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We report the behavior of the electrochemical capacitance for a varieyoafic junctions using
ab initio methods. The capacitance can be classified according to the nature of conductance and shows
a remarkable crossover from a quantum dominated regime to that of a classical-like geometric behavior.
Clear anomalies arise due to a finite density of states of the atomic junction as well as the role played
by the atomic valence orbitals. The results suggest several experiments to study contributions due to
guantum effects and the atomic degree of freedom. [S0031-9007(98)06031-1]

PACS numbers: 73.40.Cg, 61.16.Ch, 61.43.Bn

For a very small conductor in which quantum effectsfrom detailed first principle analysis [4]. This will be our
play a role, it is not difficult to imagine that capacitance approach.
of the conductor may behave differently from the familiar The theoretical analysis consists of four steps. First,
classical case. For a small conductor its discrete nature ofe determine the atomic cluster shape by extensive quan-
electron energy levels can be important, and the quantutum molecular dynamics (QMD) simulation usiab initio
correction due to the finite density of states (DOS) of themethods [5] with the usual local density approximation and
plates is known as the quantum capacitance [1,2]. For pseudopotential [6]. The QMD found the global energy
microscopic sized conductor in which quantum coherenceninimum such as the 3-atom triangle and 4-atom square
is maintained, one must consider the role played by th¢Fig. 1), as well as many local minima such as the other
leads which connect the conductor to the outside worldjunctions. Second, we determine the scattering potential
One also needs to consider the finite screening length df.¢:(r) which is the mean field for all the electrons includ-
the interacting electrons when it is not small compared withing those inside the leads [7]. Third, using which
the system size. Atthese very small length scales, the relelefines the atomic junction plus the leads, we solve the
vant capacitance is the electrochemical capacitanee  single electron scattering problem [7]. The solution gives
edQ/d u, which is a quantity depending on the electronicthe scattering wave function as well as the scattering proba-
properties of the conductor [2]. bilities which, by Landauer formula, computes the conduc-

Capacitance plays a central role in many phenomentance. Fourth, to obtain the electrochemical capacitance,
such as the Coulomb blockade, and it is very importantve determine the nonequilibrium charge distributidf
for several experimental techniques. However, there havimside the system due to an external perturbation on the
been no quantitative predictions of capacitance for microehemical potentiad w. du has two effects [2]: it can inject
scopic systems. Thus, we do not yet know its dependenan amount of charge into the scattering junction, and such
on the atomic valence orbitals, the environment (e.g., than injection produces an induced charge. While the net to-
leads), and the shape, size, and other properties of a nan@al charge is zero due to charge conservation, there could be
system. The purpose of this work is to make this conneceharge polarization established which is referred to as the
tion by theoretically investigating capacitance aibmic  nonequilibrium charge distribution [8].dQ is found by
junctions. In particular we shall study junctions formedsolving [2] a 3D self-consistent Poisson equation for the
by asmall cluster of atoms, shown in the right panel of characteristic potential;(r), which describes the varia-
Fig. 1, where the clusters are sandwiched in between twtion of the scattering potential landscape due to a change
metallic leads. We emphasize small system size wheref the electrochemical potential at legd We solved it
guantum effects are dominant and we answer a number ofsing a multigrid method. Finally, the electrochemical ca-
very relevant questions: (i) What is the value of the capacipacitance is obtained by the following formula [9]:
tance of these atomic junctions? (ii) What is the effect of
atomic orbitals? (iii) How do we characterize the behav- _ f [dm(r) _ dn(r) ( )}d 1
ior of the capacitance? (iv) For the tip-substrate system - ol dE qE i\ jer. ()
familiar to scanning tunneling microscopy (STM), what is
theC = C(d)? Although atomic nanosystems are of greatwhere the right hand side is just the nonequilibrium charge
current interest [3], these fundamental questions, which aréQ divided by du;, and the integration volumé); is
important to ac transport, have not been addressed. It igstricted to regions wher&Q is positive (or negative).
clear that capacitance and many other mechanical and ele€he quantityin;/dE is the partial local DOS andh /dE is
trical properties of atomic junctions can be obtained onlythe total local DOS. They are determined by the scattering
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FIG. 1. Left panel: The electrochemical capacitaactr the 5-atom tip-substrate system as a function of the distdrizetween

the tip and the substrate; (a) classical result; (b) quantum result. Inset to (b): The total reflection co&ffagemtfunction ofi.

Right panel: The Al atomic clusters obtained from QMD simulations. They are sandwiched in between two metallic electrodes
along thez direction to form atomic junctions. For 3-atom triangke,= 2.51 A; for 3-atom chain,a = 2.75 A; for 4-atom
rhombus,z = 2.54 A and the smaller angle is 66;3or 4-atom squareg = 2.65 A; for 5-atom “tip,” a = 2.58 A, b = 2.75 A,

c =2.65A.

wave functions. Finally, for the special case when theraghe tunneling from the tip to the substrate is reduced as
is only capacitive coupling between thedQ and —dQ  increases. In other words, efficient tunneling at srdall-
regions, Eq. (1) reduces to the formula derived in Ref. [2] minishes the nonequilibrium charge distribution, hence re-

We have examined six atomic junctions: five of themducingC. Atintermediatad when tunneling is essentially
are Al junctions shown in Fig. 1 while the sixth is a single zero, C(d) does not change very much with showing
Si atom junction. The leads are simulated using thea compensating effect of the DOS and geometrical contri-
jellium model [7]. The cross section of a lead3d X butions toC. This could be due to the special arrange-
5.1 A%, length L = 12.46 A for Al and 1628 A for  ment of a tip shaped electrode. With even large€(d)

Si. The jellium charge density is specified by the usuakeduces showing the behavior of geometrical-like capaci-
parameter, ~ 1.1 A, mimicking high density electrodes. tance. Figure 1 predicts a crossover of capacitance from
The whole system is put into a supercell of siZe76 X  quantum to classical-like regimes. Second, the relevant
11.76 X 2L + 2d + a) A3 for standard plane-wave length scale is around ~ 5 A, which is accessible using
analysis to obtain the effective potentidl;;. Herea is  various surface probes. Third, the inset of Fig. 1(b) plots
the length of the atomic clusters along thdirection. For the total reflection coefficierR (at Er) as a function ofi.

Al the lead-atom distance is fixed at the equilibrium valueOur results together with a semiclassical analysis [8], con-
[10], d = d, = 1.38 A. For Si we usedd = 3.65A  firmsC(d) ~ R before the classical-like regime is reached.
which is 3 times the equilibrium bond length [10]. Such aFinally, toexperimentallyobserve the predicted nonclassi-
larged creates two vacuum barriers surrounding the singleal behavior, one must maintaldoth tunneling and small

Si atom. We thus obtain a single atom tunneling junctionDOS. Assuming the semiclassical result [8] of the point
With energy cutoff of 8 Ry we converged the total energycontact,C ~ R/[C,! + D~'], holds for our tunneling

to better thanl ueV. In the multigrid solution of (r),  case, withD = ¢*(DOS) and C, ~ 1/d. ReplacingR

the finest grid consists 065 X 65 X 257 points, and with that appropriate for tunneling ~ 1 — exp(—d/1),

the solutions are iterated to convergence with an errowherel is a system dependent parameter, we can roughly
tolerance ofl0~ ! estimate the range af for which C(d) increases withi.

Let us first consider the 5-atom tip junction and varylt is easy to confirm that wheP <« C, (atomic plates),
the tip distancel to the other electrode. The classical re-we can have a reasonable and experimentally accessible
sult obtained by solving the electrostatic problem is showmange of ordei. For the opposit® > C, case (macro-
in Fig. 1 which shows the expected monotonic decreasingcopic plates), nonclassical results show up only when
behavior asl is increased. Figure 1 also shows the quand < 4 X 10731,
tum (nonclassical) result evaluated at the Fermi energy. Next we investigate the particularities due to the atomic
Several observations are in order. First, at smiall’(d) degrees of freedom. We characterize the behaviaf of
increaseswith d which is clearly due to quantum effects: as a function of the scattering electron eneigyusing
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the dc conductancé(E) by fixing d. A reduction ofE G = 2 X 2¢?/h plateau (Fig. 3) reflects thB4h space
corresponds to sampling less transport subbands, whidymmetry of the 3-atom chain junctionC also follows
is achieved during the elongation process of a typicah rough “quantized” pattern if we average it over the en-
nanowire experiment [3]. The solid and dotted curvesergy range of a conductance plateau. For a plateau, there
of Figs. 2—4 showC and G, respectively. The overall is a constant number of perfect quasi-1D channels; thus
increase ofC askE is increased is due to the fact that morethe local DOS inside the atomic junction does not change,
transport channels enter the leads and possibly transportitgading to a rough steplike increase@f Below we shall
through the atomic junction. discuss the origin of fluctuations af on the plateau. For
The six atomic junctions can be classified into three dif-the 4-atom square junction te4h symmetry is broken,
ferent transport categories. First, for the 4-atom rhomsesulting in a more complicated transport subband structure
bus and the single Si tunnel junctioi(E) is dominated in the atomic junction. Nevertheless the average capaci-
by quantum resonances. The behaviordfE) is sensi- tance also roughly follows a “plateau” increase. The third
tive to the same resonances (Fig. 2). For a single charsituation is provided by the 3-atom triangle and 5-atom tip
nel resonance a, ~ —9 eV, G = 1 X 2¢*/h. There, junctions. Forthem a quasi-1D transport picture cannot be
C(E,) = 0 (the upper right inset of Fig. 2). This is rea- established and there is no clear conductance quantization
sonable since if all the quantum wave can go through, théFig. 4). G(E) increases almost monotonically except at
nonequilibrium charge cannot be established [8]. Whera few energies where some resonances are caused by the
there are more channels, e.g..Bat= —5.44 eV for the = APC formed by the tip atom and an electrode. In all cate-
Al case, and—2.45 eV for the Si case((E,) is reduced gories itis clear tha€ follows the behavior of the dc con-
but not to zero. The resonance in the Al rhombus juncductanceG. Why doesC(E) have large fluctuations or
tion is due to the atomic point contacts (APC) at the twojumps at certain energies? The reason is ¢ha not only
lead-atom connections. For the Si junction they are dueontributed by the atomic junction, but also by the elec-
to the3s and3p valence orbitals. The singl8k gives a trodes in the quantum coherent regime. These special
single conductance quanta, and the triplets split by the  energies correspond to the transport subband edges of
electrodes int@p, and3p,,, with resonances marked by the electrodes where DOS changes discontinuously. For
G(E3p,) = 1 andG(E3,, ) =~ 2. This explains why capaci- example, for the 3-atom chain there are three transport
tance has two nearby dipsBt = —2.45 eV: these anoma- subbands inside the atomic junction (two of these are de-
lies are due to atomic valence orbitals. For the 3-atongenerate), but there are six subbands in the leads below
chain and 4-atom square junctions, the quasi-1D transpottie Fermi energy of the whole system. Thashas two
picture can be established where each perfect transmissigtateaus whileC shows more discontinuous changes as
channel gives a conductance plateau. The absence of tlte sweeps through each of the six subbands inside the
leads. Hence, an interesting feature of the capacitance is

its “discontinuous” behavior due to the opening up of more
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FIG. 2. Capacitances of the single Si tunneling junction
and the 4-atom rhombus junction. These systems are charac-
terized by resonance transmission. Solid lings(E) in units  FIG. 3. C (solid lines) of the 3-atom chain and the 4-
of 0.01 aF. Dotted lines:G(E) in units of 2¢?/h. Dashed atom square junctions. For these systems quasi-1D transport
lines: the total reflection probabilitk. The upper right in- channels can be established, as showik{gotted lines). The

set is to resolve the extremely shadp resonance of the Si inset is for the square junction. Dashed lines Rre Units are
junction. the same as those of Fig. 2.
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8.0 : : suggest several interesting experiments which should be
accessible using STM and atomic-force microscopy tech-
nigues on atomic scale devices. First, the erftire C(d)
curve should be measurable to demonstrate the remark-
able crossover from quantum to classical-like behavior. If
the tip and substrate can be made progressively larger, the
crossover of capacitansgluesshould also be accessible.
Second, the discrete fluctuationg®tlue to subband edges
should be detectable in an elongation process on atomic
wires using STM [3]. After an atomic wire is formed be-
tween a tip and a substrate [3], the subsequent elongation
gradually suppresses transport subbands which is equiva-

3-atom
60  60F triangle

4.0 r

G(E). G(E), R(E)

20

lent to decreasing the scattering electron energy of our cal-
culation. The behavior of then gives direct information
concerning the DOS of the atomic wire. Third, the anoma-
%930 860 360 lies due to atomic orbitals may be measurable in light of
EleY) the single atom resistance experiment of Ref. [11]. These
FIG. 4. C (solid lines) of the 3-atom triangle and 5-atom tip Measurements should be able to correlate the behavior of
junctions. For them the quasi-1D transport channels cannot b€ to that of the conductance as predicted here. Itis hoped
established through the atomic junction, as showrGibidotted  that with these new experimental measurements one will be
lines). The inset is for the 3-atom tip. Dashed lines Ate  gpe to confirm the predictions here, and to obtain further
Units are the same as those of Fig. 2. . . - L
information concerning the outstanding issues of quantum
transport at the atomic scale.
channels inside the leads although most of them cannot go This work was supported by NSERC of Canada, FCAR
through the atomic junction. of Québec, the Croucher Foundation, and RGC of Hong
The atomic junctions have capacitance in the range oKong SAR under number HKU 71¥97P. H.G. thanks
zeroto 0.06 aF. However the classigabmetricatapaci- Professor R. Harris for useful discussions. We thank the
tanceC, can be several times larger than the total capaciComputer Center of University of Hong Kong for CPU
tance (Fig. 1). This difference is partly due to the finiteallocations.
DOS of our atomic scale plates. For two plates coupled
purely capacitively (no dc current can go through), the geo-
metrical and DOS contributions to capacitance are added
in a series connection [1,2]; hence the total is less than
individual parts. Our atomic capacitors allow dc transport, [1] F. Stern, IBM Research Report No. RC 3758, 1972; T.P.
together with the very small DOS, resulting in much Smith et al., Phys. Rev. B32, 2696 (1985);34, 2995

. (1986).
smaller values o€. In order to cross over to the classical 2] M. Bittiker, J. Phys5, 9361 (1993).

valuesin addition to the classical b'ehavior, much Iargerés] J.1. Pascuabt al., Science267, 1793 (1995): J. M. Krans
plates must be used for the capacitor such that the DO et al., Nature (London)375, 767 (1995).
is approaching the infinite limit as assumed by a classicalj4] R, N. Barmett and Uzi Landman, Nature (Londo8$7,
theory. 788 (1997).

To summarize, we have investigated the behavior of[5] O.F. Sankey and D.J. Niklewski, Phys. Rev.4B, 3979
electrochemical capacitance for atomic sized junctions, us-  (1989).
ing ab initio methods. Quantum corrections to capacitance[6] D.R. Hamman, M. Schil'uter, and C. Chiang, Phys. Rev.
originate from several factors: the small DOS resulting in  Lett. 43, 1494 (1979).
a large screening length which establishes the nonequilib{7] C-C. Wanet al., Appl. Phys. Lett.71, 419 (1997).
rium charge distribution, the direct DOS contribution to [8] T Christen and M. Buttiker, Phys. Rev. Lef7, 143
capacitance although our calculation predicts the total, the, (1996).

uantum coherence of the entire system which is the reasm[lg] This capacitance formula can be derived from the ac
q y response theory presented in our recent work, Z.S. Ma,

that leads also contribute to the behavioifand finally J. Wang, and H. Guo, cond-mat/9712060.
the role played by quantum tunnellng effects. The fUﬂC-[lo] N.D. Lang, Phys. Rev. B2, 5335 (1995); N.D. Lang and
tional dependence of = C(E) andCg,(d) allows us to A.R. Williams, Phys. Rev. B8, 616 (1978).

conclude that the classical notion of capacitance has begmni] Ali Yazdani, D.M. Eigler, and N.D. Lang, Scien@72,
altered drastically at the atomic level. Our results further 1921 (1996).

4280



