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Abstract

We have investigated the bias-dependent spin relaxation in Cu—CoFg-®dBs/AlGaAs-type of Spin-LEDs using microscopic time-resolved
magnetization modulation spectroscopy (TIMMS). We observed a significant dependence of the electron spin relaxation time (effects as larg
40%) as a function of applied bias. The additional spin relaxation at non-zero bias is found to scale almost linearly with the injection current, a
thereby with the current-induced hole density in the active region. This observation is indicative for a dominant contribution by Bir—Aronov—PikL
(BAP) electron-hole spin-flip scattering. In agreement with this observation, a similar BAP-enhanced spin relaxation shows up at increased I
fluence. From spatio-temporal imaging of spin relaxation, scanning pump and probe beams acxdss jiime outside of optical window, we
found a significant position dependence (lateral effects) of the spin dynamics.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [10] have shown that by applicating a small oblique magnetic
field (Hanle effect) in a FM/oxide/semiconductor Spin-LED, the
Spintronics aims at developing new generation of devicesnanipulation and assessments of spin injection into of a semi-
in which quantum states based on spin can be carefully preeonductor is possible. A spin injection efficiency of 16% and
pared and manipulated. Although successful results have beehectron spin relaxation times of tens of picoseconds were ob-
reported1-4], many problems still exist regarding the efficient served at room temperature. Although this technique provides
spin injection in semiconductors and control over spin relaxvery valuable information about spin kinetics within the semi-
ation. One of the main problems for an efficient injection of spinconductor, only information on the spin state at the moment of
polarized current from a magnetic contact into a semiconductarecombination is obtained, and injection efficiency and relax-
is due to the large conductivity mismatch. Reports on successfation times can only be obtained indirectly by fitting the applied
injections from Il to VI diluted magnetic semiconductfs§ fer-  field dependence of the optical polarizatidQ].
romagnetic GaMnA§5], and across FM/semiconductor Schot-  In orderto obtain more directinformation on spin dynamicsin
tky barriers[7] can be considered promising. However, manya Spin-LED, we performed microscopic time-resolved magneti-
of these routes are limited to low temperatures, high magnetization modulation spectroscopy (TIMMS) on Cu-CoFe-AlO
fields, or relatively low efficiencies. Another solution for reduc- GaAs/AlGaAs-type of structures. In this technique a circularly
ing the conductivity mismatch is provided by introducing a thin polarized pump laser pulse injects electron spin into the active
insulator (oxide) between metal and semiconduf@prin order  region (GaAs), and an other laser beam probes the spin dynam-
to have a quantitative analysis of electrical spin injection intoics. Unlike current-induced photoluminescence, in which the
semiconductors, the configuration of a spin light emitting diodespin relaxation time is obtained in an indirect way, it allows
(Spin-LED)[9] can be employed. In such a device spin polarizedor detailed temporal imaging of electrons and holes separately
carriers injected from the contact radiatively recombine in thewhile moving through the semiconductor device. In particular,
semiconductor, emitting circularly polarized light. Motsnyi et al. we measured the electron spin relaxation time as a function of
bias-voltage in the Spin-LED. A significant dependence of the
relaxation time was observed as a function of applied bias (ef-
"+ Corresponding author. fects as large as 40%). As will be seen later from our experimen-
E-mail address: c.a.c.bosco@tue.nl (C.A.C. Bosco). tal results, the spin relaxation is found to scale almost linearly
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with the injection current, and thereby with the current-induced probe
hole density in the active region. This observation is indicative
for a dominant contribution by the Bir—Aronov—Pikus (BAP)
mechanism, where the exchange interaction between electron
and hole spins causes electron spin flipping.

Our experimental set-up not only allows for a detailed tempo-
ral imaging, but also a spatial imaging of spin dynamics. Scan-

Top Au contact

ning pump and probe across the Spin-LED, we observed an Sio
enhanced spin relaxation in a region of tens of micrometers out- AlGaAs
side the optical window, as indicative for a bias-driven enhanced active region p-GaAs

hole density in that region as well. /////////////////////////////////A e ATGEAS

2. Experimental

substrate p-GaAs

The Spin-LED used in the spin dynamics measurements was
grown by molecular beam epitaxy on a (00&jGaAs sub- f
strate: 2.75am p-GaAs buffer layer p = 2 x 10 cm~3), 200-
nm p-Alo30Ga70As (p = 1 x 102 cm=3), 100-nm p-GaAs
(p = 1 x 108 cm3) active region and 20-nm AboGangopAs  Fig. 1. A schematic representation of spin-LED, showing the top Au contact
(undoped). Immediately after the growth, the sample was tranguith the optical window. In a TIMMS experiment, a photo-elastic modulator
ferred into the sputtenng machine for the fabrication of the tun- (PEM) modulates the pump between left and right-handed circular polarization,

and another laser beam probes the spin-dynamics after arrival of the pump pulse.
nelinjector. The oxide layer was deposited in a two-step process,
which facilitates a full oxidation of the Al and reduces the chancepressed. All the measurements were performed at room temper-
on pinholes. First, a 1 nm thin Al layer is sputtered and natuature and with the same laser wavelength 770 nm (1.61eV),
rally oxidized in a controlled oxygen atmosphere at 140 Torri.e. the photon energy is above the bandgap of GaAs (1.43eV)
After sputtering and oxidizing of the first Al layer, a second Al at room temperaturg.2].
layer was sputtered and oxidized, followed by the depositionthe As we can see iffig. 1, spin is optically injected inside the
ferromagnetic stack. After fabrication of the AlOthe 10-nm  active region (100 nm-GaAs) of the Spin-LED, after laser light
CogoFerg/5-nm Cu ferromagnetic stack was sputtered by dcpasses through the optical window, i.e. the ferromagnetic film on
magnetron sputtered in the same vacuum chamber. The devicksp causes some additional absorption, but does not participate
were packaged and contacted using Au contacts to the backsi@teoptical spin injection. The film of AJ20Gap.goAs is almost
of the substrate and to the front FM electrode, leaving a windowransparent £gap = 1.67 €V) [13] for our laser photon energy
for optical accesses. The easy magnetization axis of the ferr¢1.61 eV) and does not interfere in our measurements.
magnetic film is in-plane. Previously, spin injection efficiencies
of 16% at room temperature were reported for these spin-LED3. Results and discussion
[10].

The optical pump-probe technique for time-resolved magne- Fig. 2(a) displays the time-resolved TIMMS signals from the
tization modulation spectroscopy (TIMMS) has been describe&pin-LED for different bias voltage. Note that the enhancement
in detail beforg11]. The experimental setup is based on a fem-of the applied bias (0-2.43 V) resulted in a faster electron spin
tosecond Ti:sapphire laser that generates pulses of 150 fs, atelaxation by~ 30%. From these results we plot the electron
repetition rate of 80 MHz. Laser pulses are split in high (pump)spin relaxation rate as function of biasiq. 2(b)) after fitting
and low (probe) intensity pulses that are focused by a 12 cm lerthe curves by a single exponential decay. The bias-dependent
to overlapping spot with a diameter &40 um at the sample spin relaxation is nonlinear and is very similar to the typical I-V
and the relative delay between them is controlled by a mechamesponse in the Spin-LED, showrfig. 2(b) (inset). This means
ical delay line. The high intensity pump pulse is used to spinthatzhe spin relaxation rate increases linearly with current. In
selectively excite electrons in the Spin-LED. The time-delayedthe next experiment we focus on the laser fluence contribution
weaker probe pulse is then used to measure the magneto-opti¢althe spin relaxatiorfig. 3shows the spin relaxation rate ver-
Kerr rotation. Spin-selective excitation is achieved by guidingsus laser fluence for two different applied bias voltages (0 and
the pump pulses through a photoelastic modulator (PEM), intro2.43 V). The spin relaxation rate is found to increase linearly
ducing a circular polarization with a handedness oscillating atvith laser fluence, for both bias voltages.

50 kHz. The probe pulses are modulated by a mechanical chop- For a proper analysis we should be aware of the fact that
per, operating at a frequency of typically 80 Hz. The measurethe time-resolved TIMMS signals depend both on the spin scat-
Kerr signal is then led through a series of two lock-in ampli-tering time, s, and the electron-hole recombination ting. (
fiers, of which the first one is set at the modulation frequency ofn order to extract the genuine spin scattering time it is neces-
the PEM and the second one at the frequency of the chopper Bary to correct for the electron-hole recombination, according
the probe beam. Because of this double modulation any possibte rs—l = TS‘l — t~1. We performed transient reflection exper-
signal due to pump light reaching the detector is completely supments to extract. Although these transients were difficult to

Backside Au contact
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