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We perform first-principles calculations of the conductance of Al and Si atomic wires between jellium
electrodes using the wave-function matching method combined with the density-functional theory. The calcu-
lated conductances for single-line and double-line atomic wires exhibit rich variation depending on the detailed
atomic structure and the chemical difference between the constituent elements. The origin of the similarity and
dissimilarity between Al and Si atomic wires is unequivocally clarified by our eigenchannel analyses of the
wave functions and transmission probabilities obtained and by the calculated energy bands of the correspond-
ing infinite-length atomic wires. We also find that the conductance of single-line Al wires increases upon
stretching of the wires. This is due to peculiar features of the electron states of atomic wires consisting of group
Il or group IV atoms. The result is consistent with the observed conductance of Al wires.

DOI: 10.1103/PhysRevB.69.045401 PACS nuniber73.63.Rt, 73.40.Jn

I. INTRODUCTION ute to the transport even whea is equal to~G,, and a

Recent developments in fabrication techniques such as thgossible relation to the number of valence orbitals is
scanning tunneling microscog8TM) and the mechanically ~speculated.
controllable breaking junctiofMCBJ) enable us to form Nanocontacts made of other metallic elements also ex-
nanoscale metal contacts. Electron transport measuremeriit the quantization of conductance and, moreover,
have been carried out for such contacts and ballistic transpoflement-dependent characteristics in the behavior of the con-
behaviors are usually observkth those experiments, struc- ductance associated with structural charifes. _
tural variations during the conductance measurement usually AS for theory, there are several conductance Ca'%l_iﬁt'ons
take place and an interesting relationship between th&" Al wires based on density-functional theofFT).

atomic-scale structure and the electron conductance has belgPayashiet al. performed conductance calculations for a
discovered. three-atom Al wire by the recursion-transfer matrix method.

___Their eigenchannel decompositféri* shows that the num-
A contact made of gold offers such an example. Ohnishj) .~ rglevant channels ofpa three-atom wire is tArke
et al? formed a nanoscale gold bridge by putting a gold :

STM tip on the Au surface and then withdrawing the tip. They also proposed that the change from the bent to the

; e . straight structure causes a positive slope of the conductance
They observed Au bridges consisting of a few atom lines g P P

. . . on each plateau. From a tight-binding calculation for a one-
using the transmission electron microscopEEM). The  5iom Al contact, Cuevast al. found that the number of

TEM clarified that the bridge becomes thinner line by line channels is thre&They also argued that the positive slope is
upon withdrawal. Moreover, simultaneous measurement ofj e to the change of electron states caused by bond elonga-
the electron conductance shows clear quantization of thfon, which contradicts the results by Kobayashial. Fur-
conductance in units dBo=2e%*/h and a one-to-one corre- ther investigation is certainly required to clarify the origin of
spondence between the value of the conductance and thige positive slope on each plateau of the conductance with
thickness of the nanobridge. The conductance of the thinnestongating nanocontacts.
bridge is shown to b&,, which implies ballistic transport in Those experimentally observed characteristics imply a
a single channel. wealth of underlying physics in nanoscale contacts. What is
Aluminum nanocontacts exhibit different characteristics.the relationship among nanoscale atomic structures, electron
Quantization of the conductance has indeed been observed dates, and quantum conductance? What is the role of differ-
contacts fabricated using the STM and the MCBJences in chemical elements in the conductance? In spite of
technique’~’ The conductanc& = aG, shows a steplike de- extensive effort, a satisfactory understanding of those issues
crease with increasing electrode distance from the contact. lis still missing.
contrast to the gold contacts, howevaet,is close but not In order to clarify these interesting aspects of the relation-
exactly equal to an integer. More surprisinglyincreaseon  ship between the conductance and atomic structures or the
each plateau of the conductance with increasing electrodeonductance and chemical species, we here carry out con-
distance. The number of transmitting channels has also beefuctance calculations within the density-functional scheme
evaluated experimentally by using superconductingor prototype atomic wires consisting of Al and Si. We focus
contacts>’ It is shown that more than two channels contrib- on salient features of the conductance of the atomic wires so
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that geometry optimization of the structures is not pursued  (a)Forthe electrode regions
here. Instead, we choose several ideal atomic wires and then
clarify the effects of the atomic geometry on the conduc-
tance. It is found that two neighboring elements in the peri-
odic table exhibit quite different characteristics in the con-
ductance when they are formed into nanostructures. We
found that this difference can be well understood in terms of
the electronic structures of atomic wires. In particular, the
origin of the exotic and surprising behaviors of Al nanowires
during elongation is naturally explained by the present cal-
culation.

In Sec. Il, we briefly explain our calculational methods.
Results for single-line atomic wires are presented in Sec.
[l A, and the increase in the conductance of the Al nano-
wires is explained in Sec. Il B. Characteristics of the
double-line atomic wires are presented in Sec. Ill C. Section
IV concludes the paper.

FIG. 1. Supercell model used for the self-consistent potential
calculation in(a) the electrode andc) the wire regions(b) The
potential of an atomic wire between two semi-infinite electrodes
Il. COMPUTATIONAL METHODS consists of the potentials generated for each region. Note that the
cells are also periodic in the direction perpendicular to the wire.
Calculations are performed using density-functional
theory*>18in describing interactions among electrons and us“electrode” regions smoothly. We find that an electrode with
ing the multichannel Landauer formdfain obtaining the the thickness of 13 a.u. at both sides of the wire in the “wire
conductance. The transmission probability of an electromegion” is sufficient for the procedure. The Kohn-Sham or-
with a certain energy is computed by the wave-functionbitals and thus the electron density are expanded using a
matching(WFM) method"® plane-wave basis set with cutoff energy of 4.0 Ry and 6.0 Ry
We consider the conductance of Al and Si atomic wiresfor Al and Si, respectively. The Brillouin zone integration is
between two semi-infinite jellium electrodes at the zero-biasdone byI" point sampling.
voltage limit. The jellium is specified by the parameter The self-consistent potentials in the three regions are
=2 a.u., which corresponds to the electron density of bulksmoothly connected and constitute the potentigl) for an
Al. Nuclei and core electrons for each atom constituting theinjected electroriFig. 1(b)]. The wave function?, for each
atomic wires are represented by local pseudopotentials pa&lectron with a certain incident ener@yis written as
rametrized for Al(Ref. 19 and Si?° Interactions among va-

lence electrons are treated in the local density approximation (

(LDA).2122 The distance between the end atom of the wire Pt E Nk (in left electrode region
and the jellium edge is set to be 2.6 a.u. and 2.3 a.u. for Al ket

and Si wires, respectively. These values are adopted from o i
calculations for the stable geometries of adsorbed Al and Si ¥«= > ann (in wire region),

atoms on a jellium surfac&:®*

First we calculate the self-consistent potentiét) for an torio - .
electron which is injected from the left electrode, passes ER i (inight electrode region
through the atomic wire, and then reaches the right electrode. : (1)

For that purpose, we divide the electrode-wire-electrode sys-

tem into three regions: the left electrode, the right electrodeywhere L (R) represents the states moving leftwdriyht-

and the wire regions. For each region, self-consistent DFTward), and they,’s are linearly independent solutions of the
LDA calculations are performed. In these calculations we usé&ohn-Sham equation. The coefficiems, ,a,, andt,,, are

a three-dimensional supercell model in which the wire or thedetermined by the boundary condition that the wave function
electrode is placed in a large unit cell and periodic boundarynd its derivative are continuous at the region boundaries. In
conditions are imposed in three directions both paraltpl ( each region of Eq(1), the WFM method"® is used to solve
and perpendiculan(andy) to the wire(Fig. 1). To simulate  the Kohn-Sham equation, as is explained below.

a single isolated wire, we take the large dimension 20 a.u. in In the xy plane we still use the large periodic cell to
the x andy directions. The self-consistent potential obtainedsimulate an isolated wire connected to electrodes. The wave
in this supercell model is later used to calculate incidentfunctions and the self-consistent potential are then Fourier
reflected, and transmitted electron waves in the semi-infinité¢ransformed by introducing two-dimensional reciprocal vec-
electrodes plus the finite-length atom wire. Therefore thdgors G, . The number ofG, is taken so as to be consistent
“wire region” should contain substantially thick electrodes with the plane-wave cutoff energies that are employed to
connected with both end atoms of the wire. This procedurealculate the self-consistent potenti&(r).

enables us to describe potential modification near electrode- Along the z direction, we introduce the real-space mesh
wire interfaces and to connect the “wire region” to the {z,}. The mesh spacingz=z,.,—z, should be sufficiently
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small and the self-consistent potentidlr) is assumed to be
zindependent in each slab of thickne¥s i.e., the potential
V(r) is discretized and regarded as a setzafidependent
potentials{V,(r,)}. We examined the convergence of the
mesh spacing, andz=0.45 and 0.37 a.u. are found to be
sufficient for Al and Si, respectively.

The Kohn-Sham equation in the three-dimensional real
space is thus converted to linear equations in@espace A —o—
for each slabn. Within a slab, analytic expressions for all o . s
propagating and evanescent waves are obtained and they are 0 5 10 15 20 25 30 35 40 45
connected smoothly to the expressions in adjacent slabs. In
the electrode region, the periodic boundary condition is ap-
plied in thez direction. As a result of this, complex band  FIG. 2. The conductance at the Fermi ene@(E) of Al and
structures with possible imaginary wave numbers appear. Fé#i single-line straight wires consisting of one to eight atoms. The
every propagating Bloch wave with real wave numlber abscissa, the distance between the left and right electrodes, is a
coming to the wire region, the wave function is calculated sgneasure of the length of the wire consisting of one to eight atoms.
as to connect the incident, reflected, and transmitted waves

smoothly. We then finally obtain the transmission probabilitysj wires is less sensitive to the length of the wires. The origin

tiri from the computed wave functiafd). . of this behavior is discussed later in terms of the electron
Finally, the conductance is calculated by the multichannekiaies of the wires.

Landauer formula. qu an incident electron with enekyy It is interesting to see the conductar®¢E) for an inci-
the conductanc&(E) is written as dent electron with different energy. Figure 3 shows the con-
_ t ductanceG(E) as a function of the incident electron energy
G(E)=GoTrH(E) UE)], @ E for two Al wires consisting of three and five atoms. Below
wheret(E)={t,,} is the transmission matrix. In the experi- E=—6 eV the conductance is negligible for both wires. The
ments,G(E) at the Fermi energ¥g is measured when the conductance increases rapidly arouag —6 eV and satu-
bias voltage is close to zero. It is shown that there is a unitaryates toG=1G, with a slight oscillation. This oscillatory
transformationU which diagonalizes the matrix't: i.e.,  behavior of the conductance is enhanced for longer wires, as
U't'tU=diag{;}, where diagr} is the diagonal matrix. s shown in Fig. 3, and is interpreted in terms of the com-
Then Eq.(2) becomes mensurability between the electron wavelength and the elec-
trode distancé®?® The conductance is unity untt reaches
Er and then increases td3. Again, the conductance oscil-
lates arounds=3G, until E reaches 3 eV. TheG(E) in-

) o - creases monotonically.
Thus 7(E) is the transmission probability of each channel G (E) of the three- and five-atom Si wires is shown in Fig.
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i(=1,...N), and the channel is regarded as an eigenchamnt, The conductance is negligible beld@~= — 10 eV and then
nel. becomes almost constant with the value®¥ 1G, from
E=—-10to —2 eV. Then it increases toG, whenE=—2
Ill. RESULTS AND DISCUSSION to 3 eV. In contrast to the Al wires, there is a dip in the

conductance arounBl=—2 eV?® The dip for the five-atom
wire is larger than that for the three-atom wire.
We first study the conductance of Al and Si wires consist-

ing of a single line of atoms. The number of atoms in a wire
ranges from one to eight in this paper. For the interatomic
distance in the wires we adopt 5.4 a.u. for Al wires and 4.4
a.u for Si wires. The values are the corresponding distances
in bulk fcc Al and diamond-structured Si, respectively.

A. Single-line wires

| 1I3 atomsI
5atoms --———

1. Conductance GE)

We first present the conductance at the Fermi energy
G(Eg) as a function of the wire lengttfrig. 2). The conduc-
tance depends on the wire length for both the Al and Si
wires. Both the wires take the maximum value of almost
3.0Gy in the five-atom wire. Yet the variation of the con-
ductance is rather different for the two elements. In Al,
G(Eg) varies by (0.2-0.6}, when the number of atoms FIG. 3. The conductance of three- and five-atom single-line
increases by one. On the other hand, the correspondingraight Al wires as a function of incident electron energy. The
change for Si wires is (0.01-0.@3). The conductance of the Fermi energyE is atE=0.
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The energy at which the first channel starts to open corre-

sponds to the bottom of the band. Thes band consists of

s and p, orbitals of Al. On the other hand, the energy at

which the second and third channels open corresponds to the

bottom of thew bands consisting of thp, and p, orbitals.
These correspondences are visible in Fig. 6 where the

eigenchannel wave functions B are shown. The eigen-

i channel wave functiong; are obtained by unitary transfor-

P T R it P mation of the wave functiongl) by using the unitary matrix

4 2 0 2 4 8 U=(uy;), which diagonalizes the product of the transmis-

Energy (eV) sion matriceq"t: 13

FIG. 4. The conductance of three- and five-atom single-line
straight Si wires as a function of incident electron energy.

3 atoms '
5 atoms ------

Conductance (2e2/h)
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2. Eigenchannel analysis of GE)

BecauseG(E) reflects the total transmission, which is the It is clear that the three open channels=athave the char-
sum of contributions from all channels, the physical origin ofacters ofo and 7 states, respectively.
the conductance and its detailed features still remain unclear. The same analyses were done for the Si wires. Figure 7 is
We thus performed eigenchannel analysis of the conductandbe eigenchannel transmission probability (ef three- and
for each incident energy and then clarified the relation be{b) five-atom Si wires. The energy bands of the infinite-
tween the eigenchannels and the electron states of infinitdength Si wire are also shown in Fig(cJ. There are three
length wires. open channels &g . The first channel, which has charac-

Figure 5 shows the transmission probabilig(E) for  ter, starts to open &= —10 eV. In contrast to the Al wires,
each eigenchannelof (a) three-atom andb) five-atom Al this has a dip in transmission arouBe- —2 eV. The second
wires as a function of the incident energyThe first channel and third channels, which have character, are degenerate
opens alE=—6 eV. The second and third channels are de-and open aE=—2 eV. The energy where the dip appears
generate and open just below the Fermi energy. The trangorresponds to the energy gap of héband of the infinite-
mission probabilities of these channels rapidly saturate téength wire as seen in Fig(@). It is noteworthy that a gap in
7,~1 and oscillate after they open. Thus the number ofthe energy band causes a transmission dip only in the corre-
channels open at the Fermi energy is three. sponding channel: The first channel of the Si wire has a dip

Opening of the eigenchannels is closely related to theroundE=—2 eV, whereas the second and third channels
electron states of the infinite-length wire shown in Figc)5  are unaffected.
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(a) arounde= —2 eV crosse£,, whereas the dip in the five-

‘ ' T ' atom Si wire is narrower and the transmission recovers to
;=1 atEg. On the other hand, the second and third chan-
nels are almost fully open &g for all wire lengths. Conse-
quently, only the first channel is responsible for the variation
of the conductance as the wire length changes.

On the other hand, the first channel in the Al wire is fully
open atEg irrespective of the wire length, and the other two
are partially open. For a longer wire, the slope of the trans-
mission probability is steeper due to less contribution of the
evanescent waves. Also, oscillatory behaviors are enhanced
owing to the increasing number of electron wavelengths that
satisfy the commensurability condition with the wire length.
Hence the transmission probability of the channel which

FIG. 6. Contour plots of the squared eigenchannel wave funcOP€NS aEg is sensitive to structural changes such as the wire
tions of a three-atom Al wire at the Fermi energg) first and(b) ~ length. In addition, the two degeneratgecond and thind
secondthird) channels. The left panel is in the plane cutting the ~ channels contribute to the conductance change. Therefore a
center atom. The right panel is in the plane that contains the wiremaximum variation of~2G, could be possible. That is why
The electron is incident from the left. Black circles indicate the the conductance of the Al wire varies more than that of the Si
atomic positions. Vertical dotted lines are the edges of the jelliumwire with changing wire length.
electrodes. Correlation between the conductance and the electron

states is generally expected. Actually, Moztsal ?® calcu-

We are now in position to discuss the origin of the con-lated the conductance of Si wires, found the conductance dip
ductance behaviors of the Al and Si wires. The number obelow Er, and interpreted it in terms of a gap in the band
open channels is three at the Fermi energy for both wiresstructure of the infinite-length wire. As is clear in Fig. 7,
This sets the upper bound of the conductance, leading to tHeowever, the calculated transmission probabilities for eigen-
maximum conductanceG,. channels are sensitive to the incident energy and to the struc-

The dip inG(E) of the Si wire belowEg (Fig. 4) origi-  tural variation of finite-length wires. The transmission prob-
nates from a dip in the first channel in Figgaj7zand 7b). abilities of eigenchannels are the eigenvalues of the product
The width of the dip becomes narrower as the length of thef the transmission matricest. Among the eigenvalues,
wire increases, because the period of the resonant peaks getest of them have negligible values except for a few open
shorter for a longer wire. For the three-atom Si wire the dipchannels. Hence, only after eigenchannel decomposition can
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FIG. 8. The conductance and the eigenchannel transmission of a e et .
five-atom single-line Al wire at the Fermi energy as a function of s 27 ]
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squares, and the dotted line with triangles denote the total conduc- S 2l ]
tance, and the first and secoftte third eigenchannel transmission & 4l i
probabilities, respectively. The second and third channels are de- sl . i
generate. . e et
_8 1 1 1 1
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the correspondence between the states in the bands and the k (2r/a)

open channels in the wires be clarified. FIG. 9. The eigenchannel transmission and the energy-band

structure of an Al wire with a shorter bond length 4.6 a.u.

B. Effects of stretching wires the dip in transmission of the first channel. The first channel

As discussed in the previous subsection, the eigenchannebrresponds to the: band, which has an energy gap around
transmission of a finite-length atomic wire between jelliumEg. Thus the transmission of the first eigenchannel de-
electrodes is closely related to the band structure of amreases tor;~0.3. On the other hand, it is found that the
infinite-length wire. We therefore expect that structural de-transmission probabilities of the second and third channels
formations of the wire induce changes in the electron statesire 7,,73~0.8. This amounts to the total conductance of
lead to variations in the eigenchannel transmission, and.9G.
eventually cause variations in the conductance. It is thus use- The increase in the conductance upon stretching, or more
ful to know the electron states of an infinite-length wire for generally the change in the conductance upon deformation of
predicting the conductance and its change upon deformatiowires, is explained naturally by the combination of the
In this subsection, we elucidate generic features of Alchanges of the energy-band structure of an infinite-length
nanowires and then discuss the observed incPdasethe  wire and the corresponding eigenchannel transmission prob-
conductance upon stretching. abilities.

We focus on the conductance of the five-atom single-line In order to further explain this point, let us consider the
Al wire. In the previous subsection we set the Al-Al distanceband structures of infinite-length single-line wires with @ne
d in the wire to be 5.4 a.u. We now change it in the range ofand threep orbitals(Fig. 10. When atoms come together, the
d=4.6-7.4 a.u. for comparison. The value 4.6 a.u. is thes and p, orbitals in isolated atoms constitute corresponding
optimized geometry for an infinite-length single-line Al “s” and “p,” bands® or mix substantially and forms
wire? bands, whereas thg, andp, orbitals constitute correspond-

Figure 8 shows the conductance and the eigenchanneélg = bands. For a large Al-Al distance, overlaps of the
transmission at the Fermi energy as a function of the Al-Aladjacent orbitals and thus the band widths are small. When
distance. The conductance of the shortest wite 4.6 a.u)  the widths of the $” and “ p,” bands are small compared
is 1.9Gq, which is substantially smaller than the value@,0  with the difference between tteandp, levels, the 5" and
for the stretched wired=5.4 a.u) discussed in the previous “p,” bands do not cross. Consequently, there is a gap be-
subsection. Stretching the Al-Al distancd>*¥5.4 a.u) de-  tween the top of the §” band and the bottom of the g,”
creases the conductance. The transmission probabilities dand[Fig. 10a)]. As the bond length decreases, the overlaps
the three channels increase when the Al-Al distance i®fthe orbitals become larger so that the bandwidths increase.
stretched from 4.6 a.u. Upon further stretchinig5.4 a.u), At a certain distance, the top of the™band and the bottom
the second and third channels close more rapidly than thef the “p,” band touch and the gap disappedfsg. 10b)].
first channel. When the bond length decreases further, tisé&nd “ p,”

In Fig. 9, the eigenchannel transmission of the shortesbands could cross as shown by the dashed lines in Fig) 10
wire and the energy-band structure of the correspondingn the absence of the mixing. Yet actually with th@, mix-
infinite-length wire are shown. The number of open channeling the bands repel each other. Therefore a gap reappears
is found to be three & . The decrease in the conductancebetween the §” and “ p,” bands, as shown by the solid lines
of the shortest wire that we have found is caused mainly byn Fig. 10(c).
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FIG. 10. Schematic illustration of the energy bands of an % 3
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Based on the band structure discussed above, the effects © 05 F (©) —=—
of wire stretching on the conductance become clear. For Al 0 .oy Sindle
there are three electrons per atom so that the dirband is 0 5 10 15 20 25 30 35 40
completely filled. Them, , and “p,” bands are partially Electrode distance (a.u.)

filled. Although the occupation changes depending on the
relative positions of the andp levels and the bandwidth, the
Fermi energy will be located somewhere in thesg, bands.

For the smaller Al-Al distance iiic), the band is similar to (B) 5.4, and(C) 6.0 a.u., respectively, ant) for Si, they are(A)

that for the distance 4.6 a.u. Ehown in Fig. 9. Thg, bands 4 o (B) 4.4, and(C) 5.0 a.u., respectively. The conductance of the
are partially filled and the ,” band is empty. The Fermi single-line wire is also shown for comparison.

energy is located in the gap between thg” ‘and “p,”

bands. Thus two channels correspondingrig, open. Fur- - nronose that the increase in the conductance is due to
ther a channel corresponding to @, band will also open,  girajghtening a bent wire during elongatnOur calcula-

but have a dip in the transmission probability aroufid.  jons along with the qualitative discussion above clarify that
Consequently, the conductance is not larger th&g #rom  he reason for the positive slope of the Al contact is the bond
myy channels plus a small contribution from the th@p,  ggretching. The discrepancy in the conductance variation dur-
channel. When the wire is stretched, the band becomes lik@q the bond stretching between ours and the other DFT cal-
Fig. 10b). The energy gap disappears. The Fermi energy wilky|ation in Ref. 13 can be understood by the difference of the
be located near the bottom of the,, band. This is the jnitial bond length. In Ref. 13 the authors began with the
situation shown in Fig. @) for the Al-Al distance of 5.4 a.u. pong length 5.4 a.u., stretched the bond, and found a de-
The maximum conductance becoméSg3vhen all the chan-  ¢rease in the conductance. This corresponds to the change
nels open completely. For further elongation, the gap reapfrom (b) to (a) in Fig. 10. On the other hand, we stretched the
pears and the Fermi energy comes near the bottom of thgond from the shorter length 4.6 a.u. to 5.4 a.u., and found an
“p;" band. In this case, the maximum conductance may bencrease in conductance, which corresponds to the change

1Go when the, , bands are both empty. from (c) to (b). Both of the two DFT results are naturally
then decrease frorb) to (a) upon stretching. It will be pos-

sible to increase or decrease the conductance just by stretch-
ing. Stretching a wire with the shorter bond length increases
the conductance, whereas the conductance decreases uporiWe next explore nanowires consisting of two straight
stretching the wire with a moderate bond length. atomic lines parallel to each other. Each atomic line is iden-
One of the striking features of the conductance of Al pointtical to the single atomic line with atoms discussed in Sec.
contacts is the positive slope during stretching. Based offil A. The interatomic distance in the wires and the jellium-
their tight-binding calculations, Cuevas al® argue that the wire distance are the same as before. A new degree of free-
stretching makes the Fermi energy lie at the peak of the localom, i.e., the separatianbetween the two parallel lines, is
density of states and thus increases the conductance. On timroduced in these atomic wires. We try to elucidate the
other hand, based on a DFT calculation, Kobayastwl. effects of the separation on the conductance. Three kinds of

FIG. 11. The conductance of double-line wires with different
interline separations a@r. The number of atoms in each wire
ranges from one to eighta) For Al the separations are (A) 5.0,

C. Double-line wires
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wires with different separations are investigated. For Al no dips so that the transmission probabilities of these chan-
wires,s=5.0,5.4, and 6.0 a.u., whereas insSi4.0,4.4, and nels are high. Although the onset energies of the channel
5.0 a.u. opening are slightly shifted by changes of the interactions
The conductances of double-line wires consisting ofbetween the atomic lines, the band structure of the Al wires
atomic single lines of one to eight atoms are calculated at thground the Fermi energy is not drastically changed. Thus the
Fermi energy for different separatiossThey are shown in  conductance is relatively robust to variation of the interline
Figs. 11a) for Al and 11(b) for Si. It is clear that the con- geparation.
ductance of the double-line wire is not simply twice that of  The eigenchannel transmission of double-line five-atom-
the single-line wire for both elements. For Al, the conduc-|ength Si wires, along with the energy bands of the infinite-

tance is insensitive to the wire separation, and the depefiangih wire with three separations, are presented in Fig. 13.
dence on the wire length is also reduced. In the case of 561(\/

. X e have found that five channels are opekat Among the
the larger the separation, the larger is the conductance for

: : . e open channels of the Si wires, three of them have a dip
wire lengths. A small dependence on the wire length is ob- : . .
; : . across the Fermi energy. The channels with these dips corre-
served as for the single-line wires.

Figure 12 shows the eigenchannel transmission ofdoubles-pond to energy gaps near or around the Fermi energy.

line five-atom-length Al wires and the band structure of theChanging the interline se_paration aIters the. band 'structure,
infinite-length Al wire for three separations. For Al wires, the 2nd consequently the positions of the dips shift relative to the
number of open channels is four at the Fermi energy. TherE€'Mi energy. As a result, the total transmission of each
is no energy gap around the Fermi energy, which is locate§hannel is affected by widening the separation. Since even a
far from the band edges. Therefore the eigenchannels haydight shift results in a large variation of the transmission

045401-8



DENSITY-FUNCTIONAL CALCULATIONS AND.. .. PHYSICAL REVIEW B 69, 045401 (2004

~—
o
~——'

-

c SR R
k=] HER R - N .
2 08 o L st q gt
£ o 3 :
@ Pl s .
& 06 J 3 R
= ; >~ AF°c" o 1
%0‘4 ! c ._-' ..
& | W Bk, ae=e=" . E
g ) .
%0.2 / LT
] ! H S S .
0 | L L L ! - 1 L L L
-10 -8 6 4 -2 0 0 0.1 02 03 04 05
Energy (V) k (2n/a)

~—
o
~—

! YRS AT TTYT IO T T .
5 VYA R E I FIG. 13. The eigenchannel
z 08 ' Y T L L R transmission of double-line five-
é 08 i" =3 ____:::;:15"'-__ . atom-length Si wires and the
= ' % 47" N energy-band structure of the
[ - . g . . .
S 04l @ -t L.t infinite-length Si wire. The inter-
o - - - - _ . .
5 S - S L. line separations aréa) 4.0, (b)
C - . " H
% 02 i P PP . | 4.4, and(c) 5.0 a.u., respectively.
0 ; 1 1 1 1 1
40 B 0 01 02 03 04 05
k (2n/a)
(<)
T T T ¥ P ) T . -
8 sprTTIT Peeage o
2 e R T
E I R A
& 3 sorziiiies
= - 4 - '
) = . "
c 0] - " .
% LE £ F S B " - " ° -
c cews=e" -
3] - "
c ..
& P
i a2k ]
1 1 1 1
0 01 02 03 04 05
Energy {eV) k (Zn/a)

probability around the dips, the conductance of the doubleusing the wave-function matching method combined with the
line Si wires depends sensitively on the interline separationdensity functional theory.

For the Si wires, we also note that the number of bands We found that the conductance varies with changing wire
crossing the Fermi energy is three, whereas the number @éngth and takes its maximum value 063 at some finite
open channels is five. The three channels for the bands crosgngth for single-line Al or Si atom wires. Variation of the
ing the Fermi energy and the two channels corresponding tgonductance as a function of the wire length is substantially
the energy gap make five open channels. The number of Op&fitferent for the two elements adjacent to each other in the
channels is sometimes e\(aluatedizgnly from the number Qfaringic table: The Al wires show larger variations upon ad-
bands crossing the Fermi ene?@y. As is demonstrated ition of a single atom than do the Si wires. The origin of the
here’_ however, it is necessary to _mclude small but finite Con'similarity and dissimilarity between the Al and Si wires has
tributions from the _channels_ which corresppnd to eleciro een unequivocally clarified by our eigenchannel analysis.
states off the Fermi energy in order to obtain accurate pre- : ) .

" : We have also investigated the conductance of double-line
diction of the number of open channels, especially for short O : .

. Al and Si wires and found that the chemical difference
wires. . .

makes the conductance of atom wires richer: The conduc-

tance of the double-line Al wires has little dependence on the
separation between single atom lines, whereas the conduc-
tance of the double-line Si wires exhibits substantial varia-

We performed first-principles calculations of the conduc-tion with changing separation; the numbers of open channels
tance of Al and Si atomic wires between jellium electrodesin the Al and Si double-line wires are different from each

IV. CONCLUSION
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other. We found that this interesting dissimilarity between Altering electrons is a useful tool to interpret and predict the
and Si wires is well understood in terms of the energy bandsonductance of nanowires.

of the corresponding infinite-length wires, once the eigen-

channel decomposition is performed. In particular, it is found ACKNOWLEDGMENTS
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