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We present current voltage measurements of clean electromigrated gold nanogaps at cryogenic temperatures.
In all samples, we observe low voltage values ��1 V� for the crossover from direct tunneling to field emission
regime. Two different tunneling models well explain the data with work functions values reduced with respect
to the bulk ones. The influence of adsorbates on the metal work function in nanogaps is discussed.
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Electromigration in a metal wire subject to a high current
density is the process in which atoms of the metal move due
to the momentum transfer from the electrons, leading even-
tually to the breaking of the wire. Controlled electromigra-
tion has been successfully applied to nanowires for fabricat-
ing nanoscale gaps between metallic electrodes and it is a
common method for realizing single molecule transistors.1–3

A large number of phenomena have been observed in elec-
tromigrated single molecule devices such as Coulomb block-
ade and Kondo effect,4,5 molecular vibrational modes
spectroscopy,6,7 light-induced effects,8 magnetoresistance
behavior,9 and more recently, quantum magnetic phase
transition.10 These experiments raise the question of the ap-
propriate description of electron transport through the nan-
ogap in the tunneling regime without a molecule. Since cri-
teria for probing the nature of a molecule are signatures in
transport properties at specific energies, the knowledge of the
behavior of bare nanogaps would clarify the interpretation of
experiments on single molecule transistors. Although electri-
cal characterizations have been performed on bare electromi-
grated nanogaps,11,12 detailed measurements of their conduc-
tion properties have not been reported. In this work we
present a careful analysis of the current voltage characteris-
tics of fresh gold electromigrated nanogaps measured at low
temperature over a large voltage range and compare them to
theoretical calculations. We describe transport properties in
the framework of electron tunneling through a trapezoidal
barrier and we show that barrier heights much lower than the
work function of gold are necessary to explain the data. Pos-
sible origins of this reduction are discussed considering simi-
lar results obtained in scanning tunneling microscopy �STM�
and mechanically controllable break junctions �MCBJ�.

Gold nanowires with a 50 nm�20 nm constriction are
made by electron beam lithography and double angled gold
evaporation �see Fig. 1�a��. The nanowire is located directly
on the oxidized Si substrate or on a thin layer of alumina,
covering an aluminum gate previously patterned. Controlled
electromigration described in Ref. 13 is then performed at
room temperature �Fig. 1�c��. As shown in the inset of Fig.
1�c�, during the last step of the electromigration process, the
sample conductance evolves abruptly and displays plateaus
at fractions of the conductance quantum G0=2e2 /h due to
the formation of few channels contact when atoms are
rearranging.14,15 Eventually the process is stopped when the
conductance reaches 0.1–0.2 G0. This electromigration pro-
cedure has been tested either in air or in vacuum �P
�10−5 mbar� giving the same results.

A total of 107 samples has been measured at liquid helium

temperature immediately after the electromigration process.
Among them, 60 are discarded in the following analysis
since they exhibit signatures of gold clusters trapped inside
the gap. The current-voltage �I−V� characteristics of two
representative examples of the remaining 47 samples with
tunnel resistance 125 M� and 140 G� are shown, respec-
tively, in Figs. 2�a� and 2�b�. They display the characteristic
features of electronic transport through a potential barrier in
metallic tunnel junctions. Assuming an initial potential bar-
rier with a trapezoidal shape �see insets in Fig. 2�c��, at volt-
age lower than the barrier height direct tunneling occurs giv-
ing rise to a linear increase in the current with the voltage.
When the applied bias is higher than the barrier height, elec-
trons tunnel through a triangular barrier instead of a trapezoi-
dal one. Since the tunneling probability depends exponen-
tially on the barrier width, the dominant term in the I−V
dependence becomes exponential.16 This is the so-called
field-emission or Fowler-Nordheim regime.17 As shown in
Fig. 2�c�, the transition from direct tunneling to field emis-
sion is clearly evidenced in a plot of ln�I /V2� vs 1 /V by the
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FIG. 1. �Color online� �a� Scanning electron microscope image
of the constriction in sample Nano1 before electromigration. �b�
Typical SEM image of a nanogap after electromigration and mea-
surements at low temperature. �c� Current-voltage characteristics
during the electromigration process. Right inset: conductance pla-
teaus observed during the last ramp. Left inset: schematic represen-
tation of the electromigration and measurements setup. The RS

=150 � series resistance is due to the wiring.
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presence of a minimum. In a first approximation, the voltage
value corresponding to the crossover provides an estimation
of the barrier heights of the electrodes.18,19 For the data
shown in Fig. 2�c�, the crossover is not present for the posi-
tive voltage range, meaning that the barrier height of the
right electrode is higher than the maximum voltage explored
�0.5 V�. The curves are generally asymmetric indicating dif-
ferent barrier heights on the left and right electrodes and the
voltage at minimum varies from sample to sample.

In order to compare I−V characteristics with theoretical
calculations, we consider transport in the nanogap as a scat-
tering problem. Within the Landauer-Büttiker formalism,20

the current in the nanogap is expressed as

I�V� =
2e

h
�

0

+�

dE�fL�E� − fR�E�� � �
i=1

N

Ti�E,V� . �1�

Here, fL and fR are the Fermi distributions of electrons in,
respectively, the left and right electrode, N is the number of

conduction channels and Ti�E ,V� is the transmission prob-
ability through the barrier for an incoming electron in chan-
nel i with total energy E when a bias voltage V is applied. To
perform the calculations, two geometries were used: one-
dimensional �1D� and planar. The observation of conduc-
tance steps characteristic of atomic contacts at the end of
electromigration suggests that before breaking the constric-
tion is ballistic with a size comparable to the Fermi wave-
length �F.14,15 Assuming the nanogap maintains this geom-
etry, a 1D model is suitable to describe transport in our
systems. In the limit of a single transmission channel �N
=1�, Eq. �1� reads20,21

I�V� =
2e

h
�

0

+�

�f�E� − f�E − eV��T�E,V�dE . �2�

On the other hand, when the sample is cooled down, the
resistance usually increases. This might be due to local sur-
face instabilities and atomic diffusion in the electrodes lead-
ing to an increase in the cross section and size of the nan-
ogap. For a planar junction, with a cross section A larger than
�F

2 , Eq. �1� can be rewritten using a free electron model as

I�V� =
4�mAe

h3 �
0

+�

dE�f�E� − f�E − eV���
0

E

T�Ez,V�dEz,

�3�

where m is the electron mass, E=Ez+E� is the total energy
of electrons, which is split in a perpendicular component E�

and a component Ez, longitudinal to the tunneling direction.
The transmission probability T�Ez ,V�=T�E−E� ,V� does
only depend on Ez by virtue of the invariance of the problem
with respect to translation in the plane of the junction. This
form of the tunneling current is the widely used Simmons
model.16,22

The current in both models mainly depends on the elec-
tron transmission probability across the barrier T�E ,V�. In
the Wentzel Kramers Brillouin �WKB� approximation, this
probability is given by

T�E,V� = exp�− �
s1

s2 4�

h
�2m���z,V� − E�dz	 , �4�

where ��z ,V� is the potential profile along the tunnel barrier,
and s1 and s2 are the turning points coordinates, solutions of
the equation ��z ,V�−E=0.

In our calculations, we use a tilted trapezoidal barrier
model. The three parameters are the work functions of the
left electrode �L, the right electrode �R, and the barrier width
d. The potential profile at applied voltage V is then ��z ,V�
=�L+ ��R−�L−eV�z /d. This is the minimal model describ-
ing the main quantitative features observed in the current
voltage dependence, namely, the asymmetry of the curves
and the crossover from direct tunneling to field-emission re-
gime. Nevertheless, this description of the nanogap is over-
simplified since we do not take into account the image po-
tential which would reduce the height and thickness of the
potential barrier and round its shape.

The fit to the experimental data through Eqs. �2� and �3�
are shown in Fig. 2 as solid black �red� lines for the

FIG. 2. �Color online� �a� and �b�: current-voltage characteristic
of sample Nano1 and Nano5 �open blue dots�. �c�: Data of sample
Nano1 in the Fowler-Nordheim representation. The shape of the
tunnel barrier used to model transport is represented in three differ-
ent region �i� −�L�V�0, �ii� V�−�L, �iii� 0�V��R. Solid lines:
fits to the 1D model �black� and to the planar junction model �red�
with A=10 nm2. Curves are not distinguishable. The used fit pa-
rameters for the 1D �planar� model are �L=0.29 eV�0.23 eV�,
�R=0.95 eV�1 eV�, and d=1.18 nm�1.31 nm� for sample Nano1
and �L=1.24 eV�1.25 eV�, �R=0.35 eV�0.31 eV�, and d
=1.79 nm�1.88 nm� for sample Nano5.
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1D �planar� model. We used a steepest descent method
to minimize the average squared difference value �2 to
the experimental data. In order to compare the two
models on different samples, data are equally weighted in
the whole voltage range by normalizing contributions to
the �2 by the experimental uncertainty. Note that the
fitting procedure has been tested also on data in the
Fowler-Nordheim representation giving the same results.
In Figs. 2 and 3�a�, the 1D and the planar fits are not
distinguishable, both are in very good agreement with
experimental data over three orders of magnitude. For
sample Nano1 �Fig. 2�a��, the extracted values for the 1D
�planar junction� model are �L=0.29 eV�0.23 eV�, �R
=0.95 eV�1 eV� and d=1.18 nm�1.31 nm�, while for
sample Nano5 �Fig. 2�b��, we find for the 1D �planar junc-
tion� model �L=1.24 eV�1.25 eV�, �R=0.35 eV�0.31 eV�
and d=1.79 nm�1.88 nm�. When fitting with the planar
model, the cross section parameter is set to A=10 nm2 for
both samples. The parameter A is a prefactor to the exponen-
tial current dependence of Eq. �3�, therefore, it has only a
weak influence on the shape of the I−V curve. Some criteria
on plausible area can be set: for a planar model to hold, the
nanogap cross section must be larger than �F

2 . For gold, �F is
smaller than one nanometer, as a consequence, we assume,
as a lower bond Amin=0.1 nm2. At the same time, one can

put an upper bound on A based on inspection of scanning
electron microscope �SEM� images �see Fig. 1�b�� taken after
warming up allowing an estimation the maximum nanogap
area Amax. The cross section A should be smaller than Amax.
Typical values of Amax range from 100 nm2 to 1000 nm2.

For a closer comparison of the two models, we focus in
Fig. 3�b� on the data of sample Nano1 in the region of the
minimum in the Fowler-Nordheim plot. This region is the
most sensitive part of the I−V curve to the shape of the
tunnel barrier. First, note the existence of some points, rep-
resented as open black squares, which belong to a different
metastable configuration of the nanogap and are not consid-
ered in the fitting procedure. Many samples show such mul-
tiple unstable configurations. In Fig. 3�b�, the black dashed
line is the best fit obtained with the 1D model. For the planar
model, we used three different values of the cross section
A�1,10,100 nm2� between Amin and Amax. For each value of
A, the best fit is plotted as a solid colored line. Even if the
parameter A has only a weak influence on the shape of the
I−V curve, the Fowler-Nordheim plot displays variations in
the curves related to different A values. The fits for the planar
junction with A=10 nm2 �red curve� and the 1D model su-
perpose perfectly at low and high voltage, they slightly differ
in the minimum region where the 1D model provides lower
values. The highest discrepancies appear clearly in the mini-
mum region as well as at high voltages for A=1 nm2 �green
line�. For A=100 nm2 �purple line�, discrepancies are less
visible but still exist close to the minimum and at very high
voltages.

We have carried out a similar detailed analysis between
the two models on six different samples with resistances
ranging from 125 M� to 185 G�. Results are summarized
in Table I. Based on the above discussion on sample Nano1,
we use A=10 nm2 when fitting with the planar model. This
choice is supported by the fact that for each sample, the two
models give similar �2 values. The extracted barrier heights
vary by less than 0.1 eV except for sample Nano3 and the
barrier width varies by less than 0.2 nm between the two
models. Even if our analysis cannot infer the exact nanogap
size, these findings indicate that we determine the effective
barrier width and heights with a maximum relative uncer-
tainty of, respectively, 10% and 20%. Note that an increase
in the tunnel resistance RT is not correlated with an increase
in the barrier width. Furthermore, the fact that the two mod-
els give consistent results in describing the data is under-
standable by considering that the dominant term both in Eqs.
�2� and �3� is the transmission probability T�E ,V� of electron
crossing the tunnel barrier. This term does not depend on the
nanogap cross section A and it has the same exponential
expression in both models as shown in Eq. �4�.

The fits performed on samples Nano1 to Nano6 result in
typical effective barrier heights smaller than 2 eV. The aver-
age value obtained after fitting the I−V curves of 47 nan-
ogaps is 0.7 eV. These values are significantly smaller than
the work function of bulk gold metal 
5 eV. Image forces,
not taken into account in our calculation, are known to re-
duce the barrier height and width. The barrier reduction ob-
tained with the usual expression of the image potential does
not exceed 2 eV for a 1 nm thick tunnel junction,23 this is not
sufficient to explain the large reduction observed. Besides,

FIG. 3. �Color online� �a� Current-voltage characteristic of
sample Nano1 �open blue dots� on a logarithmic scale compared to
the fits based on the 1D model �black dashed line� and the planar
junction model �red line�. �b� Expanded view of the data �open dots
and squares� of sample Nano1 near the minimum of the Fowler-
Nordheim representation. Black dashed line: fit to the 1D model
using the following parameters �L=0.29 eV, �R=0.95 eV, and d
=1.18 nm. Solid colored lines: fit to the planar junction model
when varying the area A of the nanogap cross section �from top to
bottom at the minimum, green A=1 nm2, red A=10 nm2, and
purple A=100 nm2�. The best fit is obtained for A=10 nm2, �L

=0.23 eV, �R=1.00 eV, and d=1.31 nm.
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we found that the planar model fit is poorer when image
forces are included. This suggests that, although image
forces certainly have an influence on the tunnel barrier,
proper calculations of the potential profile in nanogaps
should use an ab initio approach taking into account the
geometry of the electrodes.

A more appropriate explanation for reduced work func-
tions could be the presence of adsorbates on the electrodes of
the nanogap. A 10−5 mbar pressure during the electromigra-
tion procedure is not low enough to ensure the absence of
carbon, hydrogen, nitrogen, and oxygen based compounds in
the sample environment.24 A long standing issue in literature
is the influence of adsorbates on transport properties of na-
nometric size contacts measured in MCBJ, STM experiments
and nanowire based STM-like devices. It is commonly ac-
cepted that the signature of adsorbates is a nonlinear I−V
behavior at low voltage, which could be interpreted as a
lowering of the tunnel barrier height due to reduced work
functions. For example, in STM-like experiments in air,
atomic size contacts with G	G0 have non linear I−V curves
in a similar voltage range as in our measurements.25 Besides,
tunneling like I−V characteristics have also been observed in
MCBJ in UHV when molecules are previously linked to the
electrodes.26,27 In this particular case, the nonlinear I−V
characteristics can be explained by a structure where the
molecule does not directly connect the two electrodes but
rather acts as an extension of the electrodes with electrons
still tunneling through the vacuum. This picture supports the
idea that a thin layer of organic molecules always contami-
nate the sample surface inhibiting the formation of a true
metal-vacuum-metal junction.28 Yet, no work functions were
inferred from the data mentioned above. A quantitative esti-

mation of gold work functions has been reported mainly in
STM experiments. A reduction comparable to our findings
has been measured in pure water,29 electrolyte solutions,30 as
well as in air.31 In these experiments, reported work func-
tions are between 0.1 and 2 eV, lower than the bulk value of
5 eV found in ultraclean transport experiments.32,33 All these
observations tend to prove that the reduced work functions
arise from the contamination of the metallic surface. From a
theoretical point of view, molecular dynamics simulations
are not able to completely account for the work function
reduction observed in literature as well as in our work. Dif-
ferent theoretical works have studied the influence of
water34,35 and the effect of monolayers of different
molecules.36 The lower effective barrier height calculated in
the jellium model for a thin layer of water �0.96 nm� between
two metallic planes is 2 eV.34 Recently, it has been demon-
strated that the adsorption of impurities on metal surfaces
�Cu� can induce a significant reduction in the work function
independently of their electroaffinity as a result of polariza-
tion and Pauli exclusion effect.37

Another effect known to produce a reduction in work
functions is the presence of defects on the surfaces leading to
the definition of a local non homogeneous work function.38

In ultraclean conditions, a 0.1 eV work function has been
found at the position of missing rows in the gold surface
reconstruction.39 In our experiments, the crystal structure of
the electrodes is not regular and a similar effect could take
place. A full theoretical interpretation of our results is still
lacking.

Our work shows that the experimental issue of work func-
tions lowering in various realization of nano tunnel junction
is also relevant for nanogaps formed by electromigration. We

TABLE I. Fit parameters for the samples used in this work. The tunnel resistance is measured at 4.2 K.
For the 1D model, the three fit parameters are the barrier heights of the electrodes ��L and �R� in eV and the
barrier width d in nm. For the planar model the nanogap cross section is set to A=10 nm2.

Sample
RT

�G�� Model
�L

�eV�
�R

�eV�
d

�nm�

Nano1 0.125 1D 0.29 0.95 1.18

planar 0.23 1.00 1.31

Nano2 0.3 1D 1.06 0.79 1.01

planar 1.07 0.78 1.15

Nano3

2 1D 3.71 0.51 0.84

planar 3.97 0.40 0.95

Nano4 3 1D 0.29 0.41 2.04

planar 0.27 0.39 2.14

Nano5 140 1D 1.24 0.35 1.79

planar 1.25 0.31 1.88

Nano6 185 1D 1.56 0.36 1.67

planar 1.62 0.29 1.77
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draw attention to the importance of characterizing transport
properties of bare electromigrated nanogaps since most of
single molecule experiments are performed with electromi-
grated samples in similar working conditions as ours. A cor-
rect interpretation of transport properties in the presence of a
molecule needs to wash out all spurious effect related to the
structure itself.

In conclusion, we have shown that gold nanogaps fabri-
cated by electromigration exhibit current-voltage character-
istics consistent with tunneling through a trapezoidal poten-
tial barrier with low work functions. Our results show that a
1D as well as a planar junction model can describe the whole
current voltage characteristic for samples with very different
tunnel resistances. The consistency of the two models sug-
gests that the nanogap structure is at the crossover between

planar and one dimensional geometry with a 10 nm2 cross
section. The observed reduction in the effective potential bar-
rier and the asymmetry of the current-voltage characteristics
demonstrate the importance of the crystal structure of the
electrodes and impurity adsorption in transport experiments
based on metallic nanogaps. Our results suggest that further
theoretical work is needed to explain the work function re-
duction in atomic size tunnel junction.
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