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Recently, molecular electronics has become increasingly important. By applying the hybrid density functional 
theory coupled with the Green's function method, the current-voltage characteristics of the molecular junctions com- 
posed of gold-porphyrin-gold and gold-copper porphyrin-gold were investigated. The role of the metal coordination 
effect in organic molecular electron transport was highlighted. Although the thresholds of the bias voltage for both mol- 
ecules were almost the same, approximately 0 . 9  V, the metal compound showed a larger increase in current because 
of the metal-coordination-enhanced molecule-electrode coupling in the frontier molecular orbitals. 
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Introduction 
Recently, great advances have been made in the 

research of molecular electronics"'21 . Molecular de- 
vices based on single m~lecule[~"~ or molecular clus- 
tersL6*] , negative differential resi~tance'~] , electro- 
static current switching , atomic wires"31 , short 
organic molecule wires[3s'4,'51 , long-chain poly- 
mers"61 , carbon nanotube"'] , and fullerene['*] have 
been reported. Despite the recent advances, it is still 
very difficult to control the device fabrication, and the 
measurement is far from consolidated. Therefore, relia- 
ble computational approaches on the molecular junc- 
tions are necessary. 

The quantum theory has been extremely successful 
in describing the electron transports in solids. These 
approaches have been adopted in molecular electron- 
i c ~ " ~ - ~ ] .  Ratner and  colleague^"^^ have extended the 
application scope of elastic scattering Green' s function 
theory to studying the electron transport. Based on the 
first-principle density functional theory, various approa- 
ches have been developed to study the parameters of 
molecular electronics. Lang and c~workers [~*~ ' ]  devel- 
oped DFT-plane wave basis plus Lippman-Schwinger 
scattering equation formalism, where the electrode was 

[ '&I21 

treated as the jelium model. Guo et al. [28~291 developed 
a real-space DFT coupled with Keldysh nonequilibrium 
Green's function formalism, which treats the electrode 
and the molecule on equal footings. Yang et al. de- 
veloped a similar approach that allows for calculating 
complex molecular systems. 

Despite the great theoretical advances, there still 
exists a discrepancy between the measurement and the 
computation. For instance, the current value at fixed 
bias is calculated to be two orders of magnitude greater 
than the measurement for the simplest molecule dithiol- 
benzene. On the one hand, it is very difficult to mani- 
pulate the molecular device fabrication, especially, the 
details of the contact between the molecule and the 
electrode, and the surface morphologies of the solid can 
strongly influence the I -V characteristics. On the 
other hand, so far the theoretical methodology has been 
based on approximating the Kohn-Sham orbital as the 
real single particle without considering the electron 
correlation effects. In fact, a recent study based on mo- 
lecular electron-correlated excited states has indicated 
that the electron correlation effect plays an important 
role in determining the molecular electron transport 
behavior. Geng et al. [3'1 found that the molecule-elec- 

* Supported by the National Natural Science Foundation of China( Nos. 90301001 and 10425420) and the Supercomputing Cen- 

* * To whom corresponding should be addressed. E-mail: zgshuai@ iccas. ac. cn; luo@ theochem. kth. seIntmduction 
ter of the Chinese Academy of Sciences. 



88 CHEM. RES. CHINESE U. Vol. 23 

H = 
trode contact largely influences the electric current, 
and the intermolecular interaction can cause tunneling 
through intermolecular charge transfer. Most interest- 
ingly, Luo and  colleague^[^^*^^^ , and Wang et al. l3'] 
revealed that the theoretical consideration of the dimen- 
sionality of the electrode plays a key role in the calcula- 
tion of the current-voltage characteristics through the 
density of states near the electrode Fermi surface, 
which can considerably improve the previous results ob- 
tained by Ratner et al. [ I 9 ]  and Datta et al. [')l within 
the equilibrium Green's function approach. 

In this study, the methodology of this approach is 
briefly described and is applied for investigating the 
electron transport in porphyrin and Cu-porphyrin , to 
reveal the role of metal-organic ligand interaction in 
molecular electronic devices. 
Theoretical Methodology 

The typical molecular device consists of metal 
( source ) -molecule-metal ( drain ) junctions ( see 
Fig. 1 ) . The electrode is modeled as three Au atoms, 
as in the previous  case^[^'^^^*^. In fact, it has been 
shown that the discreteness of the molecular orbital 
levels do not affect the results to a large extent because 
it is the Fermi level, taken as the midlevel of HOMO 
and LUMO, which is not sensitive to the cluster size. 
The extended system is shown in Fig. 1. 

HSD 
HMS HMM H M D  

HDS HDM HDD 

Hss HShf 

Fig. 1 Molecular device €or Au-CuPorphyrin-Au( A )  
and Au-Porphyrin-Au( B)  

The molecular orbitals satisfy the following equa- 
tion : 

HI P,) = 8, I P,)P ( 1 )  
where the Hamiltonian of the system has the following 
matrix structure : 

( j l  U I  I )  

Note that 
( 5 )  

and 

T,, = C(Z'I UI i ) G , ( j I  U I  1 )  (7) 
Y 

Here, the argument in the Green's function G, is a 
complex number, z = E + if , , E is the elastic scatter- 
ing energy of electrons, and f, is a broadening factor 
for level q attributed to the molecule-electrode 
coupling. 

By scombining all the initial and final states in the 
scattering process, the following equation is obtained : 

(Z'I U I  i ) ( i l  r))(ql j ) ( j l  UI 1 )  

( 8 )  

( 9 )  

(10) 

( 1 1 )  

T = C C C  4' , 1'1 z - 8'1 

Denoting that 

N ,  = C(I ' I  U I  i ) ( i l  q) 

M, = C(qli)(il U I  I >  

S ,  = M, x N ,  

l'i 

li 

The transmission coefficient can be represented as : 
M,N 

T =  C 
rl 2 - 8 7  

where Hs" , HMM , and HDD are the matrices for the sub- 
systems of source, drain, and molecules, respectively. 

Based on the elastic scattering Green' s function 
t h e ~ r y ' ~ ~ . ~ ]  , the transmission operator is defined as: 

Here, 

The transition element fmm the initial source state I Z) 
elastically scattered to the final drain state I Z') is: 

GO(,) = ( 2  - H J ' ,  C(2) = ( 2  -H)-' ( 3 )  

The direct coupling between the source and the drain 
can be neglected, ( 1’ I U I I )  = 0. Thus the following 
equation is obtained : 
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Assuming that the interference effects between the dif- 
ferent scattering channels can be neglected, the follow- 
ing equation is then obtained : 

T = I  T ( E )  l 2  = C I T ( E )  1: 
11 

- (B) 

- 

- A 
I I I I I 

,C(L’I U1 i ) ( i l  q) 1 2 n D ( E , )  
l’i 

where ns (E,) and nD ( E,) are the densities of the 
states ( DOS) of source and drain at the Fermi level 
E , ,  respectively. 

The Kubo formula is applied for calculating the 
current : 

E ,  + eV,  - E {In[ 1 + exp( 
kBT 

E ,  - E 

where V ,  is the applied bias, E ,  is the Fermi energy of 
the electrode, and T is the temperature. The total cur- 
rent can be expressed as I,, = Ai,, , and A is the effec- 
tive injection area of the metal surface. Assuming that 
each time an electron is injected, the effective injection 
area is A = ms, and here rs = ( 3 /4m)  I n  is the 
average radius of an electron in metal and n is the den- 
sity of the electron; the conductivity G is obtained as: 

G = aIsD/alD 
The hybrid density functional theory ( B3LYP / 

L A N U D Z )  is used as given in the Gaussian 03 
package[351 to optimize the geometries of the S-M-D 
supermolecules and to obtain the electronic structures of 
porphyrin and Cu-porphyrin. The two terminal hydro- 
gen atoms are replaced by sulfur atoms, which can 

2 

form a chemical bond with Au of the electrode. The 
motion of electrons in the semi-infnite electrode is 
modeled by effective mass approximation. 
Results and Discussion 

The transmission coefficient as a function of elec- 
tron energy is shown in Fig. 2 for Au-CuPr-Au 
[ Fig. 2( A) ] and Au-Pr-Au [ Fig. 2 ( B ) ] . The trans- 
mission peaks are close to 1.0 eV and 2.0 eV,  which 
correspond to unoccupied molecular orbital levels, as 
indicated in eq. ( 13). The differences in transmission 
for Au-CuPr-Au and Au-Pr-Au are shown in Fig. 2. 

Table l Contributions of a-spin electrons of the frontier molecular orbitals to the electron 
transmission in molecular devices Au-CuPr-Au and Au-Pr-Au 

Cupr Pr 
104s 1 0 3 ~  1 0 3 ~  l0Zf ?1 E ,  104s 103~ 10” 1 0 2 f  E ,  

1 0.77 0.0365 0.060 60.80 5.670 0.85 0.451 68.300 0.660 6. 8900 
2 0.84 3.0100 53.000 5.67 4.070 0.87 0.564 67. 100 0. 841 6.6500 
3 0.86 4.3100 48.900 8.81 3.540 0.94 0. 115 0.190 60.700 5.8100 
4 0.95 11.3000 22.100 51.30 4. 170 1.09 3.460 5.790 59.800 4.9000 
5 2. 16 0.8140 8.680 9. 38 0.115 2.01 0.351 5.990 5.850 0.0422 
6 2.25 1. 1200 9.710 11.50 0.742 2.08 2.380 14.100 16.900 0.9670 

. ,, 

Fig. 2 Transmission function of Au ( 3)-PrCu-Au ( 3 )  
( A )  and Au( 3 )  -Pr-Au(3) ( B )  in the vicinity of 
the F e d  level 

It must be noted that the numerator of eq. (13)  is 
determined by the molecule-electrode coupling. In 
Tables 1 and 2 ,  the contributions of each factor from 
the frontier orbital to the transmission is presented, for 
a-spin electrons and @pin electrons, respectively. 

S ,  is basically the product of M, as seen in 
eq. ( 11 ) , which reflects the contribution of orbital 77 to 
the couplings with the left and right electrodes. The 
contributions were from the up and down spins sepa- 
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Table 2 Contributions of /?-spin electrons of the frontier molecular orbitals to the electron 
transmission in molecular devices Au-CuPr-Au and Au-Pr-Au 

I 
I b 

I I 

CuPr PI 

17 E ,  104s 10’ M 103 N lO*f E ,  104s 1 0 3 ~  10” 102f 

1 0.76 0.024 0.041 58.60 5.270 0.85 0.451 68.300 0.660 6.8900 

2 0.84 4.530 52. OOO 8.71 3.750 0.87 0.564 67. 100 0.841 6.6500 

3 0. 87 2.440 51.400 4.75 4.050 0.94 0. 115 0.190 60.700 5.8100 

4 0.95 10.900 20.800 52.40 4.240 1.09 3.460 5.790 59.800 4.9000 

5 2.08 0.223 4.640 4.80 0.043 2.01 0.351 5. 990 5.850 0.0422 

6 2. 18 0.708 8.080 8.76 0. 100 2.08 2.380 14. 100 16.900 0.9670 

rately because of the presence of the copper atom: an 
unrestricted DFT scheme was applied. 

The I -V characteristics for Au-CuPr-Au and 
Au-Pr-Au are given in Fig. 3. 

n.3 t 
4 0.2 1 
G 

0. I 1 
I 

/ 
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0 1 2 3 
E N  

Fig.3 Comparison between the I -V  characteristics of 

The conductance spectrum for Au-CuPr-Au and 
Au-C&-AU( U )  and Au-Pr-Au( b )  

Au-Pr-Au are given in Fig. 4. 

0.4 1 

als, factors S’ are about 3 4  x lo-, for CuPr, and 
these decrease to 0. 1-0. 5 x lo-, for Pr. That is, the 
copper atom within the porphyrin effectively increases 
the coupling with the electrode. 

The current is determined by the electrode’s Fer- 
mi level, the Fermi distribution function, the transmis- 
sion function, the external voltage, and the effective 
injection area of the metal surface. In this model, the 
two electrodes which are used are the Au electrodes. 
For the two molecular devices, there is no difference in 
the electrode‘s Fermi level, the Fermi distribution 
function, and the effective injection area of the metal 
surface. 

According to equation ( 15 ) , the current is deter- 
mined by the transmission function, and the resonant 
transmission is attributed to the contribution of the mo- 
lecular orbitals. As seen from Tables 1 and 2 ,  the 
frontier orbitals for Au-CuPr-Au and Au-Pr-Au are 
grouped into two: the first part ranging from 0.76 to 
0.95 eV; and the second part ranging from 2.08 to 
2.27 eV, which are also clearly indicated in the trans- 
mission spectra (see the peaks in Fig. 2 ) .  

As mentioned above, S,  reflects the contributions 
of orbital q ,  S ,  , S,  , and S, in the first part because a! 
spin and p spin for Au-CuPr-Au are larger than those 
for Au-Pr-Au. However, in the second part, the S, of 
Au-CuPr-Au is comparable to that of Au-Pr-Au for a 
spin and p spin. The first group of orbitals for Au-Cu- 
Pr-Au has a larger contribution compared with that for 
Au-Pr-Au ; therefore, the conductance of the first step 
for Au-CuPr-Au is larger than that for Au-Pr-Au. How- 
ever, from the first step to the second step, the varia- 
tion in conductance is comparable for the two systems. 
That is, the conductances of the first steps of the two 
systems are 0. 12 IJ.S and 0.01 ps, respectively, for 
Au-CuPr-Au and Au-Pr-Au, whereas that of the sec- 
ond steps are 0.23 p s  and 0. 14 p s ,  respectively. 
Conclusions 

The I -V characteristics of CuPr and Pr have 
been investigated by DFI’ coupled with the elastic scat- 
tering Green’s function theory. It was found that CuPr 

Fig. 4 Comparison between the characteristic spectra 

It can be seen that there is a threshold around 
0.9 V and a further increase of current is observed at a 
bias of 2 V. It can be seen that the current increases 
more rapidly with the increase in bias voltage for the 
former device compared with the latter. This can be ra- 
tionalized by the coupling of the molecular frontier or- 
bitals with the electrodes. It can be seen from Tables 1 
and 2 that factors S characterize the coupling between 
the molecules and the electrodes for the frontier orbitals 
and that for the second and the third unoccupied orbit- 

of Au-CuPr-Au( U )  and Au-Pr-Au(b) 
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has better electron transport properties than Pr. This is 
attributed to the increased molecule-electrode overlap 
in the molecular frontier orbitals. From the analysis of 
the molecular frontier orbitals and the molecule-elec- 
trode coupling, the mechanism of electron transport 

cule to the electron transport proper':-- 
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