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Abstract  

 

HgTe quantum wells with a thickness of ~7 nm may have a graphene-like band structure and have been recently proposed to be 

potential candidates for quantum Hall effect (QHE) resistance standards under condition of operation in the fields above certain 

critical field Bc, above which the topological phase (with parasitic edge conduction) disappears . We present experimental studies of 

the magnetoresistance of different of HgTe quantum wells as a function temperature and magnetic field, determining the critical 

magnetic field Bc. We demonstrate that for QWs of specific width Bc becomes low enough to grant observation of remarkably wide 

QHE plateaus at the filling factor = –1 (holes) in relaxed cryomagnetic conditions: while using commercial 0.8T Neodymium 

permanent magnets and temperature of a few Kelvin provided by 4He liquid system only. Realistic band structure calculations 

evidence that the observed phenomena can be qualitatively understood by considering two types of the charge carries – the light and 

heavy holes. The formers are attributed to the Γ point of the Brillouin zone, while the latters are caused by the side maxima of the 

valence band. Our work clearly shows that the peculiar band structure of HgTe QWs make them a  favorable platform for developing 

metrological devices under soft cryomagnetic conditions. 

 

 

 

I. INTRODUCTION

The quantum Hall effect (QHE) is arguably the first 

topological phenomenon that has important practical 

applications. In a two-dimensional electron gas (2DEG) 

submitted to a high perpendicular magnetic field, the Hall 

resistance develops steps separated by plateaus whose value 

is quantized and given by 𝜌𝑥𝑦
plateau

= ℎ (𝑖𝑒2)⁄ , where RK = 

h/e2 is the von Klitzing resistance, 𝑖 is an integer, h and e are 

the Planck constant and the electron charge, 

respectively [1,2]. Thus, the QHE relates an electrical 

resistance to fundamental physical constants. At the same 

time, QHE measurements can be so precise that the 

resistances standards, currently maintained in various national 

metrology institutes, are based on the QHE and have a relative 

precision of a few parts per billion [3].  This precision was 

one of the triggers behind introducing the quantum 

International System of Units (SI), in which h and e, and 

therefore RK have fixed values [4].  

For these metrological applications, the choice of the 

material is crucial. To reach ideal quantum limit conditions, 

one needs the highest possible Landau level (LL) splitting 

(low carrier mass and high magnetic fields), the lowest 

possible broadening of the LLs and of the Fermi-Dirac 

distribution function (high mobility, low temperatures). Up to 

recently, only Silicon metal-oxide-semiconductor field-effect 

transistors (MOSFETs) and GaAs/AlGaAs 2DEG 

heterostructures could be used for accurate measurements of 

the quantum Hall resistance. Usually, GaAs devices are 

preferred because of their superior properties [4-7]. However, 

both types of devices are accurate only with stringent 

experimental conditions: they operate at extremely low 

temperatures, 𝑇 ≃ 1.5 K or below, and under high magnetic 

fields, 𝐵 ≃ 10 T that can be provided only by 

superconducting magnets.  

It has recently been demonstrated that graphene can 

operate as a quantum Hall resistance standard (QHRS) with 

quantization accuracy of a few parts per billion [8-10]. 

Furthermore, graphene can even work under less demanding 

experimental conditions than GaAs or Si semiconductor-

based standards [9-10]. This results mainly from the 

significant LL energy separation which can be reached in 

graphene, thanks to the peculiarities of its energy band 

structure, which mimics the energy-momentum relation of 

massless Dirac fermions and has a high Fermi velocity [11].  
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However, graphene is not the only material in which 

large LL energy gaps can be obtained at low fields. This 

distinct behavior is an inherent property of all systems hosting 

massless two-dimensional (2D) Dirac fermions. 

HgTe/HgCdTe quantum wells (QWs) are structures in which 

the 2D confinement can be tailored to obtain a Dirac-like band 

dispersion as in graphene [12-14]. Indeed, with the decrease 

of the QW width, one may change the inverted band structure 

of a HgTe QW to a normal one. For rectangular 

HgTe/Cd0.7Hg0.3Te QWs grown on CdTe buffer, the band 

dispersion of massless Dirac fermions is realized at the critical 

thickness dc ~ 6.3 nm [13-18]. For example, the computed 

band structure for two rectangular HgTe quantum well 

structures of thickness d = 7.0 nm, and dc = 6.3 nm are shown 

in Figs. 1(a,b). The peculiar behavior of two Landau levels in 

HgTe QWs with the inverted band sequence, referred to as 

"zero-mode" Landau levels, leads to their crossing at a certain 

critical magnetic field Bc [see Fig.1(c)]. According to 

Figs. 1(a,c), below (above) Bc, the QW hosts a topological 

(normal) bandgap. In the case of the Dirac-like energy 

dispersion, the critical field is zero, Bc = 0, as shown in 

Figs. 1(b,d). Details of the calculations and parameters are 

given in Ref. 19. 

 

 
Fig. 1. Calculated band structure and Landau levels for 

rectangular HgTe quantum wells of (a,c) d = 7.0 nm and (b,d) 

dc = 6.3 nm thickness, respectively. The red curve (H1) 

corresponds to a heavy hole-like subband, and the blue curve 

(E1) corresponds to an electron-like subband. Symbol Bc is a 

critical magnetic field in which zero-mode LLs cross. The 

magnitude of Δ determines the energy gap between the two 

uppermost LLs originating from the valence band. 

 

Thanks to the recent progress of molecular beam epitaxy 

(MBE) growth, HgCdTe-based QW structures with high 

carrier mobility µ > 105 cm2/Vs could be obtained. These 

structures allowed for the observation of the QHE with the 

filling factor = 1 in relatively low magnetic fields (B < 1 T) 

[14-16]. In Refs. 17 and 18, the QHE in HgTe QWs was 

observed even up to liquid nitrogen temperatures. These 

observations allow considering HgTe/HgCdTe QWs as 

promising candidates for QHRSs. It has been predicted in 

Ref. 20 that the QHE standards might be realized in relaxed 

cryomagnetic conditions: without any superconducting 

magnets and without any sub-Kelvin refrigerators required 

hitherto to observe the quantized Hall resistance in weak 

magnetic fields [21-23]. 

In this work, we report on experimental studies in 

slightly inverted HgTe QW structures in view of their possible 

application for QHRSs. We demonstrate that for holes, one 

can reach the QHE states at = –1 in relatively favorable 

conditions: magnetic fields below 1 T and temperatures up to 

10 K.  We also show essential differences in the QHE plateaus 

widths between holes and electrons, and the temperature-

induced transition from the inverted to normal band ordering. 

Finally, we present the first demonstrator of the QHE 

resistance standard using Nd permanent magnets providing 

magnetic field B = 0.82 T, placed in 4He cryogenic system that 

can be very convenient for educational purposes as well as for 

some less demanding metrological applications.  

We also discuss the necessary steps to reach with HgTe 

QWs the ultimate/high metrological precision keeping 

relaxed cryomagnetic conditions. Our work clearly shows that 

the peculiar band structure properties of HgTe QWs with 

massless Dirac fermions make them an ideal platform for 

developing metrological devices.  

 

     II. EXPERIMENTAL 

Our experiments were carried out in HgTe QW devices 

with top gate electrodes. The investigated 

(HgTe/Hg0.38Cd0.62Te) structures were grown on GaAs (013) 

substrate by MBE and had QW thicknesses 7.5 nm 

(device D1) and 7.1 nm (device D2) [24]. First, Hall bars with 

dimensions LW = 53 µm2 (device D1) and LW = 

4020 µm2 (device D2) were patterned by electron beam 

lithography. Then, a Si(ON) dielectric layer of thickness 

140 nm was deposited onto the sample surface. Finally, a 

metallic gate completed the structure. The processing protocol 

was previously described in detail [25]. 

Magnetotransport experiments have been performed in a 

custom-made 4He cryogenic system in the temperature range 

of 1.8 – 20 K and magnetic fields up to 5 T provided by a 

superconducting coil. We have used SR830 lock-in amplifiers 

with low modulation frequency (~13 Hz) to determine the 

longitudinal and the Hall components of the resistance tensor, 

Rxx and Rxy, respectively. The current flowing through the 

devices has been limited to the range 10 nA – 1.0 𝜇A. 

In the experiments with permanent magnets, the sample 

was mounted in a Teflon spacer of thickness 2.5 mm inserted 

between two pairs of permanent Nd magnets (two circular 

cylinders with diameter D ≈ 22 mm and height h ≈ 10 mm) 

that providing an axial magnetic field B = 0.82 T at their 

center. Using finite element modeling, we estimated the field 

homogeneity to be around 2% in a radius of 5 mm.  

 

III. RESULTS 

 

Four probe measurements of Rxx and Rxy have been 

carried out for various gate voltages Vg at B = 0.2 T to 

determine carrier densities and mobilities. The Hall 

concentration was experimentally determined as nH = 1/eRH, 

where RH is the Hall coefficient. As in the case of field-effect 

transistors, 2D carrier density is also given by n = (Vg – V0), 

where 𝑉𝑜 is a gate offset, and  depends on both geometric 

and quantum capacitances per surface unit. As the valence 
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band side maxima trap holes,  is higher on the electron side 

(𝛼𝑛)  than on the hole side (𝛼𝑝). For device D1, αn ≈ 1.4 × 

1011 cm−2 V−1 (and αp ≈ 1.2 × 1010 cm−2V−1), whereas for 

device D2 αn (αp) is 1.67 × 1011 cm−2V−1 (5.7 × 109 cm−2 V−1). 

For both devices at T = 1.8 K, the hole mobility exceeds the 

electron mobility (see Fig. 1 in the Supplemental Material). 

Figure 2(a) shows the Hall conductivity yx(Vg) for 

Device 1 in various magnetic fields ranging from 1.5 – 4.0 T. 

According to the QHE theory yx = e2/h, where the filling 

factor ν determines the number of the filled LLs. Thus, 

transitions between quantum plateaus correspond to crossings 

of the Fermi level with the LL centers. Figure 2(b) presents 

the yx mapping as a function of the gate voltage Vg and the 

magnetic field B at T = 1.8 K. The QHE plateaus at  = 1 and 

 = –1 are marked by yellow and red areas and correspond to 

electron and hole transport, respectively. One can see that the 

QHE plateaus for holes ( = –1) are much wider than those 

for electrons ( = 1). 

We present experimental studies of magnetoresistances 

in such HgTe quantum wells versus temperature and magnetic 

field, which allow determining the critical magnetic field Bc 

above which the topological gap (and parasitic edge 

conduction channels) disappears. We show that for QWs for 

which Bc becomes very low or even vanishes, one observes 

remarkably wide QHE plateaus at filling factor  = – 1 (holes) 

using only commercial Neodymium permanent magnets 

providing B = 0.82 T, and liquid 4He system operating at a 

few Kelvins. 

 

 
Fig. 2. (a) Device D1. Dependence of the Hall 

conductivity on the gate voltage in various magnetic fields at 

T = 1.8 K. (b) Map of the Hall conductivity (with contours and 

color scale) as a function of the magnetic field and gate 

voltage. The dashed lines are regularly spaced lines of the Hall 

conductivity. QHE plateaus at 𝜈 =  ±1 correspond to yellow 

and red areas for electrons and holes, respectively. 

(c) Experimentally obtained Landau levels as a function of the 

gate voltage Vg. Color map shows the absolute values of the 

derivative dσyx/dVg, where σyx = ρxy/(𝜌𝑥𝑥
2  + 𝜌𝑥𝑦

2 ). Symbols 

correspond to the onset of the regions with σyx = e2/h. The 

dashed  lines are the guides for the eyes for the expected 

position of the zero-mode LLs. 

 

It is worth noting that the transition from inverted to 

normal band ordering occurs with the increase of  the 

magnetic field. The derivative of the Hall conductivity, shown 

in Fig. 2(c), exhibits sharp peaks corresponding to the 

interception of LLs by the Fermi level. The two peaks arising 

from the transitions correspond to the two zero-mode LLs, 

shown in Fig. 1. Mapping dyx/dVg versus Vg and B allows 

obtaining the graph corresponding to LL fan chart. The 

transition from the inverted to normal band ordering for 

device D1 occurs around Bc ≃ 1.2 T [see Fig. 2(c)]. This 

means that the quantum spin Hall effect is eliminated for 

magnetic fields higher than Bc ≃ 1.2 T and replaced by the 

ordinary integer QHE [14,20]. 

For ordinary semiconductor systems, like GaAs/AlGaAs 

heterostructures, either the fractional plateaus or vanishing 

Hall conductivity (σxy = 0), are expected in high fields when 

the filling factor diminishes well below 1. For HgTe QWs, 

this QHE regime is observed in magnetic fields exceeding a 

critical value B > Bc, and for gate voltages in the vicinity of 

the charge neutrality point. At B = Bc, the QHE behavior is 

analogous to the case of massless Dirac fermions, with a direct 

transition between two states with yx = e2/h. 

We present now the magnetotransport properties of 

device D2. In Figs. 3(a,b) we depict the Hall resistivity xy(B) 

as a function of electron and hole densities controlled by the 

gate voltage.  As seen, the QHE plateaus ν = ±1 appear at a 

lower magnetic field for holes than for electrons. 

 

 
Fig. 3. (a) Device D2. Hall resistivity for electrons and holes 

at various gate voltages Vg – V0. (b) Map of the Hall resistivity 

as a function of the magnetic field for different gate voltages 

with respect to the charge neutrality point. QHE plateaus at 

𝜈  =   ±1 correspond to blue and red areas for electrons and 

holes, respectively. Vertical dashed-dot line corresponds 

B =0.82 T. 

 

Overall, there are two prerequisites for finding a precise 

quantization: µB >> 1 and  > 100 kBT, i.e., large values of 

both carrier mobility µ and gap between neighboring Landau 

levels . Compared to other materials [4], HgTe/HgCdTe 

QWs exhibit sizable carrier mobility (~105 cm²/Vs) and large 
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gap (Δ ≃ 10 meV). Accordingly, in device D2 quantized Hall 

conductance of holes appears already in B = 0.5 T at 

T = 2.0 K. Strikingly, in both devices, the quantized Hall 

plateaus are much wider for holes than for electrons. This may 

be explained by the existence of the valence band side maxima 

serving as charge reservoir specific to HgTe quantum wells.   

The features of the QHE in HgTe QWs are strongly 

correlated to the behavior of the zero-mode LLs. Therefore, 

another objective of the present work is to investigate the 

properties of these zero-mode LLs versus temperature.  

The color maps shown in Fig. 4 evidence the transition 

from the inverted band ordering to the normal band sequence 

with increasing temperature. This is confirmed by theoretical 

computations that show that with increasing temperature, the 

topological energy gap between the electron-like subband E1 

and the heavy hole-like subband H1 decreases so that above 

critical temperature Tc a normal band ordering appears. 

Experimentally, according to results displayed in Fig. 4(b), 

Tc = 10 K for device D2. A further increase of temperature 

results in a gap opening, see Fig. 4(c). It is worth noting that 

analogous changes in band structure can be caused by 

hydrostatic pressure [19]. Finally, in agreement with Ref. 26, 

our results indicate that the carrier density does not change 

with temperature (see Fig. 2 in the Supplemental Material). 

 

 
Fig. 4. Device D2. Experimentally obtained Landau 

level fan charts as a function of the gate voltage Vg at various 

temperatures: (a) T = 1.8 K; (b) T = 10 K and (c) T = 20 K. 

Color maps depict the absolute values of the derivative 

dσxy/dVg. Symbols correspond to the onset of the regions with 

σyx = e2/h. The dashed-dot lines show the zero-mode LLs. 

 

As can be seen on Fig. 3b, the plateau v = –1 starts from 

fields about 0.5 T. Such fields are available using permanent 

Nd magnets. In order to construct a prototype device for 

resistance standard we have prepared a specific sample holder 

equipped with permanent magnets as shown in Figs. 5(a,b). 

The results shown in Fig. 5(c) clearly demonstrate the 

appearance of QHE in device D2 in the magnetic field 

produced by permanent magnets. The Hall resistance as a 

function of gate voltage is measured in the temperature range 

2.0 – 5.0 K. Quantum Hall plateau  = –1 is observed up to 

15 K, while the Fermi level remains pined in the valence band. 

Under our experimental conditions, we can only roughly 

estimate the accuracy of xy quantization as  0.01h/e2 at T = 

1.6 K and a minimum value of xx is below 0.001h/e2 at T = 

1.6 K and for I = 100 nA. 

The robustness of the QHE states in the hole transport 

regime is presumably related to the Fermi level pinning by the 

side maxima in the valence band, playing the role of a charge 

reservoir [20,27,28]. 

  

 
 

Fig. 5. (a) Schematic illustration and (b) photography of the 

sample holder with four permanent Nd magnets. (c) Hall 

resistance as a function of the gate voltage in the magnetic 

field of 0.82 T generated by the permanent magnets for 

different temperatures: 2.0 K (navy blue), 2.5 K (blue), 3.0 K 

(green), 3.5 K (yellow), 4.0 K (orange) 4.5 K (red) and 5.0 K 

(brown). 

 

IV. SUMMARY AND FUTURE 

DEVELOPEMENTS 

To summarize, gated HgTe quantum wells of width around 

7 nm exhibit graphene like band structure with low effective 

mass (“masless Fermions”) and high hole mobilities.  These 

properties grant well defined LLs with large energy gaps 

between them even at relatively low magnetic fields. These 

peculiar properties have allowed us to observe a wide  = –1 

QHE plateaus using Nd permanent magnets. We also 

performed transport measurements of HgTe QWs at various 

temperatures, revealing a phase transition at which the two-

dimensional Dirac massless fermions emerge at 𝑇 = 10 K. 

Our results demonstrate that these HgTe quantum structures 

are potential candidates for quantum Hall resistance standards 

operating in relaxed cryomagnetic conditions 

There are a few challenges in further development of 

HgTe QW resistance standards. One of them is the reduction 

of the contact resistance, which induces local heating and 

precludes the use of high currents needed to reach a better 

metrological precision [29,30].   



5/6 

We suggest increasing carrier density under the contacts 

by using an additional gate in the contact proximity. 

Also, one can consider a conductive substrate serving as 

a HgTe QWs bottom gate [31]. Alternatively, one could also 

consider double HgTe QWs, where one of the QWs plays the 

role of the gate controlling the carrier concentration. 

Moreover, metals like Sn, In, or Au/Mo are required to form 

low-resistive ohmic contacts [32,33], precluding Schottky 

barrier formation. 

The band structure properties of HgTe QWs can be 

modified to obtain metrological QHRSs. It has been 

demonstrated theoretically that the positions of extrema in the 

valence band dispersion and the magnitude of LL gap can be 

controlled by axial strain [20,34,35]. Additionally, the band 

structure properties can be manipulated by adding Mn and Cd 

into the QWs barriers [28,34]. These additional degrees of 

freedom may increase the width and the robustness of the 

QHE plateaus, allowing further improvement of HgTe QWs 

based metrological devices operating with relaxed 

cryomagnetic conditions. 
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Fig. 1. The longitudinal resistance in device D1 (a) and device D2 (b) as a function of the gate voltage at T=1.8 K.  (c) Hall 

carrier concentration and (d) Hall mobility in D1 and D2 for electrons and holes versus gate voltage at T=1.8 K. 



 

 

 

 

Fig. 2 (a) Hall carrier concentration and (b) Hall mobility for electrons and holes as a function of gate voltage at 

temperature range from 2 K to 20 K. (c) Dependence of the Hall conductivity on gate voltage presented for different 

magnetic fields: (dark cyan) 1.5 T; (cyan) 2.0 T;(dark yellow) 2.5 T; (red) 3:0 T ; (blue) 3.5 T and (dark gray) 4.0 T. (d) 

Derivative of the transverse conductivity for (dark goldenrod curve) 2.5 T and (gray curve) 4.0 T from the gate voltage. 




