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The conductance of gold (110) nanowires was measured, along with simultaneous observation of their
atomic structure in a transmission electron microscope. The conductance histogram obtained from 300 thinning
processes of the nanowires showed a series of peaks whose conductance values increased nearly in steps of the
conductance quantum, Gy=2¢?/h. However, thick nanowires above 10G, showed dequantization, where the
increment was only 0.9G,. The structure for each peak was found to be either an atomic sheet or a hexagonal
prism. The number of conductance channels calculated for each determined atomic structure by first-principles
theory, coincided well with the peak index in the conductance histogram. The observed decrease in the
conductance from the quantized number of conductance channels was explained by partial transmission of
electrons due to the multiple reflection at the interfaces between the nanowire and the electrodes. The present
study shows that the (110) nanowires behave as ballistic conductors, and a conductance peak appears whenever

the conductance channel is open one by one.
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Metal atomic contacts have attracted significant interest
because of quantized conductance even at room
temperature.' Conductance of metal contact changes in steps,
while it is mechanically stretched at a constant bias
voltage.”* Such a time evolution experiment has suggested
conductance quantization, since the step height, prior to
breaking, follows the conductance quantum, Gy=2¢?/h. The
steps however appear irregularly in the various experiments.
Conductance histograms constructed from a large number of
conductance curves give statistical reliability to time evolu-
tion experiments of conductance. Conductance histograms
reported for a variety of metal contacts show a series of
peaks in the vicinity of integer multiples of G; alkali metals
of Na,*? Li, and K (Ref. 5) show peaks at around 1, 3, 5, and
6G,, while Au,®!" Ag,*!! and Cu (Refs. 7 and 11) show
peaks close to 1Gy, 2Gy, 3G, and 4G,,. Such preferred inte-
ger peaks suggest quantization of the conductance,'? al-
though noble metals and alkali metals exhibit different selec-
tion rules for the conductance quantum. Conductance
experiments carried out for other metals such as Al,'314 Pt,1>
and Nb (Ref. 16) show more complicated results.

The evolution of gold contacts has been investigated us-
ing molecular-dynamics simulations.!” 2} Simultaneous ob-
servations of structure and conductance using high-
resolution transmission electron microscope (TEM) have
clarified how preferred structures evolve at a gold contact, in
relation to their conductance values; a single and double
chain, respectively, have values of 1G and 2G,,.>* The rela-
tion between structure and conductance has also been studied
theoretically,>">>2¢ in conjunction with TEM observation.
Together with recent TEM observation of zigzag atomic
chains,?’” conductance quantization has been verified for
atomic chains.

Conductance histograms of thick nanowires (NW) of ap-
parent conductance values above 10G are chiefly studied by
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mechanically controllable breaking junction method, and
show that a series of peaks has a regular period in the square
root of the conductance value, VG.230 Since the conduc-
tance changes whenever the atomic structure changes at
metal contacts,?! unstable structures cannot yield preferred
peaks in conductance histograms. Then a proposition is
given that the peaks reflect merely evolution of the preferred
atomic geometry.”39 As a preferred and stable geometry, an
atomic-shell structure model has been proposed.’> The
atomic-shell structure is thought to have hexagonal prism
cross sections’>3 and yields peaks each time the surface
layer of the lateral face is removed in the thinning process in
accordance with the regular period in VG. A recent TEM
report on gold nanowires with the (110) orientation differs
from the VG regulation, verifying an increment of the con-
ductance value in step of the conductance quantum.®

A question if the orientation of nanowire, such as the
(110), (111), or (100) orientation, may contaminate the
peaks in the conductance histogram is an important issue
before analyzing the conductance histogram in detail.
Orientation-dependent structures have been reported by elec-
tron microscopy studies.>*3¢37 Ugarte and co-workers3*3¢
observed that thin gold contacts had different structures de-
pending on the orientation, (110), (111) or (100), of the elec-
trode. They pursued conductance calculations separately, and
proposed a possible scenario where their observed atomic
structures gave different conductance histograms for the
three orientations. Simultaneous observation of structure and
conductance for thicker gold contacts at each electrode
orientation’” showed obvious orientation dependence. The
study revealed that a series of long free standing nanowires,
ca., 1 nm, formed at the (110) orientation (hereafter called
(110) nanowire) yielded sharp peaks at integer multiples of
Gy. On the other hand, broad peaks were obtained for the
short necked [111] and [100] contacts.
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Lately, a new twist has evolved. Dreher et al.>* showed a
theoretical result wherein the sum of several conductance
channels of partial transmission gave apparent integer mul-
tiples of the conductance quantum even in the case of the
gold contact. In fact, partial transmission determines the con-
ductance for sp metals such as Al (Refs. 13 and 14) and
transition metals such as Pt (Ref. 15) and Nb.'® Taking all the
arguments into account, orientation, atomic structure, and
partial transmission of conductance channels operate on the
conductance histogram even for metals with s electrons. Dis-
crimination of these factors is necessary to address the issue
of how the preferred conductance or structure is selected at
the metal contact, particularly for gold nanowire. Under-
standing how the conductance quantization or dequantization
is caused for free-standing nanowires becomes important is-
sue to be addressed for device application.?®

In this study, we simultaneously observed conductance
and the atomic structure of the gold (110) nanowires formed
at gold atomic contacts using a TEM fitted with a scanning
tunneling microscope (STM). The conductance histogram
obtained from many thinning processes showed peaks in the
vicinity of each integer multiple of the conductance quan-
tum, G,. We determined the atomic structures that yielded
the peaks. The peak index accorded with the number of con-
ductance channels, which was calculated for the structure.

This paper is organized as follows. Experimental details
are given in Sec. II. The conductance histogram of the gold
(110) nanowires is shown in Sec. I A, the gold atomic sheet,
in Sec. II B, gold (110) nanowires with the (n,m,[) hexago-
nal cross section, in Sec. II C and ballistic transport inside
the gold (110) nanowire, in Sec. II D. The theoretical calcu-
lations of the number of conductance channels are shown in
Sec. III A and comparison with the experimental results, in
Sec. III B. The number of conductance channels, partial
transmission probability and stable gold (110) nanowire are
discussed in Sec. IV. Our conclusions are presented in Sec.
V. In this paper, we have described details on a new aspect of
conductance quantization of gold (110) nanowires, which
was briefly reported in our previous papers.?’-33

I. EXPERIMENTAL METHOD

We fabricated gold (110) nanowires at room temperature
and measured conductance values, using our homemade
STM holder working in a TEM (JEM-2000VF) at 10~7 Pa.’’
The central position of a gold wire (0.25 mm diameter) was
etched chemically to a bottle-neck shape. The gold wire was
mechanically pulled apart on the STM holder to form elec-
trodes. Subsequently the electrodes were brought to contact
each other and pulled apart cyclically, until a thin gold nano-
wire was fabricated between the electrodes. Structural
changes in a nanowire were observed in situ using the TEM,
and the conductance change was measured simultaneously.
TEM images were recorded at a rate of 30 frames/s, while
the conductance was measured at 3 kHz at a bias voltage of
13 mV. The conductance was normalized by the conductance
quantum G, that is, g=G/G,. The electric current passing
through the nanowire with a cross-sectional area of 1 nm?
was about 10 uA, while the imaging electrons had an inten-
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FIG. 1. (a) Time evolution of conductance for a gold (110)
nanowire during the thinning process, and (b) conductance histo-
gram obtained for (a). Inset in (a) shows three examples of time
evolution for very thin gold (110) nanowires, whose conductance
histogram is shown in (b). Note that flat plateaus in (a) give sharp
peaks at 1G, 2Gy, 3Gy, and 4G, in (b).

sity of 0.2 pA/nm?. The measured conductance values did
not depend on whether the contact was illuminated by the
imaging electron beam or not. Gold contacts were grown
(elongated) parallel to the (110), {111}, or (100) direction of
the electrode. The orientation of each contact was deter-
mined from the lattice fringes observed in TEM images in
situ while fabrication. Since lattice fringes can be observed at
the Bragg reflection condition, only a small fraction (ca.
about 10%) of contacts showed lattice fringes enabling ori-
entation determination. The number of contacts having the
(110) orientation was 300. The (111) and (100) contacts
were about 800 and 150, respectively. The (110) nanowires
of 1-3 nm in length had the face-centered-cubic structure at
the beginning of thinning, and showed plateaus in their con-
ductance traces. Long (110) nanowires (=5 nm) of multi-
shell structures’®~#! were fabricated a few times. The con-
tacts were almost broken before they reached to 5 nm
because of insufficient diffusion toward the constriction from
the electrodes. The (111) and (100) contacts had bottle-
necked configuration, showing no apparent plateaus. Here
we report the conductance and structures of the (110) nano-
wires shorter than 5 nm.

II. EXPERIMENTAL RESULTS

A. Conductance histogram of gold (110) nanowire

Figure 1(a) shows a typical time evolution of a conduc-
tance curve for a (110) nanowire. The conductance changes
in steps, consisting of plateaus and jumps. The conductance
plateaus around g=22, 20, 17, 12, 10, and 1 yields conspicu-
ous peaks in the histogram shown in Fig. 1(b). In situ TEM
images corresponding to the conductance change are shown
in Fig. 2. As will be explained later, the network image of

(111) lattice fringes shows that the [110] direction is parallel
to the wire axis (inclined 30° from the plane of the TEM
image). The width of the nanowire, which is known from the

number of (1_1 1) lattice planes, decreases one by one from
(a) to (d) in Fig. 2. From time coincidence between the TEM
images and conductance curve, the nanowires in Figs.
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FIG. 2. A series of TEM images during the thinning process of
a gold (110) nanowire. TEM images (a)—(d) were image frames,
respectively, at A-D in Fig. 1(a). The triangular arrow heads indi-
cate (111) lattice planes. Note that the number of (111) lattice
planes decreases one by one from (a) to (d). See also Figs. 7(a) and
7(b).

2(a)-2(d) are known to have conductance values at A-D in
Fig. 1; g=31, 22, 17, and 12, respectively. The inset in Fig.
1(a) shows three examples of the time-evolution curves for
thin (110) nanowires. In each curve, a series of plateaus ap-
pears at integer multiples of the conductance quantum; g
=3,2,1; g=6,4,1; g=5 and 4. Because of the constant pla-
teaus, the conductance histogram in Fig. 1(b) shows sharp
peaks at integer multiples of the conductance quantum.

Figure 3(a) shows a conductance histogram constructed
from 300 time-evolution curves of the gold (110) nanowires.
Conductance peaks are clearly recognizable. 30 peaks are
marked by arrow heads. Some of them appear in the vicinity
of integral multiples of the conductance quantum. However,
some are not coincident with them. Figure 3(b) plots the
conductance, g, in relation to the peak index, N, in the his-
togram of Fig. 3(a). Since a linear relation, g=N,,, holds for
small g values, the conductance increases one-by-one as the
peak index increases. The conductance values, however, start
deviating above g=10 from the linear line. In the following
sections, we present experimental and theoretical analysis to
address this failure of the conductance quantization, or, de-
quantization.

B. Conductance of gold atomic sheets

Figure 4 shows a time evolution of conductance, wherein
conductance plateaus appear in the vicinity of g=4, 3, 2 and
1. The series of TEM images in Figs. 5(a)-5(d) represent
structures giving g=4,3,2,1, respectively. The electrode
was not stretched. The nanowire is thinned by diffusion of
atoms from the nanowire portion to the electrode one. The
nanowire seen in Fig. 5(d), yielding g=1 just prior to
breakup, is a single chain of gold atoms.?**> The gold atoms
are seen as dots in the dark line connecting the apices of the
electrodes. We find that the contrast of the dark dots become
less intense from Figs. 5(b)-5(d) in order, as shown by the
intensity profile in the right column in Fig. 5; the relative
contrast is 2.6 0.2, 1.8+0.1, and 1, respectively, for the
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FIG. 3. (a) Conductance histogram of a gold (110) NW from
300 thinning processes. The peaks marked by solid triangles are for
the atomic chain or sheet structure. Those marked by solid circles
are for hexagonal (n,n,n) structures (n=3-8). The open triangles
are for the hexagonal (n,m,l) structures (see text). (b) Plots of
conductance values (g=G/G,) at the peaks in (a) in relation to the
peak index (N,,). The dotted line represents a linear relationship,
g=N,,. Crosses indicate the conductance calculated for cylindrical
nanowire taking partial transmission probability into account.

three cases. Since the relative contrast depends on the num-
ber of gold atoms aligned along the -electron-beam
direction,®® we conclude that three atomic chains are super-
posed along the beam direction to give the observed image
contrast in Fig. 5(b), two in Fig. 5(c), and one in Fig. 5(d).
Similarly, in Fig. 5(a), two atomic chains are superposed
along the electron-beam direction.

The measured distance between the dark dots, indicated
by the arrows in Fig. 5, was found to be d
=0.24 =0.02 nm during thinning process. Since the distance
is smaller than the gold dimer bond (0.248 nm), the chain
must be inclined by some angle 6 from the plane of the TEM
image. Taking this inclination of the chain and also the num-
ber of chains aligned in the beam direction into account,
structure models are constructed, as shown in Figs.
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FIG. 4. Typical time evolution of conductance in gold (110)
NW during the thinning process until breakage. Also see TEM im-
ages in Fig. 5.
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FIG. 5. A series of TEM images for the thinning process in Fig.
4. Dark dots shown by the arrows are images of gold atoms, or
atomic columns. Solid curves in the right-hand-side panels display
intensity profiles of the dark dots in (a). Dotted curves display pro-
files of the simulated images in the insets (see structure models in
Fig. 6).

6(a)-6(d). Quadruple, triple, double, and single chain models
are presented in Fig. 6. The three-dimensional configuration
of the chain models are illustrated using the top view and the
side view. The (110) atomic rows are arranged in a zigzag
configuration that resembles the (111) atomic sheet of crys-
talline gold. When 6=30° and ¢=15.75°, the nanowire and
the electrode have a twin relation [see birds-eye view in Fig.
6(e)]. Assuming this inclined angle 6 and the intrachain spac-
ing of ¢=0.288 nm, the distance between the dark dots d(
=c/cos 0) is estimated to be 0.25 nm (see side view in Fig.
6). This model corresponds well with the observed ranges of
d and ¢. Simulated TEM images for the model structures,
shown in the inset in Fig. 5, agree well quantitatively with
observations.

C. Conductance of (n,m,l) nanowire with hexagonal cross
section

Figure 7(a) schematically illustrates the hexagonal cross-
sectional structure of a gold [110] nanowire.’® The structure
is designated as an (n,m,l) cross section, where n is the

number of (111) planes and m is the number of (111) planes,
and [ is the number of (001) planes, as shown in the figure.
When the nanowire with an (n,m,[) cross section is imaged

by an electron beam irradiated along the [101] direction, the
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FIG. 6. (Color online) (a) Quadruple, (b) triple, (c) double, (d)
single chain models; top view in the left column, and side view in
the right column. Note that the number of atomic chains is seen in
the side view. Note also that (a)—(d) are responsible to TEM images
shown in Figs. 5(a)-5(d), respectively. (e) Birds-eye view of the
triple atomic chain model. ¢ is intrachain spacing and 4 is interchain
spacing.

number of (111) planes, n, is seen directly in the TEM im-
age, such as shown in Fig. 7(b). However, m and n values are
not known from the TEM images. Therefore, while TEM
images show a constant number of n planes, the time-
evolution conductance can display multiple values, depend-
ing on m and/or [ values. Similarly, when the (n,m,l) nano-

wire is imaged from the [110] direction, the number of the
(001) plane, I, is known, as shown in Fig. 7(c). Time-
evolution conductance for a constant number of / planes can
yield multiple values, depending on the invisible change of n
and/or m values.

We constructed a partial conductance histogram, G(n), in
a following manner. In each of the 250 conductance curves
among the total 300 ones, the part in which the correspond-
ing TEM image showed n planes was selected. Each partial
conductance histogram, G(n), for n=3-9 was obtained by
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FIG. 7. (a) Cross-section (left) and side view (right) of the sche-
matic representation of gold [110] nanowire. The cross section has
hexagonal (n,m,l) structure; n represents the number of (111)
planes and m, the number of (111) ones, while I represents the
number of (001) ones. A pair of open and solid circles represents
different stacking planes along the [110] wire axis. (b) TEM image
of the gold [110] nanowire viewed from the [101] direction, and (c)
TEM image viewed from the [110] direction.

building up these parts as shown in Fig. 8(a). Similarly, from
the 50 among the total curves, each partial conductance his-
togram, G(I), for [=3-9 was obtained as shown in Fig. 8(b).
Each partial conductance histogram shows several peaks. For
example, the peaks in G(n=7) correspond to (7,m,l) cross
sections with unknown m and [ values. Taking into account
the fact that the nanowire of a (n,m,[) cross section has a
unique conductance value, we looked for the coincident peak
with the same conductance value in G(n) and G(I). Among
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FIG. 8. (Color online) (a) Partial conductance histogram, G(n).
(b) Partial conductance histogram, G([). Note that the peak marked
by the solid circle in G(n=7) (orange curve) is recognizable in
G(I=7) at the same conductance value, but never in the other G(n)
and G(I) curves.
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FIG. 9. Models in cross sections of hexagonal (n,m,l) struc-
tures. Open and solid circles represent [ 110] atomic rows, which are
arranged similar to the (110) lattice planes of bulk gold crystal. The
(2,2,3) and (3,2,2) are rthombic and parallelepiped structures, re-
spectively. For n>3, only (n,n,n) are illustrated.

the coincident peaks in the histograms of Fig. 8, those of
n=[ are high and noticeable as marked by solid circles.
These correspond to the (n,m,n) cross sections, wherein m
remains unsettled. The (n,m,n) peaks do not correspond
with any of the peaks in the partial histogram of G(n—1) and
G(n+1). The (7,m,7) peak, for example, has no coincident
peak either in G(n=6) or in G(n=38). Taking the geometrical
degeneracy between n and m into account, the coincident
(7,m,7) peak was determined to have the (7, 7, 7) cross
section. Thus, we could assign the peaks for the (3,3,3)—
(8.8,8) structures, marked by solid circles in Fig. 3(a). The
remaining peaks in Fig. 5(a) correspond to the (n,m,l) cross
sections, such as (6,3,6), (6,6,5), and (5,6,5) cross sections.

Figure 9 illustrates the structure of the (n,n,n) cross sec-
tion. The hexagonal prism structure with the highest symme-
try was adopted. The number of atomic rows, N, making up
the hexagonal prism cross section then is N=(3n%+1)/4 for
odd number n and N=3n%/4 for even number n. Thus N is 7,
12, 19, 27, 37, and 48 for n=3, 4, 5, 6, 7, and 8, respectively.
Thus the relationship between g and N was derived as sum-
marized in the second and the fourth column of Table I. The
observed conductance values are not proportional to N, or
the cross-sectional area of the nanowires.

D. Ballistic transport inside nanowires

Figure 10 shows the time evolution of the conductance
curve and corresponding TEM images. The TEM images in

Figs. 10(b)-10(d) show a process where a (111) plane is
removed, and the number of n planes is consequently re-
duced from 6 to 5. The nanowire in Fig. 10(b) maintains a
constant conductance of around g=13.9, which sharply de-
creases to g=13.0 as soon as the removal is started at the left
electrode. Once the conductance has decreased, it is kept
almost constant until the removal is finished in Fig. 10(d).
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TABLE I. The relation between peak index (N,), normalized conductance (g), number of conductance channels (N,), and number of

(110) atomic rows composing nanowire (N).

N, 1 2 3 4 5 678 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
g 1 1927 39 52 6 7 8 91 96 103 11.6 123 13 138 146 153 162 172 17.7 188 193 20.1 215 22 22.6 238 25
N. 1 2 3 4 6 9 14 18 22

N 1 2 3 4 7 12 19 27 37 48

Therefore, the gold (110) nanowire itself behaves as a bal-
listic conductor. The conductance is determined by the num-
ber of conductance channels which depend on the narrowest
cross-sectional area. A small dip in the conductance plateau,
for example, marked label D in Fig. 10(a), was sometimes
observed in the time-evolution conductance curves. Such
dips had a depth of about 0.3G,, and resulted from relative
sliding motion at the interface between the nanowire and
electrode.

In the thinning processes, stacking faults occasionally ap-
peared and/or disappeared in the nanowires. Figure 11(a)
shows a stacking fault that crosses over a (110) nanowire.
Figure 11(b) shows a TEM image after elimination of the
stacking fault from the nanowire. The time-dependent con-
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FIG. 10. (a) Time evolution of conductance during thinning of a
(110) nanowire. [(b)—(d)] TEM images, taken at times labeled A, B,
C in (a), respectively. Note that the sudden jump from g=13.9 to
13.0 corresponds to the TEM image change from (b) to (c). Triangle
arrow heads indicate the (111) lattice planes. Note also the conduc-
tance dip (g=13.0 and 12.7) at D.

ductance curve corresponding to this change is shown in Fig.
11(c). The stacking fault is eliminated at the moment indi-
cated by the arrow C. The conductance shows no change
before and after the moment of elimination. In other cases,
no change in the conductance larger than the experimental
error has been detected so far. We therefore conclude that
stacking faults have little effect on ballistic conductance of
the nanowires.

III. THEORETICAL CALCULATIONS
A. Number of conductance channels

The electronic structure for each structure proposed in this
study were calculated using first-principles calculations
based on density-functional theory**  within the
generalized-gradient approximation (GGA).*® The electronic
structure was calculated for infinite chains or nanowires. The
number of conductance channels was evaluated from the

(a)
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FIG. 11. (a) TEM image of a nanowire with a stacking fault, and
(b) after release of the stacking fault. (c) Corresponding time evo-
lution of the conductance. A and B represent time of the recording
TEM images (a) and (b), respectively. Note the little change in
conductance before and after the release of the stacking fault
(shaded and unshaded regions).
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FIG. 12. The number of conductance channels (N,) of the triple
chain structure [Fig. 6(b)] depending on the intrachain spacing, c,
and interchain spacing, h. Open circles represent structures having
N.=2, while solid circles, those having N.=3. The sheet structure
with ¢y=0.288 nm, h,=0.250 nm, and #=30° has the bulk (111)
sheet. The structures on line A have a constant interchain spacing,
h=hy (c=2hg tan 6), and those of the line B have a constant intra-
chain spacing, c=c( [h=cy/(2 tan 6)]. The structures on line C have
c=hy/cos @ and h=c( cos 6, and those of line D have §=30°. Note
that the sheet structures on A(b), C, and D have centered rectangu-
lar, oblique, and hexagonal symmetry, respectively.

number of electronic bands crossing the Fermi level. A single
atomic chain gave one conductance channel, assuming that
the intra-atomic spacing is equal to the nearest-neighbor
atomic distance for bulk gold crystal of ¢=0.288 nm.
Double chains, with a zigzag configuration of the (111)
sheets in crystalline gold, had two conductance channels.
However, triple chains had two or three conductance chan-
nels depending on the interchain spacing, 4, or the intrachain
spacing, ¢, as shown in Fig. 12. They had three channels
when the intrachain spacing, ¢, was shortened by more than
0.03 nm, or the interchain spacing, &, expanded by more than
0.03 nm relative to the bulk (111) sheet. For quadruple
chains, the parallelepiped configuration yielded four chan-
nels (see Fig. 9). On the other hand, the thombic cross sec-
tion gave three channels. The hexagonal (n,n,n) structure,
which has the same unit cell as the bulk gold structure, had
6,9, 14, 18, and 22 channels for n=3, 4, 5, 6, and 7, respec-
tively. Figures 13(a)—13(f) show the isosurface images of the
electron density for the six open conductance channels in the
(3, 3, 3) structure. Density of electron of each conductance
channel was delocalized over seven atomic rows. Therefore,
each conductance channel was not associated with individual
atomic chains.

B. Comparison with experimental results

Table I summarizes the peak index in the conductance
histogram (N,), the normalized conductance value (g
=G/G,), the number of the conductance channel (N,), and
the number of the (110) atomic rows composing nanowire
(N). The number of the conductance channel is found to
agree well with the peak index. This suggests that each peak
appears whenever each conductance channel opens one by
one. Then, the (110) nanowires transport carriers ballisti-
cally. As shown in Fig. 3, the observed conductance value, g,
is almost the same as the number of the conductance channel
in g <10, however, it is lower than the number of the con-

PHYSICAL REVIEW B 79, 165414 (2009)

(b)

(e)

FIG. 13. [(a)—(f)] Isosurface images of the electron densities for
six open conductance channels in hexagonal (3,3,3) structure,
respectively. The dots represent positions of the [110] atomic
rows. Contour lines correspond to 0.25, 0.5, 1.0, 2.0, 4.0, and
8.0(X 1073 bohr™3) from the outside. The density of electrons is
averaged along the wire axis. Six conductance channels are open,
and (a) is the lowest energy state.

ductance channel in g > 10. Following the Landauer formula,
g=2,T;, where T; is the transmission probability of the jth
conductance channel. The transmission probability per chan-
nel, (T}:EjTj/ Ej, is obtained by dividing the conductance
value by the peak index as shown in Fig. 14. The figure
shows that transmission is almost perfect for thin nanowires
for g<<10, while it gradually decreases for g>10. For
thicker nanowires, the (T) becomes about 0.9.

Figure 15 shows the relationship between the number of
conductance channels and the cross-sectional area of the gold
(110) nanowire. The cross-sectional area is obtained by mul-
tiplying the number of atomic rows, N, by the area per
atomic row, sy=a’/(22), where a=0.408 nm is the lattice
constant of the bulk gold crystal at room temperature. For
comparison, the number of conductance channels is esti-
mated using corrected Sharvin equation based on a semiclas-
sical approximation,*’ N,=mS/Nz—\ 7S/ Np+1/6, where S is
the cross section of the nanowire and A is the Fermi wave-
length. For thinner nanowire (N.=20), the number of con-
ductance channels obtained experimentally is larger than one
obtained from the corrected Sharvin formula. This discrep-
ancy may come from smearing-out effect of electrons.*® For
thick nanowire (N.=20), experimental and semiclassical
numbers of conductance channels accord with each other.

IV. DISCUSSION

A. Preferred peaks and the number of conductance channels

The present experiment was carried out by selecting gold
(110) nanowires. It was first shown that no missing integer

e
A 1.0 -Q—---.—“.— ----------------------------
&~ ® ....
V09 i M‘.“q 590
0.8

0 5 10 15 20 25 30
peak index

FIG. 14. Transmission probability per channel, (7), in relation to
the peak index. (T)=g/N,, is calculated using Table I.
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FIG. 15. Relationship between the cross-sectional area and the
number of conductance channels of the gold (110) nanowire. Solid
and open circles are plots of the experimental and calculated num-
ber of the conductance channels, N,, in Table 1. S=a’N/(2 \5) and
Ar=0.52 nm are cross-sectional area and Fermi wavelength, re-
spectively, where N is number of atomic rows and a=0.408 nm is
the lattice constant of the bulk gold crystal. The solid line is the
corrected Sharvin formula, NC=7'rS/)\§+ NS/ Np+1/6. For refer-
ence, the number of conductance channels for cylindrical or for the
square cross section was calculated. Gray and dotted lines represent
the semiclassical calculation for cylindrical and square cross sec-
tions, respectively.

number existed in the quantum state for the conductance
channel, and the conductance channel increased one by one.
Second, the nanowire was seen to behave as a ballistic con-
ductor. Third, partial transmission cannot be disregarded for
thicker nanowires, and the apparent conductance is smaller
than the number of conductance channels in this case.

The present observations are different from previous
ones.?830 Mares and co-workers?®?® proposed, based on
their conductance histograms, that thin gold nanowires pre-
ferred the electronic shell structure, whereas thicker nano-
wires preferred the atomic-shell structure. The atomic-shell
model insisted that the hexagonal (3,3,3), (5,5,5), and (7,7,7)
structures gave main peaks in their conductance histogram,
and a subsidiary peak arose whenever a monoatomic layer
was attached (detached) on one of the six side faces. Their
conductance values, therefore, were determined by the ge-
ometry or cross-sectional area. The conductance values re-
sponsible for their peaks, which do not increase in steps of
the conductance quantum, disagree with our present observa-
tions.

The square root of their conductance value changed lin-
early with an increase in their peak index, whose slope
showed a break at around g=10 (e.g., Fig. 4 in Ref. 29). This
break has been interpreted as being due to evolution of the
atomic-shell structure. In the present study, the plot of con-
ductance vs peak index [Fig. 3(b)] shows a break around g
=10, but this is presumably caused by partial transmission of
the conductance channel. Furthermore, no critical change in
the cross-sectional structure is recognizable at around g=10.
In fact, the present gold (110) nanowires giving the preferred
peaks have quantum states equal to the number of conduc-
tance channels, that is, the peak index.

B. Partial transmission probability

According to the present results, the transmission prob-
ability decreases for thick nanowires. For a model incorpo-
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FIG. 16. Transmission probability T(E, L) as a function of E, for
a cylindrical nanowires of length L=1 nm, radius R=0.83 nm, and
the Fermi energy E=5.53 eV. Dotted and dashed lines indicate the
energy of transversely confined states, E. Dashed lines show degen-
erate states and dotted lines, nondegenerate states. Note that the
decrease in transmission probability for E slightly below the Fermi
level.

rating a narrow cylindrical rod (nanowire) connected with
two wider cylindrical rods (electrodes), it was demonstrated
that the partial transmission depended on the length and
cross-sectional area of the rod (nanowire).**° Provided that
an eigenstate of electrons confined transversely in a nanowire
has energy E, the number of the discrete states below the
Fermi energy E corresponds to the number of conductance
channels. Based on the simple jellium model,>! the transmis-
sion probability of a conductance channel, 7, as a function of
E, and length of nanowire, L, is given by

2 -1
)
1ENE,—E) sin“(kL) | , (1)

where k?>=(2m/#?)(Ep—E). Figure 16 shows T(E,L) in rela-
tion to E for a cylindrical rod. For a conductance channel
with a confined state slightly below the Fermi energy, the
transmission probability, 7, is reduced due to multiple reflec-
tion of electrons at nonadiabatic interface between the nano-
wire and electrodes. In this model, the conductance value
given by the 21 conductance channels is calculated to be
g=18.1. The conductance reduction from the quantized con-
ductance value is attributed to reducing the transmission
probabilities of the conductance channels corresponding to
the confined states slightly below the Fermi energy. As the
cross section increases, the number of the confined states just
below the Fermi energy increases. They suffer sever drop of
their transmission probability. For each size of cylindrical
rods, calculated conductance values were plotted in Fig. 3(a)
in relation to the number of conductance channels (peak in-
dices). Although, in this model, the transmission probability
is almost one when kL=n, this 100% transmission is not
occurred perfectly but partially (partial coherence). Because
the conductance of the (110) nanowires in Figs. 10(c) and
10(d) show no noticeable change for the length difference of
about 1 nm (about four atomic distances, 0.288 nm X 4).
Even when a nanowire was thinned partly by one or two
atomic distances, the conductance change (or fluctuation) did
not exceed about 0.4G. For the present (110) nanowires of
different lengths with the same cross section, the conduc-
tance values are varied not more than 0.4G,, as seen in the

T(E,L)=|1+
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partial conductance histogram. The partial coherency of the
(110) nanowire is in agreement with the report suggesting
that the phase coherence length is about 1 nm at room
temperature.?

C. Stable nanowire

The sheet structures and (n,n,n) hexagonal prism struc-
tures observed in the present study gave conspicuous pre-
ferred peaks in the conductance histogram. These structures
did not only have frequent appearance in the in situ TEM
experiments, but they also had long-lasting plateaus in the
time-evolution experiments. Therefore, the atomic configura-
tions summarized in Figs. 6 and 9 must be stable structures.
In theoretical arguments regarding the stability of nanowires
and/or stable structures, free energy>>>* or tension®*> have
been discussed. As proposed,?’ a stable nanowire accommo-
dates its structure to maximize the number of conductance
channels. Because the conductance channel serves as the me-
tallic bonds connecting the nanowire to the electrodes.>® In
the present study, the quadruple chains were found to have
the parallelepiped configuration [see Fig. 6(a) and 9] corre-
sponding to the peak at g=4. The quadruple chains with
rhombic configuration (see Fig. 9), which was calculated to
have g=3,%° was not observed in our in situ TEM observa-
tions. Another example is the case of the triple chain struc-
ture with sheet configuration. Triple chain structures that
have atomic arrangements of the hexagonal symmetry were
calculated to have g=2. Triple chains take g=3 after defor-
mation of the intrachain and interchain spacing more than
10% from the bulk spacing, forming structures of the cen-
tered rectangular or oblique symmetry. This may accord with
the prediction that gold nanowires prefer rather elliptical
cross section than cylindrical one due to Jahn-Teller effect
for g=3.%7 Our experiments show that triple and quadruple
chains preferred atomic structures of a higher g value. Thus

PHYSICAL REVIEW B 79, 165414 (2009)

the increment of the number of open channels was thought to
be preferred for stability at the cost of strain energy due to
structural relaxation.

V. CONCLUSIONS

The conductance quantization of gold (110) nanowires
was investigated in the present study. TEM fitted with STM
was used to measure the conductance of gold (110) nano-
wires that were successively formed during the thinning of a
gold contact. A series of peaks appeared in the conductance
histogram from 300 thinning processes. The conductance
value for each peak corresponded to the respective structures
of the nanowire. Among 30 peaks in a conductance range
below 28G,, four peaks at 1.0G(, 1.9G, 2.7G,, and 3.9G
were found to be related to the atomic chain and atomic
sheets, and the other 26 peaks above 4G, were related to the
(n,m,l) hexagonal prism structures. Based on the determined
structures, the number of conductance channels was calcu-
lated by first-principles theory, which coincided with the in-
dices of the 30 peaks. In conclusion, we found that the con-
ductance quantum was introduced one by one into the
nanowires, whenever the nanowire changed its structure. The
preferred nanowires behaved like ballistic conductor. The
transmission probability per conductance channel, however,
became 0.9 for g > 10. This reduction was explained by low-
ering the transmission probabilities of the conductance chan-
nels having the confined states slightly below the Fermi en-

ergy.
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