
VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997

France

of
n,
ed
ment

iton
Spin Quantum Beats of 2D Excitons
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We report on spin quantum beats of excitonic kind in the time-resolved photoluminescence
quantum wells in a magnetic field. When this field is perpendicular to the growth directio
conditions for the manifestation of the electron or exciton spin precession in the circularly polariz
components of the excitonic luminescence are obtained. These results lead to a direct measure
of the electron-hole exchange energy of the 2D exciton and give important insights into the exc
properties. [S0031-9007(97)02326-0]

PACS numbers: 78.55.Cr, 71.35.Cc
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When two energetically closely spaced transitions a
excited with a short optical pulse, the two induced p
larizations in the medium oscillate with their slightly
different frequencies. Their interference manifests in
modulation of the net polarization, the so-called quantu
beats (QB). In semiconductors, QB from excitons ha
been seen in resonance fluorescence [1,2], optical abs
tion [3], degenerate-four-wave mixing [4], or linear bi
refringence [5] experiments.

Recently, QB have been reported in the time-resolv
free exciton photoluminescence (PL) of type I quantu
well (QW), when a magnetic field perpendicular t
the growth axis is applied [6,7]. These QB, whic
are observed on a time scale of a few hundreds
picoseconds, are interpreted by Heberleet al. [6] in terms
of Larmor precession of the electron spins around the a
of the magnetic field. The corresponding pulsationv,
which directly reveals the electron spin splitting"v ­
gemBB, allows the determination of the electron Landég
factorge.

However, at low temperature, when the laser excitati
is resonant with the heavy-hole exciton (XH), the electro
is bound into an exciton. This raises a fundamen
question. On the ground of [8], in which all the spi
relaxation processes were ignored, it is expected t
QB in the excitonic photoluminescence should occ
with a pulsationV ­ "21

p
d2 1 s"vd2, whered is the

electron-hole exchange energy which splits the XH1s
quadruplet into the radiative and the nonradiative pa
of states. As a matter of fact, the authors of Ref. [
did not observe any change in the linear dependence
the oscillation frequency on the applied magnetic fie
for resonant or nonresonant excitation conditions, hi
or low excitation density, or higher temperatures (T up
to 200 K) at which free electrons and holes certain
prevail. Moreover, this linear dependence was verifi
at the smallest field valuessB ­ 0.12 Td. This lack of
excitonic manifestation is surprising.
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We have performed time-resolved PL on type I Ga
and GaInAs undoped QW grown by molecular bea
epitaxy along thez axis, in a transverse magnetic fie
(x axis). The samples, which are immersed in liqu
helium at 1.7 K, are mounted in Voigt configuratio
They are excited with 1.2 ps pulses from a mode-lock
Ti:sapphire laser with a repetition rate of 82 MHz. T
laser beam is circularly polarizedss1d. The exciton
luminescence componentsof opposed helicitiesI1 and
I2 are detected by the up-conversion technique wit
time resolution limited by the laser pulse width. W
report on resonant and nonresonant excitation experim
at photogenerated densities of about109 cm22. The QB
originating from Larmor precession of electron spi
could be observed in all the samples. The new res
relate to narrow GaAsyAl0.33Ga0.67As QW when the
excitation is resonant with XH, the situation which w
not explored in [6,7]: Here, a specific excitonic behav
is observed. We report on two samples to illustra
this new and general effect. Sample I contains thir
three 3 nm wells separated by 10 nm barriers; sampl
contains sixty 4.8 nm wells separated by 15 nm barrie
The Stokes shift which separates the XH absorpt
and luminescence peaks is 7 and 6 meV, respectiv
this allows the recording of the luminescence intens
dynamics in resonant excitation conditions.

In nonresonant excitation conditions, when the exc
tion energy is higher than the QW band gapsE1 2 HH1d
but lower than the light-hole exciton (XL) resonance,
the samples exhibit QB onI1 and I2 when the mag-
netic field is applied, with a similar behavior as report
in [6,7]. As shown in Fig. 1(a) for the sample I, oscilla
tions onI1 andI2 are phase shifted byp; moreover, the
oscillation frequency is proportional to the magnetic fie
intensity.

When the excitation is resonant with XH, we obser
a completely different behavior. Now, the QB are visib
in samples I and II, only at the highest field values th
© 1997 The American Physical Society 1355
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FIG. 1. Sample I: Luminescence intensity dynamics afters1-
polarized excitation. (a) The excitation energy is nonre
nant sE1 2 HH1 , hn , XLd andB ­ 3 T (inset,B ­ 0 T).
(b) The excitation energy is resonant with XH andB ­ 3 T
(inset,B ­ 0 T). (c) The oscillations of the luminescence in
tensity componentI1 in resonant excitation (dashed line) an
of the luminescence polarizationPL in nonresonant excitation
E1 2 HH1 , hn , XL (full line), under the same magneti
field B ­ 3 T. For the sake of clarity, the monotonous comp
nent has been subtracted fromI1. Inset: the well-width depen-
dence of the exciton exchange energyd, from our experiment
(dots with error bars) and theory after Ref. [9] (full line).

could be produced by our coil, i.e., between 2.5 and 3.5
As shown in Fig. 1(b) for sample I, they appear then
a weak amplitude modulation on theI1 component, but
they are not really observable onI2. Moreover, as the
comparison in Fig. 1(c) shows, the modulation pulsati
V is higher than in nonresonant excitation conditions
the same field value.

The modulations observed in nonresonant and reson
excitation conditions, Figs. 1(a) and 1(b), respectively,
attributed to the Larmor precession of the free electr
(v) and the heavy-hole exciton (V), respectively, referred
to as electron QB and exciton QB in the following
The resultingge ­ "vymBB valuess ge ­ 0.50 6 0.01
and ge ­ 0.24 6 0.01 in samples I and II, respectively
are in excellent agreement with thege factor measured
in Ref. [6,7]. Also the resulting excitonic exchang
energy d ­ "

p
V2 2 v2 values (d ­ 130 6 15 and

d ­ 105 6 10 meV in sample I and II, respectively) ar
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in agreement with the theoretical prediction for fre
excitons, after Ref. [9], as shown in the inset of Fig. 1(
Nevertheless in the present experiment the Stokes s
means that the excitons are bound, not free. We concl
that the spin dynamics of a free versus bound exciton
similar. Moreover, we show below that the amplitud
of the excitonic oscillations should be reduced by t
factor svyVd2. This explains why these oscillations a
detected only at the highest field values.

On the ground of these new results, we now underst
why the QB reported in Ref. [6,7] in resonant and nonre
nant excitation conditions both originate from Larmor pr
cession of electrons. Within the exciton, the correlati
between electron and hole spins is held by the electr
hole exchange interaction. However, if this correlation
not strong enough to reduce the single particle hole s
flip at a rate lower thandy", the exchange splittingd no
longer plays a role in the QB pulsation which then refle
simply the electron Larmor precession. The argument
lows. For the electron into an exciton, the exchange
teraction with the hole in a defined spin state is equival
to an external magnetic field of intensityBex ­ dygemB,
orientated along thez axis. Then the hole spin instability
is equivalent to the instability ofB

!
ex, orientated along ei-

ther oz1 or oz2. If the rate of change of this orientatio
is higher thandy", this magnetic fieldBex has no effect
on the electron spin precession. Hence QB are obse
at the pulsationv provided that many hole spin-flip event
occur during one period of precession. Finally an elect
bound into an exciton precesses like a free electron in
transverse magnetic field provided thatTh ø "yd, 1yv

whereTh is the single particle hole spin-flip time [10]
This conclusion is supported by the quantitative approa
summarized hereafter. These two conditions may be
filled in large and narrow QW but for different reasons.

In large QW (a fortiori in the bulk) such a hole spin
instability occurs as a consequence of the mixing of sta
in the valence band. The observation of the elect
Larmor precession in a QW of 25 nm well width und
resonant XH excitation condition reported in [6] has to
understood on this ground. But the hole spin instability
not specific to large QW. When the excitation energy
nonresonant, higher than the QW band gap, the hole s
flip time is very short: typicallyTh & 4 ps in intrinsic
QW of 5 nm at 1.7 K for all the excitation energie
above the band gap, according to Ref. [11]. The condit
Th ø "yd for the observation of QB at the pulsationv

is thus fulfilled in nonresonant excitation, regardless of
well-width value. The origin of the instability of the hol
spin orientation is related here to the high temperature
the electronic system after a nonresonant excitation. T
point shall be analyzed in a separate publication.

On the other hand, the observation of QB of the ex
tonic kind in narrow enough QW under resonant exci
tion conditions proves that the hole spin is much mo
stable in cold 2D excitons (Th ¿ "yd), in agreement
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with other recent indications [10,12]. However, if there
is no hole spin scattering during the QB observation tim
s2 luminescence is, at first sight, not expected. In fac
Fig. 1(b) clearly shows such luminescence. This lumine
cence is not attributed to scattered holes, but to the sim
taneous spin flip of the electron and the hole, i.e., the sp
flip of the exciton as a whole, a process similar to the on
described in Ref. [12].

Figure 2 displays the progressive change ofI1, I2, and
PL dynamics when the excitation energy is tuned from
a position above the band gap [Fig. 2(a)] to below th
band gap [Figs. 2(b) and 2(c)], down to the XH resonanc
[Fig. 2(d)], at B ­ 2.8 T. The conclusion is that a very
accurate resonant excitations61 meVd is required for a
clear observation of exciton QB. Figures 2(b) and 2(c
correspond to intermediate situations where the hole sp
in the photogenerated excitons is not stable enough for t
observation of pure exciton QB but not unstable enoug
for the observation of the pure and strong electron
oscillations which change the sign of the polarization, a
reported in Fig. 1(a).

The quantitative approach is based on the dens
matrix formalism. For a (001)-grown QW, the conduction
band is s-like with two spin statessz ­ 61y2. The
valence band is split into a heavy-hole band with the tot
FIG. 2. Sample I: Transverse magnetic fieldB ­ 2.8 T. Luminescence intensity dynamicsI1, I2 and luminescence polarization
PL after s1-polarized laser excitation. (a) The excitation energy is above the QW band gapHH1 2 E1 but below the XL
resonance. (b), (c) The excitation energy is between the XH resonance and the QW band gapHH1 2 E1. (d) The excitation
energy is resonant with XH.
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angular momentum projectionjh,z ­ 63y2 and a light-
hole band withjl,z ­ 61y2. The XH states are describe
using the basis setjJzl ­ jsz 1 jh,zl. The exciton density
matrix satisfies the kinetic equation

dr

dt
­

1
i"

fH , rg 1

µ
≠r

≠t

∂
s.r.

. (1)

The exciton spin Hamiltonian in the transverse magne
field B

!
k !ox , including the exchange term, writesH ­

"vŝx 2 s2y3ddĵz ŝz (in QW, the transverseg factor of a
jh,z ­ 63y2 hole is zero). In order to interpret the impa
of the hole spin-flip mechanism on the QB oscillation
the relaxation term in (1) is restricted to the hole sp
relaxation contribution (s.r.). With hole spins orientat
either alongoz1 or oz2, the nonzero components in th
basishj1l, j2l, j1l, j2lj take the form

µ
≠rs1j,s01j

≠t

∂
s.r.

­ 2
rs1j,s01j 2 rs2j,s02j

2Th
. (2)

Here, s ; sz and j ; jh,z. The resolution shall be
developed in a forthcoming publication. For the tw
extreme situations of actual interest, i.e., short and lo
1357
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hole spin relaxation time, the solution reduces to

Th ø "yd, 1yv

electron QB
�) I6std ~ r61,61std ­

1 6 cosvt
4

,

Th ¿ "yd

exciton QB
�)

8<: I1std ~ r1,1std ­ 1 2
v2

V2

1 2 cosVt
2

I2std ~ r1,1std ­ 0
,

(3)
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which describes the electron and exciton spin precessi
at pulsationv andV, respectively. In the case of exciton
QB the copolarized luminescence component modula
at the frequencyV has an amplitude reduced by th
factor svyVd2, while the counterpolarized component i
unmodulated. This supports clearly the interpretation
the experimental observations given above.

Bar-Ad et al. [3] have also reported QB in pump
probe measurements with linear polarization in multip
quantum well (MQW) GaAsyAlGaAs samples undera
longitudinal magnetic fieldsB

!
k !oz d. These QB be-

tween the Zeeman-split levelssJz ­ 61d, at the pul-
sation Vk ­ "21s ge,z 1 gh,zdmBB, were observed in a
stepped MQW in which the exciton wave function i
confined mainly in the 3 nm GaAs layer while no trac
of modulation could be detected in a square MQW
8 nm well width. More recently, QB of the same origi
were observed by transient linear birefrigence experime
in 2.7 nm well-width MQW [5]. Figure 3 displays the
PL linear polarization dynamics for sample II after a lin
early polarized excitation, the magnetic field being a
plied along thez axis. The recording shows that thi
kind of exciton spin QB at the pulsationVk, which re-
quires again the correlation between the electron a
the hole spin orientations, is observable also in lumine
cence. We did not succeed in observing them in QW
12 nm or wider: This is because this correlation is n

FIG. 3. Sample II: Longitudinal magnetic field, from 0 to
4 T. The luminescence linear polarization dynamicssIx 2
IydysIx 1 Iyd after a linearlyx-polarized excitation.
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strong enough to block the single particule hole spin-fl
mechanism.

The present interpretation does not conflict with th
measurement of the exciton exchange splitting by Blac
woodet al. [9] in a cw experiment where the linearly po
larized laser excitation was tuned above the QW band g
under a longitudinal magnetic field. In this experimen
the exciton temperature is much lower than it is during t
time range of QB observation in the nonresonant transi
PL. Within each cold exciton,the hole spin orientation
(either oz1 or oz2) is thus stabilized: This is why the
exchange splitting can be measured in the cw experime

This Letter reports on the observation of exciton
spin QB in relatively narrow QW, when the excitatio
is resonant with XH. We demonstrate that the blockin
of the single particle hole spin-flip mechanism is th
condition for their manifestation. The role played b
the electron-hole exchange interaction is enlightened a
the exchange energy measured.

We are grateful to Professor M. I. D’Yakonov fo
fruitful discussions.
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