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Transient Linear Birefringence in GaAs Quantum Wells: Magnetic Field Dependence
of Coherent Exciton Spin Dynamics

R. E. Worsley, N. J. Traynor, T. Grevatt, and R. T. Harley
Physics Department, The University, Southampton SO17 1BJ, United Kingdom

(Received 18 October 1995)

We use reflective probing of transient linear birefringence to study coherent exciton dynamics in
GaAs quantum wells as a function of applied magnetic field at low temperatures. The results show the
significance of exchange-enhanced exciton spin relaxation for dephasing at zero field. In applied field
the signals show background-free quantum beating which gives the excitong factor and field-dependent
dephasing time. The latter is dominated by spin relaxation which shows for the first time the dramatic
slowdown predicted in earlier work. [S0031-9007(96)00078-6]

PACS numbers: 78.20.Fm, 78.47.+p, 78.66.Fd
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Ultrafast dephasing of excitons in semiconductor qu
tum wells is important because it presents insight i
fundamental interactions [1] and possible coherent con
of optical properties [2]. A variety of measureme
techniques have been used among which are time-
frequency-domain four wave mixing [1,3], resona
Rayleigh scattering [4], and Faraday rotation [5]. In th
Letter we report on a different time-resolved techniq
based on reflective probing of pump-induced transi
linear birefringence. This method has various advanta
including sensitivity, applicability to opaque as-grow
samples, ease of implementation, and freedom fr
superimposed signals [5]. We have applied the met
to GaAsyAlGaAs quantum well samples at low temper
tures to investigate heavy-hole exciton dephasing at z
magnetic field and Zeeman beating and spin depha
in applied field. The data show a dramatic slowdow
of spin relaxation with applied field confirming a rece
prediction [6–8]. The data also illustrate that, as a res
of exchange enhancement, spin relaxation is a signific
dephasing process for localized quantum well excitons

The experiment can be understood using the follow
semiclassical picture. Our samples are (001)-grown m
tiquantum wells and magnetic fields are applied along
growth axisszd. The samples are essentially isotropic
the x-y plane [9] and are excited resonantly at then ­ 1
heavy-hole exciton by a short pump pulse of linearly p
larized light propagating along the growth axis; we defi
the x direction parallel to the pump polarization. Th
generates equal populations of the two exciton spin or
tationssJz ­ 61d which ares1 and s2 allowed [7,10]
each with density of approximately3.5 3 108 cm22. In
zero magnetic field these states are degenerate and
tially the two populations are coherent with the excitati
pulse giving a net linear macroscopic dielectric polariz
tion P. Since the leading nonlinear term in the refra
tive index must be first order in intensity, the polarizati
P will generate linear birefringencesnx 2 ny fi 0d pro-
portional to jPj2, with optic axis defined by the pum
polarizationsxd. The polarizationP and hence the bire
fringence will decay as the excitons lose phase coh
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ence leaving behind an incoherent population, consist
equally ofJz ­ 61 excitons, which eventually decays b
recombination. To measure the pump-induced birefr
gence a weak delayed probe pulse with linear polari
tion at 45± to the pump polarization is reflected from th
sample and the degree of induced elliptization is me
sured, that is, the difference of intensities of right a
left circularly polarized components in the reflected ligh
This method of detection is completely insensitive to ro
tion of the probe polarization azimuth, and so to Farad
rotation, but gives the induced difference of refractive i
dicessnx 2 nyd for light polarized parallel and perpendic
ular to the pump. Furthermore, effects of pump-induc
exciton splitting [11,12] are avoided by use of linearly p
larized pulses. Application of a magnetic field remov
the degeneracy of the exciton states and causes the pu
induced polarizationP and hence the induced optic ax
to rotate about the field direction at the Zeeman splitti
frequency. This will produce a sinusoidal variation
nx 2 ny and beating in the probe elliptization signal
the Zeeman frequency.

For a more quantitative description allowing for finit
frequency width of the pump pulse and assuming inhom
geneous broadening of the transition much greater t
the pump, we write the polarization as the sum of cont
butionsP1 andP2 from s1 ands2 excitons

P6 ­
P0

2
e2tyT2

Z `

2`

eisv6DdtGsvd dv sx 6 iyd , (1)

P ­ P1 1 P2

­ P0e2tyT2

Z `

2`

eivtGsvd dv sx cosDt 2 y sinDtd ,

(2)

where Gsvd represents the excitation pulse profile an
2D is the Zeeman splitting which is much less than t
width of this profile. T2 is the exciton dephasing time,t
the pump-probe delay, andx and y are orthogonal unit
vectors with x parallel to the pump polarization. Fo
delays significantly longer than the pulse length the line
© 1996 The American Physical Society
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birefringence and hence the probe signal will then ha
the form

nx 2 ny ~ jPxj2 2 jPyj2 ­ P2
0e22tyT2

Z `

2`
jGsvdj2 dv

3 scos2Dtd . (3)

This displays a decay with time constantT2y2 and also a
beatscos2Dtd at the Zeeman splitting frequency. (In th
semiclassical description the beat arises from indepen
exciton populations and so is a polarization beat. Ho
ever, a quantum description in terms of coherent supe
sition of states of a single exciton is also possible wh
would lead to identical time dependence of the signal
would be a true quantum beat.)

Two GaAsyAl 0.36Ga0.64As 60 period multiple quan-
tum well structures grown by molecular beam epita
on (001) substrates and having well widths of 5.6 a
2.75 nm were investigated. The 2.75 nm sample had l
temperature absorption linewidth and Stokes shift of
and 5.5 meV, respectively, and for the 5.6 nm sam
the corresponding figures were 6 and 3 meV. The
perimental setup (Fig. 1) is a conventional pump-pro
arrangement based on a mode-locked Ti-sapphire la
The pump excitation density was approximately7 3

108 excitons cm22 and the probe intensity was,1022

times that of the pump. Temporal resolution of t
system was,2 ps. The probe was horizontally pola
ized (polarizerP2) and the pump linearly polarized a
45± to the horizontalsP1d. Probe light reflected at 1.5±

to normal incidence was detected by a photomultip
(PMT) after passing through a Soleil-Babinet compe
sator (SB), a photoelastic modulator (PEM), and a lin
polarizer sP3d. These parts act as a 50 kHz oscillato
filter alternatively transmitting left and right circularl
polarized light, so that lock-in 1 referenced at 50 kH
gives a signal proportional to the birefringence. To ca
cel pump-to-probe leakage and eliminate detector ba
ground, pump and probe were chopped atf1 ­ 400 Hz
and f2 ­ 350 Hz and the signal passed through lock-
2 referenced to the sum (750 Hz). The output was t

FIG. 1. Experimental setup for transient birefringenc
P1, P2, and P3 are linear polarizers, SB a Soleil-Babin
compensator, PEM a photoelastic modulator, and P
a photomultiplier.
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normalized to the probe intensity to obtain the reflectiv
and to eliminate low frequency laser fluctuations.

Figure 2 shows typical signals for then ­ 1 heavy-
hole exciton in the 5.6 nm sample at 10 K in ze
magnetic field. Rotating the pump polarization throu
90± [Fig. 2(a)] should reverse the sign of the birefringen
and indeed does result in precise inversion of the sig
No signal was detected for parallel pump and pro
polarizations. This gives clear proof that the experimen
signal originates from pump-induced birefringence and
is associated with exciton coherence. It also demonstr
that the pump is generating equal populations ofs1

and s2 excitons and that the signal is not affecte
by exciton shifts or splittings of the type observed f
high densitys,1010 excitons cm22d circularly polarized
pump pulses [11,12]. Figure 2(b) shows the observ
signal for different excitation wavelengths within th
inhomogeneous line profile. The sign and magnitu
of the signal varies across the line in a manner wh
numerical simulation of reflectivity of the structure [13
shows to be a result of pump-induced reduction in exci
oscillator strength as would be expected from Eq.
[14]. The decay rate at energies above the line cen
is considerably greater than at the center and bel
consistent with exciton localization at low energies. T

FIG. 2. Transient birefringence forn ­ 1 heavy-hole exciton
in a 5.6 nm quantum well sample at 10 K: (a) for two pum
polarizations at 90± demonstrating that the signal originate
from sample coherence, (b) for different photon energies in
inhomogeneous exciton profile (see inset). Values ofT2 are
squares,50 6 3 ps; circles,46 6 3 ps; and stars,26 6 3 ps.
3225
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dephasing time can be written [1]

1
T2

­
1

2T1
1

1
T 0

, (4)

where T1 represents the population decay time due,
example, to exciton recombination, spin relaxation,
spectral diffusion andT 0 is the pure dephasing time
Measurements using circularly polarized pump pulses
10 K have given a spin-relaxation time for the 5.6 n
sample ofTs ­ 20 6 3 ps while the recombination time
Tr is considerably longer [13]. On the low energ
side of the line center the measuredT2 is 50 6 3 ps
[see Fig. 2(b)] indicating that dephasing is dominated
spin relaxation, whereas above the line center a sh
enedT2 s­26 6 3 psd indicates that an additional pur
dephasing or diffusion mechanism becomes importa
This behavior is fully consistent with previous depha
ing investigations in samples of comparable quality [3,
and illustrates clearly the significance of spin relaxat
for dephasing.

Figure 3 shows the birefringence signal from t
2.75 nm sample in a variety of applied fields and
1.8 K for excitation wavelength close to the line cent
At zero field there is exponential decay but as the fi
is increased beating is observed which can be fit
accurately by Eq. (3). The fit gives the Zeeman splitti
from which the excitong factor 1.52 6 0.01 is obtained.
For the 5.6 nm sample we obtaing ­ 0.58 6 0.01 by
the same method. These values are consistent with,
far more precise than, our previous measurements u
conventional Zeeman spectroscopy [15] where meas
ments, for the 2.75 nm sample in particular, were stron
affected by level crossing with theJz ­ 62 exciton dark
states. They are also consistent with absorption quan
beat measurements [16].

Figure 4 shows the dephasing rates1yT2d for the
2.75 nm sample also obtained by fitting Eq. (3). In th
sample the value ofTs obtained using circularly polarize

FIG. 3. Transient birefringence fromn ­ 1 heavy-hole exci-
ton in a 2.75 nm quantum well sample at 1.8 K for vario
applied fields. Points are experimental data and curves are
of Eq. (3).
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FIG. 4. Dephasing rate for a 2.75 nm sample from fits
Eq. (3) to quantum beat data. The dashed curve is a fit
Eq. (5) to the data takingf2TssB ­ 0dg21 ­ 0.0178 ps21 and
s2Tr d21 ­ 0.0082 ps21 (horizontal line).

pump pulses at 10 K in zero field was21 6 3 ps and
againTr was considerably longer [13]. It is clear that,
this particular case, pure dephasing and other popula
lifetime contributions to dephasing are negligible, pr
sumably as a result of the degree of exciton localizat
indicated by the linewidth and Stokes shift. Howeve
a field of 1 T is sufficient to reduce the spin-relaxatio
contribution so that the dephasing becomes domina
by recombination. At higher fields the dephasing ra
increases once more, probably due to the contribution
“direct” spin-relaxation processes as discussed below.

Measurement of the magnetic field dependence of e
ton dephasing in this system thus gives direct informati
for the first time, on field-dependent exciton spin relax
tion which can be compared with the predicted variati
[6–8]. Exciton spin relaxation is dominated by process
involving simultaneous electron and hole spin flips linkin
theJz ­ 61 states [6,11,13,17] and is driven by electro
hole exchange interaction which is strongly enhanced
quantum confinement in the GaAsyAlGaAs quantum well
system [7]. At zero field it is relatively efficient becaus
the spin states are degenerate but the process is ra
quenched by application of a small field because ene
interchange with a lattice is required. With further in
crease of field resonant emission and absorption of aco
tic phonons at the Zeeman energy (“direct process” s
relaxation [18]) increases in importance due to the
crease of the available density of phonon states and
cause recovery of the spin-relaxation rate. To descr
this situation we write the exciton dephasing rate in t
form

1
T2sBd

­
1

2TssBd
1

1
2Tr

, (5)

where we assumeTr to be field independent and [6–8]
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1
TssBd

­
1

Tss0d
G2

s2Dd2 1 G2 1 as2Dd3 1 1 e2DykT

j1 2 e2DykT j
.

(6)

The first term inTssBd21 represents zero-phonon spi
relaxation [6] and the second term direct phonon-indu
spin-lattice relaxation processes [18]. The zero-phon
relaxation is suppressed when the Zeeman splitting2D

significantly exceeds the width parameterG, whereas the
direct processes become important only at higher fie
due to the factors2Dd3. The form of dephasing rate in
Eq. (5) can describe the experimental data very well
shown by the curve in Fig. 4. The two undetermin
parametersa and G were set to0.6 3 108 ps21 eV23

and 63 meV, respectively, to obtain a fit.a gives a
measure of the exciton-phonon coupling strength and
an ideal homogeneous system,G would be determined by
exciton momentum scattering [6] but, in this sample, th
is an additional contribution toG from inhomogeneous
exciton spin splittings which have been measured to
,20 meV [7,9]. The valuesTss0d ­ 28 ps and Tr ­
60 ps used in the fit are consistent with measurement
10 K [13].

The qualitative field dependence of spin relaxati
revealed in Fig. 4 may hold generally in quantum we
where confinement gives significant exchange enhan
ment. Photoluminescence polarization measurem
[7,8] suggest similar behavior for GaAsyAlGaAs wells
up to ,10 nm width. For InGaAsyGaAs wells, for
which exchange enhancement is estimated to be m
less [7], other spin-relaxation mechanisms could be m
important leading to different field dependence.

In conclusion, we have demonstrated a novel tim
domain method for investigating phase coherence of
citons in semiconductors, making a variety of measu
ments in GaAsyAlGaAs quantum well samples whic
reveal both simple phase decay and quantum beating.
measurements greatly improve on the precision of p
vious g-factor determinations in narrow quantum wel
highlight the importance of spin relaxation in exciton d
phasing, and reveal directly the predicted quenching
exciton spin relaxation in applied magnetic field. The tec
nique can readily be extended to shorter pulses and, g
the excellent signal-noise ratio (Fig. 3), will be useful f
lower excitation densities than used here. In general it
work only in a three-level quantum system since the sig
arises from phase coherence of two differently polariz
excited populations. The populations investigated in
experiments, namely the two heavy-hole excitons of op
site spin, evolve independently, but the method could a
be useful for the study of interacting excitons, for exa
ple, biexcitons [19] which might be significant in sampl
of better quality than those used in this study.
-
ed
on

lds

as
d

in

re

be

at

n
ls
ce-
nts

ch
re

e-
x-
e-

The
re-
,
-
of
h-
ven
r
an
al

ed
ur
o-

lso
-

s

[1] See, for example,Coherent Optical Interactions in Semi-
conductors,edited by R. T. Phillips, NATO ASI Series B
(Plenum, New York, 1994).

[2] A. P. Heberle, J. J. Baumberg, and K. Köhler, Phys. Re
Lett. 75, 2598 (1995).

[3] J. T. Remillard, H. Wang, D. G. Steel, J. Oh, J
Pamulapati, and P. K. Bhattacharya, Phys. Rev. Lett.62,
2861 (1989); H. Wang, M. Jiang, and D. G. Steel, Phy
Rev. Lett.65, 1255 (1990).

[4] J. Hegarty, M. Sturge, C. Weisbuch, A. C. Gossard, an
W. Wiegmann, Phys. Rev. Lett.49, 930 (1982).

[5] J. J. Baumberg, S. A. Crooker, D. D. Awschalom
N. Samarth, H. Luo, and J. K. Furdyna, Phys. Rev. Le
72, 712 (1994); J. J. Baumberg, S. A. Crooker, D. D
Awschalom, N. Samarth, H. Luo, and J. K. Furdyna, Phy
Rev. B 50, 7689 (1994); Th. Östreich, K. Schönhamme
and L. J. Sham, Phys. Rev. Lett.75, 2554 (1995).

[6] M. Z. Maialle, E. A. de Andrada e Silva, and L. J. Sham
Phys. Rev. B47, 15 776 (1993).

[7] E. Blackwood, M. J. Snelling, R. T. Harley, S. R. Andrews
and C. T. B. Foxon, Phys. Rev. B50, 14 246 (1994).

[8] N. J. Traynor, M. J. Snelling, R. T. Harley, R. J
Warburton, and M. Hopkinson, in Proceedings of th
Eleventh International Conference on the Electron
Properties of Two Dimensional Systems [Surf. Sci. (to b
published)].

[9] cw luminescence polarization measurements on the
samples (see Ref. [7]) have shown that about 20%
exciton recombination occurs at sites with a small (110
oriented distortion which causes inhomogeneous splitti
of the exciton states of,20 meV.

[10] H. W. Kesteren, E. C. Cosman, W. A. Van der Poel, an
C. T. B. Foxon, Phys. Rev. B41, 5283 (1990).

[11] T. C. Damen, L. Vina, J. E. Cunningham, J. Shah, an
L. J. Sham, Phys. Rev. Lett.67, 3432 (1991).

[12] J. B. Stark, W. H. Knox, and D. S. Chemla, Phys. Rev.
46, 7919 (1992); B. Baylac, T. Amand, M. Brousseau
X. Marie, B. Dareys, G. Bacquet, J. Barrau, an
R. Planel, Semicond. Sci. Technol.10, 295 (1995).

[13] R. E. Worsley, Ph.D. thesis, Southampton Universit
1995 (unpublished).

[14] In contrast to these birefringence signals, we fin
(Ref. [13]) signals obtained using circularly polarize
pump pulses, and hence produced by exciton dyna
ics with differing spin-state populations, to have
dependence on photon energy which results from e
citon blueshift associated with phase-space filling (s
Refs. [11] and [12]).

[15] M. J. Snelling, E. Blackwood, C. J. McDonagh, R. T
Harley, and C. T. B. Foxon, Phys. Rev. B45, 3922 (1992).

[16] S. Bar-Ad and I. Bar-Joseph, Phys. Rev. Lett.68, 349
(1992).

[17] A. Vinattieri, J. Shah, T. C. Damen, D. S. Kim, L. N.
Pfeiffer, M. N. Maialle, and L. J. Sham, Phys. Rev. B50,
10 868 (1994).

[18] R. Orbach, Proc. R. Soc. London A264, 458 (1961).
[19] D. J. Lovering, R. T. Phillips, G. J. Denton, and G. W

Smith, Phys. Rev. Lett.68, 1880 (1992).
3227


