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 Quantum Hall effect in different types of graphene.

 Ink-jet printed graphene (iGraphene).

 Droplets vs Stripes. How different iGraphene devices behave in high

magnetic fields.

 Do we see quantum effects in iGraphene?

OUTLINE



Room Temperature Quantum Hall effect
Novoselov et al., Science 315, 1379 (2007)

At 300 K in 
exfoliated graphene

At 2 K in epitaxial 
graphene on SiC

Alexander-Webber et al., 
“Giant quantum Hall plateaus generated by charge 
transfer in epitaxial graphene”
Scientific Reports  6, 30296 (2016)

Quantum Hall effect in graphene.   The best.



Quantum Hall effect in graphene.   The rest.

Is any graphene a good quantum material?    

Heterostructures
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Kudrynskyi et al.,  Phys. Rev. Lett. 
119, 157701, 2017

Graphene/InSe

Low mobility CVD 

K. Bennaceur et al., PRB. 
92, 125410 (2015)

µ < 1000 cm2/Vs

B = 35T
T = 0.3K

High mobility CVD

µ > 10,000 cm2/Vs

Siyu Zhou et al., Nanomaterials. 
12, 13777 (2022)



ink-jet-printed Graphene (iGraphene).

Flakes Ink Printer Devices

Fully ink-jet-printed transistor 
F. Wang, et al.,  Adv.Func.Mater. 2021, 31, 2007478

Sigma-Aldrich (793663)

Fujifilm Diamatix DMP-2800 
and a 10 pL drop volume 
cartridge with
nozzles of a = 21.5 m

Flake size ~ 50nm

Multifunctional SensorFlexible detector

1 cm

Thermalsensor

Humidity
sensor

Pressure
sensor

F. Wang, et al., Multifunctional inkjet-printed graphene sensor, to 
be submitted in 2024

DropletsStripes

N. Cottam et al., Small 2311416 (2024)



Electron transport in iGraphene.  Network of 2D nanosheets.

Monte Carlo simulation of the potential (top) and 
electron trajectories (bottom) in a very small 
iGraphene device

Feiran Wang et al., Adv. Funct. Mater 2007478 (2020)

S. Barwichet al., 
Carbon 171, 306 (2021)

Percolation transport, strongly 
dependent on porosity, and 
inter-flake junction distance.

Charge transport within an individual 
flake can be diffusive
or hopping-type, interflake transport is 
can be variable-range hopping,

V. K. Sangwan et al., Annu. Rev. 
Phys. Chem. 69, 299 (2018)



Typical iGraphene in magnetic field.

Strong fluctuations of Rxy, 
Hall effect measurable at >20 layers only
Sublinear Hall 

Weak localisation at B < 7 T



0 10 20 30 40 50
0

10

20

30

40

R
x
y
 (


)

T = 290K

T = 100 K

T = 4.2 K

iGraphene Stripes in high magnetic field.

No Shubnikov – de Haas oscillations or Quantum Hall effect
In high fields linear Rxx(B) and sublinear Rxy(B)
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Number of printed 

layers   nL = 5

N. Cottam et al., Small 2311416 (2024)
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Strong temperature dependence.
No dependence on the film thickness.

iGraphene Stripes and in “low” magnetic field.
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iGrdrop

iGraphene Droplets in high magnetic field.

No measurable Rxy

No Shubnikov – de Haas oscillations or Quantum Hall effect
In high fields negative, linear magnetoresistance absent in parallel field.
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N. Cottam et al., Small 2311416 (2024)
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iGraphene Droplet in “low” magnetic field.

N. Cottam et al., Small 2311416 (2024)
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Droplets vs Stripes in low magnetic fileds
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Very high WL critical magnetic field, B > 5T. Typical field for WL in single layer graphene <0.1T [PRL 103, 226801 (2009)].

Unusual (linear) shape of R(B) at B < 0.5T for droplet devices



Modelling WL effect. 

∆𝜌𝑖𝐺𝑟 𝐵 = 𝑁𝐺𝑟
𝑒2𝜌2
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where NGr is effective number of layers, 𝐹 𝑥 = 𝑙𝑛 𝑥 + 𝜓
1

2
+

1

𝑥
, ψ is the digamma function, 𝐿𝜑 and  τφ are the dephasing length and time due to inelastic 

scattering, τi is the elastic intervalley scattering time also associated with the edge scattering; τ* is a scattering time relevant to a combination of different elastic 

intravalley scattering processes; τB
-1=4eDB/ℏ where diffusion coefficient D=vFL0 /2 Fermi velocity is vF = 106 m/s; L0=vFτtr is the mean free path where τtr=μm*/e

is the transport scattering time and graphene effective mass m* 0.08me (Vg = 0 and p  1013 cm-2).

𝐿𝜑 = 𝐷𝜏𝜑

Feiran Wang et al., Adv. Funct. Mater 2007478 (2020)

And WL in small disks results in linear R(B) !

A.M. Chang et al.,  PRL 73, 2111 (1994)

Dephasing length , 𝐿𝜑  20nm is achieved for electron trajectories close 

to the edge of the flake (average flake size  50nm ). 

Geometry of liquid exfoliated flakes is close to oval with aspect ratio 

W/L<2

W

L

H.Chacham et al., ACS Appl. Nano Mater. 3, 12095 (2020) 

F.V. Tikhonenko et al., PRL 103, 226801 (2009)



Gate voltage effect in zero magnetic field. 
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Doping level ~1013 cm−2, Mobility ~10 cm2/Vs

With increasing number of overlapping 
droplets the effect of Vg on device 
conductivity becomes weaker.

No gating effect in the films
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Droplets. Gate voltage effect in strong magnetic field. 
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Relative ΔR/RB = 0  magnetoresistance at B > 35 T demonstrates the same slope for all the values of applied

Vg , suggesting that linear negative MR is independent of the carrier density.

N. Cottam et al., Small 2311416 (2024)



Do we see quantum effects in iGraphene? 

• Very low mobility does not allow Landau quantisation: 𝜇𝐵 = 1 at B > 100 T
• No observations of SdH oscillations of Quantum Hall Effect

• Very small size of the flakes (~50nm) with respect to the device size (>1000 nm)
• Percolation transport through a complicated network

• Thin (<3 printed layers ) stripe devices demonstrate irreproducible resistance and 
unmeasurable Hall voltage. 

• Thick (>10 printed layers) layers have typical thickness >100nm (3D material?).

• Weak localisation effect. 

• Negative magnetoresistance in DROPLETS. 

Droplets are more reproducible than thin films. Thinner, 
more uniform, no coffee rings, etc.

• Typical graphene gate voltage dependence of conductivity



Model of local quantum transport 

Conventional intra- inter-flake 
hopping transport model.

Assumption:
Intra-flake mobility 
is high µintra ~ 1000 cm2/Vs

In high magnetic fields Landau levels and edge states are 
formed inside individual flakes of ~50nm diameter. 

In increasing high magnetic fields the density of states at 
the Landau level increases enhancing flake-to-flake
transport and leading to the negative 
magnetoresistance.

Percolation through a Quantum Hall network?
Quantum iGraphene model is required.
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Negative MR is independent of the Vg (carrier density), all 
electrons in the first Landau level?

Effect remains visible even at 
T = 300K, however RT QHE is 
not uncommon in graphene 
at B >30T



CONCLUSIONS

• Possible quantum effects in iGraphene transport in high 
magnetic fields.

• Unusual Weak Localisation behaviour can be explained by the 
flake shape and size.

• Negative magnetoresistance in high magnetic fields can be 
relevant to the formation of quantum edge states in individual 
flakes due to high intra-flake mobility.

• Droplet devices (created by 1-5 individual graphene ink 
droplets) demonstrate surprising reproducibility and very 
different behaviour in strong magnetic fields. 



N. Cottam et al., Small 2311416 (2024)


