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Abstract

Graphene has unique electronic properties1,2 and graphene nanoribbons are of particular interest
because they exhibit a conduction band gap, which arises due to size confinement and edge
effects3-11. Theoretical studies have suggested that graphene nanoribbons could have interesting
magneto-electronic properties with very large magnetoresistance predicted4,12-20. Here we report
the experimental observation of a significant enhancement in the conductance of a graphene
nanoribbon field-effect transistor in a perpendicular magnetic field. A negative magnetoresistance
of nearly 100% was observed at low temperatures, with over 50% remaining at room temperature.
This magnetoresistance can be tuned by varying the gate or source-drain bias. We also find that
the charge transport in the nanoribbons is not significantly modified by an in-plane magnetic field.
The large values of the magnetoresistance we observe may be attributed to the reduction of
quantum confinement by the formation of cyclotron orbits and the delocalization effect under the
perpendicular magnetic field15-20.

Our graphene nanoribbon field-effect transistors (FETs) are fabricated using SiO, nanowires
as physical etching masks (see Methods for details)11. A typical device uses a narrow
graphene nanoribbon as a semiconducting channel with the width determined by the mask
nanowire diameter and the length defined by e-beam lithography. The source and drain
contacts are formed by e-beam evaporation of Ti/Au film covering graphene blocks. A
highly p-type doped Si wafer are used as the back gate with a 300 nm thick SiO as the gate
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dielectric (Figure 1). Unlike conventional e-beam lithography defined graphene nanoribbons
in which polymeric resist residue may heavily dope the nanoribbons and results in large
positive shift of charge neutrality point21, the graphene nanoribbons obtained with our
method show relatively neat performance with charge neutrality points typically in the range
of 0-5 V in the back-gate configuration21.

The electrical transport characteristics of the graphene nanoribbon devices were typically
carried out at 1.6 K unless mentioned otherwise. The black line in Figure 2a shows a
differential conductance with respect to the gate voltage for a typical nanoribbon device with
channel width of ~15 nm and length of 800 nm. The curve indicates a strong suppression of
conduction in this relatively long device with a transport gap in the gate region of 0.4 to 6.6
V. Figure 2b further shows differential conductance as a function of both the gate voltage
and the source-drain bias; a diamond like characteristics of suppressed conductance
consisting of a number of sub-diamonds is clearly seen. In particular, smaller diamonds are
also observed away from the main transport gap region (Figure 2b), indicating that the
charge transport in our device is related to the model of multiple graphene quantum dots in
series along the nanoribbon22-26. The formation of the quantum dot structure in the
nanoribbons may be attributed to edge roughness or local potential variation5,8,22,23.

We also performed the magneto-transport measurements under a magnetic fieldupto 8 T
normal to the device plane. Previous magnetoresistance study of large graphene flakes
showed a non-saturated positive magnetoresistance near the minimum conductance point,
representing carrier transport through inhomogeneously distributed electron and hole
puddles of equal mobility27,28. In contrast, our graphene nanoribbon device exhibits very
large negative magnetoresistance that is highly dependent on the exact gate voltage and
source-drain bias. Upon applying a magnetic field, the overall conductance increases
dramatically with a much reduced transport gap in the gate sweep (red curve in Figure 2a).
Near the edge of the original transport gap (back gate voltage (V) range 0.4~1.9 V and
4.6~6.6 V), the differential conductance is essentially switched on from a completely off
state upon applying a magnetic field (8 T) with a differential conductance increase up to
1000 fold or more. On the other hand, the average conductance rises about 2-4 times when
the device is gated far away from the transport gap region (Vg < 0.4 V or Vg > +6.6 V). This
phenomenon is more evident in the two dimensional differential conductance plots as shown
in Figure 2b-d: the overall diamond of suppressed conductance shrinks significantly in both
the gate and source-drain bias directions, and those sub-diamonds at the edge of the
transport gap region become so conductive that the transport gap reduces to 1.9-4.6 V in
gate sweep at 8 T.

Figure 3a further shows the current-voltage (I-V) characteristics near the charge neutrality
point at different magnetic fields. The 1-V curves exhibit non-linear behaviour near zero
source-drain bias, in which the semiconducting like nonlinear gaps denoted as source-drain
gap decrease from 25 meV at 0 T to 4.3 meV at 8 T (Figure 3a inset). Note that the source-
drain gap is defined by a steep increase of current in logarithmic scale (Figure S1)23. These
results suggest that the transport barrier decreases with the increase of the magnetic
field9,23. At the edge of the transport gap (Figure 2b, V¢=1 V) where the sub-diamonds of
the suppressed conductance nearly disappear at high magnetic field, the source-drain
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conduction gap decreases from 16.6 to 0.5 meV (Figure 3b inset). Further away from the
charge neutrality point (V¢=0 V), the magnetic field has less effect on the device current,
although significant change can still be observed, for example, near zero source-drain bias in
the small source-drain gap region, which almost totally disappeared at 8 T (Figure 3c and
inset).

The |-V characteristics indicate that the huge magnetoresistance can be readily obtained by
tuning the exact electronic states of the device. Figure 3d plots the current ratio of I(8T)/
I(0T) versus source-drain bias at Vg = 0, 1 and 3 V. All three curves show large increase of
current ratio when approaching the transport blockade region. Significantly, over 4 orders of
magnitude of increase in current can be observed at the edge of the blockade. This
exceptionally large magnetoresistance cannot be well described using conventional formula:
magnetoresistance = AR/Rq because current ratio of over 100 already gives
magnetoresistance of -99%, while 4 orders of magnitude change gives an magnetoresistance
value of -99.99%. To better examine the magnitude of the conductance change, we simply
use current (conductance) ratio to describe the exceptionally large magnetoresistance in our
device. Figure 3d clearly shows that the current ratio can be tuned from a few times up to
>10,000 times, depending on the exact gate or source-drain bias. Similar scenarios were also
observed in the electron-transport branch (Figure S2). Additionally, we have fabricated and
studied more than ten devices, and all of them exhibit similar negative magnetoresistance
(Figures S3-S5).

Figure 3e provides a general view of current ratio as a function of both the source-drain bias
and gate voltage, which further demonstrates the tunability of the magnetoresistance
observed in our graphene nanoribbon devices. In general, the current ratio increases
significantly when the device is tuned to the proximity of the diamond blockade region and
reaches the highest value at the edge of the conductance suppressing diamond. Within the
diamond, the magnetoresistance value cannot be accurately determined because the current
through the device is below our equipment measurement capability. Figure 3f shows the
magneto-response at gate voltage of 1 V at different source-drain bias. In general, the
current ratios increase more rapidly with magnetic field when biased closer to the blockade
region. In all cases, the current increases exponentially and shows no evidence of saturation
up to 8 T (Note that the figure is in exponential scale).

Electric field control of magnetoresistance has recently attracted considerable attention in
multifunctional logic devices. Several material systems, including carbon nanotubes,
semiconductor quantum dots and nanowires coupled with ferromagnetic (FM) electrodes,
have been explored in this regard but only with limited tunability achieved to date29-31.
Importantly, our studies demonstrate that graphene nanoribbons themselves without
artificially engineered ferromagnetic contacts can exhibit extraordinary magnetoresistance
(nearly -100% with current ratio over 10,000) that is highly tunable by either varying the
gate voltage or source-drain bias, thus enabling an entirely new material system and device
structure for multifunctional magnetic logic device.

We have also studied the magnetoresistance evolution with increasing temperature. Figure
4a and 4b show the current ratio and negative magnetoresistance versus source-drain bias at
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variable temperatures at Vg = 3 V. The maximum current ratio decreases from more than
10,000 at 1.6 K, to nearly 20 (magnetoresistance = -95%) at 25 K, and to 3
(magnetoresistance = -70%) at 77 K, as the conductance suppression due to conduction band
gap and/or Coulomb blockade effect is weakening with the increase of temperature. The
conduction band gap apparently disappears at room temperature as the device shows linear
transport behaviour (Figure 4c). At this point, the magnetoresistance can no longer be
modified by source-drain bias voltage, and is also only weakly tunable by gate voltage.
Nonetheless, the negative sign of magnetoresistance persists up to room temperature. A
nearly linear increase of magnetoresistance with magnetic field and up to -56 %
magnetoresistance is obtained at 8 T at Vg = 3 V (inset of Figure 4c). For practical
considerations, it is valuable to note the magnetoresistance at low magnetic field. The room
temperature magnetoresistance reaches ~ 4% at a low magnetic field of 0.5 T, which is not
as striking as low temperature data (up to 50 % at 0.5 T), but is still very significant in a
device with no ferromagnetic materials. It is now well known that the conduction band gap
of graphene nanoribbon is inversely proportional to the ribbon width, and sub-5 nm
nanoribbons can develop large enough conduction band gap to completely shut off the
conductance even at room temperature9-11. Based on our observation of magnetoresistance
enhancement near the conductance suppression diamond, larger magnetoresistance at room
temperature may be achievable when ribbon width is further shrunk down to the sub-5 nm
regime.

To further elucidate the magnetoresistance effect in our device, we have fabricated shorter
channel graphene nanoribbon device with channel length of 200 nm, aiming to reduce the
number of quantum dots along the nanoribbon device22. Indeed, simpler transport
characteristics with better resolved Coulomb blockade structures were observed in this
shorter device (Figure 5a), although the jointed diamonds still indicated multiple coulomb
blockade effect20. Upon applying a magnetic field of 3 T and 6 T, the shrinkage of each
diamond is clearly seen (Figure 5b, c). The size of the diamond structure (bias gap) shrinks
consistently with increasing magnetic field (Figure S6). The gate sweeps show overall
conductance increase: the conductance peak grows and broadens; and conductance valley
arises, resulting in a diminishing of the blockade region (Figure 5d). Interestingly, the
blockade position is not significantly shifted with magnetic field up to 3 T, indicating no
significant change of quantum dot configuration. These diamonds almost disappear when
the magnetic field is increased to 6 T, suggesting that charge hopping through the
nanoribbon can be significantly enhanced under an external magnetic field.

Previous theoretical studies have predicted interesting magneto-transport properties in
graphene nanoribbons with multiple possible origins. For example, first-principle
calculations have predicted the existence of semiconducting antiferromagnetic spin state in
the zigzag graphene nanoribbons that can be excited to metallic ferromagnetic state with an
applied magnetic field12-14. However, this possibility was eliminated in our devices by
performing magnetoresistance measurement with an in-plane magnetic field in which no
obvious magnetic response was found (Figure S7). On the other hand, recent theoretical
studies indicate that a perpendicular magnetic field can greatly modify lateral quantum
confinements in graphene nanoribbons and profoundly impact the charge transport due to
the formation of cyclotron orbits originated from Dirac-Landau-level behaviour in the
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graphene nanoribbons15-20. It is suggested that a perpendicular magnetic field can induce
cyclotron orbits of the electrons motion with the cyclotron length Ig = (h/eB) /2, where e is
the electron charges and B is magnetic field. At lower magnetic field with large cyclotron
length, the cyclotron wavefunction extends beyond the ribbon width, electron motion is
strongly affected by the ribbon edges and the quantum confinement dictates the electrical
properties of the graphene nanoribbons. With increasing magnetic field, the cyclotron length
decreases. When the cyclotron length becomes comparable or smaller than ribbon width, the
ribbon edges and confinement potential become less relevant in the ribbon electrical
properties, and it would eventually completely eliminate the edge confinement to induce a
semiconductor-metal transition at high enough magnetic field17-19. Recent tight-binding
calculations have shown the confinement band gap of semiconducting armchair graphene
nanoribbons indeed shrinks continuously with increasing magnetic field17. The cyclotron
length Ig = (h/eB) ™2 is 26.6 nm at 1 T and 9.4 nm at 8 T, comparable to our nanoribbon
widths, suggesting that the magnetic field can indeed significantly modify the electronic
structure and charge transport in our graphene nanoribbon devices.

In a typical graphene nanoribbon with multi-coulomb blockade transport characteristics due
to experimental edge roughness and local potential variation, the confinement gaps function
as energy barriers for charge transport across different electron hole puddles along the
nanoribbon8,22. Therefore, a decrease of confinement gap with magnetic field can reduce
the charge hopping barrier in the multi-coulomb blockade device, and effectively reduce the
overall conduction band gap with increasing magnetic field, as we have observed in our
devices (inset, Figure 3a). This is also consistent with the evolution of diamond structure in
our short channel device, in which the sizes of the Coulomb diamonds clearly shrink with
increasing magnetic field. Our temperature dependent studies also show that the thermal
activation energy of charge transport in the graphene nanoribbons also decreases with
increasing magnetic field, further suggesting the shrinkage of the confinement gaps31 by the
perpendicular magnetic field (See supporting materials, Figure S8). Additionally, the edge
roughness induced back scattering in terms of strong localization may also contribute to the
observed conductance suppression6, in which magnetic field can induce the delocalization
effect, suppress the back scattering, and hence enhance the conductance32. The Coulomb
blockade effect can significantly enhance the magnetoresistance at the edge of the transport
gap/source-drain gap where the charge transport is more sensitive to the magnetic field. On
the other hand, when gated or biased outside the transport gap or under high temperature in
which current flow is dominated by drifting and the conductance is limited by edge or
charge impurity scattering, the observed magnetoresistance is expectedly not as striking as
that under tunnelling condition.

In conclusion, we have reported an extraordinarily large tunable magnetoresistance in
graphene nanoribbon-FET devices. Negative magnetoresistance nearly 100% with over
10,000 times conductance increase was demonstrated at 1.6 K and negative
magnetoresistance nearly 56 % was obtained at room temperature. This magnetoresistance
can be readily tuned by gate voltage and source-drain bias in which the enhancement
reaches the maxima near the edge of the conduction band gap. Although further
experimental and theoretical studies will be necessary to fully elucidate the exact
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mechanism responsible for the observed negative magnetoresistance, our experimental
findings clearly demonstrate that the graphene nanoribbons exhibit interesting magneto-
transport properties and may open exciting opportunities in magnetic sensing and a new
generation of magneto-electronic devices. During the manuscript revision and editorial
period, we became aware of preprints on similar topics posted on condensed matter
arXiv33,34. Our work was developed independently from the work reported in these
preprints.

The graphene nanoribbon-FETs were fabricated using SiO, nanowires as the physical
etching masks11. Silicon nanowires with diameters ranging from 5 to 40nm were grown
using catalytic chemical vapour deposition, and oxidized in air at 900°C for 15 minutes to
produce an SiO, insulating shell or fully oxidized nanowires. Graphene flakes were
mechanical peeled from natural graphite onto heavily doped p-type silicon wafers with 300
nm thermal oxide. After that, we physically transferred the SiO, nanowires from the growth
substrate to the graphene substrate via a contact printing approach. Specifically, a graphene
device substrate was first firmly attached to a benchtop, and the nanowire substrate was
placed upside down on top of the graphene device substrate such that the nanowires were in
contact with the graphene. A gentle manual pressure was then applied from the top followed
by slightly sliding the growth substrate. The nanowires were transferred onto the graphene
device substrate by the sheer forces during the sliding process. The sample was then rinsed
with isopropanol followed by nitrogen blow-dry, in which capillary drying process near the
nanowires can help them to firmly attach to the graphene flakes. The nanowire position was
determined by dark field microscopy or atomic force microscopy. E-beam lithography was
used to define source and drain electrodes according to the position of the nanowires on the
graphene, and Ti/Au 7nm/90nm film was evaporated with an e-beam evaporator. The
graphene regions not protected by the nanowires were etched away by oxygen plasma under
30-40W for 20s. Transport measurements were carried out in a pumped liquid He system
equipped with a superconducting magnet (American Magnetics, Inc.). Differential
conductance (d1/dV) measurements were performed using standard lock-in detection
technique in which a superimposed low frequency (17 Hz) ac current modulation was
measured as a function of dc voltage bias component.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of fabricating a graphene nanoribbon field-effect transistor
using a nanowire as physical etching mask

The device is fabricated on heavily doped silicon substrate with a 300 nm thick SiO, as the
gate dielectric. E-beam lithography defined and e-beam evaporation deposited Ti/Au (7

nm/90 nm) film on graphene block is used as the source and drain electrodes.
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Figure 2. Electrical transport measurement of a graphene nanoribbon-FET with width of ~15
nm and length of 800nm

a, Differential conductance versus gate voltage with a magnetic field of 0 T (black) and 8 T
(red) normal to the device plane. The measurements were carried out at 1.6 K. b-d,
Differential conductance as a function of source-drain bias and back-gate voltage under
magnetic field of 0 T (b), 2 T (c), and 8 T (d). These measurements show diamonds of
suppressed conductance shrunk both in source-drain bias and gate voltage direction with
increasing magnetic field.
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Figure 3. Tunable magnetor esistance in graphene nanoribbon-FET
a-c, The impact of magnetic field on current-voltage characteristics when the device is gated

at V=3V (a),1V (b)and 0 V (c). Each inset shows the source-drain gap (AVyq) as a
function of magnetic field. d, Current ratio 1(8T)/I(0T) versus source-drain bias at Vg = 3 V.
The middle interval for each plot is in the range of suppressed conductance which is beyond
our equipment measurement limits. e, Current ratio 1(8T)/I(0T) as a function of source-drain
bias and gate voltage, highlighting huge increase of current under magnetic field when
probing the device close to the diamond of suppressed conductance. f, Current ratio [(M)/
[(0T) as a function of magnetic field when source-drain is biased at -10 mV, -20 mV, -25
mVand-45mVatVy=1V.
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Figure 4. Temper atur e dependent magneto-transport properties
a-b, Current ratio I(8T)/1(0T) (a) and negative magnetoresistance (MR) (b) as a function of

source-drain bias at 1.6 K, 5 K, 25 K, 77 K and 285 K. The device was gated at 3 V. c,
Room temperature (285 K) |-V characteristic (Vy=3 V) at different magnetic field. The inset
shows the negative magnetoresistance (MR) increases linearly with the applied magnetic
field.
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Figure5. Magneto-transport properties of a short channel graphene nanoribbon-FET device
with width 37 nm and length 200 nm

a-c, Differential conductance measurements as a function of source-drain bias and gate
voltage at (&) 0 T, (b) T and (c) 6 T showing the evolution of diamond of suppressed
conductance region with increasing magnetic field. d, Differential conductance (G) versus
gate voltage at 0 source-drain bias at magnetic fieldof 0 T,3Tand 6 T.
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