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Yielding and fracture mechanisms of nanowires
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This paper presents a detailed analysis of atomic structure and force variations in metal nanowires under
tensile strain. Our work is based on state of the art molecular dynamics simulatioab anitib self-consistent
field calculations within the local density approximation, and predicts structural transformations. It is found
that yielding and fracture mechanisms depend on the size, atomic arrangement, and temperature. The elonga-
tion under uniaxial stress is realized by consecutive quasielastic and yielding stages; the neck develops by the
migration of atoms, but mainly by the sequential implementation of a new layer with a smaller cross section at
certain ranges of uniaxial strain. This causes an abrupt decrease of the tensile force. Owing to the excessive
strain at the neck, the original structure and atomic registry are modified; atoms show a tendency to rearrange
in closed-packed structures. In certain circumstances, a bundle of atomic chains or a single atomic chain forms
as a result of transition from the hollow site to the top site registry shortly before the break. The wire is
represented by a linear combination of atomic pseudopotentials and the current is calculated to investigate the
correlation between conductance variations and atomic rearrangements of the wire during the stretch. The
origin of the observed “giant” yield strength is explained by using results of the present simulatioraband
initio calculations of the total energy and Young's modulus for an infinite atomic chain.
[S0163-182697)01843-3

I. INTRODUCTION size. In this respect, one can argue that even the changes of
the diameter of the connective neck are closely correlated
The properties of condensed systems with nanometer diwith the occupancy of transversally confined electronic
mensions can be rather different from those of the bulk. Thatates. The narrowest diameter of the nanowire prior to the
effects of reduced size and dimensionality, and propertiebreak is only few angstroms; it has the length scaje
emerged therefrom have been investigated actively in the/here discontinuouiscrete nature of the metal dominates
past decadéConnective necks or atomic size wires betweengyer its continuum description. Sincke is in the range of
sample and metal tip displaying reduced dimensionality and.1 ey in this length scale, the peaks Bfe) of the con-
having dimension in the range of Fermi wavelength,,  nective neck becomes stronger and hence the transversal
have been produced in scanning tunneling mICroscopyantization of states become easily resolved even at room
(STM) and atomic force microscopyAFM) operating under o harature. Furthermore, any change in the atomic structure

extreme t|p-sample interactir and also by mechanical or in the diameter induce significant changes in the level
break junctiorf Because of the unusual transport and me-

. ; . . %ﬁ)acing, that in turn, may lead to detectable changes in the
chanical properties, these wires have been subject of sever, . o
studie€1® The two-terminal electronic conductanc related properties. For example, the ballistic electron trans-

showed a staircaselike variation with the stretch, and thé’tort :hrougr(; cr;_anovrlre ;sthclosely relzi[\ted tWIft?h Its atom|t(_:
yield strength,oy measured shortly before the break hagStrUcture and diameter at iné harrowest part of the connective

been found much higher than that of the bulk. The suddeﬁ‘eCk' It becomes now clear that the mechanical properties, in
jumps of conductance in the course of stretch have beeR@rticular, the yielding mechanisms of the nanowires are
taken as the realization of quantized conductance at roofUite different from those of the bulk material.
temperature and thus have created much popularity. How- The atomic scal_e simulations of the me'Fthc nanocontacts
ever, recent experimerfs®have provided evidence that the Were carried out first by Sutton and Pettiieand by Land-
observed sudden falls of conductance and tensile force af8an and his co-workefs.Because of recent transport
correlated. Much earlier, Ciraci and Tekmidri2 predicted ~ experiment®which posed new questions, the atomic struc-
that sudden changes & originate from the discontinuous ture and mechanical properties of nanowires produced by
variation of the contact area. pulling the STM tip from an indentation have become the
Since a one-dimensiondllD) electron system has the subject of renewed interest. Various electronic and atomic
density of states) (e)~ e~ 2, the density of states of a per- processes that are resulted from elastic and plastic deforma-
fect metal nanowire can be expressed adion of nanowire are not fully understood yet, and deserve
D(e)~2;0(e—¢€)(e—¢) Y2 it has peaks where=¢;. further study. It is now well accepted that the understanding
Furthermore, the level spacingle=¢,.1—¢€;, becomes of interesting features in the conductance variations as well
strongly dependent on the size and the geometry of the nanas unusual mechanical properties require the precise knowl-
structure. Such an effect was investigated earlier by Ciracédge of atomic structure in the course of stréfth.is also
and Batral” who found that surface energy, work function most interesting to know how a nanostructure behaves under
and bandwidth show discrete changes upon the change bfgh tensile stress, in what direction the atomic structure
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SQ 145 145 144 144| 13 12 Cu(100) each layer and their ideal 2D structures before
144 145| 145 145| 13 pulling are indicated. Th& andy axes lie in the
atomic[(001) or (111)] planes. Thez axis coin-
143 143 143 143 12 12 cides with the axis of the wire; the tensile force
HX| 43 143 143 143 13 12 | coain F is applied along the axis.
143 143 143 143| 12 13

evolves in the absence of constraint of translational periodH X, which is made from C{111) atomic planes, is investi-

icity, and how the mechanical properties, in particular, thegated aff =300 K andT =150 K. In order to avoid effects of

yield strength and elastic constants of a nanowire are correzorners with low coordination number, the atomic layers are

lated with its atomic and electronic structure. taken quasicircular. The interatomic interactions are treated
In this work, the yielding and fracture mechanisms ofpy the embedded atoEA) model potentiat®~2*

nanowires which are pulled by an external agent have been The pulling off (or stretch is realized by displacing the

investigated. To understand the origin of these mechanisrqgp fixed layers K ,N,,Ns) solidly along the the direction

and abrupt force variation!$;'® an extensive analysis of ;'increments ofAz while keeping the other end fixed. We

atomic structure h_ave been presented by p_erformmg aloMiGejieve that such a process of pulling off is similar to the real

simulations of pulling. In particular, the motion of the neck §tretching phenomena and hence provides realistic simula-

atoms, their coordination numbers and also the structure q : .
; ) ; ions. Whereas different schemes of stretching have been
atomic layers have been examined during the abrupt force

variations. The effect of the initial atomic structure and tem—also used in previous worﬁsBetween-two consecutive n-
perature have been investigated. We carried out the state gements(stretch,e}s of Af’ the dynamic atoms of the wire
the art molecular dynamicéMD) calculations for the cu (-€. those ofM’s and|’s) are relaxed to find their next
nanowires made fronf001) and (111) atomic planes. Since f‘stea_d_y-state” condition. The “steady-_state” condition is
the connective neck having few atoms at the narrowest patfientified by the fact that the system is allowed to evolve
of its cross section is a subject of interest, we dealt withdynamically until no significant variation in physical quanti-
wires that have small cross sections. To reveal the effect dfes (temperature, force, ejcare observed beyond natural
size on the mechanical properties, in particular, to underfluctuations. The relaxation process is realizek nsteps,
stand physical phenomena underlying the “giant” Young’s each lasting\t seconds. In every time step, Newton's equa-
modulus observed in thin wires shortly before the break, wdion is solved to find new position of atoms while tempera-
carried outab initio calculations by using self-consistent ture is controlled using Hoover drag. The lower limit/f is
field (SCH pseudopotential method within local density ap- determined from the mobility of atoms in the solid. In the
proximation. To analyze the correlation between the conducatomistic simulationg\z, At and temperaturd are crucial
tance and the atomic structure, we first constructed a realistigarameters. While the STM experiments have been carried
potential corresponding to the atomic structure obtained fronout with the characteristic strain rate or tip retraction velocity
the MD simulations and calculated the conductance as m the range of 10m/sec, the velocity of the stretch

function of stretch by using transfer matrix method. vs=Az/(k,At) used in the MD simulations ranges from
0.4—60 m/sec. This dramatic difference between experiment
Il. METHOD FOR MD SIMULATIONS and MD simulations has been questioned by Sutfom

spite of this dramatic difference it appears that the simula-

The wires we studied have two ends which are connectetions carried out with relatively higher speed can reveal the
by a neck. The description of their structures are summarizethain features of the atomic rearrangements. The increment,
in Fig. 1. Last three layers at both ends;(N,,N; and Az by itself is important; the break of the junction can be
N4,N5,Ng) are rigid; all the atoms in these layers are keptfavored by relatively large\z. Continuous and homoge-
fixed during the MD-relaxation steps. These fixed three layneous stretching of the junction by using very snigd fol-
ers at both ends are assumed to be connected to the extertalved by few relaxation steps have also been used. Even
agent(or grip9 which applies the tensile stress. Atoms in thethough the experimental velocities can not be achieved, we
following three layers adjacent to the fixed onesnevertheless examined how the yielding and fracture mecha-
(M{,M,,M3; and M,,M5,Mg) and those of the neck nism depend on the velocities by carrying out the MD simu-
(11)2)3...) are identified as dynamic atoms and are fully lations with At=3x10"15 1.5x10 4 and 10 ** sec cor-
relaxed during the MD steps. We considered two differentresponding to v¢s=0.05, 0.01, and 0.004 m/sec,
crystal structures. The first nanowire indicated@ is ini- respectively’> The tensile forceF,, that corresponds to the
tially formed from C4001) atomic layers and investigated at force exerted by the pulling agent to the wifand is the
T=300 K. The wire itself is represented by a periodically attractive force between the top layers and the rest of the
repeating system in thexy) plane. Thez axis is taken to be wire) is calculated after averaging over the last 8000 relax-
parallel to the axis of the nanowire. The second nanowiration steps. The overall features of the results, in particular,
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FIG. 2. The variation of tensile forcE, (in
nanoNewtongwith the strain or elongation along
the z axis applied by pullingN;,N,,N; end lay-
ers of the C(001) nanowire Q) by mAz. The
side views show the atomic positions at relevant
stretch valuean. The MD simulations are per-
formed atT=300 K by usingAt=10" 12 sec.
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~o 20 40 60
Stretch step [m]

the character of the force variation, yielding mechanisms andection of neck layers adjacent to end laydis &4ndI5) is

atomic rearrangements were essentially the same for differot altered. We note that during the initial stage of stretch,
ent stretching time stef®r velocitieg. There are some fea- 1<m<19, the cross section of the neck is reduced by the
tures that depend oat (or vs) which will be discussed in  migration of atoms towards the ends of the wire. Not only

the next section. the tensile force, but also the tendency to reduce the surface
energy is the driving force for the atomic migration. The
lll. RESULTS OF MD SIMULATIONS local reduction of the cross section due to stretching causes

. . . . .__the average off,| to reduce, and hence the interlayer spac-
We examine first the elongation and various physical ge of| Yersp

events during the stretch of the nanowiQ at T=300 K ings betweerM and|1 (and similar spacing at the other

(see Fig. 1 The interlayer distance between the bulkem o de_crease. The layer structu_re of the _neck Is main-
Cu(001 layers isc~1.8 A (half of the cubic lattice param- tained untilm=33. Beyond that point each increment of
eter, i.e.,~a/2). Initially, the layers of the wire hav&-B-A- stretch byAz causes one .atom from the centrall layer tp mi-
B stacking sequence; the atoms of Bdayer face the hol- grate and stay m_the adjacent mterlay(_ar spacing which al-
low sites(the center of the square unit celisf the adjacent réady became wide open due to pulling fram=25 to
A layers. We specify this stacking as the H-site registry. The"=33. This way a new “layer” with two atoms is formed.
increments of length at each stretch step is taken to be 0.1 As a result, the cross section of the connective neck is further
(Az=0.1 A). We first present the results corresponding toreduced with three central layers formed by 5,2,3 atoms, re-
vs=0.004 m/sedor At=10"13 seg but contrast them with spectively. Owing to the repulsive force induced between the
those obtained with larges.. In Fig. 2, we illustrate the new layer and adjacent ongl$;,| decreases abruptly. The
variation of F, as a function of stretcimAz (m being an asymmetric distribution of atoms in the neck layers may be
integer number where the negative sign is taken for the due to a dynamical effect and due to stretch of the wire from
tensile force. The side views of atomic structure are alsmne end, as well. However, in the steps fram=35 to
shown in the same figure. During the initial stage of stretchm=238, the asymmetry is lifted by a peculiar, transient event:
the tensile force increases with increasimgbetween two One of the two atoms in the neck layer createdrat 35
consecutive jumps df,(m). This is the quasielastic staé®. jumps back to the layer it emerges. During the following
At the end of each quasielastic stage involving approxiincrements, the single atom neck is strengthen by the inclu-
mately 17—20 incrementthat corresponds approximately to sion of one atom from another layer so that the necking
c¢) the atomic structure in the neck becomes disordered andecomes uniform by the layers including 4,2,4 atoms. The
concomitantly the tensile force decreases abruptly. Thismplication of this event to the measured conductance will be
structural instability which occurs at high strain level, is theexamined in Sec. IV. The two-atom neck becomes stable
yielding stage. The yielding stage and disordered atomiantil the break; but the atoms rotate in they] plane and
structure of the neck lasts until a new layer with relativelythey become slightly inclined in thedirection. Such a fluc-
smaller cross section is generated. The formation of the nedkiation in configuration may give rise to changes in the con-
layers at fairly regular intervals was predicted eaflidihe  ductance. It is also seen that the narrowest cross section of
overall behavior ofF,(m) is in agreement with the experi- the neck prior to the break can have two atoms.
mental result§:*>1®We now examine these in detail. Next we examine atomic rearrangements and structural
At the last increment before the first jump #,(m) changes in every atomic layer, which become gradually non-
(m~19), the layer structure in the neck is destroyed, anglanar under tensile stress. The arrangements of atoms in the
becomes disordered; but it is recovered after a few increlayers are shown in Fig. 3. In our study we have found that
ments, atm~24 with the creation of a new layét.At the  up tom=12, the C(001) lattice structure in the neck layers
end of this transformation, the cross section of the neck igxhibits small deformations. The original stacking and regis-
reduced fromeight atoms tofive atoms; whereas the cross try are continued despite some deformation. Beyond a cer-
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é. @. ® + -K> o ZB q_ . Q FIG. 3. The top views of three layers at the
o neck showing atomic positions and their relative

registry at different levels of stretcim=15 oc-
Q- .—|@ ‘@ curs before the first yielding stage. The atomic

<> <> positions in the layerk2,|3, andl4 are indicated

by +,®, and ¢, respectivelym=38 andm=41

m=46 m=a7 =49 occur after the second yielding stage=46,47
and m=49 show the formation of bundle struc-

q_ ‘p Q— ture. In the panelsn=38—49 the positions of

<>_|_. l.(—}- 67 Q atoms in thethird, fourth andfifth layers are in-
“-% Q o o dicated by+, @, and ¢, respectively. Atomic

Q_ —Q. ¢ chain in a bundle are highlighted by dotted boxes.

tain stretch, the neck atoms evolve to a structure that deviatesnple, while the first three quasielastic and yielding stages
from the usualA-B-A-B stacking sequence of the ideal are essentially the same, the single atom neck in the case of
Cu(001) planes. The 2D square lattice changes and thedt=3x10 ! survives untim=75.

looks like a hexagonal one. Upon further elongation of the The wire that was made initially from the Cill) and
nanowire, the rest of the neck undergoes the same deformapecified byH X in Fig. 1 has overall features of the yielding
tion. The tendency towards a 2D hexagonal-like lattice ismechanism aff =300 K, which are similar to the above
mediated by the reduced interlayer interaction as a result aEu(001) orientation. In Fig. 4, we show the force variation
stretch; the atoms tend to take relatively lower energy conwith stretch, and the side views of the nanowire at the mo-
figuration with higher coordination number in the quasi-ment of structural transformations. As in the previous case,
independent layer behavior. The origifaB-A-B sequence the force curve depicts consecutive quasielastic and yielding
of the CY001) planes at the neck can be recovered only afteistages. Initially, the quasielastic stages before the first and
the second additional layer is formed. second structural transformation are rather linear with strain.

An interesting situation owing to the reduced interlayerThis is not so in the third stage before the break, in which it
interaction and excessive tensile strain appears in the lag not possible to identify a stable layer structure throughout.
stage of stretch: Thédi-site registry disappears eventually In the last stage, the atoms in the narrowest part of the neck
shortly before the break and hence the atoms of the adjacemove between layers and the structure becomes generally
neck layers tend to face the t6p) sites. This way the atoms disordered, but the layer structure is recovered only tempo-
in the neck are aligned to form atomic chains as shown irrarily in the course of stretch. As a resuft,(m) is linear
Fig. 3. As a result, the crystal-like structure and originalonly in short intervals, but exhibits significant jumps. In this
registry at the neck are replaced by a bundle of atomidast stage of stretch, the strain is almost accommodated by
chains. In some circumstances, the single atomic chain cathe central part of the neck. We see that before the break, the
form instead of a bundle. In the present case, the transitioneck transforms into an atomic chain. The 2D hexagonal-like
from theH site to theT site leading to the bundle structure structuré® is quite robust for the layers adjacent or close to
occurs under high strain, whereas, the energy difference ithe end layeraM; and M,. Here theA-B-C stacking se-
only ~0.2 eV. Earlierab initio calculations also confirmed quence and thkl-site registry are forced by these end layers.
that theT-site registry is only a local minimum occurring at In the central part of the neck, the distortion of the 2D hex-
relatively larger interlayer separation for the(RAl1) and agonal lattice structure becomes severe andAtiz-C se-
Al(001) slabs?® However, in other materials oriented in cer- quence disappears, but thesite registry is kept after the
tain atomic planes, the break can take place before suchyaelding stage. However, the atomic chains form as a result
transition. The transition from théi-site registry to the of the transition to theT-site registry in the last stage of
T-site registry leading to a bundle of chain structure is inter-stretch. As for the simulations with\t=3x10"1° sec
esting not only for the point of view of structural modifica- (vs=0.05 m/sef, we obtained similar features Fy(m) and
tion, but also for different propertigsuch as “giant” yield in the evolution of the atomic structure, except that the wire
strengtf®*®and positive slope of conductance variatibffs ~ was stretched relativel§0.7 A) longer until the break.

These effects will be examined in Sec. IV and Sec. V. When the above Ga1l) wire (labeled byHX in Fig. 1)

It is now in order to compare the results with those ob-is stretched af = 150 K exhibits features, some of which are
tained byAt=3x10"'°sec ¢s=0.05 m/set The evolution dramatically different from those at room temperature. For
of the atomic structure and the,(m) curves with jumps for example, the same wire undergoes approximdtetyyield-
m=19,35,52- 55 display similar features. However, in the ing stages resulting in an elongation of 9.5 A; whereas at
latter case the wire can be stretched relatively longer until theoom temperature, it had onbhree yielding stages with 6
break, and=,(m) curve exhibits higher fluctuations. For ex- A elongation. Apparently, while the necking is faster and
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FIG. 4. The variation of tensile fordeé, with
the stretch and side views showing the atomic
positions at relevant stretch values, for the
Cu(11) nanowire HX). The MD simulations
are performed af =300 K with At=10"1 sec.
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sharper and hence is more trumpetlike at room temperatureew mechanisms contribute to the local elongation of the
the neck is longer at low temperature. We explain this situwire: Hexagonal rings change into pentagonal rings; the lat-
ation by faster atomic motion towards the ends of the wire ater ring becomes staggered to the rings in the adjacent layers.
room temperature. Another feature which does not exist aMoreover, one layer at a timéstarting from the central
room temperature is a new type of structural transformationlayer ejects one atom to the interlayer space. This way a
The F,(m) curve and some relevant side views of the wirecolumn (or chain of atoms is formed along the axis of the
shown in Fig. 5 distinguish different types of yielding neck. The projection of this chain in th&y() plane is almost
mechanisms. The first and second yielding stages are similar single point near the centers of pentagonal rings as shown
to the previous cases in which the structure undergoein Fig. 6(a) and Fig. gb). Out of five yielding stages, the last
disorder-order transformations during the generation of ahree exhibit these features. Because different mechanisms
new layer. Atm=15 the well defined layer structure be- are involved in the stretching, the linear variationFe{m)
comes broader and slightly disordered, and a new layein the quasielastic stage is not as distinguishable as those
forms atm=16. This yielding stage occurs more abruptly occurring at the beginning of stretch. At prolonged stretch
with least necking; the size of the layers decreases by 2—@n>75), the number of atoms in the neck layers are reduced
atoms. A similar process repeatsat 35, and creates a new and the layer structure becomes more distorted; staggered
layer atm=36. Again, in this process most of the layers arepentagonal rings change into triangular rings again with stag-
affected and reduced by two atoms with no local significanigered orientatiorjsee Fig. 6c)]. A few steps before break
necking. The hexagonal rings aAdB-C stacking sequence (84<m<94), a single atomic chain forms eventually. We
of the Cy111) planes are robust near the end layévis@nd  understand that at low temperature, the mobility of atoms are
M,). At the central layers hexagonal rings persfsbut the  not suitable for massive changes, so the neck can accommo-
A-B-C stacking sequence and its characteristic registry bedate the applied strain by these new intermediate structures
tween adjacent layers are destroyed. The shape of the layeshich require least atomic rearrangement. The MD simula-
in the (xy) plane is distorted. Fom>40, an intermediate tions of the same wire af=150 K and withAt=3x10"1°
situation occurs, in which not only elastic stretching but alsosec ¢=0.05 m/set yield the F,(m) curve that displays
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O & O O 4 o tral layers (indicated by+,0,0) of the neck
show atomic positions and their relative registry
for the Cy11l) nanowire HX) stretched at
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overall features similar to those explained above. This curvéhe yield leading to the formation of a new layer with rela-
and some relevant side views of atomic structure are showtively smaller cross section or due to other type of atomic
in Fig. 7. The first three yielding stages occur approximatelyearrangements. Here we will investigate the effect of these
at the same level of streteh. Beyondm> 60, the elastic and structural transformations on the two-terminal conductance.
yielding stages are not clearly distinguishable. As seen if\s far as the electronic transport is concerned, a metal
Fig. 6(d) and Fig. &e), the staggered hexagonal structurenanowires can be viewed as a constriction between two elec-
with atomic chain passing through the center occur introdes or reservoirs. In this constriction, the electronic poten-
40<m=280. However, the hexagonal rings cannot transformtial V(r)<Eg, and the energies of the electrons have quan-
to pentagonal ones as in the previous cagigh At=10 12 tized values; . Here one can give a simple understanding of
seQ since the atoms at the center are displaced slightly ofthe current transport between reservoirs in terms of an “ideal
layer, but cannot overcome the barrier to reach the stablgituation” if V(r) is uniform and hence yields unique energy
equilibrium position near half way between adjacent layersquantization throughout the constriction, or in the adiabatic
In 80<m<90, atoms are arranged on staggered triangléimit € =¢;(z). Under these circumstances, each current
leaving a hole at the center as seen in Fig).@&ventually, transporting state between the reservoirs witfold degen-
this structure changes into a single atomic chain at the neckracy belowEr can be viewed as amfold conduction chan-
just before the break. nel with an ideal conductance of(2e?/h). Shortly before
the break, the radius of the connective neck is in the range of
Ne, and its cross section comprises only f€iv3) atoms.
Under these circumtances, the current transporting states
So far the present calculations demonstrated that in theaveAe~1 eV that would easily be resolved at room tem-
course of stretclir,(m) [or F,(s)] drops suddenly owing to perature. The atomic structure revealed in the previous sec-

IV. ELECTRON TRANSPORT IN NANOWIRES

FIG. 7. Same as Fig. 5 except
that At=3x10"15 sec.
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12 638 H. MEHREZ AND S. CIRACI 56

tion, as well as the experimental data on the variation ofwhereV,. is the Ceperley-Aldet* exchange-correlation po-
conductance witts indicate that the above ideal conditions tential ande(K,qs) is the Fourier component of the static
cannot be realized in the connective neck even if their diamgiielectric function. To this end the potential is transformed to
eters can be reduced down to the range pfto yield wide  finjte wall cylindrical potential through radial averaging and
level spacing. First of all, the length of the uniform region atthen least square fit. In order to make computations of trans-

the narrowest part is smaller thar:. This increases the osq)ly confined states feasible, the walls/gfr) are taken
fhfinite. The effect of this change, is the upward shift of the

nel is openedor closed. An extreme case is, of course, the
quantum Sharvin's conductante?®*°where the step struc-
ture is almost smeared out and plateaus disappeared since
length of the constriction vanishes. Furthermdrér) in the
wire is nonuniform and strongly roughened due to the irregu- b42), p<py2)
lar atomic arrangement as illustrated in Figs. 2 and 3. Under Vi(p,2)= (4)
these circumstances, the channels mix significatlihe * P=ps(2),
opening of the channels are delayed d@Bdattains values with p=(x?>+y?)¥2 The saddle point potentiab(z) is an
lower than the integer multiples of quantum essential ingredient that is omitted in the free and nearly free
conductancé?3%3! Then the resultingG(s) curve would electron calculations!* This potential can be taken into ac-
trace smoothed structure if the cross sect®nf the neck count in the evaluation based on the empirical tight-binding
were changed continuously with Apparently, this behavior method® by shifting the orbital energies by(z). We cal-
also is not supported by theG(s) curve obtained culate the conductance of the nanow(tieat is specified by
experimentally’® the stretchs it undergoes by using the transfer matrix

In view of the earlier work® (based on the first 3D calcu- method: We divideV(p,z) into discrete segments of equal
lations of conductance in a constriction between an STM tipwidths, and assume that in each segnextz<z; ., ¢4(2),
and metal surfagerecent extensive studiés**?and recent andp(z) take uniform values obtained by averaging therein.

experimental results measuring force and conductancgnen the longitidunal wave functioeiyﬁi(z) and transversal

. 5,16 . .
smultgneousl;}, the under_s;tandlng of the.features in the wave function with circular symmetryp® (p;2), are solved
experimentals(s) curve requires the calculations of the con- i

ductance using a SCF potential corresponding to the detaild@" €ach segment. Here the propagation constant is
atomic structure of the wire. A rigorous SCF calculation in om 1/2
3D for a realistic Cu(transition meta)l_wwe is too tedious, _ S (2)= —Z[E—¢S(Z)—6ﬁ.(PJZ)] ’ (5)
however. We nevertheless treated this problem by generating ] h ]
a realistic potential constructed from the linear combination . o .
of atomic potentials according to the atomic structure calcu¥VhereE is the energy of the incident electron afﬁ,-j(P?Z) IS
lated by the present MD simulations. First we calculated thehe eigenenergy aﬁﬁj(p;z). If E>¢o(2) + eﬁj all the yﬁj are
ionic potential of a free Cu atonV,,(r) from the generalized req| and propagate in the segment. Imaginaiyoccurring
norm-conserving pseudopotential and the atomic charge den- . . .
sity distribution, q,(r) by using Hamann's prografi.We for Enj>E_¢s(Z) yield longitidunal waves that decay in the
next Fourier transform the atomic potential in order to takesegment, and contribute to the current through tunneling. We
into account the electron-electron screening effect in thestart with an incident plane wawe® " for z < 0 in the left
neck using Thomas-Fermi approximation. At this stage, waeservoir, and construct the current transporting state in each
define segmeniz;<z<z;,, by the linear combination of the longi-
tudinal and transversal states; the coefficients of these states
o ) are determined by the multiple boundary matching. The cur-
Vp(K)= W ?fo rVp(r)sin(Kr)dr, (D) rent is calculated by evaluating the current operator corre-
m sponding to an incident plane wave and summing it over the
whereK is |K|‘ In order to calculate the potential of the wire Fermi surface. The conductance is obtained within linear re-

corresponding to a given stretshits charge density atis  SPONse theory.

- S . _ Figure 8a) shows theG(m) curve that was calculated for
giatl;cglaztre;d from the linear combination of atomic charge denthe stretch of the wire §Q) simulated atT=300 K with
a ’

At=10"1 sec. We note five plateaulike structures with
. o small averaged slopfAG/Am|; the conductance changes
gs(r)= E dalr—Ri(s)], (2 abruptly between these regions. These and other features can
! be understood by comparing tl&(m) curve with that of
F,(m) in Fig. 2, and also by examining the the evolution of
atomic structure with stretch. The first fall G{(m) occurs in
7=m=10 due to the migration of atoms from the neck to-
wards the shank. In the region €n<18 the averaged
) ) V(K)o slope,|AG/Am| decreases, but as a result of the yield lead-
Vs(f)=ch(f,qs)+2 j d3K—2——giK-Ir=Ri(s)]. (3 ing to a new layer with smaller cross section i< 24,
i e(K,ds) G(m) falls suddenly. The third fall starts at=34, where

infinite cylindrical wall potentialps(z), at anyz so that the
&}igenenergy of the ground state coincides with that of finite
Il potential. Eventually, the potential of the wire reads

wherelfii(s) are the atomic positions obtained from our MD
simulations performed at a given The indexi runs over all
atoms of the wire. The potential at this point is
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the neck is reduced further since atoms are ejected betweatope of the curve-,(m). For a contact, the effective force
two adjacent layers at the neck. In spite of the fact that theonstant was given blg.4=RyE/(1— v)? (see Refs. 15 and
neck includes two atoms in 38m<51, the calculated con- 36). HereR, y,E, andw are, respectively, the contact radius,
ductance vary b(_etweePrGeZ/h and 2°/h. This demon-  a factor describing the exact distribution of stress, Young’s
strates thats(m) is strongly dependent on the atomic con- modulus and Poisson’s ratio. Frofy, versus displacement
figuration when the neck becomes extremely tffiaving  cyrve measured by the combined STM and AFM, Agrai
one or two atomsshortly before the break. In this situation, gt 5115 optained Ker=240 N/m andR~3 nm. Using the
the overlap of the atomic potential from the well separated,pove contact expression kf;, they estimatedE ~ 66— 44
neighboring layers is weakened, but the potential variation; s, \vhich is consistent with the macroscopic value of the
due to the atoms at the neck becomes pronounced. This eY'oung’s modulus of Au. On the other hand. Stalder and
fect becomes pronounced by the reduced electron screeni% . 16 L '
) . . - rig™° found that the intrinsic yield strengthir() of a neck
in very thin necks. On the other hand, owing to the f'mtewith R~1 nm (corresponding to a cross-sectisn-300 A?)

range of atomic potential$G(m) becomes less sensitive to g .
changes of atomic structure when the neck is thick and in_petvveen the A(L11) sample and the Au fip is 8 GPa, which

cludes several atoms. As an examp®(m) dipping in is one order of magnitude larger than the macroscopic value.
39<m< 44 increases with increasing since the the atoms The relatively larger value of intrinsiey is attributed to the
change from théd-site to theT-site registry as shown in Fig. abse_nc«_a o_f dislocations in nanowires. However, the value of
3. Such a dip was observed experimenfalNote that such the intrinsic oy approached to 20 GPa shortly before the
an effect is not taken into account neither by the nearly fredreak. This further increase afy in the last step of the
electrod'* nor tight-binding calculation&3:3% stretch, where the neck is reduced te 3 atoms implies a
The G(m) curve calculated for the same wire by using structural change. In fact, as revealed from the present work
At=3x10"1° sec displays similar overall behaviors until the structure of the neck with a bundle of chains or single
m=50, except that jumps are delayed, the step structure b@omic chain is rather different from the original structure
comes less apparent, and the fluctuations are pronouncederived from the atomic arrangement of the macroscopic
These are due to the fact that the atoms can be trapped filk and hence is expected to lead dramatic changes in the
local minima whenAt is small and hence structural changesMechanical properties. For example, the observed “giant”
can be retarded. Beyonu>50, the neck can survive for yield strength may originate fr_om the unusugl changes in the
longer time since atoms cannot overcome the barrier in &tructure. By definition, the yield strengthy is the stress,
short time. Fom>50, F,(m) and hence&s(m) fluctuate; the @ =F/Satthe yield point where the linear relation between
cross section is reduced and weakened several times up8HeSs and strain starts to break. Singe=Eey (ey being the
the atomic rearrangements, but it is recovered until the brealétrain at the yield point the observed “giant” yield strength
For the same reasofG(m), slowly decreases in the region May be due to relatn_/ely higher strain value and/or hlgher
65<m< 75 shortly before the break. Some of these conclu-Young's modulus attained by nanowires. In general, the high
sions are also derived from the recent conductance calcul&lrain value is achieved in nanowires because the mechanism
tion that employs an orthogonalized nearest-neighbsr 1 0f yielding by dislocation is absent. Moreover, owing to the
tight-binding model with a half filled band and uses thefransition from theH-site registry to theT-site registry, a

atomic configurations revealed from the MD simulations of"€ck can attain relatively larger valiés for ey. On the
Au wire performed aff =1 K by Todorov and Suttofe other handab initio calculations that we discuss below dem-

onstrate thaE also may increase in the neck consisting of
atomic chaiffs). This feature originates from the structural
transformation induced by high strain in nanowires that leads
The effective force constatdt, which is defined as the to a change in bonding structure. Of course the yield strength
mechanical force per elongation can be estimated from thand Young’s modulus are definitions, which are developed

V. MECHANICAL PROPERTIES OF NANOWIRES
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within the continuum description of matter. By adopting between adjacent layers. The variatior=gtm) in this stage
some of the variable&such as the cross-secti®) in these is approximately linear, but it deviates from linearity as the
definitions we attempt to calculae in the quantum limit. number of atoms in the neck is reduced. This stage was
The Young's modulus of an atomic chain can be ex-identified asjuasielastic The second stage that follows each
pressed byE=kb/S, wherek is the force constant arlolis  quasielastic stage is thgelding stage. A wire can yield by
the interatomic distance. Apparently, the size and dimensiongifferent mechanisms depending on its diameter. The motion
ality of the chain go beyond the limits of continuum descrip-of the dislocation and/or the slips on the glide planes are
tion, and the estimation df requiresab initio quantum me-  generally responsible for the yielding if the wire maintains
chanical calculations. To this end, we carry out total energyan orderedcrystalling structure and has a relatively larger
calculations by using SCF pseudopotential method in Mogyoss section. The type of the ordered structure and its ori-

mentum representation. Since thb initio pseudopotential  gntation relative to the axis are expected to affect the yield-
calculations for Cu chain involve certain difficulties owing to jng. On the other hand, MD simulations predict different

the 3d states near thes we therefore take into account the mechanical instabilities leading to yielding if the cross sec-
infinite Al chain whereby we can use periodic boundary con+jon of wires is small as considered in the present study.
dition and pseudopotentials which converge easily for arhese aredisorder-order transformationand single-atom
simple metal. For example, by using the kinetic energy Cutprocess Initially, once the elongation of the nanowire
off |k+G|<7.5 Ry, one can achieve accurate representatioreaches the interlayer separation at the end of the quasielastic
of the wave function and band energies. As pointedstage, the structure becomes disordered; but after a few in-
earlier?®2” a short Al chain can form in an Al neck. More- crements of stretch, it is recovered with the formation of a
over, the mechanical properties of short Al chain can benew layer. In this yielding stagéf,| decreases abruptly; the
revealed from those of infinite chain. We use nonlocal andtross section of narrowest neck layers which determines the
norm-conserving pseudopotentidls with the Wigner conductance, are reduced abruptly by few atoms. When the
exchange-correlation potential. We treat the 1D infiniteneck becomes very narrognaving 3—4 atomsthe yielding
atomic chain in a 3D supercell geometry in which the inter-is realized, however, by single atom jumping from one of the
chain distance is taken 7.5 A. The minimum total energy isadjacent layers to interlayer space. At low temperature, the
obtained forb=2.403 A. The force constark is obtained yielding takes place in relatively shorter time interval within
from the variation of total energy relative to interatomic dis- one or two stretch steps. Owing to the limited mobility of
tance b, i.e., k=—°E1(b)/db?, and is found 16M/m. atoms at low temperature, the character of quasielastic stage
There are ambiguities in the definition of cross section; hereghanges if the neck is long enough. In this situation, each
we used two schemes which yield similar valug$l  layer sequentially ejects one atom to the adjacent interlayer
S=0.387\2 which is the cross section necessary to open @pace as it widens with the applied strain. The layers at the
ballistic conduction channel within the free electron and in-neck are made from the pentagon or hexagon rings which
finite wall cylindrical potential approximatioriii) S= 7R?; become staggered in different layers. The off-layer atoms
hereR is the radius at the value of calculated SCF potentialmake a chain passing through the center of rings. In this new
which is equal toEr. For Al, we find S=15.38 A?> at  phase, the elastic and yielding stages are intermixed and
T=300 K from the first scheme, ar8~14.0 A2 from the  elongation which is more than one interlayer distance can be
second scheme. Eventually, we calculate the Young’s modiaccommodated. However, this structural instability result in
lus of Al chain E~260 GPa which is approximatelipur  slightly different structure if the time stepAt is reduced in
times larger than the bulk value. This implies that the methe MD simulations. In the initial stage of pulling off the
chanical properties of metal chain or bundle structure is difsingle-atom processn which individual atoms also migrate
ferent from those of bulk values, as well as from those of thdrom central layers towards the end layers, can give rise to
neck or metal wires having relatively larger cross sectionfelatively smaller and also less discontinues changes in the
such asS~300 A? as in the experimerf. The raise ofE  cross section. The tendency to minimize the surface area and
upon bundle or chain formation may have dominant contri-nence to reduce the energy of the system is the main driving
bution to the observed “giant” yield strength. force for this type of necking. Our simulation studies on the
metal wires, that have an initial diameter-ef\ ¢ at the neck,
but their diameters gradually increase as one goes away from
the neck region, have indicated structural instabilities; those
The present analysis show that the yielding and fracturavires had further necking even in the absence of any tensile
mechanisms of a nanowire under uniaxial tensile force destrain. This puzzling result is in comply with the recent ex-
pend on its size, atomic structure, and temperature. Thengeriment by using mechanical break junction on the gold
are, however, features which are common to all nanowiregeck that was broken by itself at room temperatiire.
under uniaxial strain. The important aspects of the present (2) In the initial steps of stretch, the layered structure and
study are summarized. ordered 2D atomic arrangement within the layers are main-
(1) We found that the deformatiofor elongation treated  tained. Upon increased uniaxial strdincreasedn), the lay-
in this study generally occurs in two different and consecu-ers become wider and rougher due to the atoms departing
tive stages that repeat during the stretch. In the first stage, tHeom the atomic plane, the 2D lattice is distorted, and inter-
stored strain energy and average tensile force increase wititomic distances start to deviate from the bulk equilibrium
increasing stretch, while the layer structure persists. Th&alue. In the elastic stage, one can still distinguish layer
fluctuations can occur possibly due to displacement and restructure and some kind of order in the atomic arrangement
location of atoms within the same layer or atom exchangeavithin a layer. In particular, the H-site registry between

VI. DISCUSSION
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layers are maintained if the layers contain enough number d&(s) curve is closely related with the structural changes dur-
atoms. The ordered atomic arrangement becomes disorderaw) the stretch. In very thin necks including one or two atoms
at low temperature towards the end of stretch. G(s) becomes more sensitive to the atomic rearrangements.
(3) The quasielastic and following yielding stages areRecent studies demonstrated that not only the atomic struc-
reminiscent of the stick-slip motion. In the course of stretchture, but also the bonding sites to the electrodes are crucial
elastic and yielding stages repeat; the surface of the nanowif€r the measured conductarce. .
roughens and deviates strongly from circular symmetry. The (7) The most important aspect of the nanowires that un-
narrowest part of the neck, is usually only one layer thick derlie various unusugbr nove) properties is that the spac--
and is connected to the hornlike ends. In this circumstance§9S Of the energy levels of transversally confined electronic

the contribution of the tunneling becomes significant. Oursftelltes is V‘lﬁi.?e af”?] can easily be r_(fesolver:j. lEve||1 If the poten-
results of atomic simulations point to the fact that neithert'& (or profile) of the wire is not uniform the level spacing is

adiabatic evolution of discrete electronic states, nor circuIaFGercted to the related physical properties. In this respect the

symmetry induced degeneracy can occur in the neck. Conse‘?trgct“r?c Olf the e>_<per|ment_ﬁl(ﬁ) curvcli rsflects tr;]e quant-
quently any quantized sharp structure shall be smeared ogflion Of electronic states in the neck, but not the quantiza-

by channel mixing and tunneling:*2 tion of conductance. , .
(4) If the interlayer interaction is reduced as a result of (8) Nanowires under tensile force exhibits unusual struc-

extensive strain, the 2D atomic structusguarelike lattice tural properties. Further study of nanowires not only on their

is transformed into hexagonal rings. At prolonged stretch,eleCtron transport properties, but also on their electronic,

just before the break, the cross section of layers at the centrgfagnetic, low temperature, mechanical, and energy transport
part of the neck is reduced to-23 atoms. In this case, the properties are also expected to reveal that the effects of the
H-site registry may change to thesite registry. This leads wide level spacing can lead to discontinuous behavior in the
to the formation of a bundle of atomic chains or of a singleheat conduction.

atomic chain. We consider this a dramatic change in the In C_onclustljon,t the_l S|r?ulat|9nds_ Otf atomr:c _structufrel mt'
atomic structure of the wire and may have important impli-nanOWIres undertensiie stress indicate mechanisms of plastic

cations deformation and elongation. When the restoring effect of the
(5) durab initio calculations of Young’s modulus on the initial structure is weakened under the applied uniaxial force,

1D metal chains indicate that the neck having chain structurgqe atomic arrangement deviates from the global minimum

may have yield strength much higher than the bulk valuef"md can be stabilized in a different local minimum. The cor-

This is in good agreement with experimental results, and (:1I359S’pondmg conflg.uratlon. exhibits a noncrystalline, short-
implies that the elastic properties of an atomic size neckange lorder, and interesting mechanical and transport prop-
deviate from those of the bulk defined in the continuum®"€S induced thereform.

limit.

(6) Our calculations show that the conductance makes a
sudden drop whenever a sudden atomic rearrangement in the We would like to thank Professor M. S. Daw for provid-
neck[such as the formation of a new layer with relatively ing the embedded atom potential for Cu and Professor S
smaller cross section, the migration of afgrbetween two  Erkocand Dr. Z. Gwengcfor helpful discussions. In particu-
adjacent layers or the disordering that cause sudden decredae, we benefited from the discussion with Professor C. Y.
of the tensile forckoccurs during the pulling off. Hence the Fong in the calculation of atomic pseudopotential.
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