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Optical orientation and the Hanle effect of neutral and negatively charged excitons
in GaAsÕAl xGa1ÀxAs quantum wells
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We report on the optical orientation of negatively charged excitons~trions! in @001# GaAs/AlxGa12xAs
quantum wells~QW’s!. The spin orientation of equilibrium electrons reveals itself in the polarized lumines-
cence of both excitons and trions. The Hanle effect of the trions differs substantially from that of the neutral
excitons. It is found experimentally that the electron-spin-relaxation time in a 14-nm QW exceeds 10 ns at
T54.2 K.
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The potential for using the spin degree of freedom
functional devices~spintronics! has renewed interest in spi
systems in semiconductors.1 An important example is quan
tum information processing, where it is necessary to init
ize, manipulate, and read out the state of quantum bits.
spin of an electron in a semiconductor heterostructure
good candidate for a quantum bit,2 because of its long spin
relaxation time.3 At the same time there is a fundamen
interest in quantum-confined systems and their excitatio
In particular there has recently been interest in charged
citons ~trions! in quantum wells and quantum dots.4–7 The
trion is interesting, in part, because it is an optically exci
state of a single electron and could prove useful in the opt
measurement of isolated electronic spins. For example, o
cally detected magnetic resonance has been used to me
the change in the equilibrium electron polarization in qua
tum wells with resonant microwave radiation through t
change of luminescence polarization of excitons and trio8

Here we show that spin polarized single electrons can
probed through the polarization of exciton and trion pho
luminescence~PL! under optical orientation conditions. Th
PL polarization, however, arises not only from the spin p
larization of the equilibrium electrons but also from that
the excitons and trions. Nevertheless, the polarization ca
fully analyzed using the Hanle effect—the dependence of
PL polarization as a function of a transverse magnetic fi
~in the plane of the quantum well!. The Hanle curves for
exciton and trion PL lines under quasiresonant excitat
show distinct shapes that can be understood through
equations. This analysis allows us to resolve the contribu
of the equilibrium electrons from that of the excited sta
~excitons and trions!, providing good measures of the ma
nitude of the equilibrium electron polarization and spin
laxation. From these experiments we show that the s
relaxation time of single electrons is longer than 10 ns i
14-nm quantum-wwll,~QW!, in agreement with the theor
of spin relaxation by hyperfine interactions.

The optical orientation experiments were carried out o
sample with a semi-insulating GaAs substrate, on whic
500-nm-thick GaAs buffer and a 25-nm-thick AlAs barri
separating the substrate from the main structure were
lecular beam epitaxy grown. Following this is a 100-nm
thick GaAs layer capped by a 25-nm-thick Al0.3Ga0.7As bar-
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rier, above which a series of five quantum wells of differe
thickness separated by 25-nm barriers Al0.3Ga0.7As were pre-
pared. The sample, though nominally undoped, has a b
ground doping level of order 1014 cm23 n type from Hall
measurements on test structures. The polarization of exc
and trion emission from a 14-nm QW has been studied. T
sample was placed in a liquid-helium cryostat and pump
by a tunable Ti-sapphire laser with the circular polarizati
alternated in sign at a frequency of 26.61 kHz with a pho
elastic quartz modulator. This permitted us to eliminate
effect of the lattice nuclear polarization on the optical orie
tation of the electrons.1 The PL polarization was measured
the reflection geometry with a circular-polarization analyz
The electronics provided measurement of theeffectivedegree
of circular polarization,r5(I 1

12I 1
2)/(I 1

11I 1
2), where I 1

1

andI 1
2 are the intensities of thes1 PL component under the

s1 ands2 pumping, respectively.
The low-temperature PL spectrum of the 14-nm QW~Fig.

1! consists of a neutral exciton~1.534 eV! and a negatively
charged trion~1.5327 eV! with an energy splitting corre-
sponding to the trion binding energyEb51.3 meV.7 The op-
tical orientation of the exciton and trion is analyzed by t
dependence of the degree of the circular polarization of
PL on a transverse magnetic field in the Voigt geome
~Hanle effect! for the X and X2 lines. Undernonresonant
excitation of the QW, generation of free electrons and ho
takes place. Figure 2 shows the magnetic depolarization

FIG. 1. Spectrum of the low-temperature (T54.2 K) photolu-
minescence of a 14-nm quantum well under quasiresonant cre
of excitons (hnexc51.5355 eV).
©2002 The American Physical Society09-1
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exciton ~a! and trion PL~b! under excitation with a lase
energy hnexc51.565 eV, inducing transitions from bot
heavy- and light-hole subbands. One can see that the p
ization of exciton PL~circles! decreases to zero even at a lo
magnetic field~;90 G!. The trion line is practically unpolar
ized ~squares! in this field region~The absence of optica
orientation of negatively charged excitons under nonreson
excitation was previously reported!.9

In sharp contrast, the Hanle effect changes radically un
quasiresonantcreation of excitons in the QW. Figure 2~c!
shows that depolarization of the exciton emission has
regions. In the low-field region~;30 G! the polarization
decreases sharply from 18% to 15%. In the high-field reg
~;1.5 kG! it decreases more slowly to 10%. The Hanle
fect of the trion @Fig. 2~d!# also has two regions, but th
polarization grows initially~from 13% to 15%!, and then it
decreases as for the exciton.10

We start the discussion with the nonresonant excitation
electrons and holes@Figs. 2~a! and 2~b!#. This case is analo
gous to the usual optical orientation of electrons in b
n-GaAs.1 The right-hand polarized light creates the electro
with spin projectionu21

2& and heavy holes with an angula
momentum projectionu13

2& onto the@001# axis, as well as
electrons in theu11

2& state and light holes with a momentu
projectionu11

2&. The transition probabilities from heavy- an
light-hole subbands go as 3:1.1 In wide quantum wells~.10
nm! free holes lose their spin quickly, whereas electrons c
serve their polarization prior to recombination. At low tem
peratures electrons bind with holes into excitons in sta
with total momentumu61&5u6 3

2 ;7 1
2 & ~optically active or

bright excitons! and u62&5u6 3
2 ,6 1

2 & ~optically forbidden
or dark excitons!. The degree of polarization of bright an
dark excitons is determined by that of electrons at the m

FIG. 2. Hanle effect for exciton@circles ~a!# and trion@squares
~b!# under nonresonant excitation of electron-hole pairs (hnexc

51.565 eV). The solid curve is a Lorentzian withB1/2590G. The
Hanle effect on an exciton PL line@circles ~c!# and negatively
charged exciton@squares~d!# under quasiresonant creation of exc
tons (hnexc51.5355 eV). Solid curves are calculated according
Eqs.~3!–~5!.
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ment of exciton formation. The magnetic field transverse
the@001# axis induces the Larmor precession of electron s
that decreases the electron polarization, and therefore, th
the excitons in steady state conditions.11 This is in agreement
with experiment@Fig. 2~a!#, which shows the depolarizatio
of the exciton emission.

The situation differs for trions. For example, a single ele
tron with spin u11

2& and a bright exciton with momentum
u11&5u1 3

2 ,2 1
2 & form a trion in the ground stateu13

2& ~a
singlet with respect to the electron spins!. However, the fast
hole spin relaxation creates the same number of dark e
tons with a momentumu22&5u2 3

2 ,2 1
2 &. Their binding

with u11
2& electrons creates trions with a momentumu23

2&
with the same probability. Therefore, the polarization of t
trion should be zero. In the same way, trion formation fro
single electrons with spinu21

2& gives the same answer. Th
agrees well with experiment@Fig. 2~b!#, which shows the
absence of trion polarization under nonresonant excitatio

Under quasiresonantcreation of excitons by circularly
polarized light, the polarization behavior of both the excit
and trion changes substantially@Figs. 2~c! and 2~d!#. Light
creates excitons rather than uncoupled electrons and hole
this case the magnetic depolarization curve of the exc
@Fig. 2~c!# consists not only of the low-field ‘‘electronic’
part presented in Fig. 2~a! but also a high-field region. The
latter result suggests that resonantly excited excitons n
contribute to the Hanle curves, but require a higher magn
field to depolarize.12 Interesting behavior is also found fo
the trion polarization. Comparison of Figs. 2~b! and 2~d!
shows that an optical orientation of trions is now obtain
under quasiresonant excitation conditions. These results
gest an incomplete spin relaxation of holes during the ex
ton and trion lifetimes. Additional evidence for hole sp
orientation is the ‘‘incomplete’’ depolarization@Figs. 2~c!
and 2~d!#–the PL polarization saturates at the 10% level
stead of going to zero. The zero-field hole polarization is
affected by magnetic field because the transverse holeg fac-
tor is close to zero. Our conclusion about incomplete s
relaxation of holes agrees with Ref. 13 where hole spin
laxation was suppressed under resonant creation of excit
Under these conditions bright excitons preferentially fo
the trion because their number exceeds the number of
excitons.

The fact that the Hanle curve of the trion contains bo
‘‘electronic’’ and ‘‘excitonic’’ regions is not surprising be
cause the trions are formed from single electrons and e
tons. It is more surprising that the single electron polari
tion contributes to the polarization of the exciton and tri
~low-field region! in an opposite manner: exciton polariz
tion decreases while trion polarization increases at low m
netic fields.

To understand the origin of the qualitative differences
line shapes of the Hanle curves underquasiresonantcreation
of excitons, let us consider the simplest model of opti
orientation of excitons and trions. Under quasiresonant e
tation bright excitons are mainly created, and, as we d
cussed above, the optical orientation of the trion unambi
ously proves the suppression of hole spin relaxati
Therefore, trions are preferentially formed by bright excito
9-2
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that bind to an additional electron. Figure 3 reflects this p
cess. To be more specific, bright excitons with a total m
mentumu61& may recombine radiatively, emitting circularl
polarized s6 photons. Alternatively, they may bind wit
single electrons, forming singlet state trions with a total m
mentumu63

2&. The rate of this process is proportional to t
number of single electrons with spin antiparallel to the s
of the electron within the exciton. Trions emits6 light from
the u6 3

2& states, leaving behind the electron in theu61
2& state.

The processes enumerated above are described below b
rate equations for concentrations of bright excitons,n61 ,
and trions,n63/2.

At zero magnetic field the kinetic equations for excit
concentrationsn61 are

dn61

dt
5g612

n61

tb
2

n6~16Pe!

tbT
. ~1!

The first term on the right hand side of Eq.~1! describes the
generation of bright excitons into theu61& states with a rate
g61 . The second term takes into account the radiative
combination with a characteristic timetb . The third term
describes the spin-dependent binding ofu61& excitons into
trions with a total momentumu6 3

2 &5u61;6 1
2 & during a

time tbT /(16Pe). The single electron polarizationPe
5(n11/22n21/2)/(n11/21n21/2) is determined by electron
concentrationsn61/2 with spins along~opposite to! thez axis.

The kinetic equations for trion concentrationsn63/2 are

dn63/2

dt
5

n61~16Pe!

tbT
2

n63/2

tT
. ~2!

The first term on the right-hand side of Eq.~2! describes the
trion formation, and the second describes the trion recom
nation with a timetT . Note that in Eqs.~1! and~2! we have
taken into account the spin-dependent formation rate of
trion. As a result, the steady-state polarizations of bright
citons (P1) and trions (PT) contain contributions from spin
polarized single electrons:

FIG. 3. An illustration of the optical pumping process und
resonant excitation conditions. In this case the hole spin relaxa
is slowed down, and bright statesu61& are populated preferentially
The bright excitonsu11& ~u21&! combine with theu1 1

2 & (u2 1
2 &)

ground state electrons to form theu1 3
2 & (u2 3

2 &) trions. After the
s1(s2) radiative transitions of theu1 3

2 & (u2 3
2 &) trions, the

ground-stateu1 1
2 & (u2 1

2 &) electrons are left behind. The radiativ
transitions ofu11& ~u21&! excitons into the ground stateu0& with
s1(s2) polarizations are also shown.
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n12n21

n11n21
'Pin2 f Pe ,

~b! PT[
n3/22n23/2

n3/21n23/2
'P11Pe . ~3!

Here the initial polarization of excitonsPin5(g1
2g21)/(g11g21), the exciton lifetime t5(1/tb
11/tbT)21, and the factorf 5t/tbT5tb /(tb1tbT) charac-
terize the efficiency of trion formation with respect to th
exciton radiative recombination. In these conditions the ra
of intensities of the excitonI X5(n11n21)/tb and trion I T
5(n3/21n23/2)/tT PL lines is determined solely by the fac
tor f :I X /I T51/f 21. Equation~3! is deduced under the con
dition P1Pe!1. In the absence of single-electron polariz
tion (Pe50) the degree of exciton polarizationP1 @Eq. 3~a!#
is determined as usual1 by direct optical pumping, and the
polarizations of the excitons and trions coincide. Once el
trons are polarized, an additional term appears (2 f Pe), re-
sulting from the spin-dependent formation of the polariz
electron and exciton into the trion: the excitons having a
gular momentum along the electron polarization (Pe) form a
trion more quickly than those with the opposite projectio
This tends to enhance the exciton concentration with po
ization that is opposite to the single electron polarizat
@because of the minus sign forf Pe in Eq. ~3a!#. In contrast,
trion formation is favored by parallel orientations of excito
and electron momentum projections@the positive sign ofPe
in Eq. ~3b!#.

The spin polarization of equilibrium electrons is the res
of various mechanisms. For example, there can be spin
scattering of excitons by single electrons, as well as the
cumulation of electron mean spin as a result of the us
optical pumping process.1 The excitation bys1 light creates
excitons in au11&5u1 3

2 ,2 1
2 &, state, where the hole polar

ization is positive when the electron polarization in the ex
ton is negative. The polarization of equilibrium~single! elec-
trons will be negative for both of the mechanisms conside
above. Therefore, the single electron polarization increa
the zero-field exciton polarization and decreases the t
polarization@compare Eqs.~3a! and~3b!# in agreement with
the experimental results@Figs. 2~c! and 2~d!#.

A magnetic field in the Voigt geometry depolarizes bo
the single electrons and the electron in the exciton as a re
of Larmor precession. Single electrons are depolarized at
fields. Therefore, the exciton polarization goes down wh
that of the trion goes up, in good agreement with experim
@Figs. 2~c! and 2~d!#. The effect of the external magneti
field on the mean spin of single electrons can be taken
account if we replacePe in Eq. ~3! by

Pe~B!5
Pe

11~B/B1/2!
2 , ~4!

where the halfwidthB1/25\/mBgeTs of the Hanle curve de-
termines the spin lifetime of the single electrons,Ts .1 The
in-plane electrong factor isge520.26 for the 14-nm QW.14

Larger magnetic fields~;1 kG! depolarize the excitons
As a result, both exciton and trion polarizations go dow
further. The Hanle effect of excitons has been conside
theoretically12 and the polarization of bright excitons i

n

9-3
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P1~B!5P`1
P12P`

11~B/B1/2
X !2

'P`1
Pin2P`

11~B/B1/2
X !22

f Pe

11~B/B1/2!
2 . ~5!

Here the polarizationP` takes into account the ‘‘incom
plete’’ Hanle depolarization;P15Pin2 f Pe(B) is determined
by Eq.~3a! wherePe(B) describes the Larmor precession
single electron spin. To deduce Eq.~5! we took into account
that the halfwidth of the magnetic depolarization curve
the excitons,B1/2

X @B1/2. It is determined by a number o
parameters,12 and will be considered as a fitting parameter
the simple model. The magnetic field dependence of the t
polarization is determined by Eq.~3b!, where the dependen
cies, P1(B) and Pe(B), are given by Eqs.~5! and ~4!, re-
spectively. The degree of PL circular polarization of ex
tons, rc

X(B)5P1(B), and trions, rc
T(B)5PT(B), is

measured experimentally.
The solid lines in Figs. 2~c! ~exciton! and 2~d! ~trion! are

fits to Eqs. ~3!–~5! with the parametersB1/2535 G, B1/2
X

51.45 kG, Pin55%, P`510%, andPe526%. The pa-
rameterf 5tb /(tb1tbT)5 2

3 implies that the trion formation
time is two times shorter than the radiative lifetime, and t
I X /I T51/f 215 1

2 . This is in agreement with the PL spe
trum, where the trion intensity is 1.5 times greater than
exciton intensity. The halfwidthB1/2535 G gives a spin life-
time of Ts510 ns for the single electrons. This time is det
mined by the shortest of the lifetime and spin relaxat
time,1 and thus we can conclude thatts.10 ns.

The electron-spin relaxation likely arises from hyperfi
interaction with nuclear spin. At low temperatures, the el
trons are localized by potential fluctuations~the QW thick-
ness and/or charged impurity concentration fluctuations!. For
a dilute and localized electron ensemble, the dominant s
li

the
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relaxation mechanism is expected to be static fluctuation
the nuclear field distribution over different electrons. T
characteristic value for this lifetime distribution is expect
to be of order 5 ns,15 in agreement with the result. It shoul
be noted that a previous pump-probe study16 of @001#-
GaAs/AlxGa12xAs quantum wells revealed a relatively fa
electron spin relaxation~;100 ps!. The difference may be
connected with a higher excitation density in the pump-pro
experiment that introduces additional spin relaxation mec
nisms~for example, electron-hole exchange and Dyakon
Perel relaxation!.1 We have also measured the spin-relaxat
time of electrons in quantum wells of different thickness
Thets values are of the order of nanoseconds for QW thi
nesses in the range 4–14 nm, which again implies that s
relaxation arises from the hyperfine channel over this en
well width range. The details of these results will be pu
lished elsewhere.

In conclusion, we have presented an optical orientat
study of neutral excitons, trions, and single electrons in
n-type GaAs QW. The polarization of single electrons
probed through the Hanle depolarization of the PL of t
exciton and trion. Although the trion PL is unpolarized und
nonresonant excitation, it becomes polarized under q
siresonant excitation and displays a sharp and distinc
Hanle lineshape that can be understood from a simple
equation model. The linewidth of this feature gives a re
tively long electron spin relaxation time of 10 ns in a 14-n
GaAs QW, that is in agreement with spin dephasing aris
from hyperfine interactions.
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