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Magnetophonon resonance in the energy relaxation of electrons in a quantum well
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~Received 25 October 1996!

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 Firsov,1 the
magnetophonon resonance~MPR! effect has been exten
sively investigated, both experimentally and theoretically,
bulk semiconductors,2 and more recently, in lower dimen
sional electronic structures.3,4 This MPR effect is known to
arise from the resonant coupling between electrons and
tical phonons when the separation between two Landau
els approaches the phonon energy, and leads to oscilla
behavior in many transport properties, e.g., the magnet
sistivity.

Most previous studies have concentrated on the MPR
fect in the momentum relaxation of charged carriers,5–8 only
a few have dealt with the MPR effect in the energy rela
ation process.9,10 In this paper, we report on a theoretic
investigation of the MPR effect in the energy relaxation tim
~rate! of a two-dimensional electron gas~2DEG! formed in a
semiconductor quantum well. Adopting an electro
temperature model,12 the energy relaxation time, derive
from the energy relaxation rate, is found to display an os
latory behavior as the magnetic-field strength changes,
reaches minima when the optical phonon frequency beco
an integer multiple of the electron cyclotron frequency. T
theoretical results are applied to a 2DEG in an InAs quan
well, and compared to a recent experiment.11 A qualitative
agreement is found.

In this paper, the electron-temperature model is used
the starting point. In this model, one assumes an elect
temperatureTe for the electron subsystem, and a lattice te
peratureTl for the phonons.12 This model only approxi-
mately describes a coupled electron-phonon system
steady but nonequilibrium state, as the details of nonequ
rium is ignored. This model should be applicable in t
present study, as the scattering time among electrons~for the
electron subsystem to reach equilibrium! is typically much
shorter than the scattering time between electrons
phonons.12

For clarity, the major approximations made in this pap
are as follows.~i! We use an electron-temperature model.~ii !
The electron-acoustic-phonon coupling is neglected, as
less important when the electron temperatures are larg10
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~iii ! For simplicity, only one subband is considered.~iv! The
electrons are described with an effective mass, but the b
nonparabolicity is included through a two-band Ka
model.11 ~v! The electron-phonon interaction is treate
within the first-order Born approximation, as the electro
phonon coupling is weak.11 ~vi! The many-particle effect
~electron-electron interaction! is partly taken into accoun
within the well-known random-phase approximation.13 ~vii !
The electron is assumed to couple with the bulk optical p
non mode.11 The coupling with other modes, e.g., interfa
mode, is neglected.~viii ! The hot-phonon effect is neglected
Overall, we believe that these approximations are reason
and sufficient, as a qualitative picture is sought.

Let us consider a 2DEG, in the presence of a perpend
lar magnetic field, interacting with bulk optical phonon
When the coupled system is in a steady state, the elec
energy relaxation rate can be calculated by evaluating
rate of increase of the number of phonons.3,4,14The electron
energy relaxation time can be naturally derived from t
rate. In the literature, there exist alternative approaches
calculating the energy relaxation time,15–19 but we believe
that the present one is more natural, simpler, and with a c
physical meaning. The energy relaxation rate per part
W can be written as10,14

W5
\vLO

t0
FnS \vLO

kBTl
D2nS \vLO

kBTe
D GP~Te!, ~1!

where t0
215(2a\«` /e

2)vLO
2 (\/2m*vLO)

21/2 is the time
scale of the coupled electron-phonon system, andP(Te)
52(2pne)

21*0
`dqqIm«21(q,vLO). n(x)51/(ex21) is

the Boson distribution function,vLO the optical phonon
frequency,m* the electron effective mass,a the Fröhlich
coupling constant, and«(q,v) the dielectric function
of the 2DEG at a given electron-temperatureTe . «(q,v) can
be explicitly written as20 «(q,v)512v(q)P(q,v),
where v(q)52pe2f (q)/(«`q), P(q,v)5(mvc/
2p\)(n,n8Cn,n8(q)pn,n8(v), Cn,n1 l(q)5@n!/
(n1 l )! #e2xxl@Ln

l (x)#2, x5\q2/2mvc , and pn,n8(v)
52@nF(«n)2nF(«n8)#/@\v2(«n82«n)1 ig#. f (q) is the
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form factor for a quantum well,«` the dielectric constant
nF(x) the Fermi distribution function,vc5eB/m* c the cy-
clotron frequency, and«n the energy of the Landau level.

In calculating the dielectric function, the random-pha
approximation is employed, and a broadening parameterg is
inserted into the energy denominator in the first-order po
ization function.13 It must be pointed out thatg is not the
width of a Landau level, but is rather a Lorentzian broad
ing of the d function expressing the energy conservatio
Thisg originates from the scattering of electrons by phono
and impurities. For simplicity, in the present study, we ha
not attempted a self-consistent calculation8 of g.

The energy relaxation rate given in Eq.~1! is written ex-
plicitly with a factor @n(\vLO /kBTl)2n(\vLO /kBTe)# to
emphasize the underlying physics. If the electrons a
phonons have the same temperature, then there is no
energy transfer between the two subsystems. Only w
Te.Tl , there is a net energy flow from the electron to t
phonon system. This statement is correct even if
electron-phonon interaction is not treated as a perturbat
Writing the energy relaxation rate in the above form a
helps us to see clearly the dependence of the relaxation
on various system parameters. As we will show next,
dominant overall temperature dependence is contained in
factor @n(\vLO /kBTl)2n(\vLO /kBTe)#. Note that when
Te.Tl , the net energy transferred from the electrons to
phonons is assumed to dissipate away via some unspec
channels. The study of dissipation of phonons is, howe
beyond the scope of this paper.

We have carried out detailed calculations of the elect
energy relaxation rate~time! for a quantum well made o
InAs, so that the results could be compared with a rec
experiment.11 First, let us investigate the overall feature
the energy relaxation rate. In Fig. 1, the functionP(Te) ver-
sus the electron cyclotron frequencyvc is shown for various
electron densitiesne , electron temperatureTe , and broaden-
ing parameterg, shown in the corresponding panels of t
figure. The solid, dashed, and dotted curves are for the e
tron temperaturesTe5300 K, 200 K, and 100 K, respec
tively. The quantum well width is 185 Å, and other param
eters are taken for the material InAs:11 band mass
m* /me50.023 without band nonparabolicity, phonon fr
quency\vLO530 meV, electron-phonon coupling consta
a50.052, and t051.12310213 s. The dependence o
P(Te) on the quantum well width is not strong, thus it is n
shown explicitly. As the conduction band of InAs is strong
nonparabolic, we have taken the band nonparabolicity
account via an energy dependent effective mass, the s
approach as employed in Ref. 11.

In Fig. 1, the energy relaxation rate clearly shows an
cillatory behavior. When the phonon frequency (30 meV! is
an integer multiple of the electron cyclotron frequencyvc ,
the relaxation rate, orP(Te), exhibits a local maximum. This
oscillatory behavior could be traced to the energy denom
tor in the dielectric function, arising from the energy cons
vation condition in the process of electron-phonon scatter
As the electron motion is completely quantized in a perp
dicular magnetic field, the electron energy can only take d
crete values, i.e., the Landau level energies. Thus,
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electron-phonon coupling becomes resonant, when the p
non energy equals the energy difference between the in
and final electron states.

From Fig. 1, one notices that the temperature depende
of P(Te) can be detected more easily for lower electron d
sities. This is because, in the temperature range studied h
the lower the electron density, the more sensitive the dep
dence of the electron distribution is on the electron dens
As the electron density increases@see Fig. 1~c!#, there is a
shoulder structure appearing aboutvc525 meV. This fea-
ture is found to originate from the detailedq dependence of
the dielectric function of the 2DEG, and disappears fo
larger broadening parameter.

A strong dependence ofP(Te) on the broadening param
eter g is evident in Fig. 1. Asg becomes larger, the pea
amplitude of the energy relaxation rate is reduced. As
peak value of the imaginary part of the dielectric function
roughly proportional to the inverse ofg, one sees that the
peak amplitude of the relaxation rate, orP(Te), is almost
linearly proportional tog.

From the electron energy relaxation rate we find, in
rather natural way, the electron energy relaxation timet, by
writing the relaxation rate per particleW as

W5
\vLO

t
. ~2!

FIG. 1. The functionP(Te) versus the electron cyclotron fre
quencyvc is shown for different electron densities and broaden
parameters which are shown in the corresponding panels. The s
dashed, and dotted curves are for the electron tempera
Te5300 K, 200 K, and 100 K, respectively. The quantum w
width is 185 Å, and other parameters are taken for an InAs quan
well with a lattice temperature of 4.2 K.
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This relaxation timet can be interpreted as an averag
electron Landau level lifetime. In Fig. 2, the calculated e
ergy relaxation timet is displayed as a function of the ele
tron cyclotron frequencyvc , for an InAs quantum well with
width 185 Å. The solid, dashed, and dash-dotted curves
for the electron temperaturesTe5300 K, 200 K, and 100 K,
respectively. The solid squares are the experimental dat

FIG. 2. The calculated energy relaxation timet is displayed as
a function of the electron cyclotron frequencyvc , for an InAs
quantum well with well width 185 Å. The solid, dashed, and da
dotted curves are for the electron temperatureTe5300 K, 200 K,
and 100 K, respectively. The solid squares are the experimental
of Vaughanet al..
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Vaughanet al.11 The electron density is taken from the e
periment. The electron temperatureTe and broadening pa
rameterg are, however, treated as fitting parameters. T
experimental data were extracted from the measured elec
cyclotron transmission intensity versus incident laser pow
via the solution of a group of rate equations.11

In the electron temperature model, the electron distri
tion among the Landau levels is determined byTe . In the
experiment, this distribution is adjusted by varying the in
dent laser power intensity.11 Unfortunately, Ref. 11 does no
provide information about the electron distribution fro
which one could extract an effective temperature. It is cl
that the experimental data fall near the curves w
Te5200 K andTe5300 K, which are reasonable values. T
lattice temperature is kept atTl54.2 K. Thus the presen
theoretical calculation is in qualitative agreement with t
experiment. At lower electron temperatures, the relaxat
time increases rapidly. From Fig. 2, one sees that the m
important parameter is the electron temperature;g influences
the relaxation time in a less sensitive way. A picture qua
tatively similar to Fig. 2 could be obtained ifg is increased
to 3 meV ~not shown here!.

In summary, the MPR effect in the energy relaxation tim
~rate! is studied for a 2DEG in a quantum well. Adopting a
electron-temperature model, the energy relaxation time~rate!
is found to display oscillatory behavior as a function of t
magnetic field. The theoretical results are in qualitat
agreement with a recent experiment.
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