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Section 1. Characterization of grown InAs nanowires

Figure S1. X-ray diffraction (XRD) analysis of the grown InAs nanowires.

X-ray diffraction (XRD) analysis are performed to evaluate the epitaxial crystal quality of the 

InAs nanowires as shown in Fig. S1, which shows the XRD rocking curve of the InAs 

nanowire on Si(111) substrate plotted on a logarithmic scale. The peaks at 28.4o is assigned 

to the Si(111) substrate. The Peak appearing at 25.4o corresponds to the zincblende form of 

InAs when 100 % relaxation is assumed. The XRD peak of the InAs nanowires shows a very 

narrow full-width at half-maximum, indicating a strong homogeneity of the nanowire crystal.

24 25 26 27 28 29 30

InAs
25.4o

 

 

In
te

ns
ity

 (a
.u

.)

2(deg)

Si (111)
28.4o

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2018



Section 2. Comsol simulation
To simulate the electric potential profile of the device, we performed three-dimensional 

simulations based on finite element analysis using COMSOL Multiphysics 4.2 software (see 

Fig. S2). Here, electrostatics module was used in the consideration of electric conductivity 

and relative permittivity of materials. Figure S2a shows the simulated device geometry, 

where InAs nanowire is assumed to be a hexagonal cylinder with thickness of 70 nm. The 

distance between the source and drain contacts is 85 nm. In this calculation, to reduce the 

computation time, we assumed the thickness of the dielectric SiO2 (metal electrodes) is 50 

(80) nm, which is smaller than the actual value 300 (120) nm. Figure S2b illustrates the 

simulated electric potential profile. Figure S2c shows a slice cut of potential profile along the 

channel at the top-center (z = 120 nm, x = 75 nm) of nanowire. It shows an arch shape with 

respect to the middle of the channel, where a negative electrical potential is maximum. Under 

a relevant gate voltage condition, this leads to a sufficiently thin channel to form an effective 

two-dimensional electron gas system near the middle of the channel.

Figure S2. (a) Outline of the device for the three-dimensional finite-element method calculations of 

InAs nanowire field-effect transistor. The length (diameter) of nanowire, thicknesses of metal for 

source and drain and thickness of SiO2 are 85 (70) nm, 80 nm and 50 nm, respectively. The source 

and drain are grounded. The bottom of SiO2 layer is electrically biased as a back-gate field. (b) 

Simulated electric potential profile. (c) Slice cut of potential profile along the channel at the top-

center (z = 120 nm, x = 75 nm) of nanowire.



Section 3. Fabry-Pérot interference
With nearly transparent contacts, InAs nanowire devices have shown the Fabry-Pérot 

interference effect.1 A constructive interference can occur when an accumulated phase of 

electrons reflected by two contacts in a nanowire satisfies a condition of ,  ∆𝑘 × 2𝐿 = 2𝜋𝑛

where, is a deviation of a wave number, L a channel length, and n an integer number (see ∆𝑘 

Fig. S3). To get the energy scale of the Fabry-Pérot interference, we consider a simple 

parabolic band structure represented by , as shown in Figure S3. Here, m* is  𝐸 = ℏ2𝑘2/2𝑚 ∗

the effective mass of electron in InAs nanowires. To calculate the energy variation for , we  ∆𝑘

set a following equation: . Then, we get  with  and 
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, where  is the Fermi velocity and  is the energy scale corresponding to the 
∆𝑘 =

𝜋
𝐿 𝑣𝑓 𝐸𝐹𝑃

Fabry-Pérot interference.

Figure S3. Parabolic band diagram for calculation of the energy scale of the Fabry-Pérot interference.
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 Figure S4. (a) Conductance as a function of gate voltage (G-VG) for various temperatures of NW2 (L 

= 160 nm). At T = 5 K, the curve shows a quasi-periodic oscillation behavior, which is originated by 

the Fabry-Pérot interference. With increasing temperature, the interference effect is smeared out. (b) 

dG/dVg maps as a function of VSD and VG for L = 160 nm, 300 nm, 500 nm and 1 μm, where bright 

and dark regions indicate relatively high and low dG/dVg values, respectively. All channels show a 

checkerboard pattern representing the Fabry-Pérot interference. The energy scale of the Fabry-Pérot 

(VFP) is depicted by arrows in each panel. (c) VFP as a function of L-1, where the slope of the scattered 

points provides a value of the Fermi velocity, vF of InAs nanowire as ~9 105 m/s. This value is ×

consistent with a previous report.2

Section 4. Theory 
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In this section, we first compare various scales to validate that the top-surface region of our 

nanowires defined by the back-gate voltage is in the two-dimensional (2D) Landau level (LL) 

regime at . We next present derivations of Eq. (1) in the main text. Finally, we  𝐵 > 4 𝑇

provide a tight-binding calculation to study the interplay of the Landau level and effects of 

the finite lateral width W. 

1. Scales and regimes

Our nanowire has the diameter of 88 nm, which is larger than that (50 nm) of 

conventionally studied InAs nanowires.3,4 The following two conditions guarantee that when

, 2D LLs can be formed in the depleted region of our nanowires. (i) The magnetic  𝐵 > 4 𝑇

length  is shorter than the lateral width ; at , . 𝑙𝐵  𝑊 ~ 44 𝑛𝑚  𝐵 = 4 𝑇  𝑙𝐵 ( = ℏ/𝑒𝐵) = 13 𝑛𝑚

(ii) Time scale  for momentum kick between different one-dimensional (1D) subbands of Δ𝜏

the nanowire is much shorter than the period  of the cyclotron motion so that 𝜏𝑐 = 2𝜋/𝜔𝑐

electron motions show 2D cyclotron motion rather than 1D motion along the nanowire 

direction. Here,  is the cyclotron frequency. In our nanowire, there are about 10 subbands 𝜔𝑐

at the Fermi level , each having a quantized lateral wave vector , n =1, 2,…  𝐸𝐹  𝑘𝑛 = 𝑛𝜋/𝑊

The time for momentum kick is estimated by , where Δ𝜏 = ℏΔ𝑘𝑛/𝐹 = 𝜋/(𝜔𝑐𝑘𝐹𝑊)

 is the Lorentz force and  is the Fermi wave vector. Using 5 𝐹 = 𝑒𝑣𝐵 = ℏ𝜔𝑐𝑘𝐹 𝑘𝐹 𝐸𝐹 ~ 20 𝑚𝑒𝑉

and  we find  at .𝑚 ∗  ~ 0.025𝑚𝑒, Δ𝜏/𝜏𝑐 ~ 0.1  𝐵 = 4 𝑇

The above estimations indicate that the depleted region of our nanowire is in the regime 

of 2D LLs when . Indeed, the experimentally observed level spacing of ~ 25 meV at 4  𝐵 > 4 𝑇

T (see Fig. 2c in the main text) is certainly different from the Zeeman splitting ~4.8 meV at 4 

T (estimated with Landé g-factor ~20) and the level spacing ~7.8 meV between different 

subbands by lateral confinement with . Instead, the observed level spacing ~ 25 𝑊 ~ 44 𝑛𝑚

meV is comparable with the cyclotron energy  at 4 T. This strongly supports the ℏ𝜔𝑐

formation of 2D LLs.

Note that previous studies6,7 on nanowires considered a different regime from ours. In 

those studies, a weak magnetic field is applied so that the nanowires are in the regime of 

quasi 1D electron transport with a few subbands. The two conditions of  and 𝑙𝐵 < 𝑊

 are not satisfied in those studies.Δ𝜏/𝜏 ≪  1



2. Derivation of Eq. (1) of the main text

Electrons under the Zeeman and Rashba SOC interactions are described by the 

Hamiltonian

                    (S1)
𝐻 =

Π⃗2

2𝑚 ∗
+

1
2

Δ𝑧𝜎𝑧 +
𝛼
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where , ,  is the electron effective mass,  is the Π⃗ = �⃗� + 𝑒�⃗� �⃗� = ( ‒ 𝐵𝑦, 𝐵𝑥,0)/2 𝑚 ∗ Δ𝑧 = 𝑔𝜇𝐵𝐵

Zeeman energy,  is the Landé g-factor, and  is the Rashba SOC strength. We express the 𝑔 𝛼
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satisfying the bosonic commutator . Then,[�̂�,�̂� † ] = 1

              (S2)
𝐻 = ℏ𝜔𝑐(�̂� † �̂� +

1
2) +

1
2

Δ𝑧𝜎𝑧 ‒
𝛼
2𝑙𝐵

(�̂�𝜎 + + �̂� † 𝜎 ‒ ),

where  and  are spin ladder operators obeying commutation 𝜎 + = 𝜎𝑥 + 𝑖𝜎𝑦 𝜎 ‒ = 𝜎𝑥 ‒ 𝑖𝜎𝑦

relations  and  that are similar to those of fermionic creation and {𝜎 + ,𝜎 ‒ } ∝ 1 {𝜎 ± ,𝜎 ± } = 0

annihilation operators. We diagonalize the Hamiltonian, using its constant of motion 

. An eigenstate of  is a linear combination of , where 
�̂� = �̂� † �̂� +

1
2

𝜎𝑧 �̂� {| �𝑛 + 1, ‒ 〉,| �𝑛, + 〉}

 is an eigenstate of  with Landau-level index n and spin-z component  In the |𝑛, � ± 〉 �̂� ± .

subspace of a given , the Hamiltonian is represented as a  matrix,𝑛 ≥ 0 2 × 2

𝐻 = (𝑛 + 1)ℏ𝜔𝑐𝐼 ‒
2 𝑛 + 1𝛼

2𝑙𝐵
𝜎𝑥 +

1
2

(ℏ𝜔𝑐 ‒ Δ𝑧)𝜎𝑧,

which can be easily diagonalized. We find the eigenenergy of   as| �𝑛 = 0,1,2,…,𝜎 =± 〉
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+
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(ℏ𝜔𝑐 ‒ Δ𝑧)2.

Next, we derive Eq. (1), the eigenenergy of Hamiltonian (Eq. S2) in a sufficiently strong 

magnetic field B, treating the last term of SOC with  as a perturbation of the other terms of 𝛼

(Eq. S2). Then, the Hamiltonian is decomposed into , the bare part and the 𝐻 = 𝐻0 + 𝑉𝑆𝑂

perturbation part. The bare Hamiltonian is diagonalized as , where 𝐻0| �𝑛,𝜎〉 = 𝐸 (0)
(𝑛,𝜎)| �𝑛,𝜎〉



. The first order energy correction by the perturbation 
𝐸 (0)
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 vanishes, . So the leading-order 
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𝛼
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(𝑛,𝜎) = ⟨𝑛,𝜎│𝑉𝑆𝑂│𝑛,𝜎⟩ = 0

perturbation correction is of the second order,

𝐸 (2)
(𝑛,𝜎) = ∑

𝑚 ≠ 𝑛,  𝜎' =±
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Δ𝑆𝑂 = ‒ 𝜎Δ𝐸𝑆𝑂,

where . We then find the energy spectrum in Eq. (1) of the main text,
Δ𝑆𝑂 =

𝑚 ∗ 𝛼2

2ℏ2

                 (S4)
𝐸(𝑛,𝜎) ≈ (𝑛 +

1
2)ℏ𝜔𝑐 +

𝜎
2

Δ𝑧 ‒ 𝜎Δ𝐸𝑆𝑂.

This result is also obtained by Taylor expanding Eq. (S2) as a power series of  at . The 𝛼  𝛼 = 0

perturbation result in Eq. (S4) (namely Eq. (1) of the main text) is valid for our nanowires at 

B > 2.46 T and with small Landau level index of n = 0, 1. At B > 2.6 T, the percentage of 

deviation of the perturbation result in Eq. (S4) from the exact value from Eq. (S3) is less than 

6%, which is obtained with , , and .𝛼 = 3.6 × 10 ‒ 11𝑒𝑉 ∙ 𝑚 𝑔 = 20 𝑚 ∗ = 0.025𝑚𝑒

 We have two remarks. First, the last term of Eq. (S4), the perturbation correction, is 

interpreted as the effective Rashba SOC dressed by the Landau orbital motion and the 

Zeeman spin splitting. Second, the ground state  is special in the perturbation | �𝑛 = 0, ‒ 〉

expansion. There is no correction to the ground-state energy for all perturbation orders, since 

the ground state  satisfies . Namely, there is no | �𝑛 = 0, ‒ 〉
 

𝛼
2𝑙𝐵

(�̂�𝜎 + + �̂� † 𝜎 ‒ )| �0, ‒ 〉 = 0

contribution from the Rashba SOC to the ground state  of the bare Hamiltonian | �𝑛 = 0, ‒ 〉

describing the Landau orbital motion and the Zeeman splitting, or the effects of the Landau 

orbital motion and the Zeeman spin splitting on the dressed Rashba SOC cancel each other 

3. Numerical simulation by the recursive Green function method

In this subsection, we consider the modification of the energy spectrum in Eq. (S2) by 

effects of the finite lateral width W. To take the effects into account, we consider a tight-

binding model, discretizing the continuum Hamiltonian in Eq. (S1)
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∞

∑
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(𝐶 †
𝑛,𝑚𝑇0𝐶𝑛,𝑚 + 𝐶 †

𝑛 + 1,𝑚𝑇𝑥𝐶𝑛,𝑚 + 𝐶 †
𝑛,𝑚 + 1𝑇𝑦𝐶𝑛,𝑚 + ℎ.𝑐.),

where , , , , 𝐶 †
𝑛,𝑚 = (𝐶 †

𝑛,𝑚,↑𝐶 †
𝑛,𝑚,↓) 𝑇0 = 2𝑡0𝐼 + ∆𝑧�̂� ∙ �⃗� 𝑇𝑥 =‒ 𝑡0𝑒𝑖𝜑𝐼 + 𝑖𝑡1𝑒𝑖𝜑𝜎𝑦 𝑇𝑦 =‒ 𝑡0𝐼 ‒ 𝑖𝑡1𝜎𝑥

, , , and . We choose  𝑡0 = ℏ2/(2𝑚 ∗ 𝑎2) 𝑡1 = 𝛼/(2𝑎) 𝜑 = 𝑒𝐵𝑎2/ℏ 𝑎 = 0.5 × 10 ‒ 9 𝑚 𝑁𝑦 = 88

which corresponds to W = 44 nm. Based on this Hamiltonian and utilizing the recursive 

Green function method,9 we obtain the conductance map in Figure 4. .

We present the numerical result about the wave function of the Hamiltonian for the 

lattice of finite width W. The result is drawn in Fig. S5. As shown in the figure (see the 

region of small k), quantized Landau levels are formed in the bulk of the lattice. It is easy to 

see that the result is different from the case without the magnetic field.

Figure S5. Left panel: Landau levels at  as a function of longitudinal wave vector k. Middle: 𝐵 = 9 𝑇

Color plot of  as a function of the longitudinal wave vector k (x axis) and the |𝜓𝑛,𝑚,↑|2 + |𝜓𝑛,𝑚,↓|2

lattice site index m (i.e. the coordinate) in the lateral direction, where  is the normalized wave 𝜓𝑛,𝑚,𝜎

function of the state with longitudinal wave vector k and spin in the lowest Landau level at lattice 𝜎 

site (n, m) and n is the site index in the longitudinal direction. Right:  at  |𝜓𝑛,𝑚,↑|2 + |𝜓𝑛,𝑚,↓|2
𝑘 = 1/4

(see the red line) and k = -1/4 (blue) as a function of m. The result shows that the wave function is 

well localized within the magnetic length.
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 Section 5. Data of NW2

Figure S6. (a) G-Vg curves for ~165 nm-long device (NW2) at various B-fields at T = 35 K. Data are 

horizontally shifted for clarity. A robust current step at G ~ 0.5, as indicated by the arrow, is shown 

for B = 3 T-9 T. (b) dG/dVg map as a function of Vsd and Vg of NW2 at B = 4 T and T = 35 K. The 

diamond structure is depicted by the dashed blue lines with two arrows, which were used to estimate 

the energy scale in Fig. 2c. (c) The left and right panels show the numerical calculation of dG/dVg 

map as a function of Vsd and Vg in regimes (ii) and (iii) of Fig. 3d, respectively, for an InAs 2DEG 

system under B = 4 T at T = 35 K.



Figure S6a shows the zero-bias conductance G-Vg of another InAs nanowire (NW2) with 

a varying B-field at T = 35 K. We found a robust conductance step at G ~ 0.5, as indicated by 

the arrow in Fig. S5a. Moreover, the dG/dVg map in Fig. S6b and Fig. 4a shows that the 

diamond structures (dashed blue lines) increase in size with an increase in the B-field. This 

behavior is depicted by the scattered diamonds in Fig. 2c and is also consistent with the line 

of  for B > 7 T. The left and right panels in Fig. S6c show the numerical 𝐸(1,↓) ‒ 𝐸(0,↓)

calculation of dG/dVg map as a function of Vsd and Vg in regimes (ii) and (iii) of Fig. 3d, 

respectively, for an InAs 2DEG system under B = 4 T at T = 35 K. Although the results at B = 

4 T are similar in both cases, the plots at B = 9 T without and with the dressed RSOC in Fig. 

4 are clearly different.
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