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Conductance step for a single-atom contact in the scanning tunneling microscope:
Noble and transition metals
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Conductance steps for atomic point contacts of Au, Ni, and Pt have been measured. Jump-to-contact and
jump-to-tunnel processes have been identified and their conductances measured. Differences between conduc-
tance steps for noble and transition metals are interpreted as being duedootbéals that, in transition
metals, provide new channels to the electron conductance. This interpretation is supported by a theoretical
analysis, which shows good agreement with the experimental [(&2463-182606)03323-1

[. INTRODUCTION z-piezo displacement. Bias voltage is kept fixed at values
ranging typically from 10 to 100-mV, and the STM feedback
Conductance experiments in atomic dimension contacti& switched off. For our setup the total cable-shunt resistance
between metallic electrodes have been made recently using about 2Q).
two different techniques: mechanically controllable break e studied areas of the sample for which clear and repro-
junctions*? and scanning tunneling microscog$TM).>®  qucible topographical images were obtained. Once the ex-
Reports on different metals, at both liquid helthand  perimental area was selected, we collected for our analysis
room temperatur;® have been published. From those €X-only curves for which high apparent barrier heightsy eV)

periments, people have been able to measure the change | found. These barrier heights are characteristic of clean
conductance due to the jump to conta®f) during the con- spotst?

trolled approach of the electrodes. Also the inverse process
l.e., the jump to tunne(JT) when the tip and sample lose dard topographical mode, with tunneling resistances in the

their physical contact, can be observed in the conductance ; .
measurements. range 10—-100 M. Then the feedback loop is switched off,

There exists evidence from experiméritand molecular the z piezo is moved cyclically with an amplitude between 5
dynamics calculations,showing that in this process the and 10 A, and the current versus displacement curves are

minimum cross section of the contact can be that correspondi€asured. Both the amplitude and thpiezo offset can be
ing to a single atom. Some reports have claiffetthat the ~changed; a typical curve covers 4-5 A in the tunneling re-
observed first conductance steps, including that of the JC, agime and 4-6 A in contact, showing a few conductance
due to a purely geometrical change of cross section when th&eps. These curves are visualized also at real time in an
neck connecting the electrodes is elongated or contr&ctedoscilloscope.
That is analogous to the well-known conductance quantiza- As commented above, our discussion will be centered on
tion effect appearing in the gate formed at a microcontact irthe process of formation and break of the contact. At room
a two-dimensional gasOther theoretical and experimental temperature, and due to the high atomic mobility, once the
report$ suggest, however, an interpretation that takes intecontact is broken, both electrodes suffer restructurings in
account the electronic nature of the atom forming the necktheir apexes, making it difficult to enter in register in the
In this paper we address these questions, for which we havellowing JC approach. At liquid-helium temperature it is
made a study of the JC and JT processes, for several metapgssible, however, to go backward and forward in successive
Au, Pt, and Ni, both experimentally and theoretically. Ex-formation and break the contdctalways keeping the inter-
perimentally, we have identified and measured the first conface in similar conditions. This is shown dramatically in Fig.
ductance step for these metals, while theoretically we havé, where the conductance of the point contact is measured as
concentrated our discussion on elucidating the role played ia function of the tip displacement in the JC and the JT re-
this conductance step by tlieorbitals; this problem is also gimes for Au. Other experimental facts, such as the thermal
relevant for understanding how these orbitals affect the tunand piezoelectric creep reduction, make low-temperature
neling current conditions the appropriate ones for the experiments carried
out in this work. Accordingly, the results presented in this
paper have been collected at 4.2 K.

Figure 1 shows typical data for JC and JT processes.

Measurements have been performed using a STM at 4.Brom these figures we have obtained the statistics of the first
K, both in He gas atmosphere and in high vacuum. Tips andonductance step shown in Fig. 2. These curves have been
samples used in these experiments were obtained from higlleduced from several hundreds of measurements similar to
quality polycrystalline materialt: the ones shown in Fig. 1. The statistics of these curves are

The curves of conductance versus tip-to-sample distancealculated from the values of the conductance along the pla-
were made by measuring the currénas a function of the teau of the first conductance step, with an appropriate factor

' The initial tip-to-sample distance corresponds to the stan-

Il. EXPERIMENTAL DATA
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FIG. 1. Three conductances ziezo displacement curves ob-
tained on the same surface spot at 4.2 K for Au.
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FIG. 3. Different geometries used to simulate the tip-sample
interface in the JT and JC processés; fourfold symmetry;(b)
threefold symmetry{c) contact of two equivalent atoms links the
tip and the sample. Bethe lattices are used to simulated the tip and

that gives identical weight to each individual measurement.the sample density of states.

As can be observed from Fig. 2 the behavior of Au, Ni,

and Pt is qualitatively different. Nickel shows for JC and JTtwo quanta of conductand®, (G,=2e?/h). For JC there is
a distribution of values with several peaks between one ang peak near GO! which is not observed in JT. Pt shows a
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behavior similar to that observed for Ni, although the con-
ductance distribution for JC and JT peaks betwEgnand

2G, and extends continuously to values larger tha®,2
Also a separated peak for JC appears neéag.4In contra-
position to the transition metals reported here, Au presents a
similar behavior for JC and JT, showing a peak closébtd
slightly below Gg.

Ill. THEORETICAL MODEL

Our theoretical analysis will concentrate on the case of
single-atom contact between the tip and the sample. Our
main interest is to understand the effect that therbitals
may have in the junction conductance. In this regard, instead
of attempting a full molecular mechanics calculation, we
have considered differerd priori geometries that try to
simulate the interface created along the JC and JT processes.
As previous theoretical resulfshave shown, the conduc-
tance of a small contact depends mainly on the electronic
and geometrical properties of the small neck formed around
the center of the contact; accordingly we have modeled the
atomic contact by introducing the geometries of Fig. 3,
where a single atom is at the center of a small cluster having
a threefold or a fourfold geometf¥igs. 3a) and 3b)]; also
a contact of two atoms is introduced as shown in F{g).3n
all these cases, the small clusters are joined to Bethe
lattices® that model the electronic structure of the tip and the

FIG. 2. Conductance values obtained from the first step jusf@mPple. The hypothesis that different geometries can take

after the JT and before the J8ee Fig. 1 We have separated the
JT (right side of the figurefrom the JC(left side of the figurgin
the statistics. The data are for Aa), Ni (b), and Pt(c). We have
also presented our theoretical resulf$; atomic configuration of
Fig. 3@, +, 3(b); andO, 3(c), for d=d, (d, is the metal nearest-
neighbor distange

place for the same system is supported by the dispersion of
experimental values of the conductance corresponding to the
JC and the JT contacts in different materigigg. 2). Our
study aims to give an explanation of these experimental data
based on the possible different geometries of the tip apex.
The point contact conductance is calculated using a tight-
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binding modet® described by the following Hamiltonian: bulk; then, we can expect the atom-atom distance near the
.~ A interface to be very close . As a further step, we have
H=Hr+Hs+Hiy, (1) changedd by =10% and modified accordingly the hopping

interactions between the different orbitals using Harrison’s

parametrizatiod! These changes can be interpreted as due to

the stress introduced at the junction by the deformation pro-

~ cess. One can describe this approach as a crude one-degree-

HT:_E Einiya+‘2 Ti,j(c;‘]ocj,UJr C;Uciﬁ), 2 of-freedom deformation of the interface that is introduced

L Lo around the neck of the contact.

wherel:|T and I:|S are the tip and sample Hamiltonians, re-
spectively,

HSZZ Eaﬁa,(r+ % Ta,B(CL,UCB,(r—i_CjB.,cha,(r) (3) IV. DISCUSSION
a,T a,Bb,0

Our calculated conductances for the three different geom-
etries of Fig. 3 are given in Table | as function of distance
. d. In the same table, we also show the conductances calcu-
Hint= 2 Ta,i(CiT,{rCa,a+ CZ,,rCi,(r)- (4) lated by neglecting the tunneling currents through dher-

b bitals. Our results yield an ordering of the three metals with
respect to their conductances, in agreement with the se-
gauence obtained for the experimental peaks. So, Au always
has the smallest conductance, while Ni and Pt are clearly
above it. If we fix the tip-sample geometry, Pt has a higher
conductance than Ni for the three considered configurations.

andI:hnt defines the tip-sample coupling:

As discussed in previous papéfsKeldysh methot*®
allows us to calculate nonequilibrium Green functions an
in particular, the tunneling currehtbetween the tip and the
sample. This theoretical analysis yields the following

result!® . . . )
The smaller conductance in Au is a particular case illustrat-
de [ ing the difference between noble and transition metals. The
I=——| do Y [Tiwps(w)Df (o) former one has nd orbitals at the Fermi level, and therefore
—e @Byllk conduction takes place mainly throughorbitals. On the
X Ty,jpfoﬁ(w)Dﬁi(w)][fT(w) —fo(w)], (5)  other hand, transition metals have sohehannels available,

because those orbitals cross the Fermi level, increasing the
wheref is the Fermi distribution function for each side of the conductance. For as model of the tip it has been provEd
interface, and that the maximum contact conductancésig. We argue that
noble metals present a first conductance step of ar@&mnd

DA —| s, .— T. .GAOTH GAO) B (6) for those reasons, while transition metals have, as a rule,
Kk,i K, k,j>j,1 I, m~m,i ’ . . .
i;nm more than one quantum for the first jump: in our calcula-
tions, the maximum conductance for Pt and Ni appears for
the geometry of Fig. @ with an ~8% reduction of the
R _ _ R(O)Tt ~R(0)
Dg.y=| 9.y 0[%5 Tp.aGa0 Tw,6Goy @) ideal distanced, and its value is close to G, (other

experiments? with Al and Na also show a first jump smaller
in these equation&*(®) andGR( refer to the advanced and than G,, which corroborates our predictipnThis is also
retarded Green functions of the uncoupled systemith jlustrated by the conductances shown in Table I, when the
T,.,i=0). Equation(5) defines the total tunneling current as a tunneling currents through thteorbitals are taken to be zero.
function of T; , and the electronic properties of the un- In all the cases considere6, is smaller tharG, when the
coupled tip and sample. For a small bias we can write d orbitals do not contribute.
| ame? It is also interesting to mention that at long distances the
- _ ~ (0) R L (0)nA tunneling current is controlled only by tle#p orbitals. This
C=V="% a,/}%,j,k TiapapPpyTiPikPii- @ pocheen shown to be the case in an independent Paper,
where the tunneling region between a Ni tip and a Ni surface
This is the basic equation we are going to use to calculatdas been analyzed. Notice that in the tunneling region, the
the conductance of different tip-sample geometries. In ouhopping parameters decrease exponentially with distance, at
theoretical approach we have several orbitals per site. Typiariance with Harrison's law, which applies to distances
cally we takes, p, andd orbitals associated with the p,  close tod,.
andd bands of the metal we are considering. This means that Regarding the different structures that can appear at the
the Green function&A(® andGR(® have (X 9n) compo-  junction and their different contributions to the conductance,
nents, where is the number of atomic sites considered for we obtain theoretically a large dispersion for Ni and Pt, and
each tip or sample cluster: notice that in our specific calcuelearly a smaller one for Au. This also agrees with the ex-
lations, the Bethe lattices are projected onto the atoms fornmperimental evidence found for Ni and Pt, cases showing a
ing the clusters shown in Fig. 3. We have assumed that folarger dispersion than Au.
the investigated geometries all the tight-binding parameters Considering the geometries of Fig. 3 we argue based on
coincide with the ones proposed for the metal Bliikd, see  simple mechanical stability arguments that, while the struc-
Fig. 3, is taken equal to the nearest-neighbor distance of thieires drawn in Figs. @ and 3b) are likely to appear in
crystal,d,. Notice that for this particular case, the environ- both the JC and JT processes, the structure) 8 more
ment of each atom is very similar to the one found in thelikely to appear in the pulling process. This suggests that
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TABLE I. Conductance in units of €/h for the geometriega), (b), and(c) of Fig. 3. d/s refers to a
calculation where ths, p, andd orbitals are included; in the case only the conductance through thend
p electrons has been calculated.

@ (b) (©

Distance d/s S ds S ds S
0.9d, 1.01 0.60 0.33 0.41 0.51 0.54
0.95, 0.88 0.597 0.37 0.46 0.61 0.62
Au 1.0ad, 0.78 0.59 0.41 0.50 0.71 0.70
1.0, 0.71 0.57 0.44 0.53 0.79 0.76
1.1, 0.65 0.55 0.46 0.54 0.85 0.81
0.9, 2.54 0.55 1.84 0.39 1.34 0.014
0.99d, 3.30 0.75 2.07 0.50 1.68 0.022
Ni 1.00d, 2.69 0.85 2.09 0.53 1.14 0.034
1.0, 1.74 0.77 1.45 0.48 0.58 0.040
1.1ad, 1.17 0.60 0.93 0.38 0.32 0.032
0.9d, 2.08 0.65 1.32 0.81 1.37 0.11
0.95, 3.04 0.76 1.93 0.86 1.59 0.14
Pt 1.0a, 3.16 0.85 2.45 0.87 1.40 0.18
1.0, 2.60 0.89 2.48 0.83 0.96 0.24
1.1, 2.02 0.88 2.15 0.76 0.68 0.30

during the JT process, geometries yielding a smaller conduds, ranging betweerG, and 35,. For the Au junctiond
tance can be formed. Some support for this suggestion is aldmnds are located deeply below the Fermi level and the con-
provided by our experimental dat&ig. 2), since for the JT duction process occurs practically only throughorbitals
process the conductance shows systematically a smallétontribution of thep orbitals, located above the Fermi level,

value than for the JC jump. gives only about 10—20 % of the total conductance, depend-
ing on the geometry of the contactThis quasi-single-
V. CONCLUSIONS channel conductance leads to a considerably lower value of

the total conductance, which should be not largeithin
The experimental data presented in this paper show thgo—20 % of accuragythanG,. In our investigation we have
important differences that appear between the conductancegtained good agreement between the experimental and
of the single-atom junctions formed by Au, Ni, and Pt at 4.2theoretical results. The set of the numerical results, obtained
K. Our theoretical analysis, based on a linear combination ofor Au, Ni, and Pt, is ordered like the data given by the STM
atomic orbitals approach, shows that these differences can pgeasurements, and also the values of the conductance, cal-

explained by the electronic properties of the atoms formingculated for the particular metals, are in good correspondence
the junction. Thus, we find that the first conductance step cafith the experimental data.

be interpreted as an effect due to the electronic nature of the
atom forming the neck. In particular we have shown that the
relatively large conductance, appearing for transition metals
such as Ni and Pt, is mainly due to the different channels Support by the Spanish CICY(MAT95-1542 and PB92-
afforded by thed orbitals. Because of this multichannel pro- 0168, and the EC(CHRX-C793-0134 is acknowledged.
cess, the total conductance of the single-atom junctioh.J. acknowledges financial support from the Spanish Min-
formed by transition metals might reach values higher thanstry of Education and Science.
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