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ABSTRACT

We introduce a generic model of chain formation in break junctions by formulating criteria for the stability and producibility of suspended
monatomic chains based on total energy arguments. Using ab initio calculations including spin-polarization and spin—orbit coupling, we
apply our model to the formation of monatomic 4d and 5d transition metal (TM) chains. We explain the physical origin of the experimentally
observed general trend of increasing probability for the creation of long chains for late 5d TMs and suppressed chain formation for 4d TMs.
We also clarify why the probability of chain elongation can be greatly enhanced by the presence of adsorbates in experiments.

Within the coming decade, the downscaling of conventional
electronic devices will reach its limit. With the ulterior
motive of realizing novel device concepts,’? quantum
transport in nano- or even atomic-scale structures is currently
intensively explored.> A very promising experimental ap-
proach to study the transport properties of such nanosystems
is break junction (BJ) experiments*'? which offer the unique
possibility to explore numerous quantum phenomena and
crossovers between different regimes by changing nanosized
contacts in real time.

In a typical BJ experiment, the metallic leads, being
initially in contact, are pulled apart and the conductance of
the system is measured simultaneously. Upon pulling, atoms
are extracted from the leads and may form a chain consisting
of a few atoms. Up to now, successful chain formation in
BJ experiments was reported for several transition metals
(TMs).57 While for later TM elements of the periodic table,
in particular, Au and Pt, chains with quite a large number
of atoms can form,%° for earlier 5d and 4d metals long chain
creation in BJs does not occur.® It was suggested that this
trend is closely related to the fact that late 5d elements reveal
reconstructions of the low-index surfaces and they are more
strongly influenced by relativistic effects on the electronic
structure.® Recently, it was reported that the probability of
chain creation can be significantly increased by the presence
of oxygen during experiments.”'

Computationally, treating the complicated process of chain
formation in a BJ with the accuracy of ab initio methods is
an extremely challenging task even for the fastest schemes,
since the motion of hundreds of atoms has to be taken into
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account on a phonon time scale.!"'> Moreover, the exact
structure of the leads is normally unknown, which leaves a
great deal of uncertainty in the initial configuration of the
system.!>!4 This motivates the development of generic
models able to provide an insight in terms of a chemical
trend. Here, we introduce a model for the chain formation
in a BJ, which is based on total energy arguments leading
to criteria for the stability and producibility of suspended
chains. Our model can be used for predicting successful chain
formation in a vast variety of BJs, including electronic effects
such as spin-polarization, spin—orbit coupling and correla-
tions. Being computationally easily accessible, it relies only
on a few system specific quantities with transparent physical
meaning, which helps to shed light onto the complicated
process of chain formation.

Evaluating this model on the basis of density functional
theory, we apply it to chain formation in BJs of 4d and 5d
transition metals and reveal the key physics behind it. We
predict an increased probability of creating chains at the end
of the 5d series, reaching a maximum for Ir, Pt, and Au. For
4d elements, we demonstrate that the probability of chain
creation is strongly reduced because of smaller relativistic
effects in the electronic structure of these chains.® We show
that small suspended chains exhibit large variations in the
interatomic distance upon elongation* and, consequently, in
their electronic and transport properties. Our model also
allows for the understanding of the significantly enhanced
probability of chain formation in the presence of oxygen as
observed in experiments.’

We divide the system into two distinct regions: the leads
and the suspended chain. The electronic structure of these
two parts is considered separately, neglecting their mutual
influence. This is a very good approximation for describing
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Figure 1. Suspended three-atoms chain (N = 3) under tension (b)
reduces it via pulling one more atom out of the leads (a) or by
breaking (c). For details see text.

the formation of longer chains (longer than three atoms),
which is the main goal of this communication. The process
of chain formation is investigated by evaluating the change
in total energy of an atom which alters its position from the
lead into the chain. The process of increasing the number of
atoms in the suspended chain is described in the so-called
rapid reformation approximation (RRA). In this approxima-
tion, one assumes that only the interatomic distance in the
chain is changed upon pulling the leads apart at a given
number of chain atoms, while the structure of the leads
remains fixed.!"1%1> Moreover, we suppose that the transfer
of a lead atom into the chain happens instantaneously at a
certain time f,,'® when the energy of the transferred atom
and its coordinates change suddenly from their values inside
the lead to the corresponding values inside the chain. The
probability for such an event, which depends on a number
of characteristic material parameters, allows us to predict
general trends of chain formation. In this model, kinetic
processes that determine how often chain formation is
observed are not considered.

The sketch of our system is presented in Figure 1. We
compare the total energies of configurations (b) and (a) of
Figure 1, which are the initial and final configurations,
respectively, in the process of pulling one lead atom into
the chain within the RRA, where L is the distance between
the leads. A successful chain elongation translates into the
following total energy relation, the criterion for producibility
(P criterion):

(N+ 1)Ed) = AE,,,,+ (N+2)E(d) (1)

where d = L/(N + 1) and d = L/(N + 2) are the chain
interatomic distances before and after elongation, respec-
tively, and N + 1 is the number of bonds in a chain of N
atoms. From the binding energy of a single atom in an infinite
monowire (MW), Enw(d) = Emw(dy) + &(d), we define &(d)
as the binding energy of this atom relative to the MW
cohesive energy at equilibrium interatomic distance, Enxiw(do),
which implies &(d) > 0. The chain formation energy is given
by AEicud = Emw(do) — Elead, Where Ejq denotes the cohesive
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Figure 2. Binding energy &(d) relative to the MW cohesive energy
Evw(do) (full line stands for the Morse potential fit of ab initio
values indicated by open circles), as well as string tension F(d)
and generalized string tension f(d) for an infinite Ir MW. d, marks
the equlibrium interatomic distance, while d stands for the inflection
point. The local minimum of the f(d) is reached at dy. Grey shaded
area marks the region of d where eq 4 is satisfied and the chain
can successfully grow.

energy of the lead atom. At finite temperatures, AEieq
corresponds to the difference between the chemical potentials
of the lead and those of the infinite wire. Typically, AEcxq
> (. If criterion (1) is satisfied, configuration (a) in Figure
1 is energetically more favorable than configuration (b), and
the system tends to increase the number of atoms in the chain
by one.

Upon stretching, in between two elongation events, the
chain has to remain stable and should not break. To analyze
the stability of suspended chains, we consider the most likely
way of chain rupture due to phonon excitations with
subsequent instant relaxation of the two halves of the chain
to the equilibrium configuration. We compare the total
energies of configurations (b) and (c) of Figure 1 and assume
that the chain will remain in configuration (b) with a given
number of atoms N and interatomic distance d as long as
the following criterion for stability (S criterion) holds:

NEMW(dO) + EMW(dbroken) s (N+ 1)EMW(d) (2)

where dproken = (N + 1)d — Nd is the length of a broken
bond, obtained within the RRA by keeping the length of the
suspended chain L constant during rupture. Equation 2 can
be easily cast into the condition:

) = (N + D) 3)

which correctly describes the trend of decreasing stability
of suspended chains with increasing number of atoms N as
well as the decrease of sustainable intrachain distance d down
to the equlibrium one d.

To apply the S and P criteria to suspended monatomic
chains, it is useful to fit the MW binding energy &(d),
calculated from ab initio, by a Morse potential &(d) =
|Evw(do)l|(1 — e 7@¢®)2_ Such fits are very accurate as shown
for Ir in Figure 2. The cohesive energy of a chain atom
Enw(dp) and the elastic modulus y obtained from this fit can
be mapped to two physically more transparent quantities,
the inflection point d = dy + In 2/y and the break force or

2145



maximally sustainable string tension, Fp = F (c?) = yEmw(do)/
2. The string tension F(d) = 34(d)/od = &'(d) is displayed
in Figure 2. The inflection point d gives an estimate of how
far an ideal infinite chain can be stretched until it breaks by
the maximum break force due to long-wavelength perturba-
tions.!6

From eq 1, one can conclude, that the two main parameters
which compete and which determine whether a chain can
be extended by one atom are the energy cost of bringing an
atom from the lead into the chain, AE..4, and the break force
Fy, which is given by the steepness of the MW binding
energy curve. Physically, the reason behind a successful chain
elongation event is the following: as the chain is stretched,
the energy of the system increases up to the point, where a
lead atom overcomes the chain formation barrier, AE}.,q, and
enters the chain. This reduces the distance in the chain from
d to d and lowers the total energy of an atom in the MW,
Enw(d) < Emw(d). The larger the slope of the total energy
Enw(d), the more energy can be gained by relaxing the chain
from a distance d to d. Therefore, large values of Fj and
small energy barriers AEj,q will favor chain elongation.

In the limit of a very large number of atoms in the chain
N, the binding energy difference, &(d) — &(d), can be
replaced by the product of the string tension F(d) and the
elongation Ad = d — d ~ L/N? of the chain, &"'(d)*Ad, and
the P criterion (eq 1) can be rewritten in the following way:

AE, .+ &(d)
F(d) = —*—— =fd) 4)

where f(d) is the generalized string tension, or the work done
in drawing the chain with interatomic distance d out of the
leads per unit chain length. Analysis of long and thick
suspended chiral gold nanowires!” in terms of the minimum
of the generalized string tension f was successfully performed
in the past.'® Generally speaking, eq 4 provides an interval
of d, in which the suspended chain can successfully grow
(Figure 2). By simple differentiation of f{d), it is easy to
demonstrate that the lower and upper boundaries of this
interval, where eq 4 becomes an equality, correspond to the
local minimum and maximum of f(d), respectively (see
Figure 2).

Upon stretching with increasing d, the string tension F(d)
increases and the generalized string tension f{d) decreases
until eq 4 becomes an equality at d = dy > dj and f(d) reaches
its minimum. Ideally, as soon as dyis reached, one lead atom

enters the chain and the interatomic distance relaxes from dy

to d ~ dy — LIN?, reducing the string tension, and the process
repeats. In the limit of N — oo, the difference dy — d tends
to zero and during the successful chain elongation the
interatomic distance in the chain will stay at the constant
value of d;, which minimizes the generalized string tension.
In this respect, dy serves as a quasi-equilibrium interatomic
bond length of a chain under tension. However, the chain is
unstable at dy according to eq 3, which states that with N —
oo the chain will not break only if d = dy < d. Therefore,
for an adequate description of the process of chain formation
in BJs, the inclusion of the fact that the chain is finite via eq
1 and eq 3 is crucial.
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As a first application of our model, we investigated BJs
of 4d and 5d TMs for which numerous experimental studies
exist.>”>10 The 4d and 5d TM MWs are strongly magnetic
in a wide range of interatomic distances,'” revealing a large
magneto-elastic effect?® with strong influence of spin—orbit
coupling (SOC) on magnetic and electronic properties.”! The
results are evaluated for the true magnetic ground state with
respect to the easy axis of magnetization. The ab initio
calculations were carried out in the generalized gradient
approximation (GGA) to the density functional theory,
employing the full-potential linearized augmented plane-
wave method for one-dimensional (1D) systems,? as imple-
mented in the FLEUR code.?® For calculations of the bare
monowires, we included basis functions with plane waves
up to kpax = 4.4 a.u.”! and used 64 k-points in one-half of
the 1D Brillouin zone. SOC was included self-consistently
in a nonperturbative manner.>* For spin-polarized calcula-
tions, we considered collinear ferro- and antiferromagnetic
spin ordering in the chains.

We assume that, in the process of chain formation, an atom
at the surface of the lead is transferred into the chain; that
is, we choose as chain formation energy AEj.q the energy
difference AL, between an atom at a low-index surface of
the lead and a MW at d,.>> This is later compared with the
second assumption for AEj,q, where the atom is transferred
directly from the bulk into the wire, calculated with the bulk
version of the FLEUR code (see Figure 4a).?

We apply the S and P criteria given by eq 1 and eq 3 to
BJs of 4d and 5d TMs and present the results explicitly in
Figure 3a—f for W, Re, Os, Ir, Pt, and Au BJs in terms of
(N, d) phase diagrams. In these plots, gray shaded areas
indicate regions of stability (S, dark gray) or producibility
(P, light gray), where the S or P criterion is satisfied,
respectively. The boundary of the S region is an intrinsic
chain property and marked with a solid black line. The P
region depends on the crystal structure and surface orientation
assumed for the leads, and its boundary is marked by a
broken line with a color corresponding to the chosen lead
type indicated by the legend. When the two regions are
strictly separated (white areas), as for W, Re and Os, chain
formation does not take place and the width of the gap is a
measure of how improbable chain elongation is. Ideally,
chain elongation occurs if both regions overlap (SP region,
shown in green).

The results for 5d TMs, presented in Figure 3, reveal a
clear trend of decreasing distance between the S and P
regions in the (N, d) space with increasing d band filling.
While for Hf, Ta (not shown), and W, the S and P regions
are far apart, the gap starts to close for Re and Os, and for
Ir, Pt, and Au these regions overlap, with the largest overlap
for Au. In terms of our model, this means that a successful
creation of long chains in a BJ is possible for the latter
elements. This trend agrees with the experimental observation
of long chains for Ir, Pt, and Au, while experiments on W
result only in one to two atom chains.”’ In general, such small
chains can be produced in any break junction via a thinning
process during pulling the electrodes from each other, a
process not considered here.?*?® Therefore, there will always
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Figure 3. (a—f): (N, d) phase diagrams for 5d TM BJs from W to
Au. Plots indicate regions of stability (S, dark gray), producibility
(P, light gray), separated by a white region for a—c or overlapping
in the SP region for d—f. In d—f, the SP region exists for all
surfaces, and the smallest of them is marked in green. The starting
point along the x axis is the equilibrium interatomic distance dy. In
e, red lines denote a typical trajectory of a suspended chain
(N(L), d(L)) as a function of the separation between the leads L.
(g,h) S, P, and SP regions (blue) for oxygen-assisted chain formation
in BJs of Ag and Au neglecting SOC. Dashed yellow lines indicate
the boundaries of the SP regions without oxygen. For further
explanations see text.

be an initial seed of a short chain which allows for growing
longer chains upon further stretching, as in the case of Ir,
Pt, and Au, although the SP overlap region does not exist
for very small chains in this model.

With increasing number of atoms N, the boundaries of
the S and P regions in the (&, d) maps converge to the
interatomic distances dy and dj, df > do, respectively, and
for large N, the S and P regions do not overlap. The SP
regions are largest for chains with a comparatively small
number of atoms, while the distances d for which chain
creation will occur are much larger than those estimated in
the limit of large N (Figure 3). For Au chains, the range of
predicted interatomic distances of 5.1—5.7 a.u. is in good
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Figure 4. (a) Chain formation energy AFEj.q4, defined as an energy
difference between an atom in the bulk of the lead (AEpyx) or on
the surface of the lead (AEg,) and an atom in the MW at d,, for
the 4d and 5d TMs. (b) Break force F, for the 4d and 5d TMs, and
d—d, difference for 5d TMs.

agreement with experiments.3* Similar values have also been
obtained for suspended Au chains by extensive molecular
dynamics simulations including realistic leads.'> During the
process of chain elongation, described by an (N(L), d(L))
trajectory in (N, d) space (Figure 3e) as a function of the
separation between the leads L, large variations in d will
result in significant changes in chains electronic, magnetic,
and transport properties,'®3! which can be naturally accounted
for in our model.

The reason for the observed trend for 5d TMs can be easily
explained in our model, making use of the following
observations. The maximum of the chain formation energy
AE),q is found for Ta and W (Figure 4a), chemical elements
at the center of the transition metal series, while the peak in
the break force Fj is shifted to later elements (Figure 4b).
This leads to larger values of Fy and smaller values of AEj.q
for late 5d TMs which, according to eq 1, results in higher
probability of chain creation for these elements. Accordingly,
with increasing d band filling, the P regions move closer to
dy. Surprisingly, the S region remains almost unchanged with
respect to the band filling, being basically universal for all
5d TMs. The position of the S region with respect to dp
depends only on the elastic modulus y of the chain or on
the inflection point, respectively, which is nearly a constant
for all 5d metals (see Figure 4b). For Au, the competition
of small Fy and AEj,q values results in the largest SP region
among all 5d metals.

A variation of the crystal structure or surface orientation
of the leads does not change the results crucially (c.f. Figure
3). However, lead atoms in more open surfaces, that is, with
less nearest neighbors (e.g., fcc(100) vs fec(111)), have
smaller values of AEj.,q, Which results in larger SP regions,
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an effect which can be even more dramatic in a realistic
situation because of a further reduced coordination of atoms
at the contact of a lead, as compared with a surface.
Artificially increasing the coordination number of a lead atom
by taking the larger bulk energies as reference for AEj.q
(Figure 4a) preserves the general trend of the S and P regions;
however, they move farther apart, resulting in the absence
of an overlap region for Pt, Ir, and even Au. This observation
clarifies the importance of the local atomic structure of the
leads for a successful chain formation and can explain the
stochastic nature of chain formation observed experimentally.

The significantly diminished probability for chain creation
observed experimentally for 4d TM BJs can be explained
by a reduction in the values of the break force F, (Figure
4b), while the energy cost of extracting an atom from the
lead, AEjq, is roughly the same as for the 5d elements
(Figure 4a). In accordance with these values, we do not find
an overlap region for Rh and Pd, while a small overlap exists
for Ru (not shown). For Ag (Figure 4g), an SP region exists
in GGA but, as opposed to Au, disappears in the local density
approximation (LDA) of the exchange-correlation potential.>?

Comparing the electronic structure of Ir, Pt, and Au chains
to their 4d counterparts, Rh, Pd, and Ag, we observe that
because of a relativistic mass enhancement for the heavier
5d TMs the kinetic mass of electrons in the 6s orbital
increases. Consequently, the 6s orbital becomes more local-
ized, the binding energy of the 6s electrons moves to lower
energy into the region of the 5d states, which causes a
stronger sd hybridization and d—d interaction along the chain
axis increases. As a result, for 5d elements, the equilibrium
interatomic distance dy becomes smaller, the d bandwidth
becomes larger, and the bonding becomes stronger than for
4d chains, an effect also observed in small clusters.?® This
leads to larger cohesive energies for the 5d TM MWs and
corresponding values of the break force Fy, as compared with
the 4d elements, making the chain formation among the 5d
chains much more likely.

The study of BJ formation in terms of S and P regions
can be extended to more complex systems. In Figure 3g-h,
we present the analysis of the oxygen-assisted long chain
formation in BJs of Ag and Au. For simplicity, we assume
that the presence of oxygen atoms in experiments results in
a linear Ag—O—Ag—0O—.. (Au—O—Au—0O—..) chain struc-
ture in between the Ag (Au) leads. Interestingly, the
modification of the binding energy curve due to oxygen leads
to larger S and P regions and, correspondingly, a larger SP
region, indicating a more probable chain formation as
observed experimentally.”!? A strong hybridization of metal
sd orbitals with p, orbitals of oxygen along the chain axis
results in strong bonding with much larger values of Fy. For
example, for Ag BJs, the O alternation results in an increase
of the break force F by a factor of 6. In case of Au chains
doped with O, the range of predicted observable interatomic
distances of 6.6 — 7.3 a.u. are in good agreement to existing
experiments in which the chain creation is believed to be
accompanied with light atoms in between Au bonds.*303

Concluding, we introduce a generic model stating condi-
tions required for successful formation of long chains in
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break junctions. This model allows a transparent analysis of
chemical trends for a large number of systems in a short
time on the basis of a few element specific parameters, which
can be easily obtained by the density functional theory
calculations. We found a universal trend for the stability and
understand the increased producibility of suspended 5d metal
chains. The prediction of long suspended chains in break
junctions of Ir, Pt, and Au among the 5d metals is consistent
with existing experiments and gives credibility to our model.
Among the 4d metals, we predict the formation of long
chains for Ru. We motivate experimentalists to take this
system under scrutiny.

Despite the fact that our model is based on a number of
simplifications and it most appropriately describes the
elongation process in longer suspended chains, it captures
the key physics of chain formation and can be used to find
general trends in creating small chains in BJs. Moreover, it
can be improved in a straightforward manner by including
the elastic properties of the leads or considering deviations
from the linear arrangements of the chain atoms to zigzag
or dimer configurations. Although these nonideal atomic
arrangements are most probably not essential for the proper-
ties of the chains under significant strain,?* in some systems,
they could improve the values of the total energies used for
criteria for producibility, and, especially, stability,!®333 ag
well as bring important modifications with respect to the true
magnetic ground state of the wires.?*3” Our model also allows
investigating the effect of strong correlations on the produc-
ibility of chains in BJs, for example, in the spirit of
LDA + U.
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