
ABSTRACT: Spectroscopic measurements in real Majorana nanowires exhibit some features that cannot be explained by 
simple theoretical models, such as zero-energy pinning of the lowest-energy modes or quantum dot-like behaviour. In this 

work, we show that these features could be explained taking into account the interaction with the bound charges which arise in 
the electrostatic environment of these nanowires. They make Majorana states more stable under magnetic and electrostatic 

perturbations, and they may also lead to the formation of quantum dots at the edges of the nanowires.

2. MODEL
They could be explained including the self-

consistent mean field interaction…

…between the nanowire charge density ρ(x) and 
the bound charges which arise in the electrostatic 

environment

We assume that the dielectrical permittivity of the SC 
shell is finite. The kernel of the interaction Vb(x,x’) is 

obtained using the electrostatic image charge method. 
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The energy spectrum is solved self-consistently, searching for 
the nanowire charge density convergence…

The energy levels approaching zero energy after the 
topological transition have to come from the outer nanowire  

regions outside the topological phase.
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• The repulsive part of the
interaction suppresses the
charge entry into the
nanowire, leading to zero-
-energy pinned regions.

• The attractive interaction 
at the nanowire edges
increases the effective 
chemical potential in these 
regions. Only the central portion of the nanowire enters the 
topological phase at low fields.
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5. SUMMARY AND CONCLUSIONS
• The interaction with the electrostatic environment could 

explain some of the anomalous experimental features.
• The repulsive part of the interaction produces zero-energy 

pinning and makes Majorana modes more stable under 
magnetic and electrostatic perturbations.

• Quantum Dots are naturally built at the nanowire edges 
due to the attractive interaction created by the leads.

• Both features could help control Majorana qubits.
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Ĥ0 =

✓
~2k2

x

2m
� µ

◆
�0 + ↵�

y

k
x

+ V
Z

�
x

�
⌧
z

+��
y

⌧
y
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Fig. 3. Tunneling spectra for intermediate density in few-ABS regime.
(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.
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Figure 3 | Majorana peak splitting. a, Super-gate dependence of the quantized ZBP in device 
A at 0.9 T. As the super-gate increases the chemical potential, the ZBP-height is nearly 
quantized before it splits. The tunnel-gate voltage is adjusted simultaneously when sweeping 
the super-gate voltage, to compensate for the cross coupling and keep the transmission roughly 
constant. Lower panel shows the zero-bias line-cut, and the right panels show vertical line-cuts 
at gate voltages indicated by the corresponding colour bars. Switches in the colour maps are 
due to charge jumps in the gate dielectric. b, Oscillatory behaviour of the ZBP splitting, where 
the two black arrows point at the peak splitting regions. c, Simulation also shows oscillatory 
splitting as a function of chemical potential. The Zeeman field is fixed at VZ = 1 meV.       
 

M.T.Deng et	al.,	Science	354,	1557	(2016) H.Zhang et	al.,	arXiv:1710.10701	(2017)

14 
 

 

Figure 3 | Majorana peak splitting. a, Super-gate dependence of the quantized ZBP in device 
A at 0.9 T. As the super-gate increases the chemical potential, the ZBP-height is nearly 
quantized before it splits. The tunnel-gate voltage is adjusted simultaneously when sweeping 
the super-gate voltage, to compensate for the cross coupling and keep the transmission roughly 
constant. Lower panel shows the zero-bias line-cut, and the right panels show vertical line-cuts 
at gate voltages indicated by the corresponding colour bars. Switches in the colour maps are 
due to charge jumps in the gate dielectric. b, Oscillatory behaviour of the ZBP splitting, where 
the two black arrows point at the peak splitting regions. c, Simulation also shows oscillatory 
splitting as a function of chemical potential. The Zeeman field is fixed at VZ = 1 meV.       
 

1560 23 DECEMBER 2016 • VOL 354 ISSUE 6319 sciencemag.org SCIENCE

Vg2,g3 (V)
54 6 7

V
sd

 (m
V

)
V

sd
 (m

V
)

V
sd

 (m
V

)
V

sd
 (m

V
)

0.4

0.0

0.0

0.0

0.0

0.80

-0.4
0.4

-0.4
0.2

-0.2
0.2

-0.2

B = 0 T

B = 0.4 T

B = 1.2 T

B = 1.4 T

12

11

Vg2,g3 (V)

V
g1

(V
)

54 6 7

10-210-6

QD Wire

g1

g1 g2, g3

0.0

0.0

0.0

0.3
0.0 0.2

-0.3

-0.3

dI/dV (e2/h)dI/dV (e2/h)
V

sd
 (m

V
)

V
sd

 (m
V

)

0.3

0.00 0.15

0.00 0.08

V
sd

 (m
V

)

0.3

-0.3

B (T)
0 1 2

0.60

0.30

0.30

B = 0 T

dI/dV (e2/h) δ

Fig. 3. Tunneling spectra for intermediate density in few-ABS regime.
(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.
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Fig. 3. Tunneling spectra for intermediate density in few-ABS regime.
(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.
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Fig. 3. Tunneling spectra for intermediate density in few-ABS regime.
(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.

RESEARCH | RESEARCH ARTICLES

 o
n 

Ja
nu

ar
y 

9,
 2

01
7

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

2

V	
	(m

V)

1560 23 DECEMBER 2016 • VOL 354 ISSUE 6319 sciencemag.org SCIENCE

Vg2,g3 (V)
54 6 7

V
sd

 (m
V

)
V

sd
 (m

V
)

V
sd

 (m
V

)
V

sd
 (m

V
)

0.4

0.0

0.0

0.0

0.0

0.80

-0.4
0.4

-0.4
0.2

-0.2
0.2

-0.2

B = 0 T

B = 0.4 T

B = 1.2 T

B = 1.4 T

12

11

Vg2,g3 (V)

V
g1

(V
)

54 6 7

10-210-6

QD Wire

g1

g1 g2, g3

0.0

0.0

0.0

0.3
0.0 0.2

-0.3

-0.3

dI/dV (e2/h)dI/dV (e2/h)

V
sd

 (m
V

)
V

sd
 (m

V
)

0.3

0.00 0.15

0.00 0.08

V
sd

 (m
V

)

0.3

-0.3

B (T)
0 1 2

0.60

0.30

0.30

B = 0 T

dI/dV (e2/h) δ

Fig. 3. Tunneling spectra for intermediate density in few-ABS regime.
(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.
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Fig. 3. Tunneling spectra for intermediate density in few-ABS regime.
(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.
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(A) A schematic of device 1 showing the gating configuration for a combined
gate voltage sweep. g1 and g2,g3 are capacitively coupled to both the dot and
the nanowire. (B) Conductancemeasured at Vsd = 0mV, Vbg = –7 V, and B = 0,
as a function of Vg1 and Vg2,g3 (the gate map). g2 and g3 are connected to the
same voltage source. The high-conductance lines indicated by red arrows are
the resonant levels in the end dot. The dot can be used as a cotunneling
spectrometer if the gate sweeping is kept inside the Coulomb blockade valley
and parallel to the resonant level. (C to F) Tunneling spectra at various

magnetic fields as a function of the combined gate voltage, measured along
the red line in (B). The energy of the ABSs is strongly dependent on gate
voltages. (G to I) B-Vsd sweeps at different gate voltages, corresponding to
the triangle, square, and circle in (C) to (F), respectively. Depending on gate
voltages, the ABSs in the wire showdifferentmagnetic field evolution, from a
splitting behavior (G) to nonsplitting behavior (I). Arrows in (G) to (I) indicate
the first excited ABSs, and d in (H) is defined as the residual gap—the energy
of the first excited state around topological phase transition, caused by the
finite-size effect.
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Fig. 4. Stable zero-energy states measured on other devices. (A) SEM
images of device 2, in which local bottom gates are used. The hybrid wire
section is 1.5 mm long. (D) SEM image of device 3, with the hybrid wire
section length around 2 mm long. (B and E) Subgap states evolution in
magnetic field, measured on device 2 and device 3, respectively. In both
plots, stable zero-energy states arising from a pair of ABSs can be seen.

(B) is measured at Vg1 = –600 mV, Vg2 = –1840 mV, and Vg3 = 5 V, and (E) is
measured at Vg1 = 3720 mV, Vg2 = Vg3 = –5850 mV, and Vbg = –8 V. (C and
F) Gate voltage–dependence measurements of subgap states for device 2
and device 3, respectively. Both measurements are taken by following the
isopotential lines of the hybrid wires in one of their end-dot Coulomb
blockade valleys.
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1. INTRODUCTION AND MOTIVATION
The effective Hamiltonian for a Majorana nanowire …

…do not describe properly some observed experimental features 
observed in dI/dV measurements, like zero-energy pinned regions and 
energy levels approaching zero energy after the topological transition.

3. RESULTS

4. FIXED ELECTROSTATIC POTENTIAL 
MODEL

A fixed electrostatic potential with the shape of two quantum 
wells also creates regions in the nanowire that become 

topological for different VZ…

It creates two quantum dots at the nanowire edges that 
reproduce qualitatively the results.

e

14 
 

 

Figure 3 | Majorana peak splitting. a, Super-gate dependence of the quantized ZBP in device 
A at 0.9 T. As the super-gate increases the chemical potential, the ZBP-height is nearly 
quantized before it splits. The tunnel-gate voltage is adjusted simultaneously when sweeping 
the super-gate voltage, to compensate for the cross coupling and keep the transmission roughly 
constant. Lower panel shows the zero-bias line-cut, and the right panels show vertical line-cuts 
at gate voltages indicated by the corresponding colour bars. Switches in the colour maps are 
due to charge jumps in the gate dielectric. b, Oscillatory behaviour of the ZBP splitting, where 
the two black arrows point at the peak splitting regions. c, Simulation also shows oscillatory 
splitting as a function of chemical potential. The Zeeman field is fixed at VZ = 1 meV.       
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