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Structural and electronic properties of thin chains of Ag
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Results of first-principles, density-functional, full-potential calculations on four different types of chains
(linear, zig—zag, double-zig—zag, and tetragpwélAg are reported. In particular, structural degrees of free-
dom are optimized, and the band structures and electron densities reported and discussed. Some discrepancies
with earlier theoretical works are found and it is suggested that the effects of an organic matrix, inside which
Ag chains have been synthesized, are stronger than previously assumed. The bond lengths are found to be
between those of the Aglimer and those of crystalline Ag, and for the nonlinear systems the bond angles are
in all cases somewhat larger than 60°. All chains are found to be metallic, except for the linear chain where a
bond-length alternation opens up a gap at the Fermi level. As expected, spin—orbit couplings have only minor
effects on the results.
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I. INTRODUCTION materials of those studies are, however, not the topic of the
present work.

One of the central issues of chemistry, physics, and mate- Motivated by experimental work on Au nanojunctiéris
rials science is to control, vary, exploit, and understand thave have earlier studied the structural properties of a linear
dependence of materials properties on their structure anghain of Au atom$.Moreover, in another wofkwe studied
composition. With the development of experimental tech-the different structures of Fig. 1 for chains of Tl, Pb, or Bi
niques for artificially producing low-dimensional materials following an experimental work by Romant\on the syn-
new possibilities for varying the materials properties haveln€sis of such chains inside the channels of a zeolite. Thus,
opened up, and in some cases also new phenomena are @&smgs giving relevant and interesting information on the
served that are absent in the materials found in Naturgnaterial of interest, Ag, the present study can be considered

Quantum dots form one class of such materials, as also £ Very natural and relevant extension of our earlier studies on

. . monatomic, metallic nanowires.
theT':;t:“:rIZ 0(;i;fr;?e[:]rte?:;swg;kéj;:ﬂx;nng:ssbro ducing . We hgve_ applied a densit_y—functiqnal method_ for the_ infi-
. nite, periodic structures of Fig. 1. This method will be briefly
nanowires. In one approach, they are grown at ;teps On CYButlined in Sec. II. The results are presented in Sec. lll, and
tal surf{:\ces, whereby the structure of the_ nanowires to a Iargg brief summary is offered in Sec. IV.
extent is dictated by that of the underlying substrate. Alter-
natively, they may be synthesized inside some crystalline
host that contains sufficiently long and wide channels for
hosting the nanowires. Also in this case the host material The computational methdt'? we are using is based on
dictates partly the structure of the nanowire. Third, in breakthe Hohenberg-Kohn density-functional formalisnin the
junction experiments nanowires of limited length form theformulation of Sham and KohH. The single-particle equa-
ultimate junction just before breaking. In this case, the structions
ture is rather an intrinsic property of the material of the nano- )
wire, but the nanowire is often of only very limited length. no E[_ h_ 2
. . heﬁ¢|(r) \Y +V(I’)
The present work was motivated by progress in the last 2m
two categories. Thus, ultrathin silver wires with a width of

Il. CALCULATIONAL DETAILS

i(r)= € (1) 1

04 thesized inside th ¢ self bl are solved by expanded the eigenfunctions in a set of aug-
-4 hm were synthesized inside the pores ot sefi-assem ented waves. These are spherical waves that inside non-

- - 1
calix|4Jnydroquinone nanotubes by Hoegal" By perform- oy eranning, atom-centered, so-called muffin-tin spheres are
ing a structural analysis, Horgj al. found that the structure  5,gmented continuously and differentiably with numerically

of the Ag chain is related to the tetragonal structure of Fig. 1yepresented functions. The spherical waves are spherical
Moreover, recently the intense research activity in breakyankel functions times spherical harmonics,

junctions of Au was extended to other metals, including

Ag.2%In this case the structure of the nanowire is rather like hD(k|r—R))Ym(F—R), )
that of the linear chain of Fig. 1. For the case of complete-

ness we add that slightly thicker Ag nanowires have beemhereR specifies the atom where the function is centered,
considered by Tosattt al* and by Rodriguest al® The |«| is a decay constank(is imaginary, and (,m) describes
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Uni=Nn-v+d;. (4)

By using the helical symmetry, the linear, zig—zag, double-
zig—zag, and tetragonal structure of Fig. 1 contains 1, 1, 2,
and 2 atoms per unit cell, respectively, and bas2w, ,
, and /2, respectively.
The radius of the muffin-tin spheres was chosen equal to
2.4 a.u. Moreover, all but thessand 4d electrons were
treated in a frozen-core approximation. In most cases we
used the local-density approximation of von Barth and
Hedin® but in some few casdsee belowthe changes when
using the generalized-gradient approximation of Peffew
were studied. Finally, we used 16 equidistdnpoints in
half-part of the first Brillouin zone except for the linear chain
FIG. 1. Schematic representation of the chains considered in th&/here we used only 1k point.
present work. From above the structures are the linear chain, the
zig—zag chain, the double-zig—zag chain, and the tetragonal chain. I1l. RESULTS

the angular dependence of the function. The numerically rep- In Table | we have collected the optimized values of the
resented functions inside the spheres are obtained by solvirgjfuctural parameters and in Fig. 2 we show the band struc-
Eq. (1) when replacingV(r) by its spherically symmetric tUres f(_)r t_he optimized structures.'OnIy for the zig-zag cha!n
component for an energy for which the resulting function hagve optimized the structure both with a local-density approxi-
its major support, plus its energy derivative. We stress, howmMation and with a generalized-gradient approximation and
ever, that the muffin-tin approximation is used solely in theboth without and with the inclusion of spin—orbit couplings,

definition of the basis functions, but the full potential is usedWhereas we in the other cases used only the local-density
in the other parts of the calculations. approximation and excluded spin—orbit couplings in the op-

The chains are assumed being infinite, periodic, isolatediMization. Nevertheless, we show in all cases the bands both
and helical. The primitive helical symmetry operation con-Without and with spin—orbit couplings, and for the linear and
sists of a translation df and a rotation ob. Moreover, the Zi9—zag chains also those obtained with the generalized-
position of each atom inside the helical unit cell is given9radient approximation. _
through three parameters; (¢:,z;) so that in a global coor- Table | shows that the nearest-neighbor bond lengths vary

dinate system with the axis along the helical-chain axis the Only little for the different structures but show an overall
position of theith atom in thenth unit cell is given by increase with coordination. That the generalized-gradient ap-

proximation leads to longer bonds than the local-density ap-

Xpi=r; cogUp;), proximation is consistent with general findings for all kinds
of different systems. It is also seen that the spin—orbit cou-

Yai=TriSin(Up), plings affect the structure only very little, consistent with the
finding of Fig. 2 that the band splittings due to those are

Zpi=hlv-uyi+z, (3  small. In crystalline Ag, the nearest-neighbor bond length

TABLE I|. Optimized structural parameters for the different types of Ag chains of Figharacterized by
“System”). “Ida,” “gga,” and “soc” describes whether a local-density or a general-gradient approximation
was used and whether spin—orbit couplings were included in the optimization. The two bond lengths given
for the double-zig—zag chain are those within and between the two zig—zag chains, respectively, whereas
those for the tetragonal chain are those between atoms at different and at the szspectively. Lengths are
given in a.u., angles in deg, and the fackgrin eV per atom and bofr Finally, E, gives the relative
total-energy(in eV/aton) for the different structures as calculated with a local-density approximation and
without spin—orbit couplings.

System Method h r b Bond lengths ~ Bond angles ks, Eel
Linear lda —soc 498 .- e 4.98 180 2 0
Zig—zag Ida —soc 278 214 --- 5.10 66 15 -07
lda+soc 2.78 212 ... 5.07 67 11
gga —soc 285 221 --. 5.26 66 9
ggatsoc 287 219 ... 5.24 67 13
Double zig—zag Ida —soc 264 3.86 =55 5.15, 6.32 63 12 -15
Tetragonal lda —soc 3.09 297 ... 5.21, 5.94 73 12 —-0.9
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The band structures for the linear chafigs. 2a)—(d)]
show that in all cases exactly one band crosses the Fermi
level. This suggests that a bond-length alternation would
open up a gap at the Fermi level, resulting in a semiconduc-
tor, as we have found earlier for linear Au chéimdthough
for Au only when the chain was being stretched. Some fur-
ther calculations confirmed this expectation, although the re-
sulting bond-length alternation was very sm#tle two bond
lengths differed by less than 0.05 a.as also was the case
for the band gap. For later purpose we notice that also the
tetragonal structure has one band that is exactly half-filled,
although also another ban@vhich, furthermore, becomes
split when spin—orbit couplings are includedrosses the
Fermi level.

The structure of thin chains of Ag atoms has been studied
by others, too. In one of the earliest works, McAdon and
Goddard’ used the Hartree-Fock approximation in studying
Ag, rings as finite approximations to infinite, linear chains.
For a structure with constant bond lengths and8 they
found the lowest total energy for bond lengths of 5.46 a.u.,
which is considerably longer than our value. However, they
also reported that for the Agmolecule the Hartree-Fock
approximation leads to bond lengths of 5.14-5.25 a.u.,
whereas inclusion of correlation reduces the length to 4.89
a.u., and the experimental value is 4.67 a.u. This suggests
that their bond length for the Aging is overestimated. By
subsequently allowing for a bond-length alternation they
found bond-lengths that alternated by 0.71 a.u., i.e., consid-
erably more than our findings.

Hong et al! extended their experimental work on silver

k k k k nanowires inside the organic matrix with density-functional
. . pseudopotential calculations on chains with a structure re-
FIG. 2. Band structures for th@)—~(d) linear, (O~ zig-2ad, 10 15 the tetragonal structure of Fig. 1, except that they
(i)-(G) double-zig—zag, and (k)-(I) tetragonal chain . .
[(8),(0),(8),(g),(1).()] without or [(0),(d),(F),(h)(j).()] with the in- allowed the structure to have two dlfferent bond lengths in
clusion of spin—orbit couplings. I6(c),(d),(g),(h)] a generalized- the X andy direction (with the z direction being along the
gradient approximation was used, otherwise a local-density apthain direction. They foundh_=2.63 a.u, 1e., Cons[derably
proximation. Except fotg)—(h), the structures were only optimized Smaller than our values but in good agreement with the ex-
within the local-density approximation and without spin—orbit cou- Perimental value of 2.60 a.u. for the nanowire inside the
plings. Finally,k=0 andk=1 represent the center and edge of the Matrix. This is surprising since it suggests that the matrix has
first Brillouin zone, and the dashed lines mark the Fermi level. ~ only little effect on the structure of the chain, although ac-
cording to the experiment, the chain and the matrix have
equals 5.47 a.u., so that those of Table | are seen to be somg;,ctures that are mutually commensurate. Finally, the

what smaller, which can be related to the lower coordinatior]onger bond length across the nanowire was found to be 7.46
in the chains. This is confirmed by comparing the bond

lengths for the zig—zag and the double-Z|g—z§1g chains: .for Table | contains also our estimated values of the force
the latter the bond lengths of one of the two zig—zag Cham%onstamk for the silver chains. i.e
are slightly larger than for the former, although the bonds 2 T
between the two zig—zag chains are quite long.

In some sense the double-zig—zag and the tetragonal _ 1 ERY
chain are closely related. Both c%ntaig two infinite, Iingear Eio(h)=Ewo(ho) + 2 ka(h=ho)", )
zig—zag chains that are bonded together, but for the double-
zig—zag chain the planes of the two chains are parallel andhere hq is the optimized value oh and E is the total
the two chains are “in phase,” whereas for the tetragonaknergy. It could be expected that the thicker chains are less
chain the two planes are not parallel and the two chains aréexible than the thinner ones, but the numbers in the table do
“in antiphase.” The bond lengths of Table | show then thatnot confirm this expectation. The large distances between the
the interchain bonds are longer for the double-zig—zag chaitwo zig—zag chains of the double-zig—zag chain make this
whereas the intrachain bonds are shorter for this. Thus, thstructure very similar to that of the single zig—zag chain, and
double-zig—zag chain is more like two coupled zig—zagfor the tetragonal chain the extra structural degrees of free-
chains than is the tetragonal chain, which, on the other handlom make this less rigid. On the other hand, the linear chain
more is a thicker nanowire. is softer than the other structures. Notice that our value for

Energy (eV)

Energy (eV)

Energy (eV)
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the linear chain does not consider the bond-length alterna
tion.

The numbers can be compared with those for the Ag
molecule. For these McAdon and Godddrdreport
0.7-1.2 eV/bohr within the Hartree-Fock approximation,
1.8 eV/bohf when including correlation effects, and
2.1 eV/bohf according to experiment. Although these num-
bers are per two atoms but one bond, our value for the lineal t
chain matches well the results of McAdon and Goddard. © [ }§

Bahn and Jacobs&merformed density-functional calcu- [ {ff
lations on linear, periodic chains and found an optimized [
bond length of 5.01 a.u., close to our value and smaller tharw | {
that of McAdon and Goddard. They did not consider the [
possibility of a bond-length alternation which, however, be- ' | {ff =7,
cause of band-structure effects and according to our work -6-3 0 3
and to that of McAdon and Goddard may be highly relevant. . . :

Their results indicate a force constakyt of 7.3 eV/bohf, (31 FIG. 3. Electron density for théy linear, (b) zig—2ag, (©),(d)

. ouble-zig—zag, an¢e) tetragonal chain outside the inner parts of
i.e., larger than our results and than those of McAdon an e muffin-tin spheres. The contour values are 0.003, 0.005, 0.01,

Goddard. _ . 0.02, 0.03, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 a.u,
The band structures, Fig. 2, show, not surprisingly, that
our results for the chains of heavier atofie., Au(Ref. 8  pands cross the Fermi level. This result is also found by Zhao
and T, Pb, and BiRef. 9], where the splittings amounted to gt 5118 who, however, studied only the experimental struc-
more eV and where even in one cdselinear chain of Pb e of Honget al.
atoms the spin—orbit couplings changed a metal into a semi- Finally, McAdon and Goddafd estimate that the
conductor. From Fig. 2 we also see that the bands from thgg_gerived band spans the regier9.5 to—3.8 eV, i.e., the
generalized-gradient approximation in general are shiftegang is both at lower energies and broader. Such a difference
density approximation. _ _ ~and from Hartree-Fock calculations. Moreover, Hartree-Fock
The bands from the local-density Calculathns split intosg1culations on the isolated Ag atom gives Brbitals at
one set between 10 and—7 eV from the 4l orbitals and a  _5 99 eV, in fair agreement with the density-functional
broader set between7 and—2 eV from the  functions.  \5jye, but %l orbitals at— 14.62 eV, i.e., significantly lower
For the isolated atom numerical calculations giveatbitals  han in the density-functional calculations.

at —8.45 and—7.89 eV (the splitting is due to spin—orbit  The electron density, Fig. 3, shows that the density in each
couplings and 5 orbitals at—>5.13 eV, which matches well - zig_zag chain is very similar for the single and for the
with the energies of the bands. Also Homgal: find  double zig—zag structure. There is some build-up of electron
d-derived bands with a width of about 3 eV asdierived  gensity between the chains in FigdB which partly simply
bands with a width of 5 eV in their theoretical study of the js due to the extension of the atomic orbitals that already for
distorted tetragonal chain. o _ the linear chain, Fig. @), gives an extended electron density.
Although the distance between the two individual zig—zagdon the other hand, the tetragonal chain is so compact that on
chains constituting the double-zig—zag chain is fairly largene chain axis the electron density is surprisingly homoge-
the interactions between the two chains are not so weak thﬁ(eous, cf. Fig. ®).
the band structures in Figs(i2and 2j) simply can be ob- Finally, Table | shows that the double-zig—zag structure is
tained from those of Figs.(@ and 2h) by doubling the  the stablest structure of the ones considered here, and the
number of bands and adding some smaller splittings due tfnear structure the least stable one. The different numbers of

the interchain interactions. In particular, the broad bandgearest-neighbors is clearly one reason for this difference.
crossing the Fermi level show significant splittingd the

-6-3 0 3 6

order of several eYthat, in addition, ar&-dependent. IV. CONCLUSIONS
Our results for the tetragonal chdiRigs. 2k) and 21)] '
show one band crossing the Fermi level very closekto In this work we have presented results of density-

=0.5, indicating that a doubling of the unit cell and a simul- functional calculations on isolated thin chains of silver atoms
taneous symmetry-lowering would open up a gap for thatvith four overall different types of structures. The optimized
band at the Fermi level, thus reducing the density of states atructures were characterized by bond lengths somewhere
the Fermi energy and giving an explanation for the lowerbetween those of the Agmolecule and of crystalline Ag.
symmetry. Since we have imposed the helical symmetry inThis result is in perfect agreement with standard expecta-
our calculations for the tetragonal chain, this symmetry low-tions. Moreover, density-functional calculations on smaller
ering is not considered here. However, the structure considAg, (n=2-12) clusters have given averaged bond lengths
ered by Honget al. is markedly different from that of our of 5.06—5.18 a.ut® whereas coupled-cluster calculations on
study, and the just-mentioned effect is partly suppressed, i.eAg, clusters withn=2-8 have given bond lengths in the

045430-4



STRUCTURAL AND ELECTRONIC PROPERTIES . . . PHYSICAL REVIEW B 68, 045430(2003

range 4.86-5.27 ay.Thus, our bond lengths seem to be  The electron density showed that the electrons are delo-
very realistic. calized over the major parts of the chains. For the tetragonal
Our optimized bond lengths were smaller than those othain, the electron density in the interior was surprisingly
earlier Hartree-Fock studies and close to those of earliehomogenous, which may be due to the fact that this chain
density-functional studies. Moreover, for the nonlinear struccan be constructed as a quasi-one-dimensional part of the
tures we found bond angles slightly above 60°, in accordrystalline structure. A similar behavior was not seen for the

with the value (60°) for crystalline Ag. double-zig—zag chain. _
The largest discrepancies were found for the structures of Finally, our calculated force constants for compression/
the tetragonal chains, where the work of Hoeigal. indi- stretching along the chain axis were smallest for the linear

cates a close similarity between the optimized structure of :fha'n (where the value, moreover, agreed well with valu_es
isolated chain and the experimental structure of a chain e or th_e A% m_olecule but was smz_aller than that of an earl_ler
bedded in an organic matrix. This result is surprising since ifjensny-functlonal study suggesting that this structure is
suggests that the host has only very little influence on thénechanlcally less stable than the others. :
structure of the chain. Their structure is characterized by a In total our sFudy has r.evealed that although 'ghe different
significant distortion that leads to a cross section signifi-types O_f L_'Itrath'n Ag_ chains that we have considered have
cantly different from a square. Our band structures for thdnany similar propertie¢e.g., bond Ie_ngths, ban_d structures,
optimized high-symmetry structure lead support for the oc-etc)’ there are a!so s;ructure—specmc properties that make
currence of such a distortion, but in their structure the dis-eaCh type of chain unique. Therefore, synthesis approaches

tortion is so large that the band-structure effe@ts., a re- like the one of Honget al. but extended.to "’!”OW‘“Q for new
duction of the density of states at the Fermi lgvate types of guest chains as well as ”.‘a"'”g it possible to vary
suppressed the length of the repeat unfassuming that the host—guest

The band structures indicated that all systems are met jnteractions are stronger than what is indicated in the work
lic. This conclusion was obtained irrespective of whethe y Honget al) may be 2 Very promising way . p_roducmg
spin—orbit couplings were included or not and was, accord"®W nanoscaled materials with controlled properties.
ingly, different from what we earlier have fouhébr linear
Pb chains that became semiconducting when the spin—orbit
couplings were included. For elongated linear Au chains we This work was supported by the German Research Coun-
have foundl a tendency towards bond-length alternation thatcil (DFG) within the SPP 1072 through Project No. Sp 439/
opens up a gap at the Fermi level. In the present work, th@-2, and by the SFB 277 at the University of Saarland. One
same behavior was found for linear Ag chain in their equi-of the authors(M.S.) is grateful to Fonds der Chemischen
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