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FIG S1. (a) The optical image of device D3. (b) The resistivity of D3 as a function of 𝑛𝑛tot and 𝑇𝑇. (c) The total 

conductivity as a function of 𝑛𝑛tot and 𝑇𝑇, the field effect mobility of holes and electrons at 𝑇𝑇 = 300K are 

extracted by fitting as the dashed lines via 𝜎𝜎tot−1 = (𝑛𝑛tot𝑒𝑒𝜇𝜇𝐸𝐸𝐸𝐸 + 𝜎𝜎min)−1 + 𝜌𝜌𝑠𝑠, 𝜎𝜎min is the smallest conductivity 

at the CNP, 𝜌𝜌𝑠𝑠 is resistivity led by the short-range scattering.1,2 (d) The optical image of device D4. While 

attempting to observe quantum effects at room temperature, a rapid cooling down and warming up resulted in 

some dirty bubbles on the surface as shown in the upper right inset. (e-f) After the surface of D4 became dirty, 

the maximum resistivity was found to be only 2 kΩ, which is significantly smaller than that of the other devices 

without surface contamination. However, the resistance peaks remain steep, and the mobility at 2 K also reaches 

106 cm2V−1s−1. The surface contamination only affects the doping of the upper layer graphene, resulting in a 

reduced maximum resistivity, while leaving the lower graphene unaffected, thus ensuring high mobility. The 

scale bars are 5 μm. 
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FIG S2. (a) Nonlocal connection for transverse magnetic focusing effect measurement.3,4 Contact E injects 

current 𝐼𝐼E into DLG, and the voltage 𝑉𝑉C is measured at the collector (contact C) relative to contact R. The 

distance between the centers of contacts E and C is 𝐿𝐿. (b) Classical trajectories of electrons injected isotropically 

from the origin at 𝐵𝐵′ = 3𝐵𝐵f. Electrons are focused at an integer multiple of 2𝑟𝑟c′ along 𝐿𝐿direction. (c) TMF 

spectrum in D2 at 𝐷𝐷 = 0 V/nm  and 𝑇𝑇 = 15 mK , where 𝑅𝑅NL1L = 2𝑅𝑅NLtot  and 𝑛𝑛1L = 𝑛𝑛tot/2  as decoupled 

parallel two layers. TMF oscillations at the hole side 𝐵𝐵1,𝐵𝐵2 ,𝐵𝐵3 (as shown by lime green dashed lines) were 

observed clearly for |𝐵𝐵| < 0.2 T . The dashed lines are calculated using 𝐵𝐵𝑗𝑗 = (2𝑗𝑗ℏ/±𝑒𝑒𝑒𝑒)�𝜋𝜋|𝑛𝑛1L| ,  𝑗𝑗 =

1,2,⋯. The bottom insets show representative trajectories for each corresponding mode. 
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FIG S3. (a-b) Computed conductivity of the upper (a) and lower (b) graphene layer in the (𝑛𝑛tot,𝐷𝐷)  space, 

respectively. (c) Identify the corresponding filling factors from the experimental result. 

Dual-gated DLG allows obtaining the individual carrier density in each layer 𝑛𝑛u and 𝑛𝑛l at arbitrary values of the 28 

applied gate voltage 𝑉𝑉tg and 𝑉𝑉bg. To extract the filling factor from Fig 3(a), we employ the following procedure: 29 

1. Take a dense sequence of equally spaced values of 𝑛𝑛upper and 𝑛𝑛lower over our experimentally relevant range, 30 

e.g. 𝑛𝑛u = 𝑛𝑛l = [−0.5,0.5] × 1012cm−2, and transform 𝑛𝑛u and 𝑛𝑛l into a two-dimensional data grid (𝑛𝑛u,𝑛𝑛l). 31 

2. In the (𝑛𝑛u,𝑛𝑛l) space, via the equation 𝐷𝐷 = 𝐶𝐶m(∆𝜇𝜇/𝑒𝑒) + 𝑒𝑒∆𝑛𝑛/2, to calculate 𝐷𝐷, and 𝑛𝑛tot = 𝑛𝑛u + 𝑛𝑛l, now 32 

we have got the 𝑛𝑛tot − 𝐷𝐷 space. 33 

3. In the 𝑛𝑛u − 𝑛𝑛l  space, calculate the 𝜎𝜎u  and 𝜎𝜎l  via the equations 𝜎𝜎u = (𝑛𝑛u, 0)𝑒𝑒𝜇𝜇𝐹𝐹𝐹𝐹   and 𝜎𝜎l = (0,𝑛𝑛l)𝑒𝑒𝜇𝜇𝐹𝐹𝐹𝐹  , 34 

respectively, here we set the mobility as 𝜇𝜇𝐹𝐹𝐹𝐹 = 1 × 106 cm2V−1s−1 . Plot 𝜎𝜎u  in the 𝑛𝑛tot − 𝐷𝐷  space as 35 

shown in Fig S3(a). The same for the lower layer as shown in Fig S3(b). 36 

When a magnetic field is present, all the states are organized into Landau levels (LLs), and the energy level 37 

spacing is given by 𝐸𝐸𝑁𝑁 = ±𝑣𝑣𝐹𝐹√2ℏ𝑒𝑒𝑒𝑒𝑒𝑒,𝑁𝑁 ∈ ℤ. For monolayer graphene, the corresponding filling sequence is 38 

𝑣𝑣 = ±4(𝑁𝑁 + 1/2) with spin and valley degeneracy. In Fig S3(a), the same color indicates that within this 𝜎𝜎u(𝑛𝑛u) 39 

range has the same |𝜈𝜈u|. Noting that electrons exhibit positive filling factors while holes exhibit negative filling 40 

factors, one must also consider the signs of the filling factors on both sides of the CNP. By comparing with 41 

experimental results, we can figure out the LLs intersecting shown in Fig S3(c). 42 
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FIG S4. The two-terminal conductance of device D1 with Type I ohmic contacts was measured at 𝐵𝐵 = 5T. The 

top gate and the channel are not aligned, resulting in a significant p-n junction effect5 at a magnetic field of 5 T. 

 44 

Mobility 45 

From the Feynman diagram in Fig.2c, the renormalized interactions are calculated via the following Dyson 46 

equation6  47 

�𝑊𝑊11 𝑊𝑊12
𝑊𝑊21 𝑊𝑊22

� = �𝑉𝑉11 𝑉𝑉12
𝑉𝑉21 𝑉𝑉22

� + �𝑉𝑉11 𝑉𝑉12
𝑉𝑉21 𝑉𝑉22

� �Π1 0
0 Π2

� �𝑊𝑊11 𝑊𝑊12
𝑊𝑊21 𝑊𝑊22

�, 48 

where 𝑊𝑊  is the screened Columb interaction and Π1 , Π2  are the polarization functions given by the fermion 49 

bubble diagram. By solving the matrix equation, 𝑊𝑊� = �1 − 𝑉𝑉�Π��−1𝑉𝑉�  , we can obtain the screened intralayer 50 

Columb interaction (taking layer 1 as an example), 𝑊𝑊11 = 𝑉𝑉11/ε, where the effective dielectric function is found 51 

as6 52 

𝜀𝜀−1 = 1−Π2(𝑉𝑉22−𝑉𝑉12𝑉𝑉21/𝑉𝑉11)
(1−𝑉𝑉11Π1)(1−𝑉𝑉22Π2)−𝑉𝑉12𝑉𝑉21Π1Π2

. 53 

It is noted that for 𝑑𝑑 → ∞, the effective dielectric function becomes 𝜀𝜀−1 = 1 − 𝑉𝑉11Π1, which is reduced to that of 54 

the single-layer graphene. 55 

In our calculation, the static polarizability is obtained at zero temperature7,8, i.e., 56 

Π𝑖𝑖 = −
2𝑘𝑘𝐹𝐹𝐹𝐹
𝜋𝜋ℏ𝑣𝑣𝐹𝐹

�Θ(2𝑘𝑘𝐹𝐹𝐹𝐹 − 𝑞𝑞) + �1 +
𝜋𝜋𝜋𝜋

8𝑘𝑘𝐹𝐹𝐹𝐹
−

1
2
�1 −

4𝑘𝑘𝐹𝐹𝐹𝐹2

𝑞𝑞2
−

𝑞𝑞
4𝑘𝑘𝐹𝐹𝐹𝐹

𝑠𝑠𝑠𝑠𝑠𝑠−1
2𝑘𝑘𝐹𝐹𝐹𝐹
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where 𝑘𝑘𝐹𝐹𝐹𝐹 = �𝜋𝜋𝑛𝑛𝑖𝑖  is the Fermi wave vector of the 𝑖𝑖th layer graphene, and 𝑛𝑛𝑖𝑖 stands for its carrier density. In the 58 

case where the Columb scattering, the scattering time dominates the transport properties of graphene 𝜏𝜏 (of layer 59 

1) at 𝑇𝑇 = 0 that determines the conductivity satisfies6 60 



ℏ
𝜏𝜏

= 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖
4𝜋𝜋
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′��
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�
2

[1 − cos2(𝜃𝜃)]𝛿𝛿(𝐸𝐸𝑘𝑘′ − 𝐸𝐸𝑘𝑘), 61 

where 𝑞𝑞 = |𝒌𝒌 − 𝒌𝒌′| = 2𝑘𝑘𝐹𝐹 sin(𝜃𝜃 2⁄ ) is the transfer momentum and 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 is the charge impurity density. Finally, 62 

the mobility can be obtained from 𝜇𝜇 = 𝜎𝜎 𝑛𝑛𝑛𝑛⁄ = 2𝑒𝑒𝑣𝑣𝐹𝐹𝑘𝑘𝐹𝐹𝜏𝜏 ℎ⁄ 𝑛𝑛. Due to the enhanced screening, the scattering 63 

time 𝜏𝜏 is enlarged, which significantly enhances the mobility of the sample. Compared to the single-layer case, 64 

we find that 𝜇𝜇. The double-layer structure is generally enhanced by 2 or 3 times compared to the single-layer case. 65 

Fig S5 shows more detailed data for different impurity densities and layer separations.  66 

 67 

FIGS.S5 The mobility per layer as a function of the carrier density 𝑛𝑛1 = 𝑛𝑛2 = 𝑛𝑛 (𝑛𝑛0 = 107 𝑐𝑐𝑚𝑚−2) for different 68 

layer separations and impurity densities. The red line and blue curves represent the single-layer and double-layer 69 

graphene cases, respectively. 𝑑𝑑 = 1 𝑛𝑛𝑛𝑛 in (a-c), and 𝑑𝑑 = 10 𝑛𝑛𝑛𝑛 in (e-f). The charge impurity density 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 =70 

2 × 108 𝑐𝑐𝑚𝑚−2 in (a) (d), 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 = 2 × 109 𝑐𝑐𝑚𝑚−2 in (b) (e) and 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 = 2 × 1010 𝑐𝑐𝑚𝑚−2 in (c) (f). It is clearly 71 

shown that the mobility enhancement would be more significant for lower carrier densities and smaller layer 72 

separations.  73 
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