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Conductance quantization at room temperature in magnetic and nonmagnetic metallic nanowires
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This paper shows that conductance guantization at room temperature is a physical and reliable observation.
This is demonstrated by conductance histograms takind 2I000 consecutive nanowire conductance experi-
ments in Au at room temperature. On the other hand, conductance curves in Ni, a room-temperature ferro-
magnet, show staircase-quantized behavior, but the histograms do not show quantized peaks, most probably
due to the lifting of the spin degenera¢$0163-182@07)50108-1

Recent experimental results using scanning tunneling migered when the current signal crosses a predetermined value
croscopy (STM),*? mechanically controllable break with a predetermined slope; in the case of a breaking contact
junctions® and quantum table-top experiments using housewe are interested in signals with negative slope, i.e., the cur-
hold macroscopic wirds have shown conductance quanti- rent decreases as the contact breaks. At leagt 88mples
zation(CQ) in metallic nanowires at room temperatreT). per conductance curve are acquired and used to build the
Previous to these experiments, CQ was predictediistogram. This histogram isonstructed and displayed in
theoretically'’ in these nanostructures. Metallic nanowiresreal time The histogram parameters, center width and num-
(NW) are obtained by breaking a contact between two meber of bins, are adjusted to cover the experimental current
tallic electrodes. The contact does not break cleanly but isvindow. The raw histogram is lightly filtered, in real time
stretched into many nanofilameft3 At the last stages, one too, in order to avoid fictitious peaks due either to the differ-
thread remains, and quantum-mechanical effects take oveence between the vertical resolution of the current win@w
This happens in all the experiments mentioned aljovéf, bits=256 levels and the number of bins of the histogram, or
simultaneously to the formation, stretching, and breakage ao the digital electronics.
the NW, its conductance is measured, a staircase dependenceTypical conductance experiments for Aa) and Ni (b)
is found just before it breaks. Conductance histograms usinganowires are shown in Fig. 1, where the stepped behavior
up to 100—200 such curves have been reported showing CQf the conductance is quite apparent. The curves shown look
peaks. However, some criteria have been always used to seery similar. However, conductance jumps of abetth are
lect the conductance curves with which the histogram isobserved more often in nickel. These statements are based on
built. The metallic nanowire formation has been also prethe experience of seeing millions of curves for both metals.
dicted by molecular-dynamics simulatiohand recent scan- When reproducible conductance histograms corresponding to
ning electron microscopy and chemical analysis experimentthese elements are built, Au presents clear pgaks 2(a)],
have displayed it in real time as a macroscopic metallic conbut Ni does no{Fig. 2(b)]. In all the elements studied with
tact breaks:® this technique in our group up to ddimore than 1pwe find

In this work histograms built using allup to 12 000, steady and reproducible conductance histograms with a few
consecutiveonductance curves are presented for Au, Pt, anthousand curves. Evidence of this statement is illustrated in
Ni nanowires at RT. This is-100 times more than any pre- Fig. 2(a) where it can be observed that the features of the Au
viously reported experiments and without histogram sampldistogram are not modified when the number of samples
selection. The conductance histogram for Au at RT and in aichanges from 3000 to 12 000. In addition, the histograms
shows clear CQ peaks. The histogram for Ni electrodes doesbtained with our technique, using a few thousand conduc-
not show CQ peaks, even though the conductance showstance curves, are identical in different locations of the
stepped behavior, most probably due to the lifting of the spirsample. The experimental conditions for both histograms
degeneracy. presented in Fig. 2 are identical; the potential difference be-

The experiments are performed in a home-built STM attween electrodes €=90.4 mV and the electrode separation
RT in air. Two high-purity polycrystalline macroscopic elec- speed i =89 000 A/s.
trodes with a few tens of mV potential difference between The gold histogram presented in FigilaRhas been ob-
them, are brought in and out of contact. The current flowingained by subtracting 490 from the original data. This is
through is measured with a current-voltageV) converter due to backscattering of electrotfsThe value of the resis-
working at 16 gain (100-mV/uA, 3-us settling tim¢. The  tance quantifies the average disorder in the nanowire under
position of one electrode is fixed, while the other is movedthe experimental conditions. Evidence for this statement is
with a piezoelectric actuator driven with a triangular wave.twofold: Tight-binding calculations demonstrate that as dis-
The electrode speed is controlled by varying the amplituderder grows the amplitude of the quantum conductance step
and/or the frequency of this signal. The output of th&  decrease¥ This is displayed in Fig. 3, where histograms
converter (the current signalis measured with a LeCroy corresponding to conductance cunj€sg. 2(a) in Ref. 10
9354AM oscilloscope, with a 500-MHz bandwidth and a 5-Gfor nanowires with different degrees of disorder are shown.
sample/s sampling rate. The current data acquisition is trigThe parameteb in the figure is a disorder parameter. Notice
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FIG. 2. Conductance histograms fé® gold and (b) nickel

FIG. 1. Typical conductance curves fta gold and(b) nickel ~ Nanowires at RT and in air. The applied potential difference be-

nanowires at RT in air. The applied potential difference between thé~een the electrodes is 90.4 mV. The electrodes separate at 89 000
separating electrodes is 90.4 mV. s. (a) Conductance histogram for gold nanowires. The effect of

the number of consecutive sampld$=3000, 6000, 9000, and

12 000, is shown. These histograms are obtained after subtracting
that for zero disorder the conductance follows a perfectgo ) from the original(see text (b) Conductance histogram for
2e?/h step staircase, while for increasing disorder the amplinickel nanowires built with 12 000 consecutive curves. The applied
tude of the conductance step decreases. In conductanpetential difference between the electrodes is 90.4 mV and the elec-
terms, this means that the position of the peak forrlle trodes separate at 89 000 AJs. No resistance has been subtracted
channel departs from the valweS,=n2e? h following ap-  from the original data.
proximately a lawG,=nGgy(1— Bn) with 8 small. There-
fore, the effect of disorder, for low-values, can be quanti-
fied by a constant resistance value. This is basically the
behavior experimentally found in gold nanowires as shown ) )
by the (490 Q subtractedihistogram in Fig. 2a). Additional ~ Where the sums run over occupied stafigg(n) is the trans-
evidence for a conductance that depends mostly on the dighittance for theth channel with spin up, and; (n) is the
order in the nanowire comes from the electrode separatiofjanSmittance for théth channel for spin down for a given
speed effect on the histogram. This is shown in Fig. 4, wher an0W|re.W|th a certain atomic configuratien In a metal,
the position of the first peak of the conductance histogram he Eerml Wavelepgth,: is ~0.5 nm, and the level separa-

: . . g ._fion is ~1 eV, which means that at RT conductance quanti-

without subtracting any resistance, is displayed as a function

of the electrode separation speed. Notice that as the eIeZ?Ltlon can be observed\ andL are smaller thah—10 nm.

trodes separate more slowly, that is, the nanowire stretch &orrn(lls magnetic nanowirés;; (n) =T;, (n). Then Eq.(1) be
more slowly, the position of the first conductance peak ap-
proaches the valué,=2e? h, corresponding to a perfectly
ordered nanowire. The peak position is determined from a
Gaussian fit of the data between Ggand 1.Z5,. The line

in Fig. 4 is drawn as a guide to the eye. The experimentalhis function has a staircase behavior but the height of the
findings reported above can be theoretically justified in detaifjuantum conductance step i§;2n)e?/h, not 2e?/h. To

as follows: When considering experiments revealing conduchave a quantum step equal to this last value we should have
tance quantization at RT it is necessary that the mean fre§;(n)=1. This happens when there is spin degeneration and
path of the charge carrierk, is larger than the length and  the conductance is ballistic, i.e., there is no backscattering
the width W of the constriction, filament, or nanowire that due to disorder and surface roughness in the NW. In a dia-
carries the current. Then, using a Landauer formalisthe ~ magnetic metal such as Au, there is spin degeneration in the
conductance for a given NWG(n) can be expressed as nanowires formed at RT, as demonstrated by FHg). For a
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with 6000 consecutive curves. The applied potential difference be-

tween the electrodes is 90.4 mV and the electrodes separate at
89 000 A/s. No resistance has been subtracted from the original

data.
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shown in Fig. 2Zb). However, the individual conductance
FIG. 3. Histograms corresponding to conductance cufig ~ curves present well-defined steps.

2(a) in Ref. 10 obtained by tight-binding calculations, showing the It could be argued that the flat histogram measured for Ni
conductance of a 3030 nanowire with different degrees of disor- IS just a consequence of a flat distribution of transmittance
der. The parametdd quantifies the degree of disorder. values due to a different plastic behavior at the nanoscale

when compared with Au. In other words, while in Au there is
ferromagnetic metal such as Ni the situation on breaking & peaked distribution of(n)’s for the differentn nanowires
contact is considerably more complex. There is a Spinunder the experimental conditions obtained, this distribution
dependent density of states at both sides of the nanowire, ari@l broader for Ni, rendering the conductance histogram flat.
the transmittance should depend, besides topological factor¥/e have performed additional conductance experiments
on the spin directiofEq. (1)]. In addition, the number of With Ag, Pt, Co, Fe, and Cu electrodes, and, while Ag, Pt,
occupied states with spin U,) does not have to be equal and Cu show peakébetter defined for Ag and Cu, softer
to the number of occupied states with spin doviyX for material$ in their conductance histograms, Co and Fe, RT
any nanowire. Magnetic effects should then play an imporferromagnets show a flat histogram. There is certainly some
tant role in the NW transport characteristics. In principle,effect due to the nanomechanical behavior of the different
0<T;;,,(n)<1; in fact, the experiment shown in Fig(2 m_etals when prolught in and out of contact; hoyvever, Pt and
suggests thaf;; ,(n) is a random number between 0 and 1|\!| are very similar metals from the mechanlcal point of
due to the lack of spin degeneration and a transmittance thitew, but Ni shows a flat conductance histogram and Pt does
depends very much on the particular topology ofittnestate  not (Fig. 5. Relevant daté for the polycrystalline materials
in the n-NW. This implies that Au histograms show well- used in the conductance experiments is shown in Table I. As
defined peaks becaude(n)~T(n)~T, but for Ni the his- shown in Fig. 5, Pt shows a broad peak af/h and another,
togram is flat because there is no spin degeneration of thelmost unnoticeable, ated/h. Due to the large half-width of
electronic states in the nanowire and their transmittance déhe observed peak, it is not difficult to see that a material
pend strongly on the actual topology of the nanowire, agvith the same mechanical properties as Pt, but with a con-
ductance quantum of half the value for spin degeneracy, will
produce a flat histogram.

1.02- _ Finally we would like to mention that it is well known
that purely geometrical effectéhe shape of the nanowijre
§ 1.00- - can produce a widening of the conductance histogram
& peaks:® This effect cannot account for the large peak dis-
g 098 } } -
s TABLE I. Melting temperature and mechanical properties of the
g 0.96 - } metal used in the conductance experiments.
c
8 .94 } . Melting Bulk Tensile
. . : temperature modulus  modulus
1000 10000 100000 (°C) (GPa (GPa Poisson’s ratio
Speed (A/s)
Pt 1772 276 170 0.39
FIG. 4. Dependence of the position of the first conductance peakli 1453 177.3 199.5 0.312
for gold nanowires on the electrode separation speed. The line iau 1064 171 78.5 0.42

drawn as a guide to the eye.
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placement observed experimentally. A combination of thisferromagnet, show staircase quantized behavior, but the his-
effect with the lifting of the spin degeneracy and the shift oftograms do not show quantized peaks most probably due to
the conductance due to disorder in the nanowire is, in outhe lifting of the spin degeneracy combined with the effect of
opinion, what produces a flat conductance histogram for Nidisorder, and, a widening of the peaks due to purely geo-
Summarizing, conductance histograms taking B100Q0  metrical effects.
consecutive nanowire conductance experiments in Au at )
room temperature show the quantized nature of the transport Helpful discussions with N. Garaj P. A. Serena, and P.
through nanowires at room temperature. The measured hi&arca-Mochaleswho also prepared Fig.)&nd A. Correia
tograms are totally reproducible. Departures from a perfecare greatly appreciated. This work has been supported by
2e2/h quantization can be explained in terms of the effect ofSpanish (DGICyT and CICyl and European(HCM,
disorder. On the other hand, conductance curves in Ni, a RBRITE-EURAM, and ESPRIT programs.
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