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Abstract 
We systematically investigate the magnetotransport of 

He-ion-irradiated graphene, where negative magnetore-
sistance due to strong localization-dominated hopping 
transport is observed. By tuning device parameters for 
certain conditions, the negative magnetoresistance per-
sists up to room temperature, first revealed for graphene 
devices. Our study clarifies carrier localization via search 
in the multi-dimensional parameter space of Dirac mate-
rials, leading to a deep understanding of Anderson locali-
zation physics, and to defect engineering for two-dimen-
sional material-based electromagnetic device applications. 
 
1. Introduction 

Anderson localization (AL), a major theme of condensed 
matter physics, has been studied for more than half a century. 
Since the discovery of graphene, its unique AL in Dirac ma-
terials, particularly weak localization, has been studied inten-
sively [1]. Strong localization (SL) has also been investigated 
in graphene with intentionally introduced defects [2–4]. In the 
SL regime, the electrical conductance is determined by hop-
ping transport between localized states. The time-reversal 
symmetry breaking due to, for example, the application of a 
magnetic field leads to destructive interference and orbital ef-
fects between the localized states, which can increase the hop-
ping probability [5,6]. This results in the conductance in-
crease, i.e., negative magnetoresistance (MR). 

Thus far, defects were introduced into graphene by oxida-
tion with ozone exposure [2], Ga-ion-irradiation using a fo-
cused ion beam [3], and hydrogenation [4]. In these defective 
graphene systems, SL properties, such as negative MR and 
two-dimensional (2D) variable-range hopping (VRH), have 
been reported. These effects can be seen only at extremely 
low temperatures in conventional 2D thin-film materials [5,6]. 
Although the precise control of spacing/strength of defects 
using conventional methods is challenging, the He-ion-irradi-
ation method using an ion microscope is a promising technol-
ogy, by which the point defect density in graphene can be 
controlled by tuning the ion dose [7]. However, the MR of 
He-ion-irradiated graphene has been unexplored so far. 

In this study, we investigate the transport properties of 

He-ion-irradiated graphene systematically. The properties in-
clude its dependence on the magnetic field, temperature, 
channel size, carrier density, and ion dose. 
 
2. Methods 

The device schematic and an optical image of the typical 
device used in this study are shown in Fig. 1. Monolayer gra-
phene devices were fabricated by the conventional process. 
We defined the effective channel as the region between Cr/Au 
electrodes with controlled mild dose irradiation. Other re-
gions were insulated by irradiation with a high dose of 
~1.3×1016 ions/cm2 [7]. The electrode width (We) and the 
non-insulating region width (W) are almost equal, and the ef-
fective channel length (L) and the distance between the elec-
trodes (Lgap) are almost the same. This is designed to mini-
mize the contribution from non-irradiated graphene regions 
and to prevent damage at the interface between the graphene 
and the electrode. Note that W is designed ≥ 200 nm to avoid 
the influence of edge disorder. 

For ion irradiation, a focused He ion beam was irradiated 
onto graphene using an ion microscope (Zeiss Orion Plus) 
with the acceleration voltage of 30 kV. 

The devices were measured in a 4He cryostat equipped 
with a variable temperature insert for the temperature (T) 
range of 10–300 K. Using a superconducting magnet, a mag-
netic field (B) up to 6 T was applied perpendicularly to the 
substrate. For the electrical resistance measurement, the 
source-drain bias voltage (Vsd) was applied, and the drain cur-
rent (Id) was measured in a two-terminal DC configuration. 
The gate voltage (Vg) was applied to the Si substrate.  

 

Fig. 1. (a) Schematic of the device structure and the measurement 
configuration. (b) Optical image of the typical device used in this 
study. The dotted line indicates the edge of graphene. 
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3. Results and Discussion 
We investigated the 23 devices with various parameters 

and obtained consistent results. Here, we focus on the device 
with L = W = 1.0 μm and a dose of 0.5×1015 ions/cm2. The 
MR (ΔR/R0) vs. B at Vg of the charge neutral point (CNP) is 
plotted in Fig. 2a, where R0 = R(B = 0) = Vsd/Id(B = 0) and ΔR 
= R(B) – R0. The negative MR is observed in the entire T 
range up to 300 K. The absolute MR value |ΔR/R0| increases 
with B and is not saturated even at B = 6 T. Figure 2b shows 
the MR vs. B plot at T = 10 K for each hole density (nh) which 
is derived by the geometrical capacitance model. The |ΔR/R0| 
is maximized at the CNP to be –0.51 at B = 6 T. 

In the SL regime, the transport mechanism including 
magnetotransport is dominated by the 2D-VRH, in which the 
T-dependence of R is described by R ~ exp[(T0/T)1/3]. Here, 
T0 is the characteristic temperature of VRH, expressed as T0 
= 3/(kBN(E)ξ2), where kB is the Boltzmann constant, N(E) the 
density of states (DoS) at energy E, and ξ the localization 
length [8]. These characteristics can be confirmed in our de-
vices, as shown in the R vs. T–1/3 semi-log plot (Fig. 2c). By 
applying the DoS at the Fermi energy, we estimate ξ to be ~ 
24, 21, and 25 nm for nh = 0.8, 1.5, and 2.3×1012 cm–2, respec-
tively. This indicates that |ΔR/R0| can be modulated by nh via 
the DoS variation, whereas ξ is not largely changed. 

The SL interference effects also contribute to the magne-
toconductance as ΔG/G0 ∝ B2 (where G0 = G(B = 0), ΔG = 
G(B) – G0) [5,6]. This property is observed as shown in the 
Fig. 2d. Moreover, we find ΔG/G0 ∝ T–β with β ~ 1.2 [9]. 
These properties are consistent with those of other systems in 
the SL regime [5,6,9], indicating that 2D-VRH in the SL re-
gime is the dominant transport mechanism in our devices. 

 

Fig. 2. Transport properties of the device with L = W = 1.0 μm and 
a dose of 0.5×1015 ions/cm2. (a) ΔR/R0 vs. B plot at the CNP for var-
ious T. Vsd is fixed to 30 mV. (b) ΔR/R0 vs. B plot at T = 10 K for 
various nh. (c) R vs. T–1/3 semi-log plot. The symbols represent the 
experimental data. The solid lines and T0 values are the fitting results 
with R ~ exp[(T0/T)1/3]. (d) ΔG/G0 vs. B2 plot at nh = 1.5×1012 cm–2. 
The symbols represent the experimental data. The solid lines repre-
sent the linear fitting result. 

Fig. 3. (a) ΔR/R0 at the CNP, at various T for doses of 0.5, 1.0, 2.0, 
and 1.0×1015 ions/cm2. L = 50 nm, W = 500 nm. (b) Dose depend-
ence of ξ and d. (c) ΔR/R0 at T = 10 K, B = 6 T as a function of ξ/L. 

 
Next, we examine the dose dependence of the MR by em-

ploying the devices for various doses with fixed L = 50 nm 
and W = 500 nm. Figure 3a displays ΔR/R0 at the CNP and B 
= 6 T for doses of 0.5, 1.0, 2.0, and 5.0×1015 ions/cm2. 

From the VRH fitting analysis, it is found that ξ decreases 
with increasing the dose (Fig. 3b). The reason for this modu-
lation could be associated with an average interval distance 
(d) between point defects, which can be derived as d [nm] = 
(2.5×1016/Dose [ions/cm2])1/2. In fact, ξ and d are obviously 
correlated (Fig. 3b). The high dose results in smaller/unstable 
|ΔR/R0|, which could be ascribed to small ξ and d. Closing the 
carbon atom distance in graphene and d could lead to large 
defect formation due to point defect percolations, which can 
destroy graphene crystalline integrity and the interference ef-
fect. Figure 3c shows the ξ/L-dependence of |ΔR/R0| at T = 10 
K, B = 6 T. This indicates that |ΔR/R0| increases with decreas-
ing ξ/L. Therefore, ξ/L should be tuned to optimize |ΔR/R0|. 

 
4. Conclusions 

Magnetotransport properties of He-ion-irradiated gra-
phene are investigated. The transport mechanism in He-ion-
irradiated graphene is found to be SL-dominated 2D-VRH, 
and the MR can be modulated by the dose. Via a systematic 
parameter search in Dirac materials, negative MR is first re-
vealed at room temperature by adopting He-ion-irradiation, 
which contrasts previous defective graphene devices [2–4]. 
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