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Abstract
The paper covers some measurement aspects of transport of electrons through metals and semiconductors
in magnetic field – magnetotransport – allowing for the determination of electrical parameters characteristic
of three-dimensional (3D) topological insulators (TI) (i.e. those that behave like an insulator inside their
volume and have a conductive layer on their surface). A characteristic feature of the 3D TI is also a lack of
differences between the chemical composition of the conductive surface and the interior of thematerial tested
and the fact that the electron states for its surface conductivity are topologically protected. In particular, the
methods of generating strong magnetic fields, obtaining low temperatures, creating electrical contacts with
appropriate geometry were presented, and the measurement methods were reviewed. In addition, the results
of magnetotransport measurements obtained for two volumetric samples based on the HgCdTe compound
grown with the molecular beam epitaxy method are presented.
Keywords: materials science, magnetotransport, topological insulators, quantum Hall effect.
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1. Introduction

The three-dimensional (3D) topological insulator (TI) is a new state of matter in which
material behaves like an insulator inside its volume and has a conductive layer on its surface. Two
characteristic features of a 3DTI are a lack of differences between the chemical composition of the
conductive surface and the interior of the material, and the fact that the electron states responsible
for its surface conductivity are topologically protected (TPSS) by time-reversal symmetry. These
states are resistant to disturbances caused by e.g. impurities. The theoretical description of the
nature of 3D TI was introduced in 2007 [1] and experimentally confirmed in Bi1−xSbx in 2008 [2]
by angle-resolved photoemission spectroscopy (ARPES).Magnetotransport (MT) is another tool
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used to confirm the existence of TPSS. It allows for electrical characterization of 3D TI over a
wide range of temperatures and magnetic fields [3–7]. In contrast to ARPES, MT can identify the
topological phase in more complex structures in which material surface is optically unavailable,
e.g. in a HgTe quantum well with barriers [8], [9]. In this method, a 2D electronic transport in a
high magnetic field perpendicular to the surface is manifested by the integer quantum Hall effect
(IQHE) [10–13]. Shubnikov-de Haas (SdH) oscillations are analyzed to confirm the presence
of TPSS. It allows identification of the Berry phase value equal to π, which corresponds to 1/2
intersection for a linear fit of the N-th SdH minima as a function of 1/B [14, 15]. On the other
hand, the MT technique records the total conductivity. In the case when the bulk of the sample
behaves like a semiconductor or a semi-metal the contribution of surface and bulk conductivity to
the total conductivity can be difficult to determine [16]. The article strengthens the efforts of the
cited and other research groups [12] in the development of the MT technique as a useful tool for
the study of subtle physical phenomena occurring in mature materials or their heterostructures
including the identification of TI features in 3D HgCdTe heterostructures. In-depth knowledge
and description of these phenomena will allow for their practical application in the future, e.g.
in spintronics and quantum computing. In the first sections, aspects of the MT and the results
obtained using this method, next the results obtained with other methods confirming the MT
performance are presented.

2. Magnetotransport – technical aspects of the measurement system

The key technical aspects of the magnetotransport method refer to a high magnetic field,
low temperature [17, 18], and acquiring electrical signals for resistance measurement [19]. For
generating a magnetic field of up to 41 T, the DC resistive magnets can be used [20]. Their
disadvantage is a high power requirement in the megawatt range. Superconducting magnets do
not have this drawback, but they generate magnetic fields only up to 32 T [21]. The combination
of DC and superconducting magnets allows one to generate a magnetic field up to 45 T [6, 22].
Higher fields can only be obtained using impulse methods [23, 24]. To eliminate the thermal
effects masking quantum phenomena, low-temperature cooling must be used. For temperatures
1.2–4.2 K and higher, liquid 4He is used and for temperatures > 0.4 K an additional system filled
with 3He is necessary. Measurement of temperature in the range of 0.3–420 K in a magnetic field
can be carried out e.g.with ZrOxNy thin-film thermistors [25,26] or RuO2 thermometers [27]. To
acquire electrical signals for resistance measurements, the DC method uses a precise DC source
and voltmeters. The Lock-in method uses AC forcing and the measured signals are detected
by the phase-sensitive amplifier. This method eliminates the influence of interfering signals in
frequencies and phases different than the forcing signal [28, 29]. A method called the Delta
mode using a precise nano-voltmeter controlled by AC source largely eliminates the influence of
low-frequency disturbance, e.g. DC offset or thermoelectric voltages [30–32].

The magnetotransport experimental setup presented in Fig. 1 uses an ICEoxford cryostat
with a superconducting magnet capable of generating magnetic fields up to 14 T powered by an
AMI 4Q06125PS power supply with anAMI 430 controller. For resistancemeasurement, the four-
point and the constant-current method with a successive change of its direction were used with a
KEITHLEY 2634B current source (with typical sample excitation current of 1 µA or 5 µA) and
three KEITHLEY 2002 8.5-digit resolution multimeters (two for the Vxx voltages and another
one for the Vxy voltage measurements). The MT measurements controlled with a Lake Shore
336 precision four-channel PID temperature controller were performed over a wide temperature
range from 1.2 K to 60 K. To obtain the necessary thermal insulation between the sample and
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the liquid helium bath, vacuum was created (before cooling the sample holder) by means of a
Pfeiffer HiCube 80 Eco turbo molecular vacuum pump. In order to obtain sample temperature
below 4.2 K, helium vapor pressure in the helium pot (located near the sample) was reduced with
a SOGEVAC SV40B rotary vane pump with pressure measuring using an INFICON PGD400
Pirani gauge controller and a PSG500 Pirani gauge. Analog signal from the PGD400 was acquired
and converted to digital data with a UNI-T UT803 multimeter. The level of liquid helium in the
cryostat was recorded with a TSI HDI-AI helium depth indicator with a superconducting helium
level probe. A PC computer with interfaces GPIB, LAN, USB, RS232C and with LabVIEW
software [33] was used for the control, acquisition and visualization of measurement data in real
time. This system allowed for the determination of electrical parameters of 2D electron gas and
identification of IQHE and SdH oscillations.

Fig. 1. Diagram of the measurement system used for the magnetotransport experiment.

3. Sample preparation

Two different samples of HgCdTe were chosen to demonstrate the usefulness of MT in
3D TI identification. They were grown using a MBE Ribber Compact 21 reactor. For sample
S1, a ZnTe wetting layer (of several nm) was deposited on a GaAs (001) substrate followed by
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a CdTe buffer (dCdTe > 1.2 µm) and an iodine doped Hg1−xCdxTe layer. For sample S2, an
indium doped Hg1−xCdxTe layer was grown directly on a CdZnTe (211) substrate. The chemical
composition and thickness of Hg1−xCdxTe layers were estimated using the high-resolution X-ray
diffraction (HRXRD)method. The electrical contacts for sample S1weremade by direct soldering
(T = 180◦C) of indium onto its surface in a Hall bar geometry (without lithography). For sample
S2, the electron-beam lithography was used to make six contacts in the Hall bar geometry with
a 100 µm current channel width and 240 µm longitudinal contacts separation. The samples were
connected to the holder of the measurement system using gold wires 80 µm in diameter.

4. Electrical characterization employing the magnetotransport

The Rxx and Rxy measurement data as a function of magnetic field B in the temperature range
of 1.2–50 K for sample S1 and 1.27–60 K for sample S2 were collected and are shown in Fig. 2.
The SdH oscillations for Rxx and IQHE for Rxy were visible over a wide range of temperatures.

Fig. 2. Rxx and Rxy versus magnetic field B at various temperatures obtained for (a) sample S1 and (b) sample S2.

To confirm the presence of TPSS in the investigated samples, the positions of minima and
maxima of SdH oscillations were identified in the ∆Rxx data (obtained by quadratic function
background subtraction from Rxx ) in 1/B inverse magnetic field, which are presented in Fig. 3.
The intercept point b of the linear fit of N-th SdH oscillation (integer values for SdH minima and
half values for SdH maxima) in 1/B for identification of the Berry phase and the TPSS are shown
in the inserts. The results obtained were 0.609 and 0.887 for samples S1 and S2, respectively. The
value for the first sample is close to the theoretical value of 1/2 specific for TI [15], whereas the
result for the second one is closer to 1 and indicates the absence of TPSS.

The mobility µ and sheet carrier concentration ns were calculated from slope Rxy at B = 1 T
and Rxx0 data for B = 0 T. Sheet carrier concentration ns = nd, where n is carrier concentration
and d is sample thickness. The carrier concentration derived from the Hall effect is n = 1/(RHe),
where e is charge of carrier and RH is Hall coefficient obtained from the MT experiment:
RH = (Rxy/B)d, where Rxy = Rxy |(B=1 T) − Rxy |(B=0 T) and B is magnetic field. The final
formula for sheet carrier concentration is:

ns =
B

eRxy
. (1)

The mobility obtained from the Hall effect is equal to µ = σRH , where σ is conductivity cal-
culated from longitudinal resistance Rxx0 at magnetic field B= 0 T and equal toσ = l/(Rxx0wd),
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Fig. 3. ∆Rxx as a function of inverse magnetic field 1/B for (a) sample S1 at 1.2 K, (b) sample S2 at 1.27 K. Inserts –
squares: position of N-th SdH maxima and minima, dotted line: best linear fit for N-th SdH minima/maxima as a function

of 1/B.

where w is sample current channel width and l is longitudinal Rxx contacts separation. The final
equation for mobility calculation is:

µ =
Rxy

Rxx0

l
wB

. (2)

The electrical parameters obtained from (1) and (2) for the investigated HgCdTe samples at
temperatures of 1.2 (1.27) K and 50 K are presented in Table 1.

Table 1. Sheet carrier concentration and mobility for investigated HgCdTe samples S1 and S2.

Temperature 1.2 (1.27) [K] 50 [K]

Sample ns [1/cm2] µ [cm2/(V·s)] ns [1/cm2] µ [cm2/(V·s)]

S1 7.60 × 1011 3674 7.74 × 1011 3950

S2 7.46 × 1011 14954 8.68 × 1011 11903

Sheet carrier concentration was similar for both samples, while the mobility measured at low
(high) temperature for sample S2 was about four (three) times larger than that for sample S1.

5. Structural characterization employing the AFM and HR XRD methods

A Solver Nano NT-MDT atomic force microscope (AFM) was used for surface characteriza-
tion of the investigated samples. The AFM topography of 10 × 10 µm areas is shown in Fig. 4.
The obtained RMS roughness (after subtracting the background with a 5th-order polynomial) was
5.76 nm and 1.78 nm for samples S1 and S2, respectively.

The structural investigationswere carried out using theHRXRD technique. Symmetrical 2θ/ω
scans and reciprocal space maps around 004 and 115 GaAs(100) reciprocal lattice points (RLP)
for sample S1 and 422, 333, 511, 440, and 404 (for different azimuths) CdyZn(1−y)Te(211) RLP for
sample S2 were measured. The HRXRDmapping for sample S1 showed that the CdTe buffer layer
was relaxed (Fig. 5b) and the elongation of CdTe RLP in Qx and Qz caused by misfit dislocations
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Fig. 4. AFM topography of 10 × 10 µm surface area of (a) sample S1, (b) sample S2.

was observed (Fig. 5a). Furthermore, the intensity of Hg(1−x)CdxTe RLP was very small, the
ZnTe layer was not detected. As the crystal quality of sample S1 was poor, the lattice constants
(perpendicular (⊥) and parallel (‖)) and stoichiometric coefficient x in Hg(1−x)CdxTe layer were
difficult to determine precisely. The layer thickness seems to be closer to 50 nm than to the value
of 100 nm assumed for MBE growth. The diffraction measurements of sample S2 revealed a

Fig. 5. The reciprocal space maps around symmetrical 004 (a) and asymmetrical (115) (b) GaAs reciprocal lattice points
for sample S1 and symmetrical 442 (c) and asymmetrical (333) (d) CdyZn(1−y)Te ones for sample S2. The pseudomorphic

and relaxation lines indicate the relaxation of 0% and 100%, respectively.
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pseudomorphic growth of the Hg(1−x)CdxTe layer on the CdyZn(1−y)Te substrate (Fig. 5d). The
layerwaswell defined and thickness fringeswere observed so the lattice constants and composition
were precisely determined. Diffuse scattering observed around the CdyZn(1−y)Te RLP indicates a
large number of defects present in the substrate. The analysis of sample S2was performed based on
the approach described in [34]. The quantitative results of HRXRD analysis of sample S1 were as
follows: a(GaAs) = 5.65291 Å, a⊥(CdTe) = 6.48889 Å, a‖(CdTe) = 6.46950 Å, the relaxation of the
CdTe bufferwasR= 99.2%, (∆a/a)⊥ CdTe toGaAs= 15×104 ppm, a⊥(Hg(1−x)CdxTe) ≈ 6.45557 Å,
a‖(Hg(1−x)CdxTe) ≈ 6.46950 Å, x = 0.16 in Hg(1−x)CdxTe, Hg(1−x)CdxTe thickness ∼ 50 nm, the
relaxation of Hg(1−x)CdxTe was R = 0%, (∆a/a)⊥ of Hg(1−x)CdxTe to CdTe = −5100 ppm. The
parameters for sample S2 were: a(CdyZn(1−y)Tesubstrate) = 6.47212 Å, a⊥(Hg(1−x)CdxTe) ∼ 6.45861 Å,
a‖(Hg(1−x)CdxTe) ≈ 6.47183 Å, x = 0.185 in Hg(1−x)CdxTe, Hg(1−x)CdxTe thickness ≈ 146 nm, the
relaxation of Hg(1−x)CdxTe was R = 4%, (∆a/a)⊥Hg(1−x)CdxTe to CdyZn(1−y)Te = −2090 ppm.

6. Analysis of results

The MT data obtained indicate that sample S1 is 3D TI and sample S2 does not fulfill the
criteria for the 3D TI. The intercept point b of the linear fit of N-th SdH oscillation in 1/B were
0.609 and 0.887 for sample S1 and S2, respectively. This analysis of the obtained MT results was
confirmed by with both HRXRD and AFM. The X-ray diffraction data shows that the HgCdTe
layer was fully strained (R = 0%) but of poor structural quality. The stoichiometric coefficient
x ∼ 0.16 corresponds to Eg < 0 eV at LHe temperature. Sample S2was partially relaxed (R= 4%)
with x = 0.185, which corresponds to Eg > 0 eV. This means that no band structure conversion
occurs on the lower and upper interfaces and therefore there are no TPSS. MT data for sample S1
indicate relatively low mobility caused by carrier scattering on one or both geometrically rough
interfaces. Sample S2 had lower surface roughness measured using AFM than sample S1, which
justifies the higher mobility of the former. The obtained results proved that MT is a sufficient
technique to uniquely identify TI features in complex HgCdTe heterostructures.

7. Conclusions

The described MT method and the measurement system applied have proved suitable to
recognize the electrical properties characteristic for 3D TI by analyzing both IQHE and SdH
oscillations. The presentedMTdata obtained for twoHgCdTe samples demonstrated the caseswith
presence and lack of 3DTI features. Ancillarymethods (AFM,HRXRD) used for characterization
of both surface and crystal structure of the measured samples confirmed the usefulness and
importance of MT results in the field of 3D TI characterization.
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