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ABSTRACT: Superior long-range electric transport has been
observed in several organometallic wires. Here, we discuss the
role of the metal center in the electric transport and examine
the possibility of high thermoelectric figure of merit (ZT) by
controlling the quantum resonance effects. We examined a few
metal center (and metal-free) terpyridine-based complexes by
first-principles calculations and clarified the role of the metals
in determining the transport properties. Quasi-resonant
tunneling is mediated by organic compounds, and narrow
overlapping resonance states are formed when d-electron
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metal centers are incorporated. Distinct length (L) and temperature (T) dependencies of thermopower from semiconductor
materials or organic molecular junctions are presented in terms of atomistic calculations of ZT with and without considering the
phonon thermal conductance. We present an alternative approach to obtain high ZT for molecular junctions by quantum effect.

1. INTRODUCTION

Organic molecular compounds are promising materials for
designing tailored functional devices."” A rich accumulation of
data on chemical modification and synthesis techniques is
available, and molecular orbital (MO) engineering sheds new
light on designing electric and energy conversion devices.>™®
Thermoelectricity of molecular junctions has been extensively
investigated to understand the quantum energy conversion as
well as electric and thermal transport processes. Papadopoulos
et al. showed that the nodal structure of the electric
transmission coeflicient appeared by attaching side groups to
a carbon backbone, and demonstrated that the nodal profile is a
result of the Fano resonance.” Finch et al. argued that a giant
Seebeck coefficient (S,) is achievable by controlling the Fano
resonance.”” Similar approaches to enhance S, were proposed
by several research groups such as 7 cross-conjugated molecules
by Ratner’s group'® or 7z ring molecules with asymmetrically
positioned anchors by Ke et al.'* All of the above approaches
are based on quantum interference effects between a dominant
tunneling orbital (conducting orbital) and localized states.
Because thermal conductance is suppressed by mismatching of
phonon density of states (DOS) between electrodes and
molecules, high figure of merit (ZT) seems to be expected.
However, a few problems exist in the above argument. First, the
electric conductance () of tunneling systems often exponen-
tially decreases as a function of the wire length (thickness of
film) L, that is, ¢ o exp(—pL) ."* A sufficient distance between
the hot and cold electrodes is necessary to keep a temperature
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(T) gradient, while the exponential decrease in the electric
conductance rapidly reduces the thermoelectric efficiency.
Second, controlling the position of Fano resonances is difficult,
which must be close to the Fermi level (Ep). Controlling the
resonance will strongly depend on the chemical nature of the
backbone and side groups as well as on the molecular
conformation. The use of gate voltage or electrochemical
control can be an alternative strategy; however, it is not
practical at the present stage.

In this study, we performed a theoretical analysis of the
coherent transport process in organometallic complexes and
discussed its thermoelectric properties. Our findings offer two
potential advantages provided by organometallic molecular
junctions to tackle the difficulties of molecular thermoelectric
devices. The first is that the suppression of the rapid decrease of
ZT by lengthening the wire is possible because of the
coexistence of the small # and mismatching of phonon DOS.
Recently, several research groups have shown that superior
long-range electric transport can be realized by nanowires or
self-assembled monolayers of metal-based redox-active center
molecules such as organometallic complexes."*~"” There is a lot
of scope for understanding superior long-range transport
mechanism, that is, whether the coherence is kept in the entire
long wire or the hopping mechanism is dominant by strong
electron-localization and electron—phonon interactions. How-
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ever, very recent studies show that a small # (1072=107* A7) is
possible by coherent transport within a 10-nm scale for several
organometallic systems. In the present calculations, we adopted
terypryridine-based complex systems and reproduced the same
order of magnitude for . We found that narrow overlapping
resonance states were formed by incorporating d-electron metal
centers such as Ru. Moreover, we observed the enhancement of
S, or violation of the Wiedemann—Franz (WF) law by narrow
overlapping resonance effect. Jaggy transmission coefficient is
roughly controllable only by an increasing number of complex
molecular units because each unit has a few quasi-degenerated
frontier orbitals that interact with each other. The above-
mentioned electric properties suggest an alternative quantum
interference effect to improve ZT, that is, lengthening the
organometallic wire instead of introducing side-group chemical
modifications. Here, we present first-principles results and a
detailed analysis of the length and temperature dependence of
ZT, in which the effect of the phonon thermal transport was
included. Hereafter, we use the atomic unit (e = % = 1).

2. ELECTRIC TRANSPORT OF ORGANOMETALLIC
COMPLEXES

Long-range electric transport has been reported for several
organometallic molecular wires in which Zn, Fe, Co, and Ru
centers were incorporated into organic compounds such as
oligo-porphyrin," bis(terpyridine),"” ap4,'® and bis(o-arylace-
tylide)."> The measured /3 values of bis(terpyridine)-based Fe
and Co complexes are 2.28 X 107> and 1.00 X 107,
respectively.'” Recently, Terada et al. reported f ~ 1.00 X
1072 A™! for a Ru complex multilayer film'® in which the unit
was terpyridine—phenyl—terpyridine. The measured f values
were only 1/10—1/100 of those of standard organic molecular
junctions; that is, the superior long-range electric transport is
realized by incorporating metal centers. A quasi-resonant
coherent tunneling mechanism involving the metal center
triggering the formation of resonance states was suggested.16
Generally, two charge migration mechanisms are considered
to analyze the electric transport of molecular junctions. One is
the coherent (ballistic) transport, and the other is the thermally
induced hopping (TIH) mechanism. It is difficult to identify
the mechanism that is dominant without the simultaneous
measurement of temperature and length dependencies.
Furthermore, an electron wave function can be delocalized
within several molecular units with the electron hopping
between these moieties. The temperature dependence of ¢ and
thermal activation energy, E, are important criteria to
understand the transport mechanism.'” The dominant
mechanism responsible for small f and scale of coherent
length of organometallic molecular wires is still being debated.
Recently, Sedghi et al. reported that E, of o-oligo-porphyrin is
much smaller than that of standard organic molecular wires.
They found that E, increases by lengthening the wire. This
behavior is opposite to the temperature dependence of E,
expected according to the small polaron theory, and they
concluded that the transport is coherent (direct) tunneling.15
The temperature dependence of a terpyridine-based Ru
complex was measured by Terada et al. with E, being ~107>
eV in low-temperature regime.'® While E, becomes ~1072 eV
in the room-temperature regime, the value is still so small that &
is almost temperature-independent. In other words, the
electron—phonon coupling strength is sufficiently weak.
Furthermore, recent theoretical calculations by weak coupling
theories such as lowest-order Born expansion or self-consistent

Born approximation have predicted that inelastic current is
<10% of the ballistic current for low-conductance systems in
the room-temperature regime.””>' Hence, we conclude that a
theoretical analysis omitting the electron—phonon interaction is
reasonable as the first approximation.

The prime focus is to discuss small 4 and quantum resonance
effect on ZT in organometallic complexes rather than verifying
individual experimental results. To avoid a huge computational
task and to determine the molecular conformation and
transport property, we introduced simplified organometallic
wires as model systems while adopting the same terpyridine
group previously used'®'” as a prototype organic compound.
The introduced system is illustrated in Figure 1. The adopted
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Figure 1. Chemical structures of the M complex wires connected to
the Au(001) electrodes. The left and right panels show one (1L) and
three (3L) organometallic molecular units, respectively. The label M at
the center of terpyridine represents Vac (metal-free), Cu, or Ru atoms.
The anchor atom is an S atom.

molecular unit consists of bis(terpyridine) and a metal center
labeled M, henceforth called an “M-complex”. Each M-complex
is directly connected to lengthen the organometallic wire, even
though several linkers such as ethylene,"® phosphonic acid,"®
and phenyl'” moieties were examined in the experiments. The
most simple anchors were selected for our model; that is, the
wire was anchored to Au(001) electrodes by thiol atoms. We
adopted M such that it contained transition metals and “metal-
free” as metal centers, that is, Ru (d-electron metal), Cu (s-
electron metal), and Vac [no metal in the bis(terpyridine)
unit]. Superior long-range transport has been observed for
organic compounds, including d-electron transition metal
complex such as Ru; however, there is no clear observation
of long-range transport for s-electron transition metal
complexes. Therefore, theoretical calculations of the above
three M complexes will provide detailed contribution of the
metal centers to small £. In addition, we calculated the S value
of the Fe complex. We lengthened the wire to three units and
referred to them as MI1L, M2L, and M3L, indicating that the
wire consisted of one, two, and three molecular units,
respectively. The structures were determined by spin-polarized
density functional theory (DFT). The calculated dihedral angle
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between the molecular planes of the adjacent terpyridines was
~30° as a result of the direct connection of the neighboring
terpyridine units. The length of the complex molecular unit was
~10.9 A for all of the systems. The existence of a metal center
or dependence of metal species did not alter the molecular
conformation and wire length (length <0.2 A).

3. RESULTS AND DISCUSSION

3.1. Long-Range Electric Transport and Narrow
Overlapping Resonances. The electric transport properties
were calculated by the nonequilibrium Green’s function
(NEGF) method.”> > Conductance of the Vac complex wire
is lower than 10™® G, when the wire consists of more than two
Vac complex units (Vac2L). By incorporating a Cu atom, the
conductance values of CulL, Cu2L, and Cu3L become large
enough to evaluate . The resulting plot is illustrated in Figure
2, and the obtained /3 is 0.34 A™", which is of the same order as
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Figure 2. Log plots of conductance as a function of length and linear
fittings for M complex wires, where M is Cu (4), Ru (M), and Fe
(A). The conductance values at the zero temperature limit were used
for plotting. The temperature dependence of conductance does not
change the order of § of each metal center.

that of a standard organic molecular wire. On the contrary, the
incorporation of a Ru atom drastically reduces 8. The calculated
fis 4.00 X 107 A™" for Ru complex wire (Figure 2). Our result
reasonably agrees with f§ reported in the previous experimental
studies; however, several other anchor units or linkers were
used. We checked the temperature dependence of § to account
for the temperature factor of the Fermi distribution. This
temperature dependence is sometimes important when the
transport is resonant tunneling and the sharpness of the
isolated resonance peak is close to the derivative of the Fermi
distribution function."> We calculated S by varying the
electronic temperature from 100 to 300 K for the Ru complex.
The obtained S value is less than 7.50 X 107> A™! over the
entire temperature range, although the largest deviation from f
at T = 0 K was observed at T ~ 200 K. Thus, we confirmed
that, by using first-principles calculations, superior long-range
transport by direct tunneling (not TIH) is possible and that the
exponent factor f§ strongly depends on the metal species.

To verify the role of the metal center, we calculated the local
electric current vectors, which are defined as the non-
equilibrium bond-current on each atom>**’ (Figure 3). The
magnitude of the bond-current is represented by the brightness,
and it is normalized for each system. The vectors whose
(normalized) current density are lower than 0.2 are not plotted
to show the role of metal to tunneling path. From the
definition, the sum of influx and outflux of bond-current is zero
when the total charge in the device region is conserved. In the
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Figure 3. Local current vectors in the Vac, Cu, and Ru complex. The
magnitude of the current density on each atom is represented by the
brightness of the arrow (ie., the brighter are the arrows, the larger is
the current intensity). The current intensity is normalized, the
maximum intensity is set to unity for each system, and magnitudes
smaller than 0.2 are not presented.

present calculation, the current vectors were estimated by low-
bias limit approximation as shown in the Supporting
Information, and the charge was conserved within reasonable
numerical accuracy. The Vac and Cu complex have a
considerably small local electric current on all atoms. On the
contrary, clear bond-currents on the terpyridine rings were
found in the Ru complex; that is, the tunneling electron passes
through the terpyridine rings. It is also notable that no local
electric current vector was found on Ru atoms. This result
contradicts the inference that quasi-resonant tunneling is
mediated by a metal center. To clarify the role of the metal
center and carbon backbone separately, we calculated the site-
energy alignment. The quantitative site-energy alignment can
be obtained by a first-principles molecular projected state
Hamiltonian (MPSH), in which the energy-shifting and
broadening of the spectra by coupling with the outer region
are included by effective Hamiltonian formalism.”® We defined
the sites by dividing each M complex into chemical subgroups,
for example, anchor (thiol atom), terpyridine moieties, and
metal centers. Because the site energies depend on the spin
components, we selected those of the major spin state. Here,
the major spin state is defined as the component giving the
largest conductance. The resulting site-energy diagrams are
shown in Figure 4, where Ey, is set to zero. In the Vac complex
wire, the site energies of the terpyridine groups are aligned
along the energy level ~1.5 eV above the Ep. Because the
transfer integrals between the terpyridine moieties are much
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Figure 4. Site-energy diagrams for each group of Vac3L, Cu3L, and
Ru3L wires. The Fermi level of the electrode is set to zero, and the site
energies are given in eV. Inset: Site symbols.
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smaller than 1.5 eV, the tunneling is completely off-resonant
and has approximately zero conductance. Here, we briefly
comment that the site-energy levels of the terpyridine groups
relating to tunneling are higher than Ep. This is consistent with
the recent theoretical analysis that the tunneling electron of
pyridine systems passes through the lowest unoccupied
molecular orbital (LUMO), and it has also been experimentally
confirmed.” ' Despite overestimating the absolute value of
the conductance, NEGF-DFT provides reasonable results of
the relative values of conductance and is useful to analyze
universal transport properties.>> Therefore, the DFT error does
not seriously affect our discussion. The correction of the
highest occupied molecular orbital (HOMO)-LUMO gap by
GW approximation, etc., is required for a more quantitative
analysis of the experimental observations,> >* while such
quantitative analysis is out of our purpose.

By inserting metal centers, the site-energy alignment rapidly
changes. When Cu is incorporated, the site energy of Cu had a
value (—2.00 eV) similar to the difference between the Cu ionic
potential and the work function of an Au electrode (~ —2.25
eV). The site-energy level of Cu is considerably low to mediate
resonant tunneling. However, energy levels of the terpyridine
sites shift down (~1.30 eV) to Eg as compared to those in the
Vac complex. By replacing the metal center from Cu to Ru, the
terpyridine energy level lowers by more than 1.60 eV, and the
energy difference from E is only 0.03 eV. On the contrary, the
site-energy level of Ru (—S5.18 eV) is much lower than that of
the Cu, even though the ionic potentials of Cu and Ru are
comparable. These MPSH analyses suggest that the site-energy
alignment is influenced by the metal center, and the path of
tunneling is terpyridine (organic compound) groups. The metal
species dependence of /3 relates to the ability to align the energy
of terpyridine to Ep; however, the energy level of the metal
itself is less important. We performed additional calculations on
the Fe complex by using the same model. The f value of the Fe
complex is 6.00 X 107> A™' (Figure 2), and the site-energy
alignment is qualitatively the same as that of the Ru complex
wire. To understand the electronic interaction between the
terpyridine compound and the metal center, we estimated the
charge donation between them by using the calculated density
matrix. The donation of an (partial) electron from the metal to
the terpyridine is observed in all of the studied complexes.
However, the total charge donated by Ru and Fe centers is
about 0.5 e larger than that from Cu. This difference originates
from the d-electron of the metal atoms. The shift of the site
energies of the terpyridine to Eg is caused by an additional
electron occupation in the terpyridine orbital.

Next, we checked the profile of the transmission coefficient
7(E), which is a function of the electron energy E and sum of
the major and minor spin components. The plots for RulL and
Ru3L systems are shown in Figure 5. To clarify the resonance
states relating to the distinct peaks, we performed a projected
molecular orbital (PMO) analysis of the RulL system, in which
the PMOs are the eigenstates of the MPSH matrix. Because we
constructed an effective Hamiltonian, the complex energy is
defined for each PMO ¢,. The real part is the MO energy &,
while the imaginary part consists of two terms y; and . These
terms represent the “electronic coupling strengths” of each
PMO with the left (y.) and right (yz) electrodes. The first-
order contribution of the PMO ¢, to the resonance profile is
identified by the Breit—Wigner formula as™®
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Figure S. Log plot of the calculated transmission coefficient 7(E) as a
function of energy. The upper and lower panels are relative to RulL
and Ru3L, respectively.
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PMOs of the major spin state of RulL are summarized in
Figure 6. There are four nearly degenerate PMOs close to Eg
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Figure 6. Spatial distribution of the projected molecular orbitals
(PMOs) of RulL junctions. The electronic couplings with the left and
right electrodes (in eV) are also shown for each PMO.

for both spin states within ~0.2 eV, and all of the PMO
energies are above Ep. The difference in the major and minor
spin PMO energies is smaller than 0.05 eV. We refer to them as
LUMOI1-LUMO4. Even if the DFT error is included, the
LUMO levels are closer to Ep than the HOMO level; thus, it is
reasonable to conclude that the present four LUMOs dominate
the tunneling. This result is consistent with other theoretical
and experimental data on pyridine-based systems.*®
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According to eq 1, contributions from the four LUMOs to
the transport are not equivalent, and in comparison to LUMO1
and LUMO4, LUMO2 and LUMO3 dominate the electron
tunneling because of the larger product between y; and y.
However, each resonance state is not an isolated resonance. For
instance, the energy difference of neighboring PMOs in RulL is
within ~0.0S5 eV, and these states can overlap. The interaction
between each resonant state (off-diagonal element of HPP) is so
small that each resonance state can be identified by every ¢,;
that is, they form weak overlapping resonances. From this PMO
analysis, we concluded that the four comparable peaks in the
7(E) of RulL are related to the overlapping resonances of
quasi-degenerated PMOs. Furthermore, the terms y; x depend
on E [Supporting Information and eqs $4,SS]. According to
these effects of energy dependence of y and the overlap of
resonances, each peak profile differs from that of a narrow
isolated resonance. Usually, the charging effect by strong
localization of a tunneling electron can be important when an
electron passes an isolated narrow resonant state. On the
contrary, in the present systems, an overlap of the resonance
width forms the wide nonzero background in the transmission
spectra. This non-Lorentzian profile makes the analysis by the
NEGF-DFT approach possible, revealing that the tunneling
time is faster than the possible trapped time in each resonant
state; this theoretical consideration is consistent with the
argument of the transport mechanism suggested by the
previous experimental studies described above.'®'” The most
important factors for the following arguments about thermo-
electricity are the small f and the control of the quantum
resonance profile of 7(E) by linking many molecular units. By
increasing the number of Ru complex units, the number of
quasi-degenerate MOs is increased. Therefore, the number of
narrow peaks should also increase, as confirmed by the finding
that 7(E) of Ru3L has more overlapping peaks. Through
interactions between the resonance states, some peak positions
of Ru3L shift closer to Eg than those of RulL. In other words,
the resonance peak positions are controlled by the number of
the organometallic complex units, with more numerous units
making 7(E) a more jaggy function.

3.2. Narrow Overlapping Resonance Effect on
Thermopower and Lorentz Number. As discussed in the
above section, overlapping resonances are controllable by
increasing the number of organometallic molecular units. S, is
roughly estimated by the Mott formula, S, « T(0 In 7)/(9E)lg,

and the cusp shoulder at E & Ej; of a nodal/jaggy 7(E) gives a
large S.. On this basis, the enhancement of S, has been
proposed for several single-molecular junctions,” where nodal
7(E) is presented by controlling the Fano resonance. The Fano
profile of 7(E) can be found in molecular junctions when
continuum (tunneling) and bound (localized) states are
moderately mixed by interferences. In most cases, the
continuum and bound states depend on the electronic states
of the 7-conjugated backbone and side group, respectively. The
designed molecules are sometimes called cross-conjugated
molecules.* ""*7* In addition to searching promising side
groups, the optimization of electrodes and nanostructured
materials was discussed.”® On the contrary, the narrow
overlapping resonance is the interference of the weakly
interacting quasi-degenerate tunneling states.*!

As predicted by the first-principles calculations, narrow
overlapping resonances by quasi-degenerate MOs are respon-
sible for the long-range transport of organometallic complexes.

The plot of 7(E) of the Ru complex becomes multipeaked
jaggy, and some of their shoulders (or cusps) move toward Ep.
Therefore, a larger S, than that of the usual off-resonant or
broad-resonant tunneling systems is expected. We compared
the temperature dependence of S, of the RulL and Ru3L
junctions. S, is obtained by using the Onsager coefficients L)
and L(l)'

3 1 L(l)
¢TI )
The nth-order coefficient L™ is defined as

m_ 1 _ of(E, T) — E.)'r
1= —~ / dE( = )(E E)'z(E) 5

where f is the Fermi function. The calculated S, is plotted as a
function of temperature in Figure 7. S, is proportional to L for

-200 I T T | | I
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Figure 7. Plots of the Seebeck coefficient (S,) of RulL and Ru3L as
functions of temperature in the 50—400 K range. The blue dashed and
red solid lines represent the plots of RulL and Ru3L, respectively.
Inset: Plots in the temperature zone below 25 K. In the limit of T — 0,
S. approaches zero.

standard organic molecular wires; however, this does not apply
to Ru complex. From the viewpoint of material design, our
approach and the use of the Fano resonance are very different;
that is, the former is realized by optimizing the number of
molecular units (e.g, assembling), while the latter requires
chemical modification of the side groups. The temperature
dependence of S, in Ru3L is more distinctive. S, is a
monotonically decreasing function of the temperature and
changes its sign at ~220 K. The distinct sign change of S, is
triggered by two or more narrow peaks of 7 located close to
each other as well as to Ep.

The large thermopower is obtained by enhancing S,;
however, the efficiency of thermoelectric conversion is
characterized by ZT, which is defined as ZT = (6S%)/x,
where « is the thermal conductance. When the phonon effect is
neglected, the electric and thermal conductance are represented
as

c=19 4)
K. = L ® - —(L(l))?‘
Y ° (5)
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where the thermal conductance term is rewritten as k,, and thus
Z.T = (6S2)/k.. At first glance, three strategies appear to
achieve a large Z.T: (i) enhancing S,, (ii) increasing o, and (i)
suppressing k.. However, strategies (ii) and (iii) would be
difficult because the modulation of ¢ and « cannot be achieved
independently if the WF law is satisfied, which states that the
Lorentz number (L, = k,/c6T) is constant. The constant value
(WF constant, Lyyg) is equal to (7°kz)/3 for noninteracting
systems, where kg is the Boltzmann constant. However, recent
theoretical analyses have proved that the WF law can fail in
mesoscopic conductors*” or small molecular wires.**** A
previous study** states the validity of the WF law by
considering the energy integral of the Onsager coeflicients.
When the sharpness of the function (df)/(3E) is comparable to
that of the resonance peaks of 7(E), the jaggy 7(E) is not simply
averaged, and thus the WF law will be violated.'>* Because the
7(E) of Ru3L satisfies the above condition, the deviation from
the WF law is expected. However, the violation of the WF law
can provide both larger and smaller L, than Ly Large L,
eliminates the advantage of large S, because Z.T is expressed as
Z.T = (82)/Ly ; thus, it is useful to check whether L, is in the
preferred/reasonable range (L,/Lyr << 1, 1 & L,/Lyg). The
calculated Lorentz number L,(T) and Z.T are given in Figure
8a and b, respectively. The WF law holds for RulL up to 300 K
because the resonance positions are ~0.04 eV above Eg, even
though their sharpness is sufficiently comparable to that of
(9f)/(9E) at T > 50 K. On the contrary, deviation from the WF
law is found clearly for Ru3L in the focused temperature region
of 50—400 K. In particular, L; is lower than Ly at T = 150 K.
The maximum value of L, is 2Lyyg, and hence the deviation
from the WF law does not significantly suppress Z.T.

S. is proportional to L, and Ly is independent of L; thus, Z,T
is approximately proportional to L* for standard molecular/
atomic wires.”” On the contrary, Z.T of Ru complex can be
more rapidly increased than L* because of the jaggy profile of
7(E). Note that the efficiency of the thermoelectricity strongly
depends on the working temperature of the device according to
a strong temperature dependence of S.. A sign change of S, and
zero ZT in the specific temperature region are the distinct
features of thermoelectric materials via overlapping resonance.

3.3. Figure of Merit and Effects of Phonon Thermal
Transport. Finally, we considered the effects of phonon
thermal transport on ZT. When the electron—phonon
interaction is neglected, the thermal conductance « is
represented by the sum of the electric and phonon thermal
conductances, that is, kK = K, + K. Assuming that phonon
transport is ballistic in the wire, the phonon heat flux is
expressed by the phonon transmission coefficient 7,;,(w) as

1 / BE BE
= — [dowr,(w)N, — N,
] o ph( )( L R ) ( 6)
where NE?R) is the Bose—Einstein function at T = Ty ). The
phonon thermal conductance is defined as a function of the
average temperature T:

1 ON*(w, T)
Kph —/dm wTrph(a})

_271'

)
We adopted a weak-link approximation®® to calculate Ty While
the surface phonon Green’s functions of the electrodes were
rigorously calculated by DFT. Next, the Green’s functions were
assembled into a finite contact region. Therefore, anisotropic
effects of the finite contact region and surface structure (e.g,

the effects of the transverse and longitudinal surface modes and
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Figure 8. (a) Lorentz number and (b) figure of merit calculated by
omitting the phonon effect of RulL and Ru3L wires plotted as
functions of temperature in the 50—400 K range. The blue dashed and
red solid lines represent the plots of RulL and Ru3L wires,
respectively. The Lorentz number is normalized by the Wiede-
mann—Franz (WF) constant. Inset (a) highlights the Lorentz number
in the temperature zone below 25 K. In the limit of T — 0, the Lorentz
number approaches the WF constant.

the surface Miller index) are included in the present calculation
of Tph‘

Figure 9a shows the resulting phonon thermal conductance
of RulL and Ru3L. The raising part of k,, is slightly more
gentle than the power law (Kph o« T°) even though the
temperature is lower than the Debye temperature (T < 100 K)
due to anisotropy by bulk termination.*® The monotonous
decrease in k,, as a function of L corresponds to the decrease in
stiffness. For comparison, we calculated k,,;, of Cu3L. When the
wire is strained, deformation of the Cu complex is larger than
that of the Ru complex. As a result, the change in the energy of
Cu complex is larger by the same strain value. The calculated
stiffness of Cu3L is 2.1 times larger than that of Ru3L. The
plots of ZT including k;, are given in Figure 9b for RulL,
Ru3L, and Cu3L. We found that ZT becomes much smaller
than the corresponding Z.T in all cases, but in particular for T
< 100 K. To analyze the length dependence of ZT upon
phonon effects, we rewrite ZT as
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Figure 9. (a) Phonon thermal conductivity and (b) figure of merit of
Cu3L, RulL, and Ru3L wires. All plots are given as functions of
temperature. The blue dashed and dotted, red dotted, and red solid
lines represent the results of Cu3L, RulL, and Ru3L wires,
respectively.

_ zT _ZT
1+ Kph/Ke 1+K (8)

The calculated & of RulL and CulL are 4.0 X 10* and 2.2 X 107
at low temperatures (~50 K), while they are 5.6 X 10* and 2.6
X 10° at high temperatures (~350 K), respectively. ¥ of the Cu
complex wire increases more rapidly than that of the Ru
complex wire as a function of L because the length dependence
of k is approximated as kK o« L™ exp(ffL) at low temperatures.
Because of this slow increase and a large Z.T, Ru3L has a ZT
significantly larger than zero. Because k, assumes an almost
constant value as a function of temperature in the high-
temperature region, the temperature dependence of X is
dominated by «, at high temperatures. Similar to Z.T, ZT of
Ru3L clearly increases above 250 K and reaches ~0.05 at 350
K. However, k,, is still much larger than k,, and ZT of Ru3L
reduced to 11% of Z,T at 400 K by phonon thermal effect.
Here, we emphasize that in comparison to a single unit, a
wire lengthened by the organometallic molecular units better
improves ZT; that is, (i) large S. is achieved by narrow
overlapping resonances and (ii) the rapid decrease in ZT
because of the relatively increased phonon effect caused by the
lengthening of the wire is suppressed by a small . In addition,
in the field of phonon engineering, phonon mismatching
between the electrode phonon and internal vibrational modes

of molecules is expected. Several ZT of organic molecular
materials have been reported; however, these materials are
either conducting polymers or composite systems.*”*® Their
ZT values are typically 0.1—0.2 at room temperature, which is
similar to the value obtained for our Ru3L system; thus, our
simulation predicts that an organometallic molecular material is
an alternative promising candidate for thermoelectric circuits of
organic compounds.

4. CONCLUSIONS

We studied the role of metal centers in superior long-range
electric transport of organometallic molecular wires by means
of first-principles calculations. We adopted terpyridine-based
complexes as computational model systems. We observed that
quasi-resonant tunneling is mediated by organic compounds.
First-principles calculations predict that incorporated d-electron
metals such as Ru drastically improve the site-energy alignment
of organic compounds by charge donation. A complex
molecular unit has quasi-degenerated MOs that form over-
lapping resonances when the unit is used for lengthening a
wire; the transfer integrals between the units are so small that
their resonance are weakly overlapping. This length-dependent
resonance profile prevents a rapid decrease of conductance
allowing for small . The jaggy profile of the transmission
coeflicient is practically achieved by lengthening the molecular
wire (i.e., by increasing the number of organometallic molecular
units).

Controlling overlapping resonances is an alternative
approach to use the Fano profile for increasing ZT by quantum
effect. The jaggy profile of the transmission coefficient can be
controlled by optimizing the wire length; moreover, it enhances
the Seebeck coefficient and/or provides the violation of the WF
law. For the studied Ru complexes, the Seebeck coefficient is a
monotonically decreasing function in the focused temperature
region that changes its sign. The results show that ZT is almost
zero in the limited-temperature region. Shifting this specific
temperature from the target temperature of the device is an
interesting MO engineering problem.

The effect of phonon thermal transport was considered in
the weak-link mode with the explicit calculation of phonon self-
energies. ZT is reduced by phonon thermal transport. However,
because of a small § value, the length dependence of the
phonon thermal effect on ZT is suppressed. This is another
advantage of organometallic wires. To develop high-ZT
materials using organometallic molecules, further careful design
of MOs and anchors is required. This will be possible by
designing conducting MOs satisfying the symmetric electronic
coupling strength with left and right electrodes.'®*® A
promising approach is to design a 7z-contact multiple-leg
anchor for organometallic molecular units such as a tripodal
pyridine moiety.*’
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