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ABSTRACT: For sufficiently low biases, Ohm’s law, the cornerstone of electricity, stating
that current I and voltage V are proportional, is satisfied at low biases for all known systems
ranging from macroscopic conductors to nanojunctions. In this study, we predict
theoretically and demonstrate experimentally that in single-molecule junctions fabricated
with single-layer graphene as electrodes the current at low V scales as the cube of V, thereby
invalidating Ohm’s law. The absence of the ohmic regime is a direct consequence of the
unique band structure of the single-layer graphene, whose vanishing density of states at the
Dirac points precludes electron transfer from and to the electrodes at low biases.

Ohm’s law,1 historically the first mathematical relation of
paramount importance for electric circuits, states that the

current I through a macroscopic material is proportional to the
applied bias voltage V. It is experimentally supported by
empirical measurements for currents and length scales varying
over many orders of magnitude and holds for the vast majority of
materials.

Considering the acceleration induced by an applied electric
field on electrons in random zigzag motion due to rapid
scattering by atoms or ions within the framework of classical
mechanics, the Drude model2 succeeded to unravel a net
electron drift with an average velocity proportional to the field
and thence the first microscopic justification of Ohm’s law.
Accounting for Fermi statistics in a free electron model,
Sommerfeld3 was able to give the first quantum mechanical
justification of Ohm’s law in metals. Quantum theory of solids
relates differences between the ohmic conductance of various
macroscopic solids to the (non)existence of the band gaps
characterizing the specific energy band structures.4 Depending
on the presence and/or the magnitude of the band gaps,
calculations within the linear Kubo response theory5,6 explicitly
accounting for the actual band structure allows to estimate the
ohmic (also referred to as zero-bias or linear) conductance G
and provides the microscopic rationale why some materials are
conductors, some semiconductors, and some insulators.

In the 1920s, on the eve of quantum mechanics, there was a
renewed interest in the Ohm’s law, which was thought to fail at
the atomic scale.7 Electrons’ motion over short distances is
coherent, contrasting the incoherent electron collisions
occurring in macroscopic materials that give rise to Joule

dissipation. For adequately assessing the importance of the
finding reported below, it is of paramount importance to
emphasize that the “failure” of Ohm’s law meant in the above
context did not refer to the proportionality between current and
voltage I = V/R. Rather, this “failure” was merely understood as
the breakdown of the proportionality between resistance R and
length L, a relationship that holds true for macroscopic samples.
Albeit certainly significant, it is not the latter proportionality (R
∼ L) but rather the former proportionality (I ∼ V) that
represents the primary message conveyed by Ohm’s law. With
the advent of nanoscience, the possibility to address
experimentally the implicit question envisaged above (namely:
is R proportional to L or not?) became reality. Plenty of
experiments on molecular tunnel junctions fabricated with
various homologous molecular series (alkanes,8−10 oligophen-
yls,11−13 oligoacenes,14 oligothiophens15,16) and all common
platforms (MC-BJ,17,18 STM-BJ,19,20 CP-AFM,8,21 EGaIn22,23)
performed over more than the last two decades confirmed this
expected “failure”, and this result belongs to textbook’s
wisdom:24,25 at the nanoscale, R does not grow linearly but
rather exponentially with L (R ∼ exp(β L)).

“Ohm’s Law Survives to the Atomic Scale” is the title of a
report published more than a decade ago.26 While undoubtedly
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a remarkable result from the above perspective,7 one should note
that ref 26 confirmedOhm’s law only in the above sense (R∼ L).
That is, ref 26 experimentally demonstrated “ohmic” scaling of
the electric resistance, namely that atomic-scale nanowires of
phosphorus in silicon have electrical resistance depending
linearly upon lengths down to ∼1 nm. Whether I is proportional
to V, which is our main concern in the present study, was not an
issue addressed in ref 26.

Returning to our concern (namely: is I proportional to V or
not?), the fundamental question is not whether the dependence
of I on V is linear in general at an arbitrary bias. It is well-known
that, whether for conventional solids (let them be metals,
semiconductors, or dielectrics) or plasmas, deviations from the
linear relationship (“nonohmic behavior”) become significant at
sufficiently large biases, eventually at the breakdown electric
field which characterizes any real material. But even the
nonohmic materials, so important in electrical engineering,27

do possess a certain range of low biases, wherein the I−V
dependence is linear to a good approximation; the tangent of the
I−V curve at origin (V = 0) does have a nonvanishing slope. A
nonlinear dependence of I on V sets in only at sufficiently large
biases.

To the best of our knowledge, at least for molecular junctions,
all I−V curves measured so far possess tangents having a slope at
origin (V = 0), which clearly differs from zero within
experimental accuracy.28 This slope defines the low (zero-)
bias conductance (Figure 1c)
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In molecular junctions fabricated with short molecular species,
charge transport proceeds via tunneling.21,29 Neglecting many-
body electron correlation effects, the tunneling current
dominated by a single energy level (molecular orbital MO)
can be computed as integral over transmissionTweighted by the
difference of the electrodes’ Fermi distribution f 30

Ö́ÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ ÆÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖÖ

I
G
e

f eV f eV d
( ) ( )

( )
( /2) ( /2)s d

T

0

0
2 ( ) ( )

2

2

( )

s d
Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ

=
+

[ + ]
+

(2)

Noteworthily, eq 2 follows from the general Keldysh formalism
applied to nonlinear transport (e.g., ref 30) as opposed to the

generic Landauer approach ubiquitously utilized. The zero-bias
(ohmic) conductance at zero temperature is expressed by

G
G

T( )
(0) (0)

T

s d

0 0
0

0
2 (0) (0)

2

2
s d

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ

= | =
+ +

(3)

where e and G0 = 2e2/ℏ = 77.48 μS are the absolute electron
charge and the universal conductance quantum, respectively, ε0
= EMO − EF is the MO energy offset relative to the electrodes’
Fermi level (EF = 0), and Γs and Γd are MO electronic couplings
to the two (source and drain) electrodes.

“Conductance is transmission” (cf. eq 3), the very popular
Landauer paradigm,31−34 is exemplarily substantiated by the
resonant level (ε0 = 0) symmetrically coupled electrodes having
wide, flat conduction bands (energy independent Γs = Γd)

T G G1, 0= = (4)

Its strictly linear response at zero temperature (T)
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is par excellence ohmic.
In more physical terms, the ohmic conductance of eq 3 is the

result of the fact that (say) the negative electrode (source, label
s) injects electrons from occupied single-particle states slightly
above the equilibrium Fermi level EF (= 0) that tunnel through
the molecule and finally land on empty single-particle states of
the positive electrode (drain, label d). This rather trivial
narrative implicitly assumes electrodes possessing nonvanishing
densities of states at the Fermi level ρs,d(0) ≠ 0. Mathematically,
this is embodied in the proportionality relationship Γs.d ∝ ρs,d.30

The aforementioned condition is trivially fulfilled by conven-
tional metal electrodes, which possess flat conduction bands
around EF (Figure 1a). However, this does not hold for the
presently considered graphene electrodes (Figure 2). What
makes the single-layer graphene37,38 completely different from a
conventional metal is its band structure.35,36,39 The planar
honeycomb structure (Figure 2a) with two atoms per unit cell
gives rise to two conduction and valence π bands touching the
corners of the hexagonal Brillouin zone (six Dirac points). Near
the Dirac points, the exact V-shaped density of states emerging
from tight-binding band structure calculations39 expressed in
terms of the complete elliptic integral of the first kind35 can
reasonably be described within the linear approximation ρ(ε) ∝

Figure 1. Schematic representation of the charge transport in molecular junctions with metal electrodes. (a) Metal electrodes possess a nonvanishing
density of states, which is almost energy independent around the Fermi energy EF. (b) At zero temperature, the (nonvanishing) ohmic conductance is
the result of the elastic tunneling (depicted by the solid brown horizontal arrow) mediated by the closest molecular orbital (illustrated by the dashed
brown arrows) involving the occupied electron states in the left electrode and the empty states in the right electrode (depicted as orange rectangle) in a
tiny Fermi energy window (EF − eV/2 < E < EF + eV/2, V ≳ 0). (c) Measured I−V curves invariably possess a nonvanishing slope at zero bias which
defines the (linear) conductance G (≠ 0) at low bias.
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|ε − ED| (Figure 2b). The latter is the consequence of the
approximate linear dispersion relation E → EK d∥

≈ ℏνFK∥, where
the wave vector K∥ is measured relative to the Brillouin zone
vertex, which makes electrons in graphene resemble massless
Fermions of relativistic quantum field theory, obeying an
equation similar to Dirac equation of quantum electrodynamics
wherein the speed of light c = 3 × 108 m/s is replaced by the
smaller Fermi velocity vF ≈ 106 m/s ≈ c/300.38

Because the band of the pristine single-layer graphene is
exactly half-filled (semimetallic character), the Fermi surface is
point-like (Figure 2c). In the absence of doping and gate
potential (as assumed throughout unless otherwise specified),
the energy of the Dirac points coincides with the Fermi energy
ED = EF (= 0). This gives rise to a vanishing DOS at the Fermi
energy ρ(E − EF) ∼ |E − EF|

(0) 0 (0) 0s d s d, ,= = (6)

Then, eq 3 implies G � 0. This means that the ohmic regime is
absent in molecular junctions with graphene electrodes.

In general, the MO electronic couplings to graphene layers
(Γs,d ∝ ρs,d) under a nonvanishing bias can be expressed as

eV( ) /2s d s d, ,= | | (7)

where Γ̅s,d are dimensionlessMO-electrode electronic couplings.
Full I−V curves at arbitrary biases and temperatures can be
computed via numerical integration by combining eqs 2 and 7. A
general formula to express the current of eq 2 at arbitrary
temperatures in closed analytic form cannot be deduced, but the
approximate expression valid at T→ 0 and lower biases (⌊eV⌋ ≲
|ε0|) presented below

Figure 2. Charge transport through molecular junctions with electrodes consisting of single-layer graphene. (a) A single-layer graphene with its
characteristic honeycomb structure. (b) The V-shaped density of states (DOS) computed exactly35,36 (red line) exhibits van Hove singularities
characteristic for two-dimensional systems and vanishes approximately linearly with energy (purple line) at the Dirac point depicted as energy zero.
Energies are scaled by the tight-binding transfer integral (t≈ 2.8eV). (c)Within the aforementioned linear approximation, the dependence on the two-
dimensional wave vector K∥ � (kx,ky) of electron energy (dispersion relation) is depicted by the (blue and red) Dirac cones, which are shifted by an
applied bias V. (d) The orange triangles, which depict the electrodes’ electronic states in the Fermi energy window contributing to charge transport via
elastic tunneling (depicted by the solid brown horizontal arrow) mediated by a single level (illustrated by the dashed brown arrows), aim at intuitively
illustrating what makes conduction through junctions with graphene electrodes different from that with conventional metals (Figure 1b). Because each
leg of these triangles scales with V, their area A ∝ V2 at V → 0 decreases faster with V that the area of the orange rectangles of Figure 1b, and this
behavior makes ohmic conduction impossible. (e,f) Numerical simulations using the model parameters and equations indicated in the legend confirm
quantitatively the absence of the linear (ohmic) regime for molecular junctions with graphene electrodes (additional simulations in Figure S1).
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turns out to be useful for the analysis that follows.
A numerical simulation using the exact eqs 2 and 7 at T = 0

along with the approximate eq 8 depicts that, rather than being
proportional to V (as would be the case if the ohmic regime
existed), the current is proportional to V3 at low bias (Figure
2e,f). Additional numerical simulations emphasize this aspect
(Figure S1).

Expressed in intuitive physical terms, the current I in an
“ordinary” junction with metal electrodes is due to charge
transfer between the occupied electronic states in the left
electrode and the empty electronic states in the right electrodes.
At low temperatures and biases, they are depicted as tiny
rectangles defined by the Fermi energy window (Figure 1b).
Because the rectangles have a constant length (Γs,d ∝ ρs,d do not
depend on energy) and height proportional to V, their area,
which quantifies the number of these states, is proportional to V
(A ∝ V). At low biases, the MO density of states in the Fermi
window negligibly varies with energy, and this gives rise to a
current I ≃ GV proportional to V. At infinitesimally small biases
V → 0, the area becomes infinitesimally small, A ∝ V → 0, but
the ratio remains finite (A/V ≠ 0), and this translates into a
nonvanishing linear conductance G = I/V ≠ 0. This picture
contrasts with the left and right orange triangles in the Fermi
energy window of Figure 2d. Because both triangle legs are

proportional to V, their area, which quantifies the number of
states that contribute to transport, vanishes faster than V (A ∝
V2). By virtue of eq 2, this results in the cubic dependence of I on
V (cf. eq 8) and in the absence of the ohmic regime associated
with it.

We emphasize that both the theoretical formula expressing
the current through a junction with electrodes of single-layer
graphene at arbitrary bias and temperature (eqs 2 + 7) and its
particular case (eq 8, valid at T = 0 and low bias) are direct
consequences of the general Keldysh formalism; except for the
assumption of a dominant MO, no other special assumption on
the active molecule is needed in the mathematical deduction.

To interrogate the above theoretical predictions experimen-
tally, we fabricated single-molecule junctions with diarylethene
(DAE) sandwiched between electrodes consisting of graphene
monolayers (Figure 3). Our experimental approach junctions
followed that utilized in our previous studies.40,41 More details
can be found in the Supporting Information.

To be sure, the theoretical results presented above refer to
single-molecule junctions having ideal, defect-free electrodes
consisting of periodic single-layer graphene with infinite lengths
and widths (Figure 3b). On the other side, the foregoing
description of manufacturing the real graphene-based junctions
used in experiments should make it clear that “good” junctions
that can be fabricated as delineated above resemble at best a
junction having a sufficiently extended periodicity in the
transverse direction (Figure 3c). Inherent limitations of atomic

Figure 3. Schematic representation of single-molecule DAE junctions with electrodes of single-layer graphene. (a) Fabrication of graphene nanogap.
(b) Strictly, the electrodes’ density of states ρ(EF) vanishes only in molecular junctions with infinite periodic graphene layers. (c) In real junctions, an
absent ohmic regime can be expected for graphene electrodes having sufficiently extended defect-free periodicity in the transverse direction on either
side of the contacted molecule. (d,e) Possible departures from periodicity in real single-layer graphene electrodes that give rise to a nonvanishing
graphene’s DOS, thereby preventing Ohm’s law breakdown.
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level precision of the cutting procedure in achieving a nanogap
matching the (DAE)molecule size and defined by linear contact
edges parallel to each other, each comprising a “reasonable”
large number of periodic, defect-free graphene units on either
side of the contact (as opposed to the situation depicted in
Figure 3c) make the experimental task a formidable challenge. It
should therefore be understandable why most of the real
junctions that can be fabricated (Figure 3d,e) depart from this
“ideal” structure achievable in the laboratory (Figure 3c).

Notwithstanding these tremendous difficulties, we were able
to experimentally fabricate junctions that demonstrate the
breakdown of Ohm’s law predicted theoretically above and,
more generally, to validate the present model defined by eqs 2
and 7 Our key results are collected in Figures 4, S4, and S5.
Along with experimental I−V curves (black lines), in all the
aforementioned figures, we show best fitting curves (red lines)

obtained via the exact eqs 2 and 7. These I−V curves are indeed
ohmic-free curves. Notice that there is no significant qualitative
difference between the I−V curves computed at temperatures up
to T = 195 K (Figure 4g) and the simulations at T = 0 (Figure
2e,f). This should not be surprising. The temperature depend-
ence of the tunneling current is significant only close to resonant
tunneling.42−44 In off-resonant situations like those presently
envisaged, the tunneling current is only weakly temperature
dependent, which makes it possible to quantitatively interpret
transport data measured at room temperature45 using
theoretical formulas for current deduced for T = 0.46

The foregoing analysis made it clear that the absence of the
ohmic regime is intimately connected to the vanishing DOS at
the Dirac points. Therefore, although it may sound paradoxical
for the molecular electronics community, the active molecule
plays only a secondary role here. To emphasize this aspect, along

Figure 4.Demonstrating the breakdown of Ohm’s law in single-molecule junctions with electrodes of single-layer graphene. (a) Schematic diagram of
the DAE single-molecule junction. (b−g) I−V curves measured at various temperatures indicated in the legend for a given junction fabricated with an
open DAEmolecule are accurately described by the general model defined by eqs 2 and 7, which predicts that the ohmic regime is absent in molecular
junctions having graphene single layers as electrodes. Enlarged diagrams that better illustrate the absence of an ohmic regime hardly visible in panels
(b−g) are shown in Figure S6.
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with the I−V curves measured for the open DAE isomer
(Figures 4 and S4), we also present results for the closed DAE
molecule (Figure S5).

With regard to our specific choice of the active (DAE)
molecule, we have to note the pronounced structural difference
between open and closed DAE (Figure S7) reflects itself in the
values of the pertaining currents that differ from each other up to
2 orders of magnitude; compare Figure 4 with Figure S5. These
differences are much larger than differences between consec-
utive members of homologous series utilized to fabricate
molecular junctions, such as oligoacenes,47 alkyls,48 oligophen-
yls,11 and oligophenylene dimethanethiols.49 They are also
much larger than those caused by changing the anchoring group,
e.g., thiols versus alkynes.9,50,51

Intentionally or not, this graphene’s salient feature can be
destroyed:

A gate voltage (VG) shifts the Dirac point energy and creates
an imbalance EF ≠ ED.

52 Then, ohmic conduction becomes
possible, because the DOS ceases to vanish at the Fermi energy
(ρs,d(EF) ≠ 0). A nonvanishing DOS at the Fermi energy means
that charge carriers (electrons or holes) can be transferred at
infinitesimal biases (|V| ≳ 0) between electrodes and molecule
(Figure S8a). To exemplify this effect, we refer to the I−V curve
measured experimentally at various gate voltage values VG ≠ 0
(Figure 3 in ref 53).Their slopes do no longer vanish at V = 0;
that is,G ≠ 0 and a linear (ohmic) regime at low V does exist for
gated junctions.

In doped graphene single layers (Figure S8b), the alignment
between the Dirac energy and the Fermi energy is also
broken.52,54 This is indeed a very challenging difficulty that we
had to overcome in experimentally demonstrating the absence of
the ohmic regime in molecular junctions having graphene sheets
as electrodes. Saying this, we do not refer to intentional doping,
which is absent in the presently considered junctions. Uninten-
tional (unwanted) doping can mean, e.g., charge transfer
induced by etching, graphene’s vulnerability to chemical surface
and environmental contamination.55,56 Even the junction
manufacturing process itself can give rise to a nonvanishing
DOS at the interface. “Invasive”, strong covalent bonds between
the molecule’s anchoring group and the graphene sheet edge
distort the local charge distribution at contact (“unintentional
local doping”) and can have thereby a local impact on graphene
similar to defects/impurities.57 These can significantly alter
graphene’s DOS in the vicinity of the Fermi energy,57 which
ultimately yields a nonvanishing ohmic conductance (G ≠ 0).

To better assess the meaning of the present finding (G � 0),
one should remind that, contrary to expectations, as the density
of electrons and holes vanishes (n → 0, neutrality point), the
conductivity of the single-layer graphene does not vanish but
approaches a value that remains finite (σ2D ≈ e2/h ≠ 0) down to
liquid helium38,58 (Recall that in two dimensions σ2D = G ×
width/length is expressed in siemens (S) and not in S/m as in
three dimensions). This is but a single illustration of the fact that
electrons in graphene represent an intriguing system; as if it
consisted of independent particle moving relativistically
(massless Fermions obeying a Dirac-type equation with vF ≠
c) but strongly interacting nonrelativistically (because vF ≈ c/
300 ≪ c).38 The latter feature traces back to graphene’s effective
fine structure constant αG � e2/ℏvF = α(c/vF) ≈ 300α much
larger than the fine structure constant α = e2/ℏc ≈ 1/137, which
implies screening effects much weaker than in ordinary metals
and stronger electron correlations.

If significant for the present molecular junctions with
graphene electrodes, electron correlations would renormalize
the single-particle Fermi distributions and the electrodes’
(electro)chemical potential (μs,d = ±eV/2), invalidating thereby
the present theory based on eq 2 that holds for uncorrelated
transport. Definitely, the overall good agreement between
experiment and theory (Figures 4, S4, and S5) rules out this
possibility.

Returning to the junctions investigated in our experiments, we
wish to add two remarks.

(i) Noteworthily, we have used experimental setups having
single-layer graphene as electrodes. We do have electro-
des of graphene monolayers; we do not only use graphene
monolayers, e.g., to coat metal electrodes. The two-
dimensional in-plane motion of electrons in our electro-
des makes the DOS ρ(E − EF) ∼ |E − EF| vanishing at the
Dirac (Fermi) point (Figure 2b) and justifies utilization of
eq 7 in calculating the current (eq 2). Our graphene-based
molecular junctions are qualitatively different from
molecular junctions wherein graphene monolayers are
merely used for coating metal electrodes. In the latter
case, the charge transport is determined by electrons
traveling across the graphene monolayer and not by the
two-dimensional in-plane motion of electrons; for those
junctions, neither the relationship ρ(E − EF) ∼ |E − EF|
nor the ubiquitously drawn Dirac cones (Figure 2c,d) or
eq 7 related to it can be justified to compute the current.

(ii) Ordinary molecular junctions having metal electrodes
often possess practically symmetric I−V curves (i.e.,
I(−V) = −I(V)) even if they are fabricated with
noncentrosymmetric molecules. Therefore, the fact that,
albeit nonspectacular, our I−V curves systematically
exhibit a certain asymmetry upon bias reversal appears
to be a conundrum; both open and closed DAE are
centrosymmetric (Figure S7), and both electrodes consist
of single-layer graphene. The formula used to compute
the current, the analysis presented above, and the fitting
parameter values allow us to solve this conundrum:
notwithstanding the fact that both the molecule and the
electrodes are chemically symmetric, the molecule-
electrode electronic couplings are different (the values
of Γ̅s and of Γ̅d are substantially different from each other,
see the legends of Figures 4, S4, and S5), and this makes
eqs 2 + 7 noninvariant under bias reversal. This is why in
molecular junctions with electrodes of single-layer
graphene the asymmetric MO couplings to electrodes
yield asymmetric I−V curves (current rectification).
Recall that this is not the case in molecular junctions
having electrodes of ordinary, wide-band metals.44,59−62

In closing, we predicted theoretically and demonstrated that
when adequately fabricated experimentally to comply with
theoretical modeling, molecular junctions using single-layer
graphene as electrodes do not exhibit ohmic charge transport.
The absence of the ohmic regime is the direct consequence of
the vanishing density of states at the Dirac energy, which inhibits
the transfer of electrons (or holes) between the active molecule
and electrodes consisting of undoped single-layer graphene.
Formulating alternatively, the breakdown of Ohm’s law is
merely due to this unique property of the pristine single-layer
graphene. Paradoxically, it is by no means related to the “active”
molecule, unlike in most molecular electronic devices, where it
plays a paramount importance in achieving the desired
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functionality. Our present choice (namely open and closed
DAE, a molecule species extensively and intensively investigated
by us in the past41,53,63,64 and for which we achieved a
remarkable high control) is merely motivated by the enormous
difficulty to strictly meeting experimentally the challenging
conditions wherein the theoretical prediction applies.
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