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We investigated the effect of an in-plane electric field on drifting spins in a GaAs quantum well. Kerr
rotation images of the drifting spins revealed that the spin precession wavelength increases with increasing
drift velocity regardless of the transport direction. A model developed for drifting spins with a heated
electron distribution suggests that the in-plane electric field enhances the effective magnetic field
component originating from the cubic Dresselhaus spin-orbit interaction.
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Electrons drifting in an electric field that breaks spatial
inversion symmetry experience a momentum-dependent
effective magnetic field, which enables us to manipulate
their spin states without external magnetic fields. In the
two-dimensional electron gas (2DEG) formed in III–V
compound semiconductors, the sources of the electric fields
are the crystal fields of the zinc-blende structure [1] or
vertical electric fields [2] that can be tuned by using
external gate voltages [3,4]. This effect, known as a
spin-orbit interaction (SOI), leads to various spin-related
phenomena, including the recently discovered spin Hall
effect [5–7] and the persistent spin helix [8–10]. In addition
to the symmetry-breaking electric fields that are converted
into effective magnetic fields, most of the phenomena [5–
10] and novel spintronics concepts [11–17] require lateral
(or in-plane) electric fields. The application of in-plane
electric fields induces drift transport and coherent spin
precession simultaneously, resulting in the efficient transfer
of the spins between distant places with a certain amount of
spin rotation determined by the SOI. Furthermore, the
strength of the in-plane electric fields will determine the
spin propagation speed, which is related to the operational
frequency of future spintronics devices. Thus, understand-
ing how the in-plane electric fields affect the effective
magnetic fields is important for the precise and high-speed
control of drifting spins.
Recent studies have shown that the influence of in-plane

electric fields on spin dynamics appears in various forms
[18–23]. For example, a spin precession depending on the
direction of the in-plane electric field has been used to
determine the parameters for k-linear Dresselhaus and
Rashba SOIs [20]. Another consequence has been observed
in the transient spin grating in a drifting Fermi sea: the
measurement of the phase velocity in the helical spin modes
has made it possible to discuss the drifting spin dynamics
[21]. A spin helix with a special symmetry is achieved
under a balanced Rashba and Dresselhaus SOI condition

[8–10], and this has been used to extend the length of drift
spin transport [22]. All of these previous studies have
focused on the role of the in-plane electric fields only as the
driving force of the drifting motion. However, we expect
that a further increase in the strength of the in-plane electric
fields may modify the distribution of electron momentum k,
giving rise to additional changes in the effective magnetic
fields due to the k-cubic term of the Dresselhaus SOI.
In this Letter, we report the manifestation of a drift-

induced change in an effective magnetic field, which
originates from a mechanism that is different from those
discussed in the previous reports mentioned above [18–23].
The Kerr rotation measurements of drifting spin profiles
revealed that spin precession wavelengths increase with
increasing drift velocity (vd) regardless of the drift direc-
tion. An analysis of the data with a theoretical model
revealed that these unexpected behaviors occur as a
consequence of the cubic Dresselhaus SOI for electron
systems being warmed by the applied in-plane electric
field. Notably, this drift-induced SOI modification occurs
without significant spin decoherence [24,25] and retains the
symmetry useful for tailoring the balance between the
Dresselhaus and Rashba SOIs [22]. Thus our finding will
be of great importance for a further understanding of spin
transport dynamics as well as for relevant spintronics
applications using in-plane electric fields.
We first derive the spin-orbit effective magnetic fields for

spins drifting steadily with momentum ℏkd, where ℏ is
Planck’s constant. We assume 2DEG in a (001) GaAs
quantum well (QW) and define a coordinate system with
basevectors x̂∥½11̄0�, ŷ∥½110�. An electron spinwithmomen-
tum ℏk precesses around the total vector ΩtotðkÞ ¼ ΩRðkÞþ
ΩD1ðkÞ þΩD3ðkÞ. Here,ΩR ¼ 2αðky;−kxÞ=ℏ is theRashba
term [2],ΩD1¼2β1ð−ky;−kxÞ=ℏ is the k-linear Dresselhaus
term [1], ΩD3 ¼ γ½−kyðk2x − k2yÞ; kxðk2x − k2yÞ�=ℏ is the k-
cubic Dresselhaus term, and the coefficients (α, β1, and γ) are
SOI parameters determined by thematerial and the QWband
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profile [26]. In a small in-plane electric field, i.e., kd ≪ kF,
electrons fill up the Fermi circle that is shifted by ℏkd in the
momentum space. As a starting point, we assume a degen-
erate limit, where only the electrons at the Fermi surface
contribute to the charge and spin dynamics.WhenusingkF ¼
kFðcos θ; sin θÞ and kd ¼ kdðcosϕ; sinϕÞ, where θ andϕ are
the relative angles of kF and kd from the ½11̄0� direction, the
vector Ωtot averaged over the Fermi circle is given by
hΩtoti ¼ ð1=2πÞ R 2π

0 Ωtotdθ. The k-linear SOIs, ΩR and
ΩD1, simply lead to vectors that depend linearly on kd,

hΩRi ¼
2α

ℏ
kd

�
sinϕ

− cosϕ

�

; ð1Þ

hΩD1i ¼
2β1
ℏ

kd

� − sinϕ

− cosϕ

�

; ð2Þ

whereasΩD3 is deformed into the sum of the first- and third-
order terms in kd,

hΩD3i ¼ −
2β3
ℏ

kd

� − sinϕ

− cosϕ

�

þ γ

ℏ
k3d

�− sinϕ cos 2ϕ

cosϕ cos 2ϕ

�

;

ð3Þ
where we define β3 ¼ 1

2
γk2F, and its dependence on kF is

important as regards the understanding of our experimental
results, which we describe later.
In the experiment described below, we can directly

observe the spatial frequency of the spin precession,
kSOðkd;ϕÞ ¼ v−1d jhΩtotðkdÞij ¼ m�=ℏkdjhΩtotðkdÞij, as a
measure of the SOI strength, where m� is the effective
electron mass. The exponents of kd in kSOðkd;ϕÞ are
reduced by 1 compared with those in hΩtotðkd;ϕÞi, so
the contributions from hΩRi, hΩD1i, and the kd-linear term
of hΩD3i are independent of kd, while that from the kd-
cubic term of hΩD3i depends quadratically on kd.
Wegrewa15-nm-thickmodulation-dopedGaAs-Al0.3Ga0.7

single QW on a (001) semi-insulating GaAs substrate by
molecular-beam epitaxy. The QWwas located 120 nm below
the surface. The wafer was fabricated into a 250-μm-wide
cross-shaped channel with four Ohmic contacts [Fig. 1(a)].
The channel was covered with a semitransparent Au gate
electrode through which we obtain the optical signal from the
QW. The spatial distribution of the drifting spins was
measured by Kerr rotation microscopy with a cw Ti:sapphire
laser. The photon energy of the laser was fixed at 1.529 eV,
which was slightly larger than the band edge of the present
QW. Spin-polarized electronswere generatedwith a circularly
polarized pump beam and embedded in the flow of the
background electrons. The spin density was detected by a
linearly polarized probe beam via the Kerr rotation angle θK .
The full widths at half maximum of the focused pump and
probe lasers were 7 and 3 μm, respectively. All optical
measurements were carried out at 8 K and a gate voltage of
−5.0 V.We confirmed that vd estimated with a time-resolved
Kerr rotation measurement was proportional to the in-plane

voltage [Fig. 1(b)]. The carrier density and mobility under
this condition were estimated to be 1.2 × 1011 cm−2 and
7.8 m2=Vs, respectively [27]. Under all the experimental
conditions, themaximum in-plane electric field was estimated
tobe lower than10 kV=m. In suchmoderate electric fields, the
2DEGmight heat up to some extent, but the effect is not strong
enough to lead tovd saturationdue tooptical phononemission,
which probably influences the relevant spin decoherence
mechanism [28].
The drift transport of optically injected electron spins was

detected as the spatially dampedoscillation of θK as shown in
Fig. 1(c), which reveals the spin dynamics of drifting
electrons due to the spin-orbit effective magnetic fields.
The significant dependence of the spin precession profiles on
the drift direction is caused by the interplay between the
Rashba and Dresselhaus SOIs [22]. To estimate the kSO
values, we fitted the experimental data for d > 10 μm with
the function θK ¼ A expð−d=lSOÞ cosðkSOdÞ, where d is the
distance between the pump and probe beams and lSO is the
spin decay length.
The extracted kSO values for different drift directions

provide clues as regards identifying the origin of the
SOIs. When vd is sufficiently small [Fig. 1(c)], the SOI
parameters, α and ~β ¼ β1 − β3, can be determined by
measuring kSO for two different directions. Because
kd ≪ kF, we neglect the kd-cubic term of hΩD3i, and

thus kSOðϕÞ ¼ ð2m�=ℏ2Þj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2 þ ~β2 þ 2α~β cosð2ϕÞ

q
j. We

chose the kSO of spins drifting in the ½11̄0� and ½110�
directions with an applied in-plane voltage of 0.4 V, which
corresponds to vd ¼ 9 km=s. The results gave us
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FIG. 1. (a) Schematic image of sample. (b) vd as a function of
in-plane voltage for three directions. The applied in-plane
voltages (Vx, Vy) were (V in, 0), (0, V in), and (V in=
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p
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) for the ½11̄0�, [110], and [100] directions. (c) Spatial

distribution of drifting spins in the three directions at vd
¼ 10 km=s. Solid lines indicate fitted curves. Inset shows Ωtot
in k-space for given SOI parameters.
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kSOðϕ ¼ 0Þ ¼ ð2m�=ℏ2Þjαþ ~βj ¼ 0.49� 0.02 μm−1 and
kSOðϕ¼ π=2Þ¼ ð2m�=ℏ2Þjα− ~βj ¼ 0.23�0.01 μm−1. The
theoretical values of α and ~β, which are calculated
separately with a band profile simulation, support the idea
that ~β > α > 0. We thus determined the SOI parameters
as α ¼ 0.73� 0.03 and ~β ¼ 2.09� 0.09 meVÅ, resulting
in an anisotropic spin-orbit field in momentum space
[Fig. 1(c), inset].
The data measured at higher in-plane electric fields

disclose changes in the spin precession wavelengths for
different vd values. The spin profiles in Fig. 2(a) show the
vd-dependent shift of the precession phase that becomes
clearer with increasing pump-probe distance. kSO values
extracted by fitting are plotted in Fig. 2(b) as functions of
vd. The overall trend in Fig. 2(b) is that kSO decreases
monotonically with an increase in vd for all crystallo-
graphic directions, indicating that the total effective mag-
netic fields are weakened by applying in-plane electric
fields. This behavior cannot be explained straightforwardly
by the analytical expression of ΩtotðkdÞ described in
Eqs. (1)–(3). In what follows, we discuss the probable
causes of this unexpected result.
The enhancement of the kd-cubic term in hΩD3i can be

ruled out as the origin of the observed vd-induced sup-
pression of kSO. The k2d (¼ 4.0 × 1014 m−2) estimated from
vd at the maximum in-plane voltage employed in the
experiment is still 1 order of magnitude smaller than k2F

(¼ 7.6 × 1015 m−2), suggesting that the kd-cubic term in
hΩD3i is negligible compared with the other terms. In
addition, the above theory predicts that the kd-cubic term in
hΩD3i disappears when kd is parallel to [100] (i.e.,
ϕ ¼ π=4); however, the experimental data show a clear
dependence on kd even for the [100] direction.
Moreover, the phenomena cannot be explained by unin-

tentional modifications of the k-linear SOIs (hΩRi and
hΩD1i). If the only contribution is from these k-linear terms,
the spatial precession frequencies become kSOðϕ ¼ 0Þ ¼
ð2m�=ℏÞðβ1 þ αÞ and kSOðϕ ¼ π=2Þ ¼ ð2m�=ℏÞðβ1 − αÞ,
which have no explicit kd dependence. If we assume a
monotonic change in α, which may be caused by an
unintended modification of the vertical electric field, the
changes in kSO should have opposite signs. This does not
agreewith the data in Fig. 2(b). Because β1 > α > 0, kSO for
both drift directions may decrease if only β1 decreases while
α remains unchanged. The quantum-confined Stark effect
possibly modifies β1 ¼ γhk2zi; however, it requires large
vertical electric fields that should simultaneously induce a
large change in α. Thus, we can exclude the changes in α and
β1 as the cause of the vd-dependent kSO.
The remaining possibility is that β3 in the cubic

Dresselhaus SOI is enhanced by the heating of the electron
system with the increasing in-plane electric field. As β3 in
Eq. (3) contains kF, a modification of the electron dis-
tribution in a momentum space could affect the change in
the precession frequency. It is natural to consider that the
application of an in-plane electric field induces blurring of
the Fermi surface and an increase in the average kinetic
energy. The effect of electron heating appears in the shape
of the photoluminescence (PL) peak assigned to the
excitons formed in the QW [29]. Figure 3(a) shows PL
spectra measured for various drift velocities by using an
excitation laser whose wavelength was 760 nm. The two PL
peaks centered at 1.527 and 1.534 eV are due to the
recombination of an electron with a heavy hole and
an electron with a light hole, respectively. As shown in
Fig. 3(a), the high-energy tail of the PL peak becomes
pronounced as vd increases. By comparing the slopes of
these tails with those measured without in-plane electric
fields at different lattice temperatures, we roughly estimate
the electron temperature Te to reach 46 K at vd ¼
36 km=s [27].
To understand how the electron heating influences

the effective magnetic field, we simply extend the
above model for the degenerate 2DEG to the
nondegenerate case by using the Fermi-Dirac function:
fðεÞ ¼ f1þ exp½ðε − μÞ=kBTe�g−1, where Te is included
as the system temperature, ε ¼ ðℏ2=2m�Þðk2x þ k2yÞ is the
kinetic energy of the two-dimensional electrons, μ is the
chemical potential, and kB is the Boltzmann constant
[Fig. 3(b)]. The effective magnetic field is averaged over
all the constituent electrons, and this can be approximated by
the integration of hΩtotðεÞi multiplied by the weighting
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function wðεÞ ∝ −∂f=∂ε, where kF in Eq. (3) is replaced byffiffiffiffiffiffiffiffiffiffiffi
2m�ε

p
=ℏ. The profile of wðεÞ is plotted in Fig. 3(c). At the

degenerate limit ðTe ¼ 0 KÞ, wðεÞ is a δ function at ε ¼
EF ¼ πℏ2ns=m�, and a small increase in Te ðkBTe ≪ EFÞ
makes the wðεÞ peak wider, but it is still symmetric at
ε ¼ EF. As Te increases further, the center of the peak
(ε ¼ μ) starts to shift from EF to a lower energy because the
total electron density ns has to be maintained while the
broadened distribution is cut off at ε ¼ 0. This behavior of μ
versus Te results in an increase in the average kinetic energy
hεi ¼ EF=½1 − expð−EF=kBTeÞ�, which determines the
effective magnetic fields experienced by the heated 2D
electron system.
As already mentioned, the only hΩi component that

depends on kF is the kd-linear term of the cubic Dresselhaus
SOI [Eq. (3)], in which the coefficient β3 ¼ 1

2
γk2F ¼

γm�ε=ℏ2 becomes linear in ε. Thus, we obtain

hβ3i ¼
γm�

ℏ2

EF

1 − expð−EF=kBTeÞ
: ð4Þ

Weplot hβ3i calculated for variousFermi energies inFig. 3(d).
Here we used γ ¼ 11 eVÅ3 [30]. To explain their behavior,
we separateTe into two regions: kBTe ≪ EF and kBTe ≳ EF.
In the former, hβ3i ≈ γm�EF=ℏ2 stays constant and is not
influenced by the blurring of the Fermi surface. In the latter, as
Te increases, hβ3i increases and approaches the linear
function hβ3i ≈ ðγm�=ℏ2Þð1

2
EF þ kBTeÞ. Note that the boun-

dary between these two Te regions is characterized by

EF ∝ ns, suggesting that, for a larger ns, the hβ3i enhance-
ment occurs at a higher Te. In other words, this effect will be
pronounced in systems with a lower carrier density.
This model indicates that the effect of hβ3i enhancement

appears as a decrease in kSO for all drift directions. Because
the hΩi component described with hβ3i has the same angle
dependence as that with β1, an increase in hβ3i reduces
~β ¼ β1 − hβ3i. The drift direction (ϕ) dependence of hΩi
shown in Eqs. (1)–(3) gives us kSOðϕ ¼ 0Þ ∝ ~β þ α,

kSOðϕ ¼ π=4Þ ∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~β2 þ α2

q
=2, and kSOðϕ ¼ π=2Þ ∝

~β − α. By considering these angle dependences with the
relation ~β > α > 0, it is clear that kSO for all the drift
directions decreases monotonically with increasing hβ3i.
The plots ofkSO versusTe shown inFig. 4 compare themodel
with the experiment. The decreases in kSO and their drift-
direction dependence in the experimental data both agree
wellwith the calculation.We infer that the low carrier density
(ns ¼ 1.2 × 1011 cm−2) likely contributed to the enhance-
ment of hβ3i in an electric field of around 10 kV=m, in
agreement with the density-dependent characteristics
revealed by the model. The same characteristics also could
be the reason why the vd dependence of the kSO was not
observed in the previous experiment [23], where the drifting
spins with higher carrier density (ns ¼ 5 × 1011 cm−2) were
investigated.
In summary, we have investigated the effect of an in-

plane electric field on drifting spins in a GaAs QW. The
experimentally obtained spin precession wavelengths of
drifting electrons were unexpectedly elongated by increas-
ing the in-plane electric field regardless of the drift
direction. The model developed for the drifting spins in
the heated electron system suggested that the in-plane
electric field could enhance the effective magnetic field
component originating from the k-cubic term of the
Dresselhaus SOI. In general, an increase in electron
temperature is unwanted in many semiconductor experi-
ments since it may complicate most phenomena in the
electron system. However, the situation is unavoidable
when we require the highest electric fields possible for the
efficient and rapid transport of electron spins. Our results
show that the effect of electron heating is the correction of
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the kd-linear term of the effective magnetic field rather than
as spin decoherence due to the D’yakonov-Perel’ mecha-
nism with the enhancement of the cubic Dresselhaus SOI
[24,28]. Because this simple modification retains the
symmetry of the k-linear Dresselhaus and Rashba SOIs,
it is still possible for us to tailor a modified total effective
magnetic field by adjusting the external gate bias voltage or
designing the device structure. Thus, our finding will be
beneficial for a further understanding of SOI-related
phenomena as well as for spintronics applications using
spin transport with electric fields in semiconductors.
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