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Nanocontacts: Probing Electronic Structure under Extreme Uniaxial Strains
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Nanometer-sized metallic necks have the unique ability to sustain extreme uniaxial loads (about 20
times greater than the bulk material). We present an experimental and theoretical study of the electronic
transport properties under such extreme conditions. Conductance measurements on gold and aluminum
necks show a strikingly different behavior: While gold shows the expected conductance decrease
with increasing elastic elongation of the neck, aluminum necks behave iopphasiteway. We have
performed first-principles electronic-structure calculations which reproduce this behavior, showing that it
is an intrinsic property of the bulk band structure under high uniaxial strain. [S0031-9007(97)04623-1]

PACS numbers: 61.16.Ch, 62.20.Fe, 71.20.Be, 73.40.Cg

The properties of solids under extreme strains are ofmetallic contact between the STM tip and sample, both
great importance in fundamental and applied physicef the same metal. When the tip is retracted, a neck
[1,2]. Large strains are present close to point and linef controllable dimensions forms by plastic deforma-
defects, in semiconductor multilayers and thin films,tion. The experiments were done in a low-temperature
and in mesoscopic devices like quantum wires and dot$STM. The measurement of the conductance shows clear
The physics of liquids and solids under highdrostatic  steps, which can be quite repetitive for large contacts,
pressures has long been a topic of study. In contrasgs the neck is cyclically deformed [8]. In Fig. 1, we
the study ofuniaxial deformations is much more difficult present typical experimental conductances for Al and Au
because the attainable strains are severely limited by theanometer-sized contacts as a function of the elongation.
appearance of plastic flow through the propagation of disThe conductance curves present no significant differences
locations. Recently, it has been realized that nanometebetween low (4 K) and room temperature. The experi-
sized necks are much stronger than macroscopiments show a striking and systematic difference between
samples, being able to sustain much higher strains [3—5Au and Al: The slope of the plateaus differs in sign.
This is because their small size keeps them essentialljhis inverted slope has already been reported for Al con-
free of dislocations, and plastic deformation must takeacts with a conductancé of the order of a few times
place via atomic rearrangements and slip of atomic planethe quantum of conductan€ge?/k) [10]. Since this im-
[3,6]. Another essential difference between macroscopiplies necks of only a few atoms, it has lead some authors
and nanometer-sized systems is related to the natute suggest that the anomalous behavior might be related
of electronic transport. For all normal metals underto chemical bonding [10] or scattering effects [11] at the
pressure, the conductivity is determined by the pressuratomic scale. However, this could not explain our results
dependence of the electronic mean free gdth]. But, as  which are for values o6 ranging from a few quanta to
the size of the structure becomes smaller thamansport
becomes ballistic and the conductance is expected to be
dominated by the electronic band structure itself. By A B L L DL I

It this report, we study the dependence of ballistic
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electronic transport with uniaxial elastic deformation. We
present measurements of the conductance of nanometer- 110
sized aluminum and gold necks, as well as first-principles 100
electronic-structure calculations. In the case of Au the %0
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conductance decreases as the neck is elongated, which 80|+ N

could be explained in terms of the lateral contraction of 70 -_ZLI_}«H

the neck with elongation. However, Al follows a most -

unexpected behavior: The neck conductainceeasesas bl IR MR R BRI B
it is elongated. This counterintuitive behavior is traced 0 1 2 3 4 5
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to the particular shape of the Fermi surface (FS) and its 'splacement (nm)

change with strain. FIG. 1. Conductance vs tip-sample relative displacement for
Nanometer-sized metallic necks can be fabricated uU and Al, for contacts of about 100 atoms in cross section.

. . i l . STM) [7.8 he abrupt jumps are associated to mechanical relaxations
ing & scanning tunneling microscope ( ) [7.8] or (atom rearrangements), while deformation between two such

the mechanically controllable break junction techniquerelaxations is elastic. The insets show the behavior for very
[9]. Our experimental procedure consists in forming asmall contacts.
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several hundred (i.e., cross sections up to several hurone (BZ), but the absolute value and the factge

dreds of atoms). takes into account the electrons moving in one direction
The abrupt steps in the conductance have been shown tmly. For a small applied voltagé = |ex — €F|/e, the

be correlated to abrupt force relaxations, by measuring seonductances = [IX — IL|/V is given byG = o(h)A,

multaneously the conductance and forces in gold contactshere

[4]. The estimated critical pressure to produce an abrupt 5 .

plastic yield was approximately constant and of the order o(h) = £ Z f dk I8 - vi (k)| <ﬁ> _

of 4 GPa (i.e., a factor 20 times larger than in bulk mate- 43 < Bz 2 0€ ) e=e,(k)—er

rials [5]) as predicted by molecular dynamics simulations (2

[3]. Between two successive relaxations, the deformatio "

is elastic (reversible). For gold contacts the slope of thes he group velocities are calculated [21] from the electron

elastic stages is consistent with what would be expecte@’::\?erfuenncéf%? tﬁ; itr?tee f;ell;-(\:/ei?ﬁI?éimec?ciz)e?r?glhur?lfer
from the elastic lateral contraction with elongation (i.e., 9 9 p

the Poisson ratio) [12]. For Al, however, the observedOf plane waves aniit points was carefully tested [22].

variation has the opposite sign (even for the largest cross F|gur§: 2(?) ﬁresents Itge calcu_latg;:fconductanc?lg Versus
sections studied) and cannot be explained by that argl]—.e strain of the samp L/Lo, in different crystalline -
ment. The fact that this effect can be observed for rathe?'recnons' The conductance has been normalized to its
large cross sections (hundreds of atoms) suggests that tHqueGo in the undeformed cell [23],
origin of this behavior could be related to the properties G o) A
of the bulk electronic structure. Go - oo(f) Ag’ (3)

We have performed first-principles electronic-structure
calculations for both Au and Al under the extreme uniax-whereA/Aq = [1 — R(f) AL/Lo}* andR(ii) is Poisson’s
ial strains of the experimental conditions. The cubic cellgatio. For Au, our results reflect the expected decrease in
were elongated and compressed by different magnituddge conductance as a function of the elongation of the
in three crystalline directions: (100), (110), and (111).contact. For Al, the results critically depend on the orien-
The deformation in the perpendicular direction (Poissorfation. While, along the (100) direction, they present a
ratio) was included by calculating the deformation ten-qualitative behavior similar to Au, both the (110) and
sors [13] from the macroscopic elastic constants [14]. For
each deformed cell we performed a standard density func-
tional calculation [15], in the local density approximation 2
for exchange and correlation [16]. We used a plane wave

—_
=2
-

I I |
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basis [17] and norm-conserving pseudopotentials [18] in § _(1): T
its fully nonlocal formulation [19]. T oL T E
The shape of the constriction can be estimated from § e T 3
the evolution of the conductance as the constriction is ¢ -4F 5 A
deformed plastically [8]. For cross sections of the order § 4F =
of a hundred atoms, it is almost cylindrical with a smooth 5 2F EX 3
connection to the electrodes. The distribution of strain 2 of 2 \ 3
is approximately uniform within the length of the nearly 8 E S 3
cylindrical region of the contact (for Al contacts with 4F ES E
G = 100 a length of =5 nm is estimated [8]). We -6:_‘ . = A
then assume that the neck ballistic conductances can be 6 -4 2 0 2 4 4 0 4
calculated from the electron wave functions of the bulk strain (%) strain (approx.%)

deformed_ metal. TO_ d_o this, co_n§|der two samples JOInecl‘—‘IG. 2. (a) Theoretical variation of the ballistic conductance
by a ballistic constriction of minimum cross secti@n  jth strain. Positive and negative strains indicate elongation
We approximate the current flowing from the rigliff)  and contraction, respectively. Circles: (100); crosses: (111);
and from the lef(7%) as diamonds: (110). The calculated values ® /G, are con-
. verged to better than 10%, with respect to the number of plane
JRL — eA Z f dk f - vi(k)l flei(k) — ER,L) waves andk points. (b) Experimental variation of the con-
4713 &~ )z 2 S s ductance for elastic deformations. Many different experiments
! 1) are plotted together. Notice that the vertical scale for the ex-
perimental curves is the same as for the theoretical curves,
wheree is the electron chargd is a unit vector normal while the horizontal scale has been estimated from the maxi-
to the cross sectior;, (k) andv; (k) are the band energies Mum stress that the neck can sustain. In the case of Au, this
.. RL . . has been measured experimentally and it is about 4 GPa. This
and group velocitiese;™ is the Fermi energy at each ;nyjies (using Young's modulug for Au) a relative deforma-
side of the constriction, ang'(e) is the Fermi-Dirac tjgn ALmax/Lo ~ Pmax/E ~ 5% at the extremes of the curves.
distribution [20]. The integral is over the whole Brillouin Preliminary measurements indicate similar values for Al.
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(111) orientations show an anomalous increase of the corwontact is elongated elastically. This behavior is observed
ductance as a function of the elongation. Figure 2(bkontinuously for conductance values ranging from a few
shows the experimental variation of the conductance durguanta to several hundred. Our first-principles electronic
ing elastic deformation. Although a direct quantitative calculations show that, for large contacts, this behavior is
comparison would require the knowledge of the relativean intrinsic property of the bulk band structure under high
elongationAL/L, in the experiments, the calculated anduniaxial strain. These results suggest that the conductance
experimental conductances are strikingly similar, provid-behavior in atomic-scale contacts may be also determined
ing confidence on the bulk origin of the conductance beby the effects of the extreme uniaxial strains. Apart from
havior. In the case of Al, the calculations suggest that thés possible relevance on the development of nanoscaled
contacts are crystalline and oriented preferentially alonglectronic devices, our results show that the detailed elec-
the (110) or (111) directions. tronic structure of a metal is essential to understand the
The unexpected behavior of the Al conductance ariseballistic transport through a metallic constriction, and that
from a delicate interplay between the electron density othe free-electron model is generally not sufficient. To-
states and the group velocity at the FS. To get furthegether, our experiments and calculations demonstrate that
insight into this interplay, we can take the zero-temperatur@anometer-sized metallic necks provide a new tool to

limit of Eq. (2): study the effects of high uniaxial strains on the electronic
2¢2\ S(ii) structure and transport properties of solids.
o) = <T>m 4) We acknowledge useful discussions with E. Artacho

and J.A. Torres. C. Untiedt and N. Adraare grate-
where S(ii) is the area of the FS, projected on the planeful to S. Vieira for advice and support. This work
normal ton [in a free-electron pictur§ (i) = (473/A%), has been supported by the Direccién General de In-
where Ar is the Fermi wavelength, and we recover thevestigaciéon Cieffica y Tecnologica of Spain (DGI-
classical Sharvin formula [245 = (2¢2/h) (wA/A%)].  CYT) under Grants No. MAT95-1542, No. PB95-0202,
Since thed bands of Au are well below the Fermi level, and No. PB95-0061.
its FS is entirely determined by issband, and it is quite
spherical and fully contained in the first BZ. Its total . _ _ o
(unprojected) ared; is only 0.5% smaller than that of Also at Laboratorlq de Bajas Temperaturas, Universidad
the free-electron gas, with one electron per atom. It also . Autonoma de Madrid. .
behaves similarly with deformation, depending essentially [L] N.F. Mott and H. JonesThe Theory of the Properties of

. . ! - - Metals and AlloygClarendon Press, Oxford, 1936) [Dover
of the result!ng electron density. The case of Al'is quite Publication, New York, 1958],
different: With three valence electrons, its FS extends into ] p,w. Bridgman, The Physics of High PressuréBell,
the third BZ. This implies a larger distortion from the free- London, 1931) [Dover, New York, 1970].
electron FS, as it crosses the BZ boundaries many times[3] U. Landman, W.D. Luedtke, N.A. Burnham, and R.J.
S7 turns out to be 21% smaller than the value predicted  Colton, Scienc®48, 454 (1990).
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. stress measurements of diamond-anvil gaskets [R.J. Hem-

changes of thehapeof the Fermi surface.

- . . . ley et al., Science276, 1242 (1997)] indicate that the yield

Of course, the discussion above Canno'F be applied di- strengths of W and Fe exceed 20 GPa under hydrostatic
rectly to very small contacts, where scattering by the neck  ressures larger than 200 GPa.
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atomic-scale contacts may also be related to the effect of®] Zt Qgrsgyest ?ql'é\?hésé F;i\§48?f§§?$9 (1993); C. Untiedt
D e leconc e o 1 SO €. Wt 3., van Fufenbec and L. de Jor
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different channel§). We expect that our v_vork_W|II_ stimu- (London) 375, 6534 (1995); E. Scheest al., Phys. Rev.
late further experiments and calculations in this direction. | o1t 78 3535 (1997).

In conclusion, we have presented conductance megio] J. M. Kranset al., Phys. Rev. B48, 14721 (1993).
surements on Au and Al necks. In the case of Al the[11] J. A. Torres and J.J. S4enz, Physica (AmsterdahgB,
experiments show an increase of the conductance as the 234 (1996).

4200



VOLUME 79, NUMBER 21 PHYSICAL REVIEW LETTERS 24 NVEMBER 1997

[12] J.A. Torres and J.J. Saenz, Phys. Rev. Lé#. 2245 [20] A finite electronic temperature of 20 mRy was used to

(1996). improve the convergence with respect to the numbek of
[13] L.D. Landau and E.M. Lifshitz,Theory of Elasticity points used in the BZ integration. It was checked that the

(Pergamon Press, Oxford, 1970). results presented here do not depend on this temperature.
[14] N.W. Ashcroft and N.D. MerminSolid State Physics [21] We take into account that the use of a nonlocal potential

(Holt-Saunders, Philadelphia, 1976). gives rise to a new term in addition to the mean value
[15] W. Kohn and L.J. Sham, Phys. ReM(0, A1133 (1965). of the linear momentum [Y. Miyamoto, S.G. Louie, and
[16] J. Perdew and A. Zunger, Phys. Rev2B 5048 (1981). M. L. Cohen, Phys. Rev. Let?6, 2121 (1996)].

[17] In the self-consistent calculations, the electron wave[22] For Al the planewave cutoff was varied from 10 to 20 Ry,
functions were expanded with a plane wave cutoff of and the number ok points from 42875 to 226 981.
10 Ry for Al and 30 Ry for Au (and four times larger [23] For Au the calculated ballistic conductances in the
for the electron density). We used 1000 points in the undeformed cell have a maximum in the (110) direction
whole Brillouin zone (BZ), which equals 110 points in and a pronounced minimum in the (113;00/G110 =
the irreducible BZ for the cubic cells and 275 points for 0.966, Gi11/G11o = 0.933. For Al we find the maximum
the less symmetric cells [H.J. Monkhorst and J. D. Pack, of conductance near the (100) directio6;o/Gio0 =

PhyS Rev13, 5188 (1976)] 0.953, G111/G100 = 0.962.
[18] N. Troullier and J.L. Martins, Phys. Rev. B3, 1993 [24] Yu.V. Sharvin, Zh. Eksp. Teor. FiZ8, 984 (1965) [Sov.
(1991). Phys. JEPT21, 655 (1965)]; J. A. Torrest al., Phys. Rev.
[19] L. Kleinman and D.M. Bylander, Phys. Rev. Le#8, B 49, 16581 (1994); A. GaferMartn et al., Phys. Rev.
1425 (1982). B 54, 13448 (1996).

4201



