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We report on electrical spin injection from (Ga,Mn)As into a high-mobility two-dimensional electron gas
confined at an (Al,Ga)As/GaAs interface. Besides standard nonlocal electrical detection, we use a magneto-optical
approach which provides cross-sectional images of the spin accumulation at the cleaved edge of the sample,

yielding spin decay lengths on the order of 2 um. In some cases we find a nonmonotonic bias voltage dependence
of the spin signal, which may be linked to ballistic tunneling effects during spin injection. We observe a clear
Hanle depolarization using a technique which is free of dynamic nuclear polarization effects. Fitting the data
with the standard drift-diffusion model of spin injection suggests averaged in-plane spin lifetimes on the order

of 1 ns.
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I. INTRODUCTION

The demonstration of efficient electrical spin injection into a
two-dimensional electron gas (2DEG) is a crucial step towards
the development of future spintronic devices, such as the spin
field-effect transistor as proposed by Datta and Das [1]. Spin
injection into 2DEGs has by now been reported by several
groups [2-5]; however, it turns out that ballistic transport
effects need to be taken into account to fully understand
the experimental data [2,3,5,6]. This means that the standard
drift-diffusion model of spin injection [7-9] that is commonly
used to interpret bulk spin injection experiments cannot be used
adequately which in turn makes the interpretation of spin in-
jection data into 2DEGs difficult. Only little data are available
concerning electrical spin injection into 2DEGs; furthermore,
the injected spins are detected exclusively using electrical
techniques. Here, we use a combination of electrical and
magneto-optical detection techniques to investigate electrical
spin injection from ferromagnetic (Ga,Mn)As contacts into a
2DEG formed in a III-V semiconductor heterostructure. We
use the recently developed technique of electrical injection via
an Esaki diode structure [5] in combination with nonlocal elec-
trical detection and magneto-optical detection on the cleaved
edge of the sample enabling direct measurements of the spatial
dependence of the spin distribution. We find spin distribution
decay lengths A; on the order of 2 yum. From electrical and op-
tical Hanle depolarization measurements we extract averaged
in-plane spin lifetimes 7, on the order of 1 ns which are sur-
prisingly well fitted using the standard drift-diffusion model.

II. METHODS

The sample layout and the measurement techniques are
sketched in Fig. 1(a). Two heterostructure wafers A and
B are used in our paper. The semiconductor layers are
grown by molecular-beam epitaxy (MBE) on a semi-insulating
GaAs(001) substrate. The layer sequence starts with a
1000-nm-thick GaAs/(Al,Ga)As superlattice (not shown),
followed by 75-nm (Aly33Gage7)As, a Si §-doping layer,
50-nm (Aly33Gage7)As, 50-nm i-GaAs, 100-nm n-GaAs
(n =7x10' cm™3 for sample A and n = 1.2x10"7 cm™3
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for sample B), a 15-nm-thick n — n** transition layer,
and 8-nm n**-GaAs with n = 5x10'® cm™3. The top layer
of 50-nm (GagosMng ps5)As is grown using low-temperature
MBE. Additionally, a layer of 2.2-nm (Aly33Gage7)As was
grown in between the nt"-GaAs and the (Ga,Mn)As layers
to prevent diffusion of Mn atoms into the underlying n-GaAs
layers. The p-type (Ga,Mn)As and the n-GaAs layers form
an Esaki diode structure, enabling tunneling of spin-polarized
carriers between (Ga,Mn)As and GaAs. The 2DEG is confined
at the GaAs/(Al,Ga)As interface as depicted in Fig. 1(a)
(red layer).

A chemical wet etching technique is used to confine
the electron transport to a 50-um-wide and a 750-pm-long
channel oriented along the [110] direction. Contacts are
defined by standard optical and electron-beam lithography
techniques and evaporation of Ti/Au pads. The center spin
injector contacts have varying widths between 0.5 and 4 pum.
Two (90x90)-um? large contacts at the ends of the channel
[labeled with R1 and R2 in Fig. 1(a)] are used as references.

In a last etching step the (Ga,Mn)As and n**-GaAs layers
in between the contacts are removed. The etching depth is a
critical parameter to obtain a good 2DEG. It is chosen deep
enough to ensure a complete depletion of the bulk carrier
density above the 2DEG, which is confirmed by magneto-
transport measurements. In many cases the 2DEG itself is also
depleted or has only a small carrier density after this etching
process. However, it can be repopulated by illuminating the
sample, which transfers carriers from the §-doping layer to
the GaAs/(Al,Ga)As interface. Magnetotransport experiments
on such carefully illuminated samples indicate the presence
of a pure 2D transport in the channel without any bulk
carrier conductance above the 2DEG. Directly underneath
the contacts the highly doped layers form bulk-like electronic
states in addition to the 2D electronic states, which ensure
an efficient charge transport between the (Ga,Mn)As and the
2DEQG as discussed in Ref. [5]. Finally, the sample is cleaved
in the [110] direction along the transport channel, reducing the
channel width to 40 pm. This exposes the (110) surface, which
enables direct magneto-optical access to the spin accumulation
underneath the injecting contacts [10—13].

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.95.035304

M. BUCHNER et al.

(a)

Au/Ti
(Ga,Mn)As
n**-GaAs

320 poay

o

N

[$))
—_
(2)
~
%%

< 300
2

6k (arb. units)
o
=
e

~F 280 V :
X
AV 0.05 A8,
260} (b 7£ ] Fo K
(b) | e icasat
-10 0 10 -10 0 10
HoH (mT) HoH; (mT)

FIG. 1. (a) Sample layout and measurement techniques. (b)
Nonlocal voltage V, as a function of the applied magnetic field
H, for V, = 40.75 V. The amplitude of the spin valve signal AV,
is a measure for the spin polarization. (c) Kerr rotation fx in the
2DEG channel as a function of the applied magnetic field H, for
W = +0.75 V. The height of the hysteresis loop Afx is strictly
proportional to the injected spin polarization.

We investigate samples from two different wafers, called
sample A and sample B in the following. Magnetotransport
measurements prove the formation of a high quality 2DEG at
the GaAs/(Al,Ga)As interface for both samples with a carrier
density of n = 2.3x10'! cm™2, an electron mean-free path of
Imf = 4 um, and an electron diffusivity of D, = 4200 cm? /s
for sample A and n = 1.8x10M em™2, I,y = 1.5 um, and
D, = 1300 cm?/s for sample B.

For the measurements the samples are mounted in vacuum
on the cold finger of a He flow cryostat. All experiments are
performed at a temperature of ~10 K. A spin imbalance in the
heterostructure can be generated by applying a bias voltage V;,
between one of the narrow contacts and a reference contact.
The injected spin accumulation spreads from the injector
to a nearby detector contact where it generates a nonlocal
voltage signal V;; via spin-charge coupling [14]. Figure 1(b)
shows the magnetic field dependence of V,; using a 2-um-
wide contact as the injector and the neighboring 1-pum-wide
contact as the detector (injector-detector distance of 3 pm).
The value of the nonlocal voltage depends on the relative
orientation of the magnetizations of injector and detector
contacts. In the present case the two contacts have very similar
coercive forces. Therefore, the measurement does not show
the expected rectangular form as typically observed in spin
valve experiments nor the maximum achievable amplitude.
However, the detected amplitude of the spin valve signal AVy,
is still a good relative measure for the spin polarization in the
heterostructure. To increase the signal-to-noise ratio lock-in
detection is utilized.
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For the optical measurements of the electron spin polariza-
tion we employ scanning Kerr microscopy at the cleaved edge
of the sample using a cw diode laser with a power of ~ 10 uW
and a laser spot diameter of ~680 nm. A square-wave bias
voltage alternating between zero and V;, is applied between
one of the center contacts and one of the reference contacts,
and the polar magneto-optic Kerr effect (pMOKE) is measured
via lock-in detection using a Wollaston prism and balanced
photodiodes. The bias modulation ensures that the (quasistatic)
magnetization of the (Ga,Mn)As contacts does not contribute
to the Kerr rotation [10-13]. Figure 1(c) shows the Kerr
rotation angle 8 as a function of magnetic field H, with the
laser spot being located on the transport channel next to a
2-pm-wide injector contact. The measurement was performed
on the diffusion side at a distance of 3 um from the injector
contact. The fact that the (Ga,Mn)As-hysteresis loop can be
measured at a distance of 3 pm from the injector is direct proof
for spin injection into the semiconductor heterostructure. To
further eliminate any electro-optical contribution to the Kerr
signal we evaluate the difference of both remanent 6 values
A6k as a measure for the spin polarization [10—13].

III. OPTICAL PROPERTIES

Performing optical measurements on the present het-
erostructure is not as straightforward as performing pMOKE
measurements on bulk-GaAs samples as was performed in our
previous work [10—13]. The reduced symmetry of the 2DEG
might have a severe influence on the optical selection rules and
therefore on the strength of the pMOKE. Indeed, it has been
shown that in narrow (some 10-nm-wide) GaAs/(Al,Ga)As
quantum well (QW) systems the confinement potential forces
both the orbital angular momentum and the spin angular
momentum of the heavy-hole states in the valence band into an
out-of-plane direction perpendicular to the QW plane [15,16].
Furthermore, the confinement lifts the degeneracy of the
heavy- and light-hole states at the I' point, shifting the
light-hole band to lower energies. Taking both into account,
only the out-of-plane polarized heavy holes can contribute
to recombination processes with electrons in the conduction
band. This has substantial consequences for magneto-optical
processes. In the case of an in-plane polarized electron spin
polarization (which is what we have in our experiment)
angular momentum conservation prohibits the recombination
of an electron with a heavy hole under emission of circularly
polarized light with a well-defined helicity. Instead, only
linearly polarized light will be detectable.

This effect has been verified in spin-light-emitting-diode
experiments by a direct comparison of the circular polarization
of the electroluminescence in top emission (with the electron
spin polarization oriented perpendicular to the QW) and
edge emission (with the electron spin polarization in the
plane). For 10- and 15-nm-wide QWs no significant circular
polarization was found with the edge-emission geometry,
although a strong signal was measured in top emission [17,18].
For wide (bulk-like) QWs (d > 50 nm), however, a circular
polarization can even be detected in edge emission, indicating
that the heavy-hole spin obtains in-plane components due
to the weakened quantum confinement compared to narrow
QWs [16,18]. So, for wide GaAs/(Al,Ga)As-QW systems
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the optical selection rules should still allow magneto-optical
effects but with a reduced efficiency compared to bulk
GaAs.

The heterostructure used in our experiments does not use
a QW to create the 2D electron system. Instead, it uses
a GaAs/(Al,Ga)As interface to produce an inverted 2DEG.
In this system only the electrons in the conduction band
are confined within a triangular potential well; the holes
in the valence band are not confined at all, except for the
(Al,Ga)As barrier right at the interface. Therefore, neither is
the degeneracy of the light and heavy holes at the I" point lifted,
nor is there a confinement which forces the hole spins in the
out-of-plane direction. The holes will behave like ordinary
bulk holes. Hence, the optical selection rules in our system
will be qualitatively unchanged with respect to bulk GaAs,
and the magneto-optical Kerr effect in edge emission will be
significant.

Apart from the difficulty to detect a sizable pMOKE signal
originating from a narrow 2D channel, laser illumination
additionally disturbs the electronic system in two ways. First,
it continuously creates electron-hole pairs within the GaAs
layers above the 2DEG, which increases the carrier densities
within the 2DEG channel and the n-doped GaAs region
underneath the spin injecting contacts. However, a simple
estimation shows, that for wavelengths > 820 nm this optically
created additional electron density lies well below the electron
density of the 2DEG, and therefore this effect should have a
negligible influence on the electron distribution of the system.
Considering a recombination lifetime in n-GaAs of about
1 ns, in equilibrium between electron-hole pair generation and
relaxation, we can roughly estimate the additionally generated
electron density in the conduction band for the used laser
power of 10 W to be on the order of ~10'* to ~10'> cm~3,
which is well below the metal-to-insulator transition of GaAs.
So, optical generation of carriers in the n-GaAs above the 2D
channel will not play an important role next to the contacts
where the bulk electrons have been depleted by chemical
etching; bulk carriers will only be present directly underneath
the spin injecting contacts.

The second effect, which plays a more severe role for the
present system, is the persistent photoeffect [19-23]. The
persistent photoeffect has its origin in the photoexcitation
of deep impurity levels (DX centers) in the (Al,Ga)As
layer. Photon absorption excites electrons into the (Al,Ga)As
conduction band and hence leads to an increased conductivity,
which persists even after switching off the light source since
the electrons cannot return to the traps at low temperatures due
to a repulsive energy barrier. Therefore, laser illumination of
the sample creates an additional parasitic transport channel in
the §-doping region of (Al,Ga)As. However, magnetotransport
measurements show that this parallel channel in (Al,Ga)As
does not destroy the 2DEG at the GaAs/(Al,Ga)As interface
as the illuminated sample still exhibits clear Shubnikov—de
Haas oscillations. We conclude that transport in the illumi-
nated sample can be described as parallel transport in the
2DEG and the (Al,Ga)As channel. However, transport should
still be dominated by the 2DEG due to its high mobility
of 5x10° cm? V=!s~! (Sample A) and 2x10° cm?V~'s~!
(Sample B). Note that the 7-V characteristics of the spin
injecting contacts do not change under illumination, which
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FIG. 2. (a) Microphotoluminescence measurement of the top-
most layers of the heterostructure. (b) Kerr rotation spectrum in the
transport channel measured under spin extraction conditions.

suggests that the process of spin injection itself is unaffected
by laser illumination.

In order to characterize the optical properties of the
heterostructure we perform microphotoluminescence (u-PL)
measurements at the cleaved edge of the sample. The u-PL
spectrum of the transport channel clearly reveals three optically
active regions in the sample [see Fig. 2(a)]: On one hand
one observes the GaAs and the (Al,Ga)As layers with
recombination peaks in the vicinity of the corresponding
band gaps. On the other hand there is a strong peak at
Ephoton & 1.78 €V, which stems from the superlattice grown
between the substrate and the (Al,Ga)As. The latter does not
contribute to charge (and hence to spin) transport and thus
does not play a role for the electrical and magneto-optical
investigations of the spin accumulation in the system. The
luminescence peak at Eppoon & 1.98 €V mainly originates
from transitions in the §-doping area of the (Al,Ga)As and
therefore represents the parallel parasitic transport channel.
The u-PL feature at the GaAs band gap consists of two single
peaks. Here, the lower-energy peak is the well-known carbon
band in GaAs [24,25]. This peak mainly stems from carbon
impurities in the GaAs substrate as it is significantly weaker
in the topmost MBE-grown layers compared to the GaAs
substrate. The higher-energy peak at the GaAs band gap is,
in part, due to excitons which are bound to Si donors in the
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GaAs, but it also stems from optical transitions between the
2DEG and the valence band.

With our magneto-optical spin detection approach it should
be easy to distinguish the spin accumulation in the 2DEG
from a possible spin signal in the parallel transport channel
within the (Al,Ga)As layer by simply tuning the laser to
the GaAs band gap. Figure 2(b) displays a Kerr rotation
spectrum measured at the cleaved edge in the transport
channel underneath a narrow contact under spin extraction
conditions. The Kerr signal is only nonzero in the vicinity
of the GaAs band gap, and therefore, it can clearly be
attributed to the spin polarization in the GaAs-based 2DEG.
A possible spin accumulation in the (Al,Ga)As-based parallel
transport channel does not contribute to the Kerr rotation at
these photon energies as the corresponding band gap is much
larger and would only create a significant Kerr rotation near
Ephoton & 1.98 V. Therefore, for the Kerr measurements of
the spin polarization we choose a photon energy of 1.503 eV.
Here, on one hand the influence of the laser on the electronic
system in the GaAs is reduced to a minimum as the photon
energy lies below the band gap, and on the other hand we can
rule out any Kerr signal originating from the parasitic transport
channel underneath the 2DEG.

IV. SPIN DISTRIBUTION

Figure 3 illustrates line scans of the Kerr rotation along the
2DEG channel for V;, = £0.75 V in sample B, representing
the spatial spin distribution within the 2DEG. The bias voltage
is applied between the 2-pum-wide contact at x = 0 and the
large reference contact on the right-hand side of Fig. 1(a). For
positive voltages electrons flow from the right into the contact
at x = 0, creating a spin accumulation within the 2DEG by
majority spin extraction; for negative voltages electrons flow
from the contact to the right, injecting majority spins at the
contact position. In both cases the spin polarization exhibits
a sharp peak right at the position of the injector contact. The
decay of the Kerr rotation signal on the left-hand side can

1.0 =t +0.75V
——— -0.75V |
w
Z 05
=]
g
& 00
&
< o5
1.0 . . I . I .
-10 -5 0 5 10
X (Mm)

FIG. 3. Kerr rotation scans along the 2DEG channel for spin
injection (V, = —0.75 V) and spin extraction (V, = +0.75 V) in
sample B. The bias voltage is applied between the 2-pum-wide contact
at x = 0 um and the reference contact on the right-hand side. The
contacts are indicated by shaded regions. The red and orange lines
represent exponential fits to the data in the field-free region with the
corresponding values of the spin decay lengths A,. The inset illustrates
the current path within the sample.
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FIG. 4. (a) Bias dependence of the Kerr rotation signal Af for
two different contacts of sample A. (b) Kerr rotation normalized to
the current / plotted vs Vsr for the same contacts as in (a).

be well fitted by an exponential in both cases, yielding spin
decay lengths in the field-free regions of A; = (2.0 £0.2)
and A; = (1.8 £0.2) um, respectively. On the right-hand side
of the contacts one has to consider a superposition of spin
diffusion and drift. Therefore, the decay length is reduced
(enhanced) for spin extraction (injection), which is clearly
visible in our measurements.

V. BIAS DEPENDENCE

The bias dependence of the spin polarization in the het-
erostructure is shown in Fig. 4(a) for two different 4-um-wide
injector contacts of sample A. In both cases the Kerr signals
are measured in the transport channel directly underneath the
contacts. The curves exhibit an almost perfectly antisymmetric
shape with the expected sign reversal when passing from spin
injection to spin extraction. However, in contrast to contact 2,
contact 1 exhibits a clear nonlinearity for small bias voltages.
The discrepancy between the two contacts becomes even
more pronounced when normalizing the data with respect to
the current / flowing in the device and when plotting the
normalized data vs the three-terminal voltage Vsr, which is
shown in Fig. 4(b). Here, contact 2 exhibits a maximum signal
at V3t = 0 which monotonically decreases with increasing

035304-4



OPTICAL INVESTIGATION OF ELECTRICAL SPIN ...

| V51|, whereas contact 1 has two maxima at V3r ~ +0.6 V and
a minimum signal at V3t = 0. The nonmonotonic behavior of
contact 1 strikingly resembles the bias dependence which has
been reported by Oltscher et al. on similar samples where it
was detected electrically in a nonlocal geometry [5]. There,
the peaks at Vir &~ £0.6 V have been linked to a signal
enhancement which occurs due to direct ballistic tunneling
of spin-polarized carriers from (Ga,Mn)As to the 2DEG or
vice versa. Recently, a signal enhancement in a truly 2D
geometry has been explained theoretically by introducing a
ballistic contribution to the spin chemical potential and solving
the corresponding spin ballistic-diffusion equations [6]. It has
been argued that for optically injected spin polarizations such
an enhancement should not be observable due to the absence
of ballistic tunneling during optical orientation. Therefore, the
experimentally observed nonmonotonic bias dependence of
the spin polarization is a clear signature that our magneto-
optical approach is sensitive to the electrical spin injection
into the 2DEG.

Contact 2 shows a different bias dependence with a
maximum at Vi3r = 0. The origin of this maximum is most
probably the contribution of bulk-like electronic states in the
highly n-doped GaAs layers right underneath the injector
contact, which increase the total Kerr rotation. The spin
accumulation p; in the nonmagnetic material is proportional
to its resistivity [7-9], i.e., in the case of the electronic states
within the bulk-n-GaAs one has p; o pn with the resistivity
of n-GaAs, pn, whereas for the 2D channel u; o R; applies
with R being the sheet resistance of the 2DEG. Hence, due
to the large resistance of n-GaAs with respect to the 2DEG, a
sizable spin accumulation can build up in the highly n-doped
GaAs layers underneath the contacts. However, the kinks in
the black curve in Fig. 4(b) at V3t &~ —0.5 and Va1t =~ +0.3 V
and the fact that the data for both contacts merge for voltages
|Var| > 0.6 V show that the bias dependence of contact 2 still
contains the contributions from the pure 2D spin polarization.
Note that these subtle differences in the bias dependence of
different (but nominally same) contacts can be detected in our
magneto-optical experiments but are difficult to extract from
all-electrical measurements.

All in all, these measurements show that the magneto-
optical detection method is sensitive to the 2D spin accumula-
tion. However, as shown by the signal below contact 2, directly
underneath the spin injecting contacts the bulk-like electronic
states within the highly n-doped GaAs layers might become
visible as an additional contribution to the optically detected
spin signal. Note that this bulk carrier distribution is only
present directly underneath the injector contacts; in between
the contacts it has been completely removed by wet-chemical
etching. Hence, Kerr rotation signals, which are detected next
to the contacts, stem solely from the 2D spin accumulation.

VI. HANLE MEASUREMENTS

Finally, we perform Hanle depolarization measurements to
investigate the dynamical aspects of the 2D spin injection. Note
that we use for all of our Hanle measurements a measurement
protocol in which the magnetization of the sample is reversed
every ~5 s. Therefore, dynamic nuclear polarization (DNP)
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effects, which are frequently observed in Hanle measurements,
are eliminated in our experiment.

Spin relaxation in GaAs-based 2DEGs is typically
governed by the D’yakonov-Perel” mechanism [26,27], just
like in bulk GaAs; hence, in the motional narrowing limit, the
relation 1/, o (2)7, is valid, where 7, and 7, are the spin
and momentum relaxation times, respectively, and €2 is the
momentum-dependent Larmor precession frequency arising
from spin-orbit interaction. Since spin-orbit coupling in
quantum confined systems is usually much larger than in bulk
materials, spin relaxation in our 2DEG is expected to be more
effective than in bulk GaAs. Moreover, the long momentum
relaxation times in our high-mobility 2DEG samples should
additionally contribute to an efficient D’yakonov-Perel’ spin
relaxation.

Contrary to bulk GaAs spin relaxation in two-dimensional
systems shows a pronounced anisotropy [28,29]. The lifetime
of an electron’s spin in a 2DEG strongly depends on the
spin-polarization direction with respect to the spin-orbit-
coupling fields. The spin-orbit fields in a (001)-grown 2DEG
are oriented in the quantum confinement plane. Thus, a spin
polarization perpendicular to the 2DEG plane experiences a
strong spin-orbit torque, and accordingly the spin relaxes very
rapidly with spin lifetimes on the order of 100 ps [30-32].
In the present experiment the injected spin accumulation is
polarized in the quantum confinement plane. For this case a
giant spin-relaxation anisotropy has been predicted [28,29]
with a large spin-relaxation rate for electron spins polarized
along the [110] direction and a small spin-relaxation rate
for a spin ensemble pointing in the [110] direction. Indeed,
it has been shown that the D’yakonov-Perel” mechanism is
strongly suppressed for a spin polarization along the [110]
crystallographic direction with spin lifetimes ranging from a
few to several tens of nanoseconds, whereas the spin lifetime
for a spin ensemble along the [110] direction typically remains
in the subnanosecond regime [30,33,34].

The spin-relaxation anisotropy within the (001) crystallo-
graphic plane has direct consequences on the Hanle experi-
ments performed in this paper. For the Hanle measurements
we apply the magnetic field along the [001] direction. The
spin accumulation precesses in the (001) plane and probes all
relaxation times in the different in-plane directions. Thus, the
spin lifetime 7, extracted from our Hanle curves is given by the
geometric mean of the spin lifetimes along the two principal
axes [110] and [110] [29,34],

Ts = 4/ Ts,[1101T5 [170]>

where 7, 110) and 7, [j7p, are the spin-relaxation times for

electron spins polarized along the [110] and [110] directions,
respectively.

Figures 5(a) and 5(b) display Hanle depolarization curves
for both contacts of sample A, measured on the diffusion
side 1 um away from the injecting contact in each case to
rule out any influence of the injector contacts on the spin
polarization. Although the large electron mean-free path of a
few micrometers suggests that the system has to be considered
to be in a crossover regime between ballistic and diffusive
transports, the data can be well modeled using the standard
drift-diffusion theory of spin injection. A fit of the data yields
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FIG. 5. (a) and (b) Hanle depolarization curves of sample A for
both contacts of Fig. 4 using magneto-optical detection. The fits yield
spin lifetimes of (a) (1.5 £ 0.1) ns for contact 1 and (b) (1.4 £ 0.2) ns
for contact 2. (c) Hanle depolarization curve of sample B using optical
detection. The fit yields a spin lifetime of (0.96 & 0.09) ns. (d) Hanle
depolarization curve of sample B using nonlocal detection (no laser
illumination). The fit yields a spin lifetime of (1.6 & 0.5) ns.

spin lifetimes of 7, = (1.5 £0.1) and 7y = (1.4 £0.2) ns,
respectively. Figure 5(c) shows a Hanle curve from sample
B. For this measurement the distance between the injector and
the laser spot is chosen to be 3 um. Again, the fit yields a spin
lifetime on the order of 1 ns.

To rule out that the spin accumulation is affected by opti-
cally generated charge carriers, we also perform all-electrical
nonlocal Hanle measurements without laser illumination on
the cleaved edge. In these measurements neither do we have
optically generated electron-hole pairs in the n-GaAs, nor
are the (AlL,Ga)As DX centers excited. Again the Hanle
depolarization curve, which is free of DNP effects, can be well
modeled with the diffusive theory [see Fig. 5(d)]. The fit yields
a spin lifetime of 7, = (1.6 £ 0.5) ns, in good agreement with
the optically detected spin lifetimes.

Recently, the spin lifetime in a similar sample has been
calculated using the expression A; = /D, t; with the electron
diffusivity D. determined from magnetotransport measure-
ments and the spin decay length A, extracted from nonlocal
spin valve measurements [5]. This simple estimation led to
a spin lifetime in the range of a few tens of picoseconds,
in accordance with former spin lifetime measurements of
2D electron systems confined in GaAs(001)-based quantum
well structures [2,30-32]. However, when performing Hanle
experiments Oltscher et al. were able to detect nonlocal
depolarization curves suggesting spin lifetimes in the range
of a few nanoseconds [5], which is comparable to the
present measurements. In Ref. [5] the observed Hanle signals
have been linked to DNP effects appearing for certain bias
conditions. However, as mentioned above, DNP cannot arise
in the present experiment, nor do we see a pronounced bias
dependence of ;. To resolve the discrepancy between the
spin lifetimes estimated via Ay = +/D.7; and the lifetimes
resulting from Hanle measurements one can consider two
possible explanations:
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First, as has already been pointed out in Ref. [5], the
standard diffusive model of spin injection [7-9] might be
unsuitable to describe high-mobility 2D systems. In the case
of Oltscher er al., evaluating the data with the diffusive theory
resulted in unphysical spin injection efficiencies larger than
100%. It has been argued that the standard model cannot
be applied to samples with ballistic transport properties [5].
Therefore, naively modeling our Hanle data with the standard
model might lead to artificially enhanced spin lifetimes as the
theory does not take into account the (quasi)ballistic transport
between injection and detection positions. However, it seems
unlikely that ballistic effects play a crucial role in our Hanle
measurements. In contrast to the process of spin injection,
which is affected by ballistic tunneling [5], spin transport along
the 40-pum-wide transport channel should already exhibit
diffusive transport characteristics. Thus, the Hanle effect,
which is detected at a distance of a few micrometers to
the injector contact, should still be governed by the spin
drift-diffusion equations, which is further supported by the
fact that the measured Hanle line shapes can be well modeled
with the diffusive theory (see Fig. 5).

The second more likely explanation for the difference
between the spin lifetimes extracted from Hanle measurements
and the lifetime estimation of Ref. [5] is the fact that the
expression A; = /D, T, might not be applicable in the case of
a 2D electron system. Indeed, it has been argued that the high
electron-electron-scattering rates in high-mobility 2DEGs can
lead to a reduction of the spin diffusivity D, with respect
to the charge diffusivity D, [35,36], resulting in an enhanced
spin-relaxation time [37]. Therefore, spin relaxation is affected
by Dj rather than D., suggesting that A; = /D, 7, should be
the correct link between A; and t,. Using this expression we
estimate a value for the spin diffusivity D; ~ 40 cm? /s, which
is two orders of magnitude smaller than the charge diffusivity
D.. A comparable reduction of Dy with respect to D, has
already been observed in Refs. [34,38-40].

VII. CONCLUSIONS

To summarize, we have investigated electrical spin injection
into a GaAs-based high-mobility 2DEG by using electrical and
optical measurement techniques. Similar to the data presented
in Ref. [5] we find a signal enhancement in the bias dependence
that may be attributed to a ballistic contribution to the
injection process. Both detection methods independently show
a clear Hanle depolarization, suggesting averaged in-plane
spin lifetimes on the order of 1 ns. These spin lifetimes can
be understood by considering a spin diffusivity D; which is
significantly smaller than the charge diffusivity D.. Clearly
a more thorough theoretical investigation of spin injection
into and transport in 2DEG systems is required to explain the
influence of electron-electron interactions possibly enhancing
spin lifetimes as suggested in Ref. [37]. In general, there is a
need to extend the standard spin drift-diffusion model to the
(quasi)ballistic case.
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