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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
INnGaAs/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 tetrah@rktz) radiation which has a bandwidth ef8 THz.

The THz amplitude scales linearly with injected carrier density up-®® cm beyond which

state filling and carrier—carrier scattering cause a sublinear dependence. A peak current density of
9 kA/cn? is obtained for a peak pump intensity of 250 MW /Ar® 2005 American Institute of
Physics[DOI: 10.1063/1.1855426

The application of the electron’s spin degree of freedomattributed to state filling and the increasing role of carrier—
in technology has spawned the field of spintrorjrid‘snec- carrier scattering.
essary requirement for many future active devices is the abil- The dynamics of QUIC currents generated by a single
ity to generate and control spin-polarized electrical currentdeam can be expressed throligh
or pure spin currents. Such currents can be generated purely X X
(rarllzctrlcglly in semiconductors py, e.g., ||jject|on from ferro _ dr = 1B SNy — ) — J_. 1)
gnetic metals. However optical techniques offer an alter dt Ts
native and noninvasive way to generate spin currents without .
the need of magnetic materials. One way to optically inducd €"€: Epc are orthogonal components of the beam with

electrical or spin currents in high-symmetry sem|conductor§)hase¢b'°’ 77anc S @ third rank tensorwhlqh IS antisymmetric
. . with respect to exchange of the last two indices, ang the
such as GaAs is through the quantum interference and con- L P
. .’ momentum scattering time. The largest current is induced for
trol (QUIC) of single and two-photon absorption

. dp—Ppc=xml2, i.e., circularly polarized light; the current
pathway<: In lower symmetry semiconductors, QUIC can abnisﬁes for linearly polarized bearfus, - ¢,=0,m). In bulk
be used with a single color beam to inject a spin-polarizecg °

lectrical h h interf ¢ ab _ h inc blende materials with a point groufy, the tensory
electrical current through interference of absorption pathyanishes: however, it has nonzero elements in materials with

ways associated with orthogonally polarized beamy,er point group symmetr}/®

components‘,‘.This effect can also be understood as a second- ¢ sample consists of 20 undoped GaAgAiBa, gAS
order nonlinear optical processsince the maximum effect QWs that are grown in thEL10] direction. The barriers and
occurs for circularly polarized light, it is also referred to asyells are both 8 nm wide, and the QW region is embedded in
the circular photogalvanic effeft.Single beam induced an Al,.Ga,-As PIN structure. As will be seen in the follow-
QUIC currents have been observed followingerbandex- ing, thePIN structure does not influence the QUIC process.
citation of wurtzite CdStor p-type GaAs/AlGaAs quantum  |n principle, the same experiments can be performed without
wells (QWs)® and byintrabandexcitation of QWs:® Forthe  the QWs being embedded in such a structure. Of primary
experiments reported by Bel'kost al. the low crystal sym-  importance is the indium concentration in the wells which
metry came from 4113)A-cut QW material(C; symmetry. leads to a lattice mismatch ef1% between the GaAs bar-
In all these cases no time resolution was attempted; the curiers and InGaAs wells. A uniform strain of 1% in the plane
rents were detected via charge accumulation at electrodes. of the QWSs leads te-1% uniaxial strain along the 0grovvth
this letter we use strain to lower the symmetry of14.0) directior? reducing the point group symmetry tbzv.l For
oriented zinc blende semiconductor and efficiently inducesuch a sample the tensor elemepy, is nonzero. As shown
large QUIC currents. Using 60 fs, 810 nm excitation pulsesn Fig. 1,x andy are taken along thg001] and[110] direc-
we generate femtosecond time-scale ballistic currents thaions with z being along thg¢110] direction, the surface nor-
are detected by their emitted tetrahefTHz) radiation. The mal direction and the direction of light propagation.
injected current scales linearly with carrier density up to  The experimental setup is shown in Fig. 1. An 80 MHz
108 cmi 3, above which a sublinear behavior is observed andri:sapphire oscillator produces 60 fs, 810 nm pulses which
are directed at normal incidence onto the sample with a fo-

dpresent and permanent address: Physikalisch-Technische BundesanstgHsed spot size of 8om (fu” width at half maXImun)' THz

Bundesallee 100, D-38116 Braunschweig, Germany. radiation emitted by the transient current induced near the
PElectronic mail:vandriel@physics.utoronto.ca sample’s front surface is collected by an off-axis parabolic
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FIG. 1. Experimental setup. OPM: off-axis parabolic mirror. The inset g A
shows the sample; pump light is incident along thdirection. ‘% 10° 800 MW/cm? N
£
5 10° 250 MW/em®
. . . L = ¥
mirror and directed to a second off-axis parabolic mirror. The ol oy
second mirror focuses the THz radiation onto an electro- o 2 4 6 8 10 12
(b) Frequency (THz)

optic (EO) crystal, which is either a 500m-thick, (110)-
oriented ZnTe crystal or a 126:']?1-thlclk, (111)-0”er.]ted GaP FIG. 2. (a) THz signals from injected currents directed along {IiEO]
crystal. The GaP.CWStaﬂ prov@as higher bandW'dth whereagyection for right-handedsolid line, ¢*) and left-handeddashed lineg™)
the ZnTe crystal is more sensitive to the THz fields. An 810circularly polarized light. Dotted line: recorded signal for linearly polarized
nm, 60 fs probe pulse is focused on the EO crystal to a spdight. (b) Normalized power spectra of the THz pulseg ft(ﬁ’rpump polgr-

- ; ization at three different intensities: 250 MW/€m(dotted ling,
size of 350um, overlapping the THz focal spot. The pumpE880 MW /cr? (solid lin®), and 1.2 GW/orh (dashed lin
and probe beams are focused onto the sample and the
crystal, respectively, through small holes in the off-axis para-

bol?c m?rrors. A silicon wafer placed between the two pPara-mismatch of the probe group velocity and the THz pulse
bolic mirrors blo_cks any reflected and scattered pump “ghtphase velocity in the GaP crystal and as can be seen from
ATHz polarizer is also used to block any TH.z ra{j|at|0n that,:ig_ 2b) the measured power spectra have a 30 dB point at
arises from currents along the samplgd®1] direction(see  _g THz. Taking into account the 60 fs optical pulse width
inset of Fig. 3. Two different contributions to the current ang the signal-to-noise ratio numerical simulations show that
might arise along this direction, namely) a shift current’  the momentum scattering time of the carriers is less than 50
and (ii) a current due to the piezoelectric effect wherebyts, consistent with previous measurements in bulk G¥As.
strain along thg 110] direction leads to a field and current We have also examined the density dependence of the
along the[001] direction. _ _ QUIC current amplitude over a wide pump intensity range

For right- and left-handed circularly polarized pump ysing the more sensitive ZnTe crystal, which is more appro-
pulses, Fig. &) shows the time-dependent THz signal from priate here since the shape of the THz pulse is not essential.
currents traveling in th¢110] direction and detected using Figure 3 shows the THz signal amplitude versus pump inten-
the GaP crystal. Ther phase change of the THz signal when sity. A sublinear behavior occurs near a peak intensity of
the pump helicity is reversed is consistent with current injec400 MW/cn?, corresponding to a carrier density of 1.6
tion via the single color QUIC effect as indicated by Et). X 108 cm3. A sublinear dependence was also observed for
As expected no measurable signal is obtained for linearlynjection currents generated by quantum interference of one-
polarized pump light. From the well-known selection rulesand two-photon excitatidfi and attributed to a combination
for carrier excitation by circularly polarized light the injected of state filling, space-charge field effects, and the onset of
currents are expected to be spin polarized.

In the absence of carrier momentum scattering, the in- Eos [ ]
jection current would be proportional to the integral of the s | .
optical pulse. With scattering the current decays in accor- £o6} o * i
dance with Eq(1). To examine aspects of the decay kinetics % I
we have measured the THz signatures associated with differ- S04} 1
ent pump intensities. Figure(l® shows the normalized S 0 measurement
power spectra of these currents for peak pump intensities of E 0.2 ]
250 MW/cn?, 800 MW/cn?, and 1.2 GW/crf corre- ool i
sponding to carrier densities of 1.1, 3.4, and 5.1 = C

" n " " 1 " " ) 1 1 " L "
X 10* cm3, respectively. All three spectra peak-aR THz 0.0 05 1.0 15
and overlap to within experimental error, indicating that the Peak Pulse Intensity (GW/cm’)
actual temporal shape of the THz emission does not Chang’QG. 3. Amplitude of THz pulses as a function of pump intensity. Closed

e . : P
significantly up to a carrier density of 510" cm™. The  gjrcles: experimental data, black line: linear fit to the first four data points,

time resolution of our experiment is mainly limited by the including origin.
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carrier—carrier scattering. For the case here, a hydrodynamintensity, which we attribute to state filling and the carrier
model calculation shows that field effects are small and sa@ependence of the momentum scattering time.
the sublinear density behavior is attributed to state filling and ] )

The peak QU|C current density can be estimated fron’ﬁearch group for valuable and enlightening discussions. In
the peak electric THz field extracted from the measured E@ddition we appreciate financial support from the Sciences
Signar‘4 by using the THz propagation code described in Ref_and Engineering Reseal’Ch COUHC” Of Canada, PhOtOhiCS Re-
15. For a peak pump intensity of 250 MW/&me obtain  Search Ontario, and DARPA.
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the PIN structure. Even unstrained QWs introduced into the q05
(110-oriented materials reduce the point group symmetry t0?a. Haché, Y. Kostoulas, R. Atanasov, J. L. Hughes, J. E. Sipe, and H. M.
C,, and the built-in electric field from &IN structure leads  van Driel, Phys. Rev. Lett78, 306 (1997.
to a further reduction t€,. To exclude the quantum wells or M. J. Stevens, A. L. Smirl, R. D. R. Bhat, A. Najmaie, J. E. Sipe, and H.
the built-in electric field in our sample as the origin of the M- Van Driel, Phys. Rev. Lett90, 136603(2003.

P N. Laman, A. | Shkrebtii, J. E. Sipe, and H. M. van Driel, Appl. Phys.
QUIC current, we attempted to measure an injection current o 75 2581 (1999.

in an unstrained (110-grown GaAs/ApGaAs QW 55 E. sipe and A. I. Shkrebtii, Phys. Rev. @, 5337(2000.

sample that was otherwise identical to the InGaAs/GaAs®V. V. Belkov, S. D. Ganichev, P. Schneider, C. Back, M. Oestreich, J.
sample(including the AlGaAsPIN structurg. No measur- Rudolph, D. Hagele, L. E. Golub, W. Wegschneider, and W. Prettl, Solid
able QUIC current was observed. Based on the signal-to—étate chm'_“;;"l?& 283(2°g3'k < '

noise ratio in our experiments we conclude that the QUIC séhﬁéid;’"g. (\a/:lléisEs., :h(;v\fv‘e;re?t’li P'hys'_ gzc' i\éﬁjﬁsirfzo(ggbjxv' Weg-
effect in the unstrained GaAs/AlGaAs sample is at least 2055 p_Ganichev and W. Prettl, J. Phys.: Condens. Mat&mR935(2003.
times smaller than that in the strained material. °S. L. Chuang,Physics of Optoelectronic Device®Viley, New York,

In summary, we have generated spin-polarized baIIisticlOl995- _ _ o _ _
currents in strained zinc blende QWs following optical inter- G. L. Bir and _G. E. PikusSymmetry and Strain-induced Effects in Semi-
band excitation with 60 fs optical pulses and observed thelg)nggféorﬁwl'_'gﬁaﬁe";:grﬁ 1,8'74\'/% Driel. Aool. Phvs. LeBD. 905
ultrafast currents through their emitted THz radiation. The 005 ’ o PP TS '
strain that is incorporated in the InGaAs/GaAs QWs, a ma*2\. T. Portella, J. Y. Bigot, R. W. Schoenlein, J. E. Cunningham, and C. V.
terial routinely used for telecommunication devices, provides Shank, Appl. Phys. Lett60, 2123(1992.

a QUIC current which is not observed in unstrained materi-lsg-_?ﬁf, Jl P'V'h- FfaLSth%/'-Sgggafggé P. H. Bucksbaum, and H. M. van
; ; riel, Appl. Phys. Lett.75, .

clo o 2 ek pup nty of 250 MM Gat 10 11 o 53 a5 e . Ssor,an T ot 3

InGaAs/GaAs material. At carrier densities abové®kn> 155 o, 3. E. Sipe, and H. M. van Driel, J. Opt. Soc. Am.2B, 1374

the THz amplitude has a sublinear dependence on the pump2003.

Downloaded 07 Feb 2005 to 128.100.93.83. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



