Direct insulator-relativistic quantum Hall transition in graphene
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[bookmark: _Hlk147245757][bookmark: _Hlk147245769]We present evidence of the direct insulator-quantum Hall transition in monolayer epitaxial graphene, a genuine two-dimensional (2D) system. While similar transitions have been explored in various systems, to our knowledge, this is the first detailed study of its kind in a truly 2D system like monolayer graphene. We studied the transition from an insulating state to a quantum Hall (QH) state at a high Landau level filling-factor  and the plateau-plateau transition from  to a . Using scaling theory, the critical exponent κ was determined to be  for the direct insulator-quantum Hall transition. This closely aligns with  from the  to  quantum Hall plateau-plateau transition. These findings suggest that the two transitions may belong to the same universality class.
[bookmark: _Hlk136956937]Introduction.—The direct insulator-quantum Hall (I-QH) transition corresponds to a transition from an insulating state to a high Landau level (LL) filling-factor ( 3) quantum Hall (QH) state [1]. Such a transition occurs when the Fermi energy crosses the  LL (normally spin or/and valley degenerate) when a magnetic field is applied perpendicularly to the plane of a two-dimensional (2D) charge system. Although this transition cannot be explained by the global phase diagram (GPD) proposed by Kivelson, Lee, and Zhang, which predicts the I-QH transition only occurs when the Fermi level crosses the N = 0 LL [2-5], studies on the direct I-QH transition in a variety of quasi-2D systems have been reported [1,6-15]. However, research on the direct I-QH transition in monolayer graphene, which is a truly 2D system, is still lacking [16,17].
[bookmark: _Hlk136955865]Similar to the direct I-QH transition, another magnetic-field-induced transition related to the quanum Hall effect, the QH plateau-plateau (P-P) transition has been extensively studied for more than 30 years [18-27] and is well-established in the field of QH physics.  In the pioneering work done by Wei et al. [18], the finite-size scaling theory was developed to investigate the critical behaviour in the P-P transition, and the critical exponent κ was measured to be  for a spin-split P-P transition by analyzing the maximum of  at different temperatures [18,19], where , B, and T represent the Hall resistivity, external applied magnetic field and temperature, respectively. It should be noted that κ depends on spin/valley degeneracy, and for a spin-degenerate P-P transition, κ was measured to be  [20]. Furthermore, some studies have explored the P-P transition in graphene, and determined the value  [23,25] which has been interpreted to be consistent with the finding of Wei et al. [18], even though both spin and valley degeneracies in their graphene devices need to be considered [23,25]. Notably, it is important to acknowledge that the relativistic nature of Dirac fermions in monolayer graphene leads to the observation of the anomalous integer QH effect, where  with . Here the number 4 corresponds to four-fold (spin and valley) degeneracy. Additionally, the measured critical exponents in different 2D systems span a wide range of values () [18,24,28-35], and it has been argued that the value of κ for the P-P transition may not be universal [24]. 
[bookmark: _Hlk147246078]In this study, we provide experimental evidence for a direct I-QH transition in monolayer graphene. While this transition has been observed in other systems, it is worth noting that our study brings forth insights from a truly 2D system. This transition from an insulator to a  quantum Hall state was characterized, and by examing  near the critical magnetic field Bc, the critical exponent  was found to be . This aligns with the value  from the  to  P-P transition, suggesting that both transitions could be of the same universality class.
[bookmark: _Hlk147243024][bookmark: _Hlk141103684][bookmark: _Hlk147243688][bookmark: _Hlk147571347]Experimental results.—Our experiments were performed on monolayer epitaxial graphene which was grown on a semi-insulating 4H-SiC(0001) substrate. The graphene sample was patterned into a Hall bar geometry with dimensions of 2000 μm in length and 400 μm in width, employing standard lithography and etching techniques. To improve the contact resistance, superconducting NbTiN contact pads were deposited onto the graphene [36]. These contact pads enhance the electrical contact and minimize resistance, allowing for more accurate transport measurements. At the end of the fabrication process, in order to stabilize the long-term electrical properties of the device [37] and introduce disorder necessary for observing the direct I-QH transition, the graphene device was functionalized with chromium tricarbonyl [Cr(CO)3]. This functionalization process helps to maintain the device's electrical properties over an extended period of time and introduces the required disorder for the desired transition. The resulting device is a high-quality, tunable carrier-density graphene device that has been specifically developed for use in quantum Hall resistance standard array devices [37-41]. To vary the carrier density of our graphene device , we use low-temperature light illumination which is suitable for a small-sample-space He4 cryostat [41] instead of using the vacuum gentle heating technique [37]. This device provides a reliable platform for investigating the direct I-QH transition and enables precise measurements of quantized Hall resistances [41]. More details about the device fabrication and characterization can be found in the Supplemental Material [42] (see also references [43–47] therein). The longitudinal resistivity ρxx and the Hall resistivity ρxy of our graphene device were measured simultaneously by using a standard low-frequency AC lock-in technique at a frequency of 13.1 Hz in a cryo-free 3He/4He dilution refrigerator at low temperatures. 
[bookmark: _Hlk147249158]According to the Onsager-Casimir relations [48-50], electrical conductance should exhibit symmetry when subjected to opposing magnetic field directions. However, our preliminary data indicated an unexpected degree of asymmetry, which we suspect might arise from the unintended mixing of . with . To rectify this, we adopted a methodology that combined data from both positive and negative magnetic field directions, capitalizing on the inherent symmetries of the resistivity components. This strategy effectively mitigated the mixing issue as highlighted in prior research [51,52], enhancing the accuracy and consistency of our measurements. Fig. 1 illustrates the symmetrized longitudinal resistivity and the anti-symmetrized Hall resistivity as a function of the magnetic field at various temperatures (see Figs. S6(a) and S6(b) in the Supplemental Material for the measured magnetoresistivities [42]). The reason we symmetrized and anti-symmetrized the data is that a temperature-independent crossing point () was observed in the temperature range between 0.5 K and 1.5 K. For T >1.5 K, a deviation from a clear T-independent point of the 0–6 transition appears as T was further increased, consistent with previous work [53]. For , we observed an insulating behaviour in which the longitudinal resistivity decreased with increasing temperature. On the other hand, for , the longitudinal resistivity decreased as the temperature decreased. Additionally, at higher magnetic fields, the longitudinal resistivity exhibited a local minimum, and the Hall resistivity approached a quantized value of . Although the  quantum Hall plateau was not well-developed, the presence of such a crossing point might indicate a transition from an insulating state to a  quantum Hall state (This direct insulator to quantum Hall transition is further demonstrated from the temperature dependence of longitudinal resistivity under different magnetic fields shown in Fig. S7(a) in the Supplemental Material [42]).
[bookmark: _Hlk135149358]In order to further study the observed direct I-QH transition from an insulator to a  quantum Hall state, the graphene device was illuminated by an infrared light emitting diode (IR LED) so as to increase its carrier density (see Fig. S9 in the Supplemental Material for the spectrum of the IR LED [42] (see also references [54] therein). After illumination, the carrier density of the device increased from  cm-2 to  cm-2, while the mobility decreased from 15900 cm2V-1s-1 to 3200 cm2V-1s-1. This effect exhibited a saturation behaviour within a few seconds. Importantly, the effect induced by the illumination could be retained for an extended period, up to at least a few days, at temperatures below 30 K. This allowed for stable and reproducible measurements of the transport properties of the graphene device over an extended period of time. As shown in Fig. 2, the measurements were conducted at various temperatures ranging from 0.5 K to 30 K, and a clear and temperature-independent crossing point was observed in the longitudinal resistivity (at ) within the low-temperature range of 0.5 K to 2.0 K, indicating the presence of a quantum phase transition [53,55] (see Figs. S6(c) and S6(d) in the Supplemental Material for the measured magnetoresistivities [42]). Moreover, the   quantum Hall plateau had become more discernible. These observations provide clear evidence for a direct I-QH transition corresponding to an insulator to   transition (The temperature dependence of longitudinal resistivity under different magnetic fields is shown in Fig. S7(b) in the Supplemental Material [42]). Furthermore, a fully quantized  quantum Hall plateau was developed with vanishing longitudinal resistivity and a quantized Hall resistivity  This provides an opportunity to investigate the plateau-plateau transition from a  to a  QH state.
[bookmark: _Hlk135760160][bookmark: _Hlk147244516][bookmark: _Hlk147244576][bookmark: _Hlk138332249]Scaling analysis of the direct I-QH transition and P-P transition. To examine the scaling behaviour of the direct I-QH transition and the P-P transition, a scaling analysis was performed. The temperature-independent point, which characterized the I-QH transition, provided the basis for analyzing the data using the scaling theory of the quantum Hall effect. The scaling relation near the critical magnetic field was investigated, and it was found to follow the equation . By performing a linear fit on the data shown in Fig. 3(a), the critical exponent κ was determined to be  for the direct I-QH transition. To further illustrate the universal scaling behaviour, the one-parameter scaling relation  was plotted in the inset of Fig. 3(a). Readers interested in the scaling analysis performed at lower carrier densities are directed to Supplementary Materials, Section 6 [42]. Near the transition point, it was observed that all curves collapsed into two branches, which exhibited symmetry with respect to the transition point. This scaling analysis provides valuable insight into the behaviour of the direct I-QH transition and demonstrates its universality. 
On the other hand, between two adjacent quantum Hall plateaux, we also examine the maximum slope of  (), which exhibited a temperature-dependent power-law as  . As shown in Fig. 3(b), the linear fit of ln in the high temperature region yielded a critical exponent  for the  to  quantum Hall plateau-plateau transition. It is important to point out that the saturation of the critical exponent at low temperatures can be attributed to finite-size effects [22,24-26].  As the temperature decreases, the coherence length ξ increases as temperature following the power law of  where p is the temperature exponent. When the temperature becomes sufficiently low, the coherence length ξ can reach a comparable magnitude to the intrinsic characteristic length of the graphene. At this point, the dominant length scale shifts from the coherence length ξ to intrinsic length of graphene, resulting in the observed saturation behaviour. To validate the saturation of the coherence length, a weak-localization (WL) analysis was performed, and the corresponding values of coherence length ξ were obtained. These results will be presented and discussed in the subsequent section, providing further evidence for the saturation of the coherence length.
Weak-localization effect and estimation of the temperature exponent. In an effort to further study the scaling behaviour, we examined the localization length by analyzing the WL effect in the low field region. This analysis allowed us to determine the coherence length and obtain the temperature exponent p. The magnetoconductivity difference, defined as , was plotted as a function of magnetic field, as shown in Fig. 4(a). We analyzed the data using the expression derived by McCann et al. [56]
	
	
	(1)


Here, ,  is the digamma function,  is coherence length,  and  represent the characteristic scattering lengths for intervalley scattering and intravalley scattering process, respectively. These characteristic scattering lengths are extracted from Eq. (1) and displayed in Fig. 4(b). According to the relation , the temperature exponent p is determined to be  from the linear fit in the high-temperature region depicted in Fig. 4(b). The saturation observed at low temperatures can be attributed to factors such as self-heating or intrinsic scattering length [57]. It is worth mentioning that previous studies on monolayer [57,58] and bilayer [59] graphene have reported a similar value of approximately  for the temperature exponent p. However, for epitaxial graphene, a study indicates that the value of p varies between 1 and 2 depending on the specific sample [60].
To further enhance our understanding of the scaling behaviour, we calculated the universal exponent γ using the relationship , and the obtained valued  was found to be . It is worth noting that the universal value could approximately be the value of   [61,62] or  [63-65], which is predicted by theoretical calculations based on quantum percolation or classical percolation, respectively. The value of , which is close to 4/3, might indicate that the classical percolation dominates the scaling behaviour in our sample. 
Discussion and conclusion.—Our experimental findings provide evidence for a direct I-QH transition to the  LL, which cannot be explained by the GPD [2]. Importantly, the presence of a well-defined temperature-independent crossing point and collapse of data into two branches near the crossing point indicate that this direct I-QH transition is a genuine phase transition rather than a broad crossover from localization to Landau quantization [10, 66]. 
Different from the previous reports on the direct I-QH transition in various quasi-2D systems [3-15], the observation of the direct I-QH transition in monolayer graphene, which is truly a 2D system, is particularly exciting. Furthermore, the coexistence of the I-QH transition and the P-P transition within a single device provides an excellent opportunity to investigate whether these two transitions are of the same universality class. By studying their critical exponents, we can determine if they share a similar scaling behaviour and underlying physics. This comparative analysis will contribute to our understanding of the fundamental nature of these transitions and their manifestation in different systems. The critical exponent κ, which characterizes the behaviour near the transition, holds valuable insights into the system's properties [18-20]. Remarkably, in the case of monolayer graphene, a purely 2D system with Dirac fermions, the critical exponent  obtained from the direct I-QH transition displays a strong consistency with the value determined from the P-P transition.
Finally, we discuss the similarities and differences between the direct I-QH transition in monolayer graphene and those observed in conventional heterostructure-based 2D charge carriers [1,6,8,9,10,12,13,15]. Similar to its conventional 2D counterparts, there are two branches of data sets which obey scaling behaviour in the vicinity of the direct I-QH transition in monolayer graphene, suggesting that the direct I-QH transition is a genuine quantum phase transition [4,8,9]. Moreover, both spin and valley degeneracies play an important role in the direct I-QH transition observed in conventional 2D charge systems [1,4,8,9] as well as in monolayer graphene. The Berry phase exists and anomalous integer quantum Hall effect (both unique for monolayer graphene but are not present in conventional 2D charge systems) occurs for Landau level filling factors n = 4(n+1/2), where n=0, 1, 2…… Therefore, for monolayer graphene, the highest Landau level filling factor for which the direct I-QH transition can occur is n = 6, instead of 3 as clearly observed in the seminal work of Song and co-workers [1]. In some spin-degenerate charge systems, which show the direct I-QH transition, the critical exponent k is close to 0.42/(spin degeneracy =2)=0.21 [6,8]. However, in monolayer graphene, k is close to 0.41 [23, 25] which deviates a lot from 0.42/(spin and valley degeneracies=4)=0.105. The aforementioned differences between the direct I-QH transition in graphene and those in conventional 2D charge systems warrant further investigation.
[bookmark: _Hlk147246406]In conclusion, we have observed the coexistence of the direct I-QH () transition and the quantum Hall P-P ( to ) transition in monolayer epitaxial graphene. This observation, in a truly 2D system, offers unique insights.  The distinct scaling properties near the critical magnetic field emphasize the genuine phase nature of the direct I-QH transition. Further, our scaling analysis places the direct I-QH transition and the P-P transition within the same universality class, with critical exponents  being  and , respectively. These discernments pave the way for a deeper understanding of the direct I-QH transition in two dimensions.
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[bookmark: _Hlk134801026]FIG. 1. Magnetotransport measurements before illumination. (a) The longitudinal resistivity and (b) Hall resistivity as a function of magnetic field at various temperatures. In , a temperature-independent crossing point () is observed within the temperature range of 0.5 K to 1.5 K.
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FIG. 2 Magnetotransport measurements after illumination. The symmetrized longitudinal resistivity and anti-symmetrized Hall resistivity plotted as a function of magnetic field at various temperatures (a) The inset highlights a clear crossing point at  T, separating the insulating state and the  quantum Hall state (b) The inset shows the quantum critical regime of P-P transition.
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[bookmark: _heading=h.gjdgxs]FIG. 3 Scaling behaviour and critical exponents in the quantum critical regime. The solid circles represent the experimental data, and the dashed red line corresponds to the linear fit, providing the critical exponent κ. (a) ln versus  for the direct I-QH transition. The inset in Fig. 3(a) shows the one-parameter relation, where all curves collapse into a single curve near the critical magnetic field. (b) ln versus  for the  transition. 
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FIG. 4 Estimation of the coherence length  and temperature exponent p. (a) The converted magnetoconductivity plotted as a function of magnetic field. The solid symbols represent the experimental data, and the solid curves represent the best fits to Eq. (1). (b) The temperature dependence of the characteristic lengths plotted on a log-log scale. By utilizing the relation , the temperature exponent p was determined through a linear fit in the high-temperature region.
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1. Graphene growth
The growth of epitaxial graphene was accomplished using the face-to-face growth technique [1,2] and surface treatment with polymer-assisted sublimation growth (PASG) technique [3]. This approach involves the sublimation of SiC, resulting in the formation of epitaxial graphene. The growth process was performed on square SiC chips, obtained by dicing on-axis 4H-SiC (0001) semi-insulating wafers.
Surface cleaning and PASG treatment: The SiC wafer was diced into small pieces ( mm2) and cleaned sequentially with acetone, isopropanol (IPA), and deionized (DI) water. The unintentional oxide layer on the Si-face of the SiC chips was removed by immersing them in 49 % hydrofluoric acid (HF) for 5 minutes, followed by rinsing with DI water to eliminate any remaining HF residue. Then Si-face surface of the SiC chips was then treated with a PASG solution. Specifically, a solution consisting of AZ5214E photoresist (75 ml) and IPA (18 droplets from a micropipette) was used. The PASG treatment ensured optimal surface conditions for graphene growth. Subsequently, the prepared samples’ silicon surface was carefully placed against a polished graphite substrate. This method involved positioning the SiC chips, with the Si-face facing downward, onto a polished graphite planchet. This configuration helps control the sublimation rate of Si atoms and enhanced control over the growth process.
Furnace growth: The furnace was initially evacuated and purged using Ar gas sourced from a 99.99 % liquid Ar supply. Two cycles of pumping and purging were performed, followed by filling the chamber with a forming gas mixture consisting of 5 % H2 and 95 % Ar. This step ensured a clean chamber at higher temperatures, since the H2 acts as a cleaning agent, removing any impurities. The chamber was gradually heated to a temperature of 1050 ◦C and soaked in the presence of forming gas for 3 hours. Subsequently, the chamber was purged again and filled with Ar gas. The growth process then proceeded by raising the temperature to approximately 1850 ◦C and maintain it for 270 seconds. Heating was promptly halted, and the chamber was cooled using cooling lines surrounding it. Once the chamber reached room temperature, the chips were unloaded.

2. Graphene characterization
Confocal laser scanning microscopy (CLSM): CLSM is an advanced imaging technique that offers several advantages [4]. The spatial resolution in the horizontal directions is approximately 150 nm, while the height resolution can reach down to about 10 nm. Fig. S1(a) clearly demonstrates uniformly grown graphene over the centimeter scale, while Fig. S1(b) provides a zoomed-in view of the center of the chip, showing distinct regions of single-layer and bilayer graphene. It should be noted that the growth techniques employed typically result in only 2 % of bilayer graphene, which does not significantly impact quantum transport measurements.
Atomic force microscopy (AFM): We utilized an Asylum Cypher High Resolution Atomic Force Microscope to examine the terraces on the SiC substrate at an atomic scale. Fig. S2 presents an AFM image displaying the characteristic uniform terrace structure of epitaxial graphene over the substrate. We have achieved exceptionally low steps, measuring  1 nm, over a centimeter scale. The uniformity observed in the trace and nanoscale step height indicates that the graphene grown is highly uniform and of high quality, making it suitable for metrology application with minimal resistance anisotropy [5].
Raman spectroscopy: By examining the Raman measurement data presented in Figs. S3(a) and S3(b), we observe characteristic features indicative of an epitaxial monolayer graphene grown on a SiC (0001) substrate. The obtained full-width-at-half-maximum (FWHM) value for the 2D peak is  cm-1, while the peak position is measured at  cm-1. 
[image: ]
FIG. S1 CLSM image of epitaxial graphene. (a) The image shows the uniformity of the graphene on a millimeter scale, indicating consistent growth. (b) A magnified confocal image of the central region of the chips reveals that the majority of the graphene is monolayer, with only a small percentage being bilayer.
[image: ]
FIG. S2 AFM image of epitaxial grown graphene. This image reveals the high uniformity of the graphene layer across the substrate. Additionally, the inset image presents a height profile graph, demonstrating that the step height of the terraces is less than 1 nm. 
[image: ]
FIG. S3 Raman mapping of the 2D peak for the epitaxial graphene: (a) The image displays the data for the FWHM obtained through Raman mapping (b) This image shows the Raman spectrum specifically focused on the position of the 2D peak.

3. Fabrication process
The graphene film was first coated with a protective layer of Pd/Au (10 nm/15 nm) using an e-beam evaporator. This layer serves the purpose of preventing photoresist contamination. Subsequently, an additional protective layer of 80 nm Au was deposited on it. To pattern the Hall bar geometry, the epitaxial graphene was etched using a reactive ion etcher (RIE) tool for 7 minutes. The etching process was conducted at a pressure of 4.00 Pa, with a power of 100 watts power and a DC voltage of 313 V. Both O2 and Ar gases were utilized, with a flow rate  . Following the etching step, layer of Ti (10 nm), NbN (200 nm) and Pt (10 nm) were deposited through sputtering. To remove the protective layer from the graphene region, a dilute solution of 1:1 aqua regia to deionized water employed.
[image: F:\PhD@NTU\Thesis\Chapter3\3.2.1.tif]
FIG. S4 Fabrication process for graphene-based quantum Hall bar
4. Functionalized Cr(CO)3
The concept of functionalizing epitaxial graphene with Cr(CO)3 aims to control the carrier density [6].  This method involves physio adsorption meaning that the Cr(CO)3 is not chemically bonded to the epitaxial graphene surface, and greatly reduces the level of electron doping in epitaxial graphene devices and helps to limit the long-term drift in carrier density. Rigosi et al. have conducted an in-depth investigation into the mechanism underlying the change in carrier density, utilizing Langmuir modeling. Fig. S5 presents CLSM images of a graphene device before and after functionalized with Cr(CO)3.
[image: F:\PhD@NTU\Thesis\Chapter3\3.4-1.tif]
FIG. S5 (a) The CLSM image before functionalization (b) This CLMS image captures the overall device after functionalization, revealing the presence of black spots, which are dust particles introduced during the Cr(CO)3 process. These dust particles can be easily removed by blowing N2 gas onto the device, ensuring cleaner measurements and analysis. (c) Magnified CLSM image near one of the electrodes. (d) Magnified CLSM image of Cr(CO)3 functionalized graphene near one of the electrodes.

5. Measured transport data.
Figs. 6(a) and 6(b) display the measured magnetotransport data before illumination. We observed a temperature-independent crossing point on both the negative and positive sides of the magnetic field, covering a temperature range of 0.5 K to 1.5 K. It is important to note that the temperature dependences on each side of the crossing point differ, which may be attributed to the mixing of longitudinal resistivity ρxx and Hall resistivity ρxy. In Figs. S6(c) and S6(d), we present the measured magnetotransport data after illumination. Similarly, we observed a temperature-independent crossing point on both the negative side and positive sides of the magnetic field, occurring at  and , respectively. These crossing points are observed over a range of temperatures from 0.5 K to 2 K.
Figs. S7(a) and 7(b) exhibit the temperature dependence of the longitudinal resistivity under different magnetic fields before and after IR illumination. Each curve in the figure corresponds to a constant magnetic field. In the region where the magnetic field is lower than the critical field (), the graphene device behaves as an insulator, as evidenced by a decrease in longitudinal resistivity with increasing temperature. At an intermediate field (), the longitudinal resistivity remains nearly temperature-independent, indicating the presence of a quantum critical regime associated with the direct I-QH transition. Conversely, in the region where the magnetic field exceeds the critical field (), the longitudinal resistivity shows an increase with temperature, indicating a quantum Hall-like behaviour.
[image: ][image: ]
FIG. S6 The measured magnetoresistivity as a function of magnetic field at various temperatures. (a) (b) corresponds the data obtained before illumination. (c) (d) represents the data obtained after illumination. The insets in (a) and (c) highlight the crossing point observed in the data.
[image: ][image: ]
FIG. S7 Temperature dependence of longitudinal resistivity under different magnetic fields. The device shows insulating behaviour for  and conducting behaviour for  (a) The data obtained before IR illumination. The longitudinal resistivity  remains nearly independent of temperature at . (b) The data obtained after IR illumination. The longitudinal resistivity  remains nearly independent of temperature at .

6. Scaling behaviour before illumination
The crossing point observed in the longitudinal resistivity is indicative of the direct insulator-quantum Hall transition and serves as a basis for conducting the scaling analysis. It is crucial to perform the scaling analysis near the critical point to accurately determine the critical exponent [7]. The analysis reveals that the behavior near the critical magnetic field can be described by a power-law relationship expressed as . By performing a linear fit on the data presented in Fig. S8(a), the critical exponent κ is determined to be . Subsequently, to validate the universal scaling behavior, a one-parameter scaling relation  is plotted in Fig. S8(b). This plot demonstrates that, in proximity to the transition point, all curves collapse into two branches, symmetrically distributed around the transition point. The convergence of the curves provides further evidence for the existence of a direct insulator-quantum Hall transition and confirms the scaling behavior of graphene in this context.
[image: ][image: ]
FIG. S8 Scaling behavior and critical exponents in the quantum critical regime before illumination. The solid circles represent the experimental data. (a) ln versus  for the direct I-QH transition. A linear fit, represented by the dashed red line, is performed on the data to determine the critical exponent κ. (b) The one-parameter relation is depicted, where the two branches  and  are distinguished as above and below the transition, respectively. Notably, all the curves exhibit a collapse into two branches near the critical magnetic field, indicating the presence of scaling behaviour in the system.

7. The spectrum of the infrared light emitting diode
This measurement was performed using an integrating sphere (IS-38-INT) and a spectrometer (EE2063) under the following conditions: The applied voltage was set to , the integration time was set to , and the power of the photometer was . It has been shown that gateless epitaxial graphene on SiC shows interesting photo-response [8].


FIG. S9 The spectrum of the infrared light emitting diode used to modulate the carrier density of the graphene device. 
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