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Spin polarization and spin-dependent scattering of holes observed in transverse magnetic focusing
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In two-dimensional systems with a spin-orbit interaction, magnetic focusing can be used to create a spatial
separation of particles with different spin. Here we measure hole magnetic focusing for two different magnitudes
of the Rashba spin-orbit interaction. We find that when the Rashba spin-orbit magnitude is large there is
significant attenuation of one of the focusing peaks, which is conventionally associated with a change in the
spin polarization. We instead show that in hole systems with a k3 spin-orbit interaction, this peak suppression is
due to a change in the scattering of one spin state, not a change in spin polarization. We also show that the change
in scattering length extracted from magnetic focusing is consistent with results obtained from measurements of
Shubnikov–de Haas oscillations. This result suggests that scattering must be considered when relating focusing
peak amplitude to spin polarization in hole systems.
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I. INTRODUCTION

In a magnetic focusing experiment, a collimated beam of
charge is focused by a transverse magnetic field, analogous
to a mass spectrometer. Magnetic focusing was originally
proposed as a method of studying the Fermi surface of metals
[1,2], and has also been used to measure band structures
in graphene [3], and electron-electron scattering lengths in
GaAs/AlGaAs [4].

In systems with a spin-orbit interaction (SOI), the magnetic
focusing trajectories become spin dependent as the spin states
are now coupled to momentum. If the SOI is sufficiently large,
magnetic focusing can spatially separate the spin states and
create a spin-dependent mass spectrometer [5–12]. The high
mobility and large SOI of two-dimensional (2D) hole systems
in GaAs has made them an ideal candidate for spin-dependent
magnetic focusing experiments. Experimental work has used
magnetic focusing to measure spatial separation of spin [5],
spin filtering by quantum point contacts (QPCs) [7], and in-
teractions between one-dimensional subbands in a QPC [13].
Magnetic focusing of holes has also been proposed as a way
to measure g-factor anisotropies [14], and complex spin dy-
namics [9,15], which are not visible in other measurements of
2D systems such as Shubnikov–de Haas oscillations.

Here, we concentrate on the use of magnetic focusing
peak amplitude as a measure of the spin polarization [5,7,16–
18]. It has been proposed that the relative amplitudes of the
spin-split magnetic focusing peaks is determined by the spin
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polarization of the injected charge. This technique has been
used in hole systems to observe spontaneous polarization
in QPC transmission [7] and spin-dependent transmission
of QPCs [5,13]. Despite magnetic focusing being used for
these techniques, there has been limited study of the effect of
changing the magnitude of the Rashba SOI on hole magnetic
focusing.

A recent study investigated magnetic focusing using a de-
vice where the Rashba SOI magnitude could be tuned in situ
using a top gate voltage (VTG) [19]. This technique revealed
an increase in the spatial separation of the spin-split focusing
trajectories as the Rashba SOI was increased. However, there
is a limit to the amount the Rashba SOI can be changed using
this method. In addition, any change to VTG will also change
the 2D hole density and confining potential in addition to
the Rashba SOI magnitude. As such, further study requires
a different method of changing the Rashba SOI.

In this work we study magnetic focusing in two lithograph-
ically identical samples which differ only in the magnitude of
the Rashba SOI. We change the Rashba SOI by changing the
heterostructure used to confine the 2D system, allowing us to
create a large change in the magnitude of the Rashba SOI for
a similar VTG and 2D density. By comparing the two samples,
we observe a change in the amplitude of the magnetic focus-
ing peaks, which is typically associated with a change in the
spin polarization. However, we instead find that the change
in peak amplitude is consistent with an increase in scattering
of one spin state rather than a change in spin polarization.
We measure the scattering length of each spin state from the
focusing peak amplitude, and find good agreement with scat-
tering lengths found from Shubnikov–de Haas measurements.
We conclude that the change in focusing peak amplitude is
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FIG. 1. (a) Magnetic focusing in the presence of a spin-orbit in-
teraction. The red and blue lines correspond to the spin-split focusing
trajectories, which result in a splitting of the first focusing peak. The
dashed line corresponds to the classical focusing trajectory. (b) The
first 2D subband for a hole system. Here the Rashba SOI term
depends on k3 which causes a change in the slope (and hence m∗)
of the spin-resolved subbands.

due to the k3 Rashba term causing a different effective mass
and hence scattering length of each spin state, rather than a
change in spin polarization. This result suggests that care must
be taken when relating the amplitude of spin-split focusing
peaks to the spin polarization in 2D hole systems.

II. MAGNETIC FOCUSING WITH A CUBIC RASHBA
SPIN-ORBIT INTERACTION

Figure 1(a) shows a schematic of a hole magnetic focus-
ing device. A constant current is applied through an injector,
where an out-of-plane perpendicular magnetic field causes the
holes to follow cyclotron orbits. The voltage across the detec-
tor is measured, and a peak is observed when the focusing
diameter is equal to the spacing between injector and detector
[black dashed line in Fig. 1(a)]. Peaks in the focusing signal
occur when the magnetic field is an integer multiple of [20]

B = 2h̄kF

ed
,

where kF is the Fermi momentum and d is the distance be-
tween the injector and the collector QPC (focusing diameter).
In the presence of a SOI the hole trajectories become spin
dependent, resulting in a spatial separation of spin [blue and
red lines in Fig. 1(a)]. The spatial spin separation causes
the first magnetic focusing peak to split into two, with each
peak corresponding to a different spin chirality. The relative
amplitude of these spin peaks has been used as a measure of
the spin polarization in 2D hole systems [5].

The form of the Rashba spin-orbit term for 2D hole systems
is fundamentally different to equivalent electron systems. This
difference can have a dramatic impact on spin-resolved focus-
ing peaks. In GaAs, the subband dispersion for 2D holes with
a Rashba SOI is given by [21]

Eh = h̄2k2

2m∗ ± βEz

�HH-LH
k3, (1)

where Ez is the electric field in the out-of-plane direction
and �HH-LH is the splitting between the heavy hole (HH) and
light hole (LH) subbands. Figure 1(b) shows the resulting HH
subband dispersion for a 2D hole system with Rashba SOI.
The SOI causes the momentum of the holes to become spin
dependent, with two values of k (k+ and k−) at the Fermi
energy (horizontal dashed line). In a magnetic focusing mea-
surement, this results in separate cyclotron orbits for each spin
and creates a spatial spin separation, splitting the first focusing
peak. Previous work has demonstrated the ability to detect a
change in peak splitting as the magnitude of the Rashba SOI
is changed [19].

The k3 structure of the Rashba SOI term for holes also
causes the curvature of the 2D subbands to become spin
dependent. This results in a difference in effective mass for
each spin chirality in addition to the difference in k [22]. The
spin-dependent effective mass has been used to demonstrate
electrical control of the Zeeman splitting [23], and proposed
as a way to detect and generate topological properties in a
2D hole system [24,25]. The change in effective mass is also
possible to detect via focusing peaks. If the Rashba SOI term
is sufficiently large, the difference in effective mass can be
observed as a difference in scattering. Since focusing peak
amplitude is exponentially sensitive to scattering [26,27], the
change in effective mass will therefore impact the focusing
peak amplitude. This analysis does not include contributions
from k-linear Rashba SOI terms for 2D holes [28–30]. These
terms do not cause a spin-dependent change in the curvature
of the 2D subbands and should not affect the difference in
effective mass between the spin chiralities.

III. INTERFACE DEPENDENCE

Previous studies of the Rashba SOI in hole magnetic fo-
cusing used a top gate voltage (VTG) to change the Rashba
SOI magnitude [19]. This technique is limited in the range of
Rashba SOI magnitude that can be accessed, and also changes
multiple factors of the Rashba SOI term [see Eq. (1)] as Ez,
k, and �HH-LH all depend on VTG. Here we instead fix VTG

and create a large change in the Rashba SOI by preparing
two samples with different interface symmetry. One sample
uses a 15 nm (100) GaAs/Al0.33GaAs0.67 quantum-well (QW)
heterostructure with a square-well like 2D confining potential
(wafer W713). The other is a (100) GaAs/Al0.33GaAs0.67 sin-
gle heterojunction (SHJ) which creates a triangular confining
potential (wafer W640). Changing from a QW to a SHJ with
a fixed VTG reduces the 2D confinement, decreasing �HH-LH

without causing a large change in k and Ez. From Eq. (1),
the SHJ device (smaller �HH-LH) will have a larger Rashba
SOI term and therefore larger focusing peak splitting. The
SHJ device will also have a larger difference in effective mass
between the spin subbands.
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FIG. 2. Comparison of sample heterostructures. (a) Heterostructure of the QW sample and resultant band edge. (b) Heterostructure and
band edge of the SHJ sample. (c) A comparison of the first HH subband dispersion for both samples. Calculated with a 6 × 6 k · p solver
(NEXTNANO) at n2D = 1.5 × 1011 cm−2 (QW) and n2D = 1.92 × 1011 cm−2 (SHJ).

In order to observe clear magnetic focusing peaks, it
is important to have a clean, high mobility 2D system.
To achieve this, both heterostructures are undoped with an
overall top gate used to induce holes in the 2D system.
This results in high mobility (QW = 760 000 cm−2/V s and
SHJ = 600 000 cm−2/V s) and a long mean free path (QW =
5.3 µm and SHJ = 4.2 µm) for both focusing samples. Metal
split gates are used to define QPCs with lithographic di-
mensions of 300 × 300 nm, which are used as injection and
detection points for the focused holes. To minimize any influ-
ence of spin polarization [5,7] or lateral QPC biasing [11], all
QPCs are biased symmetrically to the G = 2e2/h conductance
plateau. All measurements are performed in a He dilution
system at a base temperature of 20 mK.

Figure 2 compares the wafer structure and resultant con-
fining potentials for the QW (a) and SHJ (b) samples. The
left side of each panel is the wafer structure around the
2D interface, while the right side shows the resulting band
edge found using a Schrodinger-Poisson solver (NEXTNANO

[31]). The E (k) dispersion relations of both samples are also
calculated using NEXTNANO at a similar 2D density to the
experimental data. This calculation uses a 6 × 6 k · p solver
and includes contributions from Rashba SOI terms but does
not include Dresselhaus SOI terms. Figure 2(c) shows the
spin split first HH subbands for both samples, with a clear
difference in k between the HH+ and HH− subbands at
E = 0 (horizontal dashed line). It is this difference in k
that results in a splitting of the first focusing peak in both
samples.

There is a significantly larger splitting visible for the SHJ
sample at EF (horizontal dashed line), which leads to an
increase in the focusing peak spacing. There is also a large
difference in the curvature of the HH+ and HH− subbands.
The difference in curvature of the E (k) dispersion results in a
spin-dependent effective mass, which can also be detected in
a focusing measurement.

Figure 3 compares focusing in the QW and SHJ samples
over the same focusing diameter (800 nm). Starting with the
QW sample [Fig. 3(a)], we observe a clear spin-split focusing
peak in positive B, with higher order peaks also observed. No
splitting of higher order peaks is observed due to spin-flip
reflections from the boundary [12,32]. Vertical dashed lines
indicate the position of the spin-split first focusing peaks. In
the opposite B polarity the holes are focused away from the

collector QPC and only Shubnikov–de Haas oscillations are
visible.

The same measurement is repeated on a lithographically
identical sample, fabricated on the SHJ wafer as shown in
Fig. 3(b). This measurement was performed at the same
VTG as the QW sample, resulting in a slightly higher hole
density (n2D = 1.89 × 1011 cm−2 vs 1.57 × 1011 cm−2). The
increased Rashba SOI in the SHJ sample results in focus-
ing peaks which are further apart than the QW sample. The
focusing peaks in Fig. 3(b) are also significantly smaller in
amplitude than those in the QW sample, with the higher field
peak attenuated and broader compared to the lower field peak.
Typically such a difference in amplitude of spin-resolved fo-
cusing peaks is interpreted as a change in the spin polarization
[5,7]. However, here the spin polarization should be approx-
imately equal as both QPCs are biased to the G = 2e2/h
plateau to transmit both spin states.
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FIG. 3. Spin-split magnetic focusing with different interface
symmetry. Red is focusing in a 15-nm quantum well with weaker
Rashba spin orbit (n2D = 1.57 × 1011 cm−2). Black is focusing in a
single heterojunction with stronger Rashba spin orbit at the same VTG

(n2D = 1.89 × 1011 cm−2). Dashed vertical lines indicate the spacing
of the 800-nm QW focusing peaks. x axis in the bottom panel has
been scaled by the ratio of n2D to account for the difference in density.
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FIG. 4. Focusing over different diameters in the QW sample. The
focusing diameter is varied from 800 nm (a) to 3100 nm (c). The
x-axis range of each panel has been chosen based on the focusing
diameter. The vertical dashed lines indicate the position of the spin-
resolved focusing peaks in the 800-nm trace. Panel (a) has been
reproduced from Fig. 3(a).

To determine if the change in peak amplitude in the SHJ
sample is instead related to an increase in scattering, the decay
of focusing peak amplitude is measured over a range of focus-
ing diameters. The device geometry of both focusing samples
allows focusing to be measured for a range of focusing di-
ameters (d = 800, 2300, and 3100 nm). By measuring the
change in peak amplitude as a function of focusing diameter,
the scattering length of each of the spin peaks can be found
[26,27].

First, the focusing diameter dependence of the peak ampli-
tude is measured on the QW sample. Figure 4 shows focusing
measured on the QW sample for all three focusing diameters.
To allow for easy comparison between the focusing lengths,
the B axis range of each plot has been chosen based on the
ratio of the focusing diameters. This should result in vertical
alignment of the same focusing peaks across each diameter.
Vertical dashed lines indicate the position of the spin-split
focusing peaks in Fig. 4(a) (focusing diameter = 800 nm). As
the focusing diameter is increased from 800 nm [Fig. 4(a)]
to 2300 nm [Fig. 4(b)] there is good agreement in B location
between all of the peaks. Multiple higher order peaks can be
observed, with the amplitude of the higher order peaks similar
to the spin-split focusing peaks, indicating specular reflections
from the boundary between the injector and detector QPCs.
The spin-split focusing peaks can also be clearly resolved, and
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FIG. 5. Focusing comparison for the SHJ sample. Focusing over
a diameter of 800 nm (a), 2300 nm (b), and 3100 nm (c). The x-
axis range has been chosen to allow direct comparison of focusing
peaks. Vertical dashed lines indicate the position of the spin-resolved
focusing peaks for the 800-nm focusing diameter. Panel (a) has been
reproduced from Fig. 3(b).

align with the peaks in Fig. 4(a) as indicated by the vertical
dashed lines. The spin-split focusing peaks also have a similar
amplitude, indicating an equal population of both spin states
(i.e., no spin polarization). As the focusing diameter is further
increased to 3100 nm [Fig. 4(c)], the effects of scattering
begin to dominate the focusing signal. The amplitude of the
first focusing peak is significantly reduced and both spin peaks
can no longer clearly be resolved.

In Fig. 5 focusing is measured in the SHJ sample for the
same three focusing diameters (800, 2300, and 3100 nm).
Once again, the x-axis range of each panel has been cho-
sen based on the focusing diameter, and the vertical dashed
lines indicate the position of the spin-split focusing peaks in
Fig. 5(a). The HH− peak is narrow and large in amplitude,
while the HH+ peak is significantly lower in amplitude and
broader. The spacing of the peaks has also increased com-
pared to the QW sample [Fig. 4(a)], as expected for a larger
Rashba SOI magnitude. As the focusing diameter is increased
from 800 nm [Fig. 5(a)] to 2300 nm [Fig. 5(b)], multiple
changes can be observed. First, the amplitude of all focusing
peaks decreases with the increase in focusing path length.
In particular, the HH+ spin peak becomes very broad and
low in amplitude. In comparison, the HH− spin-split peak
is higher in amplitude and narrower, and both spin peaks
have superimposed interference structure as the QPC width
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is of the same order as the Fermi wavelength (λF � 60 nm)
[12,20,33,34]. The HH− spin peak displays a structure similar
to a spin-split focusing peak; however, this splitting is too
small to be caused by spin. The structure on the HH− peak
is most likely due to an interference effect, as similar (but
smaller amplitude) oscillations are visible on the low B side
of the peak, a characteristic signature of interference due to
diffraction in focusing [12,34]. Finally, as the focusing diam-
eter is increased to 3100 nm [Fig. 5(c)] the amplitude of the
HH+ and HH− peaks is further reduced, with the HH+ peak
barely resolved due to scattering.

The significantly lower amplitude of the HH+ spin-split
peak in Fig. 5 is consistent with the larger effective mass of
this spin band [see Fig. 2(c)]. Assuming the scattering time is
the same, the larger effective mass should result in a shorter
scattering length for the HH+ spin state. As the total path
length traveled by both spin states is the same, being fixed by
the focusing geometry, a shorter scattering length will result
in more scattering for the HH+ state and hence a lower ampli-
tude of the corresponding HH+ focusing peak. Since focusing
measurements are exponentially sensitive to scattering effects
[26,27,35], a change in scattering rate can be the dominant
cause of the amplitude change, rather than a change in the spin
polarization. In induced GaAs 2D hole systems, this scattering
is typically caused by background impurities and interface
roughness [36,37], as there are no intentional dopants to cause
additional scattering.

IV. SCATTERING LENGTH

To understand the suppression of the HH+ peak in the SHJ
focusing sample, we extract the scattering length of both spin
peaks and compare this to the scattering length extracted from
Shubnikov–de Haas oscillations. The amplitude of focusing
peaks decays exponentially as the focusing path length is
increased:

RFocus ∝ Ae−πd/2l , (2)

where l is the small-angle scattering length [26,27,35] and d
is the focusing diameter. By fitting a double Gaussian to the
spin peaks for each focusing diameter, the amplitude of the
peaks can be found as a function of path length.

Figures 6(a)–6(c) show the results of a double Gaussian
fit to the SHJ focusing peaks for all focusing lengths. The
amplitude of the spin-split peaks as a function of focusing path
length is plotted on the semilogarithmic axes in Fig. 6(d). A
straight line fit to the data in Fig. 6(d) allows the scattering
length for each of the spin peaks to be found (l+ and l−). It
is difficult to directly compare the scattering lengths found
from focusing to a mean free path for two reasons. First,
focusing measurements require the holes to travel through
a narrow detector QPC, where even small scattering events
can be sufficient to prevent a hole from reaching the detector.
Second, the value of the scattering length found from focusing
is sensitive to the choice of background resistance used for
the peak fitting. However, the ratio of the scattering lengths
is independent of the background resistance. From the linear
fits in Fig. 6(d), Eq. (2) can be used to find the scattering
length for each spin state (l+ and l−). From this we find that
l+/l− = 0.77 ± 0.01.
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FIG. 6. Focusing decay length for the SHJ sample. (a)–(c) Gaus-
sian fits to the spin-split focusing peaks on the SHJ sample for all
focusing diameters. (d) Fit to the amplitude of each spin peak with
error bars showing the fit uncertainty. From this we can obtain the
scattering length for each spin.

Finally, the ratio of the scattering lengths is compared
to a ratio found from Shubnikov–de Haas oscillations. The
scattering length is given by l ∝ vFτ , where τ is the scattering
time. Assuming that τ is constant for both spin states, the ratio
of vF (i.e., v+/v−) can be used to predict the ratio of l+/l−.
The ratio of v+/v− can be found from the ratio of the densities
of the spin states (n+/n−) since

v+
v−

= n+
m+

m−
n−

= k+m−
k−m+

.

Assuming the subbands are approximately parabolic this
expression can be simplified to

l+
l−

= v+
v−

=
√

n−
n+

.

The values of n+ and n− were found from measurements
of the frequency of Shubnikov–de Haas oscillations on the
same sample ( f = nh/e). From this n+ = 1.21 × 1011 cm−1

and n− = 0.68 × 1011 cm−1 which gives a predicted ratio
of l+/l− = 0.75, almost identical to the measured value of
l+/l− = 0.76.

The good agreement between the predicted and measured
ratios of l indicates that the increased scattering of one spin
state is the likely cause of the difference in peak amplitude
observed in the SHJ focusing sample.

There are some potential limitations of the scattering anal-
ysis in this work. The assumption of equal scattering times
between the spin states may not be adequate, depending on
the difference in m∗. Previous calculations of the effects of
scattering in GaAs hole systems show some dependence on
the effective mass [36,37]; however, these do not consider the
effects of multiple spin subbands. Extending these calcula-
tions to multiple subbands is possible [38] but is outside the
scope of this work. Additionally, in this work we have only
considered effects of the Rashba spin-orbit interaction. This
technique could also be extended to other k3 spin-orbit terms
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such as those caused by Dresselhaus spin-orbit interactions.
While these terms are expected to be small in (100) GaAs [39],
comparison with focusing in less symmetric heterostructures
[such as (311) GaAs] may allow for contributions from Dres-
selhaus spin-orbit interactions to be extracted from focusing.

V. CONCLUSIONS

In this work we have investigated magnetic focusing with
a large change in the magnitude of the Rashba spin-orbit
interaction. We observed an attenuation of one of the spin
peaks that is typically associated with a change in spin po-
larization. Here we have instead shown that the difference
in peak amplitude is consistent with a difference in effective
mass and hence scattering rate between the spin chiralities.

This result indicates that care must be taken when associating
the amplitude of focusing peaks to spin polarization in hole
systems with k3 spin-orbit interaction.
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