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Conductance oscillationsin zigzag platinum chains - suppression of parity effects
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Using first principles simulations we perform a detailedlgtaf the structural, electronic and transport prop-
erties of monoatomic platinum chains, sandwiched betwésgtinpm electrodes. First we demonstrate that the
most stable atomic configuration corresponds to a zigzagmgement that gradually straightens as the chains
are stretched. Secondly, we find that the conductance dttegquin atomic spacing does not oscillate with the
number of atoms: in the chain, but instead decreases almost monotonicatlyswi In contrast, the conduc-
tances of chains of fixed oscillate as the end atoms are pulled apart, due to the dreldsang and opening of
conductance channels as the chain straightens.

PACS numbers: 73.63.-b,68.65.-k,71.15.Ap

The existence of single atom chains was demonstratedes of first principles simulations of platinum chains ektad
some time ago using the scanning tunneling microto platinum fcc leads. We have employed our newly devel-
scope (STM) and mechanically-controllable break junction oped code SMEAGOL [11, 12], which calculates the density
(MCBJ) [1,12] where a quantized conductance closé&'go= matrix and the transmission coefficients of a two probe de-
2¢2/h for gold was measured, in agreement with previousvice using the non-equilibrium Green’s Function formalism
theoretical predictiong [3]. Since then, a number of exper{NEGF) [13]. The system is divided into a left- and a right-
iments [4,15] and theoretical calculatiorls [6] have provedhand side current-carrying lead and a central scattergigme
that the 5d elements Au, Ir and Pt can be used to produdd4]. The scattering potential is calculated self-corsitly
monoatomic chains. The chain length is usually obtainedising the SIESTA implementation of density functional the-
from MCBJs [2] by measuring the distribution of lengths of ory [15, 116,11/7]. Our main result is that the most stable
the last conductance plateau over a large number of contacfrangement of platinum chains corresponds to zigzag con-
breaking cycles. These length histograms typically shoeeth figurations, that are straightened as the chains are stabtch
or four equally-spaced peaks indicating the lengths at whic leading to a conductance, which decreases frondz}.6 1.2
the chains break [4) 5]. For gold chains [1, 2], the averag&s, upon chain stretching. The conductance also oscillates as
distance between conductance peaks was found to bA 2.5the electrodes are pulled apart due to the gradual openihg an
with the conductancé! of the last plateau being very close subsequent closing of transport channels as chains of a fixed
to Gy. The ensemble-averaged conductance also shows smallimber of atoms are straighten. This geometry-induced os-
oscillations arounds, as the length of the chain increasescillation is distinct from the even-odd parity effect preeal
[5]. Although the actual structure of these chains (zigzag vin [5], which applied to chains of fixed interatomic spacing,
straight chains) is still a matter of debatz\[l7, 8], both tited  but differentn.
ger conductance and the small dispersion in the conductance

distribution were attributed to the monovalency of thisahet Ve start by discussing the case of infinite platinum chains,
which is useful to understand the basic physics of the con-

X i h = L Griction when a long chain is formed. We use a two atom
the length-histograms is about 1.9-23[d, B], and itis not  ¢,ie cell, Jarge enough along theandy axes to avoid spuri-

known Wheth_erthe structural conflgurat_|0n is linear or AYZ s intra-chain interactions and periodic boundary cdmit
In contrast with gold, the conductance is no longer an intege

: . along z. We simulate two kinds of chains: linear chains,
multiple of Gy, but mstegd _decreases from 1.§ t(,)_l'ZGP _..where the atoms are constrained to lie along4teis, and
as the length of the chain increasas [5]. In addition, signifi

d lati ] q o hzigzag chains, where forces are allowed to relax along the
cant conductance oscillations are superimposed on topf ty, e gpatial coordinates. In agreement with previous-theo

decreasing trend, which have been attributed to a universglygica simulations of gold [7] we find that zigzag chains are
even-odd parity effect associated with chains of fixed a0mi 6 staple than linear chains, as it can be seen from the co-

spa_cing, but _varying numbers ,Of atorts [5 9]. The rich beyqgj e energy of Figldl1(a). The equilibrium distances along
havior of platinum compared with gold arises from the largery o . 4vis ared. .. = 2.15 and 2.3 for the zigzag and lin-
. . 2eq = 2. .

number of conduction channels at the Fermi ene@y)(due. ear chains, respectively. In the zigzag arrangement th#t Pt-
to the presence of d bands and although the use of simplg, s are jocated in the: plane and make a 24.8 degrees an-
mo_dels IS appealm_g, the origin of conductance oscillatien gle with thez axis. This means that tohe interatomic distance
mains to be established. for the zigzag configuration it = 2.37 A, which is almost the

To understand the structural, electronic and transpogpro same as for the linear case. These angles decrease almost lin
erties of platinum chains, we have performed a complete seearly as the chains are stretched, and become approximately

For platinum, the average distance between the peaks
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FIG. 2: The different atomic chains connecting (001) orenfcc
leads studied in this paper: (a) Four-atoms chain, (b) silagbm
@ contact and (c) 2-atom chaid, is the distance between leads.
Z
8- ———— ! ! . ture of all d-orbitals, since now the s-orbital is complgtel
o al (d | d=215A _ filled, while the d., and d.._,» have moved up in energy.
b o el | b This analysis of infinite chalns can explain why in some ex-
‘ ‘ - ! - periments the conductance increases when the electrques se
0 1 1 arate, because there is a gradual transition from a zigzag to

0
E-E.(eV)

a linear configuration upon the stretching of the chain, with

the linear chain presenting larger number of open scatferin
channels.

This simplified picture cannot however explain all the fea-
tures that are present in a real experiment, where the dontac
to the electrodes and rearrangement of the leads near the sur
face can decrease the transmission of channels or even close
them. To investigate this possibility, we have simulateddin
zero ford. larger than 2.5 Interestingly, if the distance is chains of various lengths (between 1 and 5 atoms), attached
reduced below the zigzag minimum the system falls into anto fcc platinum leads oriented along the (001) directiore(se
other stable configuration with a ladder arrangement, amil Fig.[J). The leads are composed of repeated slicels>of3
to that predicted by Sen et al. [18]. atoms and are connected to the chain through a square of 4

Fig. O(b) shows the number of open scattering channelatoms, i.e. through the fcc (001) hollow site. In order to get
N(Er) at the Fermi energfr of an infinite zigzag chain, rid of undesirable oscillations in the transmission coéfits,
as a function ofd,. The figure reveals thaV(Er) = 5  we have used periodic boundary conditions alongihplane
for smalld,, but decreases t&/(Er) = 2 as the chain is and summed over 12-points. To treat the contact region self-
stretched beyond 1.95, and maintains that value for quite consistently, a number of atomic planes of bulk platinum are
a large range of distances. Fdr somewhat larger than 2.25 included in the scattering region, until the chosen degfee o
AN (Er) increases in two steps to@,, and stays constant convergence is obtained.
thereafter until the chain breaks. To understand which chan To calculate the most stable configuration for each chain,
nels are opening and closing, we have studied the projectegle perform the relaxation by keeping fixed the bulk Pt leads
density of states (PDOS) for chains at different stretchkgy  and relaxing the apexes of the point contact. In this way the
limiting cases we compared a linear chainlat= 2.38 with  relaxation is performed over the chain and the fwa2 planes
a zigzag chain atl, = 2.15A. For the linear chain we find forming the hollow site. The total free energy is therefore
that the d,, and d.-_,» orbitals are completely filled, while calculated as a function of the distantebetween the outer
the hybridized s, g, d,. and d-_,- orbitals have all finite  slices (unrelaxed) as indicate in figlile 2. In [Ely. 3 we plet th
weight atE'r, leading to four open channels, as shown in Fig.cohesion curves for zigzag atomic chains with a number of
[i(c). Atoms in zigzag chains make small angles with the zatoms ranging between 2 and 5.
axis at this distance and therefore, thedependence of the  The free energy of the single atom contact (not shown) as
PDOS andV (Er) look both fairly similar to those of the lin-  a function of distance is a parabola whose minimum is lo-
ear chain. cated at the equilibrium distaneg ., = 6.3 A. A parabolic

In contrast, the number of open chann®I§E) as a func-  dependence is also found when we place two atoms facing
tion of energyF, shown in Fig[L(d), and the PDOS of zigzag each other, withi. . = 9.1 A. However, if we allow the
chains atd, = 2.15A look rather different from those of the outer planes to move along theandy directions, these two
linear chains. The zigzag chain has only two, and not fouratoms achieve a zigzag configuration that has a lower energy,
open channels at the Fermi energy, corresponding to a mixas shown in Figd3. This zigzag arrangement is actually a lo-

FIG. 1: (a) Cohesive energl. and (b) number of open scattering
channelsN (Er) of platinum chains as a function @f. N(E) as a
function of energyF calculated at (c). = 2.38 and (d)d. = 2.15

A for zigzag (solid line) and linear (dashed line) chains.
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FIG. 3: Cohesion curves of the chain plus leads systemsjdoag FIG. 4. Conductance of platinum monoatomic chains. (a) thato
and linear chains of two atoms (circles and squares, resphgt in a zigzag or linear arrangement (circles or squares, ctspsy).
and zigzag chains containing 3, 4 and 5 atoms (trianglematids  (b) 3 atoms; in the inset is plotted the tail of the curve in galdth-
and stars, respectively). All curves have been shifted grggnin mic scale, that clearly shows the tunneling behavior whercttain
order to make the local minimum coinciding with the zero eafind  breaks.
allow a better comparisond. is the distance between leads. Lines
have been added to guide the eye.
These values are very different from those of referehce [9],
where the pyramid-like structure of the contact was not in-
cal minimum, as in the case of chains of infinite length. Forcluded leading to an overestimate of the interatomic destan
short distances, the atoms at the apex gain energy by formirigpr the 2-atom chain we find a conductance of &Hat the
further chemical bonds to other atoms at the electrodes. Thequilibrium distance in the zigzag arrangement and a con-
same kind of curves are observed for 3, 4 and 5 atoms, witductance ranging between 1.8 and Z@in the linear case,
d.eq =11.4,13.3 and 15.4, respectively. We find that the as shown in Fig[d4(a). The second value can be associated
difference in lengths between chainsoéndn + 1 atoms lies  with the return conductance measured when a contact is made
in the range 1.9 - 2.4, in very good agreement with experi- again after the system breaks [9]. We therefore propose that
ments{[5]. The only configuration which does not fit into this the first configuration established between two atoms should
pattern is the single atom contact, whose equilibrium disga  be linear when both tips are brought together.
is 2.8A away from the two-atom chain. Indeed, the single For larger chains, we obtain a non-monotonic behavior of
atom contact does not constitute a chain by itself, sincegela the conductance as a functiondyf. When the separation be-
number of bonds link the central atom to its neighbors, whichween the leads increases from a compressed configuration,
must be broken simultaneously in order to snap the chain. lthe conductance initially decreases and then exhibitstagla
contrast, atomic chains can be topologically charactdra=e  at around the equilibrium distance. Under further expaniio
broken by cutting just one single bond. This leads us to asgrows again (for stretching of aboutAlbeyond the equilib-
cribe the peaks found in length histograins [5] to chains2-, 3 rium separation) and finally decreases exponentially. An ex
4- and 5-atoms long. Fidl 3 also indicates that the region ofimple is shown in Fidl4 (b), for = 3. This behavior can be
stability of the(n + 1)—atom chain begins at a distance whereunderstood as follows. For small distances, atoms in thiacha
the then—atom chain is very stretched and therefore close tare very close to each other and there is a large number of open
being broken. This fact helps understand why the first twachannels. As the distance increases, the transmissioughro
peaks found in length-histograms, that correspond to shainmany of these channels is reduced and the conductance de-
with two or three atoms, are much higher than those attributecreases until a value between 1.0 and@5s reached, when
to chains of four or five atomsl[4, 5], because there is a signifthe chain has a zigzag configuration. If the chain is stretche
icant probability that am-atom chain will break, before the further, the conductance increases again, following tloduev
n+ 1-atom chain forms. At a more detailed level, we also findtion from a zigzag to a linear chain, until a small plateathwit
that the angles between the atomic bonds and the chain axisconductance of %, is formed. Finally, the chain enters
are small for short chains (9.1 degrees for the 3-atom chainjhe exponential tunneling regime, as shown in the insetdo Fi
but increase with the chain length (21.6 degrees for 4-atord (b), whose onset signals the point where the chain would
chain). The case of the 5-atom chain is more complicatedoreak or a new atom would enter the chain.
the two atoms joining the leads make angles of 36.3 degrees, In Fig. [ (a) we plot the conductance as a function of
while those in the middle have angles equal to 16.1 degreesthe number of atoms in the chain, computed at the equilib-
Moving to transport, we observe that the single atom confium distance. The values for > 2 range between 1.6
tact behaves very differently from any other, with a conduc-and 1.0 times~,, which is significantly smaller than that of
tance of about 5.9, at the equilibrium distance, which de- the monatomic contact. These conductances decrease almost
creases almost linearly & = 3.5 G until the contact breaks. monotonically as a function of and do not clearly show the
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In summary, we have shown that monoatomic platinum
chains have a zigzag structure, both in the case of perfect in
finite chains, where the conductance is halved compared to
the linear configuration, and the case of chains between two
X fcc (001) electrodes.We find that atomic chains are composed
‘ ‘ . of at least two atoms, while the single atom contact shows
4 5 significantly different structural and transport featurésd/e
Number of atoms have been able to explain the negative slope that is found for
‘ larger chains. We propose that conductance oscillatioms ar
e gg%gmg 1 not given by parity effects but rather to gradual opening and
i & 4atoms | | closing of channels as chains are elongated.
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FIG.5: (a) Conductance vs. the number of atoms in the chaiméo
equilibrium distance. (b) Evolution of the conductance of2, 4-
and 5-atoms chains as a functiondf (circles, triangles, diamonds
and stars, respectively).
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