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Chapter 5
Spin-dephasing anisotropy for electrons
in a quasi-1D GaAs wire without
quantum confinement
Abstract
We present a numerical study of the electron-spin dephasing time T2∗
in quasi-ballistic wires of bulk GaAs material. The study assumes
that dephasing occurs due to spin-orbit fields from a bulk Dresselhaus term and a Rashba term in wires with specular momentum
scattering on the walls. With a similar magnitude for the Dresselhaus and Rashba effect our results show the longest T2∗ values for
wires in [110] direction. This is consistent with the dependence of T2∗
on the crystal orientation of wires that was observed in recent experiments. However, a comparison with results for random momentum
scattering on the wire edges reveals that the mechanism behind the
spin dephasing anisotropy differs from the analogues effect in wires
with two-dimensional electron systems. We also studied the magnetic
field dependence of this phenomenon with simulations that account
for the field-induced cyclotron motion of electrons.

This chapter is based on Ref. 1 on p. 103.
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5. SDA in a quasi-1D GaAs wire without quantum confinement

Introduction

The spin dephasing of mobile electron ensembles in III-V semiconductors such
as GaAs occurs predominantly due to spin precession in spin-orbit fields. These
spin-orbit fields are highly anisotropic in momentum space, such that random
electron motion within an ensemble results in random precession [1, 2]. For twodimensional (2D) electron ensembles in quantum wells the spin-orbit effect can be
dominated by two terms (see Ref [2] for details): the linear Dresselhaus term (due
to a lack of inversion symmetry in the crystal structure) and the Rashba term
(due to the inversion symmetry breaking that is associated with the quantum
well structure). Such systems can be engineered to give zero spin-orbit fields for
electrons with k-vectors along the [110] direction [3]. This has been central in
many theoretical proposals [4, 2, 5, 6, 7, 8] aimed at suppressing spin dephasing.
Such a suppression has been observed with quasi-1D wire systems based on 2D
GaAs materials [3, 9, 10], where the spin dephasing time showed a dependence
on the crystal orientation in the wires.
One of these experiments also showed the unexpected result that the spin dephasing time T2∗ for electrons in wires based on bulk GaAs also has a dependence
on the crystal orientation in the wires [10]. Also here, the longest T2∗ values were
observed for wires along the [110] direction. Initial numerical studies of this effect
that were reported in the original publication on the experiment indicated that
the spin dephasing anisotropy (SDA) in these wires also relies on a cancelation
between to spin-orbit terms. In this case, these are the cubic Dresselhaus [11]
term and the Rashba term [12]. While the Rashba term is mostly described in
the context of 2D electron systems, for micron-thick bulk layers it can also play a
role. In the reported experiment there was an unidirectional electric field present
in a micron-thick bulk layer near the wafer surface due to band-bending.
We report here further numerical studies on this effect for bulk electrons in
quasi-ballistic GaAs wires. In particular, we report a more detailed study of the
magnetic field dependence of these effects by including the effect of the external
magnetic field on the electron trajectories. While this can be neglected for 2D
electron systems with in-plane field, for bulk systems the cyclotron-motion effects
are very significant. In addition, we compared in our studies the case of specular
and random momentum scattering on the walls of the wires. This revealed that
the mechanism behind the spin dephasing anisotropy in wires with specular scattering differs from the analogues effect in wires with 2D electron systems. Instead
of a confinement-induced motional-narrowing effect, spin dephasing anisotropy
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now results from the interplay between repetitive electron trajectories in the wire
and the anisotropy in the spin orbit fields. This points to a mechanism that has
similarities with the phenomenon of ballistic spin resonance that can occur in
wires based on 2D electron systems [13].

5.2

Spin-orbit coupling

For convenience we describe the spin-orbit (SO) coupling as a k-vector dependent effective magnetic field which acts on the spin of an electron. For III-V
semiconductors with zinc-blende crystal structure the SO coupling was derived
by G. Dresselhaus [11] and can be expressed in the following form [12]:


~ bulk = (2γ/gµB ) x̂kx (k 2 − k 2 ) + ŷky (k 2 − k 2 ) + ẑkz (k 2 − k 2 ) ,
B
(5.1)
D
y
z
z
x
x
y
where µB is the Bohr magneton, g is the g factor for an electron in the conduction
band and γ is the strength of the SO interaction. The link to the crystallographic
axes is represent by the unit vectors x̂, ŷ and ẑ which are in the directions [100],
[010] and [001], respectively.
For the two-dimensional case with quantum confinement along the z direction
in a quantum well of width a, hkz i = 0. However, the electrons are then in a
state with a very significant value for hkz2 i ≈ (π/a)2 . The Dresselhaus SO field can
then be expressed in the form of two terms with a different power dependence
on k. It yields the linear Dresselhaus term, which dominates in the limit of
(π/a)2  kx2 + ky2 ,
 2
~ D1 = (2γ/gµB ) π [−x̂kx + ŷky ] .
B
a

(5.2)

The cubic Dresselhaus term for the case of such a quantum well system is


~ D3 = (2γ/gµB ) x̂kx ky2 − ŷky kx2 .
B
(5.3)
The value for the coupling parameter is taken from Ref. [14], 2γ/gµB = −1.18 ·
10−24 Tm3 . In the presence of structural asymmetry (such as asymmetry in the
confinement potential of a quantum well) the electrons will also experience the
Rashba SO field, given by [12]
~ R = CR [x̂ky − ŷkx ] .
B

(5.4)

The value of the CR is different for different structures, since it is a geometry
dependent parameter. Notably, for quantum wells in GaAs it can produce a
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contribution to the total effective SO field that has the same order of magnitude
as the linear Dresselhaus term [14].
An electron in such material experiences the vector sum of all these contributions to the SO field, and its spin is precessing accordingly. In the case with also
an externally applied magnetic field present, the spin precesses in the vector sum
of the total SO field and the external field. The principal difference between the
effective magnetic field from SO interaction and the externally applied magnetic
field is that the SO field does not affect the motion of the electron and only interacts with the spin (when neglecting higher order relativistic corrections). An
externally applied magnetic field, however, also couples to the electron orbit and
induces cyclotron motion for the mobile electrons in the material. This effect
of the external B-field on the electron motion can be nearly absent for electron
states with strong quantum confinement. The confinement energy can then forbid the orbits to form, as for example in the case of a magnetic field in the plane
of a narrow quantum well). The formation of cyclotron orbits is further discussed
in the Methods section.

5.3

Method

Our numerical approach is based on a semi-classical picture for the electron motion in the material. Electrons are assumed to move with Fermi velocity (independent of the momentum direction). They never escape the region of the
interest as they scatter on the walls elastically. For smooths wall this will be
specular scattering, while elastic scattering on a wall with surface roughness is
modeled as elastic scattering in a random direction. Electrons also have a have
probability to scatter inside the volume of interest, which is defined by the mobility. This approximation for electron motion is valid for motion in directions
without quantum confinement, and for the case of EF  kT, ∆EZeeman , ESO .
For a more detailed explanation of approach, the basic model and assumptions
were refer to Chapter 4 and our previous work [15, 16]. This work and related
results from the Folk group [17, 18] on modeling the spin dynamics in confined
structures of material with a two-dimensional electron system showed that this
approach is reliable and efficient.
Here we focus on the modeling of the temporal evolution of spin polarization
in a three-dimensional electron ensemble that is ballistically confined in a wire
(typical dimension is 1 µm by 1 µm by 200 µm). The total SO field that electrons
experience consists of the bulk Dresselhaus term (Eq. 5.1) and the Rashba term
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kz
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Figure 5.1: The total spin-orbit field experienced by electrons with the Fermi velocity,
~ R | = |B
~ bulk | for electrons that move in the xyfor the case where the contributions |B
D
total = 0 for electrons that move in [-110] and [1-10] direction,
plane. This leads to BSO
and for some directions with non-zero kz .

(Eq. 5.4). Inclusion of the bulk Dresselhaus term is natural, while the Rashba
term for three-dimensional structures is rarely considered. Nevertheless a Rashbalike SO field also appear for structures without a pure two-dimensional nature,
since the necessary requirement for heaving such SO present is hidden in the
asymmetry of the potential. A Rashba term should be effective in all cases with
a unidirectional electric field in the volume of interest.
In this case, exact cancelation of SO terms is also still possible for specific
directions of electron motion. The potential advantage of using three-dimensional
structures lies in the possibility of strongly tuning the cancelation of Rashba and
Dresselhaus terms by tuning the electron density (which is easy to achieve for
the optical experiments in which spin dephasing anisotropy (SDA) was observed
[10]). It comes from the fact that BD is proportional to k 3 , while the BR is linear
in k, and the value of kF in the system is defied by the total electron density. An
example of the engineered cancelation of SO field is presented in Fig. 5.1.
For the case with no external magnetic field the modeling of such a threedimensional wire is not very much different from the two-dimensional case (Chap-
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ter 4). However, the presence of such field with a magnitude that that is of interest
in the experiments requires to include the cyclotron motion of an electron. At
the same time, the calculation should keeping track of the spin precession in the
total field (external and SO fields), and check for momentum scattering on the
walls of the wire. This extension thus makes the calculations for the 3D case
computationally much more demanding than the 2D case. However, the simplicity of this numerical approach on a complex physical situation still has counts
as an advantage in comparison with efforts that aim at analytically solving this
model.
A necessary requirement for observing SDA in three-dimensional wire is (as
for the 2D case) that the spin precession length is smaller than the transverse
wire dimension. For our simulations we kept the material parameters at values
that yield a spin precession length of about ∼10µm in zero external field. In the
numerical experiments we vary the wire orientation in the xy-plane. This is the
primary parameter in the search for SDA, that should appear as T2∗ values that
depend on wire orientation. We also vary the electron density, strength of the
coupling parameter for the Rasba SO, and the value of the external magnetic
field.

5.4

Results

We expected non-zero SDA results for 3D wires (based on extrapolating our
findings for the 2D case) that would show a maximum T2∗ for a wire orientation
along the direction with the smallest SO fields (all in xy plane, see for example
Fig. 5.1) A wire orientation perpendicular to this direction should then give a
minimum T2∗ . For cancelation of BD by a BR term as in Fig. 5.1 this would lead
to a maximum T2∗ for wires along the [-110] direction, and minimum T2∗ for the
[110] orientation. However, while Fig. 5.1 represents the magnitude and sign for
BD and BR that we estimate for the experimental situation, the expected SDA
is then in fact opposite to what was observed in the experiments [10] (both 2D
and 3D wires had a peak in T2∗ for wires in the [110] direction). This discrepancy
is further explored in the Section.
Note that in the three-dimensional case the direction of the SO field cancelation is opposite to that of the two-dimensional case (Fig. 5.2) if we focus only
on motion in xy plane. This comparison is for identical signs for the underlying
Dresselhaus and Rashba terms, but the symmetry changes because the effective
sign for the Dresselhaus contribution gets reversed (see Eq. (5.1), for the 2D case
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Figure 5.2: (a) A schematic representation of the spin-orbit (SO) fields as an effective
magnetic field for selected points (Fermi circle with radius kF in the kx ky -plane) in
a two-dimensional k-space. The SO field is the sum of the Rashba field and linear
Dresselhaus field for the two-dimensional case with exact cancelation for k-vectors in
[110] direction. (b) A similar representation for selected points in a three-dimensional
k-space (top view onto a Fermi sphere with radius kF ), with the total field as the sum
of the Rashba field and the bulk (cubic) Dresselhaus field for the three-dimensional
case. Both the magnitude and direction of the total SO field are depicted as arrows.
For the 2D and 3D case the Rashba term has the same sign, while the Dresselhaus SO
field is reversing its sign (in the xy-plane). This sign flip is due to the fact that for the
2D case hkz2 i  kx2 + ky2 , while the dominant motion in the xy plane for the 3D case is
carried by electrons with kz ≈ 0 and kz2 ≈ 0.

hkz i = 0 and hkz2 i  kx2 + ky2 , while the dominant motion in the xy plane for
the 3D case is carried by electrons with kz ≈ 0 and kz2 ≈ 0). Also the SU (2)
symmetry [5] for the thee-dimensional bulk case is not applicable.
Results for zero external magnetic field
We start the discussion of results with the simulations for zero external magnetic
field. Here the electrons move randomly in the wire and experience specular
scattering on the edges and random scattering inside the wire. The spin ensemble
is prepared in a state that points in the the [001] direction.
Calculated time traces with the expectation value for spin polarization in the
ensemble are presented in the Fig. 5.3. As in Chapter 4 we plot hSr i (spin expectation value in the direction that it is maximum) to account for collective spin
precession, but for this plot it overlaps with results for hSz i. The spin expectation
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Figure 5.3: Ensemble spin expectation value hSr i as a function of time for different
wire orientations.

value for an ensemble is decaying in time due to precessional dephasing in the SO
fields. For wires along the [110] direction the spin dephasing is clearly suppressed
in comparison with wire in the other directions.
We investigated the T2∗ values for a range of wire orientations (Fig. 5.4(a)).
The wire direction [110] yields the slowest spin dephasing for an electron spin
ensemble. Notably, this is consistent with the experimental observations [10], but
opposite to our qualitative expectation that the directions on the Fermi sphere
with near-zero SO fields determine the direction in which wires give the longest
T2∗ values (as for a 2D case). Thus, this qualitative argument can not explain the
results for the 3D case (see Fig. 5.2).
To make a connection to the standard motional narrowing picture [19] we
change the scattering on the edges of gthe wire to non-specular (scattering in a
random direction). Results for this case are presented in Fig. 5.4(b). Now the
simulations do give the longest T2∗ values for wires in the [-110] direction, and
minimal values for [110] oriented wires. These results are indeed consistent with
the motional narrowing mechanism, and simply show the longest T2∗ for the wire
direction where the spin-orbit field is the smallest for electron motion along the
wire (and vice versa). Dephasing by the highest SO field values during motion
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Figure 5.4: The spin-dephasing time T2∗ of a spin ensemble plotted as a function of
the wire orientation. (a) For electrons with specular momentum scattering on the edges
of the wire. (b) For electrons with non-specular momentum scattering on the edges of
the wire.

transverse to the wire direction is suppressed by frequent momentum scattering
on the walls.
Additional checks that we performed include specular scattering for a wire
with transverse dimensions of 0.7 µm by 1.4 µm. This gave results very close
to the SDA as for specular scattering in the wire with 1 µm by 1 µm transverse
dimensions. Further, we checked that setting the Rashba term to zero for the
case of specular scattering gave T2∗ ≈ 0.33 ns, with almost no dependence on wire
orientation.
From comparing these cases we conclude that for the case of specular scattering the spin dephasing anisotropy is not due to the confinement enhanced
motional-narrowing effect. Instead, it must be due to an interplay between repetitive ballistic electron trajectories (from frequent wall collisions) in the wire and
the anisotropy in the spin orbit fields. The mechanism then has similarities with
the phenomenon of ballistic spin resonance that can occur in wires based on 2D
electron systems [13]. However, here it can already occur when the width of
the wire is well below the spin precession length. Studies that can confirm this
picture are in progress.
Since the scattering mechanism for wire edges in the real devices is more likely
to be specular (due to screening the potential of the edges is smoothed) we further
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focus only on this type of the scattering.
It is useful to attribute a numerical value to the SDA. For our further studies
we define it is as the ratio between the spin dephasing time in a wire along the
[110] direction and a wire along the [-110] direction.
2.5 a)

2.5 b)

SDA

2

SDA

2

1.5

1
0

1.5

1

2

n/n 0

3

1

0

0.5

1

1.5

CR / CR0

2

Figure 5.5: Spin dephasing anisotropy SDA as a function of simulation parameters.
Data points from the numerical experiments are supported by a guide to the eye (solid
line). (a) Electron density dependence of the SDA. (b) Dependence of SDA on the
relative strength of the Rasha SO field (normalized to the value which yields |BR | =
bulk | in the xy-plane).
|BD

To investigate the link between the SDA and exact cancelation of the SO field
along the direction perpendicular to the wire we vary two simulation parameters.
Results from varying the density of electrons (and thereby kF ) in the wire are
presented in Fig. 5.5(a). We observe a maximum SDA for the value of the electron
density which leads to exactly zero SO field in the direction [-110]. This provides
further evidence that the symmetry of the SO fields indeed underlie the SDA.
This is further confirmed by results for the SDA as a function of the strength
of the Rasha spin-orbit coupling [Fig. 5.5(b)]. We see here similar behavior as
in Fig. 5.5(a). The SDA weakens when deviating from values which give exact
cancelation of the two SO fields for electrons with k-vectors in the [-110] direction.
Magnetic field dependence
We now turn to discussing the results of calculations where the effects of an
external magnetic field are included in the model. A first remark is that we
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observed that the SDA as in Fig. 5.4 collapses in fields of about 1 Tesla, for
any direction of the field. At the same time, we observe that analysis of this
collapse is complicated because a richer structure in the dependence of T2∗ on
wire orientation appears.
a)

80

B−field strength:
B=4T

T*2 (ns)

60

Scattering rate (ns−1)

b)

B=6T

40
20
0
[1−10]

[100]

[110]

80

[010]

[−110]

Scattering in:
[100] direction

40

[010] direction
[001] direction

0
[1−10]

[100]

[110]
Wire orientation

[010]

[−110]

Figure 5.6: Spin dephasing time and momentum scattering in wires in an external
magnetic field. (a) The spin dephasing time T2∗ for different wire orientations at 4 Tesla
and 6 Tesla. (b) The momentum scattering rate for motion in specific directions at
B=4 Tesla. The scattering rate represents the amount of scattering for motion in both
(positive and negative) directions in the specified direction.)

This is illustrated in Fig. 5.6, with results for a B-field along the [100] direction. Upon increasing the external field to a few Tesla, the typical dephasing
times increase since the relative strength of the SO fields is getting smaller. For
ideal alignment of the field with a wire (i.e. a wire in the [100] direction) there
is a sharp peak in the T2∗ which we attribute to the formation of stable cyclotron
orbits that are not disturbed by wall collisions. The electrons can then move
freely along the wire with very small probability to scatter on the edge, and
such trajectories preserve the averaged spin orientation. This interpretation is
supported by the study of scattering rates that is presented in Fig. 5.6(b).
As soon as the wire orientation deviates a small amount from this ideal alignment, the cyclotron orbits are no longer closed, but turn into skipping orbits on
the walls. This comes along with frequent random scattering and differences in
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the precession dynamics within the electrons ensemble (observed as much lower
T2∗ values). In this regime the external magnetic field is dominating the motion
of electron trajectories, and this in turn governs the spin dephasing.

5.5

Conclusions

We presented a numerical tool for studying the temporal evolution of spin ensembles in micronscale structures of bulk GaAs material. Our modeling tool is
based on a semiclassical picture for the electron spin in the material. Simulations
with this tool show spin dephasing anisotropy (SDA) for electron ensembles in
quasi-ballistic wires. These calculations serve as a theoretical background for effects which have been observed experimentally. We quantify the spin dephasing
times and SDA for material parameters as in the experiment, and find reasonable
agreement.
By comparing results for specular and non-specular momentum scattering on
the edges of the wires we find that the spin dephasing anisotropy in 3D wires
with specular scattering arises due to a different mechanism than confinementenhanced motional narrowing. We attribute the observed SDA to a new mechanism that can be pictured as ballistic spin resonances that occur due to the
interplay between repetitive scattering trajectories and the symmetries in the
spin-orbit fields. Notably, this already occurs when the spin precession length is
smaller than the transverse wire dimensions. Our SDA findings agree with the
experimental results (for which can indeed expect specular scattering), while the
motional narrowing picture does not.
We also studied the effect of an external magnetic field on a spin polarized
electron ensembles in a wire. For values of the magnetic field where the cyclotron
radius is smaller than the wire width the field dominates that character of the
electron trajectories and the amount of wall scattering. In turn, this is decisive
for the spin dephasing time. These results are very sensitive to the alignment of
the wire with respect to the magnetic field and the crystallographic axis.
We thank S. Artyukhin and A. Rudavskyifor help and valuable discussions
and acknowledge the support of the High Performance Computing Center at the
University of Groningen.
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