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Structural and electronic properties of thin chains of Ag

Michael Springborg*
Physical Chemistry, University of Saarland, 66123 Saarbru¨cken, Germany

Pranab Sarkar†

Physical Chemistry, University of Saarland, 66123 Saarbru¨cken, Germany and
Department of Chemistry, Visva-Bharati University, Santiniketan, India

~Received 4 April 2003; published 31 July 2003!

Results of first-principles, density-functional, full-potential calculations on four different types of chains
~linear, zig–zag, double-zig–zag, and tetragonal! of Ag 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 Ag2 dimer 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

One of the central issues of chemistry, physics, and m
rials science is to control, vary, exploit, and understand
dependence of materials properties on their structure
composition. With the development of experimental tec
niques for artificially producing low-dimensional materia
new possibilities for varying the materials properties ha
opened up, and in some cases also new phenomena ar
served that are absent in the materials found in Nat
Quantum dots form one class of such materials, as also
the materials of the present work, quantum wires.

There are different ways of experimentally produci
nanowires. In one approach, they are grown at steps on c
tal surfaces, whereby the structure of the nanowires to a l
extent is dictated by that of the underlying substrate. Alt
natively, they may be synthesized inside some crystal
host that contains sufficiently long and wide channels
hosting the nanowires. Also in this case the host mate
dictates partly the structure of the nanowire. Third, in bre
junction experiments nanowires of limited length form t
ultimate junction just before breaking. In this case, the str
ture is rather an intrinsic property of the material of the na
wire, but the nanowire is often of only very limited length

The present work was motivated by progress in the
two categories. Thus, ultrathin silver wires with a width
0.4 nm were synthesized inside the pores of self-assem
calix@4#hydroquinone nanotubes by Honget al.1 By perform-
ing a structural analysis, Honget al. found that the structure
of the Ag chain is related to the tetragonal structure of Fig
Moreover, recently the intense research activity in bre
junctions of Au was extended to other metals, includi
Ag.2,3 In this case the structure of the nanowire is rather l
that of the linear chain of Fig. 1. For the case of comple
ness we add that slightly thicker Ag nanowires have b
considered by Tosattiet al.4 and by Rodrigueset al.5 The
0163-1829/2003/68~4!/045430~5!/$20.00 68 0454
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materials of those studies are, however, not the topic of
present work.

Motivated by experimental work on Au nanojunctions6,7

we have earlier studied the structural properties of a lin
chain of Au atoms.8 Moreover, in another work9 we studied
the different structures of Fig. 1 for chains of Tl, Pb, or
following an experimental work by Romanov10 on the syn-
thesis of such chains inside the channels of a zeolite. T
besides giving relevant and interesting information on
material of interest, Ag, the present study can be conside
a very natural and relevant extension of our earlier studies
monatomic, metallic nanowires.

We have applied a density-functional method for the in
nite, periodic structures of Fig. 1. This method will be briefl
outlined in Sec. II. The results are presented in Sec. III, a
a brief summary is offered in Sec. IV.

II. CALCULATIONAL DETAILS

The computational method11,12 we are using is based o
the Hohenberg-Kohn density-functional formalism13 in the
formulation of Sham and Kohn.14 The single-particle equa
tions

ĥeffc i~r![F2
\2

2m
¹21V~r!Gc i~r!5e ic i~r! ~1!

are solved by expanded the eigenfunctions in a set of a
mented waves. These are spherical waves that inside
overlapping, atom-centered, so-called muffin-tin spheres
augmented continuously and differentiably with numerica
represented functions. The spherical waves are sphe
Hankel functions times spherical harmonics,

hl
(1)~kur2Ru!Ylm~r 2R̂!, ~2!

whereR specifies the atom where the function is center
uku is a decay constant (k is imaginary!, and (l ,m) describes
©2003 The American Physical Society30-1
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the angular dependence of the function. The numerically r
resented functions inside the spheres are obtained by so
Eq. ~1! when replacingV(r) by its spherically symmetric
component for an energy for which the resulting function h
its major support, plus its energy derivative. We stress, h
ever, that the muffin-tin approximation is used solely in t
definition of the basis functions, but the full potential is us
in the other parts of the calculations.

The chains are assumed being infinite, periodic, isola
and helical. The primitive helical symmetry operation co
sists of a translation ofh and a rotation ofv. Moreover, the
position of each atom inside the helical unit cell is giv
through three parameters (r i ,f i ,zi) so that in a global coor-
dinate system with thez axis along the helical-chain axis th
position of thei th atom in thenth unit cell is given by

xni5r i cos~uni!,

yni5r i sin~uni!,

zni5h/v•uni1zi , ~3!

FIG. 1. Schematic representation of the chains considered in
present work. From above the structures are the linear chain
zig–zag chain, the double-zig–zag chain, and the tetragonal ch
04543
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uni5n•v1f i . ~4!

By using the helical symmetry, the linear, zig–zag, doub
zig–zag, and tetragonal structure of Fig. 1 contains 1, 1
and 2 atoms per unit cell, respectively, and hasv52p, p,
p, andp/2, respectively.

The radius of the muffin-tin spheres was chosen equa
2.4 a.u. Moreover, all but the 5s and 4d electrons were
treated in a frozen-core approximation. In most cases
used the local-density approximation of von Barth a
Hedin15 but in some few cases~see below! the changes when
using the generalized-gradient approximation of Perde16

were studied. Finally, we used 16 equidistantk points in
half-part of the first Brillouin zone except for the linear cha
where we used only 11k point.

III. RESULTS

In Table I we have collected the optimized values of t
structural parameters and in Fig. 2 we show the band st
tures for the optimized structures. Only for the zig–zag ch
we optimized the structure both with a local-density appro
mation and with a generalized-gradient approximation a
both without and with the inclusion of spin–orbit coupling
whereas we in the other cases used only the local-den
approximation and excluded spin–orbit couplings in the o
timization. Nevertheless, we show in all cases the bands b
without and with spin–orbit couplings, and for the linear a
zig–zag chains also those obtained with the generaliz
gradient approximation.

Table I shows that the nearest-neighbor bond lengths v
only little for the different structures but show an overa
increase with coordination. That the generalized-gradient
proximation leads to longer bonds than the local-density
proximation is consistent with general findings for all kin
of different systems. It is also seen that the spin–orbit c
plings affect the structure only very little, consistent with t
finding of Fig. 2 that the band splittings due to those a
small. In crystalline Ag, the nearest-neighbor bond len
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TABLE I. Optimized structural parameters for the different types of Ag chains of Fig. 1~characterized by
‘‘System’’!. ‘‘lda,’’ ‘‘gga,’’ and ‘‘soc’’ describes whether a local-density or a general-gradient approxima
was used and whether spin–orbit couplings were included in the optimization. The two bond lengths
for the double-zig–zag chain are those within and between the two zig–zag chains, respectively, w
those for the tetragonal chain are those between atoms at different and at the samez, respectively. Lengths are
given in a.u., angles in deg, and the factork2 in eV per atom and bohr2. Finally, Erel gives the relative
total-energy~in eV/atom! for the different structures as calculated with a local-density approximation
without spin–orbit couplings.

System Method h ri f i Bond lengths Bond angles k2 Erel

Linear lda –soc 4.98 ••• ••• 4.98 180 2 0
Zig–zag lda –soc 2.78 2.14 ••• 5.10 66 15 20.7

lda 1soc 2.78 2.12 ••• 5.07 67 11
gga –soc 2.85 2.21 ••• 5.26 66 9
gga1soc 2.87 2.19 ••• 5.24 67 13

Double zig–zag lda –soc 2.64 3.86 655 5.15, 6.32 63 12 21.5
Tetragonal lda –soc 3.09 2.97 ••• 5.21, 5.94 73 12 20.9
0-2
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equals 5.47 a.u., so that those of Table I are seen to be s
what smaller, which can be related to the lower coordinat
in the chains. This is confirmed by comparing the bo
lengths for the zig–zag and the double-zig–zag chains:
the latter the bond lengths of one of the two zig–zag cha
are slightly larger than for the former, although the bon
between the two zig–zag chains are quite long.

In some sense the double-zig–zag and the tetrag
chain are closely related. Both contain two infinite, line
zig–zag chains that are bonded together, but for the dou
zig–zag chain the planes of the two chains are parallel
the two chains are ‘‘in phase,’’ whereas for the tetrago
chain the two planes are not parallel and the two chains
‘‘in antiphase.’’ The bond lengths of Table I show then th
the interchain bonds are longer for the double-zig–zag ch
whereas the intrachain bonds are shorter for this. Thus,
double-zig–zag chain is more like two coupled zig–z
chains than is the tetragonal chain, which, on the other ha
more is a thicker nanowire.

FIG. 2. Band structures for the~a!–~d! linear, ~e!–~h! zig–zag,
~i!–~j! double-zig–zag, and ~k!–~l! tetragonal chain
@~a!,~c!,~e!,~g!,~i!,~k!# without or @~b!,~d!,~f!,~h!,~j!,~l!# with the in-
clusion of spin–orbit couplings. In@~c!,~d!,~g!,~h!# a generalized-
gradient approximation was used, otherwise a local-density
proximation. Except for~g!–~h!, the structures were only optimize
within the local-density approximation and without spin–orbit co
plings. Finally,k50 andk51 represent the center and edge of t
first Brillouin zone, and the dashed lines mark the Fermi level.
04543
e-
n
d
r
s
s

al
r
le-
d
l
re
t
in
he

d,

The band structures for the linear chain@Figs. 2~a!–~d!#
show that in all cases exactly one band crosses the F
level. This suggests that a bond-length alternation wo
open up a gap at the Fermi level, resulting in a semicond
tor, as we have found earlier for linear Au chains8 although
for Au only when the chain was being stretched. Some f
ther calculations confirmed this expectation, although the
sulting bond-length alternation was very small~the two bond
lengths differed by less than 0.05 a.u.! as also was the cas
for the band gap. For later purpose we notice that also
tetragonal structure has one band that is exactly half-fill
although also another band~which, furthermore, become
split when spin–orbit couplings are included! crosses the
Fermi level.

The structure of thin chains of Ag atoms has been stud
by others, too. In one of the earliest works, McAdon a
Goddard17 used the Hartree-Fock approximation in studyi
Agn rings as finite approximations to infinite, linear chain
For a structure with constant bond lengths andn58 they
found the lowest total energy for bond lengths of 5.46 a
which is considerably longer than our value. However, th
also reported that for the Ag2 molecule the Hartree-Fock
approximation leads to bond lengths of 5.14–5.25 a
whereas inclusion of correlation reduces the length to 4
a.u., and the experimental value is 4.67 a.u. This sugg
that their bond length for the Ag8 ring is overestimated. By
subsequently allowing for a bond-length alternation th
found bond-lengths that alternated by 0.71 a.u., i.e., con
erably more than our findings.

Hong et al.1 extended their experimental work on silve
nanowires inside the organic matrix with density-function
pseudopotential calculations on chains with a structure
lated to the tetragonal structure of Fig. 1, except that th
allowed the structure to have two different bond lengths
the x and y direction ~with the z direction being along the
chain direction!. They foundh52.63 a.u., i.e., considerabl
smaller than our values but in good agreement with the
perimental value of 2.60 a.u. for the nanowire inside t
matrix. This is surprising since it suggests that the matrix
only little effect on the structure of the chain, although a
cording to the experiment, the chain and the matrix ha
structures that are mutually commensurate. Finally,
longer bond length across the nanowire was found to be 7
a.u.

Table I contains also our estimated values of the fo
constantk2 for the silver chains, i.e.,

Etot~h!.Etot~h0!1 1
2 k2~h2h0!2, ~5!

where h0 is the optimized value ofh and Etot is the total
energy. It could be expected that the thicker chains are
flexible than the thinner ones, but the numbers in the table
not confirm this expectation. The large distances between
two zig–zag chains of the double-zig–zag chain make
structure very similar to that of the single zig–zag chain, a
for the tetragonal chain the extra structural degrees of fr
dom make this less rigid. On the other hand, the linear ch
is softer than the other structures. Notice that our value
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the linear chain does not consider the bond-length alte
tion.

The numbers can be compared with those for the A2

molecule. For these McAdon and Goddard17 report
0.7–1.2 eV/bohr2 within the Hartree-Fock approximation
1.8 eV/bohr2 when including correlation effects, an
2.1 eV/bohr2 according to experiment. Although these num
bers are per two atoms but one bond, our value for the lin
chain matches well the results of McAdon and Goddard.

Bahn and Jacobsen3 performed density-functional calcu
lations on linear, periodic chains and found an optimiz
bond length of 5.01 a.u., close to our value and smaller t
that of McAdon and Goddard. They did not consider t
possibility of a bond-length alternation which, however, b
cause of band-structure effects and according to our w
and to that of McAdon and Goddard may be highly releva
Their results indicate a force constantk2 of 7.3 eV/bohr2,
i.e., larger than our results and than those of McAdon a
Goddard.

The band structures, Fig. 2, show, not surprisingly, t
spin–orbit splittings are small. This is in marked contrast
our results for the chains of heavier atoms@i.e., Au ~Ref. 8!
and Tl, Pb, and Bi~Ref. 9!#, where the splittings amounted t
more eV and where even in one case~a linear chain of Pb
atoms! the spin–orbit couplings changed a metal into a se
conductor. From Fig. 2 we also see that the bands from
generalized-gradient approximation in general are shi
slightly less than 1 eV upwards relative to those of the loc
density approximation.

The bands from the local-density calculations split in
one set between210 and27 eV from the 4d orbitals and a
broader set between27 and22 eV from the 5s functions.
For the isolated atom numerical calculations give 4d orbitals
at 28.45 and27.89 eV ~the splitting is due to spin–orbi
couplings! and 5s orbitals at25.13 eV, which matches wel
with the energies of the bands. Also Honget al.1 find
d-derived bands with a width of about 3 eV ands-derived
bands with a width of 5 eV in their theoretical study of th
distorted tetragonal chain.

Although the distance between the two individual zig–z
chains constituting the double-zig–zag chain is fairly lar
the interactions between the two chains are not so weak
the band structures in Figs. 2~i! and 2~j! simply can be ob-
tained from those of Figs. 2~g! and 2~h! by doubling the
number of bands and adding some smaller splittings du
the interchain interactions. In particular, the broad ba
crossing the Fermi level show significant splittings~of the
order of several eV! that, in addition, arek-dependent.

Our results for the tetragonal chain@Figs. 2~k! and 2~l!#
show one band crossing the Fermi level very close tok
50.5, indicating that a doubling of the unit cell and a sim
taneous symmetry-lowering would open up a gap for t
band at the Fermi level, thus reducing the density of state
the Fermi energy and giving an explanation for the low
symmetry. Since we have imposed the helical symmetry
our calculations for the tetragonal chain, this symmetry lo
ering is not considered here. However, the structure con
ered by Honget al. is markedly different from that of ou
study, and the just-mentioned effect is partly suppressed,
04543
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the band gap opens up above the Fermi level and sev
bands cross the Fermi level. This result is also found by Z
et al.18 who, however, studied only the experimental stru
ture of Honget al.

Finally, McAdon and Goddard17 estimate that the
5s-derived band spans the region29.5 to23.8 eV, i.e., the
band is both at lower energies and broader. Such a differe
is common when comparing bands from density-functio
and from Hartree-Fock calculations. Moreover, Hartree-Fo
calculations on the isolated Ag atom give 5s orbitals at
25.99 eV, in fair agreement with the density-function
value, but 5d orbitals at214.62 eV, i.e., significantly lower
than in the density-functional calculations.

The electron density, Fig. 3, shows that the density in e
zig–zag chain is very similar for the single and for th
double zig–zag structure. There is some build-up of elect
density between the chains in Fig. 3~d!, which partly simply
is due to the extension of the atomic orbitals that already
the linear chain, Fig. 3~a!, gives an extended electron densi
On the other hand, the tetragonal chain is so compact tha
the chain axis the electron density is surprisingly homo
neous, cf. Fig. 3~e!.

Finally, Table I shows that the double-zig–zag structure
the stablest structure of the ones considered here, and
linear structure the least stable one. The different number
nearest-neighbors is clearly one reason for this differenc

IV. CONCLUSIONS

In this work we have presented results of densi
functional calculations on isolated thin chains of silver ato
with four overall different types of structures. The optimize
structures were characterized by bond lengths somew
between those of the Ag2 molecule and of crystalline Ag
This result is in perfect agreement with standard expe
tions. Moreover, density-functional calculations on smal
Agn (n52 –12) clusters have given averaged bond leng
of 5.06–5.18 a.u.,19 whereas coupled-cluster calculations
Agn clusters withn52 –8 have given bond lengths in th

FIG. 3. Electron density for the~a! linear, ~b! zig–zag,~c!,~d!
double-zig–zag, and~e! tetragonal chain outside the inner parts
the muffin-tin spheres. The contour values are 0.003, 0.005, 0
0.02, 0.03, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 a.u.
0-4
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range 4.86–5.27 a.u.20 Thus, our bond lengths seem to b
very realistic.

Our optimized bond lengths were smaller than those
earlier Hartree-Fock studies and close to those of ea
density-functional studies. Moreover, for the nonlinear str
tures we found bond angles slightly above 60°, in acc
with the value (60°) for crystalline Ag.

The largest discrepancies were found for the structure
the tetragonal chains, where the work of Honget al. indi-
cates a close similarity between the optimized structure o
isolated chain and the experimental structure of a chain
bedded in an organic matrix. This result is surprising sinc
suggests that the host has only very little influence on
structure of the chain. Their structure is characterized b
significant distortion that leads to a cross section sign
cantly different from a square. Our band structures for
optimized high-symmetry structure lead support for the
currence of such a distortion, but in their structure the d
tortion is so large that the band-structure effects~i.e., a re-
duction of the density of states at the Fermi level! are
suppressed.

The band structures indicated that all systems are me
lic. This conclusion was obtained irrespective of wheth
spin–orbit couplings were included or not and was, acco
ingly, different from what we earlier have found9 for linear
Pb chains that became semiconducting when the spin–
couplings were included. For elongated linear Au chains
have found8 a tendency towards bond-length alternation t
opens up a gap at the Fermi level. In the present work,
same behavior was found for linear Ag chain in their eq
librium structure.
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The electron density showed that the electrons are d
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chain, the electron density in the interior was surprising
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crystalline structure. A similar behavior was not seen for
double-zig–zag chain.

Finally, our calculated force constants for compressi
stretching along the chain axis were smallest for the lin
chain ~where the value, moreover, agreed well with valu
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