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Abstract The possible occurrence of a Peierls distortion

in metallic uniform linear chains of group 11 atoms is

examined on the basis of first-principles DFT calculations

and orbital interaction analysis. It is found that, contrary to

expectations based on the fact that these systems must

possess a half-filled one-dimensional band, none of the

three chains of atoms is susceptible to a Peierls dimeriza-

tion. It is shown that both strong s–z2 mixing and d10–d10

repulsions are at the heart of this unexpected result. The

relationship of these results with the presence of uniform

silver chains in the recently reported (Ca7N4)[Ag*1.33]

phase is discussed.

Keywords Peierls distortions � Linear chains �
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1 Introduction

Very recently, Kniep et al. [1] reported the synthesis of an

interesting metallic ternary phase, (Ca7N4)[Ag*1.33], in

which uniform linear chains of silver atoms occur inside

the channels of the three-dimensional Ca7N4 host. The

structural analysis suggested that the silver atoms occur as

neutral and that the host–guest interactions are very weak.

Thus, to the best of our knowledge, (Ca7N4)[Ag*1.33] is

the only well characterized material containing uniform

linear chains of neutral silver atoms. Silver, with a com-

plete d-block and a single electron in the s orbital, is a

textbook case of a system which should undergo a Peierls

type dimerization when occurring as a linear uniform

chain. Consequently, it is challenging to understand if the

absence of dimerization (and thus the observed metallic

behavior) in this ternary nitride is an intrinsic property of

the silver chain, a consequence of strong host–guest

interactions or a combination of both factors [2]. Here we

would like to concentrate on the possible occurrence of a

Peierls distortion in the isolated linear silver chains.

Few concepts in solid state science are as useful and

ubiquitous as that of the Peierls distortion [3]. It provides a

simple way to understand the origin of a plethora of struc-

tural distortions [4] as well as the correlation between the

structure and conductivity of many low-dimensional solids

[5, 6]. Essentially this is the solid state counterpart of the

Jahn–Teller effect in molecules, i.e. the tendency for a solid

with partially filled band(s) to undergo a symmetry-lower-

ing distortion which splits the degenerate levels into filled

and empty ones. For a one-dimensional (1D) system with a

partially filled band it is always possible to fold the Brill-

ouin zone so that the border of the new zone lies at the

Fermi level [3]. This means that the wave functions for the

two Fermi wave vectors (kf and –kf), which initially could

not mix because they were associated with different k-

points, in the new Brillouin zone have been translated into

the same k-point and can interact through the coupling of

electronic and vibrational motions. Since there are electrons

to fill just one of the two states, one of the levels is stabilized
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08193 Bellaterra, Spain

e-mail: canadell@icmab.es

123

Theor Chem Acc (2009) 123:85–92

DOI 10.1007/s00214-009-0536-x



and becomes occupied, while the other is destabilized and

becomes empty. The kind of distortion is thus completely

determined by the filling of the band. For example, if the

system is half-filled, the Brillouin zone must be folded once,

i.e. the size is reduced to one-half, which means that the

repeat unit in real space must be doubled. In general, for a

1D band which is 1/p filled, the Brillouin zone must be p

times smaller and the unit cell must become p times larger.

Thus, the Peierls distortion associated with a 1/p-filled 1D

band is a p-merization and the electronic driving force for

the distortion is thus the mixing between degenerate states

at the Fermi level. When there is more than one partially

filled band or the system is not perfectly one-dimensional,

the possibility of a Peierls instability is more conveniently

discussed in terms of Fermi surface nesting [5, 6].

Systems which do not undergo a Peierls distortion, even

if they apparently should do, have been known for a long

time. Na3Cu4S4 [7] and BTDMTTF–TCNQ (BTDMTTF:

(bis(thiodimethylene)-tetrathiafulvalene, TCNQ: tetracy-

anoquino dimethane) [8] are two examples of 1D metals

which remain metallic until low temperatures without

undergoing any kind of structural modulation. As a matter

of fact, this is not so surprising. The usual explanation for

the occurrence of a Peierls distortion goes as follows. For a

one-dimensional metal, a periodic lattice modulation of

amplitude u and wave vector q = 2kf, where kf refers to the

Fermi wave vector, opens an energy gap 2D at the Fermi

level. The energy of the occupied states is lowered and in

the case of small amplitudes of the distortion, the electronic

energy gain is proportional to –u2 ln u, which is larger than

the cost in elastic energy against the distortion, propor-

tional to u2. Consequently, the system is predicted to be

unstable against the distortion at low enough temperature

[9]. However, Littelwood and Heine [10] pointed out that

this argument is not really correct because the electron–

electron interactions have not been explicitly included in

the derivation. There is an extra potential felt by the

electrons due to the fact that the electron distribution suf-

fers a deformation as a result of the distortion so that there

is an extra Coulomb interaction between the electrons and

such a charge distortion. In other words, there is a

screening of the potential that an electron feels which,

when properly included, leads to an electronic energy gain

proportional to –u2 [10]. Consequently, there is no guar-

antee of the occurrence of the distortion, which depends on

the net balance between the two quadratic terms, the

electronic energy gain (� –u2) and the usual elastic forces

(� u2). Thus, exceptions are expected. However, since for

low-dimensional systems the occurrence of the Peierls

distortion, which dramatically changes the conductivity of

the system, is quite often the rule, it is important to

understand the reasons why some systems do not exhibit it

even if they apparently fulfill the necessary conditions.

The electronic structure of silver and gold linear chains

has been the object of several first-principles density

functional theory (DFT) studies [11–21] stimulated by the

preparation of monoatomic chains of gold atoms [22–24].

However, the situation with respect to the possibility of a

Peierls distortion, especially for silver, is not yet com-

pletely clear. For instance, Springborg et al. [11, 12]

mentioned that linear chains of silver atoms exhibit a bond

length alternation and lose their metallic character, but no

details were given. Linear chains of gold atoms are

unstable towards a distortion towards a zigzag geometry

[14–16] but this is not a Peierls distortion. A bond length

alternation was proposed for the gold linear chains but only

when they are stretched just before the wire breaks [14, 15,

19]. The apparent difference between the silver and gold

chains is not obvious. In this work, we examine if isolated1

metallic uniform linear chains of group 11 atoms undergo a

Peierls distortion on the basis of first-principles DFT cal-

culations and orbital interaction arguments. We also briefly

comment on the nature of the silver chains in the recently

reported (Ca7N4)[Ag*1.33] phase.

2 Computational details

Band structure calculations were carried out using a

numerical atomic orbitals DFT approach, which has been

developed and designed for efficient calculations in large

systems and implemented in the SIESTA code [25–27]. We

have used the generalized gradient approximation to DFT

and, in particular, the functional of Perdew et al. [28]. Only

the valence electrons are considered in the calculation, with

the core being replaced by norm-conserving scalar rela-

tivistic pseudopotentials [29] factorized in the Kleinman–

Bylander form [30]. Nonlinear partial core corrections to

describe the exchange and correlations in the core region

were used for Cu and Ag [31]. We have used a split-

valence double-f basis set including polarization orbitals

for all atoms. The 3d electrons of Cu, the 4d electrons of

Ag, and the 5d electrons of Au were treated also as valence

electrons. These basis sets have been optimized in order to

reproduce the geometry and the bulk modulus for the

crystal structures of each metal. Calculations for the chains

were performed by imposing periodic boundary conditions

with a separation of 10 Å between neighboring chains. The

energy cutoff of the real space integration mesh was

350 Ry. The Brillouin zone was sampled using a grid of

500 k-points in the direction corresponding to the metal

chains [32]. Spin–orbit coupling effects were not taken into

1 Here we will not consider at all the case of deposited linear chains

because the interaction with the substrate modifies the charge and

electronic structure of the chain.
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account because previous studies showed that they are not

relevant for the type of structural distortions studied in this

work [11–14].

3 Results and discussion

The optimized uniform linear chains of copper, silver and

gold atoms have been found to exhibit atom–atom dis-

tances of 2.25 Å (Cu), 2.60 Å (Ag) and 2.65 (Au) Å in our

study.2 These values are very similar to those obtained in

previous first-principles studies for gold and silver chains

[11–21]. Shown in Fig. 1 are the calculated band structures

for the three uniform noble metal chains. Since the calcu-

lations have been carried out with a repeat unit of two

atoms, all bands are folded. Although this is somewhat

artificial, in the following we will refer to the folded bands

as two different bands which touch at Z. The band structure

of the silver chain (Fig. 1b) exhibits a series of five pairs of

d-bands below the wide pair of s-bands. The upper and

lower bands of the group of d-bands are built from the z2

orbitals and they are nondegenerate (in our coordinate

system the z axis goes along the chain). These are the wider

bands because they result from r-type interactions. The

second and fifth d-bands are doubly degenerate because of

the axial symmetry of the chain and are made of the xz and

yz orbitals which make p-type interactions along the chain.

Finally, the third and fourth d-bands are also doubly

degenerate and are built from the xy and x2–y2 orbitals

which make d-type interactions and are thus very narrow.

There is a gap of 1 eV separating the top of the d-bands and

the bottom of the s-band so that there are two electrons to

fill the lower s-band and the Fermi level lies at the border

of the Brillouin zone (Z). Thus, the conditions to expect a

Peierls dimerization are fulfilled for the silver chain.

The situation is different, however, for both the copper

(Fig. 1a) and gold chains (Fig. 1c). For these chains there

is no energy gap separating the s- and d-bands. This has no

major consequences if the top of the d-bands overlaps only

with the lower s-band, because the Fermi level will always

cut the s-bands at the Z point. However, if the top of the d-

bands overlaps with the upper s-band, the filling of the

bands necessarily changes. The overlap between the top of

the d-bands and the bottom of the upper s-band is very

small according to the present calculations but we note that

it has also been found in previous calculations for the gold

chains [13, 15, 16]. This overlap may considerably depend

of the atom–atom distance and consequently, of the com-

putational methodology used. Although the overlap may

strongly influence the possibility and nature of the Peierls

distortion it is not possible at this point to safely conclude

what is the real situation and we can only discuss what the

different possibilities are. Essentially there are four likely

possibilities. First, the d-bands are slightly lowered and the

overlap with the upper s-band disappears. In that case we

are in the same situation as in the silver chain and a

dimerization may be expected. Second, the top z2-band is

the only band overlapping with the upper s-band. Since the

two bands are nondegenerate, the Fermi wave vector

associated with the top z2-band will be k1 (in units of the

reciprocal vector c*) and that of the upper s-band will be

0.5 – k1. This means that there is an interband nesting

vector equal to 0.5c*, which will open a gap at the Fermi

level for both bands and lead also to a dimerization. Third,

there is an overlap between the top of the degenerate e-type

xz/yz bands and the upper s-band (for instance this is the

situation found for the gold linear chain in Ref. [15]). In

that case, because of the different symmetry of the partially

filled bands, there is no way to open a gap at the Fermi

level simultaneously in the s- and e-type bands through a

Peierls distortion. The only possibility would be to open a

gap in either the e-bands (with nesting vector 2k1 in units of

the reciprocal vector c*, where k1 is the Fermi wave vector

for these bands) or in the s-band (with nesting vector

2(0.5 – k2) = 2(0.5 – 2k1) = 1 – 4k1). However, these

will always be incommensurate distortions which in gen-

eral have a small driving force and will not open a gap in

the other type of band. Thus, it is most likely that the

system will stay undistorted and metallic. Fourth, both the

top of the z2- and xz/yz-bands overlap with the upper s-

band. In that case the number of holes in the z2-band will

not be the same as the number of electrons in the s-band.

Thus, both the interband nesting vector allowing the

opening of gaps in the s- and z2-bands and the intraband

nesting vectors will be incommensurate and will not open

gaps in all the bands so that, again, the system will most

likely remain undistorted and metallic. In conclusion, only

if the xz/yz-bands do not overlap with the upper s-band, the

expected Peierls dimerization may be observed in the

copper and gold chains, provided that the cost in elastic

energy does not overcome the electronic energy gain.

We then studied the possible Peierls dimerization for the

silver linear chain. Thus for different values of the equi-

librium distance in the uniform chain, d, we have studied

the energy of the system as a function of the parameter u by

allowing successive bonds to become d ? u and d – u,

respectively. Some of the results obtained with different

values of d are summarized in Fig. 2b. It is clear that the

uniform chain does not undergo a Peierls distortion which

only occurs for stretched chains. The same results have

been found for the copper and gold chains (Fig. 2a and c).

Slight minima for the dimerized chains start to appear for

2 Note that in our study of the (Ca7N4)[Mx] phases (M = Ga, Ag, In)

[2] we have used a slightly different basis set and pseudopotential for

silver.
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stretched regular chains with distances of *2.7 Å (Cu),

*2.9 Å (Ag) and *2.9 Å (Au). Note that in the stretched

chains the d-bands are lowered with respect to the s ones

and the copper and gold chains recover the situation of the

silver chain. However, even for these stretched chains the

energy stabilization due to the dimerization is always very

small, as found in previous first-principles studies of the

gold chains [15, 19]. Thus, it can be concluded that the

group 11 atom linear chains will stay uniform and keep the

metallic character even if a Peierls dimerization could have

been expected on the basis of simple electron counting

arguments.

In order to find the reason underlying this observation

we must come back to the band structure of the silver

chain. We report in Fig. 3 the band structure for the regular

and dimerized chains (u = 0.2), in both the optimum and

somewhat stretched (d = 3.0 Å) geometries. The most

striking observation is that the gap opened at the border of

the Brillouin zone (Z) for the s-bands of the silver chain

upon dimerization is small and does not change very much

upon stretching the regular chain from 2.6 to 3.0 Å. This is

not at all what is expected for a system having a clear bias

towards a Peierls distortion. For instance, the hydrogen

chain follows what we may consider the expected behavior,

Fig. 1 Calculated band structures for the optimized uniform linear chains of: a copper, b silver and c gold atoms. The dashed lines refer to the

Fermi level

Fig. 2 Energy versus the distortion parameter u for different linear chains of: a copper, b silver and c gold. The origin of the energy scale refers

to the non interacting atoms
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i.e., a substantial gap opens at the Fermi level and the gap

decreases with the increase of the H–H distance in the

reference uniform chain. For instance the gap is 5.1 eV for

the hydrogen chain with d = 1.0 Å, the equilibrium dis-

tance of the uniform chain, and u = 0.2 Å, whereas it is

2.6 eV for d = 1.4 Å and u = 0.2. It is even more sur-

prising to realize that the dimerization in the silver chain

opens considerably larger gaps at Z for the d-bands (i.e.

approximately 1.2 eV for the z2-band and 0.8 eV for the xz/

yz-bands for d = 2.6 Å and u = 0.2). However, the

opening of these gaps in the d-type bands cannot have any

major influence in the total energy because both the sta-

bilized and destabilized bands are occupied. This feature

points towards a very small electronic driving force

towards the Peierls distortion for the chain.

The reason behind this observation is easy to under-

stand once it is realized that the s pair of bands have a

very unusual shape, with a very flat lower component

while the upper component is very dispersive. When

unfolded, the band would be very far from the more usual

cosine-like shape of the hydrogen chain. This clearly

indicates that the bottom s-band must result from the

hybridization with a lower lying d-type band which thus

pushes up its lowest part, leading to a relatively flat band.

Ultimately, this is the reason for the small gap opening by

the dimerization since it means that the band is not

strongly Ag–Ag bonding/antibonding and consequently

the distortion cannot strongly lower/raise the degenerate

bands at Z and provide a strong driving force for the

Peierls distortion. Because of the symmetry properties of

the chain, the lower s-band at C can only mix with the

lower z2-band (i.e. the lowest d-band), which is an in-

phase combination of z2 orbitals (see Fig. 4a), in a way

that is stabilizing (in-phase) for the z2-band. In contrast,

the lower z2-band at C mixes in a destabilizing way (out-

of-phase) with the s-band, which is an in-phase combi-

nation of s orbitals (Fig. 4b). As schematically shown in

Fig. 4, this hybridization strengthens the Ag–Ag bonding

in the bottom z2-band by increasing the weight of the lobes

directed along the chain in the wave function (see Fig. 4c).

In contrast, the out-of-phase mixing of the z2 orbitals into

the s-band deforms it in such a way that the wave function

strongly decreases in the internuclear region while

increasing around the planes perpendicular to the chain

and containing the Ag atoms, i.e. it moves electron density

from the internuclear region to the directions outside the

chain (see Fig. 4d). This leads to an almost nonbonding

type of wave function which is quite immune to changes

in the Ag–Ag bond lengths. Inspection of the wave

function shows that this kind of mixing occurs for most of

the lower s-band which thus appears as quite flat and

cannot lead to a significant gap opening at Z. At Z, this

mixing is forbidden by symmetry and the wave function is

thus a nonbonding combination of s orbitals. However,

when the dimerization occurs the mixing becomes

allowed, and thus it further helps in making the band gap

quite small. For the upper s-band this kind of hybridization

is not operative and the wave function is almost purely s

in character so that the band recovers the expected anti-

bonding behavior, rising very strongly. Using an unfolded

band description we can thus conclude that s–z2 mixing,

leading to an almost nonbonding lower half of the

Fig. 3 Calculated band structure near the Fermi level for chains of silver atoms with: a d = 2.6 and u = 0.0 Å, b d = 2.6 and u = 0.2 Å, c
d = 3.0 and u = 0.0 Å, and d d = 3.0 and u = 0.2 Å
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formally s-band, is ultimately responsible for the lack of a

substantial electronic driving force for the Peierls distor-

tion in the linear silver chain. Exactly the same conclusion

applies to copper and gold chains.

We can summarize the situation saying that because of

the s–z2 hybridization, most of the r bonding along the

chain associated with the s orbitals is transferred to the

completely filled z2 band optimizing the stability of the

uniform chain which, consequently, does not need to

undergo any pairing distortion to optimize the bonding.

The chains of group 11 atoms are thus quite peculiar in the

sense that the gap opening does not lead to a large –u2

stabilization of the electronic energy, and thus, the total

energy change upon dimerization is dominated by the cost

in elastic energy.

However, this scenario is still incomplete. It is a

commonly accepted and well substantiated notion that an

increase of the coordination around a given atom decrea-

ses the strength of the corresponding bonds. Our

calculations for bulk, uniform chain and dimer of silver

led to Ag–Ag distances of 2.9, 2.6 and 2.55 Å, respec-

tively. The calculated decrease when going from bulk to

the uniform chain is the expected one. However, the

decrease from the uniform chain to the dimer is too small

and clearly indicates that there is something opposing the

tendency to shorten the Ag–Ag bond in the dimer. Not

unexpectedly, given the small difference in bond lengths,

the dimer is calculated to be 0.63 eV/atom less stable than

the uniform chain. Similar results were found for copper

and gold: the distances in the isolated dimers, 2.15 Å (Cu)

and 2.55 Å (Au), were found to be only slightly shorter

than those in the uniform chain, 2.25 Å (Cu) and 2.65 Å

(Au), and the chain is more stable than a collection of non-

interacting dimers by 0.78 (Cu) and 0.55 (Au) eV/atom.

Analysis of the different contributions to the total energy

of the uniform chain and the dimer showed that it is the

electron repulsion term which is strongly disfavoring the

dimer. These electron repulsions originate in the d10–d10

repulsions which are substantially larger in the dimer and

do not allow the two atoms to approach sufficiently to

fully achieve their bonding capability.

Thus, the d orbitals of the group 11 atoms are respon-

sible for the unexpected absence of Peierls dimerization in

their uniform linear chain by leading to a small electronic

driving force for the distortion (� –u2) while, at the same

time, providing a substantial contribution to the elastic

force (� u2) opposing the distortion. Only for elongated

chains, when the electron repulsions have decreased below

a certain limit, an incipient dimerization may occur (see

Fig. 2). Note also that both copper and gold chains are

stiffer than the silver one (see Fig. 2). According to our

discussion this must, at least partially, originate from

stronger d10–d10 repulsions which, in turn, must raise the d-

bands with respect to the s-bands of the uniform chains, as

observed in Fig. 1. Thus, linear chains of group 11 atoms

are expected to stay uniform and keep their metallic

properties, except maybe when stretched to near their

breaking point where a very weak Peierls distortion can be

possible, something which harmonizes with the observa-

tion that gold chains (though short) are good conductors,

even at very low temperatures [24].

We thus conclude that the recent finding of uniform

linear chains of silver atoms inside the channels of the

Ca7N4 framework in (Ca7N4)[Ag*1.33] [1], as well as the

metallic properties of this compound, do not lead to any

conceptual problem, even if the host–guest interaction is

very weak and the silver atoms are neutral. Let us point

out that uniform linear chains of silver atoms, like those

of gold, are unstable with respect to the distortion

towards a zigzag chain [11–16]. This suggests that by

preparing (Ca7N4)[Ag*1.33], Kniep et al. [1] have nicely

succeeded in creating the conditions for observing uni-

form chains of silver atoms for the first time, i.e. a

structure containing channels of the right dimensions to

accommodate silver atoms in weak interaction with the

host and avoiding formation of zigzag chains. In order to

check this point we have carried out calculations for

(Ca7N4)[Ag*1.33]. We have used a unit cell containing

three repeat units of the (Ca7N4) host and a commen-

surate uniform linear chain with four silver atoms as the

repeat unit in the center of the channels. We have found

that the Fermi level of the system cuts bands highly

dispersive along the c* direction, in agreement with the

metallic character of the phase. However, analysis of the

wave function shows that there is a substantial interac-

tion between the calcium atoms of the Ca7N4 host and

the chain of silver atoms. For instance, 33% of the

calculated density of states at the Fermi level is associ-

ated with the silver atoms and 66% with the Ca7N4 host.

There is an electron transfer from the Ca7N4 host to the

silver chains of 0.48 electrons (in average) per silver

Fig. 4 Schematic diagram showing the nature of the s–d hybridiza-

tion affecting the lower z2 and s-bands at the C point: a and b are the

crystal orbitals of the lower z2 and s-bands before hybridization and c
and d are the same crystal orbitals after hybridization

90 Theor Chem Acc (2009) 123:85–92
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atom, associated with the mixing of the crystal orbitals

of the host and silver chain. This results in an average

overlap population of 0.635 between a silver atom of the

chain and the host. These results clearly show that there

is a substantial interaction between the Ca7N4 host and

the uniform linear silver chains so that, it does not seem

plausible to consider that the recently prepared phase

(Ca7N4)[Ag*1.33] contains neutral, very weakly inter-

acting, uniform linear silver chains. However, the fact

that the linear chain keeps its uniform nature, within the

limits of the experimental determination, despite different

local environments for the different silver atoms is a

clear indication of the intrinsic stability of the uniform

chain. Although for the time being uniform linear chains

of group 11 atoms have not been observed, we believe

that there is no reason why it should not be possible,

provided that the instability towards the zigzag chain can

be avoided.

4 Concluding remarks

The present study has shown that linear chains of Cu, Ag

and Au atoms are not expected to undergo a Peierls type

dimerization, despite the fact that they have a complete d-

block and a single electron in the s orbital. Needless to

say, this observation does not cast any shadow on the

usefulness of the Peierls instability concept but reminds

that, as noted earlier by Littelwood and Heine [10],

exceptions may and do occur. Simple electron counting

arguments suggesting that a system possesses a 1/p-filled

1D (or pseudo-1D) band should not be taken as a war-

ranty that the system must necessarily undergo a Peierls

p-merization without a careful analysis of the actual

electronic structure. For instance, the structure of rhom-

bohedral phosphorous, the arsenopyrite type structure of

the recently prepared IrN2, or the dimerized structure of

edge-shared NbX4 (X = Cl, I) octahedral chains are some

systems which were considered to result from a Peierls

distortion, but the analysis of their electronic structures

has shown that this is not the case [33, 34]. Although

experimentally challenging, we believe that observation

of metallic uniform chains of group 11 atoms may be

possible if their tendency to favor zigzag chains is pre-

vented by inserting them in narrow enough channels of an

appropriate host material.
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