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The reconstruction of the surface is not completed for the coverage of
0.33 ML Fe. Well-ordered islands are separated by areas, where the atoms dis-
play merely short-range ordering similar to that observed after annealing at 250°C
(Fig. 1). All characteristic features i.e. three atomsrings with the distance between
member atoms equal to 6.6 A, random positions of rings on the surface and their
identical azimuthal orientation are found after annealing at 400°C. The amount
of three atoms rings is substantially higher in comparison with treatment at lower
temperature. The surface of ordered islands, several nanometers in size, is termi-
nated with identically imaged by STM atoms aligned in hexagonal, closely packed
structure. The nearest neighbour distance, equal to 7.6 A, corresponds to 2 x 2
reconstruction of CsCl- or CaF;-type phase of iron silicide. The islands, which
usually have non-regular shapé, are located randomly on the substrate surface.
The same azimuthal orientation of all islands proves their epitaxial growth on Si
surface.

Fig.' 1. Partial 2 x 2 reconstruction upon deposition of 0.33 ML Fe and annealing at
400°C (37.5 x 37.5 nm?). |

Deposition of 2 ML of Fe annealed subsequently at 400°C, on the contrary
to the discussed above case, results in complete surface ordering. Large scan STM
image (Fig. 2) shows three entirely reconstructed terraces of Si vicinal substrate.
The roughness of each terrace is very low — regular in shapes, atomically flat areas
are confined by borders oriented every 60°, determined by the rows of atoms. The.
fluctuation of the surface profile within the same terrace does not exceed one
monolayer. Figure 3a shows a high resolution STM topography image of a single
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Fig. 2. The topography image with derivative component (200 x 200 nm?) of entirely
reconstructed vicinal surface covered with 2 ML Fe and annealed at 400°C.

terrace. The image was recorded at negative bias, for which the occupied states
were probed. Three terminating atomic planes are clearly distinguished. The STM
image of surface atoms differs depending on the plane. In the lowest layer every
atom seems to be identical. In the middle plane some atoms are seen as the “lower”
ones (for further discussion they are assumed to be of A-type, whereas the others
~— as B-type). As discussed in the next part of the paper, variation in apparent
height of surface atoms imaged by STM is associated merely with spectroscopic
effects, which suggest that their electronic structures differ. Atoms, imaged as
“lower”, are in minority and their population is estimated on the level of 12%.
Their distribution in plane is random, without any tendency to agglomerate in
clusters. In the highest plane the contribution of A-type and B-type atoms is
comparable, therefore it frequently happens that two or more atoms of the same
type neighbour each other. The surface profile (Fig. 3b) enables unambiguous
differentiation of two types of atoms. The height of terrace steps, equal to 1.5 4,
favours CsCl-type structure of iron silicide over CaF,-type, for which the terrace
step height is expected to be equal to 3.1 A [2]. On this basis one may infer that
all atoms in the lowest plane are of B-type, which type appears also in majority
in the middle terrace and finally in comparable amount to A-type atoms in the
highest plane. The distribution trend of both types of atoms on the surface —
the higher terrace the higher concentration of A-type atoms — is very clear. For
negative bias A-type atoms are imaged as “lower”, as mentioned previously, by
0.6 A.
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13
distance [nm]

Fig. 3. (a) Recorded at -1.93 V STM image (15 x 15 nm?) of a single vicinal terrace
after deposition of 2 ML Fe and subsequent annealing at 400°C. The content of atoms
imaged as “lower” (A-type) depends on the terminating atomic plane with a tendency:
higher plane-higher contribution, (b) the surface profile measured between arrows.
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Fig. 4. Corrugation profile of the same row of atoms taken at 4+1.9 V (upper) and
-1.9 V (bottom).

Typical variation of the atom imaging by STM is quantitatively depicted in
Fig. 4, which shows two corrugation profiles along the row of atoms, containing
both A and B types, measured at various biases. In the upper profile, where the
empty states are probed, the apparent height of A-type atoms is larger by 0.2 A
relatively to B-type ones. The opposite bias inverts the STM image — the A-type
atoms are probed as “lower”, approximately by 0.4 A in comparison to B-type
ones. The neighbourhood of different in type atoms does not seem to affect the
way of imaging. As seen in the profile, B-type atoms adjacent to A-type have the
same apparent height as these in the uniform row of B-type atoms. The above lack
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of neighbourhood influence may be a consequence of weak interaction in plane re-
sulting from the large separation distance and/or a strong localization of electronic
states. Also the absence of lateral shift position of atoms imaged at opposite biases
suggests the lack of spatial separation of empty and occupied states.

The annealing at higher temperature activates entirely different growth mode
of iron silicide. The growth of iron silicide at 700°C is no longer two-dimensional, as
at lower temperatures. Instead, three-dimensional nanometer size crystallites are
formed on the bare Si 7 x 7 reconstructed surface. Their size, shape, and location
on the surface substantially depend on the amount of the deposited material.

Fig. 5. Three-dimensional iron silicide crystallites grown upon deposition of 0.33 ML
Fe and annealing at 700°C (scan size: 1 x 1 pm?).

Crystallites formed upon 0.33 ML coverage are homogeneously distributed
— their position on the surface is not affected by the edges of vicinal structure
(Fig. 5). They nucleate both in the vicinity of the edges as well as in the centre of
terraces. Prevailing number of crystallites have an elongated shape. The multitude
of such forms may suggest that they are the initial stage of three-dimensional
iron silicide crystallites at low Fe coverage regime. However, a certain amount of
non-regular crystallites is also encountered. The long axes of crystallites clearly
determine three directions, oriented every 60°, reflecting the symmetry of Si(111)
7 % 7 surface.

Figure 6 shows a high resolution STM image of a typical crystallite taken .
at a bias of -2.27 V. The edges of the base are parallel to [~110] directions of
the unit mesh of the well reconstructed Si substrate. The length of the crystallite
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Fig. 6. Taken at -2.27 V,rhigh resolution (20 x40 nm?) derivative image of a single iron
silicide crystallite nucleated after deposition of 0.33 ML Fe and subsequent annealing at
700°C. :

is about 250 A. The topmost layer, three atomic rows in W1dth shows a(2x2)
reconstruction with the distance between nearest neighbour atoms equal to 7.6 A,
which is expected both for CsCl- and CaF3-type structure of iron silicide {2, 11, 27].
However, the excellent quality of the image allows finding that the crystallite
consists of five monolayers, which in combination with its height equal to 7.9 A
reveals that it has a structure of CsCl-type. Various imaging of atoms in the
topmost layer and on the facets, similar to that observed upon annealing at lower
temperature (see Fig. 3a), as well as different apparent height of the crystallite
measured at different biases, have a spectroscopic nature and will be discussed in
the subsequent part of this paper. '

Slightly different mechanism of crystallite growth at 700°C is found upon
deposition of 2 ML ¢f Fe (Fig. 7). The shape of truncated pyramid is dominating
for this coverage. The elongated forms, typical of 0.33 ML coverage, are only
sporadically met. Another striking feature is the strong influence of the vicinal
structure on iron silicide crystallites nucleation. Crystallites grow mainly along
the edges on the upper terraces. Practically none of them are found in the centre
of terraces as it is observed for lower coverages. Such type of nucleation gives rise
to the self-organization of iron silicide nanometer size crystallites, which may find
practical implementation in nanoelectronics,

High-resolution image of a single crystallite grown upon deposition of 2 ML
Fe and subsequent annealing at 700°C is depicted in Fig. 8. The very regular
shape of a truncated pyramid with six facets of type alternatively: (100) and
(111) is clearly visible. The topmost layer again displays, like in the case of lower
coverage, a 2 x 2 reconstruction with the distance between nearest atoms equal to
7.6 A. The edges of the base are oriented along [~110] directions of the very well
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Fig. 7. Large scan (1 x 1 pm?) image of the self-organized iron silicide crystallites
grown on the Si(111) vicinal surface upon deposition of 2 ML Fe followed by annealing
at 700°C.

i
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Fig. 8. STM derivative image of one of the elements of the self-organized array shown
in Fig. 7.
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reconstructed Si(111) 7 x 7 substrate. Such correlation between the orientation
of grown crystallites and the unit meshes of the substrate for both coverages is
evidence that three-dimensional crystallites of iron silicide grow epitaxially on the
Si substrate. Measured height of the crystallite (68 A) in combination with the
number of atomic planes, estimated on the basis of the topography of one of the
facets (more than 30), favours the CsCl-type structure.

The diffusion processes proceeding on the surface at 700°C are responsible
for agglomeration of Fe atoms (partially observed upon annealing at 400°C), epi-
taxial growth of iron silicide crystallites and full reconstruction 7 x 7 of Si bare
substrate, which is clearly visible in the background. It is reasonable to expect
that all deposited Fe atoms are gathered in the volume of crystallized iron silicide.
The temperature of 700°C is rather too low for re-evaporation of Fe atoms from
the surface. The above assumption is taken into account in crystallite structure
consideration in the subsequent part of the paper. The evidence of an intensive
process of the Si surface etching, which supplies Si atoms for iron silicide formation,
is very clear. The terraces of vicinal silicon surface have numerous, rounded edges
corresponding to the height of double Si monolayer, which are not observed on the
clean Si surface prior to the Fe deposition. In the vicinity of nucleated crystallites
the substrate surface is flat without any dips around the crystallites. It means
that the atoms necessary for iron silicide formation do not diffuse locally from
sites in the vicinity of nucleating crystallites, but homogeneously from the entire
surface. The localization of the big crystallites, grown upon deposition of 2 ML
Fe, along the edges of the upper terrace may result from the fact that this site is
energetically favoured to supply high amount of substrate material, necessary for
crystallite growth.

As mentioned earlier, different imaging of surface atoms is ascribed to spec-
troscopic effects. This is a characteristic feature of both: flat reconstructed surfaces
formed upon deposition of 2 ML Fe and subsequent annealing at 400°C as well as
the surface and facets of iron silicide crystallites grown at 700°C. In the constant
current mode the tip of STM does not follow the geometric profile of the surface,
but also probes an electronic local structure and these two contributions cannot
. be easily separated. However, on the basis of spectroscopic effects and results re-
ported in other works, it seems that the differentiation between Fe and Si atoms
is becoming possible. '

A prevailing number of studies reveal that-due to the decrease in surface
energy the topmost layer of iron silicide is Si terminated {11, 14, 20, 21, 28]. The
Fe-Si bonding displays a homopolar nature, however in CsCl-type structure the
transfer of approximately 0.5 electron charge per unit cell from Si atom to d orbital
of Fe atom is observed [2]. Thus, taking into account the non-uniform distribution
of A-type and B-type atoms depending on the terminating layer (which can be
treated as a preliminary stage formation of three-dimensional iron silicide crys-
tallites), the following explanation seems to be credible. As mentioned earlier, Si
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atoms terminate the surface. They are very well distinguishable, because sp or--
bitals are better imaged by STM than d orbitals of Fe atoms. However these, which

neighbour with Fe atoms in the layer underneath are slightly positively charged

because of an electron transfer from Si towards Fe atom. When the occupied states

are probed at negative bias of the tunneling junction, the intensity of the tunneling

current decreases. In order to maintain a constant tunneling current, the STM tip

approaches the surface and such type of surface atom is imaged as a “lower” one.

Therefore the A-type atoms imaged as "lower” at negative bias are Si atoms adja-

cent to Fe atoms in subsurface layer whereas B-type ones are Si, which neighbour

the same type of atoms underneath,

In order to study in detail the electronic structure of iron silicide crystallite
surface, shown in Fig. 6, the measurements of the current imaging tunnelling spec-
troscopy (CITS) with atomic resolution have been performed. At positive bias the
surface atoms are imaged in the same way. It is thus highly probable that the STM
tip purely follows the topographic profile, i.e. the distance between the tip and the
surface is kept constant over all atoms. In order to achieve the I—V characteristics
the bias of the tunneling junction has been swept from.the positive to negative
value. When the feedback loop is switched off to perform the spectroscopic mea-
surements, the STM tip is positioned at the same height over the surface in every
probed point. In such case the parameters of the junction barrier take the same
values and the spatial variation of measured characteristics reflects merely elec-
tronic properties of the electrodes. Because the STM tip is cut from tungsten wire,
which has a rather featureless electronic structure, the spatial variation, observed
in current maps, should be associated only with the surface properties. _

Constant current topography, simultaneously recorded current maps of thé_
same area at various biases and J—V as well as dI/dV characteristics, measured
at different sites of the surface are depicted in Fig. 9a-d. In topographic image
(Fig. 9a) the bright vertical strip on the left side represents a part of the elongated
iron silicide crystallite shown in Fig. 6. Very well reconstructed 7 x 7 surface of the
bare Si is clearly seen in the background. In the current image recorded at 0.39 V
(Fig. 9b) the area of crystallite is imaged in black (in the current maps larger
intensity of tunneling current is imaged brighter). It means that the intensity of the
current flowing through iron silicide to the silicon substrate is lower in comparison
with that directly tunnelling to the substrate. Substantially different map was
recorded at the negative bias of 1.1 V (Fig. 9c). The entire area of crystallite is
imaged brighter than the uniform background of the bare silicon. Additionally the
images of several surface atoms of crystallite are much brighter than the others.
They correspond to the atoms, which are visible as “higher” ones in topography
in Fig. 6. Approximately 25% of surface atoms of iron silicide crystallite display
such a property. In accordance with the course of explanation given above, it is
expected that the density of electronic states localized on such atoms takes a larger
value,
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In order to find the differences in electronic structure, atomically resolved
spectroscopic characteristics were measured. Figure 9d depicts both I—V and
dI/dV curves recorded at three various sites: bare silicon surface, bright and dark
atoms of iron silicide crystallite. Each of them is averaged over at least ten runs
obtained in various sites of the same type. As expected from the measurements of
topography I—V characteristics do not differ substantially in the range of positive
biases. Merely for direct tunnelling to bare silicon the slope of the curve is higher

di/dV (arb, un)

i
L
1
L
t

voltags [V]

z 4 0 1 2
voltage [V]

Fig. 9. () Recorded at +2.27 V STM topography image (15 x 15 nm?) of the iron
silicide nanocrystallite (brighf vertical stripe on the left) grown on the bare Si(111) sub-
strate after annealing of 0.33 ML Fe at 700°C. Current map (CITS) of the same area
obtained at: (b) +0.39 V and (c) -1.1 V. (d) Averaged dI/dV (in the insert J—V’) charac-
teristics recorded on: bare Si(111) surface (dashed line) and on iron silicide nanocrystal

topmost layer: A-type atoms (dot line) and B-type atoms (solid line}.
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between 0.4 and 1.2 V. Much larger variations are observed below -0.7 V. Drastic
increase in the tunnelling current is observed when the atoms of iren silicides,
imaged in bright in the current map (Fig. 9¢), are probed. The slope of -V
characteristic for the remaining atoms of iron silicide crystallite is substantially
lower, but still larger than that for pure silicon surface. Observed differences are
emphasized in dI/dV characteristics. Similarly to I~V no differences are observed
above 1 V. Below this bias dI/dV curves measured on iron silicide crystallite are
flat whereas for Si substrate there is an apparent peak at 0.6 V. The flat re-
gion, which may be associated with energy gap, extends down to -0.5 V for all
curves. Below this bias, where the occupied states are probed, the curve mea-
sured on B-type atoms drastically arises and two very distinet peaks appear at
-1.1 and ~1.9 V. Much weaker increase is observed for A-type atoms as well as
for Si surface. The shape of dI/dV characteristic, reflects, at least qualitatively,
. the dependence of density of states on energy. A higher peak observed for B-type
atoms in comparison with A-type is associated with the regular filling of electron
orbitals in Si atom on the surface, when it is adjacent to the same type in the layer
underneath. In the opposite case the transfer of electron charge towards Fe atom
depletes the filling of orbitals in the topmost Si atom, which results in a weaker
increase in the tunneling current with the bias and lower intensity of the peak in
dI/dV characteristic. The conducting and valence bands for positive and negative
bias, respectively, are clearly highlighted. Much wider — in comparison to Si —
flat region around zero bias measured for iron silicide may suggest the presence
of an additional tunneling barrier. Combination of the gathered data, i.e. metallic
character of (CsCl)FeSi, diode-like drastic increase in the current intensity below
-0.7 V (I-V characteristics in Fig. 9d) and slightly larger apparent height of the
same crystallite measured at negative biasin comparison with the height obtained
at positive bias (e.g. from the profile comparison of the crystallite shown in Fig. 6),
becomes consistent if the presence of the Schottky barrier at the interface between
crystallites and n-type Si substrate is taken into account. Such an additional bar-
" rier reduces the tunnelling probability for the electrons flowing from the STM tip
through the iron silicide crystallite to the substrate in comparison with the direct
tunnelling to Si. The opposite bias decreases the efficiency of the barrier and tun-
nelling probability increases. In the constant current mode, in which topography
is recorded, reduced tunnelling probability imposes the approach of the scanning
tip over the surface, decreasing the apparent height of studied objects.

Detailed statistical analysis of the size of self-organized iron silicide crys-
tallites grown on vicinal Si surface upon Fe deposition and subsequent annealing
at 700°C enables an insight into their internal structure. The measured height,
calibrated against the double Si monolayer step of 3.16 A in height, reveals the
quantization close to 1.5 A, typical of CsCl-type structure. This is clearly illus-
trated in Fig. 6, which shows the image of crystallite of 7.9 A in height consisting
of five monoatomic layers. The height distribution in population of more than 80
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Fig. 10. Height histogram of iron silicide crystallites grown after annealing of 2 ML Fe

at 700°C.

randomly selected crystallites grown upon deposition of 2 ML of Fe is shown in
Fig. 10. Surprisingly, the obtained distribution has a non-Gaussian character, In-
stead, the crystallites of 7 nm in height dominate over the others, both larger and
smaller in height. The above result may suggest that the investigated solid state
reaction leads to the formation of a regular array of uniform in size iron silicide
crystallites. )

As mentioned earlier, the 2 x 2 reconstruction of iron silicide surface with
the nearest neighbour distance between atoms equal to 7.6 A is characteristic of
both CsCl(FeSi)-and v-FeSi; phases. In order to identify the internal structure of
grown crystallites, the ratio of their estimated volume to the volume of deposited
iron is considered. The lattice parameter of CsCl-type phase is equal to 5.43 A.
The elementary cell of this phase contains eight atoms of Fe and Si. The lattice
parameter of 7-FeSiz compound is comparable and equal to 5.39 A, however the
elementary cell consists of eight Si atoms and four Fe atoms. The CsCl vacancy type
structure, in which the iron atoms are substituted by vacancies, is the intermediate
one between the two phases described above. Under reasonable assumption that
the temperature of 700°C is too low for re-evaporation of Fe atoms from the surface
it is expected that all deposited Fe atoms are built in the iron silicide crystallites.
Thus the ratio of compound volume to the bulk-like volume of deposited iron is
equal to 1.7 and 3.3 for CsCl- and y-type structures, respectively. The volume of
grown crystallitées may be approximately estimated on the basis of their height
distribution and the fraction of the sample’s area, which is covered with iron
silicide. The statistics for both coverages are showi in Table. Obtained results
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TABLE

Parameters applied for estimation of iron silicide crystallite structure.

Coverage | Fe layer thickness | Occupied surface | Crystallite mean height | Viresi/Vire
[ML] fnm) (%] [nm]
0.33 0.048 11 0.8 1.83
2 0.29 13 6.6 2.9

clearly confirm that the grown iron silicide crystallites for both coverages have
CsCl-type structure, however the smaller ones are more compact with composition
close to-1:1, whereas in bigger ones a certain amount of vacancies is present.
Inferred internal structure of crystallites coincides well with the STM images of
their surface. In the case of smaller crystallites the different STM imaging of atoms
is frequent, which is in contrast to bigger ones, where the surface atoms are imaged
in the same way. It suggests that in smaller crystallites, where the contribution
of atoms located on the surface and in subsurface layers is much higher and the
fraction of Fe atoms approaches 50%, the presence of Fe atoms in the vicinity
crystal surface is highly probable. The surface of big crystallites, in which the
relative number of surface atoms is much lower, is probably terminated with a
double Si layer, as predicted by theoretical models [14, 20], and in consequence
imaged homogeneously.

4, Conclusions

The solid state reaction proceeding on Si vicinal surface upon deposition of
Fe and subsequent annealing results in the growth of iron silicide crystallites. The
initial stage of nucleation is found already upon annealing at 400°C. At 700°C
metallic, three-dimensional iron silicide crystallites of CsCl-type structure grow in
the form of truncated pyramids on bare 7x 7 reconstructed Si surface. Depending of .
Fe coverage they take different shape, size, and location. The smaller are elongated
‘and nucleate homogeneously on the surface. The bigger ones decorate the edges of
the upper terraces giving rise to formation of a regular array of nanometer in size
metallic dots on the semiconducting substrate. They show a tendency to grow in
uniform size of 7 nm in height. Basing on spectroscopic effects, the composition and
structure of the crystallites’ surface is proposed. Statistical analysis reveals that
in bigger crystallites the contribution of vacancies in CsCl-type structure is higher
in comparison with smaller ones. The properties of the interface between metallic
crystallite and semiconducting substrate resemble Schottky barrier behaviour.
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The geometry and electronic structures of metal 5, 15-di-
(4-thiophenyl)-porphyrin (MDTP) have been investi-
gated using first-principles calculations. Several metal
atoms, including Cr, Mn, Fe, Co, Ni, Cu and Zn, have
been selected. It has been found that the dihedral angle
between porphyrin and thiopheny! planes is close to the
perpendicular, which means that the 7 conjugation in
whole MDTP molecules is broken, The most stable spin
configurations of Cr, Mn, Fe, Co and NiDTT's are § = 2,
52,1, 112 and 0, respectively. Analysis of metal 3d-orbital
splitting in Zn and NiDTP have shown that in the case of
NiDTP the out-of-plane interaction between metal 3d-
orbitals and # orbital of porphyrin is larger than that in
the case of ZnDTP. The results suggest that the Ni metal
will enhance the conductance of DTP because transport
propetties in molecular systems have strong relations to
the molecular = orbital.

Keytvords: Metal porphyrin; Transport properties; First-principles
calculations; 3d-orbital splitting

INTRODUCTION

Recently, the research field of the molecular
electronics has advanced significantly with many
experiments that probe the behavior of small groups
of molecules, such as scanning probe microscope
(SPM) technology [1]. It will make it possible to
construct a molecular wire, molecular rectifier and
other functional devices using a finite number of self-
assembled molecules or even just single molecules in
the near future. The theoretical studies are also
important part of the molecular electronics because
they can directly propose and design novel nanode-
vices as well as enrich the experimental intuition. For
example, molecular electronics dates back to the
original theoretical work in which Aviram and

Ratner revealed the possibility of an organic
molecule functioning as a molecular rectifier {2].

Theoretical studies have been mainly dedicated to
the understanding of conduction mechanisms
through different molecular systems [3-4] and how
the electronic structure of the molecule and the
geometry of the molecule/metal interface affect the
conduction characteristics [5-6]. The porphyrin
molecule is one of the most promising candidates
for future nanoelectronic devices because it can be
used as a building block in complex molecular
circuits. This is supported by a recent discovery that
different porphyrin arrays having rigid geometric
structure and stability in air [7]. Using such arrays it
is possible to control the = orbital delocalization
which is desirable for molecular wire applications.
Moreover, such porphyrin polymers can be doped by
different kind of metals that can increase the
opportunity to use these polymers in spintronics.

In this paper, we investigate the structures and
electronic properties of different metal-containing
porphyrin molecules by using first-principles
calculations. The influence of the different metal
atoms on electronic transport through the porphyrin
core has been also analyzed.

METHOD

In this study we consider a porphyrin molecule with
two thiophenyl substituents at its right and left
sides, respectively, because the thiol-type sulfur
atom has widely been used as the alligator clip for
the connection to Au electrodes. We examine
the structure and electronic properties of both

“Corresponding author. Tel.: -+81-22-215-2054. Fax: 481-22-215-2052. E-mail: mizuseki@imredu

1SS ORY2-7022 print/15SN 1029-(H)S online 4; 2004 Taylor & Francis Ltd
DOI: 10.1080/0892702041 2331298667

— 3711 —



w0 Y. KIKUCHI ¢t al.

FIGURE 1 Structure of MOTP (M = Cr, Mn, Fe, Co, Ni, Cu,
and £in).

undoped socalled free-based (FB), and metal-doped
porphyrins (see Fig. 1). Seven first-row transition-
metal complexes (from Cr to Zn) of 5,15-di-(4-
thiophenyl)- porphyrin (MDTP), were selected for
the investigation.

The geometry optimization of MDTPs has been
performed by using density functional theory (DFT)
coupled with B3LYP exchange-correlation functions.
Moreover, the most stable spin configurations of
MDTPs (M = Cr, Mn, Fe, Co, and Ni) have been
examined and only the most stable spin configur-
ations have been selected for the consideration. It is
well-known that the density functional approxi-
mation (for example, BLYP) cannot reproduce the
energy of excited state, and always gives the under-
estimated value as compared with the experimental
one. The introduction of a hybrid functional in the
DFT formalism gives a larger value as compared with
a pure DFT one. Moreover, the B3LYP functional
within the time-dependent DFT has been shown to
produce low-lying excitation energies that are in
excellent agreement with experimental results for
porphyrins [8]. It has also been found that the
optimization geometry of Zinc tetraphenylporphyr-
ine (ZnTPP) better reproduces the experimental
structure by B3LYP functional than by BLYP
functional. We used the 6-311G and 6-31G(d) basis
sets. The 6-311G basis set is commonly used for the
prediction of the electronic structure of the first
transition-row complexes, especially Fe [9], and
therefore, it is mostly used in present study. For
comparison, the 6-31G(d) basis set has been also
applied in order to verify the obtained calculated
results, All calculations were carried out using
Gaussian 98 set of programs [10].

RESULTS AND DISCUSSION

First, we determined geometries of MDTPs. It has

been found that the dihedral angle between the -

porphyrin ring and thiophenyl group is nearly
perpendicular. Although it is well known that
the pheny) ring at the meso-position prefers perpen-
dicular conformation, the results for the thiophenyl
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FIGURE2 Relative energy of ZnDTP (solid) and ZnTPP {dashed)
as a function of dihedral angle between porphyrin plane and
thiophenyl groups.

group may be interesting from the experimental point
of view, cspecially the energy difference between
planar and perpendicular conformations. For
instance, in order to gain accurate measurements of
transport through these molecular structures, they
should properly adsorb on metal contacts. Figure 2
shows the energy difference of ZnDTP as related to
the most stable structure as a function of the rotation
angle of the thiophenyl substituents. Moreover, the
torsional potential of ZnTPI” has been also calculated.

As expected, from this figure it is clear that the
near-perpendicular conformation of meso-substitu-
ent is the most stable, while the planar conformation
has the highest energy, with the energy difference
about 10.3eV. The energetically favorable perpen-
dicular conformation leads to the destruction of the
-7 interaction between the porphyrin core and
meso-substituents and thus to the reduction of the
electron transport properties in this system. It is also
interesting to note that there is no significant change
in energy, when the torsion angle between meso-
phenyl group and porphyrin core varied from 70° to
90°. In other words, the perpendicular conformation
is flexible and can be easily changed to a near-
perpendicular one under external perturbation such
as temperature. The same tendency of change of
torsional potential has been observed in ZnTPP (see
Fig. 2). The only difference is in the value of relative
energy, which is slightly higher than that in the case
of ZnDTP, ranging from 0° to 60°. This can explain the
dispersion of experimental data which reported
near-perpendicular position of phenyl group with
different absolute values of dihedral angle.

The geometry of the ZnTPP has been calculated
using both B3LYP/6-311G and BLYP/6-31G(d) theory
levels. The calculated Zn-N distance is found to be
2.047 and 2.061 A using B3LYP and BLYP functionals,
respectively. The obtained B3LYP result is more close
to the experimental one (2.045A) [11] than that
obtained by BLYP level. The optimized M~N bond
lengths for the various MDTPs are collected in Table I
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TABLE I Caleulated and available experimentul M-N borud
lengths {A) in MDTP

Stable spin Present study Evperimentat
configuration B3LYP/6-311G ke

. CDTP (5 =2 2045 -
MaDTIP (5 =5/ 2087 -
FeDTP(S=1) 1999 L2 izl
CoDTP (5 =1,2) 1,986 1w [13]
NiDTP(S=D 1.971 1.93) {14]
CulTP 45 =1/2) 1016 1981 [t5]
ZnDTP (S =0 2,048 M2 [15]

together with the experimental data for meso-
tetraphenyl porphyrins (MTPP) [12-15]. The calcu-
lated M-N distances in CoDTP and NiDTP are close
to 1.98 A. That is, shorter than those in ZnDTD,
MnDTP, and CrDTP, which are around 2.07 A. The
bonds between carbon and nitrogen atoms in pyrrole
rings are practically the same for different MDTPs.
The agreement between the calculated and available
experimental data is quite good with the largest
deviation of 0.04 A. Accordingly, it is confirmed that
the selected calculation method accurately predicts
the structural properties of studied molecules.

The most stable spin configuration for each of
MDTPs has been determined by the comparison of
the total energy of optimized MDTP structures with
the different spin configurations. At the first step, we
have calculated the most stable spin configuration of
FeTPP using B3LYP/6-311G level and compared
with available theoretical and experimental data in
order to make sure that the selected method can
accurately predict the magnetic state of metal in
metalporphyrin complexes. The most stable spin
configuration of FeTPP has total spin § = 1. The state
with S=2 lies 0.51eV above most stable spin
configuration and in comparison with a magnetic
susceptibility measurement that yielded a value of
0.62 eV [16]. The lowest closed-shell state (5 = 0) lies
0.98 eV above the ground state. The recently obtained
theoretical results are showed the same tendency
magnctic configuration of FeTPP. The most stable
spin configuration (S =1) and the energy difference
between this spin state and other configurations
(§ =2 and §=0) are found to be 0.75 and 1.15¢V,
respectively {17].

Table I shows the difference in total energy for
each of the spin configurations as related to the total
energy of the most stable configuration defined as 0.
Symbol S indicates the total spin of the system,
which is the difference between the number of spin-
up and spin-down electrons. CuDTP and ZnDTP
have only one spin configuration, § = 1/2and 5 = U,
respectively. In the cases of Cr, Mn, Fe, Co, and
NiDTPs, the most stable spin configurations arc
$=2,5/2,1,1/2, and 0, respectively. These are in
an agreement both with the theorctical [17) and

TABLE I Relative energy (eV) of MDTDPs as calculated for the
various spin states using B3LYP/6-311G and B3LYP/6-31G{d}
(in parentheses) methods

§=0 §=1 §=12
CiDTP 284 (2949) 1.97 (2.02) 0
FeDTP 1-53 (1.59) 0 0.21 (0.14)
NiDTP 0 0.31 (0.45) -
§=172 §=3/2 5=5/2
MnDTP 0.97 (1.18) 0.16 (0.41) 0
CoDTP 0 0.20 (0.12) -

Zero value indicates the energetically most stable spin configuration.

experimental results [12,18,19] obtained for the
metal-containing MTPP. The smaller energy differ-
ence between the lowest electronic configurations for
the triplet and quintet states in FeDTP (0.21eV) as
compared to that in FeTPP (0.75eV [17]), can be
explained by the reduction of the molecular
symmetry from Dy, in FETPP to Gy in FeDTP. It
can be seen that both basis sets can predict the most
stable spin configuration of different metalporphyrin
complexes. However, in some cases (Fe and Co), the
results obtained by 6-31G(d) show smaller energy
differences between different spin configurations
than that in the case of the 6-311G basis set.
Therefore, the 6-311G basis set is more reliable to
predict the spin configurations of Fe and CoDTP
complexes.

The calculated large energy difference between
the different spin configurations in the Mn, Fe,
and Cr complexes suggest that these compounds can
be used as a building blocks in the spintronic
devices.

It is well known that the stronger the a orbital
overlap in the system, the better its electron transport
properties {2]. Thus, we investigated 3d-orbital
splitting of different central meta! atoms by
porphyrin ligand field in order to understand the
effect of out- and in-pane metal-ligand interactions
on the conductance properties of MDTP. Theoreti-
cally, there are two possible 3d-orbital splitting by
the square-planar ligand field. First, is an in-plane
splitting scheme, which reflects a dominant in-plane
interaction between the metal 3d(d,:_,: and in part
d.:) orbitals with porphyrin o~donor orbitals. The
second case is an out-of-plane splitting scheme,
which reflects 2 dominant out-of-plane interaction
between the metal 3d(d,., d;, dy) orbitals and =
donor or acceptor orbitals of the porphyrin ligand.
Figure 3 shows the 3d orbital order for both cases.

Table lll and IV show 3d-metal orbital splitting, in
the case of ZnDTP and NiDTP complexes, respect-
ively. Both of these structures have zero-spin
configurations but the interactions between these
metals and porphyrin ligand are different.

From these tables it has been seen that the
3d-orbital splitting has predominantly in-plane
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FIGURE 3 Schematic diagram of 3d meta! orbital splitting in the square-planar ligand field: (a) in-plane and (b) out-of-plane.

character in the case of ZnDTP, while it is
predominantly out-of-plane splitting in the case of
NiDTP. Thus Zn has strong o-type interactions with
the porphyrin core, while Ni has strong =-type
interactions with the porphyrin core. Moreover, the
orbitals close to the HOMO-LUMO gap play a main
role in conductance properties through the molecule.
The analysis of the electronic structure shows that
the predominantly metal-centred occupied molecu-
lar orbitals are shifted to the lower energy in the MO
diagram. Thus, in the case of ZnDTP, the orbitals
with metal contribution lie lower than in the case
of NiDTP. In the case of NiDTP, the d.:., is
unoccupied orbital (LUMO + 2) while d,and 4.2 are
close to HOMO (see Table IV). Moreover, the absence
of electron in d,:_,: orbital results in shorter distance
between Ni and N and therefore the better overlap
between the orbitals of porphyrin ring is larger in
this case as compared to the ZnDTP, where all the 3d
orbitals of metal are filled. All of these results can
verify that the expected conductance of NiDTP
should be larger than that in ZnDTP.

TABLE NIl 3d-metal orbital splitting of ZnDTP

SUMMARY

In this paper the structural and electronic proper-
ties of various MDTPs (M = Cr, Mn, Fe, Co, Nij,
Cu, and Zn) were studied by using the DFT
method. It was found that the stable structure of
MDTP has near perpendicular dihedral angle
between porphyrin and thiophenyl planes. The
most stable spin states for Cr, Mn, Fe, Co, and
NiDTPs are $=2, 5/2, 1, 1/2, and 0, respectively.
The analysis of 3d-orbital splitting shows that
different metal atoms have different contributions
in # out-of-plane orbitals. The results imply that
incorporation of the Ni into the porphyrin may
enhance the transport properties larger than
incorporation of the Zn. Moreover, the thyophenyl
groups conformation leads to the elimination of
the # conjugation in whole MDTP structures and
other connections of porphyrin to electrodes
should be proposed in order to realize the
molecular wire for the interconnections between
electronic devices.

TABLEIV 3d-metal orbital splitting of NiDTP?

Molecutar orbital 3d-mictal arbital Encrey levet (eV) Moleculor orbital d-metal orbital Energy level (tV)
HOMO-2 dig: -6.69 LUMO +2 diy: -161
HOMO-24 dy, -10.32 HOMO-2 e -622
HOMO-25 d,r -1050 HOMO-3 dyz —-6.24
HOMO-34 4, - 1122 HOMO-4 das -633
HOMO-35 d,. -11.28 HOMO-17 d. -8.10

™
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Abstract

Recentdy, unimolecular devices have attracted significant attention as a ‘post-silicon technology® to enable the fabrication of future
nanoscale electronic devices. In this paper, we describe a candidate molecule for a rectifier function using porphyrin polymer and a
photovoltaic cell using fullerene-based supramolecule. We have investigated the geometric and electronic structure of these organic
molecules vsing an ab initio quantam mechanical calculation. These results for the porphyrin polymers show that the localization of the
unoccupied orbital state on the acceptor moiety mostly depends on their structures. The calculated results for the electronic structure of 2
naphthalocyanine—fullerene supramolecule manifest that the HOMO's were localized on the donor sub-unit and the LUMO"s were localized

on the acceptor sub-unit.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

For many years, progress in microelectronics bas been
associated with the reduction of the minimum feature size of
integrated circuits. However, this trend, described by
Moore's law, seems to be ending due to process and
physical limitations. The minimum device feature size is
now approaching dimensions comparable with atemic and
molecular sizes. In other words, ‘silicon technology’ has an
intrinsic limitation in the near feature. To overcome this
situation, the field of molecular electronics has attracted
much attention as a ‘post-silicon technology.’ A quarter of a
century ago, Aviram and Ratner [ 1] first demonstrated how
an organic molecule could function as a molecular device.
Recently, this work bas been further supported by a number
of experimental results [2-6] and several theoretical studies
have been published [7-13]). Nevertheless, the question
regarding the properties of a relatively simple molecule and

* Comresponding author. Tel.: + 81-22-215.2054; fax: +81-22-215-2052.
E-mail address: mimseki @imr.edu (H. Mizuseki).

1468-6996/8 - see front matter © 2003 Elsevier Lid. All rights reserved,
doi:10.1016/51468-6996((13)00061-5

molecular systems remains unsettled, because the lack of
suitable and effective technologies for measuring the
conductance properties of an individual molecule, for
example, the manipulation of a unimolecule and establish-
ment of an electrical contacts,

Computer simulation a is useful tool in the field of
molecular electronics, as the stable and electrical structures
of a wnimolecule are unknown and cannot be studied in
detail by experiment. Our Institute has covered a wide range
of molecular systems which have potential application in
molecular electronics using first-principles calculations
with a collaboration of experimental groups; molecular
rectifiers [ 14— 16), molecular enarel wires (covered wires)
[17-19], molecular switches [20], molecular resonant
tonneling diodes [21,22], molecular logic [23], connection
between polymers and metal electrodes [24,25], Sb line on
Si(001) 126], electronic transport though small melecules
[27-29], bent carbon nanotubes [30], etc. In this paper, we
present out recent investigations related to molecular
electronics, using ab initio methods. All the calculations
were performed using the GAUSSIANIS program [31].
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