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Intersubband Relaxation Rates of a Two-Dimensional Electron Gas under High Magnetic Fields
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The electron-bound hole luminescence of a GaAs-based heterojunction has been investigated as a
function of magnetic fields at low temperatures. The study of the intensities originating from different
Landau levels allows one to obtain precious information about the relaxation rates within these levels
and provides values far above those predicted by standard theories. A new mechanism involving
impurity-assisted phonon emission is proposed which gives good agreement with the experimental
results. [S0031-9007(97)05136-3]

PACS numbers: 73.20.Dx, 73.40.Kp, 78.20.Ls
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The intersubband relaxation (ISR) of carriers in a two
dimensional electron gas (2DEG) has been the object
intensive studies because it governs the efficiency of lig
emitting devices based on those systems [1]. These st
ies have been essentially performed on undoped quant
wells without magnetic field using time resolved tech
niques [2–5] and demonstrated scattering times betwe
a few ps up to 750 ps depending on the energy splittin
of the electric sublevels. When this energy is higher tha
the longitudinal-optic (LO) phonon energy, short times a
observed and well explained by standard analysis of t
LO phonon emission rate [6,7]. On the other hand, whe
this condition is not fulfilled, though the times get longer
they still remain much shorter than expected from simp
acoustical phonon emission rates [8]. However und
magnetic fields there are indeed very few experimen
reports [9–11] and it appears also that times shorter th
1 ns are obtained for ISR and this deserves more syste
atic investigations.

We have performed polarized optical experiments u
der high magnetic field and very low temperature o
n-type modulation doped GaAsyGaAlAs heterojunctions
with a buffer layer of about 30 nm and a GaAs laye
width of 500 nm. A singled-doped layer of acceptors
[C (sample A) or Be (sample B) with a concentration o
about 1010 cm22] is located in GaAs 35 nm away from
the interface and the electron-bound hole luminescence
excited by the 514.5 nm Ar1 laser line with incident pow-
ers less than2 3 1022 W cm22. The emitted light is col-
lected by a fiber system and recorded with a DILORXY
spectrometer equipped with an optical multichannel an
lyzer detection. These samples have well known speci
properties [11] and, in particular, the emission is strong
spin polarized at low temperatures [12] where only th
lower hole energy impurity level is occupied with a
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2 . Consequently this luminescence probes only th

electronic properties of spin up 2DEG in each Landa
level (LL) and can be modeled quite easily [13] which
will allow us to obtain absolute values of the ISR rates
The observed system is in fact in dynamic equilibrium an
the resulting 2DEG concentrationnS can be monitored by
the incident laser power. This ISR can therefore be stud
ied continuously as a function of the magnetic field and
nS . The resulting data are analyzed with a semiempirica
model showing the importance of fluctuating potentials in
side the heterojunction.

A typical evolution of luminescence spectra with mag-
netic field B is displayed in Fig. 1 for constant inci-
dent laser powerPL and an electron density ofnS 
2.2 3 1011 cm22. At low energies, the LL structures
originating from the lower electric subband evolve pro-
gressively transferring the oscillator strength to the lowe
LL because of the increase of its density of statesByf0
(f0 being the flux quantum). Note that the LL energies
undergo abrupt changes near integer values of the fi
ing factorn  nSf0yB reflecting a reorganization of the
electric field inside the heterojunction. One still observe
at higher energy a weak structure which corresponds
the N  0 LL of the second electric subband with an in-
tensity I20" which clearly oscillates withB. To quantify
this variation we have deconvoluted the low energy pa
of the spectrum in order to extract the intensityI10" of
the N  0 LL and plotted the ratioI20"yI10" as a func-
tion of B [Fig. 2(a)]. This quantity is directly propor-
tional to the ratioN20"yN10" of the corresponding level
populations and tojM20j

2yjM10j
2 the ratio of the square

of the optical matrix elements between the wave functio
of each of these levels and that of the1s wave function of
the acceptor. These matrix elements are easily comput
[13] as a function ofB taking for the electric part of the
© 1998 The American Physical Society
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FIG. 1. Upper part: Electron-bound hole luminescence spec
of sample A for increasing values of the magnetic field by ste
of 0.2 T (PL  1.3 3 1022 W cm22 corresponding tonS 
2.2 3 1011 cm22). The lower part shows the correspondin
variation of the Landau level energies. The dotted lines a
linear interpolations of theN  0 and 1 Landau level energies
showing the existence of subband level crossings at about
and 6.3 T.

2DEG wave function the Fang-Howard model [14] whic
depends on a single parameterb fitted self-consistently
with the known parameters of the structure. In partic
lar the model allows us to calculate radiative recombin
tion timestR1 s200 300 nsd andtR2 s20 30 nsd from the
n  0 LL of the two electric subbands in good agreeme
with experiment [9]. As long asn . 1, N10"  Byf0

and N10"  nS when n , 1. Therefore the variation of
I20"yI10" can be transformed in the variation of theabso-
lute valueof N20" with B as depicted in Fig. 2(b). Note
that N20" has a mean value about 3 orders of magnitu
smaller thannS , goes through minima close to even va
ues ofn and through a broad maximum for1 , n , 2.
The rate equations describing the dynamics of the who
system are quite complicated and will be reported lat
[15]. They have to take into account the spin conser
ing relaxation rates between the different LL of indexN
related to the subbandi, EiN , and also the spin flip re-
laxation rates within each LL. Forn . 2, the relaxation
mainly occurs towards the empty states of the differe
LL as long as these levels do not cross the second elec
subband (see Fig. 1). The corresponding relaxation ra
vary from 108 to 1010 s21 being enhanced close to the
subband level crossing which is explained by the em
tra
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FIG. 2. Ratio of the luminescence intensities originating fro
the N  0 Landau levels of the second and first electr
subbands (a) and corresponding electron population of
second electric subband (b) as a function ofB.

sion of acoustic phonons with the deformation potent
mechanism [16]. However, forn , 2 and at magnetic
fields above the level crossing, this mechanism gives ra
of the order of106 s21, i.e., at least 4 orders of magni
tude smaller than those expected to reproduce the va
tion of N20". In that conditionsn , 2d the rate equations
simplify. Figure 3(a) schematically presents the main
laxation channels which have to be considered [15] a
which lead to the following relation describingN20" in
stationary conditions:

N20" 
nS

2tR1
3

s2 2 ndyt20210 1 1yt20211 1 2ytS2

s2 2 ndyt20210 1 1yt20211 1 1ytS2

3
1

ayt20210 1 1yt20211 1 1ytR2
. (1)

N20" depends ontR1, tR2, and on timest20210 andt20211
corresponding to spin conserving processes betweenE20
and E11 and betweenE20 and E10, respectively. tS2

is related to the spin flipped process withinE20. tS2
has been calculated with the model of Bastard [1
which provides rates in the range of few109 s21 in
excellent agreement with reported data [9]. In Eq. (1
a  1 2 n10" is a measure of the number of places ma
available for relaxation due to the radiative recombinati
from E10 with a relative occupation numbern10". a

is clearly small forn . 1 and its value fitted atn 
2 is varying proportionally to the measured radiativ
intensity. Forn , 1, a  1 2 n. In Eq. (1),t20211 has
been evaluated with the standard electron-acoustic pho
811
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FIG. 3. (a) Scheme of relaxation channels between differe
states considered in the rate equations. (b),(c) Comparis
between the calculated and experimental values ofN20", the
electron concentration of the second electric subband
(b) sample A and (c) sample B.

model [16] and this contribution gets very strong befor
E11 crossesE20 and disappears afterwards. The reaso
why t20210 is not reproduced by standard models is th
the acoustic phonon energy released by the recombinat
sø10 meVd corresponds to a momentumq which cannot
be transferred by a pure noninteracting 2DEG und
magnetic field. One has to invoke fluctuations of th
potential with an appropriate length scale which cou
assist the relaxation with phonons. These fluctuatio
could have different origins such as electron-electro
interactions or electron impurity interactions. This latte
part has to be considered seriously because for a giv
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concentrationnS of electrons one has the same amou
of ionized centers beyond the buffer layer. Because
the structure of samples this effect is largely dominant
compared to that due to the remaining ionized accepto
On pure theoretical grounds the problem is not easy
solve since one has to deal with a system which
degenerate in the ground state. We have adopted
empirical approach to model the relaxation assisted
impurity potential fluctuations between the levelsE20 and
E10 split by DE. Each impuritym is located at a distance
zms, 0d from the interface and exchange an energy´t

with the electron to reach an intermediate statet before
relaxing via the emission of a longitudinal-acoustic (LA
phonon of energyh̄yLAq propagating at a speedyLA.
We will assume in the following that these impurities ar
located in a single layer distant from the interface by th
buffer thickness. In the second order perturbation theo
the corresponding rateW20!10 can be written as

W20!10 
1

t20210


2p

h̄

Z d2k
s2pd2

Z d3q
s2pd3

3
X
m

jMs2dj2dsDE 2 h̄yLAq 6 ´td , (2)

in which k, r andq, R are wave vectors and vectors of th
fluctuating potential in 2D space and of the phonons in 3
space, respectively. The most efficient component of t
second order matrix elementMs2d is the one describing
first the interaction of the initial statei with the fluctuating
potential followed by the emission of an acoustic phono
to the final statef. This element can be written as

Ms2d  Amskd
q

Bsqd
X

t

kije2ikzeik?rjtl ktjeiq?Rjfl
´t

,

(3)

whereAmskd andBsqd are the Fourier components of the
screened fluctuating potential (SFP) and of the electro
phonon deformation potential, respectively. The SFP
described within the random phase approximation a
Amskd  2pe2y´0 fk 1 F̃skdg21ekzm , whereF̃skd has an
analytic expression depending on the static dielect
function ´0 and the electron effective mass of GaAs [18
In the spirit of the self-consistent Born approximatio
[17,18], an empirical approach consists in assuming
mean valueG for ´t which has to be fitted. With this
approximation one obtains
W20!10 
3
2

s2pd4 a2
nkNm

h̄ry
2
LA

1
G2

µ
e2

´0

∂2µ v

yLA

∂5 Z `

0
dy

ye2bzmy

f y 1 F̃s ydg2

s1 1 3y2d2

s1 1 yd10
exp

µ
2

b2,2
B

2
y

∂

3
Z 1

0
du exp

∑
2

µ
v

yLA

∂2 ,2
B

2
u

∏ p
1 2 u

h1 1 fvysbyLAdg2s1 2 udj4
. (4)
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BesidesG there is no adjustable parameter in this e
pression sinceank , the conduction band deformation po
tential, andr, the density of GaAs, are tabulated,,B,
the magnetic field length, is known,Nm, the number of
ionized donors impurities, equalsnS and v, the phonon
frequency, corresponds essentially to the splittingDE 
h̄v. The solution of Eq. (4) is very sensitive to this valu
and increases strongly with magnetic field. The resu
obtained by a numerical integration using themeasured
splitting give rates in the range1010–1011 s21 and allow
us to calculate, with Eq. (1),N20". The comparison of
the calculations with the experimental results is show
in Figs. 3(b) and 3(c) for samples A and B, respectivel
The value chosen forG is the half-width of the lumines-
cence line measured for each sample (G  0.35 meV for
sample A and 0.5 meV for sample B). It is very interes
ing to note, considering the approximations, that the ma
features are reproduced quantitatively. This is also tr
when nS is changed [15]. We think that the agreeme
between the model and the experimental results canno
completely fortuitous. In both cases the minimum ofN20"

for n # 2 is shifted to high fields and is very likely due
to the fact that the relaxation towardsE11 should also be
treated with a similar approach. Note that the large i
crease or decrease ofN20" occurs when the splittingDE
changes abruptly (see Fig. 1). Indeed the observed va
tion turns out to be a delicate balance between a smo
increasing variation oftS2 [15] and an irregular varia-
tion of t20210. Finally, one can compare the present re
sults providingt20210 times of the order of 20 to 50 ps
to those obtained, at zero field, by Murdinet al. [8] rang-
ing from 40 to 100 ps in samples withDE ø 18 meV:
The expected trend is verified but a detailed comparis
is difficult because the relation between relaxation rat
and times implies the knowledge of the occupancy facto
of the states which are strongly sample dependent. T
stresses the importance of modeling the electron-phon
relaxation rates in order to compare the actual measu
ments in different conditions.

In conclusion the study of the intensities of the electro
bound hole luminescence in GaAsyGaAlAs heterostruc-
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tures as a function ofB allows us to obtain directly in-
formation about the intersubband relaxation rates in the
structures. The large values obtained cannot be explain
by a simple acoustical phonon emission process. It h
been shown that within a semiempirical model which as
sumes that such an emission is assisted by the imp
rity potential fluctuations a good quantitative agreemen
is found with the experimental results. It would be inter
esting that such a model could be justified on more funda
mental theoretical grounds.
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