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RESISTANCE OF ATOMIC SODIUM WIRES�Rafael Gutiérrez, Frank Grossmann and Rüdiger ShmidtInstitut für Theoretishe Physik, Tehnishe Universität DresdenD-01062 Dresden, Germany(Reeived November 2, 2000)We systematially study the eletrial transport through atomi sodiumwires onneted to two semi-in�nite eletrodes. The dependene of theresistane on the wire length and on the wire�eletrode separation is in-vestigated. For small wire�eletrode distanes the single sodium atom anshow a larger resistane than the Na-dimer, on�rming reent ab initio al-ulations [N.D. Lang, Phys. Rev. Lett. 79, 1357 (1997)℄. In our densityfuntional theory based Landauer approah, this anomalous behaviour isshown to be dependent on the level of desription of the wire (number ofbasis funtions per atom) as well as on the strength of the eletrode�wireoupling.PACS numbers: 36.20.Hb, 36.20.Kd, 36.40.Cg, 61.46.+w1. IntrodutionThe low temperature resistane of atomi wires is the subjet of intensetheoretial and experimental investigations [1�5℄. Well de�ned experimentalonditions with 1 or two atoms in the wire have been established in STMexperiments of Yazdani et al. [1℄ for the ase of Xenon atoms. Moreover, atheoretial study of atomi sodium hains between uniform jellium modelledmetal eletrodes has revealed ounter-intuitive behaviour as a funtion of thenumber of sodium atoms ontained in the hain [3℄. It has been argued thatthere is an anomalous resistane dependene with large resistanes (of theorder of 30 k
) for the 1 atom ase dereasing to about half that value fortwo atoms.In the following we will investigate this behaviour in detail. The theo-retial methodology we use is based on the Landauer formalism as applied� Presented at the XXIV International Shool of Theoretial Physis �TransportPhenomena from Quantum to Classial Regimes�, Ustro«, Poland, September 25�Otober 1, 2000. (443)



444 R. Gutiérrez, F. Grossmann, R. Shmidtto moleular hain ondutane alulations [6�8℄ ombined with a Linear-Combination of Atomi-Orbitals (LCAO) approah based on Density Fun-tional Theory (DFT) within the Loal-Density-Approximation (LDA) [10℄.Here we apply this methodology to the benhmark problem of atomi sodiumhains, where analytial results for a single basis funtion per atom [8℄ as wellas results from other numerial approahes are available. Antiipating the�ndings of this paper, the ruial parameter with respet to the anomalousbehaviour mentioned above is the distane between the atomi wire and themetalli eletrodes. We will show that if this distane is varied, both, the�anomalous� behaviour and the �normal� behaviour an be observed. Fur-thermore, also the basis set used to alulate the eletroni struture of thewire has an in�uene on the predited transport properties. The theoretialmethod is shortly outlined in Se. 2. Numerial results and their disussionare given in Se. 3. 2. Theoretial methodFor alulating the linear ondutane of atomi wires we will use theLandauer formalism [9℄. The linear ondutane G of an objet oupled totwo semi-in�nite eletrodes (L and R) is given at zero-temperature byG = 2e2h T (Ef ); (2.1)where T (Ef ) is the transmission funtion of the objet evaluated at theequilibrium Fermi energy of the reservoirs. It is de�ned byT (E) = Tr(Gy(E)�R(E)G(E)�L(E)): (2.2)The retarded Green's funtion G(E) is to be determined by solving theDyson equation(zS �H ��L(z)��R(z))G(z) = 1; z = E + i�; � ! 0+; (2.3)where H and S are the Hamiltonian and overlap matries for the objetand �(z) is a self-energy resulting from the oupling to the eletrodes. Theself-energy has the form�L;R(z) = V yL;RgL;R(z)V L;R: (2.4)Here, the matries V y; V desribe the objet�eletrode interation and g(z)is the eletrode Green's funtion. Finally, the spetral funtions are de�nedvia the self-energies as�L;R(E) = i(�L;R(E + i�)��L;R(E � i�)) � ! 0+: (2.5)



Resistane of Atomi Sodium Wires 445In order to apply this approah to a spei� system, one has to de-�ne a proedure to determine (i) the Hamiltonian and overlap matries ofthe objet, (ii) the interation matries appearing in the self-energy and(iii) a model for the eletrodes. Conerning points (i) and (ii) we will usethe LCAO-DFT-LDA approah [10℄, inluding sp3 valene orbitals in theeletroni struture alulations. The eletrodes will be modelled by semi-in�nite tight-binding metalli hains with one atomi orbital with energy "per lattie site and lattie onstant a, for whih an analyti Green's funtionis available [11℄.From the dispersion relation of this model, E(k) = "+2t0 os ka it followsthat the Fermi energy lies at Ef = " at half-�lling. The band parametersare �xed at " = �4 eV and t0 = �2:7 eV, values whih are obtained fromour LCAO-DFT-LDA approah.Besides the usage of an sp3 basis set, we will also study what happensif the eletrons are desribed by a single basis funtion per atom only. Inthis ase, analytial results are available for the transmission in Eq. (2.2) [8℄.Denoting the relevant matrix elements of the spetral funtion Eq. (2.5) by2� and the hopping integral in the wire by � the results for the one and twoatom hains areT1(E) = 4�2(E �EM )2 + 4�2 ; (2.6)T2(E) = 4�2�2[(E �EM )2 ��2 � �2℄2 + 4(E �EM )2�2 ; (2.7)where EM is the �moleular� energy, i.e. the diagonal matrix element of theunperturbed moleular Hamiltonian.3. ResultsWe present in this setion the numerial results for the resistaneR = 1=G of sodium atomi wires as a funtion of the eletrode�wire sepa-ration d and of the wire length. The bond length in the wires was �xed at6.00 aB, whih approximately orresponds to the equilibrium distane of aNa-dimer (deq=5.67 aB). For wires with more than four atoms dimerizationof the wire is expeted due to a Peierls transition. Suh e�ets will not beonsidered here.In Fig. 1, the dependene of the resistane R = 1=G on the number ofatoms in the hain is displayed for three di�erent values of d. For ompari-son the wire resistane was also alulated using a single 3s valene orbitalfor eah sodium atom in the wire. The result of Lang, who stated thatRN=1 > RN=2 [3℄, in our approah is only found in the ase of the sp3basis and in addition only for strong oupling between the hain and the
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Fig. 1. Dependene of the resistane on the length of the atomi sodium wirefor di�erent eletrode�wire separations. Dashed lines (onneting the squares)orrespond to a resistane alulated with only the 3s-valene orbitals in the wire.eletrode. Conerning the oupling strength there exists a ritial value dritwhere both, the single atom and the dimer, have approximately the sameresistane. This an be seen in Fig. 2 where RN=1 and RN=2 are plottedversus d. The ritial value lies at about 6.50 aB, (for omparison, the dis-tane onsidered by Lang [3℄ is about 5.7 aB). For d > drit the resistane ofthe dimer inreases almost exponentially. The resistane of the single atomwill also inrease exponentially but at muh larger eletrode�atom separa-tions (not shown). With respet to the basis set size, for an s-basis set only,the �normal� behaviour (RN=1 < RN=2) is reovered with values of R verylose to the resistane quantum of 12.9 k
 for wires with an odd number ofeletrons. That this must be the ase an be easily seen by onsidering theanalytial results, Eqs. (2.6), (2.7), reviewed at the end of the last Setion.For one atom onneted to leads of the same material we have to onsiderthe transmission at a Fermi energy whih equals EM . Thus T (Ef ) is alwaysequal to unity resulting in the universal ontat resistane of 12.9 k
. Fortwo atoms, at E = Ef , the result for T (Ef ) depends on the relative mag-



Resistane of Atomi Sodium Wires 447nitude of � and �, however, and an only be smaller than or equal to theone atom result. As expeted from Eq. (6), the resistane of the single atomwith an s-state is independent of the eletrode�wire separation. This anbe seen in Fig. 2(a). Thus the s-level basially ats like an ideal ondutionhannel.For an sp3 basis the behaviour displayed in Figs. 1 and 2 an be betterunderstood by inspeting the transmission spetrum, as shown in Fig. 3.The value the linear resistane of the wire aquires, depends sensitively onthe position of the Fermi level Ef with respet to the modi�ed eigenener-gies of the wire. In order to distinguish between the bare eigenenergies wehave displayed the free wire density of states (DOS) together with the or-responding T (E) for two di�erent values of the eletrode�wire separation.Intuitively one would expet that Ef lies in the HOMO�LUMO gap for aNa-dimer (the HOMO is twie oupied) and would almost touh the singlyoupied HOMO in the one atom ase. This piture is however only validin the ase of a weak oupling to the eletrodes, where the position of theeigenvalues of the wire remains approximately the same as for an isolatedwire and the broadening indued by the oupling is smaller than the energyspaing between the eigenvalues.
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Fig. 2. Dependene of the resistanes of the one and two-atom hains on the sep-aration d to the reservoirs. The eletroni struture of the wires was determinedusing (a) an s and (b) an sp3 valene basis set.



448 R. Gutiérrez, F. Grossmann, R. Shmidt

−6 −4 −2 0
E[eV]

0

20

40

60

D
O

S

0

0.2

0.4

0.6

0.8

1

T
(E

)

0

0.2

0.4

0.6

0.8

1

T
(E

)

N=1
N=2

d=6.2 aB

Ef

d=7.0 aB

Fig. 3. The transmission oe�ient as a funtion of energy for one and two atoms(using an sp3 basis) between the eletrodes for two di�erent eletrode�wire separa-tions. The lowest panel shows the DOS of the isolated wires. Only the low-energypart of the spetra is shown.For d = 6:2 aB, the eigenstates of Na1 and Na2 are strongly broadenedand shifted by the oupling to the leads, however. The HOMO and LUMO(3-fold degenerate) of the single atom annot be learly resolved any morebut evolve into a rather broad single peak. Espeially at Ef the transmis-sion for a single atom beomes smaller than for the dimer. With inreasingdistane the oupling to the eletrodes is redued and thus the renormaliza-tion and broadening of the eigenstates beome weaker. At d = 7:0 aB, the�HOMO� and �LUMO� of the dimer are already �resolved� and the trans-mission T (Ef ) within the gap is redued.In onlusion, we have studied the eletrial transport trough an atomisodium wire as a funtion of the wire length and of the eletrode�wire sep-aration. The �anomalous� resistane dependene found by Lang has beenreprodued. It turns out, however, that this e�et sensitively depends onthe eletrode�wire separation and hene on the strength of the oupling tothe eletrodes as well as on the basis set used for desribing the eletronistruture of the wires. In our model the �anomalous� behaviour has been
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