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Ultrafast spin-polarized electrical currents injected in a strained zinc
blende semiconductor by single color pulses
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Ultrafast ballistic electrical currents are generated through interband excitation of strained
InGaAs/GaAs quantum well samples at 295 K by 810 nm, 60 fs circularly polarized optical pulses.
These currents are generated through quantum interference of optical absorption pathways
associated with the orthogonally polarized components of the light field, and although the spin of the
currents is not directly measured, they should also be spin polarized. The femtosecond transient
currents are detected via the emitted tetrahertzsTHzd radiation which has a bandwidth of,8 THz.
The THz amplitude scales linearly with injected carrier density up to,1018 cm−3 beyond which
state filling and carrier–carrier scattering cause a sublinear dependence. A peak current density of
9 kA/cm2 is obtained for a peak pump intensity of 250 MW/cm2. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1855426g
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The application of the electron’s spin degree of freed
in technology has spawned the field of spintronics.1 A nec-
essary requirement for many future active devices is the
ity to generate and control spin-polarized electrical curr
or pure spin currents. Such currents can be generated p
electrically in semiconductors by, e.g., injection from fe
magnetic metals. However optical techniques offer an a
native and noninvasive way to generate spin currents wi
the need of magnetic materials. One way to optically ind
electrical or spin currents in high-symmetry semiconduc
such as GaAs is through the quantum interference and
trol sQUICd of single and two-photon absorpti
pathways.2,3 In lower symmetry semiconductors, QUIC c
be used with a single color beam to inject a spin-polar
electrical current through interference of absorption p
ways associated with orthogonally polarized be
components.4 This effect can also be understood as a sec
order nonlinear optical process;5 since the maximum effe
occurs for circularly polarized light, it is also referred to
the circular photogalvanic effect.6 Single beam induce
QUIC currents have been observed followinginterbandex-
citation of wurtzite CdSe4 or p-type GaAs/AlGaAs quantu
wells sQWsd6 and byintrabandexcitation of QWs.7,8 For the
experiments reported by Bel’kovet al. the low crystal sym
metry came from as113dA-cut QW materialsCs symmetryd.
In all these cases no time resolution was attempted; the
rents were detected via charge accumulation at electrod
this letter we use strain to lower the symmetry of as110d
oriented zinc blende semiconductor and efficiently ind
large QUIC currents. Using 60 fs, 810 nm excitation pu
we generate femtosecond time-scale ballistic currents
are detected by their emitted tetrahertzsTHzd radiation. The
injected current scales linearly with carrier density up
1018 cm−3, above which a sublinear behavior is observed
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attributed to state filling and the increasing role of carr
carrier scattering.

The dynamics of QUIC currents generated by a si
beam can be expressed through4

dJa

dt
= habcEbEc sinsfb − fcd −

Ja

ts
. s1d

Here, Eb,c are orthogonal components of the beam w
phasefb,c, habc is a third rank tensor which is antisymme
with respect to exchange of the last two indices, andts is the
momentum scattering time. The largest current is induce
fb−fc= ±p /2, i.e., circularly polarized light; the curre
vanishes for linearly polarized beamssfb−fc=0,pd. In bulk
zinc blende materials with a point groupTd, the tensorh
vanishes; however, it has nonzero elements in materials
lower point group symmetry.4,5

Our sample consists of 20 undoped GaAs/ In0.13Ga0.87As
QWs that are grown in thef110g direction. The barriers an
wells are both 8 nm wide, and the QW region is embedd
an Al0.3Ga0.7As PIN structure. As will be seen in the follow
ing, thePIN structure does not influence the QUIC proc
In principle, the same experiments can be performed wit
the QWs being embedded in such a structure. Of prim
importance is the indium concentration in the wells wh
leads to a lattice mismatch of,1% between the GaAs ba
riers and InGaAs wells. A uniform strain of 1% in the pla
of the QWs leads to,1% uniaxial strain along the grow
direction9 reducing the point group symmetry toC2v.

10 For
such a sample the tensor elementhyxy is nonzero. As show

in Fig. 1, x andy are taken along thef001g andf11̄0g direc-
tions with z being along thef110g direction, the surface no
mal direction and the direction of light propagation.

The experimental setup is shown in Fig. 1. An 80 M
Ti:sapphire oscillator produces 60 fs, 810 nm pulses w
are directed at normal incidence onto the sample with
cused spot size of 80µm sfull width at half maximumd. THz
radiation emitted by the transient current induced nea
alt,
sample’s front surface is collected by an off-axis parabolic
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mirror and directed to a second off-axis parabolic mirror.
second mirror focuses the THz radiation onto an ele
optic sEOd crystal, which is either a 500-µm-thick, s110d-
oriented ZnTe crystal or a 120-µm-thick, s111d-oriented GaP
crystal. The GaP crystal provides higher bandwidth whe
the ZnTe crystal is more sensitive to the THz fields. An
nm, 60 fs probe pulse is focused on the EO crystal to a
size of 350µm, overlapping the THz focal spot. The pu
and probe beams are focused onto the sample and th
crystal, respectively, through small holes in the off-axis p
bolic mirrors. A silicon wafer placed between the two pa
bolic mirrors blocks any reflected and scattered pump l
A THz polarizer is also used to block any THz radiation
arises from currents along the sample’sf001g direction ssee
inset of Fig. 1d. Two different contributions to the curre
might arise along this direction, namely,sid a shift current11

and sii d a current due to the piezoelectric effect wher
strain along thef110g direction leads to a field and curre
along thef001g direction.

For right- and left-handed circularly polarized pu
pulses, Fig. 2sad shows the time-dependent THz signal fr

currents traveling in thef11̄0g direction and detected usi
the GaP crystal. Thep phase change of the THz signal wh
the pump helicity is reversed is consistent with current in
tion via the single color QUIC effect as indicated by Eq.s1d.
As expected no measurable signal is obtained for line
polarized pump light. From the well-known selection ru
for carrier excitation by circularly polarized light the injec
currents are expected to be spin polarized.

In the absence of carrier momentum scattering, the
jection current would be proportional to the integral of
optical pulse. With scattering the current decays in ac
dance with Eq.s1d. To examine aspects of the decay kine
we have measured the THz signatures associated with d
ent pump intensities. Figure 2sbd shows the normalize
power spectra of these currents for peak pump intensiti
250 MW/cm2, 800 MW/cm2, and 1.2 GW/cm2, corre-
sponding to carrier densities of 1.1, 3.4, and
31018 cm−3, respectively. All three spectra peak at,2 THz
and overlap to within experimental error, indicating that
actual temporal shape of the THz emission does not ch
significantly up to a carrier density of 5.131018 cm−3. The

FIG. 1. Experimental setup. OPM: off-axis parabolic mirror. The i
shows the sample; pump light is incident along thez direction.
time resolution of our experiment is mainly limited by the
Downloaded 07 Feb 2005 to 128.100.93.83. Redistribution subject to AIP
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mismatch of the probe group velocity and the THz p
phase velocity in the GaP crystal and as can be seen
Fig. 2sbd the measured power spectra have a 30 dB po
,8 THz. Taking into account the 60 fs optical pulse wi
and the signal-to-noise ratio numerical simulations show
the momentum scattering time of the carriers is less tha
fs, consistent with previous measurements in bulk GaA12

We have also examined the density dependence o
QUIC current amplitude over a wide pump intensity ra
using the more sensitive ZnTe crystal, which is more ap
priate here since the shape of the THz pulse is not esse
Figure 3 shows the THz signal amplitude versus pump in
sity. A sublinear behavior occurs near a peak intensit
400 MW/cm2, corresponding to a carrier density of
31018 cm−3. A sublinear dependence was also observe
injection currents generated by quantum interference of
and two-photon excitation13 and attributed to a combinati
of state filling, space-charge field effects, and the ons

FIG. 2. sad THz signals from injected currents directed along thef11̄0g
direction for right-handedssolid line, s+d and left-handedsdashed line,s−d
circularly polarized light. Dotted line: recorded signal for linearly polar
light. sbd Normalized power spectra of the THz pulses fors+ pump polar
ization at three different intensities: 250 MW/cm2 sdotted lined,
800 MW/cm2 ssolid lined, and 1.2 GW/cm2 sdashed lined.

FIG. 3. Amplitude of THz pulses as a function of pump intensity. Clo
circles: experimental data, black line: linear fit to the first four data po

including origin.
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carrier–carrier scattering. For the case here, a hydrodyn
model calculation shows that field effects are small an
the sublinear density behavior is attributed to state filling
the onset of carrier–carrier scattering.

The peak QUIC current density can be estimated f
the peak electric THz field extracted from the measured
signal14 by using the THz propagation code described in
15. For a peak pump intensity of 250 MW/cm2 we obtain
values of 0.25 V/cm and 9 kA/cm2 for the peak THz field
and the peak current density, respectively.

Finally we comment further on the role of the QWs a
the PIN structure. Even unstrained QWs introduced into
s110d-oriented materials reduce the point group symmetr
C2v and the built-in electric field from aPIN structure lead
to a further reduction toCs. To exclude the quantum wells
the built-in electric field in our sample as the origin of
QUIC current, we attempted to measure an injection cu
in an unstrained s110d-grown GaAs/Al0.3Ga0.7As QW
sample that was otherwise identical to the InGaAs/G
samplesincluding the AlGaAsPIN structured. No measur
able QUIC current was observed. Based on the signa
noise ratio in our experiments we conclude that the Q
effect in the unstrained GaAs/AlGaAs sample is at leas
times smaller than that in the strained material.

In summary, we have generated spin-polarized bal
currents in strained zinc blende QWs following optical in
band excitation with 60 fs optical pulses and observed
ultrafast currents through their emitted THz radiation.
strain that is incorporated in the InGaAs/GaAs QWs, a
terial routinely used for telecommunication devices, prov
a QUIC current which is not observed in unstrained ma
als. For a peak pump intensity of 250 MW/cm2 at 810 nm a
peak current of 9 kA/cm2 is obtained in the straine
InGaAs/GaAs material. At carrier densities above 1018 cm−3

the THz amplitude has a sublinear dependence on the
Downloaded 07 Feb 2005 to 128.100.93.83. Redistribution subject to AIP
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intensity, which we attribute to state filling and the car
dependence of the momentum scattering time.
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