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Spin-dependent electronic transport through a porphyrin ring ligating an Fe(II) atom:
An ab initio study
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Conductance calculations employing density functional theory methodology and Landauer formalism predict
that a ligated iron atom can be used as a switching device. The iron atom is ligated in our models by a
porphyrin molecule. The iron-porphyrin molecular device is shown to lose more than 66% of its conductance
by shifting from the low spin coupling state to excited spin states. Further reduction is also correlated with a
mechanical distortion of the porphyrin plane. Both the distortions and spin transitions are fast processes that
can be invoked by manipulating the iron’s ligation scheme through the axial ligands.
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INTRODUCTION

Recently a surge in the use of experimental techniques to
fabricate electronic devices based on single molecules has
been reported.'> Such devices are possible due to the ability
to manipulate the conducting matter at the atomic level. Mo-
lecular wires have been shown not to conduct as simple
ohmic resistors, but rather to possess a conductance spectra
which depends on their electronic structures.>*%’ One of the
fundamental challenges faced by molecular electronics re-
search is to identify molecules or nanomaterials with several
accessible metastable states which greatly differ in their elec-
trical conductance. When the transition between these states
can be manipulated, such materials may be used as molecu-
lar devices, switches, or sensors. Several experimental suc-
cesses have been reported. These include the rotaxane based
Stoddart-Heath! (SH) and the nitroamine based Tour-Reed?
molecular switches. Computational studies of the conduc-
tance employing Green function analysis on related models
have provided possible insight into the mechanism of these
devices.®® Even more successful has been the employment
of conductance changes induced by the presence of analyte
molecules for sensing applications.!%-13

The related field of spintronics utilizes the spin coordinate
as an additional variable affecting conductance of materials
sandwiched between layers of ferromagnetic material.'®!’
Spin polarized transport through molecular layers immersed
between two magnetic layers has been demonstrated for sys-
tems involving carbon nanotubes,'® other organic 7 conju-
gated systems,'®?° molecular bridges,?! and molecular tunnel
junctions.?? In these experiments large dependence on an ap-
plied magnetic field of the electronic transport has been dem-
onstrated. Spin valve effects, where the transport property of
the molecular wire sandwiched between two magnetic units
(for example, Ni atom clusters), have been studied computa-
tionally for a carbon chain®® and dithiolated benzene
ring.>*?> More recently, computational studies on related mo-
lecular magnetoresistors, where dithiolated benzene sand-
wiched between nickel contacts,2® iron contacts,?’ and
tricene within nickel?® were shown to possess conductance
controllable by a magnetic field. Tunneling current through a
single-molecule magnet metal in a STM system was studied
theoretically.” In these studies, different transmission prop-
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erties were demonstrated for the leads parallel and antiparal-
lel spin alignment cases. Other recent studies report spin po-
larized transmission, where the transmission depends on the
spin coupling state of the conducting device. These studies
focus on spin polarized transport through polyphenoxyl radi-
cal molecule®® and dicobaltcene based junctions.>' In these
applications a magnetic field can be utilized to switch be-
tween the different molecular states. The ability to introduce
active spins into the device rather than the leads is further
studied here by considering a ligated porphyrin molecule.

In this paper we report calculated conductance changes
based on chemical changes of a molecular device consisting
of a single porphyrin ring ligating a Fe(Il) metal atom center.
Previously, locating a single porphyrin between gold atom
wires was achieved by manipulating single gold atoms with a
STM tip.*? In addition, an array of porphyrin rings was
shown to perform as a good conductor.>® Other porphyrin
containing devices were engineered as well.>* For example,
the ability to control electron transfer within arrays of donor-
acceptor sites was demonstrated on adlayers of porphyrin-
perylene systems. In optoelectronics the conductivity of
porphyrin-perylene arrays can be varied by optically induc-
ing charge transfer.33-3

The conductance variances suggested from our calcula-
tions are based on changes in the spin state of the ligated iron
atom. These changes can be triggered by a combination of
manipulating the ligation scheme and application of mag-
netic fields. The role of a metal center in a molecular device
to enhance its functionality was demonstrated before. For
example, a self-assembled layer of porphyrin molecules can
functionalize a semiconductor nanowire to perform as a data-
storage device only when chelated by Co(II) atoms.* On
another system, computational studies showed that chelating
metals drastically change conductivity of crown ethers sug-
gesting another setup for a metal recognition or an electronic
switching device’” and even more related is the spin-
dependent transmission through the tunnel junction based on
dicobaltcene molecular devices.’!

METHOD AND MODEL

Most molecular conductivity calculations are based on the
Landauer description of noninteracting scattering electrons.
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In this approach conductivity is evaluated by integration over
quantum mechanical transmission

I(V)=6/hf T(E7V)I:fl(E7lu‘l)_fr(EnU“r)]dE7 (1)

where T is the (molecular) transmission function and f; and
f, are the Fermi distributions of the leads. The transmission
function peaks at molecular electronic levels due to scatter-
ing events through the conductor.

In order to treat the infinite system an extended molecular
model is employed. In this picture the system is subdivided
into three parts, i.e., the left and right electrodes and the
molecular scattering region. Therefore the electronic inte-
grals matrices (Hamiltonian and overlap matrices) are di-
vided into 3 X3 sections. This is performed for each spin
component, separately. Therefore, the overall conductivity is
a result of summing over the spin coordinate (o):

(V)= D 1°(V). (2)

o=a,3
The (spin dependent) transmission is expressed by
T9,(E,V) =t GX TG T, 3)

where G7 is the molecule Green’s function and I' is the
broadening function. The broadening function is related to
the coupling of the conductor to the contacts, which is de-
scribed through the self-energies (SEs).”*#! The SEs are a
result of projecting the bulk green function

g(E)=(ES;—H)™", (4)

on the device by the electronic coupling Hamiltonian (H,,)
and overlap (§,,) matrices:

27: (Hgl_Escl)gl(H;Tc_ESlc)' (5)

Note, the gold bulk is kept spin restricted. Future research
will study the spin-dependent transport with ferromagnetic
metals where also the bulk GF is spin dependent. In addition,
since no spin-flip effects are included in the model, the two
spin channels are assumed to be independent and therefore
are added to express the overall conductance.

The bulk GF can further be simplified by assuming it to
be constant of the energy. This constitutes the wide band
limit (WBL) approximation. In this approximation, the bulk
can be assumed to be dominated by the S band. This trans-
lates the bulk’s GF (g;,) to be a simple constant factor. Al-
ternatively, a more accurate (and complex) representation of
the bulk can be achieved by solving efficiently*? a tight-
binding (TB) model of the bulk at every energy. Here, the TB
model is employed with calculated electronic parameters
from a separate electronic structure calculation of the consid-
ered bulk (DFT-based TB model). These two levels of bulk
representation are employed and the corresponding evaluated
transmission function is compared below.

Following the calculation of the transmission, the conduc-
tance [g(V)] is evaluated from the I(V) relation given above
[Eq. (1)] with the following assumptions. At low tempera-
tures it is appropriate to approximate the Fermi distributions
by step functions. In addition, the potential drop within the
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FIG. 1. The modeled molecular device consists of a porphyrin
molecule bonded to two gold atoms through thiolate atoms. The
lower inset describes the molecular plane of the ligated porphyrin
species. In the upper part the porphyrin is thiol-bonded to two gold
tips, in a tablelike conformation.

molecule is neglected: Thus, the conductance is proportional
to the transmittance as g(V :(‘;—‘I/% (€/h)1/2[T( ) + T ()],
where u;,=E;+1/2¢V and E; is the lead’s Fermi energy
(FE). The above approach has been introduced and discussed
in detail by others’#!43-46 and was shown to reproduce the
shape of several experimental conductance curves.*>40

The quantum electronic transmission of a porphyrin ring
ligating an Fe(Il) atom has been evaluated at different spin
states. In Fig. 1, the molecular model used in the calculation
is depicted. We model a molecular junction composed of a
single porphyrin bonded to two gold tips through thiolate
groups. The geometries of the molecule and the two thiolate
bonded gold atoms were fully optimized for the different
spin states. We have also considered the porphyrin ring with-
out the ligated iron center. For the conductivity calculation,
these geometries are complemented by a larger gold cluster
model in order to simulate better the gold tip contacts. This
cluster model consists of the three outermost layers of a per-
fect tip where a Au(111) plane is assumed with 2.86 A as the
crystal parameter (total of 10 Au atoms shown in the left
inset). All electronic structure calculations were performed at
the density functional level employing the B3LYP
functional*’*® with the sophisticated LANL2DZ basis set*
(the electronic structure software used is Qchem’).

The bulk gold FE is —5.1 eV, our highest occupied MOs
have a slightly higher energy due to the use of a truncated
cluster model. Therefore the FE has been set to —=5.0 eV. The
transmission has been calculated for the porphyrin at the dif-
ferent spin and ligation schemes. The bulk is represented
either at the WBL level or by an explicit DFT-TB model
calculation for the bulk which is repeated at every energy.
The TB parameters have been extracted from a separate bulk
calculation involving four to seven layers, where conver-
gence of the calculated transmission is confirmed for using a
bulk model consisting of six or seven layers.

RESULTS AND DISCUSSION

The transmission function due to the broadened porphyrin
molecular orbitals (MOs) is provided in Fig. 2, where we
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FIG. 2. (Color online) The different transmis-
sion functions calculated by employing the WBL
approximation for representing the bulk (a) and a

first-principles TB model (b) at the different spin
coupling states of the iron-porphyrin system (four
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include the transmission through the unligated system and
the different spin states of the ligated system. In the upper
panel the transmission corresponding to the « spin orbitals,
where the (3 transmissions are provided in the lower panel. In
the left side of each panel the WBL representation of the
bulk is used and in the right side of the panel the TB ap-
proach is implemented. We find that for all considered sys-
tems transmission through the unoccupied orbitals is vanish-
ing. Therefore we focus our analysis only on the relevant
energy region of the frontier occupied orbitals. This corre-
sponds to a region of about 1.5 eV below —5.0 eV. In the
next subsections we describe the transmission properties of
the iron-ligated and unligated porphyrin. We begin by de-
scribing the effect of the iron center on the porphyrin trans-
mission. We then focus on the spin dependent transmission
of the iron ligated system and the effect of axial ligation on
the transmission properties. The origin of the described
transmission trends are then analyzed and explained by con-
sidering the relevant orbitals and electronic densities of
states. Finally, the consequence of adding axial ligands on
transmission are studied. Axial ligation influence on the rela-
tive energetics of the different spin coupling states is a well
studied effect.

Iron center effect on transmission through a porphyrin.
We begin our investigation by focusing on the effect of the
iron center on the transmission of a porphyrin ring bonded
between two gold tips. Therefore, we focus first on compar-
ing the transmission through the unligated system and the
corresponding singlet state of the iron (I) ligated system. We
note that the transmission due to the first two MOs is com-

38 56 54 52 5 48
Energy (eV)

ligation scheme). The conductance includes dif-
ferent contributions from the spin a and 3 chan-
nels for the excited spin coupling states.

parable for all considered systems. These are the highest oc-
cupied orbitals of the porphyrin system and are located in
energy close to —5.0 eV for all systems. The full list of the
orbital assignments and energies is provided in Fig. 5 and
Table I and is discussed in detail below. We find that the
transmission due to lower lying orbitals is dramatically var-
ied by the presence of the iron center. The interband gap is
shown to decrease substantially upon the ligation of the iron
atom, where this gap decreases from 1.0 eV for the free por-
phyrin to 0.6 eV for the iron-porphyrin or from 0.65 to
0.29 eV when bonded to the gold tips. A careful analysis of
the transmission function, however, implies a complex effect
of the iron center. As will be discussed in detail below, the
presence of the iron can also lead to a degradation of the
transmission as observed for the transmission of 3 spin chan-
nel at the higher spin coupling states. The dependence of the
transmission on the spin state is analyzed in detail below.
Spin-dependent transmission of the four ligated system.
Here we focus on comparing the transmission properties of
the four ligated system at the different spin coupling states
available due to the iron center. Several observed trends
should be highlighted. The singlet appears to possess the best
transmission properties as it shows the widest broadening of
the transmission peak near the FE (highest occupied porphy-
rin MO). Furthermore, the broadening of the 8 spin trans-
mission peaks of the spin excited states at the FE are nar-
rower than the corresponding spin «. Thus it appears that the
[ electron spin transmission channel is turned off at energy
values near the Fermi level. Interestingly, the narrowest B
peak is observed for the triplet case and the quintet is only
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TABLE I. Porphyrin MO energies at the different considered systems. Also provided are the nonthiolated
porphyrin and iron-porphyrin energies. The sequence adopted by the thiol functionalized singlet FeP mol-
ecule is used in defining the order of the rows in the table. The Dy, notation is used for all systems to allow
easy reference to the well studied iron-porphyrin electronic structure.

Free Thiolated-gold tips
Orbital
type P FeP P FeP Triplet Quintet

ay,la, -5.16 -5.26 -4.99 -5.06 =5.11 -5.07 =5.11 -5.09
-5.41 -5.29 -5.19 -5.18 -5.18 -5.20 -5.19 -5.16

le, (parallel) —-6.35 -5.94 -5.81 -5.47 -5.59 -5.76 -5.65 -5.73
by [+as,] -6.51 —6.64 -5.98 -5.85 -5.88 -5.87 -5.87 -5.85
2e, (perpendicular) -7.18 -5.94 —6.26 -5.87 -6.17 —6.78 —6.44 —-6.70
by [—ay,] -7.23 -7.05 —-6.39 -6.71 -6.71 -6.71 —-6.70 —-6.66
AuS[+Fe] -6.31 -6.18 -6.22 -6.24 -6.22 -6.22
-6.32 -6.21 -6.27 -6.25 —-6.30 -6.24

-6.25 —-6.61

slightly wider (still both are much narrower than the « chan-
nels).

These trends are observed at both levels of bulk represen-
tations with, however, several differences. The more explicit
TB description exhibits features absent from the results ob-
tained with the WBL bulk description. At the WBL bulk
description the different curves exhibit some strong energy
localization effects. These are artifacts, which are due to the
simplified cluster model of the bulk electrode material in this
level. However, both levels of theory, as mentioned above,
demonstrate the same overall trend where the excited spin
state channels exhibit lowered transmission with spin excita-
tion. This is even more apparent when the conductance plots
at the two levels of theory are compared. We associate these
trends to electronic effects induced by the iron atom as is
analyzed below by considering the relevant frontier orbitals
in the different spin coupling schemes.

The general trends underlying the variance of the trans-
mission are evident by comparing the different conductance
curves at moderate voltage bias. In Fig. 3 the conductance as
a function of the voltage bias for the different spin states is

sketched. Both possible spin channels at excited spin cou-
pling states are provided. The conductance is evaluated as
described above. The conductivity comparisons should apply
a factor of two for the singlet and involve the sum of the two
channels for the triplet and quintet states separately. The su-
periority of the singlet state as a conductor is well demon-
strated and is emphasized at small and moderate voltage
bias. Similar observations are obtained at both levels of bulk
representation.

It is important to note that the variance of the transmission
is not merely a consequence of the spin excitation leading to
change of the orbital population and therefore to changes in
transmission. This is easily verified by noting that the trans-
mission of the porphyrin molecule optimized at a triplet spin
coupling is very similar to the transmission of the “correct”
singlet spin coupling optimization. The triplet transmission
in the absence of an iron center is compared to the singlet
base transmission in Fig. 4(a), where the spin polarization in
the triplet state is shown to be negligible and very similar to
the singlet. Furthermore, it is also verified that the (minor)
structural relaxations induced by the spin excitation are not
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dence on the spin coupling state is
analyzed. The effect on transmis-
sion is negligible due to (a) the
spin coupling scheme in the ab-
sence of the iron center and (b)
the geometry relaxation induced
due to the spin coupling scheme in
the presence of the iron center.
Therefore, the electronic relaxa-
tion induced by the spin coupling
state induced by the iron center is

TR TR
Energy (eV)
(a) P (No iron)

responsible for the noted spin dependent transmission. This
is verified by using the singlet geometry in a quintet calcu-
lation or in the other direction where the quintet geometry is
used in a singlet calculation. This is noted, respectively,
QasS and SasQ in Fig. 4(b), where it is shown that the ob-
served transmission trends are not rooted in the structural
changes induced by the spin-coupling scheme. Therefore, it
is rather the changes in the electronic density introduced
through the iron center at different spin coupling states,
which underlies these transmission trends. The important
role of the iron atom in leading to spin dependent transmis-
sion is analyzed in detail below by considering the explicit
relaxation effect on the orbitals due to the varying spin cou-
pling state.

Iron’s electronic density role in the spin dependent trans-
mission. The effect of the iron center on the porphyrin trans-
mission has been shown to play a complex role. This sug-
gests the possibility for engineering different devices for
applications ranging from metal recognition, molecular
switches, and spin filters. A fundamental understanding of
the effects underlying these observations is an important step
in this direction. This is achieved below by analyzing in
detail the transmission functions and relating the observed
trends to the relevant molecular orbitals.

In Table I we tabulate the porphyrin orbital energies at the
different spin states and upon binding to the thiolated gold
tips through the sulfur atom. The orbitals are listed in the
order adopted in the singlet form with the gold tips. We also
“borrow” the D,;, symbols for associating these orbitals to
the familiar notation of the Fe-porphyrin species. The first
two transmission peaks are related to the two highest occu-
pied porphyrin molecular orbitals. These orbitals involve a
complete 7 ring system. It is observed that these orbitals
transmit quite uniformly across the different considered
cases. The strong difference of the transmission is evident
due to combined broadening effects of these first band orbit-
als with the next orbitals. It is interesting to note that the
splitting of the first band is maximal for the porphyrin lack-
ing the iron center, which explains the almost vanishing
transmission between the two orbitals at around —5.1 eV.
The iron-porphyrin systems, on the other hand, all feature
more efficient broadening effects in the —5.0 to —=5.2 eV en-
ergy region.

62

the major factor responsible for
the strong dependence of the
transmission on the spin state.

: 54 5
Energy (eV)

(b) Geometry relaxation

Considering the next lower lying occupied orbitals, we
find that the functionalization of the porphyrin ring by the
gold tips breaks the degeneracy of the second band of iron-
porphyrin orbitals (the e, orbitals). These 7 orbitals involve
a diagonal connecting B-porphyrin ring sites located across
from each other. The more stabilized orbital is oriented along
the diagonal which is perpendicular to the line connecting
the two tips (noted perpendicular in the table). It is, there-
fore, expected to contribute less to conductance through the
porphyrin.

The orbital with higher energy, however, is found to be
functionalized along the line connecting the two tips and is
shown to affect substantially the transmission pattern (this is
noted parallel in the table). The splitting of the second band
locates this orbital closest in energy to the first band orbitals
in the singlet spin coupling case (this energy gap is referred
to above in comparing this gap to the noniron system sepa-
ration). This energy gap between the two bands for the dif-
ferent spin coupling states can be extracted from the orbital
energies table by the difference between the values in the
second and third rows. It is observed that for the singlet this
difference is the smallest and that it gradually increases with
the spin excitation. Even more important is the increase of
this value for the B case when compared to the « spin for
either the triplet and quintet spin multiplicities. This under-
lies the more efficient transmission observed for the singlet
state and the « spin channels at the energy region beyond the
first band (=5.4 to —5.9 eV). We consider, next, the trans-
mission through the remaining porphyrin orbitals which are
related to the 2-3 first bands. This trend of varying contribu-
tion of the Fe AOs is also well demonstrated in Fig. 5, where
all orbitals are drawn with the same isosurface value.

The next orbital listed in the table is also oriented along
the “correct” diagonal. It can be described as a superposition
of the free iron-porphyrin (FeP) a,, and b,, orbitals. An
illustration of this orbital is provided in Fig. 5 as well. This
orbital is shown to be further shifted to lower energies with
higher spin excitations and even further down for the 3 spin
orbital sets. This shift is also found to correlate well with the
decreasing contribution of the iron’s AOs to this orbital. It is
found that the PDOS on the iron AOs of this MO is decreas-
ing with the spin excitation or when considering the beta
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FIG. 5. (Color online) Porphy-
rin orbital diagram for the free
molecule and FeP at the different
spin coupling states with the gold
tip functionalization. Also inclu-
ded in the first two columns are,
respectively, the nonthiol func-

Energy (eV)

spin orbital. We list the relative contribution of the Fe’s AOs
by considering the percentage of projected DOS on the iron
from the total DOS of the full molecule in Table II. This
analysis is performed on the MOs of the cluster model.
Other orbitals listed in Table II in the relevant energy
region are found to present the same trends. The other orbit-
als which are considered here involve the other combination
(by,—ay,) of these porphyrin orbitals, the lower lying e, or-
bital and orbitals which are dominated by the AuS contribu-
tion (nonporphyrin orbitals). These orbitals are also listed in
the remaining rows in the orbitals table. It is noted that the
transmission due to these orbitals is highly dependent on the
relative weight of the Fe atomic orbitals. The 3 spin orbitals

tionalized porphyrin and singlet
FeP orbitals. Of high interest is
the apparent changing contribu-
tion of the Fe AOs to the e, por-
phyrin and AuS orbitals. All unla-
beled (black lines) states are of
Au[+Fe] character. Pure Fe orbit-
als have been omitted.

il

have substantially reduced contribution from the iron com-
pared to the corresponding « orbitals. This is correlated well
with much reduced transmission at the relevant energy re-
gion. The relation of decreasing transmission and iron par-
ticipation is also noted for the singlet, triplet, and quintet
spin coupled states, where the iron participation in the hy-
bridization of these MOs is essential to allow high transport
properties of these (diagonal) orbitals. Namely, the transmis-
sion is dependent on the iron as a linking unit for orbitals
which are not delocalized around the ring.

Effect of the axial ligation on transmission. The energy
splitting due to the spin state of the FeP molecules depends
on the axial ligands. The singlet spin state becomes the low-

TABLE II. The iron contribution to the molecular orbitals presenting strong spin dependence transmis-
sion. The percentage of the iron PDOS to the total DOS related to each orbital is listed. The values in

parentheses are the MO energies.

Orbital FeP Singlet FeP Triplet FeP Quintet
leg (=5.47) 17% (=5.58) 6.5% (-5.76) 1.2% (=5.65) 1.3% (=5.73) 1.2%
2eg (=5.87) 44% (=6.17) 24% (—6.78) 2.9% (-6.44) 5.6% (-6.70) 2.8%
AuS+Fe (-6.17) 5.7% (-6.22) 1.1% (-6.24) 0.18% (-6.22) 0.25% (-6.22) 0.22%
(-6.21) 33% (-6.27) 4.0% (-6.25) 0.61% (-6.30) 2.4% (-6.24) 0.69%
(—6.25) 63% (-6.61) 19%
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TABLE III. Relative energies of the Fe(Il) ion dependence on
the spin coupling state within different porphyrin-based ligation.
The geometry optimizations involving the single gold atom are in-
cluded as well as the single point calculations involving the tip
models. Energies are in Kcal/mol relative to the singlet coupling
state.

System Triplet Quintet
No gold-thiol
Fell -52.8 -91.8
FeP -32.4 -17.4
FeP-Im -5.5 -2.5
CO-FeP-Im 39.1 41.2
Single gold-thiol optimization
FeP -31.6 -22.2
FeP-Im -3.55 -3.51
CO-FeP-Im 29.1 57.1
Gold-tip-thiol SP
FeP -42.0 -354

est only with two axial ligands present (for example a histi-
dine group in heme proteins and an additional molecule on
the opposite site). In the singlet spin state planarity of the
porphyrin ring is preferred. On the other hand, when only a
single axial ligand is present distortion of the FeP plane is
well known to occur,’'3? where excited spin coupling states
become more stabilized. Therefore, transition to a domed
structure can be provoked, for example, from a fully six li-
gated system by dissociating the other axial ligand (CO, O,,
or N,).>3 Previous DFT studies have been shown to repro-
duce well this doming mode.>*® These energetics are also
summarized in Table III, where the axial ligation dependence
energetics of the thiol-gold functionalized porphyrin system
is summarized. In the table the singlet stability is demon-
strated to be achieved only at the full six ligation scheme, as
expected from the discussion above. Next we, therefore, con-
sider the effect of the presence of axial ligands on the trans-
mission curves and discuss its possible utilization.

We consider, first, the effect of the axial ligation on the
conductance at the same spin coupling state. In Fig. 6 we
provide a scheme which describes the considered five and six
ligated systems below. The axial ligation includes a CO mol-
ecule as the second axial ligand, where the histidine group is
the fifth ligand (first axial ligand). Our calculations show that
the axial ligation does not eliminate the transmission vari-
ances among the different spin states. Namely, the transmis-
sion of the six ligated singlet system resembles that of the
four ligated singlet case. Similarly we find for the quintet
case that the five ligated and four ligated systems present
similar transmission curves. The axial ligation in porphyrin
is known to add orbitals which are oriented perpendicular to
the plane, these orbitals do not seem to affect transmission
through the plane of the porphyrin. The corresponding T(E)
curves are provided in Fig. 7(a).

This, therefore, suggests the ability to promote a scheme
inducing spin-polarized current by a chemical manipulation.
This can be exploited practically, for example, to act as a
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FIG. 6. The considered change in the axial ligation from a five
ligated system to a six ligated system, where an addition of a CO
ligand as the second axial ligand is illustrated.

sensor, where a substantial increase in conductance can indi-
cate the presence of gas phase molecules as CO, N, and O,.
This is further demonstrated below by comparing directly the
conductivity plots of the five ligated system to the six ligated
system, where the effect of the additional CO ligand is em-
phasized. Certainly, the study of the differential response to
specific molecules is a desired and planned research direction
that may suggest an even more selective sensor.

Spin current. The conductivity of the different spin chan-
nels of the quintet five-ligated system and the singlet of the
six-ligated system are depicted in Fig. 7(b). Also provided in
the figure is the direct comparison of the summed conductiv-
ity plots (involving the sum over the spin channels at each
state). First we note again, that both the WBL and the TB
models of the bulk lead to very similar conductivity plots.
Second, it is demonstrated that for the spin-excited state the
current is dominated by the spin « transport, while the bulk
material is spin unpolarized. It is apparent that the sum of the
two spin variables is comparable (slightly below) to a single
singlet spin channel. This underlies the over-factor of two
drop of conductance predicted for the spin-excited state. The
difference in efficiency of electron-transport demonstrated
for the different spin channels can be exploited to generate
spin polarized currents defining a spin valve or a spin filter,
where the electron spin sites are within the device. There-
fore, it is essential to study the same effect, when the elec-
trodes are a ferromagnetic material.

CONCLUSION

To conclude, we have studied the structure-function rela-
tions of ligated porphyrin by a metal atom employed as mo-
lecular devices. First, large changes of the organic porphyrin
transmission due to ligation of the ring by an iron center are
noted. The strong ligation of metals by porphyrin and the
induced dramatic effect on transmission, therefore, imply the
possibility of using porphyrin-based devices for metal recog-
nition applications. Furthermore, the spin dependent trans-
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mission induced upon iron center ligation suggests an addi-
tional array of applications. The spin state of the ligated
porphyrin system can be controlled by a combination of uti-
lizing magnetic fields and manipulation of the axial ligation
scheme. The axial ligation determines the preferred spin state
of this system. In this study, strong variance of the transmis-
sion pattern upon change of the spin coupling state is pre-
dicted. Therefore, changes in the spin coupling state that are
induced by changes in the axial ligation of FeP molecules are
predicted to lead to large changes of the conductance. This
implies the applicability of the porphyrin-based system to
function as a sensing device. This device responds to the
presence of chemical species which interact with the porphy-
rin system as axial ligands.

The spin-coupling hierarchy of the conductance is shown
to obey the singlet, triplet, and quintet sequence. The con-
ductance drops are observed upon spin state excitation at low
voltage bias values of over 0.1 and become more dramatic at
the still modest bias of 0.5 and 1.0 V. As a final note, the
large changes of the transmission are associated with strong
spin polarization at the spin excited states, where the spin «

transmission dominates. This strong bias of the spin-
dependent transport can lead to development of spin filters or
spin valves. In this study the spin polarization site is within
the device as opposed to the majority of current spintronics
related applications.

Additional research is planned to gain insight on the con-
ductance properties of different ligated porphyrin systems.
This can assist in determining the optimal ligated porphyrin
molecular device and to distinguish the specific response of
the conductance to different ligating molecules. These inves-
tigations may explore related devices consisting of different
porphyrin derivatives and ligation of different metal ions. It
is also of interest to study the same effects with ferromag-
netic bulk materials, where it is predicted that the spin-
dependent transmission of FeP may be further utilized and
emphasized.
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