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Materials and Methods 

All measurements were performed in a commercial, low-temperature STM (CreaTec 

GmbH, Germany). The sample was fabricated by mechanically exfoliating graphene flakes 

(Graphene Supermarket) on Si++ wafers with 285 nm of SiO2. Graphene flakes were 

viscoelastically stamped with 80 nm-thick exfoliated hBN following standard procedures (81,82). 

After constructing the stack, it was inverted and annealed in high vacuum at 300C. The graphene 

was grounded using electron beam lithography by depositing two Cr/Au electrodes (layer 

thickness of 3 nm and 150 nm, respectively) on each end of the flake. In order to ensure a pristine 

surface, the sample was annealed in an Ar/H2 (100/10 sccm) environment at 400C for 40 min at 

a total pressure of 476 mbar before being transferred into a UHV environment for further annealing 

at 250C and 10−10 mbar for at least 12 hours. The sample was then transferred – without breaking 

vacuum – into the cryostat, with base pressure < 8 × 10−11 mbar.  

The dimensions of the graphene flake are 30 µm lengthwise along the direction of current 

flow and 15 µm wide. The measurements presented in the main text were replicated two separate 

times at 4.5 K and two times at 77 K, each with different STM tips and electrostatic barriers. 

Electrochemically etched PtIr STM tips were used for each of these experiments, except for the 77 

K data in the main text which was recorded using a W tip. Source-drain current was supplied by a 

Yokogawa GS200 DC Voltage/Current Source.  

Supplementary Text 

Transport properties of the graphene device 

 We characterized the macroscopic transport properties of our graphene/hBN device by 

recording the current and resistance as a function of back gate voltage while applying a fixed 

source-drain voltage. In Fig. S1A, we plot the total current against Vg at both low and high 

temperature with source-drain bias Vsd = 400 mV. At 77 K, the current is slightly less than the 

data at 4.5 K, by about 10-20 µA, over all gate voltages. This confirms that our sample quality 

and doping did not significantly change between measurements. To check the linear response of 

the total current, we recorded the same data at 4.5 K except with the source-drain bias reduced 

by a factor of 8 (Vsd = 50 mV). By multiplying the measured current by 8, we obtain good 

agreement between the low and high Vsd data, suggesting that we are operating in a macroscopic 

linear response regime even at a ‘high’ source-drain bias of 400 mV. We note that the quoted 

source-drain bias is applied across the graphene sample and a 1 k, 1 kHz low-pass filter in 

series, so the actual voltage difference between the graphene leads is ~ 25 mV and 200 mV for 

Vsd = 50 mV and 400 mV, respectively. In Fig. S1B, we present the device resistance versus Vg at 

both electron and hole doping. There is a single resistance peak near Vg = 0, the location of the 

charge neutrality point (CNP) for all measurements presented in the text.  

 Prior to creating electrostatic barriers on our samples, we first obtained spatial maps of 

the electrochemical potential ec while driving Isd = 190 µA through the bare graphene/hBN 

sample at a low carrier density (n = −1.4 × 1011 cm−2), as shown in Fig. S2 along with a 

simultaneously acquired topographic image. These data reveal a potential drop of 420 µV/µm, 

which corresponds to a mean free path of lmr = 5 µm obtained via the Drude conductivity 

, where vF is the Fermi velocity and D(EF) the density of states at the Fermi 

level (83). Some local deviations in ec are also seen on top of the linear background in Fig. S2B, 

which we attribute to scattering near charged defects buried in the hBN substrate. 

 

 



Electrochemical potential along transverse linecuts 

In the main text we plot the electrochemical potential along linecuts through the channel in 

the direction of current flow. In Fig. S3 we also address the transverse direction – that is, along a 

line connecting the centers of the two potential wells defining the channel. Far away from the p-n 

junction boundaries (> 50 nm), the electrochemical profiles are relatively flat. Near the p-n 

junction boundaries, however, the electrochemical potential is extremized. We suspect that 

strong resonances in the graphene local density of states induced by tip gating leads to 

appreciable thermovoltages within ~50 nm of the p-n boundary, and for this reason we do not 

interpret these extrema as being due to novel transport or hydrodynamic effects. Instead, we use 

the distance between electrochemical extrema to determine the channel width w at each gate 

voltage that is used in our calculations of the conductance Gdata. Additionally, the 

electrochemical potentials used in our calculation of ec are recorded at distances greater than 

50 nm away from the p-n boundaries to avoid an extra thermovoltage contribution; nevertheless, 

a nonzero thermovoltage contribution would be subtracted out anyways since only 

electrochemical differences are needed to calculate the conductance. In Fig. 2 of the main text, 

the CNP rings defining the p-n junctions appear bright at 4.5 K (maxima in Fig. S3A) and dark at 

77 K (minima in Fig. S3B) under transport using Vsd = 400 mV. In Fig. S3C, we include extra 

data showing an inversion of the ring (bright-to-dark) at 4.5 K when the source-drain bias is 

lowered to 20 mV. These results show that the appearance of the ring is dependent on the 

magnitude of the source-drain bias and current running through the sample, which points to a 

thermal effect.  

 

Linear response regime for current flow through channels 

 We present the conductivity at a lower source-drain bias, Vsd = 50 mV (smaller by a 

factor of 8 than is used for the results of the main text), in Fig. S3. We find that the 

conductivities obtained at both source-drain voltages are nearly the same. This suggests that the 

key findings in the main text are robust down to smaller source-drain voltages, and that 

electronic heating caused by the higher source-drain current does not impact the measured 

electrochemical potential drops. For channel widths larger than 400 nm, the extracted 

conductivity grows larger than the Sharvin prediction. For this reason we limit our analyses to 

channel widths less than 400 nm where the Sharvin formula is valid.  

 

Repeated measurements 

 A repeated measurement of the channel conductivities using different electrostatic dams 

in a different area of the graphene flake reproduces the key findings in the main text (Fig. S5A): 

the channel conductances at 4.5 K agree very well with the Sharvin formula assuming 

while the conductivities at 77 K are enhanced beyond the Sharvin prediction and can be 

fit by adding a viscous contribution using the same value of the e-e scattering length, lee = 300 

nm. In Fig. S5B, we show that the 77 K conductance data presented in the main text cannot be fit 

even by adjusting the proportionality factor which necessitates the addition of a viscous 

contribution to the conductance GG. 

 

 

 

 



Calculation of the Landauer residual resistivity dipole (LRRD) profile as a function of lee and 

barrier radius, r 

We derive the resistivity dipole potential from Ref. 70, which is plotted in Fig. 3C and D of main 

text. One can deduce that the electric field is given by  

𝐸⃗ (𝑘⃗ )  =   − 𝑖𝑘⃗ 
2𝑗𝑈(𝜈)

𝑖𝑒2𝑣𝐹
2𝑁

cos 𝜃𝑘

𝑘
  

 

 

(S 1) 

where j is the applied current density, N is the density of states, vF is the Fermi velocity, 𝜃𝑘 = 𝑘̂ ⋅
𝑥̂  (without loss of generality, the external current is applied in the x direction), and U(ν) is the 

scattering strength renormalized by viscosity ν. It has been shown that U(ν) is given by 

 

𝑈(𝜈)  =  
𝑈0

1+
𝑈0
4𝜋𝜈

ln(𝐿   𝑎⁄ )
, 𝑎  =  √𝑒𝑎𝑙𝑒𝑒    2⁄  

 

(S 2) 

here a is the scatterer radius and L is the distance between scatterers. Since 𝐸⃗   =   − ∇𝑉, the 

potential is written as  
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𝑖𝑒2𝑣𝐹
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(S 3) 

Taking a Fourier transform back to the real space, 𝑉(𝑟 )  = ∫
𝑘𝑑𝑘

2𝜋
∫

𝑑𝜃𝑘𝑟

2𝜋
𝑒𝑖𝑘⃗  ⋅𝑟 ⃗⃗  2𝜋

0

∞

0
𝑉(𝑘⃗ ) where 

𝜃𝑘𝑟   =  𝑘̂  ⋅ 𝑟̂, one has  
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Using the identity  

 

cos 𝜃𝑘   =   cos 𝜃𝑘𝑟 cos 𝜃 − sin 𝜃𝑘𝑟 sin 𝜃, 𝜃  =  𝑟̂ ⋅ 𝑥̂  

 

 

(S 5) 

the angular integration gives  

 

∫
𝑑𝜃𝑘𝑟
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2𝜋

0

= 𝑖 cos 𝜃 𝐽1(𝑘̃) 

 

 

 

(S 6) 

 

and the integration over 𝑘̃ is straightforward. As a consequence, we obtain the dipole potential 

(in two dimensions)  

 

𝑉(𝑟 )  =  
𝑝 cos 𝜃

𝑟
 

 

 

 

(S 7) 

where the dipole moment p is given by 

 

𝑝  =  
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Here 𝑛𝑠 is the number density of the scatterers and 𝜎 = 𝑁𝑒2𝑣𝐹
2   (2𝑛𝑠𝑈0)⁄  is the Drude 

conductivity. In the ballistic limit, 𝑈(𝜈) ≈ 𝑈0, and 𝑝  ≈  𝑗   (𝜎𝑛𝑠) ⁄ . In the hydrodynamic limit, 

U(ν) drops to U(ν) ≈ 4πν, hence the dipole moment is  

 

𝑝  ≈
2𝑗

𝜎𝑛𝑠

𝜈

𝑈0
 

 

 

(S 9) 

 

 

Nonlinear screening 

It is noteworthy that in our numerical simulations we have adopted hard wall potentials at the 

boundaries of the two circular barriers and neglected the nonlinear screening effects of the p-n 

interface. Accounting for these effects requires self-consistently solving the Poisson equation 

coupled with hydrodynamic flow equations 5 and 6 (in main text). However, a reasonable 

estimate of the effects of nonlinear screening can be found by analytically calculating the static 

screening around a single circular p-n junction without considering hydrodynamic flow. Using 

this method (described below), we estimate a nonlinear screening length of <100 nm for a 

stepwise p-n junction, indicating that the macroscopic electron flow description gives a 

reasonably accurate approximation everywhere except for in close proximity to the junction.  

With regards to how the long screening length may affect our results, we first note that the 

screening length of the p-n junction sets the distance at which the junction is totally screened. 

While the electron can begin to scatter off the p-n junction as it becomes unscreened, there is no 

hard wall set by the screening length, and most scattering would still occur at the classical 

turning point of the p-n barrier. We also note that the screening length is calculated for a 

discontinuous boundary, that sharply steps up at a given position.  In our actual experiment, the 

potential barrier is smoothly varying, and more efficiently screened. In both cases (finite 

screening or curved potential), there is a correction of flow only within the screening length of 

the junction, but does not modify the flow outside of the screening length which is the emphasis 

of the simulations shown in Fig. 6 of the main text. 

          We provide self-consistent solutions to the electric potential and charge density for a single 

circular p-n junction without considering the hydrodynamic flow. To facilitate our discussion, we 

denote the background charge density created by external gates as ρb(r), which can be 

approximated as  for the entire p-n junction width (the p-n interface is shifted to the 

origin r = 0). The electric potential and the density can be solved from the following coupled 

equations 

 

 

 

 

(S 10) 

 

where κ is the dielectric constant and K(k) is the elliptic integral of the first kind with modulus k. 

In Eq. S10, we assumed the Thomas-Fermi (TF) approximation. It is then evident that within the 

TF approximation, the charge density satisfies the following equation: 

 



 

 

 

(S 11) 

 

The solution to Eq. S11 gives the universal spatial profile of the charge density/potential, but it 

requires numerical evaluation. Nevertheless, one is still able to draw several qualitative 

conclusions from Eq. S11. Following similar analysis of a planar junction in Ref. 84, it can be 

shown that for small interaction constant α < 1, in the region , one has 

almost perfect screening, which can be described by TF approximation; in the region 

 , the screening effect is poor but the TF approximation still holds; in the 

immediate vicinity of p-n interface,  , the TF approximation breaks down and one 

needs to compute the electron wavefunction in order to obtain the potential and the charge 

density (84). Given the material parameters, we have α ≈ 0.8, ls ∼ 116 nm, lTF ∼ 103 nm. The 

various domains and length scales are summarized in Fig. S5. This means that almost 

everywhere except for a close proximity to the interface the macroscopic electron flow 

description gives reasonably accurate approximation. We next provide numeric solution to Eq. 

S2 by collocation methods with Bernoulli wavelets. To this end, let us rescale all length scales by 

D, the junction width, charge density by 1/D2 and electric potential by , then Eq. S11 

transforms to the following dimensionless form, 

 

 

 

 

(S 12) 

 

where ∆ρ is the density difference across the p-n junction, and ∆ρD2 ≈ 103. The profile of V(r) 

and ρ(r) in the range of 0 < r < D are shown in Fig. S6. 

 

Ohmic and viscous fluid simulations 

 The current flow in the both the Ohmic and viscous regimes are simulated by numerically 

solving Eq. 6 of the main text in Mathematica, using the “NDSolveValue” function with no-slip 

boundary conditions for the barriers and graphene flake edges. 

 

Perfect slit geometry and estimation of cG 

 To estimate the value the non-universal constant cG that goes into the Gurzhi 

conductance, Eqs. 2 and 3 in the main text, we first simulate the viscous flow of current through 

a perfect slit geometry where the value of cG is already known analytically (see Fig. S7. 

We then compare the simulated potential drop and current through the slit with the results from 

the circular barrier simulation (Fig. 5). We find that in the circular barrier simulation, the 

conductance is 1.22 times larger, which means the correct non-universal constant to use is 

.  

 

 

 

 

 

 



Comparing channel currents in ballistic and viscous transport regimes 

The current flowing through the channel Ichannel – determined by the parameter 𝛼 – in the 

ballistic and viscous regimes were estimated using different methods. In the ballistic case,  

𝛼 was determined to be 2.8 by fitting the channel width dependence of the conductance at 4.5 K 

using the Sharvin formula (Eq. 1 in the main text). This fitting is premised on the ballistic nature 

of the electrons, which we established by measuring the momentum-relaxing scattering length of 

the electrons to be around 5 m, and by using the results of other experimental works that 

measured the momentum-relaxing scattering lengths to be >20 µm at cryogenic temperatures 

(38). In the viscous case, we estimate the channel current by numerically solving the 

hydrodynamic equation (Eq. 6 in the main text) assuming a Gurzhi length of lG = 0.6 m, which 

was found by plugging the experimentally determined quantities lee = 300 nm and lmr = 5 µm into 

lG = √𝑙𝑒𝑒𝑙𝑚𝑟  2⁄ . In Fig. S8 we plot the channel current density normalized by the average 

current density across the graphene flake, jcurrent / javerage, for a range of Gurzhi lengths, and 

indicate the result for lG = 0.6 m relevant to our experimental conditions at T = 77 K. This 

represents a self-consistent approach: lee is first calculated by fitting the experimental data for a 

given 𝛼, which is then used to compute lG for the hydrodynamic simulations to show that the 

same current flows through the channel. This method yields 𝛼 ~ 3, in good agreement with the 

ballistic case of 𝛼 ~ 2.8. We note, however, that our simulations with hard boundaries do not use 

the exact same potential profile as the experiment, where there is a smoothly varying potential.  

For this reason, we use 𝛼 ~ 2.8 for both cases in the manuscript.  Using 𝛼 ~ 3 would lead to 

minor changes in our analysis that would lie within the tolerance set by unknowns in the 

boundary conditions of fluid flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S1. Transport characteristics of our graphene/hBN device. (A) Current measured across 

the device as a function of gate voltage at high and low temperature and source-drain voltage 

(after the creation of electrostatic barriers). (B) Device resistance as a function of gate voltage 

and carrier density at 77 K (before the creation of electrostatic barriers). Inset: resistance at 4.5 

K, zoomed-in near the CNP.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. S2. Measuring the conductivity of clean graphene with STP. (A) Topographic STM 

image of a 1 x 1 µm area of graphene on hBN. Scale bars are 200 nm. (B) Simultaneously 

acquired STP image from the same area obtained with Isd = 190 µA (Vsd = -0.4 V) across a 30 

µm long sample that has an average width of 15 µm. The periodic texture observed in both 

images is an aliasing effect created by the graphene/hBN Moiré potential and the measurement 

grid. (C) Measured electrochemical potential along the flow direction and dashed line indicated 

in (B). The best fit line is shown in red (slope = 420 ± 10 µV/µm). 
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Fig. S3. Tracking the electrochemical potential along transverse linecuts through the 

channel. (A) Electrochemical potential profile along a transverse linecut across the channel at 

low temperature (4.5 K) and varying channel widths. (B) Transverse electrochemical potential 

linecuts within the channel at high temperature (77 K). (C) Same as (A), but with a much smaller 

source-drain bias, 20 mV. The peaks at the boundaries of the p-n junctions are now inverted with 

respect to those in (A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S4. Calculated channel conductance Gdata = Ichannel / ∆µec obtained by using both a high 

(400 mV) and low (50 mV) source-drain bias. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. S5. Channel conductivities from a repeated measurement, and attempts to fit the 77 K 

data without a viscous contribution. (A) Channel conductance Gdata = Ichannel / ∆µec derived 

from a repeated measurement using different p-n junction barriers. The theoretical curves are 

good fits assuming = 2.8 and lee = 300 nm, the same values used in the main text. (B) Attempts 

to fit the 77 K conductance data in the main text to the Sharvin formula without including a 

viscous contribution by increasing to 4.2 (yellow points), leading to a poor fit.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. S6. Self-consistent screening near a p-n junction boundary. (A) Regions of perfect 

screening and Thomas Fermi approximation.  α =  is the interaction constant, κ is the 

dielectric constant.  is the density gradient at the p-n interface. (B) Electrostatic potential in 

units of . (C) Charge density in units of 1/D2.  

 



 

Fig. S7. Viscous fluid simulation of current flow through a 250 nm-wide slit. (A) Local 

current density. (B) Electrostatic potential. The scale bar is 250 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S8. Channel current density jchannel as a function of Gurzhi length, normalized to the 

average current density across the entire width of the graphene flake, javerage.  
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