively investigated, both experimentally and theoretically, innonparabolicity is included through a two-band Kane
bulk semiconductoré,and more recently, in lower dimen- model™ (v) The electron-phonon interaction is treated
sional electronic structuré$. This MPR effect is known to  Within the first-order Born approximation, as the electron-
arise from the resonant coupling between electrons and ofthonon coupling is weak: (vi) The many-particle effect
tical phonons when the separation between two Landau leW€lectron-electron interactionis partly taken into account
els approaches the phonon energy, and leads to oscillatoWithin the well-known random-phase approximatidrivii)
behavior in many transport properties, e.g., the magnetorelhe electron is assumed to couple with the bulk optical pho-
sistivity. non mode'! The coupling with other modes, e.g., interface

Most previous studies have concentrated on the MPR effode, is neglectedyviii) The hot-phonon effect is neglected.
fect in the momentum relaxation of charged carriefspnly ~ Overall, we believe that these approximations are reasonable
a few have dealt with the MPR effect in the energy relax-and sufficient, as a qualitative picture is sought.
ation proces$ In this paper, we report on a theoretical L€t us consider a 2DEG, in the presence of a perpendicu-
investigation of the MPR effect in the energy relaxation timelar magnetic field, interacting with bulk optical phonons.
(rate) of a two-dimensional electron ga8DEG) formed in a When the coupled system is in a steady state, the electron
semiconductor quantum well. Adopting an electron-€nergy relaxation rate can be calculated by evaluating the
temperature modéf the energy relaxation time, derived rate of increase of the number of phondris:* The electron
from the energy relaxation rate, is found to display an oscil-€nergy relaxation time can be naturally derived from this
latory behavior as the magnetic-field strength changes, arf@te- In the literature, there exist alternative approaches for
reaches minima when the optical phonon frequency becomezlculating the energy relaxation t”ﬁ%f_,lg but we believe
an integer multiple of the electron cyclotron frequency. Thethat the present one is more natural, simpler, and with a clear
theoretical results are applied to a 2DEG in an InAs quantunphysical meaning. The energy relaxation rate per particle
agreement is found.

In this paper, the electron-temperature model is used as W= hoo n(f“"LO) _n(ﬁ‘*’LO)

KT, KT,
temperaturd  for the electron subsystem, and a lattice tem- 1 N 2 . 1 .
peratureT, for the phonond? This model only approxi- Where 7o~ =(2ahe./€%)wio(h/2m* w o) 7 is the time
steady but nonequilibrium state, as the details of nonequilib= — (27n¢) "*fgdqdime “*(q,w0). n(x)=1/(e*~1) is
rium is ignored. This model should be applicable in thethe Boson distribution functionw o the optical phonon
electron subsystem to reach equilibriuia typically much  coupling constant, ande(q,) the dielectric function
shorter than the scattering time between electrons an@f the 2DEG at a given electron-temperatilige £(q,) can

P(Te), @

well, and compared to a recent experimEna qualitative W can be written a4

the starting point. In this model, one assumes an electron- Ty

mately describes a coupled electron-phonon system in $cale of the coupled electron-phonon system, &{d.)
present study, as the scattering time among electfonshe ~ frequency,m* the electron effective mass; the Frdlich

phonons-? be explicitly written a& &(q,0)=1—v(q)II(q,®),
For clarity, the major approximations made in this paperwhere v(g)=2me*f(q)/(e-0), 11(0,0)=(Mao/
are as follows(i) We use an electron-temperature mod@e).  27%) 2 o/ Cn 0/ (q) 70 (@), Chnsi(@)=[nY

The electron-acoustic-phonon coupling is neglected, as it ign+1)!le *x[LL(x)]?, x=%g%2me,, and Ton (@)
less important when the electron temperatures are fArge.=2[ng(en) —ne(en)[hw— (e —en) +iy]. T(q) is the
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form factor for a quantum wellg., the dielectric constant, T T T T T T T
ne(x) the Fermi distribution functionp.=eB/m* ¢ the cy- 12 E n=2x10""cm i (a)
clotron frequency, and,, the energy of the Landau level.

In calculating the dielectric function, the random-phase
approximation is employed, and a broadening parameter
inserted into the energy denominator in the first-order polar-
ization function!® It must be pointed out thay is not the
width of a Landau level, but is rather a Lorentzian broaden-
ing of the § function expressing the energy conservation.
This y originates from the scattering of electrons by phonons
and impurities. For simplicity, in the present study, we have
not attempted a self-consistent calculafiof y.

[ T T = | = NNl RN EEEE

The energy relaxation rate given in BEd) is written ex- Ej y
plicitly with a factor [n(Aw o/kgT|)—n(fiw o/ksgTe)] to i ]
emphasize the underlying physics. If the electrons and 0.0 LM L1l =,

. 0.6 (T TTT | LI L | [ | T
phonons have the same temperature, then there is no net L h=6x10 em @
energy transfer between the two subsystems. Only when 04 s

T.>T,, there is a net energy flow from the electron to the
phonon system. This statement is correct even if the
electron-phonon interaction is not treated as a perturbation.
Writing the energy relaxation rate in the above form also
helps us to see clearly the dependence of the relaxation rate
on various system parameters. As we will show next, the
dominant overall temperature dependence is contained in the
factor [n(hw o/kgT|) —N(hw o/kgTe)]. Note that when “ 0 10 20 30 40
T.>T,, the net energy transferred from the electrons to the
phonons is assumed to dissipate away via some unspecified
channels. The study of dissipation of phonons is, however,

beyond the scope of this paper. guencyw, is shown for different electron densities and broadening

We have Ca_rr'ed OUt_ detailed calculations of the eIeCtrorbarameters which are shown in the corresponding panels. The solid,
energy relaxation ratétime) for a quantum well made of yashed, and dotted curves are for the electron temperature

InAs, SO th?t t_he results .could_be compared with a recenf?: 300 K, 200 K, and 100 K, respectively. The quantum wel
experiment! First, let us investigate the overall feature of width is 185 A, and other parameters are taken for an InAs quantum
the energy relaxation rate. In Fig. 1, the funct®(T,) ver-  well with a lattice temperature of 4.2 K.

sus the electron cyclotron frequeney, is shown for various

o, (meV)

FIG. 1. The functionP(T,) versus the electron cyclotron fre-

electron densitieg,, electron temperaturg,, and broaden- electron-phonon coupling becomes resonant, when the pho-
. e _ e non energy equals the energy difference between the initial
ing parameter;_/, shown in the corresponding panels of the ;4 final electron states.

figure. The solid, dashed, and dotted curves are for the elec- From Fig. 1, one notices that the temperature dependence
tron temperature§ =300 K, 200 K, and 100 K, respec- of P(T,) can be detected more easily for lower electron den-
tively. The quantum well width is 185 A, and other param- sities. This is because, in the temperature range studied here,
eters are taken for the material InAs:band mass the lower the electron density, the more sensitive the depen-
m*/m,=0.023 without band nonparabolicity, phonon fre- dence of the electron distribution is on the electron density.
quencyfiw_o=30 meV, electron-phonon coupling constantAS the electron density increasesee Fig. 1c)], there is a
a=0.052, and 7,=1.12<10"%® s. The dependence of shou.lder structure appearing abaug= 25 meV. This fea-
P(T.) on the quantum well width is not strong, thus it is not ture is found to originate from the detaileddependence of

shown explicitly. As the conduction band of InAs is strongly the dielectric function of the 2DEG, and disappears for a

nonparabolic, we have taken the band nonparabolicity im(l)arae;t?gﬂzdg:gé%ggr::i;ng((a;_. ) on the broadening param-
<)

account via an energy .dependent effective mass, the SaMer y is evident in Fig. 1. Asy becomes larger, the peak

approach as employed in Ref. 11. amplitude of the energy relaxation rate is reduced. As the
_InFig. 1, the energy relaxation rate clearly shows an ospeak value of the imaginary part of the dielectric function is

cillatory behavior. When the phonon frequency (30 m&/  roughly proportional to the inverse of, one sees that the

an integer multiple of the electron cyclotron frequensy,  peak amplitude of the relaxation rate, B(T,), is almost

the relaxation rate, dP(T,), exhibits a local maximum. This linearly proportional toy.

oscillatory behavior could be traced to the energy denomina- From the electron energy relaxation rate we find, in a

tor in the dielectric function, arising from the energy conser-rather natural way, the electron energy relaxation timby

vation condition in the process of electron-phonon scatteringwriting the relaxation rate per particl&/ as

As the electron motion is completely quantized in a perpen-

dicular magnetic field, the electron energy can only take dis- _hwe

W= . 2

crete values, i.e., the Landau level energies. Thus, the T
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2 Vaughanet al!!

The electron density is taken from the ex-
periment. The electron temperatufg and broadening pa-

] rametery are, however, treated as fitting parameters. The
experimental data were extracted from the measured electron
cyclotron transmission intensity versus incident laser power,
via the solution of a group of rate equatiois.

In the electron temperature model, the electron distribu-
tion among the Landau levels is determined By. In the
experiment, this distribution is adjusted by varying the inci-
dent laser power intensity.Unfortunately, Ref. 11 does not
provide information about the electron distribution from
which one could extract an effective temperature. It is clear
that the experimental data fall near the curves with
T.=200 K andT= 300 K, which are reasonable values. The

ot b b b bl lattice temperature is kept & =4.2 K. Thus the present
0 10 20 30 40 theoretical calculation is in qualitative agreement with the
o, (meV) experiment. At lower electron temperatures, the relaxation
time increases rapidly. From Fig. 2, one sees that the most

FIG. 2. The calculated energy relaxation timés displayed as ~Important parameter is the electron temperatyreifluences
a function of the electron cyclotron frequenay,, for an InAs  the relaxation time in a less sensitive way. A picture quali-
quantum well with well width 185 A. The solid, dashed, and dash-tatively similar to Fig. 2 could be obtained f is increased
dotted curves are for the electron temperaffige 300 K, 200 K,  t0 3 meV (not shown here
and 100 K, respectively. The solid squares are the experimental data In summary, the MPR effect in the energy relaxation time
of Vaughanet al.. (rate is studied for a 2DEG in a quantum well. Adopting an
electron-temperature model, the energy relaxation fiaie
is found to display oscillatory behavior as a function of the
magnetic field. The theoretical results are in qualitative
agreement with a recent experiment.
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This relaxation timer can be interpreted as an averaged
electron Landau level lifetime. In Fig. 2, the calculated en-
ergy relaxation timer is displayed as a function of the elec-
tron cyclotron frequency,, for an InAs quantum well with This work was partly supported by the Chinese Natural
width 185 A. The solid, dashed, and dash-dotted curves arScience Foundation. One of (i5.M.P) is a Research Direc-
for the electron temperaturds =300 K, 200 K, and 100 K, tor with the Belgian National Science Foundation. We ac-
respectively. The solid squares are the experimental data éghowledge discussions with R. Nicholas and C. Langerak.
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