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We investigate the 1/f noise properties of epitaxial graphene devices at low temperatures as a function of 

temperature, current and magnetic flux density. At low currents, an exponential decay of the 1/f noise 

power spectral density with increasing temperature is observed that indicates mesoscopic conductance 

fluctuations as the origin of 1/f noise at temperatures below 50 K. At higher currents, deviations from the 

typical quadratic current dependence and the exponential temperature dependence occur as a result of 

nonequilibrium conditions due to current heating. By applying the theory of Kubakaddi [S. S. Kubakaddi, 

Phys. Rev. B 79, 075417 (2009)], a model describing the 1/f noise power spectral density of 

nonequilibrium mesoscopic conductance fluctuations in epitaxial graphene is developed and used to 

determine the energy loss rate per carrier. In the regime of Shubnikov-de Haas oscillations a strong increase 

of 1/f noise is observed, which we attribute to an additional conductance fluctuation mechanism due to 

localized states in quantizing magnetic fields. When the device enters the regime of quantized Hall 

resistance, the 1/f noise vanishes. It reappears if the current is increased and the quantum Hall breakdown 

sets in. 
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1.  INTRODUCTION 

Graphene, a monolayer of carbon atoms in a hexagonal 

lattice, is a promising material for a variety of electronic 

applications
1,2,3

. Low-frequency noise, also referred to as 

flicker noise or 1/f noise, is a common phenomenon caused 

by various physical mechanisms and found in numerous 

systems
4,5

, including electronic transport in graphene 

devices
6 - 9

. At low temperature the noise properties of 

graphene devices are of particular interest for its application 

in metrology as a quantum Hall resistance
10 - 13

 and 

impedance
14

 standard. In low-temperature diffusive 

transport in a disordered conductor like graphene, quantum 

interference effects arise due to phase-coherent transport of 

electrons. When the phase-coherence length LΦ of the 

electronic wave function is much longer than the elastic 

mean free path l, the effect of weak localization
15 - 18

 occurs. 

It results from the interference of charge carriers 

backscattered from impurities along clockwise and 

counterclockwise paths and appears as a reduction of the 

average conductance at zero magnetic flux density. 

Another consequence of quantum coherence in diffusive 

conductors is the phenomenon of universal conductance 

fluctuations (UCF)
19,20

, which arise from interference of 

phase-coherent charge carriers between all possible paths 

through the device. UCF are sample-specific and occur as a 

function of magnetic flux density, chemical potential, or 

impurity configuration because these parameters change the 

paths of charge carriers through the device. When the size 

of the device L is smaller than the phase-coherence length 

(    ), then the amplitude of the conductance 

fluctuations is of the universal magnitude     , 

independent of the device size and the degree of disorder. 

For large devices (    ), the amplitude of the 

conductance fluctuations decays with increasing device size 

or decreasing phase-coherence length and is no longer of 

the order of     , but smaller due to ensemble averaging. 

In this case the conductance fluctuations are often referred 

to as mesoscopic conductance fluctuations (MCF). 

In metals
19,20

 and conventional semiconductors
21,22,23

, an 

increase in temperature causes a power-law decay in 

amplitude of the mesoscopic conductance fluctuations, 

resulting from a temperature-induced dephasing due to the 

thermal energy    . In graphene, the temperature depen-

dence of MCF remains subject to controversy as Skákalová 

et al.
24

 and Rahman et al.
9
 observe different types of 

exponential decay and Bohra et al.
25

 find a power-law 

decay.  

However, these quantum conductance fluctuations (UCF 

and MCF) exhibit a strong sensitivity to impurity motion.
19

 

Consequently, a temporal fluctuation of the impurity 

configuration results in time-dependent quantum 

conductance fluctuations, which give rise to noise with a 

characteristic 1/f-type power spectral density (PSD).
19,9,26,27

 

Therefore, in large devices, as used in metrological 

applications of graphene, the existence of MCF can be 

probed through the investigation of 1/f noise.  



  

For the usually applied very low current densities in 

noise measurements, a quadratic current dependence of the 

power spectral density SI indicates conductance fluctuations 

in equilibrium conditions as the origin of 1/f noise. On the 

other hand, in nonequilibrium conditions with electron-

electron interaction taken into account, Ludwig et al.
28

 

predict the variance of mesoscopic conductance 

fluctuations to be inversely proportional to the applied 

voltage V:          . This would result in a linear current 

dependence of SI. Such behavior has been observed in 

manganite thin films
29

 and high-Tc superconducting 

cuprates
30

. In these publications, the linear current 

dependence is ascribed to the effect of weak localization.  

Here, we investigate the low-temperature 1/f noise 

properties of large-area epitaxial graphene devices in the 

absence of a magnetic field, in the regime of Shubnikov-de 

Haas oscillations, and in the regime of quantized Hall 

resistance. An exponential decay of the 1/f noise power 

spectral density with increasing temperature is observed at 

low currents, indicating mesoscopic conductance 

fluctuations as the origin of 1/f noise. This supports the 

observation by Skákalová et al.
24

 and contributes to the 

controversial discussion about the temperature dependence 

of mesoscopic conductance fluctuations in graphene
9,25

. At 

low temperature and relatively high current (as required for 

metrological precision measurements of the quantized Hall 

resistance), we find a nonquadratic current dependence of 

the noise power spectral density SI and a nonexponential 

temperature dependence of SI. We interpret the observed 

phenomena in terms of mesoscopic conductance 

fluctuations, which exhibit nonequilibrium conditions due 

to current heating effects at high currents. This allows us to 

determine the energy loss rate per carrier from the 

temperature and current dependence of the 1/f noise power 

spectral density.  Furthermore, SI strongly increases when a 

magnetic field is applied and the device enters the regime 

of Shubnikov-de Haas oscillations. At the peak of the 

longitudinal resistance (corresponding to half-filling of the 

Landau level n = 1 in our device), the PSD reaches a 

maximum and the current dependence becomes linear. We 

find that in this regime an additional conductance 

fluctuation mechanism dominates, which can be related to 

localized states in the quantum Hall regime. Finally, when 

the device enters the quantized Hall regime, which is 

signified by vanishing longitudinal resistance, also the 1/f 

noise vanishes, since conductance quantization and 

noiseless current are inseparable.  

2.  EXPERIMENTAL METHODS 

The measurements were carried out on large-area Hall 

bar devices (400 µm x 100 µm) patterned by electron beam 

lithography on epitaxial graphene grown on the silicon-

terminated face of a 6H silicon carbide substrate. An optical 

microscope image of such a device is shown in FIG. 1(a). 

The graphene film had been grown in argon at atmospheric 

pressure within 5 minutes at a temperature of 1750 °C
31

. 

Raman spectroscopy was used, on samples with similar 

growth conditions as the one presented here, to confirm the 

presence of monolayer graphene, with only very few, 

electrically separated bilayer patches (FIG. 1(b)). Contrast-

enhanced optical microscopy
32

 and scanning-electron 

microscopy have confirmed similar film properties on the 

samples used here. Stable and low-resistance contacts 

(< 10 Ω in the quantum Hall regime) were fabricated by an 

optimized two-step metallization process, Ti/Au 

(10 nm/30 nm) followed by Au (50 nm), which enables 

direct contact between the second gold layer and the 

graphene edge
33

. Photochemical gating
34

 was applied to 

reduce the charge-carrier concentration by covering the 

sample with two polymers (70 nm of PMMA resist 

followed by 300 nm of ZEP520A resist) and subsequent 

UV radiation at room temperature. The main results were 

confirmed on three different devices. In this paper we 

present data from just one particular device, except for the 

data in FIG. 9. 

All measurements were performed with the device in a 

cryomagnetic 
3
He system with a superconducting solenoid 

and coaxial measuring leads. Four-terminal DC 

measurements of the Hall resistance Rxy and the 

longitudinal resistance Rxx, as well as two-terminal DC 

measurements of the source-drain resistance Rsd, were 

carried out by a scanning voltmeter while the source-drain 

current I was provided by a battery-operated current source. 

Precision DC measurements of the longitudinal resistance 

and the quantized Hall resistance at the ν = 2 plateau were 

performed in four-terminal configuration using a cryogenic 

current comparator bridge with the graphene device 

 
FIG. 1. (Color online)  (a) Optical micrograph of the large-area 

epitaxial graphene Hall bar device used in the measurements 

presented in this paper. (b) Map of the Raman 2D-peak width of a 

sample with similar growth conditions shows monolayer graphene 

(green) with only very few, electrically separated bilayer patches 

(blue). (c) Low-frequency noise measurement setup. 

 



  

measured against a well-known GaAs quantum Hall device 

at a DC source-drain current of I = 30 µA. 

FIG. 1(c) shows a schematic drawing of the noise 

measurement setup. Low-frequency noise measurements 

were carried out in a two-terminal-pair configuration by 

applying a constant voltage, provided by a low-noise 

battery, between the source contact and the outer conductor. 

The current fluctuations caused by the device were obtained 

by measuring the noise of the voltage drop across a 12.9 kΩ 

shunt resistor, which was connected to the drain contact of 

the device and the outer conductor and was cooled to 4 K in 

a liquid helium storage dewar. The measured voltage 

fluctuations were amplified by a low-noise preamplifier
35

 

(equivalent rms input noise voltage: 0.5 nV/√Hz) and 

recorded by an analog-to-digital converter model PXI-4461 

from National Instruments
36

 at a scan rate of 20000 Hz. 

Each trace of voltage fluctuations was recorded for 2 

seconds and subsequently Fourier-transformed to obtain a 

spectrum in the frequency range of 20 Hz to 5000 Hz. 50-

100 single spectra were averaged to reduce statistical 

errors. For all noise measurements, the intrinsic noise of the 

measurement setup and the Johnson-Nyquist noise of the 

device at each temperature, obtained at zero battery voltage 

and averaged over 200 spectra, was subtracted (see 

supplemental material). The resulting spectra of the 

frequency-dependent 1/f noise power spectral density are 

fitted by SI(f) = SI0∙(f0/f)
α
 with the fitted noise power 

spectral density SI0 at the reference frequency f0  and the 

frequency exponent α. To characterize a whole spectrum by 

just one number, we quote in the following the fitted noise 

power spectral density SI0 at f0 = 80 Hz.  

3.  RESULTS AND DISCUSSION 

In this section the experimental results are presented and 

discussed in three subsections. First, magnetotransport 

measurements characterizing the electrical transport 

properties of the device are presented. Next, the 

temperature and current dependences of the 1/f noise power 

spectral density are presented and interpreted in terms of 

nonequilibrium mesoscopic conductance fluctuations. In 

the last subsection, the 1/f noise properties in quantum Hall 

plateau transitions are studied and additional conductance 

fluctuation mechanisms in high magnetic fields are 

discussed. 

 

A. Electrical DC magnetotransport measurements 

 

Electrical characterization by magnetotransport 

measurements is performed at a bath temperature of 

T = 0.4 K and a DC source-drain-current of I = 10 µA. An 

electron concentration of n = 4.08 ∙ 10
11

 cm
-2

 is derived 

from the slope of the Hall resistance around zero magnetic 

flux density (dashed line in FIG. 2). An electron mobility of 

µ = 7426 cm
2
/Vs is determined from n and Rxx at B = 0. 

The electron mean free path l is calculated from the 

mobility to be about l ≈ 55 nm. Therefore, the electrical 

transport is in the diffusive regime (L, LΦ >> l), regarding 

the large device size and typical coherence lengths of 

several hundred nanometers in epitaxial graphene on SiC 

with similar mobility and carrier concentration in this 

temperature range.
18

 DC precision measurements of the 

quantized Hall resistance and the longitudinal resistance 

revealed an accurate quantization of the quantum Hall 

plateau at ν = 2 with metrological precision of several parts 

in 10
9
 as well as a vanishing longitudinal resistance at 

magnetic flux densities B > 7.5 T for I = 30 µA. Note that 

the well quantized Hall resistance at ν = 2 is a further 

evidence for the presence of largely single-crystalline 

monolayer graphene in our devices. Both the longitudinal 

resistance Rxx and the Hall resistance Rxy contribute to the 

two-terminal source-drain resistance Rsd, which is the 

resistance relevant to the two-terminal-pair noise 

measurements described below. 

 

B. Temperature dependence of 1/f noise 

 

Exemplary noise spectra measured for I = 10 µA at 

different temperatures and zero magnetic flux density are 

shown in FIG. 3 on a double-logarithmic scale. For all 

temperatures we find a typical power-law dependence of 

     with exponents 0.9 < α < 1 for the noise power 

spectral density SI, in agreement with 1/f-type noise. This is 

also the case at all measured magnetic flux densities 

discussed in section C.  

FIG. 4 shows the temperature dependence of the fitted 

noise power spectral density SI0 at a reference frequency of 

f0 = 80 Hz for temperatures between T = 0.4 K and 

T = 235 K and a current of I = 10 µA.  

 
FIG. 2. (Color online) Hall resistance (black), longitudinal 

resistance (red) and two-terminal source-drain resistance (blue) 

as a function of magnetic flux density. The device had been 

tuned to the carrier concentration used in all noise measurements 

presented below. 



  

At temperatures above T = 56 K, the noise power spectral 

density increases monotonically with temperature, 

predominantly due to thermal activation of mobile 

defects.
4,27,37

 In this temperature range, the PSD exhibits a 

quadratic current dependence, as expected for conductance 

fluctuations, even at large currents. Also, the source-drain 

resistance Rsd increases linearly with temperature, 

indicating phonon scattering as the origin of its 

temperature-dependence.
38

 

Below T ≈ 50 K, SI0 strongly increases with decreasing 

temperature by more than two orders of magnitude. This 

increase is not related to the graphene source-drain 

resistance, which is approx. constant between T = 0.4 K and 

T ≈ 30 K (see inset of FIG. 4).  

The current dependence of SI0 normalized to SI0(100 µA) 

is shown in FIG. 5 in the temperature range below 

T = 30 K. At 28.5 K, the current dependence is still 

quadratic in the whole range of measured currents. A 

deviation from the quadratic current dependence occurs at 

very low temperatures. In the inset of FIG. 5 the exponent b 

of the current dependence, obtained from a power-law fit 

SI0 = a∙I
b
 in the current range 5-100 µA, is given as a 

function of temperature. The deviation from b = 2 is most 

distinct at the lowest temperature of T = 0.4 K and high 

currents. At currents below I = 10 µA, a deviation from a 

quadratic dependence is observed below T ≈ 6 K, whereas 

at higher currents the onset temperature of this deviation 

increases. At 80-100 µA, b deviates from 2 at temperatures 

below T ≈ 15-20 K. At the lowest temperature of T = 0.4 K, 

a quadratic current dependence is not observed down to 

currents of I = 0.25 µA, but rather b ≈ 1.5 is found (see 

supplemental material).  

FIG. 6 shows the 1/f noise PSD data from FIG. 5 as a 

function of temperature (below 30 K) for various currents I. 

At low currents (e.g. I = 5 µA), the PSD decays 

exponentially with increasing temperature, and is best fitted 

by a SI0 ~ exp(-T/Tf) dependence as indicated by the red 

dot-and-dashed line. The exponential temperature 

dependence of the PSD specifically in this temperature 

range, together with a quadratic current dependence, 

strongly indicates mesoscopic conductance fluctuations as 

the origin of the 1/f noise. An exponential temperature 

decay was also observed for universal/mesoscopic 

 
FIG. 3. (Color online) Frequency-dependent noise power 

spectral density SI as a function of frequency showing a 1/f-type 

spectrum at all measured temperatures, zero magnetic flux density 

and a current of I = 10 µA. A power-law fit of SI at T = 0.4 K is 

shown by the black solid line.  

 

 
FIG. 5. (Color online) Current dependence of SI0 normalized to 

SI0(100 µA) at various temperatures and B = 0. The black dashed 

line indicates a quadratic current dependence. At very low 

temperatures and high currents, a deviation from the quadratic 

current dependence is observed, as illustrated by the red dashed 

line with b = 1.47 for T = 0.4 K. Solid lines connecting the points 

are a guide to the eye. The inset shows the exponent of the current 

dependence b as a function of temperature. 

 

 
FIG. 4. Temperature dependence of the noise power spectral 

density SI0 at 80 Hz for I = 10 µA at zero magnetic flux density. 

Below T = 50 K, SI0 strongly increases with decreasing 

temperature, whereas the source-drain resistance of the device is 

approx. constant in this temperature range (inset).  

 



  

conductance fluctuations in graphene in other studies
24,9

 

and differs from the power-law dependence usually found 

in normal metals in the phase-coherent regime
39

. However, 

the exact exponential behavior of the temperature 

dependence of mesoscopic conductance fluctuations is still 

controversial. Skákalová et al. find an exp(-T/Tf)-

dependence, which is in agreement with our measurements, 

whereas Rahman et al. observe an exp(1/T)-dependence.  

At high currents and below approx. 6-15 K, the PSD 

deviates from the exponential temperature dependence 

(which is indicated by the black dashed line for I = 100 µA) 

and saturates at the lowest temperatures. This 

nonexponential decay with temperature is related to an 

exponent of the current dependence smaller than 2, as 

described before, with values down to b = 1.42 at T = 0.4 K 

and I = 80-100 µA. Points marked with grey background in 

FIG. 6 are consistent with a quadratic current dependence, 

whereas a white background corresponds to the regime of 

nonquadratic current dependence.  

The following interpretation of our noise measurements 

in the framework of mesoscopic conductance fluctuations is 

further corroborated by the observation of residual 

conductance fluctuations in the DC measurements of Rxx at 

low temperature and intermediate magnetic flux density 

(see supplemental material).  

We explain the observed features of the low-temperature 

noise power spectral density SI in epitaxial graphene as 

follows.  

Quantum interference effects arise at low temperatures 

due to an increased phase coherence length LΦ. As the 

carrier concentration of our graphene is not perfectly 

homogeneous and is affected by charged impurities, surface 

contaminations and substrate/buffer layer inhomogeneity, 

different current paths around such imperfections can 

interfere with each other as a result of the phase coherence. 

This appears as mesoscopic conductance fluctuations when 

the interference pattern changes as a function of, e.g., 

magnetic flux density or chemical potential. In large area 

devices, as used for metrological applications, these 

fluctuations are barely visible in the longitudinal resistance 

as MCF are averaged with larger device size.  

Nevertheless, due to the strong sensitivity to impurity 

motion, the MCF manifest themselves in the 1/f noise of the 

device as a result of the temporal fluctuation of the impurity 

configuration. In disordered metals, MCF theory explains 

an enhancement of 1/f noise at low temperature as a result 

of an increased sensitivity of the conductance to impurity 

motion.
27,39

 As our measurements show, this is also the case 

for epitaxial graphene and gives rise to the strong increase 

of 1/f noise at temperatures below T ≈ 50 K (FIG. 4).  

In the low current limit where current heating is 

negligible, the MCF-induced noise power spectral density 

SI is proportional to the square of the current and decays 

exponentially with increasing temperature
24

, expressed 

mathematically by  

 

    
  

 
  
     (1) 

 

where Te is the electron temperature and Tf is the 

exponential decay parameter. In this model, the 1/f noise 

decays with increasing temperature because the thermal 

energy begins to destroy the phase coherence, which is 

essential to quantum interference.  

Currents of up to several tens of microamperes are required 

for metrological precision measurements of the quantized 

Hall resistance. At these high current levels, current heating 

must be considered since the electron temperature Te may 

be elevated from the lattice temperature T.
40

 Using the 

theory of current heating in graphene by Kubakaddi
41

, the 

effective minimum electron temperature    can be derived 

from the energy loss rate per carrier     , which is given 

by Eqs. (16, 20) in [41]. From those equations one 

calculates    as 

     
     

   
   

 
 (2) 

 

where A is the area of the graphene sheet and   is the 

coefficient of the   -dependent energy loss rate per carrier.  

 Combining Eq. (1) and Eq. (2) leads to a formula which 

describes the measured noise power spectral density as a 

 
FIG. 6. (Color online) Temperature dependence of the noise 

power spectral density SI0 at 80 Hz for B = 0, temperatures below 

T = 30 K and currents of 5 µA, 10 µA, 20 µA, 30 µA, 40 µA, 

50 µA, 60 µA, 80 µA, and 100 µA. Symbols correspond to the 

measured data. The red dot-and-dashed line as well as the black 

dashed line indicate an exponential temperature dependence of 

SI0 ~ exp(-T/Tf). The solid lines are simultaneously fitted to all 

shown data points according to the theory of current heating by 

Kubakaddi41, combined with the empirically found exp(-T/Tf)-

dependence. The grey background marks a region with quadratic 

current dependence of SI0, whereas a nonquadratic current 

dependence is indicated by a white background.  



  

function of the current I, taking into account the effect of 

current heating and thermal destruction of phase coherence:  

 

           
   

 

  
 
 
  

 

  
 

  

  (3) 

 

with a parameterizing the amplitude of the noise power and  

 
 

  
  

 

  
 

   

   
   (4) 

 

being introduced for convenience.  

A least squares fit of Eq. (3) simultaneously to all 

experimental data in FIG. 6 is plotted as solid lines and 

yields the following values: a = (1.6 ± 0.03) ∙ 10
-7

 Hz
-1

, 

   = (31.2 ± 1.2) µA,    = (6.95 ± 0.06) K. The good 

quality of the fit supports the validity of our approach. At 

high currents and low temperatures, the model explains the 

observed nonexponential temperature dependence and the 

nonquadratic current dependence of SI as a result of the 

elevated electron temperature. This strongly indicates that 

hot-electron effects lead to nonequilibrium conditions of 

the mesoscopic conductance fluctuations which govern the 

strength of the 1/f noise at high current densities and low 

temperatures. Note that the current dependence observed at 

the lowest temperatures is just apparently nonquadratic as a 

result of the nonequilibrium conditions causing an increase 

in electron temperature. Another way of saying the same is 

that, according to Baker et al.
18

, LΦ saturates at low 

temperature as a consequence of the finite electron 

temperature due to current heating. Consequently, SI 

saturates due to a saturation of LΦ at low temperature.  

Baker et al.
18

 as well as Lara-Avila et al.
42

 report about 

hot-electron effects in measurements of weak localization 

and of the phase-coherence length LΦ in large-area epitaxial 

graphene down to very low current densities (j ≈ 1.5∙10
-

6
 A/m) at low bath temperatures (T = 10 mK). In agreement 

with their findings, an effective minimum electron 

temperature of Te ≈ 0.62 K is calculated from Eq. (2) for 

our minimum current density of j = 0.0025 A/m at 

T = 0.4 K, already indicating nonequilibrium conditions in 

the electron system of our device. Therefore, the exponent 

of the current dependence is significantly smaller than 2 

under these conditions (see supporting material). However, 

Rahman et al.
9
 report about a quadratic current dependence 

of SI in their experiments at a much higher current density 

of j ≈ 0.14 A/m and temperatures down to T = 0.25 K, 

ruling out current heating in their small exfoliated graphene 

devices. As mentioned above, Ludwig et al.
28

 predict an 

effect of electron-electron interaction on the current 

dependence of mesoscopic conductance fluctuations via 

nonequilibrium conditions. Since small device size sets a 

low-energy cutoff to electron-electron interaction
43

, the 

quadratic current dependence observed by Rahman et al.
9
 at 

j ≈ 0.14 A/m could be a result of their small device size. 

However, in our large-area devices electron-electron 

interaction is present at zero and intermediate magnetic flux 

densities (see supporting material) and might be related to 

the heating of the electron system in our case. 

Note that, since the current heating depends on the 

energy loss rate per carrier, this quantity can directly be 

extracted from our noise data. Usually, the energy loss rate 

per carrier is obtained from the current and temperature 

dependence of the Shubnikov-de Haas oscillation 

amplitude, or from an analysis of the temperature 

dependence of the weak localization peak around zero 

magnetic flux density. Determining it from the current and 

temperature dependence of the 1/f noise power spectral 

density is therefore an alternative method for measuring the 

energy loss rate in graphene Hall bar devices. Based on the 

current heating model by Kubakaddi, an energy loss 

coefficient of α = (21.0  ± 0.9) ∙ 10
-18

 WK
-4

 is obtained from 

Eq. (4) by using the fit values for     and    as well as the 

area  , carrier concentration   and longitudinal resistance 

    of our Hall bar device. This value of   is of the same 

order of magnitude as the theoretical prediction from 

Kubakaddi
41

 for a device of similar carrier concentration 

and a deformation potential of D = 19 eV and the value of α 

extracted from weak localization data by Baker et al.
40

. 

Therefore, our results are another confirmation of the large 

energy loss rate per carrier in graphene by an independent 

measurement method. Since the larger energy loss rate per 

carrier is one of the factors for the enhanced breakdown 

currents observed in graphene-based quantum resistance 

standards, when compared to GaAs
40

, this issue deserves 

further attention.  

It should further be noted that from the energy loss rate 

coefficient α experimentally determined here as well as in 

[40],  a value for the deformation potential D of graphene 

can be extracted within the framework of the Kubakaddi 

theory. Calculating D from our data yields a value of 

25.8 eV. This is just at the upper end of the range of 

10..30 eV quoted in literature
44,45

. All these values are, 

however, significantly higher than the value of (~4 eV) 

predicted from first-principles calculations
46

. While our 

result is yet another confirmation of the statement made 

elsewhere
47

 that the experimentally determined values are 

systematically higher, we can give no explanation for this 

discrepancy.  

 

C. Magnetic field dependence of 1/f noise 

 

 The magnetic field dependence of the noise power 

spectral density SI0 at the reference frequency of f0 = 80 Hz, 

T = 0.4 K and I = 10 µA is displayed in FIG. 7. The 

magnetic field dependence shows that the noise is 

qualitatively correlated with the longitudinal resistance Rxx. 

This can be seen by the peak of SI0 around zero magnetic 

flux density, which originates from the weak localization 

peak in the longitudinal resistance
9
, by the maximum of SI0 

around B ≈ 4-5 T (corresponding to the Shubnikov-de Haas 



  

peak of the first Landau level), and by the vanishing of the 

noise PSD in the quantum Hall plateau region.  

First, we investigate the peak of the 1/f noise PSD 

resulting from weak localization around zero magnetic flux 

density. A reduction of SI0 by a factor of 1.55 is observed 

between B = 0 T and B = 0.2, in agreement with the 

findings of Rahman et al.
9
 obtained at T = 0.4 K. This is 

another confirmation of our assumption that quantum 

interference noise due to mesoscopic conductance 

fluctuations is the source of the observed noise phenomena 

around B = 0 T. For very low temperatures T → 0, UCF 

theory predicts a reduction of the 1/f noise PSD with 

increasing magnetic field by a factor of 2 (for low magnetic 

field < 0.5 T) in conventional systems with Landau-level 

quantization, because the cooperon contribution is 

gradually reduced while the diffusion contribution stays 

constant
48,49

. In contrast to this behavior in metals and 

conventional semiconductors, Rahman et al.
9
 report a 

factor-of-4 reduction for graphene at a temperature of 250 

mK and ascribe it to symmetry breaking between valley 

degrees of freedom. This reduction factor is temperature 

dependent and decreases to 1.65 at 0.4 K, comparable to the 

factor of 1.55 observed here.  

We now turn to the increase of the 1/f noise with 

increasing magnetic field, showing a maximum at 

B = 4.4 T. The large increase of the noise by two orders of 

magnitude, particularly in the transition between two 

quantum Hall plateaus, cannot be explained by an increase 

in resistivity. In fact, the model described above in Eq. (3) 

would result in a decrease of the 1/f noise PSD as the 

resistivity increases, due to a stronger effect of current 

heating and the concomitant exponential suppression of 

noise with increasing electron temperature. Moreover, since 

the cyclotron radius              becomes smaller than 

the elastic mean free path of l ≈ 55 nm above 1.4 T, the 

conductivity fluctuations are no longer well described by 

the conventional theory of universal conductance 

fluctuations.
50,51

 

Therefore, we suggest that in the quantum Hall transition 

regime a second conductance fluctuation mechanism 

becomes dominating, which is described by Machida 

et al.
52

 as the result of a network of compressible and 

incompressible subregions
53

. They found that in quantum 

Hall transitions the phase coherence is not significant in 

determining the fluctuation pattern even though the 

conductor is in a coherent regime. Moreover, in the 

presence of carrier concentration inhomogeneities across 

the device, the energy EN of the Nth Landau level fluctuates 

in space around the Fermi energy EF (FIG. 8). 

Consequently, if the average filling factor of Landau levels 

ν takes a noninteger value, the two-dimensional electron 

system splits into nonconducting incompressible subregions 

with local filling factors of ν = N and ν = N - 1 (and 

ν = N+1, if the potential inhomogeneity is larger than the 

energy splitting between the Landau levels, as it has been 

reported for graphene devices
54

). These subregions are 

separated by a percolating conductive network of 

compressible stripes with EN = EF, whose topology 

significantly affects the conductance of the device.
52 

Hence, 

irregular time-dependent fluctuations of the impurity 

configuration will modify the local carrier concentration as 

well as the topology of the network of compressible stripes 

and consequently result in strong 1/f noise of the 

conductance in the corresponding magnetic field regions.  

 
FIG. 7. (Color online) Noise power spectral density SI0 at 80 Hz 

as a function of magnetic flux density at T = 0.4 K and I = 10 µA. 

SI0 strongly increases in the regime of Shubnikov-de Haas 

oscillations. When the device enters the quantized Hall state, the 

noise decreases below the measurement threshold of our setup. 

 
FIG. 8. (Color online) Scheme of the potential landscape of a 

graphene quantum Hall device at the peak of a Shubnikov-de Haas 

oscillation (half filling of the Nth Landau level). As a result of the 

potential inhomogeneity, the two-dimensional electron gas splits 

into incompressible subregions with different local filling factors 

(white, blue, sand-colored) as well as compressible subregions 

(grey). These compressible stripes form a percolating conductive 

network that significantly determines the conductivity of the 

device. Time-dependent fluctuations of the impurity configuration 

as well as charging events of compressible islands modify the 

conductivity of this network and result in 1/f noise of the 

conductivity. 



  

This interpretation is supported by taking a closer look at 

the data in FIG. 2 and FIG. 7, which reveals that the 

maximum of the 1/f noise PSD (at B ≈ 4.4 T) occurs at 

larger magnetic flux density than the maximum of Rsd (at 

B ≈ 4.1 T) or Rxx (at B ≈ 3.8 T): On the low B side of an  

Rxx-peak the potential landscape is formed by 

incompressible islands in the compressible Fermi sea
55

,  

whereas on the high B side of an Rxx-peak the landscape 

corresponds to compressible lakes on insulating, 

incompressible land. Here, on the high B side, transport 

occurs by hopping or tunneling between the compressible 

lakes. This is more sensitive to fluctuations in the potential 

landscape, which explains why the noise PSD peak shifts to 

a higher magnetic field.  

In a more detailed picture, confined compressible islands 

on a mesoscopic scale are localized states that effectively 

behave as quantum dots. Such quantum dot-like localized 

quantum Hall states have been associated with conductance 

fluctuations in the regime of quantum Hall transitions 

before
54,56,57

. They are the origin of line structures parallel 

to integer filling factors observed in the n-B-plane of (trans-

)conductance
54,56,57

 as well as of scanning single-electron-

transistor measurements of GaAs/AlGaAs heterostructure
58

 

and graphene
59

 QHE devices. The typical size of the 

compressible dots is found to be about 60-400 nm
54,58,59,60

. 

Fingerprints of Coulomb blockade physics in these states 

and the existence of a network of dots in graphene have 

been confirmed by Lee et al.
54

, who observed the typical 

Coulomb diamonds near the ν = 0 state. According to Lee 

et al.
54

, there is a large difference Δn ≈ 3-4∙10
11

 cm
-2

 

between the extrema nmin and nmax of the spatial variation in 

carrier concentration in graphene, more than an order of 

magnitude larger compared to GaAs/AlGaAs 

heterostructures
58

. They investigated a small suspended 

graphene device, but for large epitaxial graphene devices 

this should be even more so. As a result, localized states 

with filling factors ν = N-1 and ν = N+1 are present when 

the Fermi energy corresponds to the N-th Landau level at 

the maximum of the longitudinal resistance in quantum 

Hall transitions. Charging of such quantum dot-like 

compressible islands alters the transport channels through 

the device. Therefore, in graphene, the dominant 

conductance fluctuation mechanism due to the landscape of 

compressible and incompressible subregions in the 

quantum Hall transition regime can result from the 

fluctuations in the network of compressible stripes, from 

charging of localized states, and transport across localized 

states in the bulk of the device.  

As an additional mechanism, we suggest that the 

amplitude of conductance fluctuations generally increases 

with increasing magnetic flux density by considering the 

following argument. In quantum Hall transitions, scattering 

mainly occurs in the highest-energy occupied Landau level 

since transport through the device in the lower-energy fully 

occupied levels occurs in dissipationless edge channels. 

Thus, 1/f noise due to conductance fluctuations in strong 

magnetic fields should originate from the highest-energy 

occupied Landau level. When the magnetic flux density is 

increased, that level is responsible for a larger fraction of 

the current transport since the number of occupied Landau 

levels decreases. Therefore, a larger fraction of the total 

current would be subject to conductance fluctuations which 

results in an increase of 1/f noise power spectral density 

with increasing magnetic flux density in the regime of 

Shubnikov-de Haas oscillations. A similar argument was 

given by Main et al.
61

 for resistance fluctuations in the 

quantum Hall regime due to resonant backscattering of 

electrons in narrow quantum wires. We believe that this 

reasoning is also applicable here.  

In epitaxial graphene, surface-donor states in the 

underlying SiC substrate act as a charge reservoir in 

proximity to the two-dimensional electron gas
62,63

. In strong 

magnetic fields, the carrier concentration of epitaxial 

graphene varies with the magnetic flux density due to a 

charge transfer between the surface-donor states and the 

graphene. During our measurements of 1/f noise at fixed 

magnetic flux density, the average carrier concentration 

remains constant. Nevertheless, the surface-donor states in 

the SiC substrate might act as scattering centers similar to 

charged impurities and surface contaminations on the top 

surface of the graphene layer. In this respect, temporal 

fluctuations of the surface-donor states would affect the 

conductivity by the same mechanisms as a temporal 

fluctuation of the impurity configuration does. Since it is 

not possible to distinguish between these scattering 

mechanisms on the basis of our data, comparison with 

corresponding 1/f noise measurements in graphene made by 

exfoliation or chemical vapor deposition could clarify the 

role of the charge reservoirs in the underlying SiC 

substrate.  

The temperature dependence of the noise power spectral 

density SI0 at 80 Hz for various currents I at the peak of the 

longitudinal resistance is shown in FIG. 9, similar to the 

data in FIG. 6 at zero magnetic flux density. As illustrated 

by the red dot-and-dashed line, the temperature dependence 

is exponential as well with the same decay parameter Tf as 

at zero magnetic field (FIG. 6). This suggests that 

mesoscopic conductance fluctuations still play a role in the 

fluctuation mechanism in quantum Hall transitions
64

. On 

the other hand, the current and temperature dependences of 

the 1/f noise power spectral density at the peak of the 

longitudinal resistance cannot be fitted satisfactorily 

according to Eq. (3) if a quadratic current dependence of 

the underlying fluctuation mechanism is assumed and b = 2 

is fixed. Instead, taking b as a free parameter results in a 

much better fit and yields values of b ≈ 1 to b ≈ 1.2. In 

addition, the data at the peak of the longitudinal resistance 

is not described by the fit as well as it is the case for 

B = 0 T, suggesting that Eq. (3) does not include all 

mechanisms that arise in strong magnetic flux densities. 

This provides further evidence for the presence of a 

conductance fluctuation mechanism due to a network of 



  

compressible and incompressible subregions in the regime 

of quantum Hall transitions.  

The physical effects discussed above might also explain 

the magnetic field dependence of the 1/f noise PSD 

observed at temperatures of 80 K and 285 K by 

Rumyantsev et al.
65

, since the quantum Hall effect in 

graphene persists up to room temperature in strong 

magnetic fields. 

When the device enters the quantized Hall state, the noise 

decreases below the measurement threshold, as shown in 

FIG. 7 for B ≥ 6 T. In the quantum Hall plateau region the 

noise vanishes due to a vanishing longitudinal resistance 

and a Hall resistance which is determined by fundamental 

constants to a very high precision, inhibiting fluctuations in 

the resistance of the graphene sheet. This demonstrates 

once again that the quantum Hall state is a macroscopic 

quantum state, which is robust, stable and does not allow 

for conductance fluctuations in the quantized Hall 

resistance. Both effects, the absence of current noise as well 

as the quantized Hall resistance are a manifestation of 

Fermi statistics and the Pauli principle. Therefore, 

conductance quantization and noiseless current are 

inseparable.
66

 This requires the absence of backscattering, 

which is verified for our epitaxial graphene devices by the 

precision measurements of the quantized Hall resistance 

discussed before. This behavior was observed on 

GaAs/AlGaAs heterostructures quantum Hall devices
67,68,69

 

and is also verified for epitaxial graphene devices by our 

experiments. From the metrological point of view, this fact 

is an important prerequisite for low-noise precision 

measurements of the quantized Hall resistance. 

Furthermore, one could argue that the absence of 1/f noise 

to a certain level is another way of proving the resistance 

quantization in graphene to a certain, corresponding level: 

if the device still exhibits a finite longitudinal resistance 

then it will also show 1/f noise. This has been verified with 

a device which deviated from prefect quantization at ν = 2 

by only 2-3 parts in 10
9
, but still exhibited 1/f noise above 

our measurement threshold. Only the sensitivity of the 

noise measurement setup and the thermal noise of the 

quantized Hall resistance limit how accurate the resistance 

quantization can be verified by measuring the 1/f noise in 

graphene devices. 

FIG. 10 shows the current dependence of SI0 normalized 

to SI0(100 µA) for various magnetic flux densities at the 

lowest measured temperature of T = 0.4 K. At zero 

magnetic flux density, the current dependence of SI0 is 

nonquadratic due to current heating. With increasing 

magnetic flux density, the exponent b of the current 

dependence decreases monotonously from b = 1.47 at B = 0 

to b = 1 at B = 4.2 T. At the maximum of the source-drain 

resistance Rsd (B = 4.2 T), the current dependence of the 1/f 

noise PSD becomes linear for this device, while other 

values b < 1 were observed for other devices. This 

behaviour might have two reasons. First, the nonquadratic 

current dependence could be attributed to current heating, 

as discussed at B = 0. Second, we discussed above that the 

dominating conductance fluctuation mechanism in strong 

magnetic fields might also exhibit an intrinsic current 

dependence smaller than b = 2. 

 
FIG. 10. (Color online) Current dependence of SI0 normalized to 

SI0(100 µA) for various magnetic flux densities at T = 0.4 K. The 

exponent b of the current dependence decreases with increasing 

magnetic flux density (inset). 

 
FIG. 9. (Color online) Temperature dependence of the noise 

power spectral density SI0 at 80 Hz for various currents I, 

temperatures below T = 30 K and at the peak of the longitudinal 

resistance. Symbols correspond to the measured data. The red dot-

and-dashed line indicates an exponential temperature dependence 

of SI0 ~ exp(-T/Tf), which also agrees well with the data at zero 

magnetic field. The decay parameter Tf is the same for the red dot-

and-dashed lines in FIG. 6 and in FIG. 9. The solid lines are a fit 

according to Eq. (3). Values of b ≈ 1 to b ≈ 1.2 are required to 

obtain a good fit, rather than a quadratic current dependence of the 

underlying fluctuation mechanism as it is the case for B = 0. Since 

this measurement is obtained from a similar device with slightly 

higher carrier concentration than all other measurements, the peak 

of the longitudinal resistance is at B = 7.5 T here.  



  

Further increase of the magnetic flux density at low 

currents drives the device into the quantized Hall state 

(FIG. 11), accompanied by vanishing of the 1/f noise. By 

increasing the current in the quantized Hall state, the device 

can be driven into the breakdown regime and the 1/f noise 

sets in again. Here, the current dependence of the 1/f noise 

power spectral density cannot be described by a single 

function SI0 = a∙I
b
. In the breakdown regime, current 

heating is likely to occur in the device. According to our 

model described before, an elevated electron temperature 

should result in an exponent of the current dependence 

smaller than b = 2. Nevertheless, at the onset of the 

quantum Hall effect breakdown the exponent b of the 

current dependence is much larger than b = 2, as indicated 

by the red dashed line in FIG. 11 that corresponds to b = 8. 

At higher currents, the current dependence seems to 

converge to some value b < 2. We interpret this behavior as 

follows. Two effects might contribute here to the strong 

current dependence of the 1/f noise PSD. First, variable 

range hopping
70,71

 needs to be considered at low 

temperatures and very low finite longitudinal resistivities in 

the quantum Hall regime. As a result of variable range 

hopping, the longitudinal resistivity is known to increase 

nonlinearly with temperature, which has been shown for 

GaAs
72

 as well as for epitaxial graphene devices
73

. 

Furthermore, the electric field strength causes the same 

effect as an effective temperature in the variable range 

hopping mechanism
72,74

. Thus, the large increase of 1/f 

noise PSD with increasing current could result from a 

strongly nonlinear current dependence of the longitudinal 

resistivity due to variable range hopping. Second, when the 

breakdown sets in, dissipation will arise first locally due to 

inhomogeneity of the carrier concentration and then spread 

over the entire area of the device with increasing source-

drain current. Along with the dissipation, 1/f noise will not 

extend over the whole device area at the first onset of the 

breakdown. Therefore, the 1/f noise power spectral density 

shows a larger-than-quadratic increase at the onset of the 

breakdown, because with increasing current also the area 

affected by the breakdown will increase, and then 

converges asymptotically to b < 2 due to current heating. 

4.  CONCLUSIONS 

In conclusion, we have studied the low-temperature 1/f 

noise properties of epitaxial graphene devices as a function 

of temperature, current and magnetic flux density. We find 

an exponential decay of the noise power spectral density  

with increasing temperature, which indicates mesoscopic 

conductance fluctuations as the origin of 1/f noise below 50 

K. At high currents, the temperature dependence deviates 

from the exponential decay and the current dependence is 

nonquadratic, which both is a result of nonequilibrium 

conditions due to current heating. Using the theory of 

Kubakaddi, we develop a model for the 1/f noise power 

spectral density of mesoscopic conductance fluctuations, 

which takes the effect of current heating into account. 

Based on our model, we calculate the energy loss rate per 

carrier for our device. This demonstrates a new method for 

determination of the energy loss rate per carrier in devices 

with 1/f noise due to mesoscopic conductance fluctuations.  

In the regime of quantum Hall transitions, the 1/f noise 

power spectral density strongly increases. We suggest that a 

second conductance fluctuation mechanism, based on a 

network of compressible and incompressible subregions, 

dominates the 1/f noise properties of epitaxial graphene 

under these conditions. In more detail, we attribute the 

conductance fluctuations in quantum Hall transitions to 

charging events of localized states in quantizing magnetic 

fields.  

In the quantum Hall plateau region (at low currents), the 

1/f noise vanishes as a consequence of an accurately 

quantized Hall resistance, confirming that the absence of 

current noise and the quantized Hall resistance are 

inseparable. The 1/f noise sets in again, when the current is 

increased and the quantum Hall effect breaks down. 

Therefore, we propose the measurement of 1/f noise as an 

alternative way of proving the resistance quantization in 

graphene.  
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FIG. 11. (Color online) Current dependence of the 1/f noise 

power spectral density SI0 at 80 Hz in the QHE breakdown regime. 

At the onset of the breakdown, the exponent of the current 

dependence is larger than b = 2, as indicated by the red dashed 

line. At higher currents, the current dependence converges to 

b < 2. The black dashed line represents the measurement 

threshold.  
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