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Observation of the intrinsic spin Hall effect in a two-dimensional electron gas
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The experimental demonstration of the spin Hall effect in a high mobility two-dimensional electron system is
reported. The spatial dependence is studied by Kerr rotation as a function of the external magnetic field using
an applied electric field amplitude and direction as control parameters. We observe that the effect is robust in a
bilayer structure with a nonzero Rashba coefficient displayed by an electrically controllable internal magnetic
field, a large spin Hall conductivity in the range of the universal intrinsic value, and a mobility-enhanced spin
diffusion constant. With the application of an unidirectional electric field, the role of the spin drift was also
studied. The data was analyzed following both phenomenological and microscopic approaches and compared
with experimental references in a single-layer configuration.
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A relativistic phenomenon has become of major relevance
in the quest for spintronic devices: the spin-orbit interaction
(SOI).! It opens a path for promising applications in semicon-
ductor heterostructures such as spin field-effect transistors,?
due to the SOI arising from the bulk and structural inversion
asymmetry (Dresselhaus and Rashba SOI).>* Large advances®
have been made in recent years in the generation of current-
induced spin polarization®’ in addition with the observation
of the spin Hall effect (SHE) in n-type epilayers.®'> Renewed
interest in the study of SOIs in two-dimensional (2D) systems
is driven by the tuning possibility of the Rashba coefficient « by
an external voltage, avoiding the need for magnetic fields for
spin manipulation.'3?° However, experimental observations
of the SHE in such structures are still very limited, and
only two groups have reported on the intrinsic SHE for
holes?! and the extrinsic SHE for electrons,? A great deal of
debate still remains about the existence of an intrinsic SHE
in 2D electron gases where the dc spin Hall conductivity
due to intrinsic mechanisms was predicted to vanish when
considering the extrinsic contribution by a small concentration
of impurities.?>>

In the search for a system where the SHE may be robust,
the multilayer configuration appears to have exceptional
features.’®?® For two-subband systems without coupling, the
SHE has been recently predicted due to an intersubband-
induced spin-orbit interaction which has the functional form
of a Rashba term.?*-3! Even for symmetrically doped quantum
wells, where the Rashba SOI contribution was demonstrated
to vanish in single-layer systems,* this new SOI gives a
nonzero ballistic spin Hall conductivity.?’ For a bilayer,
assembled by the coupling of the two subbands using tunneling
as an additional control parameter, a magnified spin Hall
conductivity has been calculated that is nonzero even in the
presence of impurities,?* contrary to the single-layer case.

Here, we address the study of the SHE in a two-dimensional
electron gas (2DEG) in a clean limit. We explore the robustness
of the effect for a bilayer configuration and compare it to
a single-layer sample that has been identically grown. We
found spatially resolved out-of-plane spin accumulation with
a Hanle curve dependence on the external (B.x) and internal
(Bjn) magnetic fields, and with amplitude given by spin Hall
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conductivity (o5%) in the range of the intrinsic universal
value. The control of accumulation peaks by the electric field
(E) direction and the spin drift role were also demonstrated.
Furthermore, signals near the voltage leads may indicate the
existence of intrinsic spin Hall currents. The observation of
these remarkable characteristics, together with the absence
of a SHE signal in the single-layer sample, suggests that an
intrinsic mechanism should be responsible for the measured
SHE.

Figure 1(a) shows the calculated potential for a 45 nm
wide GaAs quantum well with the associated symmetric (S)
and antisymmetric (AS) wave functions for the two lowest
subbands. Due to the Coulomb repulsion of the electrons in the
wide quantum well that is doped in both barriers, the charge
distribution results in a bilayer electron system with a soft
barrier inside the well. For such wide wells, the Dresselhaus
SOI was measured to be low as the variation in the size
quantization of the wave vector z component modifies the
linear coefficient ;.33 Electrical transport measurements
determine a high electron density n; = 9.2 x 10'! cm™2, a
mobility of £ = 1.9 x 10% cm?/V s, and a subband separation
of Agas = 1.4 meV.’® The signature of the SHE is also
shown in Fig. 1(a), where opposite spins accumulate near
the edges of the Hall bar when a small E is applied. An
offset that is linear in B.y has been subtracted from each
scan. We labeled the center of the channel as x = 0, and
x = £100 pum are the Hall bar edges. Figure 1(c) shows the
device geometry and the experimental configuration with £
applied perpendicular to Be. A second sample containing a
narrow 14 nm single quantum well with the same mobility and
electron concentration in an identically layered heterostructure
was also measured and the SHE signal was not observed [see
Fig. 1(b)]. Thus, we confirm that any existing SHE mechanism
in our samples can survive only in the bilayer configuration
and it does not depend on the impurity level. Later we will add
this result to the large oS! to relate our findings to an intrinsic
mechanism.

Note that the high mobility is another relevant figure in this
present Rapid Communication, which is more than three orders
of magnitude larger than a previous study of the extrinsic SHE
in a 2DEG.? For the application of E, we must consider that
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FIG. 1. (Color online) One-dimensional spatial profile of the spin
accumulation as a function of By at E = 0.6 mV /um for (a) bilayer
and (b) single-layer samples with the calculated well potential and
the associated wave functions. (c) Device configuration sketching the
spatial separation of opposite spins.

high p results in a low channel resistance (R¢c = 10 €2) so that
the voltage drops mainly at the contacts, reducing considerably
the effective E inside the channel (E = V/[). The fabrication
of quality ohmic contacts produced a total device resistance
Rr = 110 @ from where the voltage drop in the channel is 9%
of that supplied. A sine wave with an adjustable maximum
peak amplitude +F and a fixed frequency of 1.1402 kHz
was used for lock-in detection. In the present analysis, the
amplitude of the applied voltage will be labeled by the root
mean square value (V;n) so it can be directly compared with
previous reports using square waves.

The 2DEG spin polarization was optically probed using
Kerr rotation (KR) as it is a recognized powerful tool for SHE
mapping® and the characterization of spin-orbit interactions
in 2DEG." A mode-locked Ti:sapphire laser was used,
emitting pulses with 100 fs duration at a rate ( frep) of 76 MHz.
The laser was linearly polarized and tuned to the absorption
edge of the quantum well (QW) samples. The sample was
immersed in a variable temperature insert of a superconductor
magnet in Voigt geometry. The probe laser was focused to
~20 um spot using a lens outside the magnet. The probe
beam polarization was not modulated and its rotation was
detected by coupled photodiodes. The spin accumulation was
tested using two different levels of probe power (150 ©W and
2.5 mW). The temperature was kept constant at T = 5 K.

Line cuts in Fig. 1(a) as function of B are plotted in
Fig. 2(a) for positions along the bar width. Note that a fast
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FIG. 2. (Color online) (a) B,y scans of the KR signal at different
probe positions. The dashed lines show the Hanle curve fits. (b) Spatial
dependence of the KR amplitude at By, = 0. (c) Spin lifetime fitted
in (a). Probe power: 150 uW, and Vs = 2.5 V.

oscillation with field period A Bexy = 12.5 mT is superimposed
in the SHE peaks. This signal was not detected in the
single-layer sample and displays a behavior similar to resonant
spin amplification (RSA) using the pump-probe technique at
a fixed time delay.*’ Nevertheless, there is no extra pump
laser and the detection is locked to the voltage frequency
here. In a complementary experiment using time-resolved
KR (TRKR),*' we observed that long-lived spin oscillations
with a dephasing time 7" similar to 1/f;, can be initiated
with a linearly polarized pump in the bilayer sample. Briefly,
we assume that the probe laser is acting also as an optical
pump on the in-plane, current-induced spin polarization. Such
optical pumping takes that spin polarization to the out-of-plane
direction and leads to precession around the transverse Bey
in a RSA-like signal. For clarity, we will focus on the spin
accumulation related to the SHE as we conclude that both
effects have an independent origin. Although a previous study
showed that a linearly polarized laser could generate electron
spin coherence,*? such optical amplification of electrically
induced spin polarization requires further investigation, and
an extended, detailed report will be published elsewhere.**
The data in Fig. 2(a) can be modeled as the depolarization
of out-of-plane spin accumulation following a Hanle effect
curve.”? The line shape of the Hanle effect curve is strongly
related to the direction of the precessing spins being sym-
metric (out-of-plane polarization) or antisymmetric (in-plane
polarization).*** In the B, L E configuration, the in-plane,
current-induced spin polarization cannot precess around the
total B (Br) and it is not detected by polar KR so the curve
is expected to be symmetric.” The curves can be fitted by
a Lorentzian form A/[(w;T,)*> + 1] with half-width B, 2=
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n/(gupty), where A is the KR amplitude, w; = gu g Bext/h
is the Larmor frequency with the electron g factor g, Bohr
magneton u g, Planck’s constant 7z, and 7 is the spin lifetime.
A g-factor magnitude of |g| = 0.44 was measured by TRKR
for the wide GaAs well. In Fig. 2(a), the peak center shifts
toward negative Bex for some probe positions, revealing a
spatially dependent Bj, || Bex arising from the SOI. Figures
2(b) and 2(c) show the results for the amplitude at By, = 0 and
T, at the positions plotted in Fig. 2(a). The spin polarization
peaks present a spatially asymmetric broad structure at zero
field with a peak-to-peak separation of about 80 um. The
spatial asymmetry in the amplitude of the two opposite spin
polarization peaks was previously observed in GaAs layers
and 2DEG as well as the spatial dependence of 7,.%1%2? The
short spin lifetime is expected in the Fermi liquid regime for a
high density 2DEG.*® At the center of the Hall bar, the largest
positive signal is obtained but with a shorter 7, compared to
the edge peaks, and it could be related to the spin drift resulting
from the symmetric E utilized for lock-in detection,'” as we
will discuss below. Using a drift-diffusion model, the spin
diffusion constant (D) can be obtained from the relation for
the spin diffusion length Ly = /Dt,. From the spatial scan in
Fig. 2(b), Ly = 25 pum, which is similar to the charge mean
free path for this sample. Setting 7, = 0.25 ns, the data gives
D = 2.5 m?/s, consistent with a mobility increase of 10* if
compared to Refs. 9 and 22.

Considering the dense 2DEG in our system, the probe
power influence was tested by raising the level from 150
uW to 2.5 mW. Figure 3(a) shows the SHE in such a
condition where the peak-to-peak spatial separation remained
constant compared to Fig. 1, but the B,y scans present a more
asymmetric Hanle curve. The curve asymmetry is reflected
by the opposite spin polarizations at different Bey; in the same
sample position next to the left side. At the right edge, a positive
signal was measured which could be a manifestation of the
predicted intrinsic spin Hall currents near the side voltage
leads.*” The RSA oscillations appeared to be stronger over
the whole sample since they are amplified by the high probe
power and broader due to a reduction of the dephasing time,
also expected under high optical pumping. Together with the
line-shape change, the linewidth is narrower, as displayed in
Fig. 3(b). As discussed above, such asymmetry in By could be
related to an in-plane spin polarization that is possibly optically
generated as the line-shape modification was observed only
under high probe power. As the symmetric component still
dominates for large voltages [see Fig. 3(c)], we will not modify
the Hanle model for the electrically induced spin polarization
by adding an asymmetric, optically generated component.
Figure 3(c) displays the SHE dependence on the magnitude of
E where A, By, and Bj, were fitted [see results in Fig. 4(a)].
Obtained from the Lorentzian peak shift (Br = B, + Bext = 0
atthe peak), B, changes sign and increases linearly with E with
a slope (188 &+ 14) mT/(mV/um), and then decreases with a
slightly smaller slope. Also, the data show a fast increase in the
accumulation amplitude with a slope 0.72 £ 0.04, followed by
a sharp decrease for higher E, possibly due to heating. Bj, and
A have maximum values at the same E. The peak width does
not display a clear trend for increasing E. Also we note that
there is a threshold for the SHE observation around 1.75-2 V
(~0.5 mV/um).
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FIG. 3. (Color online) (a) One-dimensional spatial profile as a
function of By, measured with 2.5 mW probe power. (b) Line cuts in
(a) for the polarization peak positions. (c) Positive peak dependence
on the applied voltage. The dashed lines show the Hanle curve
fits.

Figure 4(b) demonstrates the polarization inversion of the
SHE peaks by reversing the function of the source-drain
contacts. The side voltage probes can also be used as the
current source and drain for the case with By || E and show
no spin accumulation. Finally, we note that the electric field
changes its direction during the time cycle of V¢ so that there
could be an effect on the spin drift due to symmetric current
flow.!"® We added a negative dc voltage offset to produce a
unidirectional electric field oscillating in amplitude between
zero and —E. Figure 4(c) shows the result, with low probe
power, for Vyg. = —V, = —2.5 V, where both accumulation
peaks are clearly displayed in opposite sides, compared to
Fig. 1(a). Furthermore, the signal at the center of the Hall bar
vanishes and L, is promoted, revealing the main role of the
spin drift in the SHE. Again, a signal is detected next to the
lateral voltage leads at x = £100 pum, as commented above.

The experimental spin accumulation can be traced to
the SHE phenomenological treatment*® by the spin density
at the edges: A «xnyg = Bn;EL;/D, where § = yu and y
is a parameter that accounts for the SOI strength. The
positive peak in Fig. 1(a), for example, has an amplitude
of 30 urad that should encompass about N = 100 electron
spins under the probe spot area.®!?> Fixing an approximate
number of ten spins for the minimum signal detection, we
estimate a range of N = 10-100 electron spins. It sets a low
limit to ng = 3.18 x 10° cm™2 and a degree of polarization
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FIG. 4. (Color online) (a) Dependence of Bj,, Bj,, and KR
amplitude on E. The lines are a guide to the eyes and the data point
size represents the error bar. (b) Inversion of the positive polarization
peak by switching the source-drain contacts. The labels indicate the
geometry compared to Fig. 1 (+i). (c) One-dimensional SHE spatial
profile as a function of By, with unidirectional E.

ng/ng = 3.45 x 1076, The product EL;/D = 0.006 V s/m?>
defines 8 = 5.76 x 107* m?/V s and y = 2.88 x 1075, Re-
markably, we note that the high mobility factor inside B
compensates the low E, allowing the accumulation of an
optically measurable spin polarization.

Furthermore, we can evaluate the spin Hall conductivity
o1 = j/E, where j is the spin current density (in units of
charge current) resulting from an applied £.%* The density of
the spin accumulation produced by the spin currents can be
estimated by ng = (65" /e)(EL,/D) in the two-dimensional
system.® Using the above range for N, the data gives o5H =
0.1-103H, where off = ¢?/(87h) ~ (100 kQ)~! is the 2D
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universal intrinsic spin Hall conductivity calculated in the
clean limit.*® Thus, the data indicates that a low spin Hall
resistivity pS" = 1/05H = 0.1-1 MQ in the bilayer system
is responsible for the observation of the SHE. The result
agrees with the theoretical prediction of a robust SHE in
the presence of impurities for a bilayer electron system with
oSt close to (TOSH when p ~ 10% cm?/V 5.3 Together with
the phenomenological expression, we obtain Bn; = o5 /e,
which verifies that the estimated spin accumulation density
range holds to the O'OSH limit. Scaling o5 to a bulk sample
by 03%1 ~ oSHk . where kr is the Fermi wave vector,
the sample resistivity will be ,03S§ = 1-10 k2 um. This value
gives a conductivity increase of 103 for the ratio between the
present case and previous bulk reports of the extrinsic SHE
and also agrees with the 8n; ratio.

In conclusion, we experimentally observed the spin Hall
effect for a clean 2DEG confined in a bilayer structure. Two
opposite spin accumulation peaks were detected near the Hall
bar edges at zero external magnetic field under an applied
electric field where the spin drift played a major role. The
peaks line shape in B appeared to depend on the probe
power level and revealed a short spin lifetime on the order
of 0.5 ns. The spin diffusion constant was estimated to be
mobility enhanced, of approximately 2.5 m?/s, for a diffusion
length of 25 um. An electrically tunable internal magnetic
field was measured, indicating a nonzero Rashba coefficient.
The absence of SHE signal in the single-layer sample with the
same impurity level and electron concentration, together with
a large spin Hall conductivity in the range of UOSH, supports the
association of the experimental findings to a robust intrinsic
mechanism. This study reinforces the interest of investigations
on the SHE and spin helix formation in multilayer systems
and opens a path for the study of these effects in the clean
limit.
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