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Effect of disorder on the conductance of a Cu atomic point contact

D. J. Bakker,* Y. Noat,† A. I. Yanson,‡ J. M. van Ruitenbeek
Kamerlingh Onnes Laboratorium, Universiteit Leiden, Postbus 9504, 2300 RA Leiden, The Netherlands

~Received 8 January 2002; published 29 May 2002!

We present a systematic study of the effect of the disorder in copper point contacts. We show that peaks in
the conductance histogram of copper point contacts shift upon addition of nickel impurities. The shift increases
initially linearly with the nickel concentration, thus confirming that it is due to disorder in the nanowire, in
accordance with predictions. In general, this shift is modeled as a resistanceRs which is placed in series with
the contact resistanceRc . However, we obtain differentRs values for the two peaks in the histogram,Rs being
larger for the peak at higher conductance.
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I. INTRODUCTION

Quantum point contacts~QPC’s! are constrictions in a
conducting material whose size is of the order of the Fe
wavelength of the electrons. The first quantum point conta
were fabricated in a two-dimensional electron gas~2DEG! in
a semiconductor heterostructure.1,2 Their conductance exhib
its a series of steps as a function of constriction size. T
plateaus in between these steps are positioned at integer
tiples ofG052e2/h'(12.9 kV)21, the quantum of conduc
tance. This phenomenon is explained as a consequence o
quantization of the electronic energy levels, resulting fro
the confinement of the electrons in the direction perpend
lar to the current. Signs of quantized behavior were also s
in the conductance of quantum point contacts made fr
metals.3–5 When a thin metallic wire is slowly broken, it
conductance as a function of contact size shows smooth
teaus, alternated by steps of the order ofG0. In this case,
however, the plateaus are not necessarily horizontal or p
tioned at integer multiples ofG0. Moreover, when the two
wire ends are pressed together and broken again, the pr
shape of the trace differs from trace to trace. In order
obtain fully reproducible results, a histogram is often crea
by projecting each conductance trace onto the conducta
axis and adding the contribution of several thousands
traces. For many metals, the histograms show well-defi
peaks which represent preferred conductance values.

The physical origin of these peaks has been deba
heavily,6 especially the question whether they are indeed
lated to the quantization of electronic energy levels or rat
to the discrete and abrupt changes in the cross-sectional
of the nanowires, which are caused by the fact that the c
tact must change its size by at least one, discrete, atom
was shown both experimentally, by force measuremen7

and theoretically, by numerical simulations,8 that steps are
correlated with atomic rearrangements of the contact. Th
plateaus in the conductance traces correspond to s
atomic configurations. Apart from its geometry, the cond
tance of such a configuration is determined by the cond
tance of individual atoms of the metal under investigation
was shown9 that the conductance of a one-atom point cont
is governed by the nature of its valence orbitals. F
monovalents-metals such as Na, Cu or Au, a one-atom co
tact has a conductance of nearly 1G0. On the other hand
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transition metals such as Ni, Pd or Pt, which haved-valence
orbitals, have a one-atom conductance of the order of 1.6G0.

In experiments on both semiconductor QPC’s~Ref. 1! and
QPC’s made of monovalents-metals it has been observe
that the quantization of the conductance is never perfect:
peaks in the histograms are shifted below quantized va
mG0 (m51,2,3,. . . ). In metallic point contacts, such
shift has been observed in gold,10,11 sodium,12 silver,11 and
copper.11 Two possible origins of the shift have been di
cussed in the literature. It has been attributed to disor
either in the leads to the contact,1 or in the contact itself.13–15

In all cases, a model was adopted in which the shift is
counted for by an ‘‘extra’’ resistanceRs that is placed in
series with the true contact resistanceRc . Gc[1/Rc is as-
sumed to be an exact integer multiple ofG0, and it is then
straightforward to determineRs from the histograms. Typica
experimental values are 400V for a 2DEG,1 100 V for
sodium,12 100–500V for gold,10,11 500 V for silver,11 and
700 V for copper.11

In all theoretical studies into disorder in QPC’s, addi
disorder resulted in a downshift and smearing of the peak
the conductance histogram. In the work of Garcı´ a-Mochales
et al.,13 for example, the nanowire was simulated by a tig
binding model. The disorder is introduced by random on-s
energies, while the overlap between atomic orbitals is
scribed by a hopping term between sites. The conducta
was calculated as a function of the Fermi energy, while
geometry was kept constant. A histogram was then c
structed, which showed peaks that were indeed shifted.
series resistance~calculated by fitting the best resistanc
value centering simultaneously all peak maxima at the c
responding integer values ofG0) were found to range from
about 10V for small disorder to 1000V for large disorder.

Bürki et al.15 used a 2D-free electron model, with a p
tential term in the Hamiltonian describing randomly distri
uted impurities. The neck of the constriction in the nanow
was elongated, while keeping the Fermi energy constant.
histogram exhibited downshifted peaks that could be po
tioned at integer multiples ofG0 by subtracting a series re
sistance of 525V.

Thus, while several authors have studied disorder
QPC’s from a theoretical point of view, very little exper
mental study was devoted to it. Ludophet al.16 studied con-
ductance fluctuations as a function of bias voltage in atom
©2002 The American Physical Society16-1
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size contacts for pure metals. A consistent explanation
obtained in terms of scattering of the electrons on defe
near the contact and interference of various electron p
with the reflected wave at the contact itself. The values
tained for the elastic scattering length,l e , were used to esti-
mate an effective series resistance that would result from
scattering, and this resistance was found to be in agreem
with the observed shifts in the conductance peaks near 1
3 G0 for Cu, Ag, and Au. On the other hand, the shift of t
second peak was much larger and this led Ludophet al. to
propose that the origin of this peak may be a prefer
atomic configuration, rather than conductance quantizat
Li et al.17 studied the influence of the presence of adsorb
molecules such as nitrogen or ethanol on the conductanc
a gold nanowire. Plateaus are still observed in individ
conductance traces, but their positions scatter more, resu
in a smearing of peaks in the histogram, which depends
the strength of the adsorbate used. This effect is interpr
as a result of the scattering of conduction electrons by
adsorbate molecules. It is noted that the first peak is
affected than the others.

The work presented here is an experimental study of
effect on conductance histograms of various levels of dis
der. For this purpose, we have measured the histogram
copper–nickel alloys for various nickel concentrations, a
compared them to the histogram of pure copper. The
order in the point contact increases with the nick
concentration.

II. EXPERIMENTAL METHOD

Our samples are wires made of random alloys of cop
and nickel. Two reasons have motivated the choice for
alloy: First, its phase diagram is particularly simple, copp
and nickel being completely miscible in all concentration
Second, the histograms of copper and nickel are very dif
ent, as will be shown below. This makes it easy to recogn
whether increasing the nickel concentration changes the
togram in a qualitative way, which would make it impossib
to see the nickel atoms as impurities in the copper lattice
whether it induces only quantitative changes, e.g., a shif
the peaks in the copper histogram.

The nickel concentrations used are 1, 10, 25, 35, 45,
50 at %. The required amounts of copper and nickel w
melted at 1500 °C. The alloys were pulled into wires with
diameter of about 200mm, which were subsequently an
nealed for 24 h at 900 °C. Metallic contacts of atomic s
were then obtained by using the so called Mechanically C
trollable Break Junction~MCBJ! technique. A piece of wire
is notched in the middle and glued on a bendable phosph
bronze substrate by two drops of epoxy. The sample is in
lated from the substrate by a layer of kapton foil, and fo
measurement wires are connected to it with a conduc
glue. The sample is first cooled down to 4.2 K and th
broken in vacuum (1025 mbar at room temperature! by
bending the substrate. The bending is achieved by press
piezo element against the substrate by means of a differe
screw. The high vacuum provided by the low temperat
ensures atomically clean contacts after rupture. The two e
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trodes are then brought back into contact and their separa
is controlled using the piezo element. In this way, the d
placement between the two electrodes can be controlled
a precision of the order of 0.01 Å. The wire is broken a
brought back into contact repeatedly by applying a sawto
voltage to the piezo element. During the breaking stages
rent and voltage over the sample are measured. A histog
is build from approximately 3000 individual conductan
traces. To ensure reproducibility, for each alloy at least t
different samples were measured, while the contact w
regularly ‘‘renewed’’ by pressing the electrodes deep in
each other.

III. RESULTS

In Fig. 1, the histograms of the pure elements Cu and
and those of the copper alloys containing 1%, 10%, 25
35%, 45%, and 50% nickel are presented. These meas
ments were done using a bias voltage of 10 mV. Topmost,
histogram of pure copper is shown. It is obtained by aver
ing ten histograms made on four different samples of p
copper. Three peaks can be distinguished, positioned at
ductance valuesG51.0 G0, 1.7 G0, and 2.7G0. The first
peak has a higher amplitude and is sharper than the oth
Close inspection makes clear that this first peak is actu
slightly below 1G0. At the bottom of Fig. 1, the histogram
of pure nickel is shown. It is very different from the copp

FIG. 1. Averaged conductance histograms at 10 mV bias. F
top to bottom: pure copper, copper alloys containing 1%, 20
25%, 35%, 45%, and 50% nickel, and pure nickel. The area be
the curve, corresponding to the total number of counts, has b
normalized. Histograms were shifted along they-axis for clarity.
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EFFECT OF DISORDER ON THE CONDUCTANCE OF A . . . PHYSICAL REVIEW B65 235416
histogram; it exhibits a broad first peak centered around
G0, and a second, even broader, structure centered ar
3.1 G0.

Looking at the histograms of the alloys, it is remarkab
that for all nickel concentrations the histograms resemble
histogram of pure copper; in particular, they have a first p
a little below 1 G0. Indeed, for biases lower than 200 m
and for nickel concentrations up to 50%, there is no sign o
‘‘nickel’’ peak at 1.6G0. We give a possible interpretation o
this effect in the next section. The second peak disapp
rapidly when one increases the nickel concentration, du
shifting and broadening. With increasing nickel concent
tions, three things can be seen to happen to the other pea
the histogram: broadening, decreasing in amplitude,
downshifting. The width and height of the first peaks in t
histogram are plotted in the right and left panel of Fig.
respectively. As can be seen, the amplitude of the peak
creases monotonously with Ni concentration. This can
explained as the result of increasing disorder. The diso
leads to slight variations in the last-plateau conductance
different scans. These variations cause the different plate
to fall into different bins on the conductance axis, thus ca
ing less high peaks in the histogram. The same effect g
rise to the broadening of the peaks that is observed for
concentrations up to 35%. Above this concentration,
width decreases to a minimum at 45%, after which it
creases again. Figure 2 also shows that the results repro
for different biases. The main feature observed in Fig. 1
the shift towards lower conductance values of the first a
third peaks in the histogram. In Fig. 3, the series resista
corresponding to this shift is plotted as a function of t
percentage of nickel in the alloy. Note that we do not cal
late the shift with respect to integer multiples ofG0, but
relative to the measured positions of the corresponding pe
in the histogram of pure Cu. Results again reproduce
other biases. The shift increases roughly linearly with nic
concentration, up to 35% nickel. Two surprising features
Fig. 3 must be noted. First, the series resistance is not
same for all the peaks in the histogram. Instead, the re
tance corresponding to the shift of the third peak is roug
two or three times higher than the corresponding values
the first peak. The same conclusion can be reached w

FIG. 2. Dependence on Ni concentration of the height and w
of the first peak in the histogram for several biases.
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considering the resistance necessary to bring the first
third peaks of the pure copper histogram to the correspo
ing integer multiples ofG0, namely, 60620 V and 460
660 V, respectively. This is in agreement with earli
findings,11 but contradictory to the widespread practice
bring all conductance peaks to integer multiples ofG0 by
subtracting a constant series resistance. The second su
ing feature of Fig. 3 is the decrease of the shift for Ni co
centrations higher than 35%. This decrease correspond
the decrease in width that was already noticed in Fig.
Again the minimum is at 45% Ni. We discuss a possib
interpretation of this effect in the next section.

IV. DISCUSSION

The main difference between the histograms of cop
and nickel, as shown in Fig. 1, is the position of the peaks
particular, whereas copper shows a sharp first peak ne
exactly at 1G0, nickel has a broad first peak centered arou
1.6 G0. In both cases, however, it seems reasonable to
sume that the first peak in the histogram corresponds to
smallest possible contact: only one atom bridging the g
between the electrodes. This is supported by the fact tha
conductance invariably drops sharply to zero at the end
the plateau at;1 ~Cu! or ;1.6 G0 ~Ni!. The difference in
conductance between the different kind of atoms can be
plained by taking into account their valence orbitals. As
ready mentioned in the Introduction, copper has one sph
cally symmetric s valence orbital, whereas the valenc
orbitals of nickel ared-type. It has been shown9 that for
monovalents-type metals there is one, almost complete
opened, conductance channel per atom, which gives rise
1-atom conductance of nearly 1G0. In contrast, the five
valence orbitals of ad-metal give rise to five partially
opened channels, with a total conductance in the rang
1.5–2.5G0.

We noticed that the histograms for all the alloys resem
the histogram of pure copper; in particular, the first peak

h

FIG. 3. Series resistance corresponding to the shift relative
pure copper of the first and third peaks in the histograms for dif
ent nickel concentrations, at a bias of 10 mV. Axes are indicated
clarity.
6-3
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BAKKER, NOAT, YANSON, AND VAN RUITENBEEK PHYSICAL REVIEW B 65 235416
below 1G0, and the third is below 2.7G0. However, if we
very crudely model a contact of, e.g., Cu50Ni50 as consisting
of two pyramids touching each other in the apexes, such
there are two constricting atoms, 25% of all contacts sho
end in a Cu–Cu constriction, 25% should end in a Ni–
constriction, and 50% should have a Cu–Ni constricti
This raises the question why we do not see the influenc
the nickel atoms in the histogram of this alloy, apart from t
downshifting and smearing of its peaks. An explanation
this phenomenon might be that the Ni atoms do not take
in the forming of the contact. This might be due to surfa
segregation, which is known to lead to a very strong cop
enrichment of the surface layers in bulk Cu–Ni,18 due to the
lower surface energy of Cu atoms. Calculations for sm
Cu–Ni clusters19 show the same phenomenon; all the cop
atoms present segregate to the surface of the cluster. Al
atoms forming the contact in a MCBJ can be viewed as be
at the ‘‘surface’’, to the extent that their coordination numb
is less than in the bulk. Thus there might be a preference
Cu atoms to form the contact, which would lead to the a
sence of Ni peaks in the histogram of the alloy. Howev
this surface segregation takes place only at elevat
(.600 K) temperatures, while we performed our measu
ments at 4 K and at low~10 mV! bias, such that local heatin
of the contact is probably not sufficient for segregation
happen.20 Moreover, preliminary studies by molecular d
namics simulations21 do not show such a segregation b
tween Cu and Ni atoms in the contact. Possibly, however,
repeated contact indentation and breaking provides eno
mobility for the atoms to obtain some degree of segregat

Another possibility to explain the similarity between th
histograms of the alloys and that of pure copper is assum
that the conductance of Cu–Ni constriction is the same
that of a Cu–Cu constriction, namely, 1G0. For a contact of
Cu50Ni50 in the form of two pyramids, this would lead to a
least 75% of all last-atom contacts having a conductanc
approximately 1G0. Calculations to verify this are unde
way.

If the above picture is correct, adding nickel atoms inde
does not change the copper histogram in a qualitative w
Instead, the nickel atoms only act as scatterers for the e
trons in the banks to the contact. One would expect
amount of disorder in the banks to increase with the nic
concentration. In Fig. 3, it is shown that the series resista
increases approximately linearly with nickel concentrat
up to a nickel concentration of 35%. From this we conclu
that it is indeed the disorder in the nanowire, in the form
impurities, that causes the downshift of the peaks in the
tograms. This is in accordance with the results of the ca
lations cited above.

However, the sudden decrease of the series resist
when going to 45% nickel, accompanied by a decrease o
width of the first peak, suggest that the amount of disor
decreases when one increases the nickel concentration to
value. In order to compare with the behavior of bulk coppe
nickel, we have measured the bulk resistivity of the alloys
room temperature as well as atT54.2 K. Results are pre
sented in Fig. 4. It can be seen that the low-tempera
resistivity initially closely follows the RT resistivity and i
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linear with the nickel concentration. Upon going to 45
nickel, however, the low-temperature resistivity decreas
whereas the room temperature resistivity still increases,
though less than would be expected from a linear behav
The decrease in the shift of the peaks in the copper–nic
histograms therefore probably reflects the decrease is r
tivity of bulk copper–nickel. This shows that the origin o
the series resistance is probably in the banks to the con
and is not a~quantum mechanical! effect in the contact itself.
A likely explanation for the decrease is the onset of fer
magnetism in the nanowire. The ferromagnetic ordering w
decrease the amount of spin–spin scattering events by
creasing the magnetic fluctuations, even though the nic
concentration increases. As a matter of fact, bulk copp
nickel becomes magnetic at 4.2 K for a nickel concentrat
of approximately 45%.22 From Fig. 3 it can be seen that th
resistance tends to increase again when the nickel conce
tion is increased to 50%, which may be explained by assu
ing that once the alloy is ferromagnetic, the amount of d
order in it again increases with increasing nick
concentration. The inset in Fig. 4 shows the bulk mean f
paths for the electrons in several of the alloys, calcula
from the resistivities using the Drude model. An importa
difference between the bulk material and the quantum p
contacts is the behavior for low nickel concentration. It
well known that the resistivity of metals at low temperatur
depends sensitively on the purity of the sample. Thus,
mean free path in pure copper at 4.2 K will be much larg
than that in Cu99Ni1. On the other hand, the histograms
these two materials are nearly indistinguishable. This me
that in point contacts of both materials, the mean free pat
restricted by scattering from the surface and lattice defe
related to the geometry of the contact, rather than by im
rities. When the concentration of impurities is raised to 10
they start to have an appreciable effect. Thus, the mean
path in the contact region of a QPC of pure copper must
in between those in bulk Cu99Ni1 and Cu90Ni10, i.e., between
5 and 30 nm. This is consistent with results obtained ear

FIG. 4. Room temperature and low temperature~4.2 K! resistiv-
ity of the copper–nickel alloys as a function of nickel concent
tion. Inset shows the bulk mean free path, calculated from a Dr
model.
6-4
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EFFECT OF DISORDER ON THE CONDUCTANCE OF A . . . PHYSICAL REVIEW B65 235416
for quantum point contacts of copper,16 and with direct mea-
surements of conductance versus contact diameter in
QPC’s using a combined TEM-STM setup.23

From Fig. 3 a second important feature can be inferred
can be seen clearly that the series resistance is not the
for all the peaks in the histogram. The resistance necessa
shift the third peak in the histograms back to its value
pure copper is larger than for the first peak. The differen
increases with disorder. This effect is not accounted for
any of the calculations cited above. Possibly this differen
in behavior compared to the first peak can be accounted
by considering the fluctuations in Cu/Ni ratio for contacts
this size, or by a nonuniform Ni concentration due to a p
tial segregation of Ni atoms away from the contact area.

V. CONCLUSION

In conclusion, we have shown, first, that adding nick
impurities to copper leads to an increase of the shift a
smearing of the conductance peaks. This is evidence
disorder in the nanowires is a main source for the se
resistance, in agreement with several theoretical papers
to a nickel concentration of 35%, this shift increases roug
linearly with the nickel concentration. Second, when t
nickel percentage is increased further, the shift decrea
E
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The latter effect may be due to a ferromagnetic transiti
leading to a decrease of the resistance of the mesosc
banks. It was shown that the bulk resistivity of Cu–Ni alloy
follows the same behavior as the series resistance d
which is evidence that the series resistance finds its origin
the banks to the contact rather than in the contact its
Third, we have shown that one single series resistance is
sufficient to shift all the peaks in the histogram back to t
respective quantized values. Instead, it is found that the
ries resistance needed for the third peak is larger than tha
the first. Fourth, our measurements show that adding nic
impurities has remarkably little influence on the global sha
of the copper histogram, even if the nickel concentration
raised to 50%. To explain this, we suggest that a Cu–
constriction has approximately the same conductance a
Cu–Cu constriction, or that there is a partial segregation
Ni atoms away from the contact.
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