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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 dABaa&s sample at
room temperature, giving an in-well electron diffusion coefficignt= 127 cnm?/s compared with an
ambipolar coefficienD, = 13.3 cn?/s. [S0031-9007(96)00465-6]

PACS numbers: 73.20.Dx, 42.65.Hw, 42.65.Ky, 72.20.Fr

We report a new type of optically induced, transientnumbers of electrons and holes are generated, monitoring
diffraction grating based on the spatial modulation of electhe grating decay for different grating spacings allows the
tron spin in a room temperature multiple quantum wellambipolar diffusion coefficient to be determined, and from
(MQW) semiconductor. Itis shown that electron spin grat-this the hole diffusion coefficient can be estimated. This
ings decay on picosecond time scales due to both spitechnique has been used to measure ambipolar diffusion
relaxation and electron diffusion. We demonstrate thecoefficients in a number of semiconductors including GaAs
measurement of in-wekklectrondrift mobility in GaAs  MQWs [8]. An alternative optical technique is time of
MQWs by time-resolved, degenerate four-wave mixingflight which has been used to determine exciton diffusion
(DFWM) resulting from spin gratings. Previously, DFWM coefficients in MQWs [11].
studies have been limited to measurements of onlathe When two beams witlerossediinear polarizations in-
bipolar (combined electron and hole) diffusion coefficient tersect, the light amplitude is uniform but the electric field
which is dominated by the hole mobility. We compare polarization is spatially modulated across the excitation re-
the decay times of electron spin gratings and concentratiogion. For equal excite intensities, the polarization changes
gratings to give both electron and hole drift mobilities.  from linear to circular to orthogonal linear to circular of the

DFWM has been used extensively to probe semiconepposite sense and back to linear, as shown in Fig. 1(a).
ductors and other materials [1]. The use of three inpufhe period of this modulation is identical to that produced
beams consisting of ultrashort pulses from a mode-locketly amplitude gratings and is defined by the angle between
laser allows monitoring of the spatial dynamics of opti-the two excite beams and the wavelength of light used.
cally excited free carriers and excitons in semiconductorsThe crossed-linear configuration has been used previously
Many recent short pulse DFWM studies of MQWs havein semiconductors to observe anisotropic (i.e., wave-
addressed low temperature coherent phenomena involvingector direction-dependent) state filling [12] or alignment
excitons [2] and biexcitons [3], dephasing [4,5], reorienta-of exciton dipoles [4,5] via the spatial modulation of the
tion [4], and localization [6,7]. Room temperature DFWM linear polarization. However, Fig. 1(a) shows that
studies have concentrated on in-well carrier diffusion [8]crossed-linear polarizations also produce a modulation in
and cross-well transport [8,9]. At room temperature, co<ircular polarization. An alternative description of this
herence is rapidly lost on femtosecond time scales due tpolarization grating is obtained by separating it into two
scattering from phonons. The dominant excitonic opti-
cal nonlinearities result from the free carrier interactions,
phase space filling (PSF), and Coulomb screening [10]. a)

Gratings are formed in semiconductors when two non- O \ O / Q \Q
collinear pulses interfere to produce a spatial modulation b)
of the optical properties by carrier generation. A third,
time-delayed pulse is diffracted from the temporary grat-
ing. Two types of interference of the optical pulses can
be produced depending on the relative polarizations of the
beams. An amplitude modulation results from two beams 0 A X

with parallel linear polarizations which creates a free car-,~ 4 (a) The polarization modulation produced when two

rier concentrationgrati_ng in the'material. _Thi_s grating. orthogonally polarized light beams interfere. (b) Concentration
decays by a combination of carrier recombination and difof spin-up and spin-down electrons created by a polarization

fusion from regions of high to low population. Since equalgrating.

concentration

Electron spin
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circularly polarized components with opposite directionsthe decay rate can be written

of rotation [13]. The electric field modulatiafi(x) along 472D 1
the grating directiorx can be written in terms of these two r= A2 £+ —, (2
circular polarization components, Ts
A whereD., is the electron diffusion coefficient anq is the
- A TXN —imjak LY electron spin relaxation time. This expression is the same
E(x) = Epysin e X . iy
A V2 as that for a concentration grating, where the diffusion

A ambipolar diffusion coefficient, antk, the recombination

. . . . . time for electrons and holes.
whereA IS t_he grating spacing an_ti an.dy are unit vec- DFWM experiments were carried out using a self-
tors describing the polarlz_atlon_ dlrec_tlon_s of th_e_ 'nc'de.ntmode-locked Ti:sapphire laser (Spectra-Physics, Tsunami)
beams. Therefore, a nonlinearity which is sensitive to cir-

I larizati i ¢ ting f ¢ h Iproducing~1 ps pulses at 82 MHz. Two pump beams
cular polarization witl create a grating from two orthogonal, .y 5 ime delayed probe beam were configured in a
linearly polarized beams.

QW semiconductrs, g of e degeneray b =107 V21T Tebelng geemery o it e araing
tween the light and heavy.hol_e bandg .due to COmcme\'/vells. The polarization of one of the pump beams was
ment allows access to polarization sensitive optical seleci,—Otated by 90 to allow the creation of the polarization
tion rules, Fig. 2. Circularly polarized light resonant with rating. The average power in the pump beams was
the heavy hole exciton generates 100% spin-polarize Oo,uW with ~50 W in the probe beam. The spot
electron-hole pairs. The spin orientation is maintained bys,izes on the sample were 30m (FWHM) '

the electrons for tens of picoseconds after rapid ionization '

£ th it by lonaitudinal optical bh ithi The sample KLB269 was grown by molecular beam
of the excitons by longitudinal optical phonons (within epitaxy (MBE) and consists of 120 periods of 65 A GaAs

xpected 10 relax o subpicosecand fime acales at rooUaNUM Wels separated by 21.2 nmy4Gay As barr
P P s. The background doping was~ 10'® cm™3. The

temperature because of band mixing and the m_ixeq Spi aAs substrate was removed, an antireflection coating
character of the valence states [15]. Thus excitation as applied to both surfaces, and the structure was

the heavy hole exciton in a MQW with crossed-linear PO mounted on a sapphire base for mechanical stability and

larized pulses creates a spatial modulation of the electrotqeat sinking. The heavy and light hole exciton resonances

spins, Fjg. 1(). At _sufficjent fluences, electrons saturatc\aNere clearly resolved at 1.494 and 1.51 eV, respectively.
the exciton absorption via PSF and Coulomb screening, . ious amplitude grating studies on this sample [8]

[.10]' It has been ShOV.V” p.revio.usly that the PSF Contribuhave shown that the peak diffraction efficiency occurs
tion to exciton saturation is spin dependent.[16]. _Ther_e—on the long wavelength side of the heavy hole exciton
fore, a spatial modulation of electron spin orientation W|IISince the grating is refractive. Excitation at this energy

diffract a circularly polarized probe beam. Indeed, a IIr"results in the production of excitons which are rapidly

early polarized probe beam will also be diffracted by thisionized. Thus on the time scale of the experiments de-

spin grating since both right and left circular components__ . : :
will be diffracted from the two opposite spin gratings. scribed herd>1 ps), optically generated cariers occupy

The spin grating decay rate will be determined by the states at the top (bottom) of the valence (conduction)

mbination of th in relaxation rate and diffusion of ands. Milleret al. [8] have measured a room tempera-
co ation of the spin relaxation rate a usIon Oty ;e recombination time of 70 ns for this sample.

the electrons within the quantum wells. Since hole spin The electron spin relaxation time can be determined

retlaxatlct)ndlg rtapld, Wfafr?out (:f thefsplmtgratlngl can b‘zerom time-resolved measurements of exciton saturation
interpreted in terms of the motion of electrons ajone an mploying two circularly polarized beams [16,17]. Fig-

ure 3 shows the probe transmission change as a function
of delay under three different polarization combinations

CB (12,112 (112, 112) of pump and probe. Since PSF is enhanced by spin orien-
G i o+ tation when the same sense of circular polarization (SCP)
HH (312, 3/2) o_/\ o+ @12, -312) of pump and probe is used, and reduced when opposite

circular polarizations (OCP) are used, a spin relaxation
time 7, = 55 ps can be deduced from the recovery to the
FIG. 2. The selection rules for the transitions from the heavylinear-linear (OLP) condition.
hole and light hole valence bands to the conduction band in Figure 4 compares the diffracted probe Signa|s for Spin
MQWs. The (.m;) refer to the quantum numbers for angular g concentration gratings produced at the heavy hole ex-
momentum and its component along one direction. dheand . - . .

);:lton using crossed- and parallel-linear polarized pump

o~ refer to the transitions excited by each sense of circularl ; ) i .
polarized light and correspond tdm; = *1, respectively, pulses, respectively. The probe was linearly polarized in
where the propagation direction is used to defire both cases. The polarization of the diffracted beam from

R =i coefficient and lifetimes would be replaced By, the
+ co<ﬂ>e”’/4¥} +c.c., (1) P "

(G, mi)

LH (312, 1/2) (312, -112)
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7 showing a much faster decay rate. The estimated excess
carrier density for the spin grating was> X 10'® cm3.

6 1 /_/SCP The long carrier lifetime of the sample creates a back-
ground carrier population which does not effect the decay

5 times since no intensity dependence of the decay rates was

4 OLP observed at this excitation level. Coherence spikes at zero
R delay in both decay curves are attributed to diffraction of

OCP one pump beam from a grating created between the probe

and the other pump beam.
h The decay rate2(") of the diffracted signal obtained for

Transmission change (arb. units)
w
l

2 a number of spin and concentration grating periddare
1 plotted in Fig. 5. The spin relaxation result = 55 ps is
J included in Fig. 5 as the infinite grating spacing limit. The
0 ﬂ ambipolar,D,, and electronD,, diffusion coefficients can
be deduced from the gradients [EqQ. (2)]. A valudif=
-1 , ‘ ‘ ‘ 13.3 cn? /s is in good agreement with previous studies [8].
0 100 200 300 400 The deduced hole mobility of., ~ 257 cn?/V's is in

excellent agreement with values for GaAs.

The spin grating results give a diffusion coefficient of
FIG. 3. The dependence of probe transmission change on o, = 127 cn?/s. The electron drift mobility is derived
tical time delay in pump-probe measurements for three pofrom this diffusion coefficient using the Einstein equation
larization configurations: OLP- opposite linear polarization, i, ihe ysual way, since the mean free path of the electrons
SCP= same circular polarization, OCRPR opposite circular . ’ . . .
polarization. is the same Whethe_r the.re is an overgll density gradient

or a gradient only in spin concentration. The electron

drift mobility deduced in this way ig., = 4924 cn?/Vs.

This value is lower than the typical room temperature
the spin grating was observed to be rotated by, & value of 8500 cri/V s for pure bulk GaAs; however, the
predicted by ther phase shift between the spin-up anddifference can be attributed to the high background dop-
spin-down grating components, Fig. 1. The diffracteding of the sample used here. lonized impurity scatter-
probe signals for spin and concentration gratings are chaing significantly affects the electron mobility [18]. Tak-
acterized by single exponential decays with the spin gratingng into account the background doping, a mobility of
~6000 cn?/V's may be expected in bulk GaAs. A fur-
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FIG. 4. The measured diffracted signal decay rate for a 81t2/A2(um'2)

5 um concentration amplitude grati@®) compared with the

corresponding Sum electron spin gratingO). Exponential FIG. 5. Measured decay rates of the diffracted grating signal
decays with time constants of 220 and 13 ps are fitted to thagainst 872/A2. Amplitude grating results @) and spin
two grating signals. grating results @) are plotted together for comparison.
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