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Conductance fluctuations in metallic nanocontacts
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It has been reported that conductance fluctuations in noble and monovalent metals nanocontacts oscillate
with conductance, showing minima near integer multiples of the conductance quantum. Most observed features
were reproduced by means of a model based on the Landauer-Biittiker approach, but the enhancement of the
peak at conductances smaller than one quantum. Numerical simulations on metallic constrictions suggest that
this enhancement could be a consequence of the large changes that disorder introduces at the conductance
onset. Besides, our analysis shows that while the mentioned model does not apply to the case of wide contacts
(large conductangewith relatively strong disorder, it satisfactorily works when disorder is weak, indicating
that quantum suppression of fluctuations is also possible in this case.
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[. INTRODUCTION hand,A is a constant that depends on the bias voltage, sev-
eral metal paramete(§ermi velocity, elastic scattering time,

) X . rbtc) and the geometry of the constriction. Actually,was
techniques actually used to investigate transport through Medjusted in Refs. 5 and 6 to fit the experimental data. If, at

tallic nanocontact$.The method consists of breaking a me- any value ofG, all channels but one have transmissions
tallic wire and, by means of a piezoelectric element, makingyhose values are either 0 or 1, this equation is a periodic
a contact with the desired conductance. The piezoelectriginction of the conductance which vanishes whenever the
element then allows one to smoothly vary the size of theconductance is an integer multiple of the conductance quan-
contact and measure how the conductance falls down as th@m (G=mG,) and shows maxima &=(m+2/3)G,. Equa-
wire is pulled apart. Despite the great variability inherent totion (2) was used to successfully interpret the oscillating
this technique, conductance histograms of noble metals shostandard deviations observed in noble and monovalent met-
peaks aG=mG,, whereG,=2€?/h is the conductance quan- als, although failed in describing an enhancement of the
tum andm=1,2,...,2 suggesting that channels contributing maximum that shows up & < G,.>® This enhancement, al-
to the current are almost fully openéd. beit weak, was clearly observed in gdfd(at several bias
More recently, the combined statistical analysis of the voltages, see Ref.)6silver and less sharply in copge®n
conductance and its derivative with respect to the bias voltthe other hand, interpreting the standard deviation for triva-
agedG/dV, measured over hundredsr even thousand®f  lent metals, which steadily increases w@hby means of Eq.
experiments, provided a tool to investigate the degree of2) requires assuming that several channels with randomly
opening of transmission channels contributing to the currentthosen weights contribute to the currérBince the experi-
The results indicate tha#G/dV varied randomly(both in mental and theoretical work of Ref. 5, the technique has
sign and magnitudeobeying a bell-shaped distribution with became standard in identifying the number of open channels

The so-called break junction is one of the most commo

a standard deviation, in a variety of system&?
| > 5 In this work we present extensive numerical calculations
aev=\{(dGIIV)) = (Gl V) (1) of conductance fluctuations in constrictions with a small
that, for noble metals, shows minima near integer values ofmount of disorder. The use of a single orbital per lattice site

the conductancas makes our model closer to monovalent metals than to any

The authors of Ref. 5 developed a model based upon tht‘éls‘f' T?ﬁ result_s for tdllsc(ero[[ered I:jamlnlconstrlcttlonst are Cto?ﬁ"s'
Landauer-Buttiker formalisfrthat led to the following result ent with experimental data, and allow us fo interpret the

o bove-mentioned enhancement in terms of the rather large
for the standard deviation: a . .
changes that disorder may introduce near and below the band
_ 204 _ bottom (or the conductance ongefThis is a rather general
Tev=A \Y nz; N JECLY @ result that should be valid in a wide variety of cases. Besides,

our results for conductance fluctuations in stripes show that,
whereT, is the transmission probability of chanmendN  when disorder is sufficiently weak, fluctuations do also show
is the total number of conducting channels. On the otheminima near integer values of the conductance.
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H=2X ¢-tX &g, 3
i €ij)
where the operatot; destroys an electron on siiewith
energye;. All hopping integralg are taken equal to (here-
after taken as the unit of enenggnd restricted to nearest
neighboring sitegindicated by the symbol$).

The Kubo formalism'®!! was used to calculate the con-
ductance and the conductance eigenchant@efr a current
propagating in the-direction, the static electrical conductiv-
ity is given by

G=- 2(%)Tr[(ﬁﬁx)lmQ(E)(ﬁﬁx)lm@(E)], (4)

where the velocitycurreny operatoro, is related to the po-

_ FIG_. 1. Atomic arrangement in one of t_he nanocontacts used WQition operator % through the equation of motiorio,
investigate conductance fluctuations. In this particular case the con-

striction is a 77 square. The cluster is connected to semi-infinite=LH,X], H being the Hamiltonian. Due to the simple form of
stripes of width 5the maximum width of the cluster shown in the %0y *° only the matrix elements of the Green’s function be-
figure) on the left and right sides. The ten vacancies in a particulatween the left- and right-end slabs of the cavity have to be
realization of disorder are clearly visible. calculated. This procedure saves a great amount of comput-

Il MODEL AND METHODS ing tlm’e. In’Q(E) is obtained from the advanced and retarded
Green’s functions

A. General considerations

When a wire is pulled apart very complex atomic rear- ImG(E) = l.[QR(E) -GNE)]. (5)
rangements occur that are surely largely different from one 2
experiment to another. This is the source of the observetthe matrix elements of the retarded Green’s function are
fluctuations. A detailed microscopic description of a singlegiven by
breaking process will require expensive molecular dynamics
calculations. Besides, hundreds of them would be needed to [El -H -3,(E") -3(ENIGRE) =1, (6)
attair|1 a minimallﬁl trustfabk; statistic”s. Here we afdcr)]pt a mucr&vhereE*inm{; o+(E+id) ands, (E*) are the retarded self-
simpler approach. We fix the overall geometry of the system . PR * . .
and introduce disorder by randomly distributing a number o{energ|es matrices introduced by the left and right semi-

vacancie¥ in either the constrictiorgsee Fig. 1 or in alL infinite leads.
A : 9- . Simulations were carried out on constrictions such as that
X L region in the case of the stripe. Averages over a suffi-

ciently large number of realizations of disorder can then b of Fig. 1 with N, vacancies randomly distributed over the

easily carried out. ?Nhole region. Vacancies were introduced by takéwge for

An additional approximation used in this work is to re- 1=1,... N,. Constrictions of widtfL (all lengths are given
lace the bias voltgpe derivative of the conductaisee E in units of the lattice constantvith N, vacancies distributed
P ; /oltage de A 9 over aLxL region were also investigated. Semi-infinite

(1)] by its derivative with respect to the energy. In the

. i . o leads of widthL were connected at left and right sides of
present casea tlght-blr_1d|ng calculatlo)"lbo_th _c0|nC|de. BUt’ those regions. In order to make feasible including a large
even in the hypothetical case that ah initio calculation

would be feasible, the results of Ref. 4 support this approxi—number of realizations of disordel, was fixed at S(some
mation. Specifically, it was shown in Ref. 4 that the) checks with larger systems were also carried).otihe en-

. . ergy was varied in steps of 0.0Qaf the order of the mean
numerical results for Au and Al nanocontacts derived from devel spacing folL=51). The derivative with respect to the
full nonequilibrium treatment of the problem and those Ob'energy E was calculat.ed by taking alsAE=0.001. The
tained by integrating the result fo¥=0 over the energy e

V/2 Vi2] al ¢ coincided for low bi it results were averaged over at least 1000 realizations of
rgnge[ Vi2], alimost coincided for low bias VORages g4 qer, This allowed us to build up histograms with more
(in the case examined in Ref. 4 fatlower than 3 V. Fi-

v th ¢ imulai is th than one million points and conductances in the ra@ge
nally the most crude aspect of our simulations is the way we- 5 _ g5 (wider ranges were also occasionally explgred
vary the system conductance. In the experimé&ishanges

as the wire is pulled apart. Here, instead, we vary the energy
from the conductance onset up to a given energy which de- ll. RESULTS
pends on the maximum conductance to be explored. -
A. Nanoconstrictions
B. Hamiltonian and conductance calculations Figure 2 shows the results obtained on a constriction such
The model we use is described by means of a tightas that of Fig. 1 with ten vacancies randomly distributed over

binding Hamiltonian with a single atomic level at sites of thethe whole system. The conductance histogram shows peaks
square lattice, near integer values of the conductance in agreement with the
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FIG. 3. As Fig. 2 with two vacancies in the region depicted in
FIG. 2. Conductance fluctuatioa) and conductance histogram Fig. 1. In this case the thick line i@) corresponds to the numerical
(b) in a nanocontact such as that of Fig. 1 with ten vacancies ranresylts derived from Eq2) with A=15.
domly distributed in the region depicted in the figure. Averages
were taken over the energy ranjget, —1] and 1000 realizations of ~conductance histogram increases steadily W@itand is quite
disorder. The thick line ifa) corresponds to the numerical results different from those observed in the nanoconstrictions dis-

derived from Eq(2) with A=10. cussed above. Fluctuations show a peak at a conductance

experimental data for nanocontabfhere are, however, im- smaller tharGy and then decreases steadily. This behavi_or is
portant differencesrelative peak height and peak positipns C!early not reproduced by E). Although the agreement is,
that are likely due to actual atomic arrangemaite possi- " general, rather poor, the most dramatic difference is the
bility of chain formation, see Ref. 33and band structure peak below one conductance quantum. As the conductance
effects not taken into account by our simple model. Fluctuaincreases the difference between the two sets of data de-
tions are also in line with data for noble metals, including thecreases, and both remain fairly constaiaithough one
enhancement of the first conductance peak, although in thglightly increases withG while the other decreasesdlt is
results shown in Fig. 2, this is more pronounédd.order to ~ worth noting that increasing the number of vacandies
check whether this difference is related to the amount ohave gone up to 200 vacancies in the same square negion
disorder introduced in the calculation, we have carried out @loes not change the qualitative features of Fig. 5. We have
similar calculation with two instead of ten vacancies. Thechecked that the origin of the peak below one conductance
results shown in Fig. 3 clearly indicate that this may in fact

be the case. Now the first peak is only 20% higher than the 20
second peak.

In the upper panel of Figs. 2 and 3 we also plot the results
obtained by inserting the computed eigenchan(tedmsmis- 15+
sion probabilitiesT,, for each channeh) in each realization
of disorder into Eq(2) and averaging over realizations. It is

clearly noted that Eq2) fails in reproducing the enhance- \6{" 10|
ment of the first peak in the conductance fluctuations, lead- ©

ing to fluctuations maxima that monotonically increase with
conductance. Trying to identify the origin of this enhance- 05 |

ment seems worthwhile. In Fig. 4 we show the conductance
versus energy for two realizations of disorder in the nano-
constriction of Fig. 1 with ten vacancies. It can be clearly
noted that just around the conductance onset there are large 0.0
differences between the two realizatiqivsdicated by an ar-
row in the figurg caused by the strong perturbations intro-
duced by vacancies. This is surely the cause of the enhance- FiG. 4. Conductance versus energy in the nanocontact of Fig. 1
ment of the first peak in Figs. 2 and 3, and may help infor two realizations of disordeten randomly distributed vacancies
attaining a full understanding of the experimental results. were included in the region depicted in Fig. The large changes in
the conductance just at ong@harked with an arroyvhave to be
noted. These are likely the origin of the enhancement of the peak in
The results for a stripe of width 51 with ten vacanciesfluctuations that show up for conductances smaller than a conduc-
distributed over a 5X 51 region are shown in Fig. 5. The tance quantunisee Figs. 2 and 3 and tgxt

4.0 3.6 32
ENERGY (1)

B. Stripes
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FIG. 5. Conductance fluctuatiofa and conductance histogram  FIG. 6. Conductance fluctuatiogs) and conductance histogram
(b) in a stripe of width 51 with ten vacancies randomly distributed (b) in @ stripe of width 51 with the energies of the atomic orbitals in
in a 51x51 region. Averages were taken over the energy rangé 51X51 region randomly distributed over the range
[-4,-3.3 and 1000 realizations of disorder. The thick line(@  [~0.05,0.03. Averages were taken over the energy rangé,
correspond to the numerical results derived from Bj.with A —3.8] and 4000 realizations of disorder. The thick line(@ corre-
=50. sponds to the numerical results derived from E®) with A

=1000. The unit of energy is the hopping integral
quantum is, again, the strong conductance variability around

the conductance onset, as illustrated in Fig. 4. by means of a simple one-orbital tight binding model. Our
Apparently, the results of Fig. 5 would suggest that thergegyits for nanoconstrictions indicate that fluctuations oscil-
is no quantum suppression of fluctuations in wide Nanoconpte with conductance showing minima near integer mul-
tacts where a large number of channels may be opened, fiples of the conductance quantum in a manner similar to
agreement with the results of Ref. 15. In order to furtherexperimental observations and to the results derived from a
investigate this question we have carried out simulations fopgdel based upon the Landauer-Bittiker appréaBasides,
a stripe with a very weak Anderson disorder. In particular wegyr results show an enhancement of the first fluctuation peak
chose the energies of atomic orbitals at all siéewithin @ that, being in qualitative agreement with experimental results
51x51 region, randomly over the rane0.05,0.03. The  for gold and silver, is not accounted for by the model of Ref.
results are reported in Fig. 6. Quantum suppression of flucs. Qur analysis indicates that the origin of this enhancement
tuations at integer values of the conductance is now clearlynay likely be due to the large effects that disorder introduces
observed. Fluctuations oscillate in a manner similar to th%t the conductance onset. On the other hand the results for
results derived from Eq2) also shown in the upper panel of weakly disordered stripes do also show quantum suppression
the figure. The rather noisy numerical results are probablyf fluctuations at integer values of the conductance. Instead,
related with a characteristic of the histogram shown in then stripes with relatively strong disorder, fluctuations show a
lower panel of Fig. 6: The number of points in the histogrammaximum at a conductance smaller than one quantum, de-
whenG varies over the rangeaGy—(m+1/2)Gy is exceed-  creasing almost monotonically thereafter. The latter behavior

ingly low. In any case, the suppression of conductance flucis not reproduced by the simple expression of Ref. 5.
tuations near integer values of the conductance in systems

with a large number of conducting channels is clearly illus-
trated by these results. ACKNOWLEDGMENTS
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