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Quantization efFects in the conductance of metallic contacts at room temperature
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We present measurements on conductance quantization in atomic scale metallic constrictions at
room temperature. Conductance measurements as a function of constriction size reveal pronounced
horizontal plateaus separated by sharp discrete steps. Most individual conductance plateaus are
close to integer multiples of the fundamental conductance unit but de6nite deviations are also
present. After averaging over many contact con6gurations, conductance quantization is seen clearly
and more prominently than in similar recent low temperature measurements on the same metals.

Few effects reveal fundamental constants in transport
measurements, and experiments which bring out these
constants are of fundamental importance. In recent
years, considerable attention has been focused on conduc-
tance quantization in controllable two-dimensional elec-
tron gas (2DEG) point contacts after the initial discovery
by van Wees et al. and Wharam et al. As a natural next
step a number of people have tried to produce small con-
trollable metallic contacts in order to investigate whether
these systems (with a much higher Fermi energy as com-
pared to the 2DEG systems) also exhibit the quantization
efI'ect. The results in the latter case, however, are more
complex and their interpretation is less straight-forward.
The reason is that while a number of experiments show
that the transition &om contact to tunneling where the
electrodes lose contact —takes place at 2e2/h, measure-
ments in the contact regime do not always show clear
horizontal conductance plateaus at integer multiples of
2e /h when the constriction size is varied. Often con-
ductance steps are observed which are not of the "right"
size and which link noninteger conductance plateaus. Re-
cent work has indicated that conductance quantization,
if at all present, becomes apparent only after averaging
over many contact configurations. This has been shown
clearly in measurements on sodium at 4.2 K (Ref. 6) and
also in room temperature work (see Ref. 7).

A related experimental problem is the stability re-
quired to maintain an atomic scale contact constant in
size. Often conductance traces have to be recorded in
milliseconds or less since the contact changes its size on
this time scale. Some experiments show gradual transi-
tions between conductance levels, possibly resulting from
this small recording time, while other experiments show
abrupt discrete steps. This has been the basis for some
controversy in the past since an abrupt conductance step
favors a difI'erent physical mechanism &om a gradual

transition.
"Conductance quantization" implies that the conduc-

tance is quantized in the fundamental unit of 2e2/h. This
quantum efI'ect is of similar importance as the quantized
Hall resistance in the quantum Hall efI'ect and the quan-
tized voltage increments in the ac 3osephson eKect in the
presence of radiation; the latter efI'ects are accurate to a
very high degree of precision and are therefore useful as
standards. An experimental claim of conductance quan-
tization must be accompanied by a range of validity and
an explanation should be provided for the obtained level
of precision. In this paper we show that the concept of
conductance quantization in small metallic constrictions
requires re6.nement. Our experimental results show that
the quantization effect in such systems can be very promi-
nent but is nonetheless not universally present. Compar-
ison with past measurements shows that the conditions
for the eKect improve with increasing temperature. A
Arm understanding of the deviations from conductance
quantization in these systems is of fundamental impor-
tance. We discuss specific mechanisms for these devia-
tions. The experimental data are in qualitative agree-
ment with recent theoretical results by Bratkovsky, Sut-
ton, and Todorov.

Contacts of gold and copper (99.99%) are adjusted
at room temperature with the use of the mechanically
controllable break (MCB) technique. A metal wire is
glued on a flexible substrate; it is fractured by bend-
ing the substrate after which adjustable atomic size con-
tacts can be established. This system allows for mul-
tiple contact formations and deformations. The main
operating principle is shown in the inset of Fig. 3. It
relies on a large reduction factor between the piezoelon-
gation and the electrode separation. The small section
between the two glue contacts ensures inherently stable
contacts or tunnel junctions. In contrast to previous work
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with MCB junctions these experiments are performed at
room temperature. In order to reduce surface contam-
ination the electrode material is &actured in a vacuum
system (10 Torr), which uses an oil-free absorption/ion
pump combination. Two-terminal conductance measure-
ments are performed by biasing the junction at 26mV
and recording the current during a variation of the con-
tact diameter. No qualitative difference in the recordings
was observed by lowering the bias voltage. After the &ac-
ture of the metal wire, the thus created electrodes are
carefully brought closer together in the tunnel regime,
until suddenly a large contact with a typical resistance of
100 0 is formed. This jump to a large contact allows us to
perform only conductance measurements with decreasing
constrictions. In our experiments the large contact cross
section is reduced in size by increasing the piezovoltage
until the conductance is about ten times 2e /h. At this
stage a long neck is drawn between the electrodes. The
piezovoltage is now 6xed and the contact is allowed to re-
lax by itself. The conductance decreases spontaneously
in time, presumably due to surface diffusion of atoms
away from the contact (i.e. , the neck becomes thinner
over time). This effect is shown for two contacts of gold
and copper in Fig. 1 in the last stages of the contact
while the conductance is measured with a sample rate
of 100Hz. Remarkably it appears that the conductance
attains specific values near n x 2e /Ii, with n an inte-
ger. Transitions between the levels occur abruptly. At
some point the neck becomes so thin that the two elec-
trodes can be bridged by a last single atom after which
a jump to the tunnel regime occurs and the conductance
becomes almost zero on the scale shown. This jump usu-
ally occurs near n = 1, and sometimes near n = 2 or
3. The length of the plateaus may differ for the various
conductance traces. In general, however, we observe that
copper contacts relax into the tunnel regime within 4 s,
and gold contacts within 9 s. Some plateaus show struc-
ture and intrinsic noise which considerably exceeds our
measurement accuracy. The noise amplitude is observed
to increase for higher n.

The integer conductance values of the various horizon-
tal plateaus such as those in Fig. 1 suggest the presence of
conductance quantization in Au and Cu at room temper-
ature. Caution is needed, however, in claiming this ob-
servation on the basis of individual traces, because apart
&om these integer values, in most conductance traces
plateaus can be found which are off, sometimes even
halfway, an integer value [see, e.g. , panel (c) in Fig. 1].
The abrupt steps between the plateaus are caused by sud-
den atomic rearrangements in the constriction. ' '"' In
each individual scan the precise atomic geometry of the
constriction is different and the scans do not reproduce
in detail. In order to give clear evidence for conduc-
tance quantization in these constrictions, we must show
that the integer conductance values prevail over noninte-
ger ones. To this end, a summation is performed over a
large number of conductance traces, thus sampling a wide
range of individual contact geometries. The only selec-
tion criterion for the traces was that the contact should
relax into the tunnel regime within 4s for copper and
9s for gold. Such a criterion was necessary because it
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FIG. 1. Conductance traces of gold, panels (a) and (b),
and copper, panels (c) and (d), showing clear plateaus sepa-
rated by abrupt discrete steps. After adjustment of a contact
with a conductance of about ten 2e /h, the contact sponta-
neously reduced its size. During the displayed time interval
the junction evolved from a few atom point contact to a tun-
nel junction after breaking. Both plateaus near integer values
and plateaus far o8' are shown to be present.

was noticed that typically 1 h after initial &acture the
traces became longer or the conductance remained con-
stant. At the same time arbitrary conductance values
between n = 0 and 1 were observed and it was possi-
ble to adjust the conductance to almost any value. We
attribute these efFects to contamination of the electrode
material by adsorbates which are forced into the material
by repeated contact formations and deformations. The
observed linear I-V curves of the selected contacts give
us confidence that these contacts are metallic.

A total of 72 gold and 78 copper measurements (four
samples of gold and three of copper) have been used to
construct a suitable sample set. A histogram of the ob-
served conductance values is shown in Fig. 2. The his-
tograms of the individual samples are very similar to the
ones shown here. Pronounced peaks around integer val-
ues of 2e /h are evident. Gold shows a narrow n = 1 first
peak clearly separated &om n = 2. For n & 2 a back-
ground starts to rise, but a number of peaks for n & 2
can still be resolved clearly. Copper behaves similarly
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FIG. 3. For a number of traces multiple plateaus can be
mapped onto integer values by subtraction of a constant re-
sistance from the data. This finding is in accordance with
similar experiments in 2DEG's. The inset shows a schematic
drawing of the MCB junction with A the bending beam, B'

the counter supports, C the notched gold or copper filament,
D the glue contacts, and E the piezoelement.
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FIG. 2. The histograms of gold and copper refIect data
of many conductance traces like the ones in Fig. 1. Both
histograms are obtained from several MCB junctions. The
fundamental unit 2e /6 is divided into ten sections; the total
number of data points of all traces in a specific section is
represented by a bar. Prom this figure it is clear that there is
a preference for the quantized values.

to gold, although the first peak is somewhat wider and
not completely separated &om n = 2. These histograms
show that even in the absence of exact quantization in in-
dividual traces, the eKect can be recovered by averaging
over many diferent contact configurations. In contrast
to the present room temperature results, in recent MCH
experiments on Cu at 4.2 K, similar avera, ging revealed
peaks only near n = 1 and 3 and additional smaller peaks
at noninteger conductance values. ' The width of the
peaks shows that many plateaus occur at values just be-
low and above n x 2e /6, suggesting that the deviation
&om integers occurs randomly. However, a limited num-
ber of traces can be mapped exactly onto integers for
multiple plateaus by the subtraction of a constant resis-
tance value. This is shown in Fig. 3 where the plateaus
n = 2 and 4 fall exactly on the integer values after 315 0
is subtracted &om all data points. A similar correction
was used in the experiments on 2DEG semiconductor
devices.

So far, only the n & 5 conductance region has been
discussed. The behavior for larger conductance values is
shown in I"ig. 4 for a trace of gold and copper. As in
Pig. 1 an increase in noise is observed for larger n. At
these larger values the noise amplitude can easily exceed
2e /h, , which prohibits the assignment of specific plateau
values. Often, switching behavior occurs between two

neighboring conductance levels. Another type of noise
is observed to be more random (see left of the n = 7
plateaus in the copper trace). Noise due to the ther-
mal vibrations of the atoms will have a time period of
10 s and will not be resolved experimentally. Plau-
sible sources of noise are fluctuations in the geometry
whereby one or a few atoms switch between energeti-
cally equifavorable configurations. This mechanism will
depend strongly on temperature, consistent with the ab-
sence of noise at low temperatures.

We de6ne conductance quantization as a conductance
staircase with plateaus at integer multiples of 2e /6,
as opposed to simply conductance jumps between ar-
bitrary values. In the case of a perfectly homogeneous
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FIG. 4. These two conductance traces illustrate that the
noise level at a plateau increases for larger n.
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constriction of adiabatically varying cross section, each
electron propagating along the constriction stays in a
particular transverse state (channel). In this idealized
system the transmission coefIicients for all incident chan-
nels are either zero or one, and a quantized conductance
of n x 2e /h, where n is the number of propagating
modes in the narrowest part of the constriction, then fol-
lows &om the Landauer formula. Small imperfections in
the contact geometry will cause channel mixing, whereby
electrons in the constriction undergo scattering between
different propagating channels traveling in the same di-
rection. In that case the total conductance will still be
n x 2e /h, even though the transmission coeKcients for
individual incident channels may be fractional. In the
presence of larger imperfections, backscattering (tran-
sitions between states traveling in opposite directions)
may develop. Backscattering generally causes departures
from conductance quantization. In the jellium picture,
backscattering may result &om nonadiabaticity and ir-
regularities in the confining profile of the constriction.
In reality, backscattering may also result from defects in
the internal atomic structure of the contact. Theoret-
ically, internal disorder has been studied only recently
within a tight-binding model.

None of our traces show conductance quantization in
the strict sense, defined above. However, certain trace
segments come very close to showing the efI'ect, such as
the last three plateaus in panels (a) and (b) in Fig. l.
At low temperatures, no comparable horizontal plateaus
at integer conductance values larger than n = 1 have
been observed in individual traces. Furthermore, the
present room temperature histograms show a number of
peaks at integer conductance values, in contrast to cor-
responding low temperature results on the same metals.
At any temperature, in its mechanical evolution the con-

tact seeks energetically favorable geometries. At high
temperatures the higher kinetic energy of the atoms en-
ables the contact to explore a wider range of structures
in its search for the most favorable geometry. Recent
theoretical work shows that this has two important con-
sequences. First, the contact tends to become more uni-
form in cross section and shape. Second, internal struc-
tural defects, appearing during the evolution of the con-
tact, heal more rapidly, improving the crystallinity and
internal order in the contact. Both e8'ects improve the
conditions for conductance quantization and explain the
experimental observation that quantization occurs more
readily at elevated temperatures.

In conclusion, our room temperature results show
clearer signs of conductance quantization in individual
traces than seen in previous measurements. After aver-
aging over many contact configurations the efFect at room
temperature appears to be difI'erent from that at low tem-
perature, especially for n ) 1, where more peaks are ob-
served at integer conductance values. But we also find
persistent deviations from the efI'ect in individual traces.
These deviations carry important information about the
structure of small metallic contacts.
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