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We report first-principles calculations of current-induced forces in Si atomic wires as a function of bias and
wire length. We find that these forces are strongly nonlinear as a function of bias due to the competition
between the force originating from the scattering states and the force due to bound states. We also find that the
shorter the wire, the larger the average force in the wire, suggesting that the wires are more difficult to break
under current flow with increasing length. The last finding is in agreement with recent experimental data.
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Current-induced atomic motiofelectromigration has al- A schematic diagram of the system investigated is de-
ways been of concern in microelectronics, since it was foungbicted in the inset of Fig. 1. It consists of a Si atomic wire
to be a major failure mechanism in aluminum conductors. sandwiched between two gold surfaces that we model with

Such an effect is more pronounced when the material dimerideal metals(jellium mode).'”*® The interior electron den-
sions are smaller as it is the case, for instance, for metallizasity of the electrodes is taken equal to the value for metallic
tion lines in conventional circuits.lt does not come as a 90ld (rs~3). The electric current is calculated using the
surprise then that this effect has recently attracted considefrethod described in Refs. 17,18. The electron wave func-
able interest in nanoscience. In particular, current-inducedons are computed by solving the Lippman-Schwinger equa-
forces in atomi€_7 and molecular W"'&9 have been inves- tion iteratively to Self'ConSiStency in a Steady state. Ex-
tigated. These systems show interesting physical propertie§,hange and correlation are included in the density-functional
which make them promising candidates for future electronidormalism within the local-density approximatidh:® The
applicationg® It was found that current-induced forces in a current is computed from the wave functiofg) of the
nanoscale wire can distort its local atomic structure and afélectrode-molecule system. The forBeacting on a given
fect its stability according to the external bias and the wireatom at positiorR due to the electron distribution as modi-
length?="%1Longer atomic wires, for instance, have beenfied by the external bias is given by the Hellmann-Feynman
found to be more stable with respect to current-inducedype of theorem developed in Ref.'9:
forces than shorter wirég.

Over the years, considerable theoretical anq experimentql FZ—E <¢i ﬁwi>_ lim f dE< s ﬁ%>. 1)
works have been devoted to understand the microscopic ori- i JR Am0d o JR
gin of electromigratiort? It has become clear, for instance,
that this phenomenon depends strongly on the microscopi€he sum and integral in Eq1) include spin variables also.
details of the self-consistent electric field that is created upoif he first term on the right-hand sidRHS) of Eq. (1) is simi-
scattering of the electrons across the region of interest. Ddar to the usual Hellmann-Feynman contribution to the force
spite the progress in the fundamental understanding oflue to localized electronic statpg ). The second term is the
current-induced forces, however, it is still unclear what de-contribution to the force due to the continuum of stattss
termines, e.g., the resistance of atomic and molecular wiresalculated by constructing, for each energy in the continuum,
to electromigration effects or what is the degree of depensquare-integrable wave functiohg,) in an energy regior
dence of these forces on the external bias and wire length.

In this Rapid Communication, we explore the above is-
sues using the first-principles approaches. In particular, we |'J’A>:ALdE‘/" @
study current-induced forces as a function of bias in Si
atomic wires of varying length. There have been several exwhere A is a normalization constant and tkiés are single-
perimental realizations of Si wirksand the interest in the particle wave functions in the continuum, solutions of the
nanoscale properties of Si stems from the fact that it is théippmann-Schwinger equatichThe continuum integration
material of choice in microelectronics. We find that current-o covers the part of the spectrum occupied by the electrons
induced forces are strongly nonlinear as a function of biast a given bias. Finally, the total force on the atom includes a
due to the competition between the force originating fromtrivial ion-ion interaction.
the continuum of states and the force due to states in the We start the calculations by first relaxing the atomic po-
discrete part of the spectrum. The force originating from thesitions at zero bias. For all different wire lengths, the relaxed
bare electrodegwe will call this force, direct’) varies al-  Si-jellium surface bond length is about 2 a.u. and the relaxed
most linearly as a function of bias. We also find that shorteiSi-Si bond distance is about 4.2 a.u. In Fig&)+1(c) we
the wire the larger the average force in the wire suggestinglot the total force as a function of bias on each Si atom for
that wires of increasing length are more difficult to breakwires composed of two, three, and four Si atoms, respec-
under current flow® The last finding is in agreement with tively. The atomic positions have been fixed at the equilib-
recent experimental data. rium position at zero bias, and the atoms are labeled with
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Total Force (eV/A)

equal force as it can be inferred from symmetry
consideration’s (not shown in Fig. 1L On the other hand,
strong nonlinearities in the current-induced forces appear at
voltages above 0.1 V. For instance, in the 2-Si wire the Si
atom closer to the left electrode ¢Sn the inset of Fig. 1is
pushed against the electron flow for biases less than 0.5 V
and moves along the electron flow for larger biases. On the
other hand, the second Si atom {8i the inset of Fig. 1is

Total Force (eV/A)

pushed against the electron flow at all external voltages.
Similar effects, involving different atoms in the wire, occur
at even smaller voltages for the 4-Si wire. In the same vein,
for the 3-Si wire the zero-force sum rule is not satisfied al-
ready at 0.1 V. It is interesting to note that for large biases,
the largest force occurs on the second Si atom from the left.
The break up of the wires is thus likely to nucleate from the
bonds of this atom. In general, each atom experiences a force

Total Force (eV/A)

due to current flow that is nonlinear in the external bias.
Such nonlinearities affect the atomic redistribution in the
wire and eventually its resistance to current-induced rupture.
In order to understand this nonlinear behavior, we study the
following different contributions to the forces as a function
of bias:(a) the contribution from the bulk electrodes electro-
static potentialdirect forcé?), (b) the contribution from the
continuum part of the spectrum, afg) the part of the force

Average Force (eV/A)

2 [ (d) Average Force

originating from the discrete spectrum. The force originating
from the ion-ion interaction does not depend on the bias and
we do not discuss it here. For the sake of simplicity, we
discuss the 3-Si wire case. Similar considerations are valid
for other wire lengths. We plot in Fig. 2 the three different

contributions considered. As expected, the direct force is al-
most linear with the bias. Small deviations from linearity

appear due to the small deviations from linear decay of the

0.0 0.5 1.0 15 2.0 25
Bias (V)

electrostatic potential close to the electrode surfA6&&-ur-
thermore, due to this deviation, the force on the central atom
in the wire is larger than the force on the two atoms close to

FIG. 1. Total force as a function of bias in atomic wires con- the electrode surfaces at any bigge Fig. 2 The latter
taining (a) two, (b) three, andc) four Si atoms. The inset shows a atoms also experience a force of similar magnitude with de-
schematic of one of the wires investigated. The atoms are labelediations occurring at large voltages. From Fig. 2 it is also
with increasing number from the left electrotiee inset (d) The  evident that for biases larger than 0.5 V, the major contribu-
average force in the Si wires. The left electrode is positively biasedtion to the force on each atom comes from the direct force.

Positive force pushes the atom opposite to electron flow.

The nonlinearities in the total force then originate from the
competition between the force due to the states in the con-

increasing number, starting from the closer to the left electinuum (scattering statesand the force due to the bound

trode (see Fig. 1 In Fig. 1(d), we plot the average force stateq(in this case, those states below the band bottom of the
(sum of the forces on each atom divided by the number ofeft electrode. The force on the central atom of the wire

atoms in the wirgas a function of bias and the force for a (Si,) due to the scattering states pushes the atom to the left,
wire composed of a single Si atom. Positive force pushes thee., along with the electron flow. This force is almost linear

atom to the right, i.e., opposite to electron fldthe left  with the bias. The force on the same atom due to the discrete
electrode is positively biasedt is clear from Fig. 1a)—1(c) spectrum, on the other hand, is almost zero even at very large
that the force on atoms is a nonlinear function of the bias/oltages. This behavior can be understood by looking at the
[except for the single-atom wire and,Sn Fig. 1(b), see extra charge localized on the atom at any given bias. This
below and Ref. 2Dwhile the average force, Fig(d), satu- quantity can be estimated by integrating the charge around a
rates with the number of atoms in the wire. We first discusgjiven atom in a box centered on that atom with one face
the nonlinear behavior of the forces and then discuss thparallel to the electrode surfaces and whose size in the per-

average force.

pendicular direction is equal to the bond distance between

For a small external bia®.01 V, i.e., linear-response re- the atoms. The difference between this charge at zero bias
gime), the current-induced forces in the 3-Si wire satisfy theand the corresponding charge at any given bias is plotted in
zero-force sum rule, while for the 2-Si and 4-Si wires all Fig. 3 for three different Si atoms. Apart from small fluctua-
atoms are pushed opposite to the current flow with almostions as a function of bias, the extra charge on the central
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.2 | (®) Continuum FIG. 4. 1-V curve of the 3-Si wire with and without the effect of
1 L L L L L L L current-induced atomic relaxations. The inset shows the unrelaxed
(c) Discrete (open circley and relaxedfull circles) atomic positions of the Si

atoms between the two electrodertical thin rectanglesat se-
lected biases. The atoms move opposite to the electron flow.

is almost constant up to about 1 V, while the force from the
discrete spectrum increases in magnitude with bias in the
same voltage rangghe sign of the force corresponds to the

T ) . . . . . atom pushed along with the current flowor biases above 1
0.0 0.5 1.0 15 2.0 2.5 3.0 V, the continuum force increases in magnitude and the force
Bias (V) due to bound states is almost constant. An opposite trend is

_ o ~ observed for the giatom (see Fig. 2 The opposite trend
FIG. 2. Different contributions to the total force for a 3-Siwire: -gn pe explained again by looking at the extra charge on
(@) direct force(see text, (b) scattering-state contribution, aiid  {hese atomsFig. 3). This charge is of similar magnitude but
contribution from the discrete spectrum. of opposite sign indicating that there is a charge transfer

from the right electrode to the left electrode when current

atomt IS tzetro. Th;. chasrge on thtll’?' atomt IS thtr]s practkl)callyqows with consequent creation of a local electric dipdle.
constant at any bias. SInce, n this system, the numMber oty ;6 jt s difficult to extract trends in the overall resis-

bound states does not change with bias, their contribution tnce of the Si wires to electromigration by looking at the
]t,he fo(rjce IS Cﬁnstar{lgee Fig. 20)](:-1 On the o:}herRr}l_'aSnd,ftge forces on each atom, the average force follows quite a simple
orce due to the continuuifsecond term on the OTEQ. trend as a function of bias and wire length. In Figd)L we

()] increases linearly with bias due to the larger energy INYiot such a quantity for wires of two, three, and four Si

ion i 0
tegration in Eq(1) for larger voltages. atoms. For a comparison, we also plot the force for a single

The continuum and discrete contributions to the force are5; atom. The average force is almost linear as a function of
nonlinear for the atoms closer to the electrodes €8id Sy 155 even for large biasddeviations occur above 2.5 V for

of Fig. 2. For the Sj atom, for instance, the continuum force yhe 5_s;j wirg. Furthermore, the smaller the wire length the

larger the force and, in particular, it is almost equal for the 3-
and 4-Si wires? Incidentally, the average current per atom
..... follows a similar trend. This is consistent with the fact that
L 1 the wire has no defects and the resistance is mainly deter-
01| T 7 mined by the contacts. The saturation of the force with in-
T , 1 creasing length can be understood as follows. By increasing
00 mgl Sip the wire length, the direct force will eventually be zero as the
.- | boundary effects will be less important with increasing sepa-
B N ration of the two leads. On the other hand, the force due to
i the charge redistribution in the wire under current flow will
e 1 reach a constant value on average, since the wave functions
02+ Tm A of the wire will resemble states that are evenly distributed
I R S RS S across the length of the wire. Similar trends have been ob-
0.0 0.5 1.0 1.5 2.0 25 3.0 served in experiments with Au atomic wir&s.
Bias (V) _ We conclude this paper by studying the effects of current-
induced atomic relaxations on the current-voltéig¥) char-
FIG. 3. Extra chargésee texton the three Si atoms in the 3-Si acteristics of Si wires. It was found by Di Vente al®*
wire as a function of bias. that current-induced atomic relaxations in molecular wires

Charge (e)
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do not substantially affect the absolute value of the currentompetition between the scattering-state and discrete-
for large voltages and current densities. We find that this ispectrum force. We have also found that the shorter the wire
also valid in the present case. This is illustrated in Fig. 4the larger the force, suggesting the wires are more difficult to
where we plot the |-V characteristics for the 3-Si wire with Préak under current flow with increasing length. Finally,

and without current-induced atomic relaxations. In the inse urrent-induced relaxations are found to change only slightly

. _ " he absolute value of the current even at large voltages.
of the same figure, we show the relaxed atomic positions for

each atom at selected biases. It is clear from Fig. 4 that small We thank Y.-C. Chen for useful discussions. This work
changes in the absolute value of the current, when the aton¥4as supported in part by the National Science Foundation

are relaxed, are observed even at large biases. Similar resuggams Nos. DMR-01-02277 and DMR-01-33075, Carilion
are valid for the other Si wires as well. iomedical Institute, and Oak Ridge Associated Universities.
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