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Spin Gratings and the Measurement of Electron Drift Mobility in Multiple Quantum Well
Semiconductors

A. R. Cameron,* P. Riblet, and A. Miller
The J. F. Allen Research Laboratories, School of Physics and Astronomy, University of St. Andrews, St. Andrews KY

Scotland, United Kingdom
(Received 15 September 1995)

A direct optical measurement of electron drift mobility in multiple quantum well semiconductors is
achieved by creating electron spin gratings in time-resolved degenerate four-wave mixing measurements.
Grating decay rates are measured for spin and concentration gratings in a GaAsyAlGaAs sample at
room temperature, giving an in-well electron diffusion coefficientDe  127 cm2ys compared with an
ambipolar coefficientDa  13.3 cm2ys. [S0031-9007(96)00465-6]

PACS numbers: 73.20.Dx, 42.65.Hw, 42.65.Ky, 72.20.Fr
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We report a new type of optically induced, transie
diffraction grating based on the spatial modulation of el
tron spin in a room temperature multiple quantum w
(MQW) semiconductor. It is shown that electron spin gr
ings decay on picosecond time scales due to both
relaxation and electron diffusion. We demonstrate
measurement of in-wellelectron drift mobility in GaAs
MQWs by time-resolved, degenerate four-wave mixi
(DFWM) resulting from spin gratings. Previously, DFWM
studies have been limited to measurements of only theam-
bipolar (combined electron and hole) diffusion coefficie
which is dominated by the hole mobility. We compa
the decay times of electron spin gratings and concentra
gratings to give both electron and hole drift mobilities.

DFWM has been used extensively to probe semic
ductors and other materials [1]. The use of three in
beams consisting of ultrashort pulses from a mode-loc
laser allows monitoring of the spatial dynamics of op
cally excited free carriers and excitons in semiconduct
Many recent short pulse DFWM studies of MQWs ha
addressed low temperature coherent phenomena invol
excitons [2] and biexcitons [3], dephasing [4,5], reorien
tion [4], and localization [6,7]. Room temperature DFW
studies have concentrated on in-well carrier diffusion
and cross-well transport [8,9]. At room temperature, c
herence is rapidly lost on femtosecond time scales du
scattering from phonons. The dominant excitonic op
cal nonlinearities result from the free carrier interactio
phase space filling (PSF), and Coulomb screening [10

Gratings are formed in semiconductors when two n
collinear pulses interfere to produce a spatial modulat
of the optical properties by carrier generation. A thir
time-delayed pulse is diffracted from the temporary gr
ing. Two types of interference of the optical pulses c
be produced depending on the relative polarizations of
beams. An amplitude modulation results from two bea
with parallel linear polarizations which creates a free ca
rier concentrationgrating in the material. This grating
decays by a combination of carrier recombination and
fusion from regions of high to low population. Since equ
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numbers of electrons and holes are generated, monito
the grating decay for different grating spacings allows t
ambipolar diffusion coefficient to be determined, and fro
this the hole diffusion coefficient can be estimated. T
technique has been used to measure ambipolar diffu
coefficients in a number of semiconductors including Ga
MQWs [8]. An alternative optical technique is time o
flight which has been used to determine exciton diffusi
coefficients in MQWs [11].

When two beams withcrossed-linear polarizations in-
tersect, the light amplitude is uniform but the electric fie
polarization is spatially modulated across the excitation
gion. For equal excite intensities, the polarization chan
from linear to circular to orthogonal linear to circular of th
opposite sense and back to linear, as shown in Fig. 1
The period of this modulation is identical to that produc
by amplitude gratings and is defined by the angle betw
the two excite beams and the wavelength of light us
The crossed-linear configuration has been used previo
in semiconductors to observe anisotropic (i.e., wa
vector direction-dependent) state filling [12] or alignme
of exciton dipoles [4,5] via the spatial modulation of th
linear polarization. However, Fig. 1(a) shows th
crossed-linear polarizations also produce a modulation
circular polarization. An alternative description of thi
polarization grating is obtained by separating it into tw
s,
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FIG. 1. (a) The polarization modulation produced when t
orthogonally polarized light beams interfere. (b) Concentrat
of spin-up and spin-down electrons created by a polariza
grating.
© 1996 The American Physical Society 4793
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circularly polarized components with opposite directio
of rotation [13]. The electric field modulationEsxd along
the grating directionx can be written in terms of these tw
circular polarization components,

Esxd  E0

(
sin

√
px
L

!
e2ipy4 x̂ 1 iŷ

p
2

1 cos

√
px
L

!
eipy4 x̂ 2 iŷ

p
2

)
1 c.c., (1)

whereL is the grating spacing and̂x and ŷ are unit vec-
tors describing the polarization directions of the incide
beams. Therefore, a nonlinearity which is sensitive to c
cular polarization will create a grating from two orthogon
linearly polarized beams.

In MQW semiconductors, lifting of the degeneracy b
tween the light and heavy hole bands due to confi
ment allows access to polarization sensitive optical se
tion rules, Fig. 2. Circularly polarized light resonant wi
the heavy hole exciton generates 100% spin-polari
electron-hole pairs. The spin orientation is maintained
the electrons for tens of picoseconds after rapid ionizat
of the excitons by longitudinal optical phonons (with
300 fs at room temperature [14]). Hole spins may
expected to relax on subpicosecond time scales at ro
temperature because of band mixing and the mixed s
character of the valence states [15]. Thus excitation
the heavy hole exciton in a MQW with crossed-linear p
larized pulses creates a spatial modulation of the elec
spins, Fig. 1(b). At sufficient fluences, electrons satur
the exciton absorption via PSF and Coulomb screen
[10]. It has been shown previously that the PSF contrib
tion to exciton saturation is spin dependent [16]. The
fore, a spatial modulation of electron spin orientation w
diffract a circularly polarized probe beam. Indeed, a li
early polarized probe beam will also be diffracted by th
spin grating since both right and left circular componen
will be diffracted from the two opposite spin gratings.

The spin grating decay rate will be determined by
combination of the spin relaxation rate and diffusion
the electrons within the quantum wells. Since hole s
relaxation is rapid, washout of the spin grating can
interpreted in terms of the motion of electrons alone a
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FIG. 2. The selection rules for the transitions from the he
hole and light hole valence bands to the conduction ban
MQWs. The (j, mj) refer to the quantum numbers for angu
momentum and its component along one direction. Thes1 and
s2 refer to the transitions excited by each sense of circul
polarized light and correspond toDmj  61, respectively,
where the propagation direction is used to definemj.
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the decay rate can be written

G 
4p2De

L2 1
1
ts

, (2)

whereDe is the electron diffusion coefficient andts is the
electron spin relaxation time. This expression is the sa
as that for a concentration grating, where the diffusi
coefficient and lifetimes would be replaced byDa, the
ambipolar diffusion coefficient, andtR, the recombination
time for electrons and holes.

DFWM experiments were carried out using a se
mode-locked Ti:sapphire laser (Spectra-Physics, Tsuna
producing,1 ps pulses at 82 MHz. Two pump beam
and a time delayed probe beam were configured in
standard forward traveling geometry so that the grat
modulation was produced in the plane of the quantu
wells. The polarization of one of the pump beams w
rotated by 90± to allow the creation of the polarization
grating. The average power in the pump beams w
500 mW with ,50 mW in the probe beam. The spo
sizes on the sample were 30mm (FWHM).

The sample KLB269 was grown by molecular bea
epitaxy (MBE) and consists of 120 periods of 65 Å GaA
quantum wells separated by 21.2 nm Al0.4Ga0.6As barri-
ers. The background doping wasp , 1016 cm23. The
GaAs substrate was removed, an antireflection coat
was applied to both surfaces, and the structure w
mounted on a sapphire base for mechanical stability a
heat sinking. The heavy and light hole exciton resonan
were clearly resolved at 1.494 and 1.51 eV, respective
Previous amplitude grating studies on this sample
have shown that the peak diffraction efficiency occu
on the long wavelength side of the heavy hole excit
since the grating is refractive. Excitation at this ener
results in the production of excitons which are rapid
ionized. Thus on the time scale of the experiments d
scribed heres.1 psd, optically generated carriers occup
the states at the top (bottom) of the valence (conducti
bands. Milleret al. [8] have measured a room temper
ture recombination time of 70 ns for this sample.

The electron spin relaxation timets can be determined
from time-resolved measurements of exciton saturat
employing two circularly polarized beams [16,17]. Fig
ure 3 shows the probe transmission change as a func
of delay under three different polarization combinatio
of pump and probe. Since PSF is enhanced by spin or
tation when the same sense of circular polarization (SC
of pump and probe is used, and reduced when oppo
circular polarizations (OCP) are used, a spin relaxat
time ts  55 ps can be deduced from the recovery to t
linear-linear (OLP) condition.

Figure 4 compares the diffracted probe signals for s
and concentration gratings produced at the heavy hole
citon using crossed- and parallel-linear polarized pum
pulses, respectively. The probe was linearly polarized
both cases. The polarization of the diffracted beam fro
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FIG. 3. The dependence of probe transmission change on
tical time delay in pump-probe measurements for three
larization configurations: OLP opposite linear polarization
SCP same circular polarization, OCP opposite circular
polarization.

the spin grating was observed to be rotated by 90±, as
predicted by thep phase shift between the spin-up a
spin-down grating components, Fig. 1. The diffract
probe signals for spin and concentration gratings are c
acterized by single exponential decays with the spin gra
th

-

nal
FIG. 4. The measured diffracted signal decay rate for
5 mm concentration amplitude gratingsdd compared with the
corresponding 5mm electron spin gratingssd. Exponential
decays with time constants of 220 and 13 ps are fitted to
two grating signals.
p-
-

r-
g

showing a much faster decay rate. The estimated ex
carrier density for the spin grating was,5 3 1016 cm23.
The long carrier lifetime of the sample creates a ba
ground carrier population which does not effect the dec
times since no intensity dependence of the decay rates
observed at this excitation level. Coherence spikes at z
delay in both decay curves are attributed to diffraction
one pump beam from a grating created between the pr
and the other pump beam.

The decay rates (2G) of the diffracted signal obtained fo
a number of spin and concentration grating periodsL are
plotted in Fig. 5. The spin relaxation resultts  55 ps is
included in Fig. 5 as the infinite grating spacing limit. Th
ambipolar,Da, and electron,De, diffusion coefficients can
be deduced from the gradients [Eq. (2)]. A value ofDa 
13.3 cm2ys is in good agreement with previous studies [
The deduced hole mobility ofmh , 257 cm2yV s is in
excellent agreement with values for GaAs.

The spin grating results give a diffusion coefficient
De  127 cm2ys. The electron drift mobility is derived
from this diffusion coefficient using the Einstein equatio
in the usual way, since the mean free path of the electr
is the same whether there is an overall density grad
or a gradient only in spin concentration. The electr
drift mobility deduced in this way isme  4924 cm2yV s.
This value is lower than the typical room temperatu
value of 8500 cm2yV s for pure bulk GaAs; however, the
difference can be attributed to the high background d
ing of the sample used here. Ionized impurity scatt
ing significantly affects the electron mobility [18]. Tak
ing into account the background doping, a mobility
,6000 cm2yV s may be expected in bulk GaAs. A fur
a

e
FIG. 5. Measured decay rates of the diffracted grating sig
against 8p2yL2. Amplitude grating results (d) and spin
grating results (s) are plotted together for comparison.
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ther decrease may be attributed to interface scatte
within the quantum well layers.

In conclusion, we have demonstrated electron s
gratings in DFWM for the first time and directly measur
the electron drift mobility in GaAs/AlGaAs MQWs a
room temperature by time resolving the motion of sp
polarized electrons within the quantum well layers. A 9±

rotation of the linear polarization of the diffracted prob
beam is consistent with two phase-shifted spin grati
with opposite spin. Possible uses of electron spin grati
are the study of high electron mobility transistor (HEM
structures and probing of spin relaxation process
Measurement of the diffraction efficiencies from MQW
spin gratings will allow characterization of recent
demonstrated all-optical switches in MQWs based
circularly polarized light [19]. From a nonlinear optica
device standpoint, we note that the DFWM signal
observed at relatively low intensities,,200 kWycm2

(compared to .1 GWycm2 in orientational gratings
produced by anisotropic state filling), because of
resonant exciton nonlinearity, while the time constant
still relatively fast (,100 ps).
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