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We report on the Shubnikov–de Haas oscillations in the longitudinal resistance of thin films of

three-dimensional topological insulator Sb2Te3 grown by means of molecular beam epitaxy. The

oscillations persist up to the temperatures of 30 K, and the measurements at various tilt angles

reveal that they originate from a two-dimensional system. Using a top gate, we further study

the change of oscillation amplitude and frequency, which in combination with the standard Hall

measurements suggest the origin of oscillations to be at the interface between the film and the Si

substrate. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977848]

Three dimensional topological insulators (TI) make up a

new class of materials that are predicted to host metallic sur-

face states enclosing an insulating bulk and a Dirac like lin-

ear energy dispersion located within the bulk band gap.1–3

Therefore, charge carriers with a high mobility at the surface

of these materials can be expected. Intriguing properties like

spin–momentum locking and robustness against perturba-

tions have made these surface states promising candidates

for the future information technology and spintronic applica-

tions.2–4 Especially, the prediction to host Majorana fer-

mions in hybrid systems with superconductors5,6 is

particularly interesting for quantum computing and has fur-

ther pushed research on these materials. However, all proper-

ties mentioned above are solely restricted to the topological

protected surface states and thus require the bulk to be insu-

lating in order to observe these effects in electrical transport.

Otherwise, they will be masked by the bulk conductance.

This has proven to be a difficult task since all the binary

materials tend to be intrinsically doped due to the formation

of crystal defects during growth.7,8 Locating the conducting

channels in transport measurements has thus been a prime

task that will be addressed in this work. The Shubnikov–de

Haas (SdH) oscillations pose a way to partially circumvent

the influence of the bulk. If the mobility of surface state car-

riers is sufficiently high compared to bulk carriers, then the

observation of SdH-oscillations on top of the bulk back-

ground signal is feasible. A previous theory states that the

Dirac like nature of surface carriers becomes apparent in the

quantization of Landau levels by shifting the filling factor

in the quantum limit (1=B! 0) from 0 to 1/2 due to the

p-Berry phase.9 In other words, by comparing the eigenval-

ues of the Hamilton operators of a classical electron gas

En ¼ �hxcðnþ 1=2Þ and those of a Dirac system En ¼
vF

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2e�hBn
p

with n denoting the energy level, the Fermi veloc-

ity vF and the cyclotron frequency, xc ¼ eB=mc where mc is

the cyclotron mass and B is the magnetic field. These levels

align with the Fermi energy EF whenever the following con-

ditions are fulfilled: nþ 1=2 ¼ mcEF=e�hB for the classic

system and n ¼ E2
F=v

2
F2e�hB for the Dirac system. Thus, one

should be able to identify the surface states by extrapolating

the Landau level fan diagram to 1=B ¼ 0 T–1. For a Dirac sys-

tem, the intersection with the filling factors is shifted from

0 to 1/2. So far, the SdH oscillations have been observed

in various material systems like Bi2Se3,10–13 Bi2Te3,14–16

Bi2Te2Se,17,18 and (Bi 1�x Sbx)2Se3.19

Here, we report our findings in p-type doped Sb2Te3,

which is a promising TI, due to its relatively large band gap

of �170 meV.20 Also, its Dirac cone is free, i.e., it is not

accompanied by bulk bands at the same energy as in the case

of Bi2Te3 for example, where the cone is located inside a

valence band pocket at the C-point.21 This gives access to

the Dirac point without intersecting any bulk bands with the

Fermi level. Angle-resolved photo emission spectroscopy

(ARPES) has already revealed that the surface states exhibit

a single non-degenerate Dirac cone,22 and Jiang et al.23 were

able to observe the Landau quantization as well as a linear

energy dispersion of surface states in scanning tunneling

microscopy on Sb2Te3 thin films grown by molecular beam

epitaxy (MBE).

The 13.6 nm thick Sb2Te3 epilayer was grown by means

of solid-source MBE on an Si(111) substrate. Details on the

growth process and topography can be found in Ref. 24,

except for slight differences regarding the temperatures of

the substrate during growth (350 �C instead of 300 �C) as

well as the Te-effusion cell (380 �C instead of 330 �C). The

implications of these changes on the film and transport prop-

erties are discussed in the supplementary material. Hall bars

with widths between 20 and 60 lm were fabricated by opti-

cal lithography and Arþ dry etching. For the top gates, a

100 nm thick layer of high-k dielectric LaLuO3 was depos-

ited on top of the Hall bar structures via pulsed laser deposi-

tion. For the ohmic contacts as well as the top gate, a Ti/Au

layer system was used.

The magnetotransport measurements were carried out at

temperatures between 1.7 and 30 K in a 4He variable tempera-

ture insert cryostat. A magnetic field up to 16 T was oriented

at different tilt angles h with respect to the layer surface,

and the measurements were performed in a four-terminala)Electronic mail: c.weyrich@fz-juelich.de

0003-6951/2017/110(9)/092104/4/$30.00 Published by AIP Publishing.110, 092104-1

APPLIED PHYSICS LETTERS 110, 092104 (2017)

http://dx.doi.org/10.1063/1.4977848
http://dx.doi.org/10.1063/1.4977848
http://dx.doi.org/10.1063/1.4977848
http://dx.doi.org/10.1063/1.4977848
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-110-026710
mailto:c.weyrich@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4977848&domain=pdf&date_stamp=2017-03-02


configuration using the standard lock-in technique with an

AC current of I¼ 1 lA. The voltage probes were separated by

150 or 300 lm.

The sample exhibits monotonic positive magnetoresis-

tance over the entire field range (cf. Fig. 1) as well as a weak

antilocalization feature at small fields of B�100 mT mani-

festing itself as a cusplike dip in resistance around zero field

(see upper inset). At B¼ 0 T, we find a sheet resistance of

R� ¼ 105 X and the standard Hall measurements reveal a

hole concentration of the order of nbulk ¼ 5� 1013 cm�2

from a fit to the low field slope. These measurements yield a

mobility of l � 1000 cm2/Vs which is more than twice as

high as found in an earlier work by Takagaki et al.25 for

MBE-grown Sb2Te3 on Si(111), who also did not observe

any oscillations in their signal.

Unlike them, we observe that the Hall resistance Ryx is

slightly nonlinear at higher fields, revealing the influence

of a second transport channel in parallel, as can be seen in

Fig. 2. When the top gate voltage is swept from Vg ¼ �10 V

to more positive values, the slope of Ryx increases. From the

low field signal, we can evaluate that the hole concentration

decreases from 6.8 to 4.5 �1013 cm�2 by increasing Vg from

�10 V to þ10 V. This is a change of �20% compared to

Vg¼ 0 V. The carrier concentrations extracted from Ryx are

shown as blue dots in the inset. By further looking at the

gate dependence of our sheet resistance (Fig. 1, right inset),

which does not feature a maximum within the accessible

gate range, we find a clear indication that the Fermi level

most likely cuts the valence band and cannot be tuned into

the bulk band gap by applying a positive gate voltage.

The quantum oscillations of a 30 lm wide sample after

subtracting a smooth background (see supplementary material

for details) are shown in Fig. 3(a). Despite the low ratio

between the background and the oscillating part of the signal,

we can identify five extrema starting at B¼ 8.5 T. With the

Onsager relation F ¼ e=2nSdHp�h, where F is the period of the

SdH-oscillations in 1=B for nonspin degenerate systems, we

obtain a carrier concentration nSdH ¼ 9:85� 1011 cm�2 using

the oscillation frequency of 1=F ¼ 40:7 T from the Fourier

analysis. This is more than one order of magnitude below the

values from Hall measurements. Together with the indication

of multi-channel transport given by the nonlinearity of Ryx,

we conclude that the oscillations originate from a transport

channel that is at least partially separated from the bulk. If we

plot the positions of the extrema in the Landau level index

plot (cf. Fig. 3(b)), the extrapolation intersects at a level index

of about 0.15, clearly different from the expected values of 0

for a classical two-dimensional electron gas as well as 1/2 for

ideal Dirac fermions. This kind of shift has already been

reported for many systems, and there are several studies dis-

cussing its origin. The most common explanations include a

deviation of the Dirac spectrum from a strict linear dispersion

due to strong spin–orbit coupling and lack of inversion sym-

metry of the surface states as well as a mixed system of nor-

mal and Dirac fermions.26–28 These would lead to the Zeeman

coupling of the carriers to the external magnetic field and a

field dependence of the phase shift of the oscillations c
according to DRxx � cos ½2pðF=B� cÞ�. This gives rise to a

nonlinearity in the Landau level index plot towards higher

FIG. 1. Sheet resistance (green) and the smooth background (red) that was

used to extract the superimposed oscillations. The upper left inset shows the

weak antilocalization feature at fields below 100 mT, marked as region I. An

emphasis on the high field part above 9 T (region II) reveals that the oscilla-

tions are weak but still visible in the raw data. In the lower right inset, R� is

plotted when sweeping the gate between Vg ¼ 610 V.

FIG. 2. Transversal resistance (Ryx) at different gate voltages. The inset

shows the carrier concentrations calculated from the Hall measurements

(blue) and from quantum oscillations (green). It is clearly visible that both

methods show obvious differences in magnitudes as well as gate

dependence.

FIG. 3. (a) SdH-oscillations up to 15.5 T at 2 K and Vg¼ 2 V. From the fast

Fourier spectrum (shown in the inset), we extract a frequency of 40.7 T. (b)

The fan diagram where N is the number of occupied Landau levels.
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fields, which depends on the effective mass, Fermi velocity

and g-factor of the charge carriers. The mixed system is fur-

ther discussed in the supplementary material.

Oscillations can be observed up to the temperatures of

30 K, as shown in Fig. 4. Above this temperature, the signal

becomes masked by noise. From the temperature dependence

of the oscillation amplitude at fixed fields, the cyclotron

mass mc of the charge carries can be found using the temper-

ature damping term29

RT ¼ 2p2 kBT

�hxc

�
sinh 2p2 kBT

�hxc

� �
: (1)

Here, mc is included in the cyclotron frequency xc. As

shown in the inset, this analysis has been performed for the

first two extrema. We obtain mc=me ¼ 0:081 for the first

maximum and mc=me ¼ 0:078 for the first minimum, with

the free electron mass me. Both values are in good agreement

with each other despite the small SdH-signal.

Fig. 5(a) shows quantum oscillations measured at vary-

ing angles plotted against the component of the field B? that

is perpendicular to the plane of the sample. It is obvious that

the frequency of the oscillations only depends on B? which

verifies the two-dimensional nature of the system. If we

assume a linear energy dispersion for the oscillating channel,

then we can estimate the Fermi velocity vF from nSdH and mc

obtained from the SdH-oscillations by differentiating the dis-

persion relation E ¼ vF�hk as well as using the generalized

definition of the cyclotron mass mc ¼ k�h2ð@E=@kÞ�130 and

the Fermi wave vector kF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnSdH
p

. This yields vF �
5� 105 m/s that is in very good agreement with the value of

the group velocity of the Dirac cone extracted from ARPES

measurements by Plucinski et al.20 From the oscillation fre-

quency of the Dirac system (E2
F=v

2
F2e�h ¼ 40:7 T), we can

further obtain the Fermi energy EF � 118 meV. Comparing

this value to the same ARPES data, we can conclude that

this value is sufficient to reach the valence band when com-

ing from the Dirac point, which they estimated to be located

about 85 meV above the valence band edge. Our values also

agree well with the findings of Yoshimi et al.31 who were

able to probe the interface states between the MBE-grown

(Bi1�xSbx)2Te3 films and an InP(111) substrate using reso-

nant tunneling spectroscopy. For x¼ 1, they estimate vF �
4� 6� 105 m/s, depending on the position relative to the

Dirac point, which they calculate to be about 80 meV above

the valence band.

Finally, we examine the effect of the top gate on the

oscillation frequency and amplitude. Surprisingly, the former

is hardly affected when Vg is changed, as can be seen in Fig.

5(b), meaning that the carrier concentration remains

unchanged. This is in contrast to the Hall measurements

shown before, where the slope clearly shifts with the gate

voltage. The straightforward explanation is such that the

SdH-channel is located at the bottom interface of the film

and therefore shielded from the top gate by the bulk. Given

the fact that no second frequency can be observed, it appears

that the top interface does not give rise to oscillations since it

would be altered strongly by the top gate. This could be

caused by oxidation of the surface during ex situ processing

or band bending due to the dielectric. Another intriguing

observation is the strong increase of oscillation amplitude

when the gate is driven to more positive voltages. Since the

bulk carrier concentration decreases too, one might relate

this to the fact that the oscillations become more prominent

if the background signal is reduced. Since the oscillating

channel is shunted by the bulk, increasing the resistance of

the bulk would drive more carriers into the SdH-system.

However, from the lower inset in Fig. 1, it is obvious that the

total sheet resistance increases only by about 5.5% going to

the maximum gate voltages, and the change is rather sym-

metric with regard to Vg¼ 0 V. Therefore, this simple sce-

nario is unlikely. Another possible explanation might be the

following. As the oscillation amplitude is strongly correlated

with the scattering in the system, depleting the bulk carriers

might also alter the mobility of the oscillating channel by

changing the coupling between the two. From the resistances

and Hall measurements at different gate voltages, we indeed

FIG. 4. (a) Temperature dependence of the oscillations up to 30 K (curves

are shifted for clarity). (b) Fits to the temperature dependent amplitudes at

the fixed field values B¼ 12.3 T (1st maximum) and B¼ 10.8 T (1st

minimum).

FIG. 5. (a) SdH-oscillations up to 13.5 T for different tilt angles h of the

magnetic field, plotted against the component of B perpendicular to the sam-

ple surface. The inset depicts the definition of h. (b) Oscillations at various

gate voltages for two different samples (solid and dashed lines) of same

dimensions. While there are subtle differences in amplitude and frequency,

both samples display the same qualitative behaviour. The amplitude

increases when applying more positive gate voltages, whereas the frequency

(and thus the carrier concentration) is almost unaffected. All curves are

shifted for clarity.
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find that the mobility increases monotonously from �830 to

1240 cm2/Vs when going from Vg ¼ �10 V to þ 10 V. This

behaviour agrees with the expectation that higher mobilities

imply less scattering and a reduced broadening of the

Landau levels, leading to the increased amplitudes, but

the mechanism behind the mobility of the bulk affecting the

amplitude of the oscillations in the parallel channel is still

not understood and requires additional studies.

The emergence of SdH-oscillations in our measurements

of p-doped Sb2Te3 at magnetic fields B> 8 T indicates the

presence of a high mobility channel in our system. The signa-

ture of multi-channel transport as supported by the nonlinear-

ity of the Hall signal suggests that this channel coexists

in parallel to a background channel that does not give rise

to oscillations itself. Measurements at different tilt angles

reveal that the source channel of the oscillations is a two

dimensional system. We can rule out the bulk as the source,

since the frequency should be strongly affected by an applied

gate voltage, which is not observed while the Hall signal

shows clear gate dependence. We therefore conclude that the

high mobility channel has to be located at the bottom interface

of the film. Although the phase extracted from the Landau

level index plot gives no definite proof for quantization of a

pure Dirac system, we attribute this to the fact that a straight

line fit to our data is too simple to extract the relevant infor-

mation. A more detailed extraction of the phase with a sophis-

ticated model can be found in the supplementary material.

Even though the gate dependence of the oscillation amplitude

is not yet fully understood, it stands to reason that it is in

some way linked to the interplay between the bulk and the

high mobility channel. Exploring this coupling and revealing

more information about the origin of the high mobility chan-

nel are a promising basis for further experiments.

See supplementary material for further details on MBE-

growth and background subtraction as well as an additional

analysis of the fan diagram while taking a mixed fermion

system (regular and Dirac fermions, including the Zeeman

splitting) into account.
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