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Deliverable Summary 

The breakdown of the quantum Hall effect, which is observed as the abrupt increase in the 

longitudinal resistance with an associated loss in the quantization of Hall voltage is the major 

factor limiting the precision of the electrical resistance standard. Here we report the current 

status of understanding this for epitaxial graphene by comparison between experiment and 

theory through measurements of carrier energy loss rate as a function of electron temperature 

for a representative variety of samples. 
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1. Scenario of breakdown of Quantum Hall effect in two-dimensional 
electron gas and its applicability to graphene 

 

The breakdown of the quantum Hall effect, which is observed as the abrupt increase in the 

longitudinal resistance with an associated loss in the quantization of Hall voltage is the major 

factor limiting the precision of the electrical resistance standard. Although a comprehensive 

model that explains all the experimental results on the breakdown of quantum Hall effect does 

not exist, the proposed models provide insight to different aspects of the current- and 

temperature-induced breakdown. Some of these models are intra- and inter-Landau level 

transitions, electron heating, impurity mediated tunneling and relaxation of the electrons and 

electron phonon interactions. 

 

The most commonly used model to predict the breakdown of QHE is the bootstrap-type 

electron heating model of Komiyama and Kawaguchi [1], which is based on the runaway 

heating which occurs when the quantum Hall effect begins to break down. Within this model, 

for graphene, the breakdown field is predicted to be Ey= . We see that with typical 

parameters for graphene (τe = 4 ps and  = 126 meV) we can expect a breakdown current 10 

times higher than for GaAs (τe = 100 ps and  = 17 meV) ([22], see text below). These 

results suggest that the intrinsic properties of graphene make it a much better choice for the 

realization of a quantum resistance standard than GaAs and allow for much larger 

measurement currents through graphene samples. 

 

The large breakdown currents observed in graphene mean there is significant heating of the 

electron gas in the quantum Hall state (for 100 µA this is more than 100 µW in a 35 µm wide 

channel). This in turn implies that the charge carriers in graphene must be very efficient in 

losing their energy to the lattice. 

 

Therefore the heat transfer mechanisms in different types of graphene require more attention. 

In collaboration between Chalmers and NPL and the group of Robin Nicolas at Oxford we [2] 

studied the energy loss rates of hot charge carriers in graphene produced by three different 

methods, exfoliated, epitaxial and CVD-grown samples. By measuring the amplitude of the 
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Shubnikov-de Haas oscillations as a function of temperature and current, the carrier 

temperature can be determined as a function of current. For epitaxial graphene in which not 

enough SdH oscillations are present, the amplitude of the zero field weak localisation peak 

was used to determine the carrier temperature. From these results the energy loss rates can be 

obtained as a function of carrier temperature, which are shown in Figure 1. 

 

Further work on this problem is in progress during the last half-year of the project and will be 

reported in the 3rd year report. 

 

 
Figure 1 : (From the Ref. 2) Carrier energy loss rate as a function of electron temperature for a representative 

variety of samples and from the two techniques used. The data follow a similar trend for all samples, with the 

energy loss rate scaling by approximately T 4. An extrapolated T 3 dependence from low-temperature calculations 

[3] is shown for a carrier density of 4.13 × 1011 cm−2 and a T 4 dependence is also shown. These data show that 

there is no difference in the energy loss rate between epitaxial and other types of graphene, at least for low 

overheating. 
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