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We calculate the photon absorption coefficient of hot two-dimensional electrons in the presence of
a strong magnetic field. The electrons interact strongly with the optical phonons and the acoustic
phonons in quantum wells. The dependence of the optical absorption on the magnetic field is
obtained by using the quantum mechanical kinetic theory. It is found that the photon absorption
spectrum displays a local magnetophonon resonance. The magnetophonon absorption resulting from
inelastic scattering between Landau levels is more pronounced at higher temperature. The effect of
subband nonparabolicity on the absorption coefficient is also discussed. © 2006 American Institute

of Physics. [DOLI: 10.1063/1.2206855]

I. INTRODUCTION

Many theoretical and experimental techniques have been
developed to study the nonlinear transport and optical prop-
erties in low-dimensional semiconductor systems.]_6 The op-
tical absorption in two-dimensional (2D) systems in a mag-
netic field is of particular interest as it exhibits various
resonances due to the interplay between different length
scales.”'® There are several ways to tailor the optical prop-
erties of semiconductors. One of them is band-gap engineer-
ing, i.e., growing layered low-dimensional semiconductor
structures (heterostructures) with prescribed electronic prop-
erties. In addition to that, one can apply time-dependent
magnetic and electric fields to the systems for probing the
dynamic properties. For 2D semiconductor structures under
an external magnetic field, the energy levels are shifted and
the in-plane electron motion is modified." ™" In the presence
of strong magnetic fields the electronic energy levels in a
band are splitted into discrete Landau levels. Transitions be-
tween adjacent Landau levels are accompanied by the ab-
sorption or emission of a phonon.M_18 When the separation
between the Landau levels matches the phonon energy the
magnetophonon resonance (MPR) arises. In low-dimensional
semiconductor structures the phonon emission and scattering
by 2D electrons are dependent on the magnitude and direc-
tion of the magnetic field." ' The optical phonon confine-
ment effects (i.e., confined and interface-phonon modes)
which affect significantly the scattering rates in quantum
wells have been extensively studied.””® The electron-
optical-phonon interaction in quantum wells was studied us-
ing either dielectric continuum models® ™’ or microscopic
lattice dynamical models. >
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It is a quite common practice to assume that the semi-
conductor structure has a perfect parabolic band structure.
However, in many cases this approximation is not well
justiﬁced.33’34 The effect of the subband nonparabolicity on
the optical absorption has not been fully studied. In this pa-
per, the effect of the magnetic field on the electron-phonon
interaction and the optical absorption is investigated. The
magnetic field will significantly alter the electron-phonon
coupling. We shall include the band nonparabolicity effect on
the optical absorption mediated by emission of confined
phonons. For our model systems of polar semiconductor
quantum wells, the dominant scattering mechanisms are the
electron interactions with longitudinal optical (LO) phonons
and deformation-potential (DP) acoustic phonons.

Il. ABSORPTION COEFFICIENT OF QUANTUM WELL
IN THE PRESENCE OF MAGNETIC FIELD

Our model system is an Alj3Gay;,As/GaAs single quan-
tum well subjected to an in-plane magnetic field. The elec-
tron interacts with phonons and photons. The total Hamil-
tonian is given as

H:H0+H€>ph+H‘y’ (1)
where H, is the Hamiltonian of a free electron in a quantum
well under a constant magnetic field,

Hy= %(P —eA)——(P—eA) + Uy(2). )

1
m'(2)
Here P is the electron momentum operator, A is the vector
potential of the static magnetic field, Uy(z) is the quantum
well confining potential, and m"(z) is the position dependent
electron effective mass. H,_, includes electron interaction
with both the LO phonons and DP acoustic phonons. H.,, is
the electron-photon interaction. The electron-phonon interac-
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FIG. 1. A schematic diagram of phonon wave vectors with the absence of
magnetic field which shows that for nonparabolic subbands the phonon
wave vector is larger than for parabolic subband.

tion will be treated as a perturbation and we seek the linear
response of the system to the photon field.

Our starting point is the zeroth order electron wave func-
tion determined by the eigenvalue problem of H,,

Holpk,j(xayaz) = Ek,j’\llk,j(xayaz) . (3)

The zeroth order wave functions are the basis for calculating
the transition probability due to H,.p, and H,. The wave
functions can be factorized into an in-plane part and a sub-
band function, given as

\Pk,j(x7y’ Z) = ei(kxx*—kyy) lﬁ](z) > (4)

where k, is the x component of wave vector, i;(z) is the
envelope wave function for the jM subband, and Ej(ky.ky)
=ﬁ2k§/2m*+sj(ky) is the corresponding energy spectrum.
The envelope function is given as

¢j(z) =Aexp(—kgz), z<-L/2, (5)
¥(z) = B sin(— kyz) + C cos(kyz), |z] <L/2, (6)
¥i(z) = D exp(kpz), z>LI2. (7)

Here ky,/(kp) is the electron wave vector in the well (barrier)
region. The constants A, B, C, and D are determined by the
normalization and boundary conditions.

The electron subband nonparabolicity33 can be described
by the energy dispersion relation and the appropriate energy
effective masses. For semiconductor quantum wells, the non-
parabolicity is mainly due to the coupling between k; and k,
through of nonparabolic parameter y. In order to introduce
the subband nonparabolicity, we expand the bulk conduction-
band dispersion in terms of k2. The energy dispersion to the
order of k* can be written &—V=(A%k*/2m")(1 - vk?), where
v is the nonparabolicity parameter. V=0 in the well region
and V=V, in the barrier region. Figure 1 shows the phonon
dispersion in the absence of magnetic field. It can been seen
that the phonon wave vector is larger for nonparabolic sub-
bands than that for parabolic subband. The result indicates
that the electron-phonon coupling is weaker in systems with
nonparabolic subbands.
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The transition probability can be derived by using the
Fermi golden rule. As a consequence of the subband nonpa-
rabolicity, the energy conservation in the Fermi golden rule
now becomes &(&;—e,~fw,+hw)=da cos? 0+b cos 6+c),
where cos 6 is related to the in-plane momentum conserva-
tion for the emission of a phonon with momentum ¢, and a,
b, and c¢ are defined as

ﬁz 2 2
a= 2m*47k\lqu ’ (8)
_ A . )
b= o [2kiq) = 4¥(ki; + g kiiqn — 4 vk kgl )

ﬁ2
o= ki1 =2k + k2] = (i + gD - 29k

3 i

+ ki + q)* + 0%, (10)

and for phonon emission, Q?=Q}=+(2m"/h)(E;~E/~fho,
+hw), where the upper (lower) sign is for intra-(inter-) band
transitions. The energy conservation is now given as &(g;
—g/—ho,+hw)=df(x)]=[b*-4ac["*5(x-R"), where R is
the negative root of f(x)=0. Similarly, for phonon absorp-
tion, 0?=02=+(2m"/h)(E;-E;+fiw,~fw).

Let W**™ be the quantum-mechanical probabilities for
an electron to make a transition from an initial state i) to a
final state |f) by absorbing a photon and simultaneously ab-
sorbing or emitting a phonon. It is given as

1

2
W = 2T | (IMI0 X SE ;T oo o),
!
(11)

where the operator M is given as

M=32

v

ph 14i i ph
Hk ! UHUk Hk’ vk

+
Ek—EU+fL(1) Ek_Ev+hwi

. (12)

and (f|M]i) are the transition-matrix elements of M between
the initial and final states. The interaction matrix elements
can be written as

i+q,k = f J 'J/;+pq(r’z)<nz;j|1:[v|nqj> l/lk(r7z)d2rdz’ (13)
LJA

with n,;=[e"¢*s"~1]~! the phonon occupation number. H%

is the matrix element of the electron interaction with the
photon while H is the matrix elements due to the ith scat-
tering mechanism. Taking into account the nonparabolicity
and using the Fermi golden rule, we obtain

m \L
Wi = 2= 1G(V, + 1)
1 L2 -1
x—{“;—y[mki—l)wn]} , (14)

where |G,|* is the electron-phonon overlap integral, a.
=[2ykI-1)*+4y03], and N’=4me*hw o(€,'~€"). a, and
b, are the coefficients of the normalization of the phonon
displacement, a,=1 for odd n and =3 for even n, b,=(n
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+1)272 for odd n and =n?>#? for even n. It should be pointed
out that the strong electron-phonon interaction causes elec-
trons, making transitions by emitting and absorbing phonon.
However, the coupling is not strong enough to alter the elec-
tronic wave functions. This is the justification for using the
perturbation method given in Egs. (7)—(10) to calculate the
transition probability.

We now calculate the linear response of the electronic
system to the photon field polarizing parallel to the layer.
The electrons are described by a hot Fermi-Dirac distribution
function and occupy only the ground state. The electron-
phonon interaction is described by the dielectric continuum
approach. The photon absorption due to 2D plasmon excita-
tion is neglected because the coupling between the transverse
photons and longitudinal plasmon is very weak. The absorp-
tion coefficient K can be written as’

2
K==—2 (W™ - W")f,, (15)

une

where € is the dielectric constant of the material, n, is the
number of photons in the radiation field, ¢ is the speed of
light, and f; is the free-carrier distribution function. The in-
dex i is summed over all polar optical phonon modes in-
volved in the absorption process. Substituting Egs. (6)—(10)
in (11), we obtain”' "1+
qzw mN2L
23 /_GN’N(Q)C(Q)
0yt p=x1 90 47T fi'n,c\e

-1
x(w‘%’”)w >{ Ly 1>+bn]}

(x+ exry)
f ! 8”[1 fx+ eyiy + pho - phioyo)],

(16)

where
lB ( (ui ) ) 17
Gynlg) = Cyry B w?+w2 q |- (17)
Cnnes(y) = [INV(N + )1y e L) (18)

with Lﬂ,(y) being the associated Laguerre polynomial. For
electron-LO-phonon interaction,

Cilq) =4mph’w,/(2m" ), (19)

with $=0.068 is electron-LO-phonon coupling coefficient
and w,=wpp. For electron deformation-potential acoustic
phonon interaction,

Ciq) =hEpq/(2pv), (20)

with Ep, the deformation-potential constant, p the mass den-
sity of the material, and v, the longitudinal sound velocity.
eyy=Ex+(Eyi—Ey+e,~fiw 0)*/4e, in  which &g,
=h%q*12m", EN=(N+%jlﬁ\r’w[2,+ w?, w.=eB/m" the cyclotron
frequency, ® is  photon  frequency, and [
=(h/m"w?+w?)". The electronic density along the z direc-
tion is n(z):Ej,ky\ ,/,j(z)|2f8°(dE/ VE)f[E+ gi(k,)], where f(x)

J. Appl. Phys. 99, 123706 (2006)
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FIG. 2. In (a) the photon absorption coefficient is plotted as a function of B
for a fixed value of ), and n, with the interaction of electron and LO
phonon (solid curve), and DP acousic phonon (dotted curve) in the two
different 7,=30 and 40 K. In (b) the absorption coefficient is plotted as a
function of w/) at the electronic temperature 7,=30, 77, and 120 K, at
fixed cyclotron frequency w.=0.8 X ), .

=[exp(x—E)/kgT,+1]" is the Fermi-Dirac distribution
function. The Fermi energy can be determined by the condi-
tion of the electron number conservation. The magnetic field
induces a double-barrier-like potential Ug(z,k,) with poten-
tial minima at z= ikylz. This double-well potential results in
a density profile with two maxima. The ratio of the density
maxima to the central minimum increases with the magnetic
field.

lll. NUMERICAL RESULTS AND DISCUSSIONS

We have calculated the absorption coefficients by using
the formulas, Eq. (12). The material used in the calculations
is an Al ;Gay;As/GaAs single quantum well with 50 A well
width and the barrier height is about 224 meV. The other
parameters are m =0.0665m,, hw o=36.8 meV, n,=1
X 10" m™, €,=12.35, and €,=10.48.

The electron temperature 7, appears in the velocity dis-
tribution functions of electrons. 7, differs from the lattice
temperature because electrons are heated by photons. Due to
the electron-lattice interaction, the hot electron relaxes by
emitting or absorbing phonons. This process changes phonon
number and is governed by T.,. Experimentally,35 the energy-
dependent distribution function is obtained from the photo-
luminescence spectra of a 2D electron system in the presence
of a strong terahertz field. When the measured distribution is
fitted to a theoretical model of velocity distribution (Maxwell
distribution), an effective electron temperature can be deter-
mined, which is higher than the lattice temperature. The elec-
tron temperature can also be obtained from the excitation
rate coefficient of spectral line density which is dependent on
Te.36 In Fig. 2(a) we show the optical absorption coefficient
of the quantum well under a strong magnetic field and in the
absence of the subband nonparabolicity. The photon absorp-
tion coefficient is plotted as a function of B at a fixed value
of w. Two types of electron-phonon interaction are consid-
ered: the electron-LO-phonon interaction and the electron-
DP acoustic phonon. When the electron temperature 7T,
<30 K the electron-DP phonon interaction is more domi-
nant. As T, increase above 40 K the electron-LO-phonon in-
teraction becomes more dominant. The absorption coefficient
is oscillating weakly with the magnetic field. This magnetic
oscillation is a manifestation of the interplay of various en-
ergy scales, such as the electronic energy (Landau levels),
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FIG. 3. Magnetic field dependent absorption coefficient of 2D electrons due
to LO phonon scattering at 7,=77 K and n,=1.0X 10'® m~'.

photon energy, and phonon energies. The coupling among
electrons, photons, and phonons can lead to a phenomenon
known as the magneto-photon-phonon resonance. The mag-
netic field intensities for the local maxima are given by B
=(wqm*)/(ne) (n=1,2,3... is an index difference between
two Landau levels). In a two-dimensional electron gases
(2DEG), electron-phonon resonance occurs when the energy
difference between two electronic subbands equals the LO-
phonon energy, i.e., when the condition |e,—&,,|=fiw, is sat-
isfied. This gives rise to a resonant electron-LO-phonon scat-
tering between subbands n and m. As a consequence, the
LO-phonon generation is enhanced. Here the lattice is not in
equilibrium with the hot electrons of electron temperature 7.
The electron-phonon interaction and the net phonon genera-
tion are strongly dependent on the electron temperature and
electron distribution. As a result, the phonon numbers in-
crease with T,.

In Fig. 2(b), the absorption coefficient is plotted as a
function of w/wy g at the electron temperatures of 7,=30, 77,
and 120 K, and at fixed cyclotron frequency w,.=0.8 X @ g.
The absorption shows a Lorentzian-type resonance. With the
increase of the electron temperature 7, the total absorption
increases and the absorption maximum moves to a lower
frequency. The magnetophonon absorption resulting from the
inelastic scattering between Landau levels with resonant ab-
sorption of phonons is more pronounced at higher 7,. The
rapid increase of the optical absorption as a function of 7, is
a direct consequence of optical process mediated by the
electron-phonon interaction. The transition probability given
in Eq. (7) requires that a phonon is emitted (absorbed) by the
electron after absorbing (emitting) a photon. This leads to the
net absorption proportional to both photon population and
phonon population. Since the phonon population increases
with T, the absorption also increases with T,.

Figure 3 depicts the effect of the nonparabolicity on the
resonant absorption due to LO-phonon scattering. The non-
parabolic parameter v is chosen to be 4.9 X 107" cm™!. The
well widths are 9 and 5 nm, respectively. The solid line is for
nonparabolic and the dotted line is for parabolic subbands.
Local maxima can be seen in the absorption curves. In nar-
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row wells the effect of the subband nonparabolicity is more
important than that in larger wells. The nonparabolicity ef-
fects become more pronounced as energy increases.

IV. CONCLUSION

In conclusion, we provided quantitative analysis on the
optical absorption in the GaAs/Aly;Ga;As-based 2D semi-
conductor system in the presence of an in-plane magnetic
field. The absorption is mainly due to the electron interaction
with LO phonons and DP acoustic phonons. The calculated
optical absorption coefficient indicates that an in-plane mag-
netic field significantly can affect the optical properties of the
two-dimensional semiconductor system. The magne-
tophonon resonance occurs when No.=w,. At fixed mag-
netic fields, the absorption coefficient increases with the
electron temperature and the absorption peaks move to the
lower energy region. The effect of magnetophonon reso-
nance presented here should be observable in transport or
optical experiments, e.g., measuring the dc resistivity or con-
ductivity as a function of magnetic field at fixed photon fre-
quency. The peaks can be observed when the resonant con-
dition is satisfied.
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