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The quantum of electronic conductance is 2e2 /h �Go� corresponding to a fully open transmission channel.
Nonquantized conductance values or transition between conductance plateaus in nonintegral values of Go are
observed when the available channels are partially transmitting or when the system is subjected to a perturba-
tion. Through the development of a simple method based on differential in coefficient of thermal expansion
between a metal point contact and the underlying substrate, the present study succeeds in resolving the
complete and contiguous mechanistic structure of transition between adjacent conductance plateaus under
strain perturbation. Using gold as a model system, results reveal three distinct stages during the controlled
extraction of a single atom from a given point contact—two stages where the conductance fluctuates due to
partially open channels, separated by an intermediate stage of random telegraphic noise characterizing me-
chanical instability of the contact. Whereas random telegraphic noise in larger contacts was previously attrib-
uted to fluctuations of metastable defects between discrete configurations �K. S. Ralls and R. A. Buhrman,
Phys. Rev. Lett. 60, 2434 �1988�; K. S. Ralls and R. A. Buhrman, Phys. Rev. B 44, 5800 �1991��, its
appearance in the present study is attributed to the fluctuations of a metastable contact between discrete
configurations having slightly different transmission probabilities. In addition to Au, preliminary studies on Cu
and Ni show similar behavior, pointing to the universal nature of the transition. The technique can be easily
applied to study multivalent elements, magnetic atoms, as well as molecular electronics and mechanics.
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I. INTRODUCTION

Atomic corrals, atomic or molecular wires, molecular de-
vices, and other similarly sized structures are test beds for
probing physical properties in the size regime where quan-
tum effects dominate.1–6 Such atomic-sized structures offer
the possibility of tuning physical properties of interest
through “design” of electronic structure.1,7,8 In addition, re-
cent years have seen rapid progress in nanofabrication of
templates toward the goal of making reproducible nanostruc-
tures; see for example, Ref. 9. These efforts also represent
emerging frontiers for pursuing “science beyond Moore’s
law.” The quantum of electronic conductance is 2e2 /h
��1Go=7.748091�10−5 siemens or 1 /12906 �−1; e is the
electron charge, h is Planck constant�.10,11 This was first
demonstrated in mesoscale constrictions in a two-
dimensional electron gas �2DEG�.12,13 Nonquantized conduc-
tance values or transitions between conductance plateaus in
fractional values of Go occur when the available channels are
partially transmitting,14 or when the system is subjected to a
perturbation �electric field,15–18 magnetic field,19–22 strain,23

etc.�. While mesoscale 2DEG systems are ideal for various
perturbation studies, they are less amenable to strain. In the
present study, we have developed a simple method that suc-
ceeds in resolving the mechanistic structure of transitions
between adjacent conductance plateaus under strain pertur-
bation, using metal point contacts. Results reveal three dis-
tinct stages associated with the removal of a single atom
from a contact of a given diameter, and link them directly to
the observed fine features of the conductance histogram.
Characteristic examples of fluctuations of metastable con-
tacts between discrete configurations are also discussed.

The technique developed in the present study utilizes the
differential in coefficient of thermal contraction between a
substrate and a short �micrometer or less�, narrow �few atoms
in diameter� metal bridge joining two mechanically con-
strained microfabricated electrodes; no moving mechanical
parts or piezodrivers are needed. By varying the temperature,
we find that the differential in coefficient of thermal contrac-
tion between the bridge and the substrate provides a high
degree of control to precisely vary the bridge diameter, and
with ease. Advantage is taken of the fact that there is a large
differential in coefficient of thermal contraction between sili-
con �2.6�10−6 K−1; silicon being the material of choice in
microfabrication� and most common metals �for example,
Na: 71; Au: 14.2; Ag: 18.9; Co: 13; Ni: 13.4; Cu: 15.5; Pt:
8.8; in units of 10−6 K−1�. This differential causes stress to
build up at the metal nanoconstriction �the metal bridge�
whereby it becomes possible to controllably reduce its diam-
eter atom-by-atom by a small change in temperature. This
change can be continuously monitored by measurement of
conductance across the bridge.

II. EXPERIMENTAL DETAILS

Figure 1�a� shows scanning electron micrograph �SEM�
of microfabricated gold electrodes, which are subsequently
joined together by an electrodeposited bridge of predeter-
mined diameter. Special microfabrication steps were taken to
ensure that the electrodes are mechanically constrained to the
substrate. To accomplish this, photolithography was used to
form 50–100 nm deep channels, 50 �m wide, on a silicon
wafer by reactive ion etching. Then a Ta �7.5 nm� seed layer
was deposited inside the channels on which 300 nm thick Au
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film was sputter deposited, Fig. 1�a�. The gap between the
electrodes in Fig. 1�a� is �0.75 �m; smaller gaps can be
readily made using focused ion beam. The sputter-deposited
gold electrodes were then thickened to �2 �m by elec-

trodeposition using a noncyanide electrolyte �Techni-Gold 25
from Technic Inc.�; solution pH 6.5–7.5; current density
14.8 mA /cm2. This was followed by electrodeposition of a
narrow gold bridge across the electrodes, Fig. 1�b�, using the
self-termination method.24 The self-termination electrodepo-
sition method enables a bridge of any predetermined diam-
eter to be readily made to a size resolution of a single atom
�4–10 atoms in diameter in the present study�. The electrode-
posited bridge was formed by placing a drop of supersatu-
rated KCl solution on the electrodes at an applied voltage of
1.4 V, with the microfabricated tip serving as cathode and the
opposite lead as anode. Figure 1�c� shows a magnified view
of the electrodeposited bridge. The schematic in Fig. 1�d�
shows a mechanically unconstrained bridge that is free to
contract �expand� on cooling �heating� across mechanically
constrained thin-film electrodes. An electrodeposited bridge
ensures a metallic bond across the electrodes prior to stretch-
ing it in a cryogenic chamber with inert helium atmosphere.
Prior to the transfer of the chip into the cryogenic chamber,
the bridged electrodes were thoroughly rinsed and dried by
continuously flushing the electrolyte in de-ionized ultrafil-
tered water, followed by drying with nitrogen gas. Note that
while bridges 4–10 atoms in diameter may appear fragile,
they were found to be sufficiently robust to survive their
transfer into the cryogenic chamber. The cryogenic chamber
is capable of heating or cooling the sample in an inert He
atmosphere from 1.9 to 350 K with an accuracy of 0.01 K
�Physical Property Measurement System �PPMS� from
Quantum Design�. In addition to Au, preliminary experi-
ments were also conducted on Cu and Ni. Nickel bridges
across Ni electrodes were electrodeposited using nickel
sulfamate solution �84 g/l Ni as metal in
Ni�SO3NH2�2 .2H2O; 30 g/l boric acid, pH 3.3� at an applied
voltage of 1.0 V.25 Copper bridges across Cu electrodes were
formed using supersaturated KCl solution, at an applied volt-
age of 1.0 V.

Initially, our efforts were focused on assessing the effi-
cacy of the technique. This often caused an overshoot in the
temperature during cooling/heating the samples in trying to
controllably break the contacts. However, we did not en-
counter problems with repeated use of the samples. In fact, to
avoid taking the data from the same sample, different
samples were used. In the overall process, the critical step is
the electrodeposition of the initial bridge that is small but
robust enough to withstand cleaning/drying followed by its
insertion in the cryogenic chamber. If an electrodeposited
contact has a large diameter, it may not break down to the
last atom even after cooling it to 1.9 K. On the other hand, if
the contact diameter is too small, it can break during the
cleaning/transfer process. Repeated electrodeposition to ob-
tain a stable contact of optimum diameter can ultimately
cause the microfabricated tip to blunt, and such samples have
to be discarded. In our procedure, we optimized the initial
Au contact size to �4−10 atoms.

A source meter �Keithley 2400� was used as the voltage
source and current monitor for conductance experiments.
The source voltage was maintained through a servo system
that is internal to the instrument. On top of the servo system
a compliance circuit was used to maintain the compliance
limits of the source. This ensures that the instrument can
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FIG. 1. �a� Scanning electron micrograph of microfabricated
gold electrodes. Sputter-deposited gold electrodes were further
thickened by electrodeposition to �2 �m prior to the formation of
a point contact between them. �b� SEM of a gold point contact
across the electrodes. For the purpose of imaging, a larger diameter
contact ��20 nm� is shown, whereas in actual experiments, the
contact was typically 4–10 atoms in diameter. �c� A magnified view
of the contact shown in �b�. �d� Schematic showing a point contact
between electrodes that are mechanically constrained by the under-
lying silicon substrate. A layer of silicon oxide �not shown� is also
present between the electrodes and the silicon substrate in actual
devices.
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maintain a constant voltage. For these experiments the in-
strument was configured to function in the normal output
“off” state. In this state the source voltage is set to zero and
the current compliance is set to 5% of the full range compli-
ance. This “soft off” state provides relatively high impedance
off state while preventing the system from experiencing any
type of shock that could disturb the atomic system while
turning the source on or off. The voltage source is connected
to the sample and an external resistor, which are wired in
series. Voltage measurements are taken over the external re-
sistor. The constant resistance of the external resistor ensures
that at all times the impedance of the acquisition system is
much higher than that of the input so that the measurement
has negligible effect on the overall circuit. The conversion
factor between the measured voltage and conductance is
G /Go= �Vm / �Vo−Vm���12 906 /Rext�, where Vm is the mea-
sured voltage on the external resistor Rext, in series with the
point contact, Vo is the total supplied voltage, and G /Go is
the conductance in units of Go�=1 /12 906 �−1�. Unless oth-
erwise noted, the external resistor Rext was always kept at
25 812 � �Go /2=1 /25 812 �−1�; Vo was 1.4 V for Au, and
1.0 V for Ni and Cu. The data acquisition was done using a
National Instruments PCI-6036E series data-acquisition card
with 16 bit resolution and 100 G� input impedance. The
negative terminal of the voltage source was connected to the
analog ground plane of the card. All cables were also
shielded and grounded to further reduce noise. To build the
conductance histogram, 243 complete traces were used; in
addition, several hundred ��700� additional traces, where
the contact broke abruptly after obtaining only a partial sec-
tion of the complete transition, were also included in the
histogram. All the measured traces were fed into the com-
puter for automated binning. The conductance histogram was
built by binning the measured voltages in sections of 100
mV. The counts per bin were plotted versus bin voltage in
units of Go using the above conversion factor. To quantify
the amplitude of conductance fluctuations, statistical analysis
was done on these same traces to calculate the average and
standard deviation. For each trace, the average of the mea-
sured voltage was calculated. Also, the standard deviation

was calculated using the relationship var= 1
n−1�i=1

n �Xi-X̄�2;

standard deviation =	var. Here, X̄ is the average and n is the
length of that section ��2000 points/section�. The results
were binned in sections of 0.1Go. For each bin, the average
was plotted versus the corresponding Go value. The variance
of points within each bin was used to determine the error
bars �in Fig. 8�b��.

III. RESULTS AND DISCUSSION

The prototypical metal system of gold was chosen for the
present study. The malleable and inert nature of gold allows
ease of formation of point contacts that exhibit reproducible
conductance behavior even when made under different
conditions.26,27 For monovalent gold, each atom provides a
single mode for conductance. Therefore, for gold the number
of available channels can be tuned simply by adding or sub-
tracting an atom, as shown in inset-I of Fig. 2. Note that
rather than studying the characteristics of conductance pla-

teaus, the focus of the present study was to gain a mechanis-
tic understanding of the stepwise transition �marked by dot-
ted lines in inset-I of Fig. 2� under strain perturbation. Of
course this first requires ability to make stable contacts. Fig-
ure 2 shows three conductance traces from stable contacts
ranging in diameter from 1 to 3 atoms, made by the differ-
ential thermal contraction technique. While Fig. 2 shows 10
min of recorded traces �owning to large data files�, contacts
could be held stable for hours. Several contacts could even
be held stable for a period of over 24 h and in one instance a
contact could be stabilized for over 54 h. Inset-II of Fig. 2
highlights the characteristics of conductance traces near in-
tegral ��1, 2, and 3 Go� and nonintegral values ��1.5 and
2.5 Go�. When a metal bridge is being progressively reduced
in diameter from three, to two, to one atom, large fluctua-
tions appear in the measured signal at nonintegral conduc-
tance values due to partially open transmission channels, as
shown in inset-II. A mechanistic understanding of precisely
how such transitions occur is the focus of the present study.

Figure 3�a� shows a typical conductance trace illustrating
the mechanistic sequence associated with reducing the diam-
eter of the contact by a single atom. The trace in Fig. 3�a�
reveals three distinct stages �marked consecutively as “�,”
“�,” and “�”� during the transition from a stable two-atom
contact �region labeled “X”� to a stable single-atom contact
�region labeled “Y”�. Note that the trace in Fig. 3�a� reveals
the structure of the “step” connecting two adjacent quantized
conductance plateaus under strain perturbation. Beginning
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FIG. 2. Conductance traces across stable one-, two-, and three-
atom gold point contacts. The traces at nominal values of 1, 2, and
3 Go were measured after stabilizing the respective contacts at 263,
244.5, and 270.5 K using the present technique. Inset-I: Addition of
a single gold atom causes a stepwise increase in conductance from
one plateau to the next. This trace was obtained by electrodeposi-
tion of gold at room temperature by self-termination method �Ref.
24�. The structure of the steps �highlighted by dotted lines� under
strain perturbation is the focus of the present study. Inset-II: Using
the present technique, as the diameter of a gold contact is reduced
by stretching, large conductance fluctuations appear at nonintegral
values ��1.5 and �2.5 Go�. In contrast, note the minimal conduc-
tance fluctuations across stable contacts at �1, 2, and 3 Go.
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with the two-atom conductance plateau, as the contact is
slowly stretched, the interatomic distances increase, dimin-
ishing the transmission probabilities for available channels.
This causes the conductance to fluctuate �between �1.3 to
2.2 Go in this example� and this range is labeled � in Fig.
3�a�. A magnified view of a section of the conductance trace
in this region is shown as an inset. In comparison, note the
marked suppression of conductance fluctuations in the mea-
sured signal corresponding to maxima in transmission prob-
ability for the two-atom �region X� and single-atom contacts
�region Y�. Further stretching leads to mechanical instability
in the contact, and this region is labeled � in Fig. 3�a�. In this
region, the metastable contact fluctuates between discrete
configurations, leading to the appearance of stepwise or ran-
dom telegraphic noise in the measured signal. The maximum
amplitude of random telegraphic noise roughly lies between
the values of conductance in stages X and Y. A magnified
view of the random telegraphic noise in this region is shown
as an inset. The kinetics and characteristics of random tele-
graphic noise as a consequence of fluctuations of metastable
contact between discrete geometric configurations are dis-
cussed later. With further stretching, the single-atom configu-
ration ultimately becomes relatively more stable than the
two-atom configuration, and this stage is labeled � in Fig.
3�a�. Analogous to stage �, this region is characterized by

conductance fluctuations ��0.85−1.2 Go� due to imperfect
transmission across the last available channel of a single-
atom contact. A magnified view of a section of the trace in
this region is shown in the inset. Finally, the contact relaxes
into a stable single-atom configuration with a marked sup-
pression of conductance fluctuations in the measured signal
corresponding to maxima in transmission probability. Thus
the overall mechanistic structure of the transition consists of
stages � and � where the channels are partially open, and
stage � where the contact shows mechanical instability. Non-
quantized transitions are well documented in 2DEG
constrictions,15–18 even though the underlying mechanism
there is different. Nonetheless, in both cases, nonquantized
transitions occur as a result of a device-specific perturbation.

In terms of precision and accuracy of the measurements to
repeated temperature cycles, the differential thermal strain-
ing technique provides reasonable precision �to within a frac-
tion of a degree Kelvin� in terms of stabilizing a contact at a
given temperature, and moderate accuracy �1–3 K� in break-
ing it again at the same temperature. For example, once a
given contact is completely broken apart, reforming and sta-
bilizing it requires heating the sample by up to 10° above the
temperature it broke. Following this, it again breaks within
�3 K of the original temperature. We attribute this variation
to the relative change in position and distance between the
nearest atoms across the tips, requiring slightly different tem-
peratures to re-form the contacts. While no two traces are
ever alike in the details of their time-dependent behavior �nor
expected�, they follow the same transition sequence as de-
scribed in Fig. 3�a�. To illustrate, Fig. 3�b� shows the con-
secutive conductance trace from the same sample as in Fig.
3�a�. It highlights the repeatability of the observed transition
sequence and at high time-resolution.

In addition to detailed studies on Au, preliminary studies
on Ni and Cu reveal a similar transition behavior. This uni-
versality of the observed behavior under strain perturbation
is highlighted for different sized contacts in Figs. 4�a� and
4�b� for Ni and Cu, respectively. Note that due to the rela-
tively low ductility of Ni in comparison to Au, some tele-
graphic noise is also present in stages � and �, resulting in a
slight overlap of different stages. The observed behavior is
also technique independent. Using a slowly approaching �1
nm/s� Au tip toward a sputter-deposited gold substrate in a
home-made STM at room temperature, qualitatively similar
characteristics were found. The well defined transition se-
quences in Fig. 3 or Figs. 4�a� and 4�b� are to be contrasted
with the behavior of an uncontrollably breaking contact,
where different conductance stages were found to completely
overlap one another. This is shown in Fig. 4�c� for the case of
an unstable Ni contact at room temperature soon after it was
electrodeposited. In this instance, the contact began to break
before it could be successfully transferred into the cryogenic
chamber. The two magnified insets in Fig. 4�c� show random
telegraphic noise due to the mechanical instability of the
contact riding on the undulating signal from partially open
channels.

The present technique also provides the ability to study
time-dependent behavior over extended periods of time in
any given region of the transition. This is highlighted in Fig.
5�a� for a gold contact in the region of mechanical instability,

FIG. 3. �Color online� �a� Conductance trace during the con-
trolled extraction of a single atom from a two-atom Au contact at
�242 K. Stages X and Y correspond to a stable two-atom and a
stable single-atom contact, respectively. The transition from 2 to
1 Go occurs in three consecutive stages, denoted by �, �, and �.
Insets show magnified views of small sections of the trace within
each stage. �b� The consecutive conductance trace using the same
sample as in �a� highlighting the repeatability of the observed tran-
sition sequence. The trace in �b� was measured at �241 K. For
clarity, only truncated sections of the trace are shown due to its long
duration.
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as it transitions from a two-atom to a single-atom contact. A
closer examination of the trace in Fig. 5�a� reveals that the
entire trace is comprised of random telegraphic noise, as
shown in the magnified views of different sections along the
trace. Random telegraphic noise has previously been ob-
served in various devices.15–18,28–31 In particular, earlier work
on larger diameter metal nanocontacts �where quantized con-
ductance is not dominant� by Ralls and Buhrman28 provides
a potentially fruitful “analysis template” for interpreting tele-
graphic noise in these quantum conductors. In case of Ralls
and Buhrman, the telegraphic noise was attributed to the
fluctuation of metastable defects between discrete configura-
tions. In the present study, strain perturbation causes meta-
stable contact geometry to fluctuate between discrete con-
figurations leading to slightly different transmission
probabilities, and manifesting as random telegraphic noise.

Several illustrative examples of telegraphic noise are
shown in Figs. 5�b�, 5�c�, 6, and 7 �which also parallel vari-
ous examples shown in Ralls and Buhrman, but with a dif-
ferent interpretation�. Figure 5�b� shows a two-level fluctua-
tion, along with a schematic �red curve�; the low
conductance state is labeled as 1 and the high conductance
state is labeled as 2. A histogram of time durations in either

the low or the high conductance states was found to be ex-
ponential, and the observed telegraphic noise follows the
Markov model—the system’s memory is no longer than the
last state occupied. Using a two-state Markov model shown
in Fig. 5�b�, the mean time it takes to transition from con-
figuration state 1 to configuration state 2 is 1.23 ms, and the
mean time to transition from 2→1 is 1.25 ms. However,
note that the actual data are more complex than can be ac-
curately modeled by the simple two-state model shown in
Fig. 5�b� since the Markov chain can be seen to exhibit mul-
tiple open/closed states �as evident from multiple bursts in
the chain� that become activated/inactivated in time; a more
rigorous analysis is beyond the scope of the present study
and will be reported in the future. Also note that while the
attempt frequency to go from state 1→2 may be very high
�of the order of atomic vibrations�, the observed switching
rates may be much lower, as seen from the two-state model.
However, without further studies �currently in progress�, we
cannot yet extract the pre-exponential term, and can only
measure the relative rates.

Very often, a high-frequency two-level telegraphic noise
is seen riding on a low frequency two-level telegraphic
noise, an example of which is shown in Fig. 5�c�. In the
schematic shown in Fig. 5�c�, the low-frequency train is
shown in red, on which the high-frequency �green� train is
riding. This indicates a higher energy barrier for the low-
frequency jumps, and a lower energy barrier for the high-
frequency jumps. Whereas the low-frequency noise may
arise from fluctuations between discrete metastable contact
configurations with a high energy barrier between them, the
high-frequency jumps are likely related to additional �rota-
tional, etc.� degrees of freedom within a given metastable
configuration. In the present study, the prevalent cases in-
volve change in frequency or/and the amplitude of the high-
frequency telegraphic noise as the slowly reconfiguring con-
tact geometry fluctuates between its high and low
conductance states. Whereas, examples of amplitude modu-
lation were found to be rare in Refs. 28, such examples
abound in the case of quantum conductors. Two such ex-
amples are shown in Figs. 6�a� and 6�b�. For the example
shown in Fig. 6�a�, it can be seen that the amplitude of the
high-frequency telegraphic noise is higher �an overall larger
change in the net transmission probability� when it rides the
high conductance state of the slowly reconfiguring contact
geometry. Two-state Markov models for the rapidly config-
uring contact geometry on successive high and low conduc-
tance states of the slowly reconfiguring contact geometry
reveal an interesting behavior. Figure 6�a� shows that the
mean time it takes to transition from configuration state 1 �or
1�� to configuration state 2 �or 2�� remains virtually un-
changed �from 3.34 to 3.33 to 4.85 ms�. In contrast, the mean
time it takes to transition from configuration state 2 �or 2�� to
configuration state 1 �or 1�� varies by an order of magnitude
�from 67.9 to 6.9 to 17.0 ms�. In other words, the stationarity
�variations in mean time for transitions over extended peri-
ods� is nearly zero in going from 1→2 �or 1�→2�� and
highly variable for transitions occurring from 2→1 �or 2�
→1��. A large stationarity �in either direction� is indicative
of a rapidly reconfiguring contact. The transition of the sys-
tem toward an overall more stable configuration is better

FIG. 4. Conductance traces during the controlled extraction of a
single atom from different sized point contacts in different systems
using the present technique. �a� Ni from 3 to 2 Go at �288 K. �b�
Cu from 4 to 3 Go at �280 K. �c� A conductance trace from an
uncontrollably breaking Ni contact at room temperature, which
causes different transition regions to overlap one other.
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illustrated with the help of the example shown in Fig. 6�b�.
The interesting feature of this example is that throughout the
measured signal, the transmission probability of state 2 for
the high-frequency noise riding on the low conductance state
of the slowly reconfiguring contact geometry is equal to the
transmission probability of state 1� riding on the high con-
ductance state of the slowly reconfiguring contact geometry.
The magnified view in Fig. 6�b� and the schematic also em-
phasizes the observation that the transition always occurred
from state 1 to state 2� �and vice versa� and never from state
1 to 1� �or between 1� and 2�. In other words, the slowly
reconfiguring contact attempts to reach the same state �state
2 or equivalently state 1�� from its low and high conductance
state, respectively. Over time, the system eventually achieves
this state, as shown in the truncated trace in Fig. 6�c�, which
illustrates the collapse of the slowly configuring contact ge-
ometry into a new two-state metastable configuration.

Figure 7�a� shows an example of frequency modulation.
In Fig. 7�a�, transition between the two discrete levels is seen
to occur at two different frequencies—a low-frequency fluc-
tuation �shown in red in the schematic� and a higher fre-
quency fluctuation �shown in green in the schematic�. Such a
Markov chain is best modeled as having three states belong-
ing to two distinct classes; in this example, the class with
lower conductance has two states labeled 1 and 1�, whereas
the class with high conductance has a single state labeled 2
in Fig. 7�a�. The resulting three-state model is also shown in
Fig. 7�a�. The model shows that the mean time it takes to
transition between the low-frequency states 1 and 2 is ap-
proximately the same �48.84 and 51.17 ms, respectively�. In

contrast, when the system is in state 2, it can transition back
and forth between 2 and 1� at higher frequency; the mean
times from 2→1� being 9.65 ms and that from 1�→2 being
0.99 ms. Figure 7�b� shows an example where the contact
configuration fluctuates between three discrete states. A
closer examination of these fluctuations reveals that the fluc-
tuations always occur between states 1↔2 or between 2↔3
�except for the solitary initial jump to an intermediate state at
the beginning of the Markov chain�; the corresponding three-
state Markov model with mean times for transitions between
various states is also shown in Fig. 7�b�. This example illus-
trates the existence of two energy barriers of comparable
height that are available relative to state 2, and across which
the system fluctuates either between 1↔2 or 2↔3.

To summarize, it is emphasized that the observed transi-
tion sequences in Figs. 3 or 4 describe the behavior of a
contact under strain perturbation as a single atom is being
controllably extracted from it. Whereas the universality of
the transition sequence is illustrated by observation of simi-
lar behavior in different metallic systems �Au, Cu, and Ni�,
its repeatability was confirmed by consistently observing the
same transition sequence over a large number of traces, using
Au �243 complete traces and several hundred additional par-
tial traces where the contact broke abruptly�. The conduc-
tance histogram over all the traces is shown in Fig. 8�a�;
various peaks �green� in the histogram were fitted with
Gaussian distribution �blue�. As a comparison, the conduc-
tance histogram for the single trace shown in Fig. 3�a� is also
included as an inset in Fig. 8�a�. The variations in the ampli-
tude of conductance fluctuations versus contact diameter �in
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FIG. 5. �Color online� �a� A long-duration
conductance trace of a gold point contact in the
region of mechanical instability as it transitions
from a two-atom to a single-atom contact.
Zoomed views show various profiles of random
telegraphic noise at different sections along the
trace. The trace was measured at �243 K. �b�–
�c� Illustrative examples of random telegraphic
noise in gold point contacts in the region of me-
chanical instability at �243 K. �b� A two-level
random telegraphic noise train along with a sche-
matic �red curve�. The two-state Markov model
shows an approximately equal mean time to tran-
sition from state 1→2 �1.23 ms� and from state
2→1 �1.25 ms� over the entire length of the Mar-
kov chain. �c� A metastable contact that slowly
configures between two discrete conductance
states �shown in red in the schematic� over which
a high-frequency telegraphic noise �shown in
green in the schematic� is riding.
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terms of Go� is statistically summarized for the entire set of
measured traces �complete and partial� in Fig. 8�b�. Confirm-
ing the visible traits of the observed conductance traces such
as those shown in Figs. 3 and 4, Fig. 8�b� shows a marked

suppression in amplitude of conductance fluctuations at
�0.9, 2.1, and 3 Go, corresponding to the maxima in trans-
mission probabilities in stable contacts; the observed behav-
ior is also in qualitative agreement with previous studies32–34
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1 2
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1’ 2’

1.00 ms

0.49 ms

(b)
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2 (2.19Go)
1’ (2.19Go)

1

2 2’ (2.36Go)

(c) 2.23Go

2.15Go

FIG. 6. �Color online� Examples of amplitude
modulation in mechanically unstable contacts,
along with schematics of the telegraphic noise.
Various two-state Markov models correspond to
high-frequency telegraphic noise �shown as green
in the schematics� for each segment �high and
low conductance states� of the low-frequency
noise �shown as red in the schematics�. �a� The
Markov models for different sections of the trace
obtained from a Au contact at �243 K reveal a
large variation in mean time to transition from
2→1. In contrast, the mean time to transition
from 1→2 remains essentially unchanged. �b�
Example of amplitude modulation in a Ni point
contact at 266 K and 1 T. �c� Same Ni contact as
in �b�, which eventually collapses into a new two-
state metastable configuration. See text for
explanation.

G
/G

o

Time
1 2
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51.17 ms
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1 1’ (1.23Go)
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12.83 ms

3
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FIG. 7. �Color online� �a� Example of frequency modulation in a mechanically unstable Au contact at �243 K, along with a schematic.
This Markov chain is best modeled as a two-class �I and II� system, with class “I” having two states �labeled 1, 1�� and class “II” having a
single state �labeled 2�. The two different states �1 and 1�� within class I are represented by the same color �orange� in the Markov model.
�b� An example of a mechanically unstable Au contact at �243 K, along with a schematic. In this Markov chain, the contact configuration
fluctuates between two different states �1 and 3� relative to state 2. This example is best modeled as having three classes �I, II, and III�, with
each class having a single state �labeled 1, 2, and 3, respectively�.
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and highlights the robustness of the present technique. The
minima in Fig. 8�b� match well with the corresponding peaks
for stable contacts in the conductance histogram, as shown

by the dotted �orange� lines running from Figs. 8�a� and 8�b�.
Additionally, in Fig. 8�a� peaks labeled � and � correspond
to stages � and � shown in the conductance traces in Fig. 3.
Note that the statistical analysis is well suited to describe the
position of the quantized values. However, it is not designed
to capture the time-resolved transient behavior shown in
Figs. 3–7, such as the two level fluctuations.

IV. CONCLUSIONS

To conclude, a simple and straightforward technique
based on differential coefficient of thermal contraction has
been developed to study quantum point contacts under strain
perturbation; no movable mechanical parts or piezodrivers
are needed. The method offers the ability to controllably ex-
tract a single atom from a given point contact, enabling
mechanistic study of transition structure between adjacent
conductance plateaus. The transition involves two stages
where conductance fluctuates due to partially open channels.
These stages are separated by an intermediate stage charac-
terizing mechanical instability of the contact. The mechani-
cal instability manifests as random telegraphic noise arising
from fluctuations of a metastable contact between discrete
configurations having slightly different transmission prob-
abilities. The universality of the observed transition sequence
is illustrated using three different metallic systems. The tech-
nique can be easily applied to study more complex ferromag-
netic atoms where spin-split states are expected, molecular
electronics, mechanics of molecules, and thermally activated
processes such as thermal fluctuations of spins states across
magnetic atoms, or thermally assisted domain-wall fluctua-
tions.
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