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Structure and conductance of a gold atomic chain
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The conductances of linear chains of gold atoms suspended between two electrodes were calculated while
the distance between the electrodes was increased. The stable structures of the linear chains of the gold atoms
at low temperature were initially determined by using #einitio local spin-density-functional approach. As
the average bond lengtldl) increased, the spacings of the neighboring gold atoms modulated similarly to the
Peierls transition. The maximum tensile force of a linear four-atom-chain was 0.91 nN and occufded at
~3.1 A. The electric conductances were then calculated using the recursion transfer-matrix method. The
calculation indicated that the conductance at the Fermi level of the modulated chain decreasedfrom 1
(=2€?/h) as the chain was stretchg&0163-18209)06335-3

Conductance quantization of metal nanowires is of para single-row gold atomic chain is modulated as it is
ticular interest because of their applications to future techstretched, similar to a Peierls transition. A linear chain with
nologies. Nanowires exhibited conductances in step§pf four atoms has a maximum restoring force of 0.91 nN at
=2e’/h, wheree is the electron charge arld is Plank’s ~an average interatomic spacing of 3.1 A. The interatomic
constant, at contacts made by Scanning tunne“ng microscongstance of this chain reaches 3.45 A, but the conductance is
(STM) geometry~* and other method¥.” Conductances for approximately 0.45,.

a nanocontact or a nanowire were also theoretically calcu- We calculated the electric conductance of a linear chain
lated for Al Na2 Ccu® Au,"* Ni,®> Nb? S0 xe®sil”  of gold atoms suspended between two electrodes using the
and C (Ref. 18 by using the linear-responséKubo) model shown in Fig. 1. The linear chain whdong with n

formula® the tight-binding approach® the density- gold atoms f-atom-chain and connected to pyramidal clus-
functional Green-function approaéh*6-28and the recur- ters at both ends, similar to tfj00] gold strand'® We cal-

sion transfer-matrixRTM) method*?~*4 culated the conductances for the chains of equal bond length

The atomic chains of gold atoms were recently observed@nd for the optimized structures. The optimized structure for
by an ultrahigh-vacuunfUHV) electron microscop® The @ linearn-atom chain was determined approximately by re-
conductance of the chains was measured during the witHplacing it with that of an §+2)-atom clustersee the rect-
drawal of an STM tip. That observation demonstrated that &ngular area in Fig.)1and each bond length between the
single[110] atomic row chain had a conductance dbg  ith and (—1)th atoms was determined using tak initio
The single atomic row chain, which was formed if1®0]  LSDF approach; without any symmetry restriction applied,
orientation by thinning from a gold filr? had anomalously the cluster length was fixed tb. The localized numerical
large interatomic spacings of 3:%.0 A. In another recent basis functions of the 6-31G** level and the exchange-
experiment using an STM configuratiéh,the maximum
lengths of the gold contacts at their rupturing point suggested
an atom spacing of 3.6 A for a single chain with a conduc-
tance of 15,.

Theoretical studies on gold chalfihave specified G,
for a gold one-atom-row chain but offered no speculation on
the extremely large interatomic spacings. The semiempirical
potentials used to determine the structures were derived from
the effective-medium theoryEMT),?? which is known to
become less effective for low coordination systems, such as a
one-dimensional chaif.In addition, the effects due to spins
and electron correlations were not sufficiently estimated us-
ing the EMT potential calculation. ‘—ZryeXP(ik/Z)

In this paper we report on thab initio local spin-density- !
functional (LSDF) calculation for optimizing the structures  FIG. 1. Model for the gold-atom chain used in this calculation.
of single-row gold atomic chains at low temperature, and the axis is taken parallel to the chain direction. An incident electron
electric conductance for the chains between jellium elece™? is reflecteds;r;;e i? or transmitteds ;t;;€'i%, and the total
trodes, using the RTM method. Our result demonstrates thatave function is solved by the RTM algorithm.

— exp(ikz) Z’UGXP(""/Z) —_—
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correlation functional of Vosko, Wilk, and Nus&irand
frozen-core approximation were used for optimization.

The electric conductanc® at zero-bias voltage was cal-
culated using the RTM methddin the form

2¢? K;
— 25
= — 2= 1
6= 2 Il (1)
wherek; andk; arez components of the wave numbers of
electrons in the conduction channelandj, andt;; is the —
transmission matrix element. This derived expression is the <

same as the Landauer-iker formula?® S

The effective potential, which causes the scattering of
electrons, is calculated within the local-density approxima- .
tion as I

FIG. 2. Bond lengthd; of the optimizedn-atom chains for
p(r’) =12,...n(n=12,...,8) with(d)=3.0 A atT=0 K. Each bro-
r

Verd1) =2 Vied(r=R,,)+ f dr’ +Vyclp(r)], ken line corresponds to 3.0 A for eaoh
"

_r,|

)

where R, is the position of theuth atom, p(r) is the 3-A thick was inserted to smoothly connect the effective po-
valence electron density/,ip"sn is the ionic part of a pseudo- tential at the contact between the chain and the electrode.
potential, andV, . is the exchange-correlation potential. We  The optimized structure for each of theatom-chains
adoptedV, . of the Ceperley-Alder forf? as parametrized (n=12,....8) inFig. 1 was calculated at=0 K as a

by Perdew and Zungéf.We neglected the contributions of function of the average bond lengtl), defined as(d)
the 5d electrons to the conductance; a local pseudopotentigF L/(n+1). For an average bond length of 3.0 A, the opti-
Vp3 of a gold 6 electron forV,' was constructed using the mized bond lengths; (i=1,2,... n+1) in each chain de-
algorithm by Bachelet, Hamann, and Sakh?® Since we viate from the average bpn_d length, as shown in Fig. 2. We
only considered a local pseudopotential, thp pseudo- observed three characteristics of the structure. First, the bond

orbital energy becomes about 0.4 eV lower than the corredfN9ths were symmetrical around the center of the chain.
6p energy level. Second, the bond-length deviation was oscillating and was
In the conductance calculation, the valence-electron derlumped from the edge toward the center of the chain. Fi-

sity p(r) was approximated by the sum of the &lectron  Nally, the odd number chainsr{=1, 3, 5, 7 had smaller
de>rl15pit(ie)s of theﬁgolated atomglaL amplitudes of the dumped oscillation than taeennumber

chains =2, 4, 6, 8, because of the destructive phase rela-
tion. The borj&d-length oscillations, e.g., those with an ampli-
_ 6/, 2 tude of 0.05 A at the central part of the six-atom chain, were
p(r) % [pelr =R ® caused by a Peierls transitiShWe calculated the stable
structures of the stretched infinite-length chains using the
and therefore, the electron density is not self-consistent witfirst-principles pseudopotential band calculation. We used a
the effective potential. cutoff energy of 13.86 Hartree, and the electronic states were
The local charge neutrality for the metal contdtts sat-  calculated self-consistently. The bond-length oscillations be-
isfied when the chain and the jellium electrodes in Fig. 1came apparent fofd)>2.8 A, while the equilibrium bond
have the same Fermi level. The Fermi level of thatom- length was 2.6 A. The oscillation amplitudes were 0.0,
chain is replaced by the value for the infinite chain, calcu-0.2, and 0.4 A fofd)=2.8, 2.9, and 3.0 A.
lated by a band calculation within the same approximation as The bond-length oscillations at the chain ends in Fig. 2
Eqg. (3). The present approximation implicitly changes theseemed to be an edgsurface stateeffect. The cluster cal-
work function of the jellium electrode, because the calcu-culations were performed with pyramidal clusters at the
lated Fermi level varies from-6.59 eV to—5.39 eV as the ends. The calculation converged when the Fermi level was
bond length changes from 2.6 A to 3.4 A. The Fermi energysmeared to fit with the Fermi-Dirac distribution at tempera-
of the jellium is kept constant at 5.53 eV. ture higher than 2700 K, and the force directions acting on
We used a unit cell of 20 A in the andy directions with  each atom suggested dimerizatidPeierls distortiopy but
a periodic boundary condition. They grid used in the FFT  with much less amplitude.
had 128< 128 points, and we used a recursion step length in  Figure 3a) shows the change af; in the four-atom chain
the z direction of 0.5 A. The conductance curves were con-caused by stretching. Bond lengttis (and ds) andds in-
verged for a plane-wave cutoff energy of 40 eV, correspondereased to their maximum values at about 2.9 A}
ing to 341 channels. The conductance was averaged over3.0 A, reachinglgime=2.71 A for(d)>3.5 A. Here, 2.71
four k points in thexy Brillouin zone. The conductance dis- A is the bond length of an isolated gold dimer. The stretch-
persion was very smallwithin 0.01 Gg), which indicates ing chain thus changes its bonding nature from an atom-
that ourxy unit cell was sufficiently large. A buffer layer coupling state to a dimer-coupling state arogadd=3.0 A.
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consistently. We believe, therefore, that the equal-spaced
chain has G, independent ofd) until it breaks. In con-

q trast, the conductance of the optimized chain keepg for

g (d) shorter than 3.0 A, but decreases for a lon@gr of the

] dimer-coupling state. The conductance was G#for (d)
=3.1 A, at which the chain had a maximum restoring force
of 0.91 nN. This kind of decrease in the conductance is
caused by dimerization or a Peierls-like transition of the
stretched gold linear chain. Our band calculation for the in-

< 5r <d>opt 0 ° finite length chain, within the same approximation as for
i‘i 6L © Ceee. p(r) in Eq. (3),. shows energy gaps at the Fermi level. The
2 A vl ¢ °® optimized | energy gaps increased &d) mc_:rease(i and were 0.149,
. 0.453, and 1.536 eV for the chains @) =2.8, 3.0, and 3.2
8l | A.
1.0 = I Our calculation for the optimized chain for=4 was
T 4gl© equal spacing | changed by stretching from an atom-coupling system to a
‘s 0.6- | dimer-coupling system. The transition started(d}~3.0
g —3.1 A, and the conductance started to decrease frGg 1
o 0.41 optimized | Around this transition, the stretching force reached a maxi-
03 gi i mum value of 0.91 nN atd)=3.1 A. These characteristics

also hold for the chains fan=2 andn=6. In experiments
. with STM configurations, the force-tip displacement was
<d> (A) proportional to its elasticity until it ruptured. The maximum
FIG. 3. Several calculated results as a function of the averagg?rce at the_rupture in the literatifewas 1.5-0.2 _nN. The
bond length(d) for n=4 at T=0 K. (a) Bond lengthsd, (i  dimer-coupling system could not have been realized in these
=12, ..., 5). Thecalculated result is symmetric;=ds andd,  €Xperiments because our calculation shows that strong
=d,. The broken line is a plot ofd) and dgime,=2.71 A. (b)  Stretching forces, exceeding 0.9 nN, easily break the chain
Cohesive energieg®, (equal spacingand E2®! (optimized. The  before(d) reaches 3.1 A. A recent low-temperature experi-
most stable lengths for the two cases are the same Valyg, ment for gold atom chain®, which reported 3.6 A as the
=277 A. (c) Conductances at the Fermi lev@°(Eg) and  maximum stretch of a bond before it breaks, is in accordance
GoPY(Eg). with our result. Our optimized chain df)=3.1 A hasd;
(=ds)~d;~2.87 A andd,(=d,;)~3.45 A. The longest
.bond length, which is the breaking bond during stretching, is

The cohesive energies calculated for the optimized Cha'Bredicted to be 3.45 A. The disagreement regarding conduc-

opt H q
.ECOh anld forttr;(.al.tequﬂhsp?cmg Ch?Eﬁfih demoqstrate the tance before the break is unsatisfactory; it wa3ylin the
increasing stability of the former structure &$) increases experiment, but 08, in our calculation.

[see Fig. )]. Their energy difference was only 0.051 eV at The present results do not provide a sound explanation for

(dy=3.0 A, while it was 0.134 eV atd)=3.1 A; therefore, A ; : N

the dimer-coupling state can appear even at room temper%\—}e repor‘(cj thzt ‘:: gold Ch%? remfuns even f__i.i)_d"o A.I d

ture. The restoring force given H@E.,,/dL| has a maxi- e considered three possible explanations. First, a neglecte
effect, such as heating of the electronic states by the electron

mum, in relation to the bond-length chandieshown in Fig. ; ) . i
3(a). The maximum restoring force and the corresponding®®@m in the microscope, might change the atom positions

critical bond length were 0.91 nN and 3.1 A for the opti- and the electron density profile. Second, the electron beam
mized chain, and 1.39 nN at 3.2 A. Therefore, both chaindnight charge the chain. Finally, although our LSDF calcula-
can break if they experience the maximum forces. The entions treated the electron-spin effect correctly, the approxi-
ergy barrier which confines a dimer in a linear line is esti-mation of the electron exchange-correlation energy might be
mated by calculating the energy necessary to remove a gol@ss accurate for a long bond length. Therefore, we must
dimer in a direction perpendicular to the chain axis. Theinvestigate these effects in a self-consistent scheme or be-
energy barriers were found to be sufficiently large for theyond a one-electron approximation.
confinement, even at room temperature; 0.981 eV(&br In summary, we calculated the conductance of a linear
=3.1 A and 0.448 eV fofd)=3.2 A. chain of four gold atoms suspended between two electrodes,
The conductances at the Fermi level are plotted as a funeach of which had a pyramidal cluster at the apex. The con-
tion of (d) in Fig. 3(c) for the optimized and uniform chains ductance change caused by stretching the chain, calculated
of n=4. The conductance of the uniform chain decreased agy the RTM method and a pseudopotential, exhibited a tran-
the chain was stretched; this is an effect caused by poasition from a metallic conductancé&E=1Gg) to an insulat-
potential continuity at the chain and the pyramidal clustering one. The average bond leng(ti) at the transition was
The scatteringand interferenceof the electrons due to the 3.0—3.1 A, where the chain structure changed, caused by the
somewhat abrupt change in the potential reduces thetretching from an atom-coupling state to a dimer-coupling
conductancé! This interference effect should be decreasedone. This structural transition was calculated using dbe
or diminished when the potential is determined self-initio LSDF approach. This structural transition appeared for
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atoms at low temperature. The dimer-coupling structures thddr. Y. Kondo for detailed discussions about their experimen-

appeared for 4d) exceeding 3.0 A resembled a Peierls tran-tal data, and Professor M. Tsukada for many valuable and

sition.
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