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Abstract

Indium arsenide (InAs), a narrow-gap semiconductor, has a highly conductive

2-dimensional surface state naturally formed as a result of band bending at

the free surface. The Shubnikov–de Haas oscillations have been studied widely

in its heterostructures, e.g. 2-dimensional electron gases. However, studies

on such a nature surface state are missing. Here, we report a Shubnikov-de

Haas (SdH) oscillation that originates from the InAs surface state. Two leading

oscillation frequencies in the SdH signal are attributed to Rashba spin-orbit

coupling residing in the surface state. We also found for the surface state an

effective electron mass of 0.038m0, heavier than ∼ 0.023m0 in the bulk. Our

study also suggests a Rashba coupling constant in the order of ∼ 10−11 eV·m,

showing good agreement with previously reported values for InAs.

Keywords: Indium arsenide, Surface state, Shubnikov-de Haas oscillation,

Berry phase, Rashba spin-orbit coupling

1. Introduction

With a robust spin-orbit interaction [1, 2], indium arsenide (InAs) is a

narrow-gap semiconductor that has promising spintronic applications. On its

free surface, a two-dimensional (2D) charge accumulation with a sheet density
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of ∼ 1012 cm−2 is naturally formed, due to band bending. This essential prop-5

erty has been revealed previously by angle-resolved photoemission spectroscopy

[3]. As the potential gradient across the vacuum-InAs interface produces an

electric field that is normal to the surface, the electron with a wave-vector k is

subject to the Bychkov-Rashba spin-orbit coupling ασ̂ · (k × ẑ) [4]. α is the

Rashba coupling constant, ẑ is the unit vector of the surface normal, and σ̂ is10

the Pauli matrix. This coupling between charge and spin has been scrutinised in

various systems, ranging from conventional semiconductors [5, 6] to topological

insulators [7].

Shubnikov-de Haas (SdH) oscillation in magnetoconductance is a well-known

phenomenon that reveals the energy dispersion and Fermi surface properties of15

the underlying system [8]. The oscillatory part of the longitudinal magnetocon-

ductance ∆Gxx depends on the magnetic field B

∆Gxx ∼ cos

[
2π

(
fSdH
B

+
Γ

2π
− 1

2

)]
, (1)

where fSdH is the oscillation frequency, and Γ is the so-called Berry phase [9].

As a geometric phase, Berry phase in a solid state system is determined by

the topology of the energy bands [10]. A nonzero Berry phase (Γ = π) can be20

achieved by creating a band touching or Dirac point [11]. This has been observed

in many 2D systems such as graphene [9, 12], the surface states in topological

insulators [13, 14], topological Weyl semimetal [15], and three-dimensional Dirac

semimetal [16]. The SdH oscillations have been widely investigated in varied

two-dimensional electron gases of InAs in the past decades [17, 18, 19, 20, 21].25

However, We are not aware of any sophisticated measurements of the SdH os-

cillations in the surface state on top of a bulk InAs.

In this paper, we report a magnetotransport measurement and the obser-

vation of SdH oscillation in an n-doped InAs epilayer. The data verifies the

existence of a 2D electron gas on the InAs surface. A Fourier analysis on30

the oscillation signal shows two frequencies that are a result of two different

Fermi circles created by the Rashba-type coupling. Furthermore, Berry phase

is roughly estimated from the Landau level fan diagram and it has a nonzero

2
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Figure 1: (Color online)(a) Layer diagram showing the n-doped InAs epitaxial structure and

a schematic of the formation of 2D surface state due to band bending. (b) Magnetotransport

in the InAs epilayer. Longitudinal Magnetoresistance Rxx and Hall resistance Rxy in versus

magnetic field at 10 K. (c) Fitting of the two-layer model to the low-field Hall data in (b).

value. All these results are consistent with the intrinsic features of a 2D elec-

tron gas that is submitted to a Rashba-type spin-orbit coupling. The Rashba35

constant of α ∼ 10−11 eV·m is extracted which is consistent with the typical

values reported for InAs previously.

2. Experiments

The InAs sample used in this work is a 1.5-µm-thick, Si-doped epilayer grown

on a (100) oriented semi-insulating GaAs substrate using solid-source molecular40

beam epitaxy, see Fig.1(a). The compensation effect is negligible with a doping

level of 1016 cm−3. The growth started with a 1-µm-thick InxGa1−xAs meta-

3



morphic buffer to accommodate the large lattice mismatch between InAs and

GaAs, which was followed by a 0.2-µm-thick undoped InAs stabilizing buffer.

Photo-lithographic techniques were used for device patterning. The InAs bar of45

size 40µm ×1000µm was wet etched in a citric acid/H2O2 solution exploiting

the semi-insulating GaAs as an etch stop. The contacts were formed by sput-

tered Ti (50 nm)/Au (250 nm). A rapid thermal annealing process at 250 ◦C

was utilized to improve the contact. The ohmic contact was then confirmed by

the linear current-voltage response. The magnetotransport measurements were50

carried out with a four-probe geometry in a Quantum Design physical prop-

erty measurement system (PPMS) with a magnetic field up to 9 T. A constant

current of 100 µA was applied to the device throughout the measurements.

3. Results and discussion

We show in Fig.1(b) the longitudinal magnetoresistance Rxx and Hall resis-55

tance Rxy acquired at 10 K. The nonlinear Hall resistance Rxy is due to parallel

conducting channels [22, 23], namely, the coexistence of the surface and the

underlying bulk. In order to single out the contribution of the surface state to

the overall transport, we fit the data of Rxy by a two-layer model, see Fig.1(c),

Rxy(B) =
B(µsGs + µbGb) +B3(µ2

bµsGs + µ2
sµbGb)

(Gs +Gb)2 +B2(µsGb + µbGs)2
. (2)

In the above, the conductance Gb(s) = enb(s)µb(s)db(s) is determined by the60

carrier density n, mobility µ, and thickness d [22, 23]. The subscript b (s)

refers to the bulk (surface) layer. The best fitting suggests a carrier density

ns ∼ 1.50 × 1018 cm−3. This translates into an equivalent sheet density Ns ∼

1.48 × 1012 cm−2 in the surface, and nb ∼ 2.35 × 1016 cm−3 in the bulk. The

order of magnitude of the sheet density estimated here agrees with the previously65

reported value [3], and the bulk density is consistent with the Si-doping level of

1016 cm−3.

As the magnetic field scan extends to a higher field, a weak oscillation, al-

though barely visible, starts to emerge in the resistance. In order to gain correct

4
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Figure 2: (a) Quantum oscillations in −d2Gxx/dB2 and −d2Gxy/dB2 in InAs. (b) Fourier

analysis on the −d2Gxx/dB2 signal at low field (blue zone) and (c) at high field (grey zone).

information on the carrier density and Berry phase from the oscillatory data,70

we first convert the resistance to conductance following a standard procedure

[24]. Then, we can extract the oscillatory signal by calculating −d2Gxx/dB
2

and −d2Gxy/dB
2 and they are shown in Fig.2(a). As functions of the inverse

field 1/B, both oscillations show strong periodicity. The phase shift between

−d2Gxx/dB
2 and −d2Gxy/dB

2 is approximately ∼ π, instead of π/2. A similar75

phase difference of π has been reported before in a topological insulator [23].

This is attributed to the coexistence of both surface and bulk conducting chan-

nels. Note here the second derivative only carries the information of frequency,

while its amplitude does not correspond to real signal of the conductance change

– ∆Gxx.80

Using Fourier analysis on −d2Gxx/dB
2, we find two distinct frequencies that

are dominating in the SdH signal in low and high magnetic fields, respectively.

In the field below ∼ 3T (called low-field regime thereafter), a frequency f
(L)
SdH =

5.92T is identified in Fig.2(b). In the field higher than ∼ 4T (called high field

regime thereafter), see Fig. 3(c), a frequency of 21.34T is read out from the85

analysis. The ratio f
(H)
SdH/f

(L)
SdH is around 3.
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We first uncover the origin of these oscillations. If the oscillations were

originating from the bulk, the carrier contribution would be 4.72 × 1018 cm−3,

using efSdH/(ch̄π), with c = 6.06Å being the lattice constant. However, the

designed bulk Si-doping level (1016 cm−3) and the bulk carrier density we acquire90

from the Hall measurement (2.35× 1016 cm−3) is - by two orders of magnitude

- lower than this. This compels us to argue that it is unlikely that these SdH

oscillations are originating from the bulk, and hence the SdH signal mainly

arises from the 2D surface state.

The presence of two dominating frequencies in the SdH signal provides an95

evidence to the existence of two well-defined Fermi circles in the 2D surface

state. So far, all experimental features are consistent with the 2D Bychkov-

Rashba model. In order to estimate the Rashba constant α for the surface, we

convert the higher frequency f
(H)
SdH = h̄(k

(−)
F )2/(2e) and the lower one f

(L)
SdH =

h̄(k
(+)
F )2/(2e) to the Fermi wave vectors k

(±)
F that are determined by the two100

polarization branches due to the Rashba splitting, i.e. EF = h̄2(k
(±)
F )2/(2m∗)±

αk
(±)
F . By estimating the Fermi energy from the total carrier density Ns, the

leading order of α follows from

f
(H)
SdH − f

(L)
SdH ≈ 2

αm∗

eh̄

√
2πNs, (3)

where the Fermi energy is assumed to be larger than the Rashba energy ∆R ≡

α2m∗/(2h̄2).105

We estimate the carrier density by using the spin-filtered Onsager rela-

tion Ns = (e/πh̄)fSdH. In the low field regime, f
(L)
SdH leads to a sheet density

Ns = 2.86 × 1011 cm−2. And in the high field regime, the frequency of 21.34T

corresponds to Ns ∼ 1.03× 1012 cm−2.

The effective mass m∗ of the surface state can be extracted from the tempera-110

ture dependence of the SdH oscillation. The magnetoresistance Rxx is measured

at various temperatures from 8 to 16 K. The oscillatory component ∆Rxx, orig-

inating from the surface, is plotted in Fig. 3(a). The background - a rather

smooth signal - is removed by fitting the data into a fourth-order polynomial.

This method is similar to the one used by Murakawa et al. [25]. The oscillation115
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Figure 3: (a) Oscillatory component ∆Rxx obtained for the oscillations measured in InAs

at various temperatures from 8 to 16 K. Blue arrows point out the location of 7.4 T. (b)

Temperature dependence of the normalized SdH oscillation amplitudes at 7.4 T. The solid

line is the best fits to Eq.(4)

amplitude decreases with increasing temperature T . The T dependence of the

SdH oscillation amplitude of Rxx obeys the Lifshits-Kosevich formula,

∆Rxx(T )

∆Rxx(T0)
= exp

(
−λTDm∗

Bn

)
λTm∗/Bn

sinh(λTm∗/Bn)
, (4)

where ∆Rxx(T )/∆Rxx(T0) is the normalized oscillatory component and λ =

2π2kB/h̄e. By fitting the temperature dependence of the oscillatory component

to Eq.(4), m∗ is obtained, as shown in Fig. 3(b). At magnetic field of 7.6 T, the120

fitting yields effective masses m∗ of 0.038m0. This value is in good agreement

with 0.033m0 reported for the InAs surface in an earlier paper [26]. For a

comparison, the effective mass is about 0.023m0 in bulk InAs. From Eq. (3), the

Rashba constant in the surface state can be calculated as α ∼ 7.3×10−11 eV·m.

This value is large and in the same order of magnitude compared to that in the125

typical InAs 2D systems [5, 21].

In principle, the free surface of InAs shall support a nonzero Berry phase.

Its built-in Rashba-type coupling may introduce in the energy dispersion a k-

linear term in the neighbourhood of k ∼ 0 [4]. To extract the Berry phase Γ, we

construct the Landau level fan diagram from the SdH oscillation data [9, 23].130

A minimum in the oscillating conductance is translated to a complete filling up

7
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Figure 4: Landau level fan diagram constructed from −d2Gxx/dB2 data exhibited in Fig. 2a.

The solid lines are the fittings in separate regimes using Eq. 5. Values of fSdH are fixed at

the respective frequencies obtained from Fourier analysis.

to the Nth Landau level. In this case, the Fermi energy EF is located between

the Nth and (N + 1)th levels. The values of BN at the minima (maxima) of

−d2Gxx/dB
2 are indexed by an integer (a half integer), as shown in Fig.4. A

fold point appears at ∼ 3 T. This implies the existence of an internal magnetic135

field in the surface state [27, 28, 29, 30] and provides another evidence to the

presence of a Rashba spin-orbit coupling. A similar picture was reported by

Tsukazaki et al. in a two-dimensional electron gas [28]. However, we note that

in the high field regime the Landau level plot is not linear, impeding an accurate

extraction of the Berry phase. For such a two-band system described by the140

Bychkov-Rashba model, the calculation of Γ requires the energy correction from

the coupling between the magnetic field and orbital magnetic moment of the

Bloch electrons [10]. With the corrected method to extrapolate Γ from SdH

signal, we could fit our Landau plot to [31]

N =
fSdH
BN

− Γ

2π
+ ξBN . (5)

The fitting provides us a rough estimation on the value of Berry phase. At145

low field, the frequency fSdH = 5.92T yields Γ/2π = 5.56. This half-integer

8



value means that Γ ∼ π at low field and suggests that the system may possess

a nonzero Berry phase. At high field, the Zeeman splitting becomes dominant

and leads to Γ/2π = 0.06 and therefore Γ ∼ 0, i.e., a trivial Berry phase. This

is consistent with the physical picture outlined by a Bychkov-Rashba model.150

4. Conclusions

In summary, we have investigated the SdH oscillation in the naturally formed

surface state on the bulk of InAs. Two dominating frequencies extracted from

the oscillations indicate the existence of two Fermi circles as a result of the

Rashba spin-orbit coupling in the 2D surface state. We extract from the data155

a Rashba coupling constant α ∼ 10−11 eV·m. Our results attempt us to explore

potential spintronic applications of the InAs surface state and the possibility of

tuning an ordinary semiconductor into a pseudo topological insulator.
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