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Fig. 6. Optical micrograph of a multichannel quantum Hall device [T. Shimizu et al., Phys. Rev. B 102, 235302 
(2020)] performed according to our proposal [V. Giovannetti, F. Taddei, D. Frustaglia, and R. Fazio, Phys. Rev. B 
77, 155320 (2008)].  
 
 
 
 

 
 
 
Fig. 7. Representation of an arborescent circuit for the sequential measurement of the expectation value 〈"#$〉 
with compatible observables " = '(⨂'*, # = '*⨂'( y $ = '+⨂'+, used in state-independent contextuality tests 
for two itinerant qubits. The red elements represent 50% beam splitters. [D. Frustaglia et al., Phys. Rev. Lett. 116, 
250404 (2016)]. Simplified versions of this circuit will be implemented in electron quantum optics with multichannel 
quantum Hall systems based on recent developments (see Fig. 6). 
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been reported by Deviatov et al. with use of current
imbalance[24–26], and by Karmakar et al. with use of
periodic magnetic gates[27, 28].
In this article, we present experimental results on uni-

tary operations of FSQ in spin-polarized QHECs in the
above scheme with electrostatic gates. In the view of
eq.(2), a rotation in the zenith angle corresponds to a
tunneling between spin-polarized QHECs. It is shown
that this can be achieved by a sharp bending of the edge
line. At such a corner, an angular momentum in the edge
orbital emerges, and the Landau-Zener type tunneling
brings about a rotation in the zenith angle. The rate of
the Landau-Zener tunneling depends on the sharpness of
the corner. With the addition of a thin gate to change
the sharpness, we show that the zenith angle can be con-
trolled more simply.

II. EXPERIMENTAL METHOD

Figures 1(a)-(c) describe the experimental setup in
three different ways for a two-dimensional electron sys-
tem (2DES) in the spin-split quantum Hall regime. For
simplicity, the filling factor ν is chosen to 2 in the fig-
ure, though the region of ν = 4 was mostly used in the
present experiment. Figure 1(a) is a schematic of wave-
propagation paths, (b) shows the gate-electrode configu-
ration for realizing them, and (c) illustrates a blowup of
down edges of side-gates (SL, SR) and center gate (C)
along with the propagation paths in (a). The sample
edges have two QHECs for ν = 2, and here we call them
channel 1 and channel 2, in which spins are locked to ↑
and ↓ respectively. Then we can write wave packet on
them as |1〉 |↑〉 and |2〉 |↓〉, where |1〉 and |2〉 are normal-
ized wavefunctions of the orbital part.
Let us trace a wave packet which is emitted from the

right electrode. Beneath the Gate L and Gate R, the
filling factors νL and νR are tuned to 1, and only channel
1 goes through them[29, 30]. Hence, the incidence wave
packet in Fig.1(a) can be written as |ψ1〉 |↑〉. Channels
1 and 2 meet at the lower right corner edge of gate SR,
where a partial transfer occurs through a local SOI due to
the orbits wraparound the sharp corner. This scattering
process is written as

|1〉 |↑〉 → |Φ〉
SR

= t11R |1〉 |↑〉+ t12R |2〉 |↓〉 , (3)

where tijR are complex transmission coefficients of the
processes |i〉 → |j〉 at the right corner satisfying the
unitary condition |t11R|2 + |t12R|2 = 1 due to the per-
fect chirality of QHEC. Hence they can be written as
t11R = cos θ/2 and t12R = eiφ0 sin θ/2, where θ reflects
the amplitude ratio of partial waves, and φ0 is the phase
difference between t1R and t2R. Thus |Φ〉

SR
is prepared

in the form of |Φ〉 in (2).
In QHEC, the orbital part of the wave function in

the single-electron picture is written as a quasi-one-
dimensional plane wave in real space representation[31],
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FIG. 1. (a) Schematic diagram of the “quantum circuit” for
electron wave packets (red and blue circles with arrows indi-
cating spins), with an illustration of Bloch sphere description
of an FSQ. (b) Optical micrograph of the sample with the
external circuit illustration. The orange regions are metallic
gates, three of which are annotated. The 2DES substrate is
trimmed at the white dashed lines. (c) illustrates a hybridiza-
tion of (a) and (b) around the lower ends of gate SL, C, and
SR.

ψi(r) ∝ exp(ikix) exp

[

−
(y − yi)2

2l2

]

, (4a)

yi = −l2ki, (4b)

where l(=
√

!/eB, B being the magnetic field) is the
magnetic length, i is the channel number, x axis direction
is taken as along the one-dimensional channel, and yi
is the guiding center position. In the edge states, ψi

accommodates propagating wave packet |i〉. |i〉 travels
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FIG. S6: Schematic representation of the circuit tree network used to measure h↵��i for testing �, Eq.(3). All path segments

have equal length and the beam splitters work as indicated in Fig. 2 (b). Schemes corresponding to any other correlator are

arranged in a similar manner.

TABLE S1: Experimental values of � for eleven di↵erent classical microwave states.

Input state �

| 1i = |00i 5.93(14)

| 2i = |01i 5.93(17)

| 3i = |10i 5.94(14)

| 4i = |11i 5.93(21)

| 5i = 1p
2
(|00i+ |11i) 5.93(21)

| 6i = 1p
2
(|00i � |11i) 5.93(22)

| 7i = 1p
2
(|01i+ |10i) 5.94(20)

| 8i = 1p
2
(|01i � |10i) 5.91(24)

| 9i = 1

2
(|00i+ |01i+ |10i+ |11i) 5.93(22)

| 10i = 1

2
(|00i � |01i+ |10i+ |11i) 5.90(44)

| 11i = 0.83 |00i+ 0.56 ei0.52⇡|11i 5.93(44)
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Fig. 1. Representation of a mesoscopic spin interferometer, built on a 2DEG housed in a semiconductor 
heterostructure. The Rashba spin-orbit interaction results in a coupling of the electronic spin with an effective radial 
magnetic field (blue), perpendicular to the electronic momentum (red) and to the ring's plane. As it propagates, the 
electronic spin cannot follow the radial field adiabatically, defining a conical texture characterized by the angle θ. 
The geometric spin phase is proportional to the solid angle subtended by the conical texture, while the dynamic 
phase is proportional to the projection of the cone on the plane. The situation gains in complexity and possibilities 
when an additional magnetic field is introduced (e.g., on the plane of the ring) and/or the geometry of the 
interferometer changes (e.g., elliptical or polygonal circuits). [Viewpoint: The ABC of Aharonov Effects, K. Richter, 
Physics 5, 22 (2012), http://physics.aps.org/articles/v5/22]. 
 
 
 

 
Fig. 2. (a) Low-eccentricity elliptical circuit subjected to a Rashba spin-orbit interaction. The propagating spin 
carriers experience a coplanar effective magnetic field (blue), perpendicular to the circuit at each point. (b) Our 
preliminary (unpublished) results indicate that the spin carrier dynamics in (a) is equivalent to that of spin carriers 
in a circular Rashba circuit subjected to an additional Dresselhaus spin-orbit interaction (red), the intensity of which 
is proportional to the eccentricity of the ellipse. This suggests the possibility of creating synthetic spin-orbit 
interactions by geometric means. We will study this problem by following a perturbative approach. On a second 
stage, we will apply non-perturbative methods to address the high-eccentricity case.      
 
 
 

 
Fig. 3. (a) Polygonal circuit subjected to a Dresselhaus (110) spin-orbit interaction. The propagating spin carriers 
experience an effective magnetic field in the vertical direction, pointing upwards (blue) or downwards (red) 
depending on the carriers' momentum and the circuit's section. Despite the discontinuity of the effective field at 
vertices 1 and 3, the spin quantization axis remains constant (vertical). The introduction of a coplanar Zeeman field 
B (b) turns vertices 1 and 3 into spin scatterers due to the misalignment of the effective fields. This basic design will 
be our starting point for studying a switching mechanism that, to date, remains unexplored in the literature.  
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Fig. 4. (a) Euclidean and non-Euclidean surfaces. (b) Poincaré disk representing a regular heptagonal tessellation 
of the hyperbolic plane of constant curvature. The edge of the disk corresponds to points infinitely far from any other 
internal point. (c) Finite network representing some basic characteristics of the Poincaré disk. [I. Boettcher et al., 
Phys. Rev. A 102, 032208 (2020)]. 
 
 
 

 
 
Fig. 5. Left: Regular triangular 1D circuits on a sphere. Triangle (1) is nearly Euclidean, while triangles (2) and (3) 
are definetely non-Euclidean. The red arrow represents a conserved itinerant spin in the absence of spin-orbit 
coupling. Top right: Mapping of the triangular circuits on the Euclidean plane. Triangle (1) remains the same. The 
mapping of triangles (2) and (3) requires quadrilateral circuits and the introduction of in-plane Rashba (blue) and 
perpendicular Dresselhaus 110 (orange) spin-orbit fields accounting for geometric connection and holonomy. 
Bottom right: Quantum networks representing an hemisphere and a full sphere based on triangular tessellations 
(blue: Rashba wires; orange: Dresselhaus 110 wires). The orange wires are identified with the poles of the 
(hemi)sphere and periodic boundary conditions apply along the horizontal direction. The introduction of additional 
fields would represent perturbations on the curvature of the sphere. The study of the spectral and transport 
properties of these quantum networks is the starting point of our research line on non-Euclidean spaces. Hyperbolic 
spaces (see Fig. 4) will be addessed in a second stage.  
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Fig. 4. (a) Euclidean and non-Euclidean surfaces. (b) Poincaré disk representing a regular heptagonal tessellation 
of the hyperbolic plane of constant curvature. The edge of the disk corresponds to points infinitely far from any other 
internal point. (c) Finite network representing some basic characteristics of the Poincaré disk. [I. Boettcher et al., 
Phys. Rev. A 102, 032208 (2020)]. 
 
 
 

 
 
Fig. 5. Left: Regular triangular 1D circuits on a sphere. Triangle (1) is nearly Euclidean, while triangles (2) and (3) 
are definetely non-Euclidean. The red arrow represents a conserved itinerant spin in the absence of spin-orbit 
coupling. Top right: Mapping of the triangular circuits on the Euclidean plane. Triangle (1) remains the same. The 
mapping of triangles (2) and (3) requires quadrilateral circuits and the introduction of in-plane Rashba (blue) and 
perpendicular Dresselhaus 110 (orange) spin-orbit fields accounting for geometric connection and holonomy. 
Bottom right: Quantum networks representing an hemisphere and a full sphere based on triangular tessellations 
(blue: Rashba wires; orange: Dresselhaus 110 wires). The orange wires are identified with the poles of the 
(hemi)sphere and periodic boundary conditions apply along the horizontal direction. The introduction of additional 
fields would represent perturbations on the curvature of the sphere. The study of the spectral and transport 
properties of these quantum networks is the starting point of our research line on non-Euclidean spaces. Hyperbolic 
spaces (see Fig. 4) will be addessed in a second stage.  
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Fig. 4. (a) Euclidean and non-Euclidean surfaces. (b) Poincaré disk representing a regular heptagonal tessellation 
of the hyperbolic plane of constant curvature. The edge of the disk corresponds to points infinitely far from any other 
internal point. (c) Finite network representing some basic characteristics of the Poincaré disk. [I. Boettcher et al., 
Phys. Rev. A 102, 032208 (2020)]. 
 
 
 

 
 
Fig. 5. Left: Regular triangular 1D circuits on a sphere. Triangle (1) is nearly Euclidean, while triangles (2) and (3) 
are definetely non-Euclidean. The red arrow represents a conserved itinerant spin in the absence of spin-orbit 
coupling. Top right: Mapping of the triangular circuits on the Euclidean plane. Triangle (1) remains the same. The 
mapping of triangles (2) and (3) requires quadrilateral circuits and the introduction of in-plane Rashba (blue) and 
perpendicular Dresselhaus 110 (orange) spin-orbit fields accounting for geometric connection and holonomy. 
Bottom right: Quantum networks representing an hemisphere and a full sphere based on triangular tessellations 
(blue: Rashba wires; orange: Dresselhaus 110 wires). The orange wires are identified with the poles of the 
(hemi)sphere and periodic boundary conditions apply along the horizontal direction. The introduction of additional 
fields would represent perturbations on the curvature of the sphere. The study of the spectral and transport 
properties of these quantum networks is the starting point of our research line on non-Euclidean spaces. Hyperbolic 
spaces (see Fig. 4) will be addessed in a second stage.  
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Fig. 4. (a) Euclidean and non-Euclidean surfaces. (b) Poincaré disk representing a regular heptagonal tessellation 
of the hyperbolic plane of constant curvature. The edge of the disk corresponds to points infinitely far from any other 
internal point. (c) Finite network representing some basic characteristics of the Poincaré disk. [I. Boettcher et al., 
Phys. Rev. A 102, 032208 (2020)]. 
 
 
 

 
 
Fig. 5. Left: Regular triangular 1D circuits on a sphere. Triangle (1) is nearly Euclidean, while triangles (2) and (3) 
are definetely non-Euclidean. The red arrow represents a conserved itinerant spin in the absence of spin-orbit 
coupling. Top right: Mapping of the triangular circuits on the Euclidean plane. Triangle (1) remains the same. The 
mapping of triangles (2) and (3) requires quadrilateral circuits and the introduction of in-plane Rashba (blue) and 
perpendicular Dresselhaus 110 (orange) spin-orbit fields accounting for geometric connection and holonomy. 
Bottom right: Quantum networks representing an hemisphere and a full sphere based on triangular tessellations 
(blue: Rashba wires; orange: Dresselhaus 110 wires). The orange wires are identified with the poles of the 
(hemi)sphere and periodic boundary conditions apply along the horizontal direction. The introduction of additional 
fields would represent perturbations on the curvature of the sphere. The study of the spectral and transport 
properties of these quantum networks is the starting point of our research line on non-Euclidean spaces. Hyperbolic 
spaces (see Fig. 4) will be addessed in a second stage.  
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Fig. 6. Optical micrograph of a multichannel quantum Hall device [T. Shimizu et al., Phys. Rev. B 102, 235302 
(2020)] performed according to our proposal [V. Giovannetti, F. Taddei, D. Frustaglia, and R. Fazio, Phys. Rev. B 
77, 155320 (2008)].  
 
 
 
 

 
 
 
Fig. 7. Representation of an arborescent circuit for the sequential measurement of the expectation value 〈"#$〉 
with compatible observables " = '(⨂'*, # = '*⨂'( y $ = '+⨂'+, used in state-independent contextuality tests 
for two itinerant qubits. The red elements represent 50% beam splitters. [D. Frustaglia et al., Phys. Rev. Lett. 116, 
250404 (2016)]. Simplified versions of this circuit will be implemented in electron quantum optics with multichannel 
quantum Hall systems based on recent developments (see Fig. 6). 
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been reported by Deviatov et al. with use of current
imbalance[24–26], and by Karmakar et al. with use of
periodic magnetic gates[27, 28].
In this article, we present experimental results on uni-

tary operations of FSQ in spin-polarized QHECs in the
above scheme with electrostatic gates. In the view of
eq.(2), a rotation in the zenith angle corresponds to a
tunneling between spin-polarized QHECs. It is shown
that this can be achieved by a sharp bending of the edge
line. At such a corner, an angular momentum in the edge
orbital emerges, and the Landau-Zener type tunneling
brings about a rotation in the zenith angle. The rate of
the Landau-Zener tunneling depends on the sharpness of
the corner. With the addition of a thin gate to change
the sharpness, we show that the zenith angle can be con-
trolled more simply.

II. EXPERIMENTAL METHOD

Figures 1(a)-(c) describe the experimental setup in
three different ways for a two-dimensional electron sys-
tem (2DES) in the spin-split quantum Hall regime. For
simplicity, the filling factor ν is chosen to 2 in the fig-
ure, though the region of ν = 4 was mostly used in the
present experiment. Figure 1(a) is a schematic of wave-
propagation paths, (b) shows the gate-electrode configu-
ration for realizing them, and (c) illustrates a blowup of
down edges of side-gates (SL, SR) and center gate (C)
along with the propagation paths in (a). The sample
edges have two QHECs for ν = 2, and here we call them
channel 1 and channel 2, in which spins are locked to ↑
and ↓ respectively. Then we can write wave packet on
them as |1〉 |↑〉 and |2〉 |↓〉, where |1〉 and |2〉 are normal-
ized wavefunctions of the orbital part.
Let us trace a wave packet which is emitted from the

right electrode. Beneath the Gate L and Gate R, the
filling factors νL and νR are tuned to 1, and only channel
1 goes through them[29, 30]. Hence, the incidence wave
packet in Fig.1(a) can be written as |ψ1〉 |↑〉. Channels
1 and 2 meet at the lower right corner edge of gate SR,
where a partial transfer occurs through a local SOI due to
the orbits wraparound the sharp corner. This scattering
process is written as

|1〉 |↑〉 → |Φ〉
SR

= t11R |1〉 |↑〉+ t12R |2〉 |↓〉 , (3)

where tijR are complex transmission coefficients of the
processes |i〉 → |j〉 at the right corner satisfying the
unitary condition |t11R|2 + |t12R|2 = 1 due to the per-
fect chirality of QHEC. Hence they can be written as
t11R = cos θ/2 and t12R = eiφ0 sin θ/2, where θ reflects
the amplitude ratio of partial waves, and φ0 is the phase
difference between t1R and t2R. Thus |Φ〉

SR
is prepared

in the form of |Φ〉 in (2).
In QHEC, the orbital part of the wave function in

the single-electron picture is written as a quasi-one-
dimensional plane wave in real space representation[31],

A
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IB

1
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VSL VC VSRIL
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FIG. 1. (a) Schematic diagram of the “quantum circuit” for
electron wave packets (red and blue circles with arrows indi-
cating spins), with an illustration of Bloch sphere description
of an FSQ. (b) Optical micrograph of the sample with the
external circuit illustration. The orange regions are metallic
gates, three of which are annotated. The 2DES substrate is
trimmed at the white dashed lines. (c) illustrates a hybridiza-
tion of (a) and (b) around the lower ends of gate SL, C, and
SR.

ψi(r) ∝ exp(ikix) exp

[

−
(y − yi)2

2l2

]

, (4a)

yi = −l2ki, (4b)

where l(=
√

!/eB, B being the magnetic field) is the
magnetic length, i is the channel number, x axis direction
is taken as along the one-dimensional channel, and yi
is the guiding center position. In the edge states, ψi

accommodates propagating wave packet |i〉. |i〉 travels
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FIG. S6: Schematic representation of the circuit tree network used to measure h↵��i for testing �, Eq.(3). All path segments
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TABLE S1: Experimental values of � for eleven di↵erent classical microwave states.

Input state �

| 1i = |00i 5.93(14)

| 2i = |01i 5.93(17)

| 3i = |10i 5.94(14)

| 4i = |11i 5.93(21)

| 5i = 1p
2
(|00i+ |11i) 5.93(21)

| 6i = 1p
2
(|00i � |11i) 5.93(22)

| 7i = 1p
2
(|01i+ |10i) 5.94(20)

| 8i = 1p
2
(|01i � |10i) 5.91(24)

| 9i = 1

2
(|00i+ |01i+ |10i+ |11i) 5.93(22)

| 10i = 1

2
(|00i � |01i+ |10i+ |11i) 5.90(44)

| 11i = 0.83 |00i+ 0.56 ei0.52⇡|11i 5.93(44)
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Fig. 6. Optical micrograph of a multichannel quantum Hall device [T. Shimizu et al., Phys. Rev. B 102, 235302 
(2020)] performed according to our proposal [V. Giovannetti, F. Taddei, D. Frustaglia, and R. Fazio, Phys. Rev. B 
77, 155320 (2008)].  
 
 
 
 

 
 
 
Fig. 7. Representation of an arborescent circuit for the sequential measurement of the expectation value 〈"#$〉 
with compatible observables " = '(⨂'*, # = '*⨂'( y $ = '+⨂'+, used in state-independent contextuality tests 
for two itinerant qubits. The red elements represent 50% beam splitters. [D. Frustaglia et al., Phys. Rev. Lett. 116, 
250404 (2016)]. Simplified versions of this circuit will be implemented in electron quantum optics with multichannel 
quantum Hall systems based on recent developments (see Fig. 6). 
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been reported by Deviatov et al. with use of current
imbalance[24–26], and by Karmakar et al. with use of
periodic magnetic gates[27, 28].
In this article, we present experimental results on uni-

tary operations of FSQ in spin-polarized QHECs in the
above scheme with electrostatic gates. In the view of
eq.(2), a rotation in the zenith angle corresponds to a
tunneling between spin-polarized QHECs. It is shown
that this can be achieved by a sharp bending of the edge
line. At such a corner, an angular momentum in the edge
orbital emerges, and the Landau-Zener type tunneling
brings about a rotation in the zenith angle. The rate of
the Landau-Zener tunneling depends on the sharpness of
the corner. With the addition of a thin gate to change
the sharpness, we show that the zenith angle can be con-
trolled more simply.

II. EXPERIMENTAL METHOD

Figures 1(a)-(c) describe the experimental setup in
three different ways for a two-dimensional electron sys-
tem (2DES) in the spin-split quantum Hall regime. For
simplicity, the filling factor ν is chosen to 2 in the fig-
ure, though the region of ν = 4 was mostly used in the
present experiment. Figure 1(a) is a schematic of wave-
propagation paths, (b) shows the gate-electrode configu-
ration for realizing them, and (c) illustrates a blowup of
down edges of side-gates (SL, SR) and center gate (C)
along with the propagation paths in (a). The sample
edges have two QHECs for ν = 2, and here we call them
channel 1 and channel 2, in which spins are locked to ↑
and ↓ respectively. Then we can write wave packet on
them as |1〉 |↑〉 and |2〉 |↓〉, where |1〉 and |2〉 are normal-
ized wavefunctions of the orbital part.
Let us trace a wave packet which is emitted from the

right electrode. Beneath the Gate L and Gate R, the
filling factors νL and νR are tuned to 1, and only channel
1 goes through them[29, 30]. Hence, the incidence wave
packet in Fig.1(a) can be written as |ψ1〉 |↑〉. Channels
1 and 2 meet at the lower right corner edge of gate SR,
where a partial transfer occurs through a local SOI due to
the orbits wraparound the sharp corner. This scattering
process is written as

|1〉 |↑〉 → |Φ〉
SR

= t11R |1〉 |↑〉+ t12R |2〉 |↓〉 , (3)

where tijR are complex transmission coefficients of the
processes |i〉 → |j〉 at the right corner satisfying the
unitary condition |t11R|2 + |t12R|2 = 1 due to the per-
fect chirality of QHEC. Hence they can be written as
t11R = cos θ/2 and t12R = eiφ0 sin θ/2, where θ reflects
the amplitude ratio of partial waves, and φ0 is the phase
difference between t1R and t2R. Thus |Φ〉

SR
is prepared

in the form of |Φ〉 in (2).
In QHEC, the orbital part of the wave function in

the single-electron picture is written as a quasi-one-
dimensional plane wave in real space representation[31],

A

A

B

νL=1 νR=1ν

10 μm

Gate SL
Gate C Gate SR

Gate L Gate R

x

y

IL

IB

1

2

VSL VC VSRIL

IB

(a)

(b)

(c)

FIG. 1. (a) Schematic diagram of the “quantum circuit” for
electron wave packets (red and blue circles with arrows indi-
cating spins), with an illustration of Bloch sphere description
of an FSQ. (b) Optical micrograph of the sample with the
external circuit illustration. The orange regions are metallic
gates, three of which are annotated. The 2DES substrate is
trimmed at the white dashed lines. (c) illustrates a hybridiza-
tion of (a) and (b) around the lower ends of gate SL, C, and
SR.

ψi(r) ∝ exp(ikix) exp

[

−
(y − yi)2

2l2

]

, (4a)

yi = −l2ki, (4b)

where l(=
√

!/eB, B being the magnetic field) is the
magnetic length, i is the channel number, x axis direction
is taken as along the one-dimensional channel, and yi
is the guiding center position. In the edge states, ψi

accommodates propagating wave packet |i〉. |i〉 travels
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TABLE S1: Experimental values of � for eleven di↵erent classical microwave states.

Input state �

| 1i = |00i 5.93(14)

| 2i = |01i 5.93(17)

| 3i = |10i 5.94(14)

| 4i = |11i 5.93(21)

| 5i = 1p
2
(|00i+ |11i) 5.93(21)

| 6i = 1p
2
(|00i � |11i) 5.93(22)

| 7i = 1p
2
(|01i+ |10i) 5.94(20)

| 8i = 1p
2
(|01i � |10i) 5.91(24)

| 9i = 1

2
(|00i+ |01i+ |10i+ |11i) 5.93(22)

| 10i = 1

2
(|00i � |01i+ |10i+ |11i) 5.90(44)

| 11i = 0.83 |00i+ 0.56 ei0.52⇡|11i 5.93(44)
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