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Abstract
We use spatial spin separation by a magnetic focusing technique to probe the polarization of
quantum point contacts. The point contacts are fabricated from p-type GaAs/AlGaAs
heterostructures. A finite polarization is measured in the low density regime, when the
conductance of a point contact is tuned to <2e2 / h . Polarization is stronger in samples with a
well defined ‘0.7 structure’.
(Some figures in this article are in colour only in the electronic version)

quantized plateau at 0.7g0 in the absence of a magnetic field
in n-GaAs [5], n-GaN [11] and p-GaAs QPCs pose a serious
challenge to our understanding of 1D conductors.
Phenomenologically, the observed structure can be
explained if one assumes the existence of static spin
polarization at zero magnetic field and confinement-dependent
spin splitting of the spin subbands [12]. The well-known
Lieb–Mattis theorem forbids polarization in 1D systems [13],
albeit that it excludes materials with spin- or velocitydependent forces, such as spin–orbit (SO) interactions. Some
theories suggest possible deviation from this theorem in a
realistic channel with finite width [14–16]. Recently, it
has been pointed out that temperature and bias dependence
of differential conductance around the 0.7g0 plateau are
similar to the Kondo phenomena, thus suggesting dynamic
spin polarization [7, 17–19]. Alternative theories assume
no polarization and attribute the phenomena to electron–
phonon interactions [20] or formation of a Wigner crystal [21].
Thus, experimental measurements of spin polarization should
provide the most direct method to distinguish between different
possibilities for the microscopic origin of the ‘0.7 structure’.

1. Introduction
Mesoscopic systems exhibit a range of non-trivial spinrelated phenomena in the low density regime, where interparticle Coulomb interactions become comparable to their
kinetic energy. In zero-dimensional systems spontaneous
polarization of a few electron quantum dots leads to a spin
blockade [1–3], a remarkable effect where mismatch of a single
spin blocks macroscopic current flow. In two-dimensional
hole gases there is experimental evidence of a finite spin
polarization even in the absence of a magnetic field [4].
In one-dimensional systems—quantum wires and quantum
point contacts—a puzzling so-called ‘0.7 structure’ has been
observed below the first quantization plateau [5]. Experiments
suggest [5–8] that an extra plateau in the conductance versus
gate voltage characteristic at 0.7 × 2e2 / h is spin related.
However, the origin of the phenomenon is not yet understood
and is highly debated.
Quantization of ballistic conductance G in integer
multiples of g0 = 2e2 / h is a fundamental property of 1D
systems [9, 10], which originates from the exact cancelation of
velocity and the 1D density of state. Each energy level below
the Fermi energy inside a 1D channel contributes 0.5g0 to the
total conductance. An extra factor of two accounts for the spin
degeneracy. Strong magnetic fields can lift the degeneracy; in
this case quantization in multiples of 0.5g0 is observed. This
single-particle result is robust even in the presence of electron–
electron interactions because they preserve the center-of-mass
velocity of the scattered electrons. Thus, observation of a
0953-8984/08/164212+07$30.00

2. Spin separation and detection by magnetic
focusing
Magnetic focusing of ballistic carriers has been used to
investigate properties of Fermi surfaces in metals [22–24] and
semiconductors [25]. Using this method, the existence of
1

© 2008 IOP Publishing Ltd Printed in the UK

J. Phys.: Condens. Matter 20 (2008) 164212

L P Rokhinson et al

(a)

(b)

Figure 1. (a) Schematic of magnetic focusing. (b) Origin of the
voltage across the detector point contact.

Figure 2. Schematic of energy dispersion with and without
spin–orbit (SO) interactions.

new quasiparticles in fractional quantum Hall effect regime—
composite fermions—has been verified [26]. Later the method
has been used to spatially separate carriers with opposite
spins [27]. The method resembles mass spectrometry and
requires ballistic transport of carriers between two collinear
injector and detector contacts, figure 1(a). The carriers,
injected from an injector contact, are bent in the direction
of the collector by an external magnetic field, when contact
separation equals integer multiple of the cyclotron diameter
L = i2rc they are focused into the detector contact resulting
in a measurable voltage.
In the case of parabolic dispersion and in the absence of
f
SO interaction rc = h̄k
eB , and magnetic focusing conditions
h̄kf
, where h̄ is the reduced
will be satisfied every time B = i 2eL
√
Plank’s constant, kf = 2mf /h̄ , f is the Fermi energy, and m
and e are the carriers’ effective mass and electrical charge.
Spin–orbit interactions drastically modifies the dispersion
relation, figure 2. For simplicity, lets assume that charge
carriers in GaAs quantum well are characterized by isotropic
kinetic energy and the Dresselhaus SO interaction, so that the
Hamiltonian can be written as [28] H = 21m ( p x + γ σx )2 +
1
( p y − γ σ y )2 , where p is the electron momentum, σi are the
2m
Pauli matrices (i = x, y ), and γ is the SO parameter. Similar
results can be obtained starting with Rashba Hamiltonian. We
will also neglect anisotropy of the effective mass that do not
change the qualitative picture. In the semiclassical description,
appropriate for the range of magnetic fields B⊥ used for the
focusing, the motion is described by simple equations
d p
= e
v × B
dt

v =

Using the semiclassical limit of the quantum description, one
obtains the identical results [29, 30]. In the above equations
we ignored Zeeman contribution to the carriers energy which
should be added under the radical and leads to the lifting
of the degeneracy at k = 0. The omission is justified for
∗
∗
g⊥
μB B⊥  f , where g⊥
is a normal component of Landé
g -factor and μB is the Bohr’s magneton.
The cyclotron motion in the presence of spin–orbit
interactions is spin dependent and the focusing condition for
the first focusing peak will be satisfied for the two spin
orientations at different fields

B⊥± = 2( pf ∓ γ )/eL.

(3)

Thus, if broadening of the focusing peaks is less than their
separation B⊥+ − B⊥− = 4γ /eL each spin component of
the injector current can be measured separately. In order to
quantify the amount of polarization one can follow the analysis
of Potok et al [31]. The α Ii portion of the total injector current
Ii = Ii+ + Ii− is ballistically injected into the detector contact
when appropriate focusing conditions are met, see schematic in
figure 1(b). The excess charge flows back through the detector
point contact and generates voltage Vd = α Ii Rd (1 + Pi Pd )
across the detector. Here, Rd is the resistance of the detector
point contact and Pi and Pd are polarizations of the detector and
the injector. In the particular case of spin detection by magnetic
focusing the detector is tuned to accept both polarizations
equally, equivalent to Pd = +1 for B⊥ = B⊥+ and Pd = −1
for B⊥ = B⊥− . Thus, polarization of the injector point contact
can be determined as

∂± ( p)
dr
=
dt
∂ p

(1)
1
γ2
2
(p ± γ ) +
,
± =
2m
2m
where r, v and ± are the charge carrier coordinate, velocity
and energy for the two spin projections. This description
implies that carrier wavelength is smaller than the cyclotron
radius, and that jumps between orbits with different spin
projections are absent, i.e. f  γ p/m  h̄ωc . Equations (1)
show that the charge carrier with energy ± = f is
characterized by the spin-dependent momentum p ± , cyclotron
radius rc± and cyclotron frequency ωc± . The solution to these
equations is

p± = 2m(f − γ 2 /m) ± γ

rc± = 2m(f − γ 2 /m)/mωc±
(2)
eB⊥
ωc± =
(1 ± γ / p± ).
m

Pi(1) = (Vd+ − Vd− )/(Vd+ + Vd− ),

(4)

where Vd± are the detector voltages for the two focusing
conditions B⊥ = B⊥± . Alternatively, injector polarization
can be deduced from the analysis of each spin component
separately
Pi(2) = |Vd± /Vd±0 − 1|,
(5)
where Vd±0 are detector voltages for the case of unpolarized
injector.

3. Measurements of QPC polarization
3.1. Sample preparation
In order to resolve SO-split focusing peaks narrow injector
and detector are required. It has been noticed that atomic
2
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Figure 4. Magnetic focusing is symmetric upon field inversion and
simultaneous exchange of injector and detector contacts. Application
of differential voltage across the injector and detector QPCs makes
potential sharper, as shown schematically in the inset, and focusing
peaks narrower: solid blue (dashed magenta) lines are for
Vg2 − Vgc = 0.46 (0.37) V.

Figure 3. Magnetoresistance and layout of focusing devices. Voltage
across the detector (contacts 3 and 4) is measured as a function of
magnetic field perpendicular to the surface of the sample ( B⊥ ).
Current of 1 nA is flowing through the injector (contacts 1 and 2).
Positions of the magnetic focusing peaks are marked with arrows.
Top inset: AFM micrograph of sample A (5 μm × 5 μm). Light lines
are the oxide which separates different regions of 2D hole gas. Red
and blue semicircles show schematically the trajectories for two spin
orientations. Bottom inset: first focusing peak measured in the
presence of in-plane field B = 3.5 T with injector conductance
G i = g0 (black solid line) and G i = 1/2g0 (red dashed line).

lithographical distance between the injector and detector QPCs
L = 0.8 μm. The data is symmetric upon exchange of the
injector and detector and simultaneous reversal of the magnetic
field as shown in figure 4.
The first focusing peak is a doublet consisting of two
peaks separated by 36 mT. These peaks are the sharpest when
both QPCs are gated to pass exactly one spin-degenerate
mode (within the G = g0 conductance plateau in the QPC
characteristic). We also applied differential voltage between
the central and the side gates. Asymmetric biasing of QPCs
provides sharper confining potential (see schematic in figure 4)
and reduces the distance between the two potential minima
by L ∼ 0.07 μm. At zero in-plane magnetic field peaks
in the doublet have approximately the same height. If in
addition to the small orbital field we apply B = 3.5 T inplane magnetic field we can Zeeman-split energy levels and
fully polarize the injected current by tuning conductance of
the injector QPC to G i = 1/2g0 plateau. In this case only
one peak remains visible in the doublet, see red dashed line
in the inset in figure 3. For comparison, both peaks in the
doublet are present (the black solid line) for G i = g0 , where
both polarizations are equally present in the injected current.
Thus, the two peaks within the first focusing peak correspond
to the focusing conditions for the two orthogonal spin states in
the 2DHG and are adiabatically related to the pure spin states
inside the point contacts [27]. Thus equations (4) and (5) can
be used to analyze the injector polarization.

force microscopy local anodic oxidation technique (AFM
LAO) [32, 33] provides sharper potential compared with
electrostatic top gating. Our devices are fabricated from a twodimensional hole gas (2DHG) using an AFM LAO. Oxide lines
separate the 2DHG underneath by forming ∼200 mV potential
barriers. Several specially designed heterostructures are grown
by MBE on [113]A GaAs [34]. Despite very close proximity to
the surface (350 Å), the 2DHG has exceptionally high mobility
∼0.5 × 106 V s cm−2 . Devices are fabricated from two wafers
with hole densities p = 1.47 × 1011 cm−2 (wafer A) and
p = 0.9 × 1011 cm−2 (wafer B). For quantitative analysis we
use data collected during a single cooldown for each device,
the qualitative features are reproducible upon several thermal
cyclings.
Devices consist of two QPCs separated by a central gate,
see inset in figure 3. The potential inside the point contacts
can be controlled separately by the two side gates Vg1 and
Vg2 , or by the central gate Vgc . Magnetoresistance R(B⊥ )
is measured by applying small current through the injector
QPC (contacts 1 and 2) while monitoring voltage across the
detector QPC (contacts 3 and 4), see inset in figure 3. At
B⊥ < 0 cyclotron motion forces carriers away from the
detector. Than, only 2DHG contributes to R , which has almost
no dependence on B⊥ at low fields and shows Shubnikov–
de Haas oscillations at |B⊥ | > 0.3 T. For B⊥ > 0 several
peaks due to magnetic focusing are observed. Peaks separation
B ≈ 0.18 T is consistent with the expected value for the

3.2. ‘0.7 structure’ in p-GaAs QPC
Conductance of point contact QPC1 is plotted in figure 5 as a
function of the gate voltage Vg1 . At zero field (leftmost curve)
3
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Figure 6. Differential conductance g = d I /dV is measured as a
function of dc bias Vbias across the QPC1. Gate voltage Vg1 is fixed in
the middle of the 0.7 × 2e2 / h plateau at T = 25 mK and
B = Vbias = 0. In (a) B = 0 and T = 25, 140, 190, 250, 340 and
930 mK, in (b) T = 25 mK and B changes between 0 and 4 T in
steps of 0.5 T. Zero-bias anomaly is the strongest at the lowest T and
B = 0 and is suppressed as T and/or B increases. (c) and (d) B and
T dependence of g at Vbias = 0.

Figure 5. Conductance of the injector QPC1 G i is plotted as a
function of the gate voltage Vg1 for in-plane magnetic fields
0 < B < 8 T at temperature T = 50 mK. Curves offset
proportionally to B ; the leftmost is B = 0. Inset: AFM micrograph
of a sample (3.3 μm × 3.3 μm). The direction of B is indicated by
the arrow.

plateaus with conductance quantized at g0 and 2g0 are clearly
observed. In addition, an extra plateau can be seen at
G ∼ 0.7g0 and, less developed, at G ∼ 1.7g0 . When an
in-plane magnetic field B is applied, the 0.7g0 and 1.7g0
plateaus gradually shift toward 0.5g0 and 1.5g0 , saturating for
B > 4 T. This gradual decrease is different from the abrupt
appearance of half-integer plateaus for higher energy levels. In
that case plateaus become more prominent as Zeeman splitting
increases, but conductance values of the plateaus do not change
with B , consistent with the single-particle picture.
Another signature of ‘0.7 structure’ is the anomalous
nonlinear differential conductance g = d I /dV . A distinct
peak in g versus dc bias Vbias has been reported in electron
QPCs [7]. Nonlinear conductance in our hole device is
analyzed in figure 6. Indeed, there is a well developed zerobias peak at the lowest T = 25 mK and B = 0. The peak
is suppressed if T or B are increased. g(T ) and g(B ) at
Vbias = 0 are plotted in figures 6(c) and (d). A zero-bias
peak and its suppression by T and B is a hallmark of Kondo
phenomena. Landé factor g ∗ ≈ 0.3 in the point contact is too
small to result in a detectable Zeeman splitting of the zero-bias
anomaly in our samples.

Figure 7. Polarization detection via magnetic focusing. (a) Voltage
across the detector QPC2 is measured as a function of perpendicular
magnetic field ( B⊥ ). Current of 0.5 nA is flowing through the
injector QPC1. Positions of the first two magnetic focusing peaks are
marked with vertical lines. Trajectories of the ballistic holes for
positive and negative B⊥ are shown schematically in the insets.
(b) The first focusing peak is measured at different injector
conductances with the detector tuned into the middle of the 2e2 / h
plateau. The curves are vertically offset by −0.4 μV relative to the
top one. The G = 0.66g0 curve is also plotted without an offset (red
dashed line). (c) Gate voltage characteristic of QPC1, vertical lines
mark positions where curves in (b) are taken.

3.3. Static polarization of ‘0.7 structure’
Experimentally, it is possible to clarify the origin of ‘0.7
structure’ by measuring polarization of carriers emerging
from the QPC using magnetic focusing technique discussed
above. Dependence of the first focusing peak on the injector
conductance is shown in figure 7(b). The top curve is measured
with conductance of both QPC1 and QPC2 being tuned into the
first quantized plateau G = g0 . Both peaks have approximately
the same value, consistent with the expectation that at G = g0

there are two fully transmitting spin states below the Fermi
energy. We fix the detector QPC2 at G d = g0 to allow both
spin states to be detected and gradually reduce conductance of
the injector QPC1 to G i < g0 . As G decreases, height of
4
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Figure 8. Polarization of the injector QPC1 as a function of
conductance G i determined using equations (4) and (5).

the high- B peak within the first focusing peak decreases, while
height of the low- B peak increases. This indicates that the
two subbands with opposite spins are not equally populated at
G < g0 and, thus, there is a finite polarization of holes injected
from QPC1. Polarization of the injector QPC is extracted
using equations (4) and (5) and is plotted in figure 8. Note
that polarization due to Zeeman splitting of spin subbands in
an external magnetic field is too small to be detected in our
experiments, g ∗ μB B⊥ ≈ 6 μeV  kB T, eVac . Also, we do not
expect hyperfine interaction to play significant role since the
leading contact Fermi term is absent for holes.
We conducted several tests to insure that the extracted polarization is not dominated by disorder-mediated fluctuations.
The reported data was reproducible over several thermal cyclings to room temperature (six for the sample in figure 7).
Switching injector and detector with simultaneous reversal of
magnetic field results in almost identical magnetic focusing
data. Pi(2) , calculated from each peak at the same B using
(1)
equation (5) is consistent with the Pi calculated from both
peaks B = 30 mT apart but at the same gate voltage, equation (4), see figure 8. While changes in the field and gate voltage are comparable with the period of mesoscopic fluctuations
in similar structures, the agreement between the two measurements indicates that the observed polarization of 30–40% for
G i < g0 is real and is not a result of spurious mesoscopic
effects. Asymmetric gating of the point contact shifts the conducting channel in space and, thus, allows us to scan through
the underlying disorder potential [35]. Changing Vgc − Vg1
by 90 mV shifts the channel by ≈7 nm, while the correlation
length for the disorder inside a 1D channel in a similar but
higher mobility electron samples was measured ≈2 nm. In our
sample this shift also translates into an extra half-flux quanta
being inserted inside the focusing trajectory. Experimentally,
the peak heights remain the same as we laterally shift the injector channel (although peaks become slightly broader), see
figure 4. Finally, peak height is sensitive to the in-plane magnetic field (see inset in figure 3), which is expected for spin
subbands but not for mesoscopic fluctuations. Thus, our experiments provide a direct measurement of finite polarization in
point contacts.

Figure 9. Polarization in samples with no well defined ‘0.7
structure’. (a) and (c) Conductance of injector QPCs for two samples.
(b) and (d) The first focusing peak is plotted for fixed G d = 2e2 / h
and G i as indicated in the labels (in units of 2e2 / h ). Vertical lines in
(a) and (c) mark positions where the corresponding curves in (b) and
(d) are taken. Curves in (b) and (d) are offset for clarity.

3.4. Finite polarization in the absence of ‘0.7 structure’
Appearance of a plateau around 0.7g0 requires substantial
energy splitting between the two spin subbands, comparable
to or larger than the level broadening. In many QPCs, though,
this condition is not met and there is no extra plateau below g0 .
The question remains whether there is still a finite polarization
below the first quantized plateau. We investigated several
QPCs with no ‘0.7 structure’, see figure 9. Samples are
fabricated from different wafers A (left panel) and B (right
panel). Injector QPCs in both devices have well defined first
quantized plateau at 2e2 / h but no ‘0.7 structure’. Magnetic
focusing signal is measured with the detector QPC fixed at
G d = g0 . At G i = g0 the first focusing peak is split in
two peaks of similar height, with both spin subbands being
populated. As G i is decreased below g0 one of the peaks
becomes suppressed while the other enhances, similar to the
device with well defined ‘0.7 structure’. Polarization Pi
increases gradually from 0 to ∼15% as G i decreases from 1g0
to 0.2g0 ; polarization for this sample is plotted in figure 10
and is approximately twice lower than in the device with
‘0.7 structure’. We conclude that polarization of QPCs near
the onset of the conduction is a rather generic property and
appearance of the ‘0.7 structure’ is an extreme indicator of such
polarization when spin gap becomes large enough to result in
a measurable feature in the gate voltage characteristic.
The two devices in figure 9 have different crystallographic
orientations and, thus, different angles between the momentum
of the injected carriers and the internal SO field ( Ii [233] and
Ii [011] for the samples on the left and right panels) which,
presumably, results in a different peak being suppressed. For
the device to work as a spin detector it is sufficient that each
spin state in a QPC adiabatically maps on one of the chiral
5
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Figure 10. Polarization of the injector in the sample from figure 9 as
a function of conductance G i determined using equations (4) and (5).

states in the adjacent 2D gas, which has been checked by
application of a strong Zeeman field as discussed in [27]. The
exact mapping conditions are the subject of ongoing research.

4. Conclusions
In conclusion, we present an experimental investigation of
‘0.7 structure’ in p-type QPCs with a new twist: a direct
measurement of spin polarization. Using a newly developed
spin separation technique we determine the polarization of
holes injected from a QPC into an adjacent 2D gas. The
technique is sensitive to static polarization, which is found
to be as high as 40% in samples with well defined ‘0.7
structure’; some polarization has been measured in all point
contacts below the first plateau. This result questions the
Kondo interpretation as an origin of ‘0.7 structure’, which
is incompatible with a finite static polarization. The ‘0.7
structure’ in p-type QPCs shows all the essential features
reported for n-type QPCs, such as gradual evolution into
0.5g0 plateau at high in-plane magnetic fields, survival at
high temperatures, gradual increase toward 1.0g0 at low
temperatures, and zero-bias anomaly, which is suppressed by
either temperature increase or application of a magnetic field.
The similarities between p-type and n-type QPCs suggest that
the underlying physics responsible for the appearance of ‘0.7
structure’ should be the same.
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