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Magnetic Quantum Wire at the Cross-over between Magnetic and Electric Edge State
Transport

We report on a magnetic quantum wire defined by a lateral split magnetic gate which applies a
notch magnetic field profile to a two-dimensional electron gas. By tuning the electrostatic potential
on the gate, we are able to control the overlap of current carrying magnetic edge states and electric
edge states on the scale of the magnetic length. At the cross-over, the conductivity is enhanced
by inter-Landau level scattering and exhibits a phase slip associated with the change in density of
states. This regime is observed above a critical magnetic field allowing energy gaps to form between
magnetic minibands. The magnetic potential affects dissipation in the 2D-bulk through the ratio of
magnetic miniband width to the Landau level broadening. The different transport regimes are well
explained by quantum perturbation theory that includes both diffusive and collisional conductivities.

Spatially varying magnetic fields in two-dimensional
electron gases (2DEGs) have revealed a plethora of novel
physical effects including electrically driven spin reso-
nance [1–3], spin filtering [4–7], current channelling
[8–11], magnetic tunnelling barriers and quantum wells
[12–19] and helical magnetic ordering underpinned by
Chern numbers [20]. Inhomogeneous magnetic fields
support one-dimensional states that drift perpendicular
to gradients of magnetic field and have quantized con-
ductance [21, 22]. Within the Landauer-Büttiker theory,
edge states carry the chemical potential of the source and
sink current contacts along equipotential lines [23, 24].
The suppression of backscattering in edge channels gives
rise to zero resistance plateaux and to the quantization of
the Hall resistance. Because magnetic edge states form
in the 2D-bulk, they do not experience diffuse boundary
scattering hence can form equipotential lines more ro-
bust than those of electrostatic edge states. Edge state
robustness is also determined by the ability to carry the
current injected into a Hall bar which is related to the
breakdown of the Quantum Hall Effect [25]. The cur-
rent per edge channel I = evD/(4πlb) is proportional to
the electron drift velocity vD which in the case of mag-
netic edge states is quenched as cycloid orbits morph into
stationary cyclotron orbits at high magnetic field. Mag-
netic and electrostatic edge states are therefore expected
to contribute differently to quantum transport.

In this paper, we study quantum transport in a quan-
tum wire bound by both electrostatic and magnetic
edges. We tune the overlap of electrostatic and mag-
netic edge wavefunctions with a ferromagnetic split gate
which applies both electrostatic and magnetic potentials
to the 2DEG. At the crossover of electric and magnetic
edges, the conductivity is enhanced by elastic scattering
between different Landau levels. The collisional conduc-
tivity amplifies magneto-resistance oscillations. A phase
slip is observed as the peaks of density of states switch
from the centre of magnetic minibands to Landau lev-
els. A qualitative change in conduction through magnetic
minibands is observed when the cyclotron energy ~ωc and
the miniband width ∆n are equal. When ~ωc < ∆n,
magnetic minibands partially overlap. The change in
overlap driven by the external magnetic field modulates
the density of states at the Fermi level and produces low
amplitude oscillations in the magnetoresistance. When

FIG. 1. (a) Schematics of the hybrid wire. The stray mag-
netic field emanating from the cobalt split gate modulates
the 2DEG with perpendicular vector component Bm(y). The
central region where Bm ≤ 0 is Lm = 274nm wide. The gate
potential controls the separation between electrostatic edges
Le(Vg) via the depletion layer. (b) Scanning electron micro-
graph image of the device. d = 200nm, h = 80nm, z0 = 30nm

~ωc > ∆n, gaps open between magnetic minibands caus-
ing large amplitude magnetoresistance oscillations. The
ratio of the magnetic miniband width to Landau level
broadening is also found to control dissipation in the 2D-
bulk. We model the cross-over regime using quantum
perturbation theory [26, 27].

We synthesized a shallow Al0.33GaAs/GaAs hetero-
junction to achieve large amplitude magnetic modula-
tions from the stray magnetic field of micro-magnets fab-
ricated on the surface. A δ-doped layer Si: 4× 1013cm−2

was inserted half-way through the Al0.33GaAs spacer
to create excess carriers. The 2DEG was 30nm below
the surface. The mobility and electron density were re-
spectively µ = 3.0 ± 0.03 × 105cm2.V−1.s−1 and ns =
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5.3 ± 0.025 × 1011cm−2 at 4K. Devices were fabricated
from narrow Hall bars 2µm wide. Voltage probes were
separated by 18µm. The transverse electrostatic and
magnetic potentials were applied by a cobalt split gate
which we fabricated at the centre of the Hall bar us-
ing a combination of precision electron beam lithography
and magnetron sputtering (Fig.1). The gate separation
d = 200nm was nominally constant along 18µm long Hall
channel. As a result, the lateral potential was effectively
one dimensional and depended on the y-coordinate only.
A large homogeneous magnetic field Ba was applied

to the 2DEG to quantize orbital motion. This field also
magnetized the gate to saturation which created poles
of the top and bottom surface of the split gate. These
poles induced loops of stray magnetic field which closed
through the gate gap and produced the notch-like mag-
netic field profile Bm(y) in Fig.1(a). This profile was
calculated from the superposition principle noting that
the pole distribution in Fig.1(a) is equivalent to that of
an infinite film overlayed with an opposite magnetized
stripe that fills the gap between the gates:

Bm(y) = −µ0

2π

(
f+
0 (y)− f−

0 (y)− f+
h (y)− f−

h (y)
)

(1)

where f±
z (y) = arctan y±d/2

z0+z [11, 26, 28]. The centre of
the channel has a Lm = 274nm wide strip over which the
modulation field is negative. This strip is bounded by
magnetic field gradients which confine electrons to open
orbit trajectories. These orbits carry counterpropagat-
ing currents on each side of the central strip along the
x-direction and form magnetic edge states. The four-
terminal resistance was measured at 1.3K in the Hall bar
geometry of Fig.1(b). The probe current was I = 100nA
(13Hz) and the resulting voltage was measured using
lock-in detection.
The gate was biassed with potential Vg to deplete the

2DEG. The weaker screening of the gate potential at the
etched boundaries allowed us to gradually deplete the
2DEG driving the electrical edge from the edge of the
channel into the 2D-bulk. The electrical width Le(Vg) is
plotted against the gate bias in Fig.2(a) (symbols). The
depletion region (red shaded) begins to recede from the
etched boundary at Vg = −0.4V. This figure is in agree-
ment with the gate bias ∆Vg = e(z0+z̄)∆ns/ε = −0.35V
required to deplete the 2DEG through capacitive charg-
ing ∆ns = −5.3×1011cm−2. z̄ = 9.5nm is distance of the
2DEG from the GaAs/AlGaAs interface estimated using
the Fang-Howard model. At Vg ≈ −1.7V, the depletion
layer crosses over the magnetic wire boundary (dashed
lines in Fig.2(a)) into the central strip with negative mag-
netic modulation. At this point Le = Lm. More negative
gate biases have the effect of depopulating magnetic edge
channels as Le < Lm. When Vg ≤ −1.8V, the current
flow is confined to a constant magnetic field region at the
centre of the central strip. The dependence of Le on Vg

was inferred from quasi-ballistic phenomena at low mag-
netic field. These include magneto-size effects and the

FIG. 2. (a) Dependence of the electrical channel width on the
gate bias estimated from magnetosize effects (hollow squares)
and the zero-field resistance (dots). The depleted region
(red-shaded) crosses over the Bm = 0 lines (dashed lines)
at Vg ≈ −1.7V. (b) Quantized energy spectrum for channel
widths Le = 1100nm, 600nm and 274nm in external mag-
netic field Ba=2T. Quantum probability densities of mag-
netic edge states (red) and electric edge states (blue) at the
Fermi level and semi-classical trajectories. At the crossover
Le = Lm = 274nm, magnetic minibands are replaced with
electrostatic edge subbands centred on Landau levels.

zero field resistance both of which show a strongly de-
pendence on gate bias. Firstly, the position of the resis-
tance peak associated with the backscattering of ballistic
trajectories increases from 0 to 0.43T as the channel nar-
rows (Fig.3(a)). The dependence of the electrical width

of the channel was calculated as Le(Vg) = 0.55
~kF (Vg)
eBp(Vg)

where kF =
√
2πns(Vg) and Bp(Vg) is the peak posi-

tion. This dependence is shown as the square symbols in
Fig.2(a). Secondly, the dependence Le(Vg) was extracted
from measurements of the zero-field resistance R0 which
increases 40-fold as Vg decreases from 0 to -2.4V. We cal-

culated the channel width as Le(Vg) = Le(0)
ns(0)R0(0)

ns(Vg)R0(Vg)

taking into account the dependence of electron concentra-
tion ns = −0.494Vg+5.35 extracted from the ν = 2 min-
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FIG. 3. (a) Magnetoresistance as a function of gate bias. The
zero field resistance increases 40-fold and the resistance peak
due to size effects moves to higher magnetic field (shaded re-
gion) as the channel width decreases . (b) Magnetoresistance
plots from Vg = −1.0V to -2.2V in increments of -0.2V. The
four regimes of magneto-oscillations referred to in the text as
a, b,c, c’. Inset: channel cross-section depicting electric and
magnetic edge states.

imum (Supplementary information). This dependence is
shown by the dots in Fig.2(a) and is in very good agree-
ment with the one estimated from size effects. Fig.2(b)
plots the quantized energy subbands in the hybrid wire
as a function of the centre of oscillator y0 as this varies
from the centre of the wire to the electric edge. Magnetic
and electrostatic edge states are form in different parts
of the wire as evidenced by the two regions with finite
group velocity. Magnetic subbands are centered in the
magnetic field gradients at y0 = ±Lm/2 whereas electro-
static edge states form at y0 = ±Le/2. As Le decreases
toward Lm the wavefunction of magnetic and electro-
static edge states begins to overlap (Fig.2(b)). This over-
lap occurs between Le = 600nm (Vg = −0.9V) to 274nm
(Vg = −1.8VV) over a distance which comparable to
the decay of edge state wavefunctions at the Fermi level,
≈ 5lb nm (60nm at Ba = 2T). Magnetic edge conduction
stops when all magnetic minibands are depleted. This
is shown in the density of states plots in Fig.2(b) where
magnetic minibands are replaced with 1D-bands centered
on Landau levels.

The gate bias dependence of the magnetoresistance
in the crossover region is plotted in steps of -0.2V in
Fig.3(b). Magnetoresistance oscillations exhibit a phase
slip at Vg = −1.8V as magnetic minibands are depleted
and conduction switches from magnetic (b) to electro-
static edge states (c′). A phase slip is observed because
the magnetic and electrostatic densities of states peak
at different energies - see Fig.2(b). The width of the
magnetic miniband at the Fermi level, ∆n, is 15% of the

FIG. 4. Energy subbands and density of states calculated
at Ba = 1T, 1.5T, and 2T. At low magnetic field Ba < 1.5T,
magnetic minibands overlap at the Fermi level (horizontal red
line). At Ba ≥ 1.5T gaps open between magnetic minibands
at the Fermi level yielding magnetoresistance oscillations of
higher amplitude.

Fermi energy. This is independent of Ba, and therefore
allows the effects of the magnetic modulation to be ob-
served at quantizing magnetic fields when Ba ≫ Bm.
At low magnetic field, ~ωc < ∆n, magnetic minibands
overlap. The external magnetic field changes miniband
overlap causing the peaks in density of states to occur al-
ternatively on Landau levels and at the centre of Landau
gaps. The density of states exhibits even-odd oscilla-
tions which have been studied by Shi et al. [26, 29] and
give the low amplitude magnetoresistance oscillations la-
belled a in Fig.3(b). Once the external magnetic field
is sufficiently large that ~ωc > ∆n, gaps open at the
Fermi level. The non overlapping magnetic subbands
induce the large amplitude resistance oscillations b as
they cross the Fermi level. The progressive opening of
minigaps is shown in the densities of states calculated at
Ba = 1.0T, 1.5T and 2.0T in Fig.4. The magnetic field
at which gaps open at the Fermi level is Bab =

√
BmBF

where BF = ~k2F /2e. Using Bm = 0.26T , we obtain
Bab = 1.5T. This value is in excellent agreement with
the the transition between oscillations a and b observed
in Fig.3(b). When Ba > 2.8T, beat oscillations are ob-
served which are activated by making Vg more negative
and which we label c. We ascribe transition from b to c to
the quenching of conduction through magnetic subbands.
The guiding centre drift of magnetic edge states decays
as vmx = (2vF /π)/(1 + 2B/Bm). This has the effect of
quenching the diffusive conductivity through magnetic
subbands σxx

m ∼ (vmx )2. This is in contrast to the guid-
ing centre drift of skipping orbits at electrostatic edges,
vex = (2vF /π), which is independent of the magnetic field.
We therefore interpret oscillations c as the depopulation
of electrostatic edge states. The qualitative difference be-
tween edge states c and c′ is their location in the sample.
The former are at |y| > Lm/2 the latter at within the
magnetic wire |y| > Lm/2.

The magnetic potential modifies the picture of energy
dissipation in quantum Hall systems. Fig.5 shows that
the resistance at the ν = 2 minimum remains finite until
the depletion edge begins to recede from the etched chan-
nel boundary. A true zero-resistance minimum develops
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FIG. 5. (a) Gate bias dependence of the magnetoresistance
peak between the ν = 2 and ν = 4 minima. (b) Dissipation
model showing 1⃝ Intra-Landau level scattering, 2⃝ activated
hopping over magnetic barrier ∆n, 3⃝ Inter-Landau level scat-
tering. VH is the Hall voltage.

when the gate bias drops below Vg < −0.4V. As the gate
bias decreases from -0.4V to -1.4V, the resistance peak
associated with the depopulation of the ν = 4 minima at
8T is completely quenched. This leaves a small resistance
peak at 6.5T. The observation of zero resistance minima
in the depleted wire confirms that the smooth potentials
of depleted boundaries induce less backscattering than
etched boundaries. The peak at 8T occurs before edge
channels are established and collisional processes in the
2D bulk dominate. Transport is diffusive as the wire
length is 5 times larger than the mean free path in the
2D-bulk, 3.6µm. In this regime the magnetoresistance is
proportional to the scattering rate which is highest when
the density of states at the Fermi level is maximum. This
occurs when the energy minimum of the n = 1 band at
y = 0 crosses the Fermi level (Fig.5(b)). The extra mag-
netic field required to align the bottom of the band to
the Fermi level explains the 8T resistance peak. The
6.5T resistance peak occurs as the n = 1 edge channels
are depopulated and current lines spread from the edges
into the 2D-bulk. This involves sequential intra-Landau
level hopping processes 1⃝ and 2⃝ in Fig.5(b) when the
Landau level n = 1 aligns with the Fermi level. At low
temperature, the activation of hopping processes of type
2⃝ is unlikely. Transitions of this type can however occur
because the quantum scattering rate Γ = 0.6meV (esti-
mated from Landau level broadening at Vg < −1.8V ) is
only marginally smaller than the width of the magnetic
band band ∆n = 0.78meV. The quenching of dissipation
by the magnetic potential at the centre of the wire there-
fore explains the 4-fold decrease in resistance amplitude
from Vg = 0V to -1.4V.
The wire conductivity was modelled using quantum

perturbation theory [26, 27] to provide a quantitative ex-
planation of experimental features. We calculated the
bound state energies εn(kx) and wavefunctions φ(y) in
the wire by solving Schrödinger’s equation:

[
− ∂2

∂ȳ2
+

(y0 +Ax(y)/Ba)
2

l2b
+ V̄ (ȳ)

]
φn = εn(y0)φn

(2)

where y0 = kxl
2
b is the centre of oscillator, lb =

√
~/(eBa)

the magnetic length, ȳ = y/lb the dimensionless posi-
tion, εn(kx) = 2m∗En(kx)l

2
b/~2, energy, and V̄ (ȳ) =

2m∗V (y)l2b/~2 electrostatic potential. The total mag-
netic field was (0, 0, Ba + Bm(y)). The vector potential
was calculated as:

Ax(y) = −Bay −
∫ y

−∞
dy′Bm(y′) (3)

The electrostatic potential a rectangular potential well of
variable width:

V (y) =

{
V0 if |y| ≥ Le(Vg)/2
0 if |y| < Le(Vg)/2

(4)

and constant height V0 = 700meV determined by the
Fermi level pinning potential [30]. The bound states
energies and wavefunctions were calculated by solving
Schrödinger’s equation numerically using a relaxation
method [31]. The resulting energy dispersion curves
En(y0) are plotted in Figs.2 and 4. We introduced
Gaussian broadening of Landau levels Γ to model intra-
Landau level scattering. The density of states was ob-
tained as:

D(E) =
m∗
π~2

~ωc

∑
n,y0

1

Γ
√
π
exp−

(
E − En(y0)

Γ2

)
(5)

The resistivity components were calculated from the
conductivity tensor as: ρxx = σyy/(σxxσyy − σxyσyx),
ρyy = σxx/(σxxσyy − σxyσyx), σxy = −σyx = −ωcτ/(1 +
ω2
cτ

2) where τ = ~/Γ (≈ 1.1ps) is the quantum scatter-
ing time and σ0 = nse

2τm/m∗ where τm = 11ps is the
mobility scattering time. Within the quantum perturba-
tion theory of Shi et al. [26, 27] the conductivity includes
a diffusive component σd and a collisional component σc:

σ
d
xx =

β2

AΓ
√
π

∑
n,y0

∫
dE exp−

(
E − En(y0)

Γ

)2

τv
2
xf(E)(1 − f(E))

(6)

where β = 1/kBT and f(E) is the Fermi-Dirac function.
The diffusion conductivity dominates at low tempera-
ture. Collisional processes also contribute when elastic
scattering is allowed between centres of oscillator located
within a few magnetic lengths of each other. This situa-
tion is realised for intra-Landau level hopping described
by type 3⃝ scattering in Fig.5(b). Type 3⃝ inter-Landau
level scattering is normally negligible. However, near the
cross-over, the distance between electric and magnetic
centres of oscillator becomes of the order of the mag-
netic length. As a result, the ratio γ = |ym0 − ye0|2/(2l2b)
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FIG. 6. Calculated magnetoresistance oscillation showing
regimes a, b, c and c’ and their transition boundaries.

becomes of the order of the unity. The scattering rate
W (n−1, ym0 → n, ye0) ∝ e−γ increases dramatically which
increases the amplitude of oscillations b. The calculated
contributions were calculated and plotted in Fig.6.

In summary, our work completes the Landauer-
Büttiker picture of quantum transport by clarifying the
contribution of magnetic edge channels in the 2D bulk
of a Hall bar. We have shown that magnetic miniband
transport dominates the conductivity up to 2.8T above
which magnetic breakdown occurs when the drift veloc-
ity becomes too small to carry the injected current. At
the cross-over between electrostatic and magnetic edges,
inter-Landau level scattering adds a collisional compo-
nent to the conductivity which manifest as an enhance-
ment of magneto-resistance oscillations. Phase slippage
in the magneto-resistance oscillation provides further evi-
dence of a transition from magnetic to electrostatic mini-
band transport.
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