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Electron transport through molecules: Self-consistent and non-self-consistent approaches
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A self-consistent method for calculating electron transport through a molecular device is developed. It is
based on density functional theory electronic structure calculations under periodic boundary conditions and
implemented in the framework of the nonequilibrium Green function approach. To avoid the substantial
computational cost in finding theV characteristic of large systems, we also develop an approximate but much
more efficient non-self-consistent method. Here the change in effective potential in the device region caused by
a bias is approximated by the main features of the voltage drop. As applicatiorisytbarves of a carbon
chain and an aluminum chain sandwiched between two aluminum electrodes are calculated—two systems in
which the voltage drops very differently. By comparing to the self-consistent results, we show that this
non-self-consistent approach works well and can give quantitatively good results.
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I. INTRODUCTION investigated. The use of the jellium model for electrodes is

In recent years, electron transport through molecule onvenient and simple but limited: it cannot include the ef-
sandwiched between metallic electrodes has been attracti§§‘3t_S of different contact geometries and surface relaxation,
increasing attention both for fundamental reasons and bé®" ;\”Sta!"ce- It alsz cannot ddeal with dlrect|o|nal bondlngl

cause it may form the basis of a future molecular electronic§r‘]JC asl In Temllcon gctorhs an trans;tlon rﬂ.etﬁ S.Asa r?sﬁ L
technology:™ Experimentally, it is difficult to precisely ma- € molecule-electrode charge transter, which Is one of the

nipulate or even measure the atomic structure of th&€Y factors affecting transport, may not be quantitatively
molecule-electrode contacts. Therefore, neither the ianuenc(éorreCt'

. . Another way to develop the desired DFT approach is to
of atomic structure on transport through the devices nor Ase the noneq{lilibrium Grpeen functioNEGH) mgtﬁwod%“’ﬁ

path to improved perf_ormance is cle_ar. As a result, the abilityI'he required open and nonequilibrium conditions can be
to calculate the atomic and electronic structure as well as thﬁeated rigorously, at least in a formal sense. This method is
transport properties of gIectrpdg—molecuIe—electrode systemgeq closely related to the Landaur apprddchnd has
is important and useful in this field. _ proven to be powerful for studying electron transport
Electron transport through nanoscale molecular devicegough nanoscale devices. Therefore, by combining the
differs significantly from that through macroscopic semicon-NEGF method with conventional DFT-based electronic
ductor heterostructures. In the latter, the effective-mass apstructure methods used in quantum chemistry or solid-state
proximation is generally successful because of the periodiphysics, the coherent transport properties of an electrode-
lattice structure and large electron wavelength. In contrast, ifnolecule-electrode system can be determined fully self-
a molecular device a carrier electron will be scattered byconsistently from first principles. A further advantage of the
only a few atoms whose particular arrangement, then, matNEGF+DFT combination is that the atomic structure of the
ters a great deal. Consequently, the effective-mass approxilevice region and the metallic electrodes are treated explic-
mation breaks down, and the electronic structure of the moitly on the same footing. As has been mentioned, the
lecular device must be taken into account explicitly. For thismolecule-electrode interaction will induce charge transfer
purpose, methods based on density functional théDRT) between them and atomic relaxation of their contact—both
are sufficiently accurate and efficiéit.Conventional DFT  have a significant effect on electron transport. As a result, the
methods, however, deal with either closed molecular systenmdivision of the system into the molecule and the electrodes is
(in quantum chemistyy or periodic solids(in solid state not meaningful anymore, and some parts of the electrodes
physicy, neither of which is applicable to molecular trans- must be included into the device region to form an “extended
port. Thus one needs to develop a DFT approach suitable fanolecule.”
a system which is open, infinite, nonperiodic, and nonequi- Based on this combined NEGF+DFT method, there are
librium (if the bias voltage is nonzeyo several successful implementatiéirg® for molecular con-
One way to do this was suggested by Lartgal®*' By  duction and extensive theoretical results in the recent
using the jellium model for the two metallic electrodes of anliteraturel®-?2According to the way of treating the extended
electrode-molecule-electrode system, they mapped theolecule, the semi-infinite leads, and their couplings in a
Kohn-Sham equation of the system into the Lippmann4ead-molecule-leadLML) system, these implementations
Schwinger scattering equation and solved for the scatteringan be roughly divided into two categories.
states self-consistently. They then calculated the current by In one category people adopted a cluster geometry for all
summing up the contributions from all the scattering statesthe subsystems of a LML system or for the extended mol-
following a Landauer-type approaéhln this way, both the ecule with the leads treated by a tight binding approgch
conductance andi-V characteristics of the system can be example, Refs. 16, 23, and )24t is then convenient to em-
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ploy well-established quantum chemistry codige Gauss- [r]

ian or DMol) to do the electronic structure calculation for the G Ce Cr

subsysterts). However, there are potential problems with h'y h'y 'y — h'u h's e

these treatments for strong molecule-lead couplings: in this
case it is obviously necessary to include large parts of the
leads into the extended molecule so that the strong molecule- R e W] B B B
lead interaction can be fully accommodated. To eliminate the «
artificially introduced surface effects an even larger system is Cu Co | G
needed, which is usually difficult to deal with by a quantum

chemistry code. So in practice only seve(tal even only {:
one lead atoms are attached to the molecule to form an . , o
extended moleculgfor example, Refs. 23 and 24In this FIG_. 1. Schematic drawing o_f a system containing a molecule
case, significant artificial surface effects are inevitable, théandwiched between two metallic electrodiedsL andR). The
contact atomic relaxation cannot be included, and an accd€9ionC is formed by including some parts afandR so that the

rate molecule-lead coupling is not available. In addition,Cc Part(extended moleculeis charge neutral and the, andCg
there may be artificial scattering at the interface between thBarts have bulk properties. Because of the use of a localized basis
tight-binding part of the lead and the DFT part of the leagset the leads andR can be divided into principal Iaye(slenoted_
(included in the extended molecille by numbers 0, 1, 2,..). C./, Ccr, andCgr denote the parts used_ in

In the other categoryRefs. 18 and 19 people adopted the presgnt non-SC gpproachfe Sec. Il E Th.elr !nterface. is
periodic boundary conditioné®BO) (as in solid state phys- ce_1||e_dx in the text.h"s a.nd_h s are the Hamll_tonlan matrices
ics) with large parts of the leads included in the extended’"'th'n and between the principal layers, respectively.
molecule, so that the interaction between the molecule and
its images will be screened off by the metallic lead in be-electrodes—are calculated. Our self-consistent results are in
tween. In this case all the potential problems mentioned@ood agreement with those from previous calculatféris.
above will be absent and the whole LML system becomedy comparison to the self-consistent results, we examine the
nearly perfect in geometry and all the subsystems are treatéthlidity of the non-SC approach, showing that this approach
exactly on the same footing. Two examples of successfuivorks quite well and can give quantitatively nearly correct
implementations adopting the PBC are the TranSiest&NSWers.
packagé® and the MCDCAL packag® On the other hand, a The arrangement of this paper is as follows. In Sec. Il we
drawback is introduced by PBC: when a bias is applied, th@ive briefly a description of our implementation of the
Hartree potential must jump unphysically between unit celsNEGF+DFT method. Because the basic formalism of the
This has previously been addressed by having an indepeNEGF+DFT is well establishet*® we show only those
dent solution of the Poisson equation. formula useful for introducing the new features of our

In this paper, we first develop a fully self-consistent method. The present SC and non-SC approaches are ex-
NEGF+DFT method with PBC, which has small but impor- plained in Sec. lll. Section IV starts with results for a carbon
tant differences from the two previous implementations. Thechain and an aluminum chain sandwiched between two
advantage of our method is that it is simple while still rigor- Al(001) electrodes. Our results are compared with previous
ous: the nonequilibrium condition under a bias is fully in- results, and we discuss the validity of the non-SC approach
cluded in the NEGF part, and, as a result, we do not need tBy comparison to the self-consistent results. In Sec. V we
make changes in the conventional electronic structure parsummarize and conclude.

So it is straightforward to combine with any electronic struc-

ture method that uses a localized basis set. More importantly,il. NEGF+DFT METHOD AND ITS IMPLEMENTATION

in this way the problem of the unphysical jumps in the Har-
tree potential is avoided.

A shortcoming of the full self-consisteriSC) NEGF Experimentally, a molecular device system consists of at
+DFT approach is the large computational effort involved,least a molecular junction coupled with two metallic elec-
especially for large systems, large bias voltages, or casdsodes(leadsL andR) under a bia®/, (two-terminal system
where many bias voltages need to be calculated as-f6r In some cases, there is also a gate terminal applying a gate
characteristics. As a result, a non-self-consistgrin-SG  voltage on the whole systeigthree-terminal systemHere
method with much higher efficiency and useful accuracy iswve consider only the two-terminal system which is schemati-
highly desirable. As a step toward this goal, we also con<ally shown in Fig. 1. An important consideration for mod-
struct an approximate but much more efficient non-SCeling the real physical system is the charge transfer and
method in which the change in self-consistent effective poatomic relaxation around the two molecule-lead contact re-
tential in the device region caused by a bias is approximatedions. As a result, we have to include some parts of the
by the main features of the voltage drop. metallic leads into the device region, forming an extended

As an application of our approach, in this paper we domolecule. One obvious convergence criteria for the size of
calculations by combining it with a very efficient electronic the extended molecule is its charge neutrality. Then the
structure package SIESTR.Thel-V curves of two systems charge transfer and the potential disturbance caused by the
with different typical voltage drop behaviors—a carbon ormolecule can be considered screened off outside the ex-
aluminum chain sandwiched between two aluminumtended molecule region. In order to obtain good conver-
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A. Modeling of real physical systems
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gence, we actually include a large part of each metallic leachonzero part of the matricés, - andH - also become finite.

into the C region, so that the layers adjacentt@andR (i.e.,  Furthermore, we can divide the leadsandR into principal
C,. and Cg parts in Fig. 1 have bulk properties. The total layers so that any principal layer interacts only with its two
Hamiltonian of the system is nearest neighborsee Fig. 1 As a result, the matriceld |
A . . - . and Hgzg have the following block tridiagonal form:
H=Hy +Hcct+ Hrrt Hict Her (1)
Note that, here the leads andR interact only through the ho ifi—j=0
molecular junction, so their direct interaction tekg van- htL T 1’
ishes(this can always be satisfied by using a localized basis Hi = LL === 2)
sed. Vol i)t ifj-i=1,

0 if [i—j|>1,
B. Localized basis set
Whereh andh are the Hamiltonian matrices within and

When H is expanded in a basis set, generally only thebetween the pr|nC|paI layers, respectively, angl are prin-
matrix of HCC (denotedH¢) is finite. However, consider cipal layer indexes as shown in Fig. 1. BecauseGheand
a localized (but not necessarily orthogonabasis set, by Cg parts which interact directly with. and R, have bulk
which we mean that the overlap between any two basis fungproperties, the nonzero part bf ¢ (Hcg) is justh?, (hip),
tions, ¢,(r-Ry) and ¢,(r-R,), will be zero if they are as shown in Fig. 1.
separated far enough from each othSp,VE<,u|v>:0 if In the localized basis and after the partition shown in
|R;—R,|>certain cutoff distance. In this case, the regon Fig. 1, the matrix Green functio® of the whole system,
interacts directly only with finite parts df andR, and the defined by(ES-H)G(E)=I, satisfies

ES -Hu ESc-Hic 0 G Gic Gr| [l O O
ESlc—H{c EScc-Hce EScr—Hcr| X |Gel Gee Ger|=| 0 lec O | (3
0 EStr-HLr ESrr—Hrr GrL Grc Grr 0 0 Igg
|
The most important part o& is G¢c, corresponding to the 3.(E)= (Esh_ hiL)TgEL(E)(ESiL - hﬁL)_ (7)

region C; from the above equation, ) o
Our notation here follows that for the Hamiltoniamandg

GeolE) ={EScc-[Hec+ SU(E) + 3BTV (4) are submatrlces of the corresponding upper case matrices.
g°, and gRR are simply the surface Green functions of the
where;, (E) andXx(E) are self-energies which incorporate two semi-infinite IeadsgLL, for example, can be calculated
the effect of the two semi-infinite leadisandR, respectively. ~ either by simple block recursion,

3, (E), for example, is defined by QEL(E) - [ZSEL _ hEL _ (zsﬁL _ hﬁL)TQEL(E)(ZS%L _ hﬁL)]—li

3 (E) = (ES.c~HL)'GAL(B)ESc-Hi), (5 (8)
or by a renormalization meth8din terms ofs’ , s}, h°,

andh{, which can be determined by separate DFT calcula-
tions for the two leads. For small lifetime broadening
(1 meV), we find that the renormalization method is much
faster than simple block recursion. This is natural since
renormalization interations incorporaté Brincipal layers,
Zz=E+inp, (6)  while n recursions incorporate only.

From G¢c(E), the projected density of statéBDOS on

where a typical value for the lifetime broadenings about  the moleculgindicated bym) is given by
1 meV.

Because of the localized basis set, the nonzero p&itof 1
H\ ¢, Scr @andHcg become f|n|te(be|ng Ls LL, séR and N(E)= - = IM{TrIGen(E+i7) - 9
hip). As a result, only the part @&? andGRRcorrespondlng m(E) T {Ttnl Geel 7 - Seclh ©
to the Oth principal layer of the two IeaqjdenotedgLL and
gRR) are needed for calculating the nonzero part of the selfwhere Ty, means the trace is performed only on the molecu-
energies, lar part of the matrix.

where G}, is the retarded Green function of the left semi-
infinite lead. The latter is given in turn by

GEL(E) = (28, - HLL)_l-
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Y 1miz) tween the two types of states is disrupted and current flows.

As different states are populated because of the change in
chemical potentials, the charge density in the molecule also
changes. The potential profile must be solved self-
consistently in order to get an accurate measure of the trans-
Re[z] mission. It is this self-consistency which is the time-
——> > consuming part of the calculation.
Eq Hoo e The expression for the steady-state current througiCthe
region for applied bia¥, is

FIG. 2. Schematic drawing of the integration path in the com-
plex energy plane used to calculate the density m@iix (14)]. Eg

is the lowest energy of occupied states, anck are the chemical 2¢e?

potentials of the left and right leads, respectivély < ug is as- (V) =— ?f T(E,VR[f(E- w) - f(E - up)]dE,

sumed. Note that for energy windowEg, u ] @a complex contour —

integration is performed while for energy winddw, , ug] a direct (10

energy integration is performed by using a fine energy mesh and a

very small imaginary part. wherew, and ug are the chemical potential,is the Fermi

function, andT(E,V,) is the transmission probability for

C. Current electrons from the left lead to right lead with enegyinder

The nonequ“ibrium Green function technique bias Vb' The transmission probablllty is related to Green

(NEGP!52829 provides a convenient way to calculate the functions by

current by post-processing a DFT calculation. The result is

quite natural and intuitive: First, the basic assumption is that — t

there is no energy relaxation within the molecular region. TE V) =TI (E)Cec®BIEGec®]. (1D
Then, following a Landauer-type point of vie#!° one di-  where

vides the electrons in the molecule into two sets using _ t

scattering-wave states, those that came from the left lead and I r(E) =i RE) - [ZLRE)]) (12
those that came from the right. The left-lead states are, afeflect the coupling at enerdybetween theC region and the
course, filled up to the chemical potential in the left lead, leadsL andR, respectively.

while the right-lead states are filled up ig. In equilibrium, The charge density corresponding to the above picture of
the two chemical potentials are equal, and the current carrieléft-lead states filled ta, and right-lead states filledg can

by the left-lead states is, of course, equal to that carried bylso be expressed in terms of Green functions. In particular,
the right-lead states. As a bias is applied, the balance behe density matrix of regiol€ in the basis-function space is

1 +o0
Dec=5 f AE[Gec(ETL(E)GE(E)(E - ) + Gec ETRE)GLAEN(E - 1) (13
1 +o0 1 +0o0
= ;f dEIM[Gcc(Bf(E- pm)]+ ZT dE[Gcc(E)FR(E)GI:c(E)][f(E - pr) ~ FE-n)]. (14
I
Time-reversal symmetryG\.=G¢) was invoked in going p(r)=> ¢*(r)R6{(Dcc)#V]¢V(T), (15)

from (13) to (14). The integrand of the first term @fL4) is

analytic[all poles ofG¢c(E) are on real axis so the integral

can be evaluated easily by complex contour integration. o . A

However, the integrand of the second term is not analytic, so (Hcc)W: (T + V1) + Vulp(r)] + Vi p(r)]|v),

it must be evaluated by integrating very close to the real axis

using a very fine energy mesh. The whole integration dath

is shown in Fig. 2. Because we construct the regibsuch

that C, and Cr have essentially bulk properties, we can usewhereT is the kinetic energy, an¥ley, Vi, andV, are the

the bulk density matrix for them. external, Hartree, and exchange-correlation potential ener-
The calculated density matrix is then output to thegies, respectively. The nel¥cc replaces the old, a nefdcc

DFT part to calculate the electron densjtyand to con- is calculated, and so on untilcc or D¢ converges. Finally,

struct a newHc, the transmission functiom(E) can be calculated by E¢l1).

(16)
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One subtlety here is the different boundary conditionsproceed is to apply a constant field in the direction parallel to
used in the Green function and DFT parts—open versus pdhe leads within the supercell of the DFT calculation. Thus a
riodic, respectively. This means that some iteration must bénear drop is added to the external potential in Eld), and
done even aV,=0. If the supercell of the DFT part has the the effect on the charge density follows from, for instance,
same size as regidd in Fig. 1, then theC, andCg parts will  solving the Poisson equation. This approach is not straight-
interact directly due to the periodic boundary condition.forward for periodic boundary conditions because of the ar-
However, this interaction is absent in the calculation of thetificial potential jumps at the two supercell boundaries in the
density matrix. The same problem exists alsoHy:. So we  lead direction. One way to eliminate the unphysical jumps is
need to do some translation work between the Green funde use a larger supercell for the DFT calculation and replace
tion and DFT parts: to add this interaction when we go fromthe Hamiltonian of each of the regions near the potential
NEGF to DFT by using the density matrix elements betweerjumps by the bulk one with a constant potential shift given
two adjacent principal layers, and to remove it when we gdiy the bias voltage; this is implemented in the Transiesta
from DFT to NEGF by setting corresponding partsQfz  program®
andH ¢ to zero. Generally, the supercell of the DFT part can Here we propose a different approach to handle the bias,
be made larger than the size of the reg©nespecially for one which is less obvious but turns out to be simpler in the
systems without a translational symmetry, because the DF&nd: The bias is included through the density matbgc) in
part is usually much cheaper than the Green function part. the Green function calculation instead of the potertiblc)

in the DFT part. Specifically, we calculate the density matrix
by Eg. (13) under the boundary condition that there is a

Ill. NEW SELF-CONSISTENT AND NON-SELF- potential differenceVv,, between pariC, (together with the
CONSISTENT APPROACHES left lead and partCg (together with the right lead This is

) done by shifting all the potentials related to the lgfght)

A. Bias voltage lead and theC, (Cg) part by -V,/2 (+V,/2). Shifting the

For nonzeroV,, care must be taken to account for the potential in a lead is equivalent to directly shifting the energy
effects of the bias voltage on the charge density. One way tby the opposite amount, so

1 (™ eV eVi
Dec= er dE{Gcc(E)FL<E + f)Gg:c(E)f(E —p) + GCC(E)FR<E - 7D>G1(-:C(E)f(E - MR)] : (17)
Here the Green functio®c(E) has all the potential shifts included,
eV eV [\
GCC(E):(ESCC_|:HCC+AHCL+AHCR+EL<E+7b)+2R<E_7b)j|> s (18)

where theC, and Cg parts ofHq¢ are replaced b}nEL and

h2e and their potential shifts are eV eV,
T(E,Vy) = Tr F,_<E+ f)GCC(E)FR<E - f)GgC(E) .

eV (21)

[AHCL]MV: - 2 [SCC];/,w 0 MV E CL! (19)

While the two approaches mentioned here—the linear ex-
eV ternal potential and the potential shift in the leads—qgive
[AHc =+ 7[SCC];J,V1 O u,v e Cg. (20)  quite different results in the unphysical noninteracting limit,
self-consistency ensures that they give the same result in
The actual computational process is exactly the same as thphysical cases. Our approach has the distinct technical ad-
of (14) and Fig. 2, and self-consistency is achieved in thevantage that the Green function and DFT calculations are
same way as for zero bias. Finally, in the calculation of thecompletely disconnected, allowing the transport module to
transmission, the potential shift present in the self-energiebe easily combined with a wide variety of electronic struc-
appears i’ g as in(17), ture codes.
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a
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&
y
(@]
=

, 1
Hcc:Hcc*'(a‘E)eVbScca (22

[AHCL]IU,V: - eavb[SCC],uVHU/ orve CL’ ' (23)

[AHC(?]/J,V = e(l - a)vb[SCC];LV!M orve CR’ . (24)

Because the potential shift is applied to a matrix element
when either orbital index is in theC,, g part, the voltage
drop will be slightly smeared around the interfaeTo ex-
plicitly show the role ofSc¢ in (23) and(24), we also drop
the potential usingcalled theAHO treatment

FIG. 3. (Color onling Systems calculated ar@) a chain of
seven carbon atoms sandwiched between two Al leads i(O0B
direction of bulk Al,(b) a chain of 7 Al atoms sandwiched between
the same leads. The C-Al distance(® is 1 A and the C-C dis-
tance is 1.323 A. The Al-A{chain) distance in(b) is 2.86 A and the
Al-Al (surfacg distance is 2.025 Ai.e., the two Al atoms at the
ends of the chain are in their bulk position§he notations for
different parts are the same as in Fig. 1. The numbers 0, 1, 2, 3, 4,
5, 6 denote different interfaces, called the interfXcdetweenC,
or Cgr and Cc which are used in the present non-self-consistent
approach.

B. Approximate non-self-consistent approaches

For large systems under large bias, the full SC approach
described above is computationally very difficult. The long-
est part of a one-time calculation is finding the surface Green
functions(for all the points in the energy megheven with
the fast renormalization method. However, one only needs to
do these calculations once and save the results. The major
cost for a full self-consistent calculation is from finding
Gcc(E) by Eq.(4) at the many energies needed for the den-
sity matrix, especially for the very fine mesh in the energy
window [« , ug] (see Fig. 2

To avoid the complex procedure and large computational
effort of full self-consistency, here we propose an approxi-
mate non-SC approach in which the bias is includeddy
applying a potential shift e\,/2 (+eV,,/2) to the left(right)
lead through the self-energies as in E2l), and(b) intro-
ducing potential shifts non-self-consistently into the region
C. The main consideration is that it may be a good approxi-
mation to replace the change in self-consistent effective po-
tential caused by a bias by the main features of the voltage
drop. For instance, for conductive molecular devices, the
bias voltage will drop mainly at the left and right contact
regions if the contacts have low transparency or over the ()
whole molecular region if the contacts are very transparent.

In pur approalch., we |ntr0duce ”e‘.” parts on the (I@[I,)' atomic chain for theCc region of (a) the C chain andb) the Al
and r'ght(CR') within the regionC which extend from their chain, as shown in Fig. 3, for an applied bias of -1 V. Note {hat
respective leads to the molecular contacts, as shown i (g the voltage drop mainly occurs around the right contact re-
Fig. 1. We will denote byX the interface between the mol- gion while in (b) it occurs over the entire chain, aii@) the oscil-
eculeCc and the region<, , plus Cg. If the voltage drop |ation in (b) is much larger than that ig). This is because the
around the lef(right) contact isaV,[ (1-a)V,], then the po-  electrons in the Al chain are more free than that in the C chain; as
tential shifts are applied in the following wawhich we call  a result, the polarization induced by the bias is larger in the Al
the AH1 treatment chain.

FIG. 4. (Color onling Voltage drop in a plane going through the
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[AHC/],uv:_ea’Vb[SCC],uwﬂrVE C., (25) tron exchange and correlation, and optimized Troullier-
t Martins pseudopotentig¥sare used for the atomic cores. The
_ initial density matrix of the regiorC is obtained from a
[AHclur =1 —a)Ve[Scclun iy € Crr. (26) separate DFT calculation using a largeC-R supercell.
_ . . _ There are two main reasons for us to choose to study
In either caseG¢c(E) is determined by an equation analo- these systems. First, the transmission funcfi¢B) of sys-

gous to Eq(18) in the SC case, tem A has been calculated by both the TranSi€stand
MCDCAL®? packages using a SZ basis set. So we can make
a direct comparison to previous results. Second, systems A
Gec(E) = (EScc— {H’cc’f AHe +AHe + EL(E + e_Vb> and B typify two differgnt voltage drop. behaviofalthough
- R 2 both the C and Al chains are conductivén system A, be-

+ ER(E -— (27 voltage drop will mainly occur around the two interfagese
2 Fig. 4(a), note that the voltage drops around the two inter-
o ) faces are actually asymmefridn contrast, in system B the
The initial Hcc matrix here comes from a separate DFT cal-mgjecyle-lead contact is a homointerface, and furthermore
culation using a largé-C-R supercell. Finally, the currentis e two Al atoms at the ends of the chain are at their bulk
calculated as usual through Eq81) and(10). positions. So the voltage drop will occur over the entire Al
So far we have considered the simplest case of low transshain in some waysee Fig. 4b)]. Our purpose is to see

parency contacts so that the voltage drops in only two placéghether our non-SC approach can handle these different con-
near the contacts. In this simplest case éghparameter here jtions.

has the same role as thgparameter in Ref. 25. For a real

device, the voltage drop may be much more complicated,

and there may be several different voltage drops inside the A. Transmission functions

device region. However, in our method all the factors affect- |, Fig. 5 we show the calculated transmission functions

ing the voltage drop have been taken into account at the DFJ PDOS(projected on the chaipdor system A and B
level, and it is straightforward to generalize the presenynger zero bias voltage. As it can be seen, the transmission
non-SC approach for these more complicated situaii®@e  fnction generally follows the PDOS except for some local-
calculations for system B in Sec. J\as long as the main ;¢ stategfor instance, around 4—5 eV i@) and 1 eV in
features of the voltage drop are known. Actually, we will 1)1 which are not coupled with the left or the right lead. Our
show later that results of this non-SC approach are not venyjsgyt of T(E) for system A is in very good agreement with

sensitive to the choiqe of the voltage_drpp. If we assume thgf,q previous results from TranSiesta and MCDCAL
the form of the drop is not affected significantly by a Changepackage%&” [see Fig. 6a) of Ref. 18.

in the bias voltage itself, then the main features of the volt- |, Fig. 6 we show, for system A under a bias of 1.0 V

age drop in a system can be determined by a single sel{;,=( 5 the calculatedr(E) by the SC approach and the
consistent calculation using a relatively small bias voltage. non-SC approachAH 1 treatmentwith different choices for
the interfaceX between theC,, or Cxs and C.: parts. The
first thing we note is that our SC result for 1 V bias is in very
good agreement with the previous self-consistent réSufts
(see Fig. 6 of Ref. 18 When we change the interface
(denoted by the different numbers in Fig.feom deep in the
We report calculations of-V curves for two systems: a leads to the contact regiofise., interfaceX=1—2— 3), the
carbon chain (system AQr analuminum chain (system B) non-SC result varies significantly. However,Xasnoves into
sandwiched between two aluminum leads in (b@1) direc- the contact region@.e., interfaceX=3, or 4, or 5, the result
tion of bulk Al. The structures are shown in Fig. 3. No fur- becomes very close to the SC result and insensitive to the
ther atomic relaxation is performed for simplicity and for exact position ofX. This result is just what we expect be-
direct comparison with previous results. cause in system A the bias voltage drops mainly around the
Our implementation of the transmission calculation is in-hetero-interface contact regions. This can be regarded as an
dependent of the DFT part. Therefore, it can be easily comadvantage of the present non-SC approach: its result is not
bined with any DFT package that uses a localized basis sestrongly dependent on the technical choice.
As an application, here we combine it with the very efficient  Similar calculations ofT(E) for system B underV,
full DFT package SIESTAS which adopts a LCAO-like and =1.0 V («=0.5, AH1 treatment for non-SCare shown in
finite-range numerical basis set and makes use of pseudopbig. 7. Again, after the interfack is moved into the contact
tentials for atomic cores. In our calculations we adopt aregions the different non-SC result become quite close. How-
single zeta(SZ) basis set. To check the convergence of theever, compared to the case of system A, the agreement with
results, we also calculate the equilibrium transmission functhe SC result is not good, especially in the energy range
tion using a single zeta plus polarizati®ZP) basis set. The around thgaverage@iFermi level: the transmission from the
difference is found to be minor. The PBE version of thenon-SC calculationgexcept for interfaceX=5) is noticeably
generalized gradient approximatiSiis adopted for the elec- larger than that from the SC calculation. This substantial dis-

eVb>]>'1 cause the molecule-lead contact is a hetero-interface, the

IV. APPLICATIONS: CHAINS OF CARBON
OR ALUMINUM
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FIG. 7. Calculated transmission functidkg)

for the Al chain system under 1 V bid&=0.5,
1.5+ non-SG, 3

AH1 treatment for non-SCby the SC and
1.0- non-SC approaches. The notations are similar to
those in Fig. 6.
0.5
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1.51 non-SC, 4

1.04

0.0 T T 7 T T T T T T
1.34 non-SC, 5
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agreement originates in the difference between the self-V characteristics is actually not sensitive to the exact
consistent effective potentidFig. 4b)] and the non-self- change in voltage drop. By comparing the SC result and the
consistent one assumed in the non-SC approach. two non-SC results fow=0.8, we see that thAH1 treat-
ment improves the result markedly. This is understandable
because voltage drops in real physical systems are not sharp
B.1-V curve of system A step functions but are somewhat smeared out.
In order to show effects of different voltage drops and
the difference between th&AHO and AH1 treatmentqsee
Egs. (23)«26)] for potential shifting, we give in Fig. 8 the
calculatedl-V curves for system A from the non-SC ap-
proach with interfacé&X=3 compared to the SC result. We do  1-V curves for systems A and B calculated by different
the non-SC calculations for three different voltage dropsapproaches are given in Figs. 9 and 10, respectively. For the
(a=0.2, 0.5, 0.8 for the AH1 treatment. In addition, for non-SC approachy=0.5 and theAH1 treatment are always
a=0.8 we do the non-SC calculation with téHO treat- adopted. It turns out that for small bias voltag¥g<0.3V)
ment. Among the three different voltage drops, the result fomll the different treatmentghe SC, the non-SC with different
a=0.2 is in poor agreement with the SC result while thoseinterface X), all give similar results, i.e., the effect of the
for «=0.5 and 0.8 are in good agreement. This makes sengifferent voltage drops is very small. Along with the increase
in view of the main features of the voltage drop in Figa}4  of bias voltage, the difference among the different calcula-
the bias voltage will mainly drop around the léfight) con-  tions becomes more and more significant.
tact for a positivenegative bias. However, the small differ- For the carbon chaisystem A, because the molecule-
ence inl-V curve betweerr=0.5 and 0.8 indicates that the electrode contact is a hetero-interface and therefore the volt-

C. I-V curves of systems A and B: comparison
of different approaches

085410-9



SAN-HUANG KE, HAROLD U. BARANGER, AND WEITAO YANG

PHYSICAL REVIEW B70, 085410(2004)

300
] 100 - . _ o
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FIG. 8. (Color onling Calculatedl-V curves for the C chain FIG. 10. (Color onling Calculatedl-V curves for the Al chain

system by the SC approach and the non-SC approach with interfaggstem by the SC and non-SC approaches. The notations are similar
X=3 [as shown in Fig. @]. Three different voltage drops are to those in Fig. 92+3+4+5+6 neans a combined interfage[see
considerede=0.2, 0.5, 0.8. TheAHO and AH1 treatments are Fig. 3b)] and each interface bears 1/10 of a bias volt@ge Sec.
adopted fora=0.8. The simple non-SC approach does very well||| C).

using @=0.5 or 0.8 and th&aH1 treatment.

age drop occurs mainly around the contact regions, the S
result and the non-SC results with the interfa¢docated

around the two contact regions are in good agreement. As faor
the transmission function in Fig. 6, once the interfacés
within the contact regions the result is quite insensitive to the

Eachnical choice. This indicates that for systems made of
conductive molecular junctions coupled with metallic elec-
trodes through hetero-interfaces, the present non-SC ap-
proach works quite well and can give neadyantitatively
correct answers.

For the aluminum chain(system B the molecule-
electrode contact is a homo-interface and the two Al atoms at

/8 the ends of the chain are at their bulk positions; therefore, the
voltage drop is not localized around the contact regions.

Consequently, the result from the non-SC approach with the
interfaceX located around the contact region is not in good
agreement with the SC result. In order to further verify our
analysis for system B, we generalize the present non-SC ap-
proach for a voltage drop occurring at multiple points: We
use a combined interfack=2+3+4+5+6 inwhich each

layer bears a voltage drop &f,/10. Because of the role
played by the overlap matrix in Eq&3) and (24), the re-
sulting voltage drop will occur over the entire device region.
The calculatedl-V curve by the generalized non-SC ap-
proach is given in Fig. 10 by a violet solid line. The overall
agreement with the SC result is remarkably improved, indi-
cating that our analysis is reasonable.

D. Limitation of the present approaches

250
200 4 C ihalgc(ot=0.5, AH1 for non-SC) |
1 ----- non-SC, 0
1504 i non-SC, 1
1 =---non-SC,2
1004 e non-SC, 3
1 - non-SC, 4
50 - non-SC, 5
< o
504 i
1 = // /'600/
-100." 7
1 1/
R
-150+ 7/
Va
47
200,74
. '/'
-250 T T T T T T
3 -2 -1 0 1 2

FIG. 9. (Color onling CalculatedI-V curves for the C chain

Bias voltage (V)

3 For finishing the discussion we would like to point out the

cases where the present method will not work. Obviously,
the present method is only valid for steady state coherent
electron transport through metal-molecule-metal systems;

system by the SC approach and the non-SC approach with differeffi€re are basically two cases where our method does not
interfaceX indicated by the numbera:=0.5 andAH1 treatment are ~ WOrk: (1) electron transport in Coulomb blockade regime, for

adopted for the non-SC calculations.

both the SC and non-SC approaches, @atases where the
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main feature of voltage drop is sensitive to the value of thausing a localized basis set. In an effort to avoid the extremely
bias voltage itself, for the non-SC approach. In the first caseyurdensome computational cost for large systems ot-fér
the contact barrier is so high that the molecule and the leadsharacteristic analysis, we developed an approximate non-
are essentially separated, and as a result, the moleculaelf-consistent approach in which the change in effective po-
chemical potential is generally different from the Fermi en-tential caused by a bias in the device region of a system is
ergies of the leads even under zero bias. Because in oapproximated by the main features of the voltage drop.
DFT+NEGF approach there is only one Fermi energy under As applications of our methods, we calculated th¥
zero bias, it will fail in this case. The second case is just theeurves for two different systems with different typical volt-
opposite to that assumed in our non-SC approach. We do nage drops: a carbon chain and an aluminum chain sand-
know at this moment what systems will have this behavior owiched between two aluminum electrodes. Our self-
whether such kind of systems exist. But this can be easilgonsistent results are in very good agreement with those
checked by doing self-consistent calculations for several diffrom other calculations. For both systems the present non-SC
ferent bias voltages within the bias range interested. approach can give results in good agreement with the self-
consistent results, indicating that it is a good approximate
method with high efficiency fot-V characteristic analysi¥
V. SUMMARY (more than one order of magnitude faster for moderate sys-
qtems. It is straightforward to generalize this non-SC ap-

A full self-consistent DFT-electronic-structure-base ) . . )
et;Hoach to deal with any kind of voltage drop situation.

Green function method has been proposed and implement
f(_)r electron transport from mol_ecular_ dewces_. Our metho_d is ACKNOWLEDGMENT

simple and straightforward while strict. The implementation

is very independent of the DFT electronic structure part; it This work was supported in part by the N§PMR-
can be easily combined with any electronic structure packag@103003.
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