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Electronic Structure and Electron Transport Characteristics of a Cobalt Complex
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The molecular and electronic structures and electron transport characteristics of a Co complex are investigated
using first principles calculations. The Co complex belongs toDhepoint group, and its two ligands are
perpendicular to each other. The central atom Co forms a distorted octahedron with six donor N atoms. In a
low oxidation state, the bond length between Co and pyrrole nitrogen, 1.849 A, is much shorter than the
distance between Co and pyridine nitrogen, 2.168 A, while, in a high oxidation state, the bond length differences
between Co and pyrrole nitrogen, 1.814 A, and between Co and pyridine nitrogen, 1.990 A, are not as large
as those in the G complex. The HOMO energy of the low oxidation state is very close to the Fermi level

of bulk Au, allowing hole creation in the molecule. On the other hand, the LUMO energy of the high oxidation
state is close to the Au Fermi level, allowing a low barrier for electron injection from the Au cathode to the
molecule. These structural characteristics make the Co complex a good hole-conduction molecule. The density
of states, transmission probability, ahdV characteristics are evaluated using the Green function approach.

1. Introduction sion characteristics are calculated using the Green function

One of the most studied groups of organic molecules in approach bgsed on quantum trarlsport _thé%??. ) _
molecular electronics is conjugated organics. It has been proven We describe the methodology in section 2; results in section
both experimentally and theoretically that conjugate molecules 3, including the optimized geometry, electronic structure, density

can perform as electron conductors and switchésiowever, ~ of states (DOS), electron transmission probabiliy, (and
good conductivity and switching are not enough for the current-voltage (—V) characteristics; and concluding remarks
fabrication of molecular electronic devic&s’ molecular elec- in section 4.

tronic devices must have bonding ability, allowing them to

interconnect with each other and to be addressed by external2, Methodology

terminalg or, alternatively, to show molecular programmability

characteristics to compensate for the lack of addressabflity. ~ The Hamiltonian for the molecular devidégevice CONsisting
In most of the published studies, molecules are attached toOf a left semi-infinite Au terminal (L), a right semi-infinite Au
terminals via S-Au bonds, which are formed in the reaction terminal (R), and core moleculcan be written as

between a thiol group<{SH) and a Au termina®-12 However,

the stability or rigidity of a single SAu bond to hold the Hievice=H; +H +Hg+H 3+ Hxr+Hxg (@)
molecule to the contact is one of the major problems. Molecules

with two or more thiol groups would yield more robust whereHs, H,, Hg, His, Har, andH_g represent the Hamilto-
molecular circuits. Co complex (Chart 1) is an aromatic  pjans of the isolated core molecule, left terminal, right terminal,
molecule suitable for a dual -SAu bonding to each Au  coupling between left terminal and core molecule, coupling
terminal’® Cobalt is a typical bivalent transition metal. Co  petween core molecule and right terminal, and coupling between
complexes have special characteristics to function as electronjeft and right terminals, respectively. We use the following
transfer intermediates permitting a high electron transfer gpproach to approximate the device Hamiltonian.
probability*4~# Co complexl can be self-assembled between 1o « shn-Sham density functional theory is applied4p

]EWO Au tern|1|na:s V\gth .d;alTiAu tb(()indsfzon both ';e:jmtlnals, representing the molecular wave function in contracted Gaussian
orming molecular device®. The study of2 connected to an type basis functiongy; 122

external voltage source can be simplified by conveniently

partitioning it into two semi-infinite terminals and core molecule N N
3or, alternatively, two semi-infinite terminals and the extended HZS Clu= €S, cly0 )
molecule 4). &' &

The molecular and electronic structures are calculated using

ab initio density functional theory (DFT). The electron transmis- WhererS is the Kohn-Sham HamiltonianS, is the overlap

t Department of Chemical Engineering. matrix, ¢ are the eigenvalues; are expansion coefficients, and
* Department of Electrical Engineering. the summation runs over all atomic basis functions. Then, the
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CHART 1. Co Complexes -4 and Atomic Labeling (Only Symmetrically Distinct Atoms Are Labeled)?
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a2is 1 attached to Au terminals; atoms beyond those attached to the molecule are treated &shiécore molecule attached to the contacts,
and4 is the extended molecule (the Au atoms on the left and right are contacts 1 and 2, respectively). The Co atom is a typical bivalent metal; both

the low oxidation state (Co) and the high oxidation state (€9 can exist.

structures are not planar; in all cases, the left part of the molecule is

Kohn—Sham Hamiltonian is transformed to

Hy=S,'H;® ©)

to ensure its hermiticity® The transformed Hamiltonian matrix
H, is then rearranged into submatrixgg0

Hll HlM H12

H,=|Hw Huvw Hu
Hyy How Hyp

(4)

The Hyw matrix elements arélim = G|H|xm{ with | andm
running over all basis functions centered on the core molecule;
it corresponds to the Hamiltonian submatrix of the core
molecule.H1; andH», are the Hamiltonian submatrixes of the
contactsHy: andHy are the Hamiltonian submatrixes of the
core molecule and contact 1 interactidfy, andH,y are the

1' is the ball-and-bond representationlofNotice that these molecular
perpendicular to the right one, as shown in

The indexk (=1, 2) runs over all of the contact atoms; thus,
we have

g'(E) 0

]
G @

%a=mx[

wherei is the imaginary unit.
Therefore, the Hamiltonian of the device is written as

Hdevice= HMM + 21 + 22 (8)
and the Green function for the molecular device is evaluated as
GM = [EI - Hdevice]_l (9)

Notice that the bulk contact Green function is an input to the

corresponding ones for the Hamiltonian submatrixes between transport formalism. The complex naturegE) yields complex

core molecule and contact B,;, andH»; are the Hamiltonian
submatrixes between contact 1 and contact 2.
Then, a self-energy terny; (j = 1, 2), is used to represent
the effect from the terminal$?> using
% = Hyg(B)Hy (5)
whereg;(E) is the Green function of the termin&?°The Green
function, g;(E), is defined using the local density of statd30

S'S(E), DOSP(E), DOSe,(E), and DO, (E)—of the bulk
contacts projected to the p, deg, anddtZg subshells.

DOS'S(E) 0 0 0
’ 0 DOSp(E) 0 0
9B =1, 0 DOSd, (E) 0
0 0 0 DOS(d, (E)

(6)

self-energy terms that are responsible for the broadening and
shifting of the discrete molecule.

The electron transmission function and density of states of
the molecular device are obtained from the Green function
according to the following equatiors:

T(E) = £ t(I,G,, T,Gy) (10)

DOS= tr[i(G,, — G;,)] (11)
whereI} = i(XZ; — 2;’) (i = 1, 2) is the imaginary part of the
self-energy X; G,T,l is the adjoint ofGy; andN is the number

of atomic basis functions. The current as a function of the
external bias is obtained according to the LandatBiitiker
equation?’—2°

(V) = %e SO TEVIREN) — HEV)dE  (12)
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TABLE 1: Structural Parameters of the Ground State of
the Extended Molecule

oxidation state of Co

Co?* Co**
Bond Length (A)
N1-C2 1.362 1.356
C2-C3 1.423 1.424
C3-C4 1.442 1.445
C5-C6 1.452 1.449
C6—N7 1.382 1.393
N7—C8 1.348 1.350
C8-C9 1.403 1.399
C9-C10 1.407 1.407
Cl0-C11 1.400 1.400
C11-C6 1.409 1.405
Co—N1 1.849 1.814
Co—N7 2.168 1.990
S—Au 2.641 2.649
C-S 1.804 1.803
Au—Au 3.008 2.982
Bond Angle (deg)

C2—N1-C5 111.4 113.0
N1-C2-C3 107.8 106.9
C2—-C3-C4 106.5 106.6
N1-C5-C6 113.2 110.2
C5-C6—N7 112.7 112.2
C6—N7—-C8 119.5 120.1
N7—C8-C9 122.6 121.8
C8-C9-C10 118.4 118.8
C9-C10-C11 119.7 119.8
C10-C11-C6 119.1 1194
C11-C6—N7 120.8 120.1
N1-Co—N7 77.3 79.8
C2-C3-S 128.0 127.6
C—S—Au 90.0 90.0

wherel(V) is the currentf;(E,V)) is the Fermi functiony, and
V;, are the electric potentials of the terminadss the charge of
the electron, anth is the Planck constant.

The electronic structure of the Co extended molecule is
calculated using KohnSham density functional theory (KS-
DFT)21.22303s implemented in the Gaussian 03 progfamsing
the Becke three-parameter hybrid exchange functiéneith
the PerdewWang correlation functional (B3PW9%3.3% The
geometry optimizations are carried out progressively: the
molecules are optimized withiD,y molecular symmetry using
LANL2DZ basis sets and effective core potential (ECPFE
then, a larger basis set is useithe 6-31G(d,p) basis sét'°for
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Figure 1. Energy levels of moleculd (first two columns of bars)
and 1 (last two columns of bars). The HOM@.UMO gap of 1 is
3.64 eV; however, foua and fourf spin orbitals are inserted into the
HOMO—-LUMO gap when the molecule is attached to the two Au
terminals, forming the extended molecul®.(The HOMO-LUMO
gap of4is 1.83 eV.

a series of ab initio calculations with different electric fields
applied to the extended molecule; the Hamiltonian submatrixes
Hwuwm, Ham, andHou corresponding to applied electric field are
obtained. Then, the DOS for bulk Au is calculated using the
Crystal 98 progrart® at the B3PW91/LANL2D23-38 |evel of
theory and the self-energy is calculated using eg3.5Then,

a series of Green functions corresponding to different applied
electric fields are calculated, and finally, the density of states,
electron transport probabilities, and currembltage character-
istics are calculated using the Green function. In this manner,
both effects, from the terminals and from the applied electric
fields, are explicitly considered in a many-body approach to
electron transfer.

3. Results, Discussions, and Conclusions

Our calculation shows that low spin states are more stable
for both the high and low oxidation states for the extended
molecule #). For the low oxidation state, the doublet is lower
than the quartet by 0.34 eV, and for high oxidation state, the
singlet is 1.30 eV lower than the triplet.

H, C, N, and S and the Stuttgart/Dresden basis set and ECP for The optimized structural parameters for the extended molecule

Cao* and Au#2-#4 Finally, the symmetry constraints are relaxed

are summarized in Table 1. The extended moleculeas

and stable structures are found using the larger basis sets. Theymmetry with two ligands perpendicular to each other. The

optimization is followed by a second derivative calculation, to
confirm the stability of the optimized structure.

In a coordination environment, the Co 3d orbitals split. For
example, Co 3d orbitals split into triply degenerate orbitgjs
and a doubly degeneragg These two sets of orbitals also split
in a distorted octahedral coordination environment. The oc-

Co and its donors, six N atoms, form a distorted octahedron.
The bond length between Co and pyrrole nitrogen (N1) is shorter
than the bond length between Co and pyridine nitrogen (N7
and N13). Furthermore, the four pyridine N atoms are not
coplanar.

The importance of having precise and optimized structures

cupation of these orbitals depends on the relative value of theof the extended molecule is of paramount importance in
splitting energy and the electron correlation energy; thus, a high molecular electronics. A typical example from basic organic

spin state or low spin state could extsOur optimizations are
carried out with all possible spin states. For the low oxidation

chemistry shows us that small variations of onp.1 A are
enough to determine a single, double, triple, or resonant€C

state (Cé"), the possible spin states are a quartet for high spin bond with each of these bonds having totally different charac-
states and a doublet for low spin states. For the high oxidation teristics. A more crucial example of the importance of precisely

state (C8"), the possible spin states are a quintat= 5) for
high spin states, a triplet(= 3), and a singletrq = 1) for
low spin states.

After the geometry of the extended molecugié optimized

determining geometries actually comes from the actual fabrica-
tion of electronic devices: To improve its electric properties,
Si is grown on a substrate containing Ge; this produces strained
Si, which has a StSi bond length of only 1% longer than the

using the Gaussian 03 program, the effect of the bias electricnormal or unstrained Si; however, the electron mobility in

field on the extended moleculd)(is evaluated by performing

strained Si is close to twice that in unstrained*Si.
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Figure 2. (left) Molecular orbital of the extended molecul® (n the low oxidation state; (top right}-V characteristics; (bottom right) DOS (blue,
right axis) and electron transmission probability (red, left axis) (the vertical green line represents the Au Fermi level, and the short bleek lines a
electronic states of the extended moleculp.(

The ionization potential for the extended molecule, the energy  For an isolated molecule, the Hamiltonian operator is Her-
difference between the low and high oxidation states, is 5.32 mitian, and its eigenvalues are real. However, the device
eV. Due to the stronger attraction between*Cand N than Hamiltonian matrix, Hgevice (€q 8), is not Hermitian; the
that between C& and N, the donor N atoms are closer te®Co  imaginary self-energy terms that depend on the terminal Green
than to C8*. The effects of oxidation on different GdN bond function cause the shift and broadening of the eigenvalues. For
lengths are different. The bond length between Co and pyridine molecular devices, there are three groups of peaks on the DOS
N7 decreases from 2.168 to 1.990 A by oxidation, while the corresponding to three groups of MOs of the extended molecule
bond length between Co and pyrrole N1 decreases from 1.849(4). The peaks near the Fermi level correspond to HOMO to
to 1.814 A only. HOMO-—10 (Figure 2). The contribution of different MOs &f

To investigate the electronic structure and electron transmis-to the DOS of the device is not the same. A delocalized MO
sion of the molecular device at the low oxidation state, we notice contributes more to the DOS than a localized one; thus, a
that the HOMO-LUMO gap of 1 is 3.64 eV; however, the  delocalized MO yields a peak in the DOS curve.
reaction ofl with Au causes the HOMOGLUMO gap to de- A delocalized MO also contributes more to the transmission
crease to 1.83 eV iA. 4 has similar MOs to those df, except probabilities in the molecular device. For molecule the
for the extra MOs related to Au. For example, eight extra unoc- o-HOMO is localized on the Co coordination bonds. Below
cupied spin MOs ¢-LUMO to a-LUMO+3 andS-LUMO to o-HOMO, there are eight delocalized MOs-HOMO—1 to
B-LUMO+3) exist in the HOMG-LUMO gap of1 (Figure 1). o-HOMO—4 and3-HOMO to -HOMO-3), and their orbital
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Figure 3. (left) Molecular orbital of the extended moleculd) (n the high oxidation state; (top right}-V characteristics; (bottom right) DOS
(blue, right axis) and electron transmission probability (red, left axis) (the vertical green line represents the Au Fermi level, and the div@s black
are electronic states of the extended molecd)er( the high oxidation state).

energies, from-5.05 to—5.44 eV, are very close to the Fermi  higher conductance~0.04 4S) than the low oxidation state
energy of Au at—5.31 eV (Figure 2). These delocalized MOs (~0.02uS). However, the total conductance contributed from
correspond to the peaks in the transmission probability curve each oxidation state must be the same; therefore, the molecular
in the vicinity of the Fermi level of the Au terminals. In the device stays in the low oxidation state two-thirds of the time
energy range-5.05 to—7 eV, besides these eight delocalized and in the high oxidation state one-third of the time.

MOs, all other MOs are localized. The localized MOs have little In summary, density functional [heory calculations have been

contribution to the transmission probability. The unoccupied carried out to investigate the structure of the extended molecule
MOs (@-LUMO to a-LUMO+3 andf-LUMO to -LUMO+3) (4). The calculation shows that the extended molecule has a
are also localized and have little contribution to the transmission D,y symmetrical structure with two ligands perpendicular to each
probability. The other delocalized MOs belowr eV or above  other and the Co atom locates at the center of a distorted
—2 eV do contribute to the transmission probability in their octahedron formed by six donor N atoms. In the low oxidation
corresponding energy range. The transmission probability state, the bond length between2Cand pyrrole nitrogen is
increases exponentially in the energy rangéto 0 eV dueto  much short than the bond length betweer?Cand pyridine

the increase in the energy of tunneling electrons. nitrogen. The oxidation of G0 to Cc** significantly shortens

From the energy of the occupied MOs that are close to the the bond length between Co and pyridine nitrogen.

Fermi energy of the Au terminal, their delocalization charac-  1he HOMO energy of the extended molecule is very close
teristics, their contribution to the DOS, and the transmission 14 the Fermi level of Au: this results in easy hole injection into
probability, we can infer that hole conduction is the main he gccupied MOs from the Au anode. However, the injection

mechanism of charge transport. of a hole lowers the orbital energy and results in the LUMO
However, the shapes of MOs do not change much when the gerqy heing close to the Fermi level of Au. Thus, an electron

extended moleculed] is in a high oxidation state (Figure 3). i ready to be injected into the high oxidation state of the

However, their energies are shifted to lower values; the lowest ,51ecule from the Au cathode. Therefore. the Co complex is a
unoccupied MO (LUMO) has an energy 66.31 eV, and the good hole-conduction molecule. ’

LUMO++1 to LUMO+13 have energies from5.28 to—3.22

eV. The MOs correspond to the peaks in the DOS of the
molecular device at a high oxidation state near the Fermi energy
of the contact material Au (Figure 3).

The peaks from-4 to —3.5 eV in the electron transmission
probability curve are mainly contributions from the delocalized
LUMO++5 to LUMO++10. Their energies are close to the Fermi
energy of the Au terminal; thus, their delocalization character- References and Notes
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