PHYSICAL REVIEW B VOLUME 55, NUMBER 19 15 MAY 1997-I

Conductance quantization histograms of gold nanowires at 4 K
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Driving a scanning tunneling microscog8TM) tip into a metallic surface and pulling it out afterwards
results in the formation of a nanometer-sized witanowire between the electrodes. The electrical conduction
measured during this process shows signs of quantized conductance in @yts 2&%/h. Due to the inherent
irreproducibility of the measured conductance curves, the standard technique has been to construct histograms
with a few hundred selected curves. These histograms, for gold nanowires at room temperature, have shown
three to four peaks at integer values a#?th, while in a low-temperature mechanically controlled break
junction study, with statistics using only 65 curves, only the first peak has been reported. A proposed expla-
nation for this apparent experimental discrepancy has been a higher nanowire temperature arising from the
higher retraction speed used in scanning tunneling microscopy measurements. However, our simple estimation
using macroscopic heat transport theory produces a very low temperature rise, lesgkdn this work, an
improved statistical study is presented, where histograms built with thousands of consecutive gold contact
breakage experiments 4 K show up to seven conductance peaks. Thus, no significant differences with our
previous room-temperatuf®T) studies are observed, pointing to a conductance quantization behavior that is
the same at low, intermediate, and hid@tT) temperatured.S0163-18207)04619-5

The electrical conductance through a narrow constrictionnation givefi*® for this temperature dependency in the MCBJ
having a diameter of the order of the electron wavelength, i€xperiments was that for higher temperature the contact can
quantized in units 06,=2e?/h.>? Such conductance quan- explore a wider range of structures to find the most favorable
tization has been observed in semiconductor devices contaiatomic configuration, due to the higher kinetic energy of the
ing a two-dimensional electron gas at low temperafure.atoms. This allows the nanowire to find a more relaxed form,
Similar effects are possifi@t room temperature in metallic and quantized conductance is observed. To some extent these
wires with a diameter of the order of 1 nthanowire$ and  considerations are also supported by numerical simulations
have been observed using scanning tunneling microscoplyy Bratkovsky, Sutton, and Todord¢,where the nanowire
(STM),>® mechanically controlled break junctions tends to become more uniform in cross section, and internal
(MCBJ),”® and, as shown recentl};* just using plain defects are seen to vanish more easily at high temperatures.
household wires. These techniques use the same basic prifowever, the relevance to the experiments is not quite clear,
ciple: by pressing two metals together, a metallic contact isince the pulling speed is many orders of magnitude larger in
formed that can be stretched to a hanowire by the subsequeite simulations than in the experimeri&5 m s* for simu-
separation of the electrodes. The conductance in such a sylstions, 1um s ! for STM experiments, and 0.01 nm’sfor
tem is found to decrease in abrupt steps, of abeeftl2  the MCBJ experimenisin contrast to MCBJ experiments, a
height, just before the contact breaks. Due to the inheremecent STM studyy by Sirventet al. shows three clear con-
irreproducibility of the measured conductance curves, histoductance peaks, well resolved at three different temperatures:
grams have been built using a few hundred experimenta#, 77, and 300 K and with no significant difference between
curves'? The scientific relevance of these histograms haghe histograms obtained at these three temperatures. These
been the subject of recent controvet8y® concerning peaks are not located exactly at integer valuesGgfand
whether the stepped behavior of the conductance is due there is no discussion of the possible origin of this experi-
conductance quantization, or to discrete contact size changesental observation.
during the nanowire elongation process due to the discrete In this paper we show that by using a STM at 4 K, up to
atomic size. seven conductance peaks are resolved. This improves previ-

In a MCBJ study by Krartson Au nanowires at 4.2 K, no ous studies in the sense th@tno selection criteria are used
sign of conductance quantization is observed apart from & select the conductance curves with which the histogram is
well-defined conductance peak a4, while at 77 K three  built, (ii) up to five peaks fall on integer values @f upon
conductance peaks are observed. In a recent MCBJ studihe subtraction of a constant resistan@e) disorder is pre-
Muller et al,® showed that, at room temperature, conduc-sented as a good candidate to explain this histogram peak
tance quantization is observed more prominently than in thshift, and,(iv) the histograms obtained using a few thousand
earlier low-temperature measurements. This agrees with aflonductance curves are shown to be totally reproducible.
STM experiments on gold at room temperattifahe expla- Furthermore, using a simple estimation based on macro-
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OSCILLOSCOPE rent step of 7uA (2e?/h is about 77.54S). Notice that all

: 7 the measured curves are used to build the histogram. A sche-
i matic drawing of our experimental setup is shown in Fig. 1.
|

In this work we present histograms of current decays, i.e.,
only contact breakage experiments are used to construct the
histogram. This histogram is corrected for the nonideal dif-

ANW — Q0O \ ferential linearity(NIDL) of the oscilloscopé® This problem
. ;{/A\*)_gﬂﬁ can be described as follows: When the histogram bin size is
S~ ‘ selected to accommodate an integer number of digital levels,
| the histogram of a continuously decreasing straight line
5 }”7’771 should be flat but it is not. This histogram, normalized to
SAMPLE — one, is shown in Fig. ) below. Previous to this work, we

smoothed the obtained histograms averaging two or three

FIG. 1. Schematic drawing of our experi.m.ental se.tup:' A gold tjp iS hins to the side, the amount that produced a flat histogram
cr_ushed_repeatedl_y onto a gold surfad:efleK_drlvmg the tip piezoelectric V\fhen measuring straight lines. Both approaches obtain a
with a triangular signal. The conductance is measured at the last stages of . .
the contact breakage process. The histogram is built with all the measure%l'mIlar result. However, the NIDL correction produces
curves and is displayed in real time. sharper peaks because it is not a smoothing procedure, it

eliminates a systematic error. This correction is performed

scopic heat transport theory, the suspicion that the highdny dividing the raw histogram over the normalized NIDL,
separation speed in STM as compared to MCBJ will raise theneasured under the same conditions and in the same channel
nanowire temperature is discarded. This effect could havef the oscilloscope as the conductance data.
explained the proposed experimental discrepancies between Figure Za) shows the raw conductance histogram data,
MCBJ and STM histograms at low temperature. for a series of 5 000 consecutive indentation experiments us-

The STM tips are made of 0.25-mm 99.99% pure golding Au electrodes at 4.2 K and with an electrode speed of
and the samples are evaporated gold thin films. The measurabout 20um s. Figure 2b) shows the data corrected for the
ments are carried out in vacuum using a low-temperatur®IDL. The measured NIDL signal, normalized, is shown in
STM at 4 K. A triangular waveform is fed to the piezoactua- Fig. 2(c). We observe in Fig. ®) at least five peaks, slightly
tor, driving repeatedly the tip in and out of contact with the separated from integer values @f,. The histogram shown
sample surface, with a typical frequency of 5 Hz and anin Fig. 2(b) is displayed in a vertical logarithmic scale in Fig.
amplitude of 1.4um, i.e., a 14um s ! speed. The speed is 3(a) in order to magnify the detail. Notice that up to seven
modified changing the amplitude and/or frequency of thisconductance peaks are resolved. In Figp) 3he conductance
signal. During the electrodes’ approach and separation thealues are displayed after subtracting a series resistance of
conductance is measured using a current to voltage convert800 (). This has been a common procedure in all quantized
with 10° gain (100 mV/uA), 1 us rise time, and s settling  conductance reports, and has been justified by the resistance
time. A 500-MHz bandwidth and 5-G samples/s, 8-bit, digi-of the leads, i.e., what is not the nanowire itself. As shown
tal oscilloscopgLeCroy 9345AM) is used to build the his- recently in a theoretical work, this resistance could arise also
tograms in real time. The tip-sample bias in all experimentdrom disorder within the nanowirt. Recent experimental
reported here is 90.3 mV, corresponding to a quantum curresults, including the ones presented here, also support this
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50000 ~yrrrrr BARSARRARESS  EAARRARARS T FIG. 2. Conductance histogram for gold nanowires
40000 -] NIDL corrected : : ] ® at 4 K built with 5 000 consecutive curves. The applied
0 30000 h bias between tip and sample is 90.4 mV, the tip retrac-
c i tion speed is 20ums L. (a) displays raw datafb)
8 200001 shows the data corrected for the non-ideal differential
¢ 10000+ linearity of the oscilloscop€NIDL); (c) shows the nor-

malized NIDL of the oscilloscope channel, measured
under the same conditions as the conductance experi-
ments.
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FIG. 3. The data shown in Fig(l® are displayed in
(a) in a vertical logarithmic scale in order to magnify
the peak structure. Notice that up to seven peaks are
| ®) resolved(b) displays the result of substracting 3000
| NIDL corrected and 390 © substracted I : o i the conductance. Notice that the first five peaks fall on
integer values of5,=2e%h=1/12 907().
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view. Figure 4 shows a histogram built with 900 000 con-studie$®!! we find this behavior as well. The above experi-
secutive curves, corrected for the NIDL, with a very similar mental facts are in contrast with MCBJ experimértsRT,
appearance as that in Fig(b. The electrode separation which show peaks with almost the same height-width ratio.
speed was also 2pm s ! and a series resistance of 380 However, the main difference between the present results
has been subtracted. Note that this histogram proves thend the MCBJ resultstad K is that the MCBJ histogram
good statistical behavior of the gold nanowire conductancenly shows a well-defined peak &,=1G,. Besides poor
and the reproducibility of the experiment. The inset shows atatistics, a proposed explanation for this discrepancy has
typical conductance curve. been that the temperature in the wire is not the same as in the
In the histograms shown in Figs. 2, 3, and 4 as the consurrounding bath, due to the higher separation speed used in
ductance value increases, the peak height decreases and the STM experiments. In the MCBJ experiments the separa-
width increases, in agreement with room-temperati®€)  tion speed is orders of magnitude lower than in our ¢ask
STM experiments$:® This also agrees qualitatively with re- nm s*in MCBJ, and, 10 000 nm'$ in STM experiments
cent theoretical calculatioffshowever, in our experiments, If the energy released during the elongation process is trans-
we can resolve peak structures well beyond the fourth conformed into heat, and this heat is not transported away rap-
ductance peak as shown in Figs. 2, 3, and 4. In our RTdly enough, the temperature in the wire will be higher than
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| o s o FIG. 4. Conductance histogram
o L‘ 3 built with 900 000 consecutive contact
= = 4 2§ breakage curves shown in a vertical
c Z z L ;
5 4 2 i 2 4 logarithmic scale, with the NIDL cor-
(o) L ' rection and 39@) substracted. The ex-
O o 1 o z 1 {| perimental conditions are identical to
0.0000 0.0001 0.0002 | the ones mentioned in Fig. 2. The inset
6 Time (s) .| shows a typical conductance versus
10”7 time staircase.
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in the surrounding bath. A higher temperature will produce a j=—kbTI6r (Jsim?), (1)
more favorable wire from the quantized conductance point of

view, as discussed by Krans and co-workérand in the  wherej is the thermal current density,the thermal conduc-
theoretical work by Bratkovsky, Sutton, and Todof8v. tivity, and 5T/ér is the temperature gradient. Integrating the

They show that at high temperatures the nanowire tends tgquation, the temperature increase can be expressed as
become more uniform in the cross section and internal struc-

ture defects disappear more rapidly.

A simple estimation of the temperature increase could be
obtained if one considers the amount of heat that is released _ _ . I
during the pulling of the wire. The heat within the nanowire WhereW=Q/At=0.1 pW is the power dissipated, aads

: . -~ the nanowire size. Assuming thatfor Au at 4 K is about
arises from the energy released during the bond-breakin : . : . .
process. This heat is transported away from the nanowir 000 W mK typical for a high-purity material, aruiis about

through the reservoir. We can estimate the temperature in- nm, the temperature increase is less thaeKl Even if «

crease of the nanowire, with respect to the reservoir if thé;;:ir:ﬁa?iljﬁla?lﬁlzgIflmr?)(?l:?:edchgﬁslec?wotrg;rse?ggrag?r:tcuri(zlst,gls
power generated during the wire elongation is known. The P y P

inset in Fig. 3 shows a typical conductance versus time" gsgﬁg?gi';e' a conductance histoaram with five clear
graph, where the tip retraction speed is grh s % As ob- 9 9

served, the lifetime of the last conductance plateau is abmﬁeaks at ir_1teger values O.f the quantized conductance value is
100 us. During the pulling process, the contact cross sectior? bs;aarxgg meggsd ;(aa(?rg\;vlsr:ss’ ::13 E'eT\t]v? d?helgpttl’(])(: thga(ligni-n-
decreases, surface area increases, and energy is releasecgul? P P

the cross-sectional area of the wigds reduced by a factor féi?—?:mwg?at:?rg??mgexcoer:?rﬁg?tglcﬁ’hi:s zg;enegfttegmh
of 2, the surface area will increase by a factor 8f21.41 b P : 9

under constant volume conditions. If the wire is a cylinderthat the higher speed used in our STM experiments as com-

with 1 nm diameter and 2 nm length, the initial surface are z_ared to MCBJ experiments might result in a higher nano

: s 18 2 Lo wire temperature. However, a simple estimation, based on
g'l;g:g:gaer;;or; E;r?(alt?)m ;? @82%,11%2 mrg 'aggnasg eprllgfl macroscopic heat transport, produces a tcmperaturc rise in
difference between binding energy in the ,surface and in ththe nanowire Of. the order of K, rulmg out this explanation.
bulk of 1 eV per atom, a total energy of 62.5 eV will be herefore, our |_mpr_oved statlstlca_ll stu_dy sh_ows that conduc-
released during such a’n elongation. If these 62.5 eV are rtance gquantization in gold nanowires is basically the same at

leased during this last plateau duration, 10§ the power %'gh' low, and intermediate temperatures,

generated will be about 0.1 pW. One may get a simple esti- This work has been supported by European Union
mation of the temperature increase in the nanowire usingBRITE and ESPRIT, Spanish(DGCIT and CICyT, and
Fourier's law for thermal conduction, considering that thisSwedish(NFR and TFR agencies. We thank F. Besenbacher
power is transported away from the nanowire through thdor telling us about the NIDL correction and P. A. Serena for

AT=WP2mka (K), )

reservoir, helpful discussions.
IR. Landauer, J. Phys. Condens. Matte8099(1989. 7C. J. Muller, J. M. van Ruitenbeek, and L. J. de Jongh, Phys. Rev.
2C. W. J. Beenakker and H. van Houten, Solid State Pig¢s1 Lett. 69, 140(1992.

(1999. 8C. J. Muller, J. M. Krans, T. N. Todorov, and M. A. Reed, Phys.

8D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. 9 Rev BS3, 1022(1996-_ . ) o )
Ahmed, J. E. F. Frost, D. G. Hasko, D. C. Peacock, D. A. J. M. Krans, Ph.D. thesis, Rijksuniversiteit Leiden, Leiden, 1996.

10 e . -
Ritchie, and G. A. C. Jones, J. Phys.2T, 209 (1988; B. J. J. L. Costa-Kraner, N. Gara, P. Gar@a-Mochales, and P. A.

van Wees, H. van Houten, C. W. J. Beenakker, J. G. William-1; Serena}, Surf. Sci. LetB42 L1.144(1995'
N. Garca and J. L. Costa-Kraer, Europhys. New<27, 89
son, D. van der Marel, and C. T. Foxton, Phys. Rev. L&d. (1996

4 848 (1988' 125ee comment by L. Olesen, E. Laegsgaard, |. Stensgaard, F. Be-

N. Garca and L. Escapa, Appl. Phys. Lefid, 1418(1989; N. senbacher, J. Schig P. Stoltze, K. W. Jacobsen, and J. K.

, Garca (unpublished ) ) Nérskov, Phys. Rev. LetZ4, 2147(1995.

J. I Pascual, J. Mendez, J. @ez-Herrero, A. M. BaroN. Gar-  13gee comment by J. M. Krans, C. J. Muller, N. van der Post, F. R.
cla, and V. T. Binh, Phys. Rev. Let71, 1852 (1993; J. I. Postma, A. P. Sutton, T. N. Todorov, and J. M. van Ruitenbeek,
Pascual, J. Mendez, J. ®ez-Herrero, A. M. BarpN. Garca, Phys. Rev. Lett74, 2146(1995.

U. Landman, W. D. Luedtke, E. N. Bogachek, and H. P. Chengl4A. M. Bratkovsky, A. P. Sutton, and T. N. Todorov, Phys. Rev. B
Science267, 1793(1995. 52, 5036(1995.

L. Olesen, E. Laegsgaard, |. Stensgaard, F. Besenbacher, ¥C. Sirvent, J. G. Rodrigo, N. Agrait, and S. Vieira, PhysicalB
Schitiz, P. Stoltze, K. W. Jacobsen, and J. K. Norskov, Phys. 238(1996.
Rev. Lett. 72, 2251 (1994; M. Brandbyge, J. Sclita, M. R. 18F. Besenbacher, L. Olesen, K. Hansen, E. Laegsgaard, and I.
Sarensen, P. Stoltze, K. W. Jacobsen, J. Krdkov, L. Olesen, Stensgaardunpublishedl
E. Laegsgaard, |. Stensgaard, and F. Besenbacher, Phys. RevlBP. Garca-Mochales, P. A. Serena, N. Garcand J. L. Costa-
52, 8499(1995. Kramer, Phys. Rev. B3, 10 268(1996.



