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

Ultrafast dephasing of excitons in semiconductor quanence leaving behind an incoherent population, consisting
tum wells is important because it presents insight intcequally ofJ, = =1 excitons, which eventually decays by
fundamental interactions [1] and possible coherent contralecombination. To measure the pump-induced birefrin-
of optical properties [2]. A variety of measurementgence a weak delayed probe pulse with linear polariza-
techniques have been used among which are time- argbn at 45 to the pump polarization is reflected from the
frequency-domain four wave mixing [1,3], resonantsample and the degree of induced elliptization is mea-
Rayleigh scattering [4], and Faraday rotation [5]. In thissured, that is, the difference of intensities of right and
Letter we report on a different time-resolved techniqueeft circularly polarized components in the reflected light.
based on reflective probing of pump-induced transienthis method of detection is completely insensitive to rota-
linear birefringence. This method has various advantagetion of the probe polarization azimuth, and so to Faraday
including sensitivity, applicability to opaque as-grown rotation, but gives the induced difference of refractive in-
samples, ease of implementation, and freedom frondices(n, — n,) for light polarized parallel and perpendic-
superimposed signals [5]. We have applied the methodlar to the pump. Furthermore, effects of pump-induced
to GaAgAlGaAs quantum well samples at low tempera- exciton splitting [11,12] are avoided by use of linearly po-
tures to investigate heavy-hole exciton dephasing at zerarized pulses. Application of a magnetic field removes
magnetic field and Zeeman beating and spin dephasintpe degeneracy of the exciton states and causes the pump-
in applied field. The data show a dramatic slowdowninduced polarization? and hence the induced optic axis
of spin relaxation with applied field confirming a recentto rotate about the field direction at the Zeeman splitting
prediction [6—8]. The data also illustrate that, as a resulfrequency. This will produce a sinusoidal variation in
of exchange enhancement, spin relaxation is a significant, — n, and beating in the probe elliptization signal at
dephasing process for localized quantum well excitons. the Zeeman frequency.

The experiment can be understood using the following For a more quantitative description allowing for finite
semiclassical picture. Our samples are (001)-grown mulfrequency width of the pump pulse and assuming inhomo-
tiquantum wells and magnetic fields are applied along thgeneous broadening of the transition much greater than
growth axis(z). The samples are essentially isotropic inthe pump, we write the polarization as the sum of contri-
the x-y plane [9] and are excited resonantly at the= 1 butionsP* andP~ from ¢ ando ™~ excitons
heavy-hole exciton by a short pump pulse of linearly po- .
larized !ight.propagating along the growth a}xis; we defi_ne p* — ﬂe—z/nf O Glw)do (x = iy), (1)
the x direction parallel to the pump polarization. This 2 —o
generates equal populations of the two exciton spin orien-

p—t + -
tations(J, = =1) which arec™ ando~ allowed [7,10] p=pr+P
each with density of approximateB/5 X 10% cm™2. In i [T e o
zero magnetic field these states are degenerate and ini- Poe € G(w)dw (x coshs — ysinAr),
tially the two populations are coherent with the excitation 2)

pulse giving a net linear macroscopic dielectric polariza-

tion P. Since the leading nonlinear term in the refrac-where G(w) represents the excitation pulse profile and
tive index must be first order in intensity, the polarization2A is the Zeeman splitting which is much less than the
P will generate linear birefringencé:, — n, # 0) pro-  width of this profile. 7, is the exciton dephasing time,
portional to |P|?, with optic axis defined by the pump the pump-probe delay, and andy are orthogonal unit
polarization(x). The polarizationP and hence the bire- vectors withx parallel to the pump polarization. For
fringence will decay as the excitons lose phase cohemelays significantly longer than the pulse length the linear
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birefringence and hence the probe signal will then havemormalized to the probe intensity to obtain the reflectivity
the form and to eliminate low frequency laser fluctuations.
% Figure 2 shows typical signals for the = 1 heavy-
ne — ny, « [P > — |PJ* = P%e’zz/nj |G(w))? dw hole exciton in the 5.6 nm sample at 10 K in zero
- magnetic field. Rotating the pump polarization through
X (CoRAr). (3)  90°[Fig. 2(a)] should reverse the sign of the birefringence

This displays a decay with time constay/2 and also a and irjdeed does result in precise inversion of the signal.
beat(co2A¢) at the Zeeman splitting frequency. (In this NO Signal was detected for parallel pump and probe
semiclassical description the beat arises from independeRplarizations. This gives clear proof that the experimental
exciton populations and so is a polarization beat. HowSignal originates from pump-induced birefringence and so
ever, a quantum description in terms of coherent superpdS associated Wlth exciton cloherence. It also (_jemonstrates
sition of states of a single exciton is also possible whicHhat th_e pump is generating equal populations oof
would lead to identical time dependence of the signal buf"d o~ excitons and that the signal is not affected
would be a true quantum beat.) by exmton shifts cgr sp!lttlngs o;‘ thg type obser\{ed for
Two GaAgAlyGaAs 60 period multiple quan- high density (~10! excno_nscm ) circularly polarized
tum well structures grown by molecular beam epitaxyPUmp pulses [11,12]. Figure 2(b) shows the observed
on (001) substrates and having well widths of 5.6 anQS|gnaI for dlffererjt exmta_ltlon Wavelgngths within .the
2.75 nm were investigated. The 2.75 nm sample had low"homogeneous line profile. The sign and magnitude
temperature absorption linewidth and Stokes shift of 12 the signal varies across the line in a manner which
and 5.5 meV, respectively, and for the 5.6 nm Samp|é1umer|cal simulation of refleqtlwty of the structgre [1_3]
the corresponding figures were 6 and 3 meV. The exshoyvs to be a result of pump-induced reduction in exciton
perimental setup (Fig. 1) is a conventional pump-probéscillator strength as would be expected from Eq. (3)
arrangement based on a mode-locked Ti-sapphire lased4]- The decay rate at energies above the line center
The pump excitation density was approximatelyx is co.n5|dera'bly greater thap at the center ar_ld below,
10% excitonscm? and the probe intensity was 102 consistent with exciton localization at low energies. The
times that of the pump. Temporal resolution of the
system was~2 ps. The probe was horizontally polar-
ized (polarizerP2) and the pump linearly polarized at
45° to the horizontalP1). Probe light reflected at 1°5
to normal incidence was detected by a photomultiplier
(PMT) after passing through a Soleil-Babinet compen-
sator (SB), a photoelastic modulator (PEM), and a linear
polarizer (P3). These parts act as a 50 kHz oscillatory

3
filter alternatively transmitting left and right circularly = . f
polarized light, so that lock-in 1 referenced at 50 kHz " % -45°
gives a signal proportional to the birefringence. To can- E | | |
cel pump-to-probe leakage and eliminate detector back- - 0 50 100
ground, pump and probe were choppedfat= 400 Hz s _
and f» = 350 Hz and the signal passed through lock-in 2 ®) 5
2 referenced to the sum (750 Hz). The output was then 2 2‘%; !
© " o
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FIG. 2. Transient birefringence far = 1 heavy-hole exciton

in a 5.6 nm quantum well sample at 10 K: (a) for two pump
FIG. 1. Experimental setup for transient birefringence.polarizations at 90 demonstrating that the signal originates
P1, P2, and P3 are linear polarizers, SB a Soleil-Babinet from sample coherence, (b) for different photon energies in the
compensator, PEM a photoelastic modulator, and PMTinhomogeneous exciton profile (see inset). Valuesl'pfare

a photomultiplier. squaress0 = 3 ps; circles46 = 3 ps; and star26 * 3 ps.
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dephasing time can be written [1] 0.03 - : : .
—— T\(B), theory

11 1 &] 1

Fz = —2T1 + T (4) S (2T (0)) =0.0178 ps

where T, represents the population decay time due, for™ » (ZT)I =0.0082 ps” A
example, to exciton recombination, spin relaxation, or E‘ 0.02 ¢
spectral diffusion andl”’ is the pure dephasing time. _ X Y
Measurements using circularly polarized pump pulses atF=
10 K have given a spin-relaxation time for the 5.6 nm o e
sample ofTy = 20 = 3 ps while the recombination time “.\.\. .
T, is considerably longer [13]. On the low energy 001 77
side of the line center the measur&d is 50 = 3 ps

[see Fig. 2(b)] indicating that dephasing is dominated by
spin relaxation, whereas above the line center a short- 0 1 2 3
enedT, (=26 *= 3 p9 indicates that an additional pure

dephasing or diffusion mechanism becomes important. Magnetic Field / Tesla
This behavior is fully consistent with previous dephas-

ing investigations in samples of comparable quality [3,4],E|qG-(§)- toszgfq‘?i?r? ggget ]:joa{taa 2T-Ei ndngsﬁ:?%er féons] gtsf'togf
H i NAifi ; H . u u . urve | |
and illustrates clearly the significance of spin relaxatlonEq_ (5) to the data taking2T,(B = 0)]' = 0.0178 ps"' and

for dephasing. o _ (2T,)~" = 0.0082 ps! (horizontal line).
Figure 3 shows the birefringence signal from the
2.75 nm sample in a variety of applied fields and at
1.8 K for excitation wavelength close to the line center.pump pulses at 10 K in zero field wad = 3 ps and
At zero field there is exponential decay but as the fieldagainT, was considerably longer [13]. It is clear that, in
is increased beating is observed which can be fittedhis particular case, pure dephasing and other population
accurately by Eqg. (3). The fit gives the Zeeman splittinglifetime contributions to dephasing are negligible, pre-
from which the excitorg factor 1.52 = 0.01 is obtained. sumably as a result of the degree of exciton localization
For the 5.6 nm sample we obtagh= 0.58 = 0.01 by indicated by the linewidth and Stokes shift. However,
the same method. These values are consistent with, batfield of 1 T is sufficient to reduce the spin-relaxation
far more precise than, our previous measurements usingpntribution so that the dephasing becomes dominated
conventional Zeeman spectroscopy [15] where measurdyy recombination. At higher fields the dephasing rate
ments, for the 2.75 nm sample in particular, were stronglyncreases once more, probably due to the contribution of
affected by level crossing with the = +2 exciton dark  “direct” spin-relaxation processes as discussed below.
states. They are also consistent with absorption quantum Measurement of the magnetic field dependence of exci-
beat measurements [16]. ton dephasing in this system thus gives direct information,
Figure 4 shows the dephasing raf¢/7T,) for the for the first time, on field-dependent exciton spin relaxa-
2.75 nm sample also obtained by fitting Eq. (3). In thistion which can be compared with the predicted variation
sample the value df; obtained using circularly polarized [6—8]. Exciton spin relaxation is dominated by processes
involving simultaneous electron and hole spin flips linking
————————————— theJ, = =1 states [6,11,13,17] and is driven by electron-
S 1 hole exchange interaction which is strongly enhanced by
guantum confinement in the Gap&lGaAs quantum well
system [7]. At zero field it is relatively efficient because
the spin states are degenerate but the process is rapidly
quenched by application of a small field because energy
interchange with a lattice is required. With further in-
crease of field resonant emission and absorption of acous-
tic phonons at the Zeeman energy (“direct process” spin
k relaxation [18]) increases in importance due to the in-
ey 1 crease of the available density of phonon states and can
N S cause recovery of the spin-relaxation rate. To describe
0 50 100 this situation we write the exciton dephasing rate in the

Probe delay / psec form

2
N

Probe signal / arb. units

a
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FIG. 3. Transient birefringence from = 1 heavy-hole exci- r _ 1t 1 5
ton in a 2.75 nm quantum well sample at 1.8 K for various T,(B) 2T,B) 2T,’ (5)
applied fields. Points are experimental data and curves are fits ’

of Eq. (3). where we assumeg, to be field independent and [6—8]
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