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T
he break-junction technique is widely
used to create atomic-scale nano-
wires, in which the current is flowing

through a single or a few atoms or mole-
cules.1,2 The basic idea of the technique is
the controlled mechanical elongation of a
metallic nanowire. Before rupture, the cross
section of the wire narrows to atomic di-
mensions giving a unique possibility to
study the electron transport through single
or a few atoms connecting two metallic
electrodes.1 The break junction technique
has recently been applied in the field of
molecular electronics to measure transport
characteristics of single-molecule junctions,3�8

as the atomic-scale, variable width gap for-
med after breaking a single-atom contact pro-
vides an ideal platform for contacting single
molecules.
The precise atomic structure of the junc-

tion, however, is not well controlled in the
measurement, which is reflected by a sto-
chastic behavior of the experimental obser-
vables from junction to junction. To record
the features which are typical and universal
for a broad variety of independently created
junctions a statistical analysis is required.
Typically, conductance is recorded as a
function of electrode separation during
the rupture of a particular nanowire, yield-
ing conductance traces. Such traces can be
measured several times by repeatedly clos-
ing and opening the junction. After record-
ing thousands of independent conductance
traces a conductance histogram can be
created, in which peaks may be observed
reflecting the conductance of stable, fre-
quently occurring junction configurations.1

For nanoscale junctions of pure metals the
conductance peak with the smallest value
usually corresponds to the conductance of a
single-atom contact. When metal contacts
are broken in an environment of molecules,
new conductance peaks may be seen in the

histogram, which result from the formation
of stablemolecular configurations that have
similar conductances.3�8

Despite their broad application, conduc-
tance histograms provide limited informa-
tion about the system under study. The
histogram is considered as a mean value
indicating the presence of distinct junction
configurations with the same conductance
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ABSTRACT

The break-junction technique is widely used to measure electronic properties of nanoscale junctions

includingmetal point-contacts and single-molecule junctions. In thesemeasurements, conductance is

measured as a function of electrode displacement yielding data that is analyzed by constructing

conductance histograms to determine the most frequently observed conductance values in the

nanoscale junctions. However much of the rich physics in these measurements is lost in this simple

analysis technique. Conductance histograms cannot be used to study the statistical relation of distinct

junction configurations, to distinguish structurally different configurations that have similar

conductance values, or to obtain information on the relation between conductance and junction

elongation. Here, we give a detailed introduction to a novel statistical analysis method based on the

two-dimensional cross-correlation histogram (2DCH) analysis of conductance traces and show that

this method provides new information about the relation of different junction configurations that

occur during the formation and evolution of metal and single-molecule junctions. We first illustrate

the different types of correlation effects by using simulated conductance traces. We then apply this

analysis method to several different experimental examples. We show from break-junction

measurements of different metal point-contacts that in aluminum, the first conductance histogram

peak corresponds to two different junction structures. In tantalum, we identify the frequent absence

of adhesive instability. We show that conductance plateaus shift in a correlated manner in iron and

vanadium junctions. Finally, we highlight the applicability of the correlation analysis to single-

molecule platinum�CO�platinum and gold�4,40-bipyridine�gold junctions.

KEYWORDS: molecular electronics . single atom junction . single molecule
junction . correlation analysis . conductance histogram .
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values. However, to obtain information about the
relation between these configurations one has to
go beyond histograms. Several attempts have been
made to extract additional information from the
measured conductance traces, which is not re-
solved by the conductance histogram. A demon-
strative example was the plateaus' length analysis
introduced by A. I. Yanson and co-workers, which
gave clear evidence for the formation of monatomic
chains in Au, Pt, and Ir nanoscale junctions.9,10

In recent break junction measurements on single
molecule junctions a two-dimensional analysis me-
thod was introduced to relate junction conduc-
tance to electrode displacement in a statistical
manner.8,11�16

More recently, a novel cross correlation analysis of
the conductance traces was shown to provide a more
detailed understanding of atomic junctions.13,17 Corre-
lation analysis is inspired by the 2D correlation spec-
troscopy in magnetic resonances18 as well as by
analysis of noise measurements,19 where the corre-
lated deviation from the mean value is an important
indicator of fundamental properties such as the bosonic
or fermionic nature of the particles under study,20�22 or
the absence or presence of quantum entangled particle
pairs.23 In break-junction based conductance measure-
ments, correlation analysis can be used to resolve
several features of junction formation and evolution
whichare hidden in traditional conductancehistograms.
One example is when a molecule binds in two different
configurations which have different conductances in a
correlated way where the formation of one configura-
tion may either assist or hamper the formation of the
other one. Two peaks in conductance histogram reflect
the occurrence of both configurations in the data, but a
correlation analysis is required to understand the rela-
tion between these configurations. Furthermore, if the
conductance of a junction evolves upon elongation in
different ways depending on the structural details of its
contacts at the atomic scale, a wide histogram peak
could result. A cross-correlation analysis of the data
could then be used to differentiate various junction
evolution trajectories.13

In this work, we describe in detail the correlation
analysis method and apply it on different break-
junction based conductance measurements. We show
how two-dimensional cross-correlation histograms (2DCH)
are generated starting with conductance traces and
then show how to interpret different features in these
2DCH, to resolve aspects of junction formation and
evolution that are not seen in standard conductance
histograms. First different analysis methods are de-
scribed that can be applied to conductance data. This is
followed by the illustration of these analysis methods
on simulated conductance traces. Finally we apply
these analysis techniques to different experimental

data sets including measurements of metal point-
contacts and single-molecule junctions.

RESULTS AND DISCUSSION

Analysis Techniques for Conductance Measurements. In the
experiments, conductance ismeasured as a function of
junction elongation to yield conductance traces which
show the evolution of the conductance as the nano-
scale junction is ruptured. During the final stage of
rupture, conductance typically decreases stepwise as
the electrodes are pulled apart. This results in conduc-
tance traces having plateaus separated by sharp drops,
as shown in Figure 1a for the rupture of Al point-
contacts. The plateaus correspond to elastic stretching
of stable atomic configurations; the jumps result
from atomic rearrangements between different confi-
gurations.1 After rupture the contact can be closed
again, and the rupture can be repeated several thou-
sand times. Since each trace corresponds to the con-
ductance evolution of a different junction, large trace-
to-trace variations exist due to the stochastic nature of
contact formation dynamics. Therefore, any reliable
experimental statement must be based on the analysis
of a statistical ensemble of conductance traces con-
taining several thousand individual measurements.

In this section we define and describe different
analysis methods that can be applied to conductance
data. We start with one-dimensional conductance
histograms which are used to determine the most
frequently occurring conductance values in a break-
junction experiment. We briefly review the construc-
tions of two-dimensional conductance-displacement
histograms,11,12 which provide information on the elon-
gation length of structures with the same conductance
values. Finally we describe the correlation analysis meth-
od and show how to construct two-dimensional correla-
tion histograms (2DCH) and conditional histograms.

Conductance Histograms. A conductance histo-
gram is constructed by dividing the conductance axis
to discrete bins of width δG labeled by i so that the
conductance of a bin Gi is given by Gi = (i� 1/2) 3 δG. For
each trace r, the number of data points N in each
conductance bin is determined. Ni(r) is then the con-
ductance histograms for the rth individual trace, as
demonstrated in Figure 1b. With this notation the
conductance histogram for the whole data set is
obtained by averaging the individual histogram from
all traces:

Hi ¼ ÆNi(r)ær ¼ 1
R ∑

R

r¼ 1
Ni(r) (1)

Here, R is the total number of traces included in the
analysis (Figure 1c). For atomic scale structures the
conductance axis of the histogram is usually plotted in
units of the conductance quantum, G0 = 2e2/h, and the
bin width used ranges from 0.01 to 0.05 G0. The above
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definition demonstrates that the conductance histo-
grams represent the mean value of a stochastic quan-
tity, Ni(r).

In a reliable and statistically diverse data set, the
total conductance histogram, Hi does not vary with
time. To ensure that a given data set is reliable, it is
useful to check that the conductance histograms for
different subsets of the data (typically including 100�
200 consecutive traces) coincide with the total
histogram.

In Figure 1d, we show a conductance histogram
for another Al data set constructed from 5000 traces
(gray area graph) and a conductance histogram for
a particular subset including only 100 traces. In
contrast to the total histogram the subset histogram
(orange line) exhibits sharp peaks, indicating that a
diverse set of junctions is not measured but rather
measurements of a single junction structure are re-
peated multiple times.24 This can result in low tem-
perature measurements if the contact is not pushed
together enough to form a junction with a conduc-
tance larger than than∼40G0 (formostmetals, or∼10G0

for gold) before it is elongated and ruptured.
Figure 1e shows an example for Fe junctions where

the subset histogram for the final 100 traces (green
curve) shows a significant variation of the structures
compared to the initial 100 traces (orange curve),
which yields a smearing of the peaks in the total
histogram (gray area graph). Such variation may occur
in the majority of the metals due to a temporal

variation of the junction structures, like the slow
fluctuation of the dominant crystallographic orienta-
tion of the junction. Although such temporal variation
of the conductance histogram occurs in longmeasure-
ments, different segments of such large data sets can
be analyzed separately.

The correlation analysis presented below is espe-
cially sensitive to the temporal homogeneity of the
data, therefore it is essential to exclude data which
show a significant temporal variation.

Two-Dimensional Conductance-Displacement Histo-

grams. Conductance histograms described above do
not retain any displacement information. A statistical
analysis including displacement information can be
obtained by constructing a two-dimensional con-
ductance-displacement histogram as demonstrated by
Quek et al.11 and Martin et al.12 This is carried out as
follows: each conductance trace represents conduc-
tance (G) as a function of displacement (x), thus each
rth trace can be written as the function Gr(x). However,
the absolute electrode position (x) has no physical
meaning. To compare different conductance traces,
each curvemust be shifted along the electrode separa-
tion axis to a common physical origin with the same
conductance value. Thus everymeasured trace is offset
by a distance xr such that Gr(x � xr) = Gref as shown in
Figure 2b for measurements of Pt metal point contact.
Two-dimensional conductance-displacements histo-
grams can then be created by summing all the offset
traces using conductance along the vertical axis and
relative displacement along the horizontal axis. This is
achieved by dividing each axis into discrete two-
dimensional bins and summing the number of data
points in each bin from all offset traces. In single
molecule conductance measurements the refer-
ence conductance, Gref is usually set at a conductance
smaller than that of the single-atom conductance
(∼1 G0) but larger than that of the molecular conduc-
tance. In typical measurements,11 Gref is set to 0.5 G0.
Since the weight in the conductance histogram at Gref

is small, the 2D histogram is not sensitive to its exact
value.

Figure 2c shows a 2D conductance-displacement
histogram of Pt metal point contacts, where the solid
vertical line shows the new common origin. To study
the nature of the final plateaus before rupture the
reference conductance, Gref is set to the conductance
value at minimum between the first and second peak
in the conductance histogram of platinum (Figure 2a),
Gref = 2.5 G0. The 2D histogram in Figure 2c shows that
the length of the last plateau (∼0.6 nm) is considerably
longer than the interatomic distance, and theweight in
the tunneling region is modulated with a period of the
interatomic distance (∼0.25 nm). This is consistent with
the notion that the Pt single-atom contact ruptures
after forming a monatomic chain with different num-
bers of atoms as has been seen before.10

Figure 1. (a) Representative conductance traces for Al
junctions showing plateaus separated by conductance
jumps. (b) Conductance histogram for the orange conduc-
tance trace from panel a. (c) Conductance histogram ÆNi(r)ær
for the whole data set of 5000 conductance traces. (d)
Conductance histogram for another Al data set of 5000
traces (gray area graph) and a subset histogram for 100
consecutive traces which differ considerably. (d) Histogram
for an Fe data set of 5000 traces (gray) together with the
subset histograms (orange and green) for the first and final
100 traces, respectively.
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Two-Dimensional Cross-Correlation Histograms.

Conductance histograms study the relative occurrence
of junction configurations at single conductance va-
lues. The 2D conductance-displacement histograms
show the relative occurrence of a conductance value
at a certain electrode separation relative to a fixed
conductance value. To determine the statistical rela-
tion between two different junction configurations
that correspond to two particular conductance va-
lues, a correlation analysis needs to be carried out. In
this section we introduce several types of correlation
functions that can provide different complementary in-
formation about the presence of correlations in conduc-
tance data.

The statistical relation of two configurations with
conductances Gi and Gj in an individual trace can be
determined from the product Ni(r) 3Nj(r). By averaging
this product for all traces, we can define the 2D cross-

product histogram17 as

Hcross
i, j ¼ ÆNi(r) 3Nj(r)ær (2)

In a given trace, if the number of data points in bin i is
statistically independent from the number of data
points in bin j( 6¼i), then ÆNi(r) 3Nj(r)ær factorizes to ÆNi(r)ær 3
ÆNj(r)ær; that is, Hi,j

cross = Hi 3Hj. Figure 3a shows a 2D
cross-product histogram for conductance data mea-
sured from Al point-contacts. The vertical and hor-
izontal axes represent the conductance valuesGi and
Gj, and the color scale represents Hi,j

cross. In compar-
ison the 2D simple product histogram (Hi 3Hj) is
shown in Figure 3b. We see some clear differences
between these two figures in the conductance range
of the first histogram peak (0.15�1 G0). The dif-
ference between these two figures (except for the
trivial difference at the diagonal) shows regions
where the corresponding number of data points in
a pair of bins are not statistically independent from
each other.

To detect minor correlations it is easier to study the
difference of the cross-product histogram and the

product of the normal histograms, which we call 2D
covariance histogram:

Hcov
i, j ¼ ÆNi(r) 3Nj(r)ær � ÆNi(r)ær 3 ÆNj(r)ær

¼ ÆδNi(r) 3 δNj(r)ær: (3)

Here, δNi/j(r) = Ni/j(r)� ÆNi/j(r)æ denote the deviation
from the mean values. The covariance, as defined
above, is exactly zero if Ni(r) and Nj(r) are independent
from each other. If the occurrence of two plateaus near
bins i and j is correlated, that is, either both of them or
neither of them appear in an individual trace, then
both Ni(r) and Nj(r) will be larger or smaller, respec-
tively, than their average values, yielding a positive
covariance. In contrast, if the two plateaus are antic-
orrelated such that having a plateau near bin i excludes
a plateau at bin j (or vice versa), the product δNi(r) 3
δNj(r) will be negative. In Figure 3c we show the 2D
covariance histogram constructed from the same
traces used to create Figure 3a. In this panel, to high-
light the sign of the correlation a special color scale is
used with positively correlated regions shown in
shades of yellow/red, the negatively correlated regions
shown in shades of blue/black, and uncorrelated re-
gions shown in green.

The numerical value of the covariance histogram is
not well-defined. If the normal histogram, Hi is uniformly
rescaled (e.g., the sampling rate is changed in the
measurement) the covariance histogram will also be
rescaled. Furthermore, the covariance histogram
highlights the correlation effects in regions where
either Hi or Hj (or both) exhibit peaks, and suppresses
correlation effects where the weight of the conduc-
tance histogram is low. The covariance histogram
therefore convolves histogram structure with corre-
lation effects.

A proper normalization of the covariance histogram
can be achieved using the standard definition of the
correlation function:

Hcorr
i, j ¼ ÆδNi(r) 3 δNj(r)ærffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Æ[δNi(r)]2ærÆ[δNj(r)]2ær
q (4)

The 2D correlation histogram created in such a way has
well-defined limits: �1 e Ci,j

corr e 1. The correlation
function is symmetric, Hi,j

cross = Hi,j
cross, and the diagonal

is always unity, Hi,j
cross = 1. Furthermore, the scale of the

correlation is not suppressed due to the low counts in
the normal histogram. We show, in Figure 3d the 2D
cross-correlation histogram for the same Al data set,
which resolves additional features in the region
(G > 2 G0), where the 2D covariance histogram is
suppressed due to the low weight of the conductance
histogram.

Conditional Histograms. In general, data analysis is
carried out using all measured traces. However, it can
be useful to analyze a subset of the data, for example,

Figure 2. The construction of 2D conductance-displace-
ment histograms demonstrated by a data set of pure
Pt junctions measured at T = 4.2 K. Panels a, b, and c show
the conductance histogram, examples traces, and con-
ductance-displacement histogram. Dashed lines in pa-
nel c represent the displacement where there is an
increased weight in conductance region below 0.3 G0.
These correspond to the most likely location of junction
rupture.
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by selecting traces that give a major contribution to
a certain histogram peak.25 Histograms generated
from a selected subset (conditional histograms) can
provide information on the correlation between dif-
ferent junctions structures. If two histogram peaks
correspond to statistically correlated (uncorrelated)
atomic configurations, then the selection of the
traces for one peak will (will not) change the second
peak.

The selection of traces from a complete data set is
performed by a simple algorithm: the traces r0 for
which the total number of data points in the interval
of the reference histogram peak (P) is larger than a
threshold value, NP are selected.

Hcond
i (P) ¼ ÆNi(r

0)ær0 (5)

where traces r0 are chosen using the condition

∑
j∈P

Nj(r
0) > NP (6)

The threshold value is usually defined as the aver-
age number of data points in the conductance re-
gion as

NP ¼ Æ ∑
j∈P

Nj(r)ær (7)

where the averaging is performed for all the traces.
Both the total histogram, Hi and the conditional

histogram, Hi
cond are normalized to the number of

traces included, so they can be compared directly,
and their difference can point to the presence of
correlations. In general, a conditional histogram is
created to look for correlations in the occurrence of
structures corresponding to different characteristic
regions of the histogram. If the conductance histo-
gram of the full data set does not show clear
structures, then such an analysis is less reasonable.

This conditional histogram technique can be gen-
eralized to a 2D correlation method by replacing the
peak interval P by a single conductance bin j, that is,
constructing the conditional histogram from those
traces that give a larger than average contribution to
the bin j,Hi,j

cond. The difference between this conditional
histogram and the total histogram, Hi,j

cond � Hi can be
visualized as a 2D color plot, and generally shows a
structure similar to that of the 2D correlation histo-
gram, and so it provides an alternative interpretation of
correlation effects on the language of conductance
histograms.

Throughout this paper we will use the 2DCH to
analyze data from different experiments and supple-
ment this with conditional histograms defined by
eqs 5,�7.

Simulation of Correlation Histograms for Example Traces.
The correlation histograms are able to show several
features which are hidden in conductance histograms;
however, their interpretation is not straightforward.
Before applying this technique to actual data, we will
illustrate, in this section, different types of features in
these histograms using simulated traces with different
character. This is carried out by generating single-trace
conductance histograms Ni(r) using a random number
generator that follows some basic rules to reproduce
different types of conductance traces.

Traces with a Single Conductance Plateau. We first
consider traces with a single flat conductance plateau
with unit length at a conductance G with a Gaussian
distribution (mean of G and a standard deviation of
σ = 0.08G ) as shown in Figure 4a. (Note that through-
out this section the conductances are integer numbers
coinciding with the corresponding bin label.) Experi-
mentally nearly flat conductance plateaus are fre-
quently seen on the conductance traces of noble
metals,1 with minor corrections due to conductance
fluctuations.26 We generate histograms of such traces
with an added background noise B(i,r) to each bin to
ensure that the denominator of the correlation func-
tion (Hi,j

corr) is finite. The background is a uniformly
distributed random variable ranging from 0 to Bmax.
Each single-trace conductance histogram is therefore
defined as

Ni(r) ¼ δi,G (r) þB(i, r) ð8Þ
where δ is a Kronecker delta.

Figure 3. Correlation analysis of the same Al data set
presented in Figure 1a�c. (a) 2D cross-product histogram,
Hi,j
cross. (b) Product of the conductance histograms, Hi 3Hj. (c)

2D covariancehistogram,Hi,j
cov. (d) 2D correlation histogram,

Hi,j
corr. The middle panels show the conductance histogram.

In the histogram on the right, the colored regions mark the
first, second, and third conductance regions, respectively,
as defined in the text. The white dashed lines in panel d
delineate these conductance regions.
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In Figure 4b and Figure 4c, we show the 2DCH and
conductance histogram created from 20000 simulated
traces. We see a perfectly correlated region (Hi,i

corr = 1)
along the diagonal. In the conductance range spanning
the width of the histogram peak, we see a negatively
correlated region. This is a natural consequence of
having a single flat plateau of unit length in the traces.
If a trace r has a plateau at conductance i, then number
of data points in this bin will be larger than the average
for all the traces, Ni(r) > ÆNi(r)æ, which gives a positive
δNi(r). The same trace has no plateau at any other bin
j( 6¼i) and so Nj(6¼i)(r) < ÆNj(r)æ which gives a negative
δNj( 6¼i)(r) (as long as ÆNj(r)æ exceeds the background). The
opposite signsofδNi(r) andδNj( 6¼i)(r) results in a negative
correlation.

In general, conductance plateaus are not exactly
flat; they can have a negative slope, due to a decreasing
conductance with increasing elongation or in some
special cases even show a positive slope, as in Al junc-
tions.27 The above simulation can be generalized for
sloped plateaus (Figure 4d) by considering G as the
random conductance of the center of the plateau, dis-
tributing the plateau over 2Nþ 1 neighbor conductance
bins to yield a single-trace conductance histogram of

Ni(r) ¼ 1
2Nþ 1 ∑

k¼ � N::N

δi,G (r)þ k þB(i, r) (9)

With this notation the length of the plateaus is still unity,
and the plateau center conductance still has a Gaussian
distribution (with width 0.06G ). The conductance histo-
gram generated from such simulated traces using N =
0.06G , is shown in Figure 4f. This histogram is similar to
that generated from traces with flat plateaus (Figure 4c).
The corresponding 2DCH in Figure 4e shows a finite
width positively correlated region near the diagonal. This
is a result of having sloped plateaus since having a
plateau at bin i increases the probability of having
enhanced conductance counts in bin j when |i � j| j N.
In the regions where |i � j| J N we see a negative
correlation similarly that seen in Figure 4b and for even
larger conductance difference an uncorrelated back-
ground is observed. This simple example demonstrates
how a 2D correlation analysis can distinguish two funda-
mentally different situations which have nearly identical
conductance histograms.

Two Conductance Plateaus. We now turn to the
case where there are two plateaus in a trace and study
how the relation of these two plateaus can be inves-
tigated by correlation analysis. The two bins at which
the plateaus are positioned on trace r are determined
by two random numbers, G 1(r) and G 2(r) which have
well separated distributions with mean values of G 1

and G 2. We use, for this example, uniformly distributed
random variables within a width 0.4G 11. The existence
of plateaus on a particular trace is determined by two
randomboolean numbersΘ1(r) andΘ2(r), which take a

value of 1 if a plateau exists and 0 otherwise. Single-
trace conductance histograms are generated as

Ni(r) ¼ Θ1(r)δi,G 1(r) þΘ2(r)δi,G 2(r) þB(i, r) (10)

We first consider a situation in which the two
plateaus appear independently from each other;
that is, Θ1(r) and Θ2(r) are independent random
variables with a mean value of 0.5. In this case we are
equally likely to see traces with (1) two plateaus, (2) a
single plateau nearG 1, (3) a single plateau nearG 2, or (4)
no plateaus, as shown in Figure 5a1. The correlation plot
for such simulated traces is shown in Figure 5a2, where
we see two square regions around (i, j) ≈ (G 1,G 1)
and (G 2,G 2) that are negatively correlated and a
positively correlated diagonal similar to that in
Figure 4b. No cross correlations are observed at (i,j)
≈ (G 1,G 2). In Figure 5a3, we show the full conduc-
tance histogram (shaded gray) and a conditional
histogram (orange) created from selected traces
that contain plateaus near G 1. We see that the
conditional histogram peak near G 1 is higher than
that of the full histogram, but the peak around G 2 is
the same in both since the plateau occurrence is not
correlated.

The example when conductance traces show both
plateaus in a correlated manner is shown in Figure 5b.
Here, traces either have both plateaus or no plateaus
andΘ1(r) =Θ2(r). The 2DCH (Figure 5b2) shows a clear
positive cross correlations (yellow squares) at (i, j) ≈
(G 1,G 2). We note here that for a positive cross correla-
tion, it is necessary to have traces when none of the
plateaus appear otherwise the cross correlation be-
tween the two configurations is zero. Figure 5b3 shows
the conditional histogram (orange) of selected traces

Figure 4. Correlation effects for simulated traces with a
single conductance plateau. (a) Conductance traceswithflat
plateaus. Panels b and c show the 2DCH and the conduc-
tance histogram for traces with flat plateaus, respectively.
Panels d�f show corresponding figures for traces with a
sloped plateau. Although the conductance histogram can-
not distinguish flat plateaus from sloped plateaus, this
difference is evident in the 2DCH.
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that contain a plateau near G 1. We see that the peak
near G 2 is higher in the conditional histogram when
comparedwith that of the full histogram (shaded gray).
Again, if all traces had both plateaus, therewould be no
difference between the conditional histogram and the
full histogram.

Figure 5c1 shows traces where the two conduc-
tance plateaus are anticorrelated (Θ2(r) = 1 � Θ2(r))
with 50% of the traces having a plateau near G 1 and
the others having a plateau near G 2. The two plateaus
never occur in the same trace. The 2DCH generated
from these traces (Figure 5c2) shows a clear negative
correlation at (i,j) ≈ (G 1,G 2). Figure 5c3 shows
the conditional histogram (orange) of selected traces
that contain a plateau near G 1. We see that the peak
near G 2 is suppressed indicating a negative cross-
correlation.

The above cases considered correlations in the
existence of plateaus. We can also consider cases where
both plateaus exist; however, their length is anticorre-
lated. As an example Figure 5d1 demonstrates traces
where both plateaus are always observed with the
constraint that their length adds up to unity. The
resulting 2DCH is very similar to the one shown in
Figure 5c2. The conditional histogram can however
distinguish these two cases since the peak near G 2 is
not fully suppressed.

The last case that we consider is when the con-
ductance of the plateaus (G 1(r) and G 2(r)) are corre-
lated. The simplest example has G 2(r) � G 1(r) = ΔG.
This implies that the conductance of the first plateau is
random, but the conductance of the second plateau is
shifted rigidly relative to the conductance of the first
plateau (Figure 5e1). In this we still see the regions of
negative correlation as above, but in addition, a posi-
tive cross correlation is seen if i � j = ΔG (Figure 5e2).
For such traces the second peak of the conditional
histogram is unaffected by the selection of traces with
plateaus in the first peak region. However, if the
selection is not performed for the whole region of
the first peak, just for a subset of it, then the corre-
sponding subset of the second peak will be enhanced
in the conditional histogram (blue curve).

These five examples detailed above demonstrate
how a correlation analysis can be used to obtain new
information on the occurrence and length of con-
ductance plateaus. These basic types of correlations
correspond to fundamentally different relations be-
tween two hypothetic junction configurations, which
cannot be resolved by the conductance histogram.

Multiple Conductance Plateaus. Finally, we consider
two simple models for traces with multiple conduc-
tance plateaus. In the first model five plateaus are
considered at five independent uniformly distributed
conductances values G i within the conductance inter-
val of 0�8. To mimic a finite jump between adjacent
plateaus only those sets of random numbers are used,

for which |G i � G j | > ΔGjump for any i,j pair, where
ΔGjump = 0.5 defines the minimal amplitude of the
conductance jumps. Furthermore, plateaus with finite
slope are considered similar to eq 9 (Figure 6a). This
model produces the correlation plot shown in
Figure 6b. We see a finite width positively correlated
region around the diagonal. The width of this region
along the horizontal (or vertical) direction describes
the average width of the plateaus along the conduc-
tance axis, ΔGplateau (0.25 used here). Away from the
diagonal a negatively correlated stripe is observed,
which has a width that corresponds to the conduc-
tance jumps between plateaus. Beyond this region, no
correlation is seen since for large conductance differ-
ences, a plateau can be followed either by a conduc-
tance jump or another plateau.

In the second model, we consider traces where
adjacent plateaus are separated by a well-defined

Figure 5. Correlation effects for simulated traces with two
conductance plateaus. The left panels show different types
of traces, the middle panels show the corresponding simu-
lated 2DCH and the right panels show conductance (gray)
and conditional histograms (orange, blue) as discussed in
the text. Panel a represents traces where the occurrence of
the two plateaus is independent. Panels b and c have traces
where the two plateaus appear together (b) or exclude each
other (c). Panels d and e have traces with both plateaus
exhibiting anticorrelation in the length (d) or correlation in
the conductance (e). All the panels correspond to 20 000
simulated traces.
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conductance value. We use traces with five sloped
plateaus (ΔGplateau = 0.5) within the interval of 0�8. The
conductance of the last plateau (G 1) is a random variable
with a Gaussian distribution (G 1 = 2 and σ = 0.12).
All other plateaus are obtained by requiring that G i =
(i � 1) þ G 1, as shown in Figure 6d. For such traces the
histogram (Figure 6f) shows no clear peaks; however,
the correlationplot shows stripes (Figure 6e). Thedistance
of the positively correlated stripes along the horizontal (or
vertical) axis corresponds to the well-defined separation
of neighbor plateau conductances.

Correlation Analysis of Experimental Data. To demon-
strate the application of correlation analysis to experi-
mentally measured conductance traces, we con-
struct and analyze the 2DCHs of four different metal
nanoscale contacts including Al, Ta, Fe, and V, and
single-molecule junctions created using CO and
4,40-bipyridine.

Aluminum Junctions;The Internal Structure of a

Histogram Peak. Conductance histograms and 2DCH
plots for break-junction measurements with Al were
introduced in Figure 1c and Figure 3d to demonstrate
the analysis technique. The conductance histogram for
Al junctions exhibit several peaks, with the lowest one
at G ≈ 0.7 G0, attributed to a single-atom contact,1,28

which is probably a dimer configuration.29,30 In gen-
eral, this lowest conductance peak does not exhibit any
internal structure, however, the 2DCH (Figure 3d)
shows rich structure in the conductance region
spanned by this peak, which we will discuss in detail
further below. At higher conductances the 2DCH
(Figure 3d) is very similar to that of the simulated one
(Figure 6b) where we considered a random series of
sloped conductance plateaus in the individual traces.
We see a finite width positively correlated region
around the diagonal, which reflects the presence of
plateaus with finite slope. Beyond this region, a nega-
tively correlated stripe is observed indicating that the
sloped plateaus are separated by finite jumps in con-
ductance. There are no other correlations detected
beyond this region.

The 2DCH around the region of the first histogram
peak can be separated into three different regions as
delineated by the white lines in Figure 3d and by
colored regions in the conductance histogram. The
first region (orange) which spans G ≈ 0.15�0.6 G0

shows a broad positively correlated area around the
diagonal. The second region (yellow) which spans G≈
0.6�1 G0 shows a narrow positively correlated region
around the diagonal and a broader negatively corre-
lated region beyond the diagonal. The negative corre-
lation at the intersection with the first region implies
that if a trace has a conductance plateau in this second
region, then it is unlikely to have another plateau in the
first conductance region. The third region (red) span-
ning G ≈ 1�1.4 G0 has a clear positively correlated
region where it intersects the first region, away from

the diagonal, whereas it is negatively correlated with
the second region. Thus traces that have a final plateau
around G ≈ 0.15�0.6 G0 are likely to result from
junctions with a conductance around G ≈ 1�1.4 G0,
whereas a plateau in the second region is usually not
preceded by another one in the third region. The
second region does not show a positive correlation
with higher conductance intervals. This implies that no
typical configuration is identified prior to a plateau in
the second region. The clear difference in correlation
between traces that have conductance plateaus in the
first or second conductance region indicates the pre-
sence of two fundamentally different Al single-atom
contacts even though they contribute to the same
peak in the conductance histogram.

The rich structure of the correlation plot in the
region of the first histogram peak has inspired us to
study Al junctions in more detail, investigating numer-
ous sample wires. We have found that in some devices
(<5% of all devices studied) the conductance histo-
gram shows a split first peak (Figure 7a). In such cases,
the conductance histogram can distinguish the two
configurations which are otherwise only seen in the
2DCH analysis. The 2DCH generated from this data set
is shown in Figure 7b, and generally exhibits the same
features as the one in Figure 3d. The split first peak
however, allows us to study conditional histograms
created from traces that have a plateau either in the
first region (orange) or the second (yellow).

The conditional histograms from traces that con-
tribute to the first (second) subpeak are shown in blue
(green) in Figure 7a. We see that selecting traces that

Figure 6. Correlationeffects for simulated traceswithmulti-
ple conductance plateaus. Panels a, b, and c demonstrate
example traces, the 2DCH and the conductance histogram
for simulated traceswith five randomplateau conductances
and a finite minimal amplitude of the conductance jump
between neighbor plateaus. Panels d, e, and f demonstrate
example traces, the 2DCH, and the conductance histogram
for traces with five plateaus separated by a fixed conduc-
tance difference.
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contribute to the first (second) subpeak results in a
suppression of the second (first) subpeak. This com-
plete suppression of the conditional histogram peaks
points to a strong anticorrelation in the existence of
the two distinct configurations, similarly to results
from simulated traces shown in Figure 5c3. These
conditional histograms also show that the peak
heights are different. Since these histograms are nor-
malized by the number of traces, this height difference
indicates that plateaus that contribute to the lower
conductance peak are on average longer than those
that contribute to the second subpeak as shown in the
sample traces in Figure 7c.

These data indicated that there are two structurally
different final junction configurations in Al point-
contacts which do not occur in the same traces. We also
see, from the 2DCH, that traces that have a plateau in
the orange conductance region are also likely to have a
plateau in the red conductance region as demon-
strated in the sample traces (Figure 7c). These two
distinct final junction configurations may be related to
two structurally different single atom contacts,
although the details of these structures can only be
determined from detailed theoretical models.

Tantalum Junctions;Presence and Absence of Ad-

hesive Instabilities. As a next example we discuss re-
sults from break-junction measurements of Ta
junctions. Ta is a d-metal with 4�5 open conductance
channels for a single atom contact.31 In d-metals the
transport through highly oriented d orbitals is ex-
pected to be extremely sensitive to the precise atomic
geometry of the junction.32 Due to this sensitivity to
contact structure, junctions with the same number of
atoms in the smallest cross section may show a broad
range of conductance. This leads to conductance
histograms having few clear peaks. Indeed, in Ta the
first histogram peak, which is attributed to single atom
contacts, is rather broad, and no further peaks are seen
at higher conductances (Figure 8a). In addition, the
histogram shows a large number of counts at low
conductances G < 1 G0 due to tunneling conductance
between the broken contacts.

The 2D correlation histogram (Figure 8b) shows
strong anticorrelation between the peak region
(yellow region in Figure 8a) and the low-conductance
tail region (orange region in Figure 8a). This is also
demonstrated by the conditional histograms in
Figure 8a generated from selected traces that contri-
bute to the first conductance peak or the tail conduc-
tance region. Thus traces that have a long plateau at
the first conductance peak are unlikely to have large
weight in the tail region, while traces that have a short
plateau corresponding to the single-atom contact
show a large number of counts below this con-
ductance. Furthermore, the 2DCH exhibits a broad
positively correlated spot where the tail region
intersects with itself which indicates that counts in

this tail region result from highly sloped features
in individual conductance traces, indicative of a tun-
neling.

These features indicate that a Ta contact can rup-
ture in two different ways: (i) the single-atom contact
can be stretched during the elongation resulting in a
long plateau and then rupture to a broken junction
where the apex of the electrodes are far apart, resulting
in a small contribution to the tunneling conductance
(few counts in the tail region). Such examples are
illustrated by green example traces in Figure 8c. (ii) A
short single-atom plateau is followed by a continuous
decay of the conductance in the tail region (blue traces
in Figure 8c). The former type of junction evolution,
which occurs in most metals, is known as adhesive
instability of the junction,24 where a large gap is
opened up between the broken electrodes after the
rupture of the single-atom contact. The occasional
absence of the adhesive instability which is resolved
by the 2DCH of Ta, was indeed reported in Ta, Mb, and
W point-contacts.33

Iron and Vanadium Junctions;Correlated Shifting of

Plateaus. For the Al and Tameasurements, the correla-
tion plot does not show any special features at high
conductances corresponding to junctions with more
than one atom in the minimal cross section. In the
following we show a different behavior for Fe and V
contacts, which are similar whatwas studied in detail in
Ni break-junction measurements in ref 13. Conduc-
tance histograms and 2DCHs for break-junction mea-
surements of Fe34,35 and V junctions are shown in
Figure 9. Both conductance histograms (shaded black)
show a single pronounced peak at G ≈ 2 G0 and no
features at conductances greater than 5 G0. In contrast

Figure 7. Al break-junction measurements for a data set
showing a clear split in first histogram peak. (a) Conduc-
tance histogram (shaded black) and two conditional histo-
grams (blue and green) as detailed in the text. (b) 2DCH and
(c) sample conductance traces chosen from the data set of
the blue and green conditional histograms. The three con-
ductance regions denoted by different colors in panels a
and c are projected to the 2DCH by white dashed lines.
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the 2DCH exhibits clearly resolved stripes up to much
higher conductance values that resemble the simu-
lated 2DCHs shown in Figure 6e. These stripes demon-
strate that the conductance traces show a very regular
pattern even at rather high conductance values with a
well-defined conductance difference between succes-
sive plateaus. However, the absolute conductance of
the plateaus changes from trace to trace, which causes
the smearing of the conductance histogram. This
regular pattern is also resolved by conditional histo-
grams, as demonstrated by the blue (green) curves in
Figure 9a,b showing Hi,j

cond with Gj = 11 G0 (Gj = 12 G0).
These curves demonstrate that once the initial con-
ductance is fixed, a well-defined sequence of plateau
conductances is resolved.

This correlated shifting of the plateaus may have
different origins, including a change of the contact
geometry (e.g., the crystallographic orientation) from
junction to junction, or the presence of some defects
pinned to the vicinity of the contact. The observed
stripe structure points to a very regular narrowing of
the junction, with a well-defined amplitude of the
conductance jumps, which is in contrast to themajority
of the metals where the amplitude of the conductance
jump can be stochastic. The observation of stripes in
the 2DCH opens a newwindow to resolve the details of
junction formation dynamics, despite having no clear
structures in the conductance histogram.

Platinum�Carbon Monoxide�Platinum Single-

Molecule Junctions�Correlations Between Molecular Con-

figurations. In the following we show an example for the
correlation analysis of single molecule Pt�CO�Pt
junctions. Figure 10a shows a conductance histogram
ofPt point-contactsmeasured in an environment of CO.
Beside the characteristic single-atom contact peak at 2
G0, two additional peaks are seen at 0.5 G0 and G ≈ 1
G0.

36,37 Theoretical simulations have shown that the 0.5
G0 conductance feature corresponds to junctionwhere
the Pt contacts are bridged with a CO molecule that is
aligned with the contact axis, while the∼1 G0 junction
presumably has the CO molecule oriented perpendi-
cular to the contact axis.38

In Figure 10b, we show the 2DCH constructed from
this data, where we see that the two junctions (with
conductance around 0.5 G0 and 1 G0) occur in an
uncorrelated manner; that is, these are two indepen-
dent molecular configurations. This means that the
formation of one molecular configuration neither
helps nor hampers the formation of the other config-
uration. In contrast both molecular configurations are
anticorrelated with the configuration attributed to the
single-atom contacts (∼2 G0). In the conditional histo-
grams the selection for either of the molecular config-
urations only reduces the amplitude of the pure Pt
peak, which may point to the anticorrelation in the
plateau lengths.

The correlation analysis can be interpreted as fol-
lows. In some traces, we do not see a molecular
plateau, just a Pt single-atom contact signature, as
demonstrated by the first example trace in Figure 10c.
In other traces, when a molecule is incorporated in the
Pt atomic junction, the single-atom contact plateau is
generally shorter. Finally, the negligible correlation
between the perpendicular and the parallel configura-
tion means that these two configurations can occur
in the same trace (though not in every trace.) This
demonstrates that the correlation analysis can be
applied as a powerful tool to determine how the
formation of one molecular configuration influences
the formation of another.

Au�4,40-Bipyridine�Au Single Molecule Junctions;
Switching between Distinct Binding Configurations. In
our final example, we demonstrate the application of
correlation analysis on single Au�4,40-bipyridine�Au
molecular junctions. It has been shown that these
molecular junctions form two stable configurations
with different well-separated conductances.11 Since
the conductance of these molecular junctions is several
orders of magnitude smaller than that of the Au point-
contact, conductance histograms and 2DCH plots are
investigated using a logarithmic conductance scale.8 Fig-
ure 11a shows the conductance histogram (shaded
black) where two molecular peaks are clearly visible.
These span the conductance regions G ≈ 2 � 10�4 G0

(low G) and G ≈ 1 � 10�3 G0 (high-G), as shown by the
orange and yellow shading. The characteristic peak of a
pure gold junction at G = 1 G0 is also seen. This histogram
was generated from10000 conductance tracesmeasured

Figure 8. Ta break-junction measurements. (a) Conduc-
tance histogram (shaded black) and two conditional histo-
grams (blue and green) constructed for the orange and
yellow conductance region, respectively. (b) 2DCH and (c)
sample conductance traces chosen from the data set of the
blue and green conditional histograms. The two conduc-
tance regions denoted by different colors in panels a and c
are projected to the 2DCH by white dashed lines.
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in a scanning tunneling microscope based break-junction
set up under ambient conditions as detailed in ref 11.
These two configurations result from two types of binding
geometries (Figure 11b): the conductance is low if the
molecule bridges the apex of both Au electrodes in a
vertical geometry and high when the geometry permits
an additional π-coupling between the pyridine ring and
electrodes. The high-G configuration is seen when the
separation between the electrodes is smaller than the
length of the molecule. It was found that the molecular
junction could be switched reversibly between these two
configurations by compressing and elongating the
junction.11

The presence of two distinct molecular configura-
tions with distinct conductance makes this system an
ideal one for a correlation analysis. Figure 11c shows
the 2DCH generated from all traces excluding a few
(<1%) that do not break from a 1 G0 contact to an open
junction within a 1 nm displacement (comparable to
the length of themolecule). The correlation plot shows
rich structures; here, we focus on the relation of the two
molecular configurations. We see a clear blue nega-
tively correlated region where the high-G and low-G
ranges cross. To determine if this results from an
anticorrelation in the existence of both plateaus or in
the length of the plateaus, we also create conditional
histograms (Figure 11a) by selecting traces that con-
tribute to the high-G peak (blue region) or low-G peak
(green region). We see that these conditional histo-
grams still show both peaks, indicating that neither
plateau is completely suppressed in the selected sub-
sets. The conditional histogram created from traces
with a long high-G plateau shows only a suppression of
the upper part of the low-G peak (G ≈ 1.8 � 10�4�
3.1 � 10�4 G0). Similarly, the histogram from traces
containing a long plateau in the low-G region
show a suppression of part of the high-G peak
(G≈ 3.1� 10�4�1.3� 10�3 G0). This observed negative

correlation is therefore not an anticorrelation in the
existence of the two configurations as is demonstrated
by the conditional histogram, but an anticorrelation in
the length of the plateaus as illustrated in Figure 5d.

The structure of the conditional histograms provide
new insight into these junction elongation trajectories.
In both the high-G and low-G region the conductance
is decreasing during the elongation of the junction.

Figure 9. Panels (a,c) and (b,d) show conductance histo-
grams (shaded black) and the 2DCHs for Fe and V junctions,
respectively. The green and blue lines in panels a and b
show conditional histograms as defined in the text.

Figure 10. Pt break-junction measurements in an CO en-
vironment. (a) Conductance histogram (shaded black) and
three conditional histograms (blue, green, and gray) con-
structed for the orange, yellow, and red conductance re-
gions, respectively. (b) 2DCH and (c) sample conductance
traces chosen from the whole data set. The three conduc-
tance regions denoted by different colors in panels a and c
are projected to the 2DCH by white dashed lines.

Figure 11. Correlation analysis of Au�4,40-bipyridine�Au
junctions. (a) Conductance histogram using equidistant
bins at the logarithmic conductance scale (shaded black).
The green (blue) lines show the conditional histograms
constructed for the high-G (low-G) interval as a reference
region. The dashed lines demonstrate the borders of the
transition region, where the conditional histograms deviate
from the total histogram. (b) Two binding configurations of
Au�4.40-bipyridine�Au single-molecule junctions. (c)
2DCH using equidistant bins at the logarithmic conduc-
tance scale. (d) Sample conductance traces. The dashed
lines demonstrate the borders of the transition region.
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The transition between the two configurations is re-
flected by a sudden jump, but this jump is not always
situated at exactly the same conductance, its position
can varywithin a transition interval. If the jump starts at
higher (lower) conductance then the high-G plateau
will be shorter (longer) than average. The opposite will
be true of the low-G plateau resulting in the observed
negative correlation. Outside of this transition region
no correlations are detected. In this sense the condi-
tional histograms can be used to identify the statisti-
cally relevant transition region between the two
configurations: according to Figure 11a the transition
occurs in the conductance interval of ∼1.8 � 10�4 to
1.3� 10�3 G0, where the conditional histograms show
negative deviation from the total histogram. (Note, that
the conditional histograms should only be studied in the
region outside of the reference interval, the increase of
the peak in the reference interval is an obvious result of
the selection.) The above interpretation is demonstrated
by the example traces in Figure 11d, where the ampli-
tude of the conductance jump is always similar, but its
position varies in the transition region.

CONCLUSIONS

Break junction techniques have proven to be power-
ful for characterizing electronic properties of single-
atom and single molecule junctions. This method pro-
vides the possibility to investigate a large statistical en-
semble of independently created nanoscale junctions
which have inherently stochastic formation dynamics.
Conductance histograms, which are widely used to

analyze such data, provide only a basic analysis method.
Here, we have shown that additional information can
be obtained about nanoscale junctions by creating
and analyzing two-dimensional correlations histograms
(2DCH).
We first illustrate different features that can be seen

in 2DCH using simulated conductance traces. We use
this to show that for systems having two different
junction configurations, the 2DCH can be used to
distinguish cases where the configurations occur in a
correlated, anticorrelated, or uncorrelated manner. We
then apply this analysis technique to two different
classes of nanoscale junctions; metal point-contacts
including Al, Ta, Fe, and V junctions and single mole-
cule junctions including Pt�CO�Pt and Au�4,40-
bipyridine�Au junctions. Our results from the analysis
of these data demonstrate that a correlation analysis can
provide additional information about the formation and
evolution of nanoscale junctions beyond what can be
determined from conductance histograms alone. With
the development of simulation techniques39 a correlation
analysis may also be used to compare experiments with
simulated conductance traces, going beyond the com-
parison of a histogram peak position with a single cal-
culated conductance value. The correlation analysis also
provides complementary information to2Dconductance-
displacement histograms discussed here, and the combi-
nation of these twomethods can bring essential informa-
tion to the understanding of atomic and single-molecule
structures solely by a progressive analysis of the con-
ductance traces.

EXPERIMENTAL METHODS
All experiments were performed by a conventional mechani-

cally controllable break junction technique1 at T = 4.2 K in
cryogenic vacuum, except for measurements with 4,40-bipyridine
which were carried out at room temperature in ambient condi-
tions using a scanning tunnelingmicroscopebasedbreak-junction
technique.11 The CO molecules were dosed to the cryogenic
temperature Pt junctions through a heated capillary tube.36 All
conductance histograms and correlation plots presented here are
based on more than 5000 independent conductance traces, for
which the temporal homogeneity was checked.
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