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We investigate the electric tunability of the electron spin lifetime in GaAs(111) quantum wells (QWs)
inserted in biased p-i-n and n-i-p diode-like structures. Due to the specific symmetry of these QWs, the
Rashba contribution to the spin-orbit magnetic field induced by the applied bias is parallel to the intrinsic
Dresselhaus contribution for all directions of the electron wavevector. In particular, the voltage applied
to the diode, which controls the amplitude of the Rashba contribution, can be adjusted to attenuate the
resulting spin-orbit field, thus strongly suppressing spin dephasing due to the Dyakonov-Perel relaxation
mechanism for all spin orientations. Spin lifetimes from below 100 ps at an electric field of 20 kV/cm
to values exceeding 4 ns at þ8 kV/cm have been measured in 25 nm thick multiple QWs at a
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759241]
temperature of 20 K. V
I. INTRODUCTION

Spintronics devices for future semiconductor integrated
circuits require efficient techniques for the electrical injection and transport of spins as well as for their detection and
manipulation. In this respect, one of the main challenges is
the achievement of spin lifetimes sufficiently long to permit
the realization of many spin operations before decoherence
effects set in. This problem becomes specially important
when one takes into account that the electron spin coherence
times in intrinsic III-V bulk semiconductors are of the order
of only one ns.
Three classes of spin scattering mechanisms dominate
the electron spin lifetime of semiconductor structures. The
first is the spin-orbit (SO) interaction, which couples the
spins to the orbit degree of freedom of the carriers. This
interaction induces a spin splitting of the conduction bands,
which depends on the magnitude and direction of the electron wavevector k. The effect of the SO interaction on the
electron spin dynamics can be described in terms of an effective magnetic field (Bso ) acting on moving spins. As a result,
electrons in an ensemble with different k experience SO
fields of different strengths and directions. Their spins will
then precess at different rates, leading to a reduction of the
resulting ensemble spin. This is known as the DyakonovPerel (DP) spin dephasing mechanism.1–3 The SO interaction
can also couple different spin states during electron scattering processes. One example is the Elliott-Yafet spin dephasing mechanism,4 which describes spin-flip transitions
induced during electron scattering by impurities or phonons
and is expected to be influential in highly doped, lowbandgap materials. A second example is the intersubband
spin relaxation mechanism5 in quantum well (QW) structures, where electron scattering between two subbands is
accompanied by a spin flip. This mechanism depends on the
occupation probability of the upper subband and is thus
expected to be negligible at low temperature and low concentrations of free electrons.
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The second class of spin scattering processes is associated with electron spin flips mediated by the electron-hole
exchange interaction, the so-called Bir-Aronov-Pikus (BAP)
spin dephasing mechanism.6 This mechanism becomes important for excitons7 as well as in highly p-type doped III-V
semiconductors at low temperatures.8 The last class of scattering processes arises from the hyperfine-interaction
between carrier and nuclear spins. The associated spin flip
probability is normally negligible for free carriers, but
becomes important for localized electrons in quantum dots.
From the mechanisms presented above, the BAP and DP
spin dephasing processes represent the most severe processes
limiting the electron spin lifetime in undoped GaAs QWs.
While the former can be minimized by spatially separating
electrons and holes, two types of strategies have been developed during the last years to reduce the impact of DP relaxation on the spin lifetime. The first relies on the fact that the
DP spin scattering rate is inversely proportional to the momentum scattering rate:1 Frequent momentum scattering
reduces the effective SO field Bso experienced by the electrons spins, thus leading to longer lifetimes. One approach
consists in the introduction of moderate levels of n-type dopants in QW structures. While suppressing the BAP scattering
by reducing the hole concentration, the frequent scattering
on the dopants randomizes Bso , thus increasing the spin lifetimes to several tens of ns.9,10 The introduction of dopants,
however, makes it difficult to control the spin density to very
small levels (down to single spins). An alternative approach
employs a confinement potential to control the SO interaction: Here, the frequent carrier reflections at the borders of
the potential replace the scattering dopants.11 In particular,
the use of one-dimensional potentials or of moving potential
dots enables the simultaneous confinement and transport of
spins over large distances.12–15
The second strategy to reduce DP dephasing exploits the
dependence of the SO interaction in QW structures on crystallographic orientation, a topic which will be discussed in
detail in Sec. II. As an example, the specific symmetry of
(110)GaAs QWs3 has been successfully exploited to achieve
lifetimes exceeding 20 ns for electron spins aligned along the
QW growth directions.16–18 One limitation of this approach
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is that the long lifetime only applies to spins along the
growth direction. As the spins are rotated away from the
[110] axis, spin dephasing becomes strongly enforced by
the DP mechanism,19,20 thus severely hampering spin manipulation. A more promising approach, which will be subject
of the present paper, takes advantage of the compensation of
the bulk (BIA) and the structural inversion asymmetry (SIA)
contribution to the SO interaction in QWs grown along the
[111] axis. The compensation can be achieved by applying
an electric field to control the SIA contribution. In this case,
electron spin lifetimes and precession rates are expected to
be electrically controllable with values independent of the
spin orientation and propagation direction. This special property of (111) III-V structures, which is discussed in details in
Sec. II, has been predicted21–23 and recently experimentally
demonstrated by Balocchi et al.24 A further advantage of the
compensation approach is that the vertical (i.e., along the
growth direction) electric field also minimizes BAP scattering by reducing overlap between the electron and the hole
wave functions.
In this work, we present a detailed study of the spin
dynamics in multiple (111) GaAs QWs (MQWs) under a
vertical electric field. The experimental studies were carried
out at 20 K in MQW structures consisting of 25 nm-thick
QWs embedded within the intrinsic region of p-i-n and
n-i-p diode structures. Time- and polarization-resolved photoluminescence (PL) measurements show a significant
enhancement of the electron spin lifetime in n-i-p structures
under increasing reverse bias. These results are in agreement with the findings of Ballochi et al.24 in thinner (15 nm
thick) QWs and are attributed to the partial compensation
of the Dresselhaus and Rashba contributions to the spinorbit interaction induced by the reverse bias. The lifetime
enhancement persists while spins precess under an in-plane
magnetic field. Time-resolved PL experiments carried out
under these conditions show spin precession oscillations
lasting over times exceeding 5 ns. Finally, the BIA-SIA
compensation mechanism has been further corroborated by
experiments on p-i-n structures, where the spin-orbit field
increases under a reverse bias, thus leading to a significant
reduction of the spin lifetime.
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In Sec. II, we first address the different mechanisms
controlling the SO interaction in QWs with different crystallographic directions. We then describe the procedures for the
growth and processing (Sec. III) as well as for the spectroscopic measurements of the spin dynamics (Sec. IV). The
experimental results are presented and discussed in Sec. V.
Finally, concluding remarks are given in Sec. VI.
II. DEPENDENCE OF THE SPIN-ORBIT INTERACTION
ON QUANTUM WELL SYMMETRY

As previously mentioned, there are two major contributions to the SO field in III-V QWs. The first one, denoted as
BBIA (bulk inversion asymmetry) or as the Dresselhaus term,
is of intrinsic nature and arises from the lack of inversion
symmetry in III-V semiconductors. The second one is caused
by an imposed asymmetry on the QW potential and is known
as BSIA (structural inversion asymmetry) or Rashba term.
The Rashba contribution can be induced by an asymmetrical
doping profile or by an electric field applied across the QW.
The directions of these SO fields in III-V QWs of various
growth orientations are of particular interest since they crucially affect the dynamics of the electron spins. The panels
in Fig. 1 depict the orientation of BBIA and BSIA as a function
of the in-plane electron wavevector kk ¼ ðkx ; ky Þ for (001),
(110), and (111) QWs (the x and y directions for each QW
orientation are indicated in the diagram). In these diagrams,
and also throughout the article, we will only take into
account terms of the SO interaction linear in the in-plane
electron wavevector kk .
In (001) QWs, both SO fields lie in the QW plane. For
two distinct directions ([110], [110]), BBIA and BSIA are
aligned parallel to each other. For each of these directions,
an external electric field can be used to make BSIA ¼ BBIA ,
thus compensating the total SO field.25 However, this compensation simultaneously increases the total field for the orthogonal direction, thus leading to a strong in-plane
anisotropy of spin lifetimes.26–28
The remarkable feature of the SO fields in (110) QWs is
that BBIA is always normal to the QW plane. Therefore, electrons spins aligned along this direction—which is the typical

FIG. 1. Orientations of the spin-orbit magnetic
fields associated with the bulk inversion asymmetry (BBIA ðkÞ) and with the structural inversion
asymmetry (BSIA ðkÞ) fields in III-V QWs with
(001), (110) and (111) orientations.
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FIG. 2. Calculated compensation field strength ECZ [see Eq. (1)] as a function
of the nominal QW width (LZ ). The table additionally lists the effective QW
width (deff ), which takes into account both the LZ and the penetration of the
electron wave functions into the QW barriers. The calculations were carried
3
2
out using c ¼ 17 eV Å (Ref. 14) and r41 ¼ 4:15 e Å (Ref. 32).

spin orientation for optical spin injection using circularly
polarized light—will not be affected by BBIA . DP dephasing
mechanism is thus suppressed for these spins, leading to
long spin lifetimes.3,6,18,29 An externally applied electric
field can be very useful for “switching off” an existing outof-plane spin polarization. In this case, the in-plane BSIA
generated by the electric field will rotate the spin vector, thus
activating DP relaxation. Iba et al. used such a process to
reduce the spin lifetime in (110) QWs by more than one
order of magnitude by applying an electric field perpendicular to the QW plane.19
The specific symmetry of (111) QWs leads to the
unique situation, where BBIA and BSIA are always parallel,
independent of the electron wavevector. The total SO field
(BBIA þ BSIA ) can, therefore, be minimized for all electron
wavevectors by making BSIA ¼ BBIA.21–23 The SO compensation condition is fulfilled for an electric field ECZ given
by21,30
 2
1 c
p
1 2m c
ECZ ¼ pﬃﬃﬃ
¼ pﬃﬃﬃ 2
E1 :
3 r41 deff
3 h r41

(1)

In this equation, m is the effective electron mass while c
and r41 denote the Dresselhaus and Rashba coefficients,
respectively. For GaAs, c was measured to be in the range

c ¼ 17  28 eV Å (e  electron charge).14,31 For r41 , we
use the value deduced in (110)GaAs QWs by Eldridge et al.
2
of 4:15 eÅ .32 The effective QW thickness deff refers to the
extension of the electron wave function, which depends on
the nominal thickness of the QW (LZ ) and on the penetration
into the barrier layers. On the right-hand-side of Eq. (1), deff
is expressed in terms of the quantization energy of the lowest
QW state (E1 ).
Figure 2 displays the compensation field ECZ as a function
of the nominal thicknesses (LZ ) of GaAs QWs with
Al0:2 Ga0:8 As barriers ranging from 5 to 30 nm as calculated
3
2
from Eq. (1) using c ¼ 17 eV Å and r41 ¼ 4:15 eÅ .32 The
C
values of EZ and the effective QW widths (deff ) are also listed
in the table next to the plot. Due to the inverse quadratic
dependence on deff [Eq. (1)], ECZ increases strongly as the QW
width reduces. Strong fields may induce carrier tunneling out
of the QW, thereby reducing the lifetime of carriers within
the QW. To avoid this effect, it is advantageous to probe the
SIA-BIA compensation mechanism in rather thick QWs
(thickness >20 nm).
III. SAMPLE STRUCTURE AND PROCESSING

The samples were grown by molecular beam epitaxy
(MBE) on n- or p-type doped GaAs(111)B substrates misoriented 2 towards the (21 1) plane. The growth temperature

and rate were set to 600 C and 0:5 lm=h,prespectively.
ﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃ The
As4 flux was adjusted to produce the static 19  19 R 23
surface reconstruction.33–35 Under these conditions, mirrorlike surfaces without pyramid-shaped features, which are
often observed for growth on GaAs(111) substrates, were
obtained.
In order to apply the electric control field, a stack of
(111)B QWs was embedded within the intrinsic region of
n-i-p or p-i-n diode structures. In these structures, the electric
field induced by forward or reverse bias is oriented along the
[111] or [1 1 1] direction, respectively. Figures 3(a) and 3(b)
depict the layer structure for the n-i-p sample. The active region
consists of 20 periods of 25 nm thick GaAs QWs separated by
31 nm thick (Al,Ga)As barriers. The nominal doping concentrations for the n- and p-type regions are 2:0  1018 cm3 and
1:2  1018 cm3 , respectively. The p-i-n sample has a very
similar design (not shown), apart from reversed positions of the
n-type and p-type regions. To restrict the applied voltage
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FIG. 3. (a) Layer structure of the n-i-p diodes. The MQW region is illustrated in detail in (b). (c) I-V characteristics of a p-i-n (blue, full line) and a n-i-p (red,
dashed line) diode-like structure, taken in the dark at T ¼ 20 K.
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line) structures recorded at T ¼ 20 K in the dark. For both
samples, V is defined as the potential difference between the
top and the bottom contacts. Forward bias corresponds,
therefore, to positive V for the p-i-n sample and negative V
for the n-i-p sample. Both samples show good rectification
with very low reverse currents, thus indicating that large
fields can be applied under reverse biases without increasing
the leakage current. In the forward direction, the p-i-n and
n-i-p devices have threshold voltages of 1.7 V and 3.3 V,
respectively. The origin for the difference in the absolute
values of the threshold voltage is not yet clear, but might be
ascribed to small deviations in doping levels as well as in the
heights of the nominally identical MQW barriers in the p-i-n
and n-i-p samples.
Figure 4(a) compares PL spectra for the n-i-p sample
recorded at near flat-band conditions (bias voltage ¼ 0.6 V,
black solid line) as well as for reverse biases of 1.0 V (green
dotted line) and 2.0 V (red dashed line). The PL line has the
shortest emission wavelength (816.5 nm) and the narrowest
full width at half maximum (FWHM ¼ 4.8 meV) under flatband conditions. Application of a reverse bias red-shifts and
broadens the PL line. This behavior is attributed to the quantum confined Stark effect (QCSE) induced by the applied
field [cf. Fig. 5(b)]. The maps of Fig. 4(b) show the dependence of the PL on bias. The dashed line depicts the Stark
shift, which was determined by calculating the lowest eigenenergies for electron and heavy hole states in the QW structure [Fig. 3(b)] as a function of the applied bias by means of
an 8-band k  p method. The ratio between the voltage drop
across the MQW region and the externally applied voltage
was fitted to match the experimental data. Based on the fitted
Stark shift, we deduced the electric field (E) across the
MQW displayed in the upper horizontal scale. The PL lines
under applied bias voltage are very broad with FWHM values of up to 24 meV. One reason for the broadening might be
a non-uniform electric field across the MQW region created
by a redistribution of residual and photo-generated carriers,
which leads to different Stark shifts for different QWs. The
bias independent PL signal around k ¼ 833 nm stems from
carbon-related radiative centers in the substrate.
The applied bias also affects the lifetimes of photogenerated carriers and the intensity of the PL emission. Figure 5 shows the carrier lifetimes deduced from time-resolved
PL measurements on the n-i-p sample as a function of the

laterally, the top doped layers and part of the undoped
AlGaAs spacer layer above the MQW stack were processed
into mesa structures with a diameter of 300 lm by wet chemical etching. Schottky contacts were formed by evaporating a
sequence of metallic layers [Ti (10 nm), Al (40 nm), Ti
(10 nm)]. The resulting built-in potential and electric field
in the structures were calculated to amount to 1.4 V and
10 kV/cm, respectively.
IV. EXPERIMENTS

The optical measurements were carried out at T ¼ 20 K in
a microscope cold finger cryostat with electric feedthroughs
for bias application. Spin polarized charge carriers were generated by exciting the sample with a circularly polarized beam
from a pulsed semiconductor laser (wavelength of 757 nm,
pulse width and repetition rate of 150 ps and 40 MHz, respectively) impinging at normal incidence. Since the barrier layers
are transparent for the laser wavelength, the carriers are generated directly in the MQW structures. The laser beam was
focused onto a rather broad spot (20 lm in diameter) in order
to reduce the excitation density to less than about 5 W=cm2 .
The PL emitted with intensities of left (I ) and right (Iþ ) circular polarization was spatially separated into two beams
using a quarter-wave plate followed by a Wollaston prism.
The two components were then spectrally resolved using a
monochromator with a 1200 lines/mm grating and detected by
charge-coupled-device cameras (CCD). We used a liquid
nitrogen cooled CCD camera for cw measurements and a
thermoelectrically cooled, gated one for time-resolved measurements with a resolution of about 400 ps. The gated CCD
camera was synchronized with the pulsed laser using an
electric delay line. The degree of spin polarization qs ðtÞ was
determined from the measured intensities according to qs ðtÞ
¼ ½I þ ðtÞ  I ðtÞ=½Iþ ðtÞ þ I ðtÞ. Since hole spins dephase on
a very short time scale (typically below 0.1 ns), the PL polarization for longer times reflects the one for electron spins. The
setup also includes a pair of coils outside of the cryostat,
which produces an in-plane magnetic field at the sample position of up to 165 mT.
V. RESULTS AND DISCUSSION

Figure 3(c) compares the current(I)–voltage(V) characteristics of the p-i-n (blue, full line) and n-i-p (red, dashed
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FIG. 4. (a) PL spectra recorded on a n-i-p sample at
near flat band condition (V ¼ 0.6 V, black solid line)
and at reverse biases of 1.0 V (green dotted line) and
2.0 V (red dashed line). (b) PL intensity plot (in a log
scale) in dependence of the bias voltage at T ¼ 20 K.
The dashed line depicts the calculated Stark shift, where
the ratio of the voltage drop across the MQW region
to the externally applied voltage was adjusted to fit the
experimental data. The upper horizontal scale denotes
the electric field (E) across the MQW determined from
this fitting procedure.
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FIG. 5. (a) Lifetime of photo-generated carriers (sc ) in a (111)GaAs MQW within a n-i-p structure as deduced from time-resolved PL measurements. (b) Band
diagram illustrating the spatial separation of electron wave function in the conduction band (CB) and hole wave function in the valence band (VB) of a biased
QW. (c) Integrated QW PL intensity as a function of the applied bias voltage. The hashed area marks the voltage range, where the integrated PL intensity is
too low for reliable determination of the electron spin polarization using PL.

bias voltage. The carrier lifetimes increase for both forward
and reverse biases. This behavior is ascribed to the spatial separation of the electron and hole wave functions [cf. Fig. 5(b)],
which reduces the probability for radiative recombination.
Long carrier lifetimes are necessary for the detection of longliving spins. Unfortunately, the spatial separation also significantly reduces the PL intensity, as shown in Fig. 5(c). The
low PL intensity also limits the range of voltages for reliable
spin polarization measurements to V < 1:2 V, corresponding
to maximum field of 9 kV/cm in n-i-p structures. These fields
are much lower than the expected value for compensation of
28 kV/cm.
The impact of the applied field on the spin dynamics is
illustrated in Fig. 6. The panels on the left hand side display
time-resolved profiles for the spin polarization qs recorded
under different applied biases. The red, full lines are fits of
the profiles to a decaying exponential function used to determine the electron spin lifetime ss . Increasing the electric
field from 9.2 kV/cm (top panel) to 8.1 kV/cm (bottom
panel) leads to a strong enhancement of ss from 0.9 to 4.8 ns.
As will be further justified below, this enhancement is attributed to the partial compensation of the SO field due to the
applied reverse bias.
B = 161 mT
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FIG. 6. Temporal evolution of the electron spin polarization qs in a n-i-p
GaAs(111) MQW sample in dependence of the electric field (labelling on
the right hand side) measured without (left panels) and with an in-plane
magnetic field of B ¼ 161 mT (right panels). The fitting curves (full lines)
correspond to single-exponential decay function (left panels) and exponentially damped cosine functions (right panels). ss denotes the corresponding
exponential decay times.
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A strong spin lifetime enhancement has also been
observed under a magnetic field. The right panels show similar measurements as in the left panels in the presence of an
in-plane magnetic field of B ¼ 161 mT. The indicated spin
lifetimes ss were determined in this case by fitting the measurements to a decaying cosine function (red, full lines). For
an electric field of E ¼ 9:2 kV=cm; ss is short and only a
few spin precession oscillations occur before the spins
dephase. For E ¼ 8.1 kV/cm, in contrast, spin oscillations
spanning over the whole range of accessible time delays can
be observed.
The electron spin lifetimes measured in the n-i-p structure in the presence (red circles) and absence (black squares)
of a magnetic field are compared in Fig. 7(a). The spin lifetimes increase with applied electric field and are weakly
dependent on magnetic field. The last result is in fact unexpected: Since the resultant SO magnetic field is in the QW
plane, the DP dephasing for out-of-plane spins should be
twice as large as for in-plane ones. As a result, the spin lifetime of optically oriented spins should increase under precession. In contrast to this expectation, we observe a slight spin
lifetime reduction under precession. A similar behavior was
also reported by Balocchi et al.24 They explain the apparent
discrepancy based on the fact that higher order terms (in k)
of the Dresselhaus contribution decrease the BIA/SIA compensation effect for spins aligned in the plane of the QW.
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FIG. 7. (a) Electron spin lifetimes ss measured in n-i-p structures as a function of the electric field without (black squares) and with (red circles) an
in-plane magnetic field of 161 mT. (b) Modulus of the electron g-factor in
(111) QWs plotted as a function of the electric field strength E. The dashed
line is a guide to the eyes.

083913-6

Biermann et al.

J. Appl. Phys. 112, 083913 (2012)

The long spin lifetimes under precession have important
consequences for applications since the spin vector can be
manipulated without destroying the spin coherence. In
GaAs(110) QWs, spins have long lifetime only for out-ofplane orientation and the spin polarization decays significantly as they precess around an in-plane magnetic field.5,19
In GaAs(111) QWs, in contrast, the application of a magnetic field only slightly reduces the spin lifetime, which
shows that the spin lifetime for all spin components can be
electrically increased.
The fitting procedure for the determination of the spin
lifetimes under a magnetic field also yields the modulus of the
electron g-factor (jge j), which determines the spin oscillation
frequency under the external magnetic field. The corresponding jge j values are plotted as a function of the applied electric
field in Fig. 7(b). An external field across QWs drives the
electron and hole wave-functions towards the barriers [cf.
Fig. 5(b)]. As the electron g-factor of AlAs and GaAs has
opposite signs, the modulus of the electron g-factor is
expected to decrease for an increasing applied electric field,
independent of the field direction.36 Such a behavior is indeed
observed for negative fields in Fig. 7(b). Note that a nonuniform field distribution across the MQWs should also lead
to a distribution of g values and of the spin precession frequencies under a magnetic field. We found, however, that the
field dependence of the g-factor in Fig. 7(b) is too weak to
explain the spin polarization decay in the time-resolved traces
of Fig. 6. For positive fields, in contrast, ge remains almost
constant. At the moment, we cannot explain this asymmetry
and further investigations have yet to be carried out.
The measurements of Figs. 4–7 were all carried out on
the n-i-p diode structure, where the BIA/SIA compensation is
achieved by increasing the reverse bias. For the p-i-n diode
structure, in contrast, compensation requires the application of
a forward bias. The range of forward biases that can be
applied is, however, very limited due to current flow through
the structure. In contrast, the application of a reverse bias to
the p-i-n devices should increase the total SO field and reduce
the spin lifetime. This expectation is in agreement with Fig. 8,
which compares the electron spin lifetimes in the p-i-n (red
squares) and n-i-p (blue circles) diode structures. The spin
lifetimes in the figure were determined via the Hanle effect by
measuring the dependence of spin polarization on an in-plane
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FIG. 8. Electron spin lifetimes ss deduced from Hanle measurements in
p-i-n (red squares) and n-i-p diode structures with (111)B MQWs plotted as
a function of the electric field E.

magnetic field. The modulus of the electron g-factor required
for the lifetime calculations were taken from Fig. 7(b). A similar behavior of ss with field is observed for both types of structures. Note, in particular, that ss can be reduced to values
below 100 ps under reverse biased p-i-n diodes.
The strong reduction of ss under reverse bias also allows
us to discard effects associated with electron-hole exchange
interaction or BAP6 spin dephasing mechanism. The BAP
mechanism requires the overlap of the electron and hole
wave-functions, which becomes suppressed as these functions are spatially separated under a reverse bias. Its impact
on the spin lifetime in p-i-n structures is, therefore, opposite
to the measured one for the p-i-n structure, thus indicating
that it plays a minor role in the present experiments.
The results presented here confirm and support the findings of Balocchi et al.24 Our experiments can be regarded as
complementary in the following respects:
•

•

•

The investigated samples contain thicker QWs. The QW
thickness has a strong influence on the spin-orbit field
compensation mechanism, the electron g-factor, and the
quantum-confined Stark shift.
Our experimental methods differ in that our observable
maximum time span of time-resolved measurements is
only restricted by the temporal evolution of the photoluminescence emission. Thus, we were able to observe several
complete spin vector oscillations under an applied inplane magnetic field.
For comparison with theoretical works, it might be interesting that our experiments were all carried out at 20 K,
whereas by Balocchi et al. the sample temperature was of
at least 50 K.

VI. CONCLUSION

The specific symmetry of GaAs(111) QWs allows for
the control of the electron spin lifetimes by using an electric
field to change the relative magnitudes of the BIA and SIA
contributions to the spin orbit field. In this way, the electron
spin lifetimes can be changed over almost two orders of
magnitude (from below 100 ps to several ns). The enhanced
spin lifetimes apply for all spin wave vectors and orientations. The fact that this strategy to increase spin lifetimes
was also demonstrated by Balocchi et al.24 in thinner QWs at
higher temperatures constitutes this BIA–SIA compensating
mechanism as a generally applicable strategy to increase
electron spin lifetimes in (111) III-V QWs.
The maximum spin lifetimes that could be achieved in
the present experiments are limited by the resolution of the
used optical techniques. Advanced time-modulated optical
or pure electrical measurements are projected to evaluate the
full potential of the electrical tunability of electron spin lifetimes in GaAs(111)B QWs.
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