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ABSTRACT: Single-molecule spintronics, where electron transport
occurs via a paramagnetic molecule, has gained wide attention due to its
potential applications in the area of memory devices to switches. While
numerous organic and some inorganic complexes have been employed
over the years, there are only a few attempts to employ exchange (€]
coupled dinuclear complexes at the interface, and the advantage of

fabricating such a molecular spintronics device in the observation of x Mw\q

switchable Kondo resonance was demonstrated recently in the f
«—7

dinuclear [Co,(L)(hfac),] (1) complex (Wagner et al, Nat. Nano-
technol. 2013, 8, 575—579). In this work, employing an array of
theoretical tools such as density functional theory (DFT), the ab initio l
CASSCEF/NEVPT2 method, and DFT combined with nonequilibrium
Green Function (NEGF) formalism, we studied in detail the role of
magnetic coupling, ligand field, and magnetic anisotropy in the
transport characteristics of complex 1. Particularly, our calculations not only reproduce the current—voltage (I—V) characteristics
observed in experiments but also unequivocally establish that these arise from an exchange-coupled singlet state that arises due to
antiferromagnetic coupling between two high-spin Co(II) centers. Further, the estimated spin Hamiltonian parameters such as J, g
values, and D and E/D values are only marginally altered for the molecule at the interface. Further, the exchange-coupled state was
found to have very similar transport responses, despite possessing significantly different geometries. Our transport calculations unveil
a new feature of the negative differential resistance (NDR) effect on 1 at the bias voltage of 0.9 V, which agrees with the
experimental I—V characteristics reported. The spin-filtering efficiency (SFE) computed for the spin-coupled states was found to be
only marginal (~25%); however, if the ligand field is fine-tuned to obtain a low-spin Co(II) center, a substantial SFE of 44% was
noted. This spin-coupled state also yields a very strong NDR with a peak-to-valley ratio (PVR) of ~56 - a record number that has
not been witnessed so far in this class of compounds. Additionally, we have established further magnetostructural-transport
correlations, providing valuable insights into how microscopic spin Hamiltonian parameters can be associated with SFE. Several
design clues to improve the spin-transport characteristics, SFE and NDR in this class of molecule, are offered.
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B INTRODUCTION

Molecular spintronics is one of the fascinating areas of

Spintronics exploits this behavior of these devices for their
applications in device makeup. In this regard, many efforts are

electronic devices. Internal degree of freedom initiates electron
transport through a specific magnetic single-molecule spin-
tronic device by applying an external bias voltage across the
leads."”” With the advancement in the technological areas on
par with fundamental physics, the spin degree of freedom of
the electronics has been applied in the spintronic devices.® The
electron current is composed of spin-up and spin-down
carriers, which, in turn, carry information encoded in their
spin state and thus behave differently with an externally applied
magnetic field. This information, which is encoded in spins,
persists even after the magnetic field is removed; thus, such
devices can be manipulated without external magnetic fields,
and the information can be written using low energies.
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now being applied to develop spintronic devices that can
preserve and exploit quantum coherence. Recently, Sham and
co-workers reported a spin-based logic in semiconductors
where spin accumulation is used as a basis of the semi-
conductor in computer circuits.” Shi and co-workers also
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Figure 1. (a) DFT optimized structure of ',y The green arrows show the D_, direction. (b) Ab initio CASSCF computed AILFT splitting
diagram of the Co(II) sites for complex '1,4. Color code: pink, Co; yellow, S; light blue, F; red, O; blue, N; gray, C. Hydrogen atoms have been

omitted for clarity.

reported the injection, transport, and detection of spin-
polarized carriers in a spin valve where an organic semi-
conductor is used as the spacer layer.” New applications such
as organic light-emitting diodes (OLEDs) and organic
transistors are explored using organic molecules.®

In spintronics, the use of single-molecule magnets (SMMs)
is of great interest as they show bulk magnetic properties such
as slow magnetic relaxation, magnetic hysteresis, and quantum
properties like quantum coherence and quantum tunnelling of
magnetization at a nanoscale level, all of which are appealing
for high-density storage and memory devices.””'" Incorpo-
ration of paramagnetic transition metal molecules in spin
transistors provides a new robust technique because the orbital
and spin degrees of freedom can be controlled through
established chemistry. Many transition metal complexes such
as Mn,,, Mn,, Mny, and Fe, have been explored for molecular
spintronic devices.'”~"” Some spin-crossover (SCO) systems,
such as a mononuclear hexacoordinated Fe" complex, have
also been studied because of the ability to switch the molecule
between high spin to low spin.'® As far as the application of the
metal complexes as spintronic devices is concerned, it is a well-
known fact that the complexes which show SCO behavior are
the best candidates among all other complexes to be used as
spin filtering devices.'” This is probably because such
complexes can easily switch between two states (low-spin to
high-spin state) such that either of the states can yield a better
path for the transmission of the high current density through
either the spin-up (a) or spin-down (f) channel. This, in turn,
leads to the high spin-filtering efficiency (SFE) of the device
obtained from such complexes. Further, the spin on the SCO
complexes can be controlled by various external stimuli such as
light, pressure, temperature, and electric and magnetic fields,
offering further advantages for multifunctional materials.”®”’
Thus, such complexes can be richly exploited for the

development of electronic, spintronic, high-density data
storage, nanoscale electronic, and single-molecule devices.
Many cobalt (Co) and iron (Fe) based complexes have been
reported to behave like SCO complexes.”” Recently, Yang et al.
have reported a Fe SCO complex, [Fe(gsal-Cl),] (gsal =
quinolylsalicylaldimine), studied its transport properties using
a combination of density functional theory (DFT) and the
nonequilibrium Green’s function (NEGF) formalism, and
reported a perfect spin filtering device yielding SFE close to
100% for the S = 2 spin state with f-current carriers as the
major channel for transport.'” Further, Ruiz and co-workers
have reported a Fe'' SCO complex, trans-[Fe(tzpy),(NCS),]
(tzpy = 3-(2-pyridyl)[1,2,3]triazolo[1,5-a]pyridine, NCS =
isothiocyanato), with the SFE of 100% and a dominating -
current carrier.'® Other than Fe!" complexes, Co™! mononuclear
complexes were also reported to exhibit SCO phenomena
between a low-spin (ls) tzgéegl (S = 1/2) to high-spin (hs)
ty e, (S = 3/2) and have been reported to yield superior
SFEs.”>*° Despite Fe'/Co'' systems being robust toward
SCO properties, retaining the SCO characteristics at the
interface is often challenging as the nature of the metal—ligand
interaction, which is very delicate for the observation of SCO
often altered at the interface. An alternative approach to such
SCO systems has been explored with the [Co,(L)(hfac),] (1)
(here L = 5,5'-di(4"’,4’"'-di-S,S’-thiophenylethynyl)-2,2-bipyr-
imidine and hfac = hexafluoroacetylacetonato) complex. In this
particular complex, the two Co(II) centers exhibit exchange
coupling. External bias-voltage manipulation has been
successfully employed to switch between these exchange-
coupled states, a behavior akin to the observed SCO
phenomena.”” As exchange coupling in polynuclear complexes
is more robust and can be retained at the interface, such
molecular clusters offer a greater chance of developing a spin-
filter with greater efficiency for device fabrication—a challenge
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Figure 2. Molecular junction device of '1;,,. Color code: pink, Co; yellow S; deep yellow, Au; light blue, F; red, O; blue, N; gray, C. Hydrogen
atoms have been omitted for clarity. Here, the Z-direction is the transport direction, and the Fermi energy is set to zero. Bond lengths (A) of Au—S,

Co—N, and Co—O are shown.

that the community has been attempting to solve for a long
time. While 1 has been shown to have an S = 0 ground state
arising from antiferromagnetic coupling, an excited pseudo
triplet exchange-coupled state was accessible via a bias-
voltage.”’

Here, the goal of the work is to study the magnetic and
quantum transport properties of a molecular junction device
constructed by tethering complex 1 to the gold nanowires
(leads) with an aim to answer the following intriguing
questions: (i) Do the spin-state and spin-coupled state of
Co(II) alter upon tethering at the interface? (ii) What is the
role of exchange interactions and ligand-field induced spin-
states (high-spin vs low-spin) in modulating the transport
characteristics? (iii) Is the observation of the negative
differential resistance (NDR) effect, spin-state dependent?
And what is the origin of the NDR observed? (iv) Is it possible
to improve both NDR performance as well as spin-filtering
efficiency via exchange-coupling or ligand field modulation?

B COMPUTATIONAL DETAILS

A periodic DFT/PBE optimization of complex 1 (see Figure 1(a))
and a molecular junction device was performed using Geodecker-
Tetter-Hutter (GTH) pseudopotential, double-{-valence-polarized
(DZVP) basis sets for all atoms and the Gaussian augmented plane
wave (GAPW) method as implemented in the CP2K-6.1.0 suite. ¥
The employed pseudopotential was expected to address the
relativistic effects of the heavier elements.® Perdew—Burke—
Ernzerhof (PBE) generalized gradient approximation (GGA) for the
exchange-correlation functional and an energy cutoff of 400 eV and
convergence cutoff of 10™* eV/A were used.’’ To construct a
molecular junction device, we used gold Au (111) nanowires as left
(L) and right (R) electrodes and a buffer region to avoid close contact
of electrodes with the molecular device.””** The optimization of
molecular junction devices was carried out without any constraints on
the atomic positions of the gold atoms. The —COCH; group attached
to sulfur in 1 is modified to a sulfur neutral (radical) atom to make
stable interactions with an odd number of Au interfaces, enabling
strong gold and sulfur radical antiferromagnetic coupling, which is
extremely strong and has therefore been considered as an overall
singlet state.>* The central scattering region consists of a few gold
atoms and complex 1 (see Figure 2). The Au—S bond distance is
found to be 2.32 A. The magnetic exchange coupling constant (J) in
complex 1 and at the interface between different spin states was
computed with B3LYP/def2TZVP methodology using Noodleman’s
broken symmetry approach in the Gaussian 09 suite.”> >’

To compute the zero-field splitting (ZFS) parameters (D, E) and
magnetic anisotropy of Co(II) metal centers, the ORCA-4.0.1 suite of
programs was used.”® The complete active space self-consistent field-
quasi degenerate perturbation theory-effective Hamiltonian approach

(CASSCF-QDPT-EHA) followed by ab initio ligand field theory
(AILFT) has been performed.*~*' The NEVPT2 (n-electron valence
second-order perturbation theory) calculations were also performed
on the top of the CASSCF wave function to account for the dynamic
correlation.*”™** To account for the scalar relativistic effect, a second-
order Douglas Kroll Hess (DKH) Hamiltonian was used. The DKH-
contracted version of basis sets like DKH-def2-TZVP (triple-{ valence
polarized) for Co and S and DKH-def2-TZVP(-f) for N and DKH-
def2-SVP for the rest of the atoms was used during the calculations.
The CASSCF-NEVPT?2 energies were calculated by considering 10
quartet roots and 40 doublet roots. An active space of CAS(7, S) was
used to calculate the ZFS parameters of each Co(II) center, and the
corresponding orbitals that are employed for this calculations are
shown in the SI. The quantum coherent transport properties were
calculated using DFT combined with the NEGF formalism
implemented in the Transiesta code.* ™ We used the PBE
exchange-correlation functional for our calculations.”” Troullier-
Matins norm-conserved pseudopotentials were applied to define the
interaction between the valence and core electrons.”® We used a
single-{-polarized (SZP) basis set and one electron pseudopotential
for the Au atoms, while the double-(-polarized (DZP) basis set was
used for all other atoms.”” A mesh cutoff of 150 Ry was used to
describe the grid’s density, and I'-points for Brillouin zone sampling
were used for both real and reciprocal space grids. To compute the
spin-polarized current through a molecular junction device, a finite
bias voltage was applied across the leads ranging from 0.0 to 1.0 V (in
steps of 0.1 V). We computed the zero-bias transmission spectra
[T,(E, V) at an applied bias of V = 0] using eq 1:

T,(E, V) = Tr[[,G, TR GS] (1)

Here, ¢ stands for the spin-up and spin-down channels (¢ = 1/1). Go
is the retarded Green’s function of the scattering region, and I'y  is
the coupling matrix between the scattering region and the left/right
electrode. The spin-resolved current (under externally applied biases)
through the molecular junction device is calculated using the
Landauer-Biittiker formula®*' as shown in eq 2

L) = 2 [TE VIFE - 1) = fE = p)dE] o

where f(E — p;g)) is the Fermi function, while g stands for the
chemical potential of the left/right electrode. The SFE at a given bias
voltage is defined as

IL(V) + (V) (3)
and the SFE at zero bias voltage is calculated as
IT,(5)) - Ty(E)

SFECV'=0) = 0 ) + 1,E) @
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Figure 3. Spin-resolved T(E) (upper panel) and pDOS (down panel) of "1,y (3, ¢) at zero-bias voltage and 1,4, (b, d) at zero-bias voltage. Black
and red colors correspond to the @ and f spin channel contributions, respectively. The Fermi energy (Eg) is set to zero. The blue elliptical

highlights indicate difference in polarization.

where T, and T} are transmission coefficients for & and /3 states at the
Fermi energy level, respectively.

The role of the Au—S bond length on the transmission spectra is
found to be insignificant for the transport characteristics in the earlier
work reported by Ruiz and co-workers, and therefore, here, we have
kept the Au—S bond len%th to an optimized value, which is similar to
the recommended value.'®

We have employed the terminology M1 to denote various spin
states chosen, and here, superscript M denotes the overall spin-
multiplicity of the state. The subscript “ss” denotes individual spin-
state (hs or Is) on Co(1) and Co(2) centers, respectively.

B RESULTS AND DISCUSSION

Spin-State Energetics and Estimation of Magnetic
Exchange. The X-ray structure of complex 1 was reported
earlier,” and here, each Co(II) center in the distorted
octahedral geometry with four oxygen atoms of the
hexafluoroacetylacetonato and two nitrogen atoms of the
bipyrimidine ligand coordinated to the metal center. A strong
exchange coupling between the two Co(II) centers is expected
as bipyrimidine is bridging the two Co(Il) centers offering a
superexchange pathway. To begin with, the X-ray structure of

complex 1 was optimized using the DFT methods for spin-
coupled states (St) of St =0, 1,2, and 3 (see Figure S1(a) and
Table S1 in the SI). Here, two Co(II) centers are assumed to
be in either high-spin (S = 3/2) or low-spin (S = 1/2) or in-
between, with one Co(II) center being in the S = 3/2 state and
the other in the S = 1/2 state. These individual spin-states
could couple ferromagnetically or antiferromagnetically,
leading to Sy = 3 or 0 ("1,4, and 'Iyg), 1 or 0 (*lyg, and
"1,4), and 2 or 1 (*1y, and *1;) depending on the nature of
the spin-state at the Co(II) centers. Among these spin-states,
we have successfully optimized the geometries of "1y "L
1,4y and 1, states. Here, 1,4, was found to be the ground
state, with "1, "1, and *1 states lying higher at 0.3, 112.0,
and 112.3 kJ/mol, respectively. The ground state Co(Il)
centers were found to have (d,, )"(d,, )"(d,, )'(d.2,»)'(d.)!
configuration with the spin density of 2.72 on each Co(II)
center with small positive spin densities on the coordinated N
and O atoms (~0.04) (see Figure Sl(c, d) in the SI). To
compute the magnetic exchange coupling constant (J), we have
used the Hamiltonian of H = —2JS,S, and broken symmetry
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Figure 4. (a, c) represent the I-V and SFE plots of the 1, state, while

b, d) show the I-V and SEE plots of the 31,4, state, respectively.
P P %

approach (here, S; and S, are spin states of metal centers).
DEFT calculations using the B3LYP functional on the optimized
geometry of 1 yield antiferromagnetic coupling with the ] value
of —2.1 cm™ between two Co(II) centers, which agrees with
the reported value of —0.39 cm™' computed by Wagner et al,,
where magnetic exchange was computed using the CASSCF-
SOCI method (Figure S1(b) in the SI).”” The weak
antiferromagnetic coupling results from a strong (3d,.l
3d.2.2) overlap of Co(II) centers via the bridging ligand, and
this contributes to the antiferromagnetic part of the exchange
and orthogonality of d and d,, singly occupied molecular
orbitals (SOMOs) contributing to the ferromagnetic part of
the exchange (see Table S2 in the SI). However, at the
interface (Au,-'lpg-Au,), the strength of the antiferromag-
netic exchange becomes even stronger with the estimated |
value of —38 cm™". It is found that the angles (£Col—N—-C,
£4N—C~-N, and £C—N-Co2, see Figure S14) connecting two
cobalt centers at the interface become more linear and
therefore impart stronger overlap between the (3d,213d,2 )
and (d,\d,,) orbitals (see Table S2 in the SI) contributing to
the stronger antiferromagnetic exchange between the Co metal
centers. The magnetic anisotropy is expected to be significant
as the Co(Il) centers have a distorted octahedral geometry.

Zero Field Splitting of Co(ll) Centers. To assess and
analyze the zero-field splitting (ZFS) parameters, we have
performed ab initio CASSCF/NEVPT2 calculations on a
fictitious model where one of the Co(Il) centers was replaced
by a Zn(II) ion. This yielded D = +39 cm™ with an E/D of
0.28 (see Table S3 in the SI). The ab initio ligand field theory
(AILFT) computed d-orbitals are shown in Figure 1, and this
reveals that there are three prominent contributions to the
single-ion D value, ie., d,, to d,, transition (+24 cm™), d,, to
d,, transition (+16 cm™), and d,, to dy. transition (—11
ecm™). A closer look at the ground state configuration
computed reveals contributions from various configurations
suggesting multideterminant character for the ground state
(see Table S4 in the SI). Each Co(II) center shows magnetic
anisotropy with g, g, and g of 2.074, 2.334, and 2.574,
respectively (see Figure S2(a, b) for g and D directions). The
computed +D value at the CASSCF-SOCI level (54 cm™, see
Table S4 in the SI) for 1 is also similar to the value computed
by Wagner et al. (75 cm™') providing confidence with the
computational methodology chosen.”” The computed elec-
tronic Hamiltonian and positive ZFS for single-ion anisotropy
are also preserved at the interface (i.e., optimized geometry at
the interface) with an estimated D value of +30 cm™, with a
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Figure 5. Bias-dependent spin-resolved T(E) (upper panel) and pDOS (down panel) of "1, (a, c) at a 0.5 V bias voltage and *1,4, (b, d) at 0.7 V.
Black and red colors correspond to the o and f spin channel contributions, respectively. The blue elliptical highlights indicate difference in

polarization.

slight reduction compared to the X-ray geometry (see Table
S3). The three contributions that contribute to the single-ion
D value are the d,, to d,, transition (+20 cm™), d, to d,
transition (+15 cm™'), and d,; to d,>,? transition (—=10 cm™")
(see Figure S2(c)). The slight decrease in the value of D is
noted due to an increase in the Co—N/O bond length by
0.097 A, which causes weaker ZFS.

Coherent Quantum Transport of Complex 1. To
investigate the quantum transport properties of the modeled
device (see Figure 2), a finite bias voltage is applied across the
molecular junction device ranging from 0.0 to 1.0 V. There is
no flow of current through the device in the absence of external
bias voltage (at V = 0) as the left and right electrodes are in
equilibrium having the same chemical potential (y; = pg).
When a bias voltage is applied (at V # 0), the chemical
potential of the left electrode (y;) is increased, and the
chemical potential of the right electrode (ug) is expected to
decrease to the same extent. Therefore, a potential difference
(bias window) is set between the electrodes, and the flow of a
spin-polarized current is noted across the device. To analyze
the spin-resolved current, we investigate the zero-bias trans-
mission spectra, T(E) and corresponding projected density of
states (pDOS) (see Figures 3(a-d), S3 in the SI). Although

several spin-coupled states are possible at the interface and at a
certain bias voltage various spin-states could be present as a
mixed state at the junction, coherent transport properties were
calculated on the three low-lying spin-coupled states 'l
149 and "1y as other spin states are very high in energy
(>150 kJ/mol).

Coherent Transport across the Singlet State Arising from
the Antiferromagnetic Interaction of S = 3/2 States ('1,,,).
For a single-molecule junction device with 'l geometry
(singlet state antiferromagnetic coupled due to S = 3/2 on
each Co(II) center), the transmission spectra for spin-up and
spin-down channels reveal broad peaks around the Fermi
energy (see Figure 3(a)). The pDOS of f-states lies around 1.1
and —0.7 eV in the conduction and valence bands, respectively
(see Figure 3(c)). While a-states are far from Fermi energy in
the conduction band and the intensity of fJ-states peak is
significant, a one a-state peak with significant intensity is found
in the valence band at around —0.7 eV (see Figure 3(a, c)). As
the pDOS (a and ) with significant intensity is not found near
the Fermi energy level, the current flow through the device is
expected to be very low. The I-V plot (Figure 4(a)) suggests
that the current flowing through the molecular junction is of
the order of a few nanoamperes (7A) (0—10 7A) at an applied
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L ¢

Figure 6. For °1,y, (a-d) show empty 8 d-orbitals (eg) lying on Col and Co2 metal centers, while (e, f) orbitals show a empty orbitals. These
orbitals are closer to the Fermi level and make large contributions to the transmission.

bias of 0.7 V. A similar result has been demonstrated by Weber
and co-workers experimentally, where the current order of a
few 7A (0—10 nA) was found to flow through a single-
molecule junction device (Au-'1,4-Au) until the applied bias
voltage of 0.7 V.*” An increase in the magnitude of the current
is noted at 0.8 V applied bias followed by a drop at 0.9 V
applied bias which exhibits the characteristics of a NDR, see
the NDR section) and has also been observed experimentally
at high bias voltage.”” The percentage of SFE is calculated
using eq 3, and an SFE of 24% was found at an applied bias of
0.5 V. To comprehend the mechanism of a high SFE estimated,
we plot the pDOS and T(E) (see Figure S(a, b)) at a 0.5 V
bias. Analysis of the pDOS plot reveals that there are more f-
states available near the Fermi energy (in both positive and
negative energy regions); this gives the polarization to the
current, and the spin-down current (I}) was found to be a
major transport channel (carrier) at all of the applied bias
voltages. At 1.5 eV away from the Fermi energy in the
conduction band, the available f-states have significant T(E)
around 0.45, which causes the f-polarized current to be a
major channel (see the highlighted area in Figures 3(a, ¢) and
5(a, ¢)). The polarization in the current could also arise due to
a mixing of very close (0.3 kJ mol™" higher in energy) excited
state "1y, in the presence of an applied bias. The spin-down
channel is dominant (transmitting more electrons) under the
applied bias, leading to an increase in the I; compared to the
spin-up current (I;). Furthermore, a sudden rise in the current
is noted when the bias voltage is increased from 0.7 to 0.8 V.
This could be due to bias-dependent transmission, and pDOS
analysis shows the emergence of a larger number of electronic
states close to the Fermi level. At a 0.7 V bias, there are three
p-peaks with no a-peak in the bias window (see the —0.3S to
0.35 V energy window in Figure S12). However, at a 0.8 V
bias, there are four f-peaks and two a-peaks with significant
intensity (—0.4 to 0.4 V, Figure S10), which leads to a shift in
transmission resonance peaks close to the Fermi level with
relatively high transmission intensity (see Figures S10 and
S12). A significant increase in both intensity and number of a

and f peaks from the 0.7 to 0.8 V bias window, along with an
increase in the T(E) value, results in the observation of
enhancement in the current. At a 1.0 V bias, the number of
pDOS in the bias window of [—0.5, 0.5] eV for I; and I,
channels differs significantly. In the bias window, there are only
two a-peaks with significant intensity (Figure S10(a)), while
five f-peaks with significant intensity (Figure S10(b)) are
available for the transport; this results in the spin polarization.

Coherent Transport across the Triplet State Arising from
the Ferromagnetic Interaction of S = 1/2 States (°1,y,). In the
*1), state, the pDOS for f-states shows a higher number of
electronic states than a-states close to the Fermi level (see
Figure 3(b, d)). This is mainly a result of the presence of
empty /3 ty; and e, orbitals near the Fermi energy at around 1.4
eV. The electron in the e, orbitals and the rest of the t,,
electrons are found near 0.2, 1.3, and 1.5 eV, respectively, in
the conduction band. It is interesting to note that transmission
spectra, as well as pDOS figures, show two resonance peaks/
states at around 1.65 and 1.66 eV for f-states and one
resonance peak at around 1.68 eV for f-states (see Figure 3(b,
d)). However, we see that these strong resonance peaks are
being supported by the pDOS of f-states with high intensity,
but for a-states, the intensity is relatively smaller. A result of
the pDOS and T(E) peaks of the 1 state suggests the
possibility of spin-filtering and polarized current through the
proposed molecular junction. To compute the extent of
polarized conductance, we have performed several bias-
dependent transport calculations in the presence of bias
voltage ranging from 0.1 to 1.0 V (in steps of 0.1 V). It is
ecstatic to see that I; and I flowing through the molecular-
junction are almost the same up to 0.3 V for *1,y states/
geometries (see Figure 4(b)) and zero SFE. As the bias is
further increased, the flow of the current is also increased.
However, I} becomes a major channel of transport, and a finite
SFE is achieved later at large biases. On the other hand, both I;
and I; show clearly an NDR with an onset bias of 0.3 V and
after 0.6 V applied biases. It is found that (i) I, is always a
major channel of transport (see Figure 4(b)), and (ii) while
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Figure 7. Bias-dependent spin polarized T(E) spectra of a- and B-states of ‘1, at 0.8 (a, d), 0.9 (b, e), and 1.0 V (¢, f), respectively.

the order of the magnitude of the current is around A, a
maximum current is observed at around a 0.6 bias voltage in
31, spin states (see Figure 4(b)). (iii) A spin filtering of the
current is noted at all applied bias voltages, and a maximum
SFE of 44% is found in *1,y spin states at an applied bias of 0.7

V (see Figure 4(d)). To shed light on the high SFE observed in
the 1,y spin state, we further plotted the spectra of T(E) and
pDOS (see Figure S(b, d)). Figure 5(b) suggests that near the
Fermi energy, four f-empty states were present in the
conduction band (corresponding to the e, orbitals of the two
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Co(II) centers, see Figure 6(a-d)) and one @ occupied state in
the valence band, which corresponds to the occupation of a
single electron in the e, orbitals, and the rest of the t,,
electrons are found near —0.4 eV below the Fermi level.
Further, there is one occupied and one unoccupied a state
(corresponding to the e, orbitals, see Figure 6(e, f)) present in
valence and conduction bands, respectively. Also, the trans-
mission coefficient for /3 states is significantly higher than that
for a states. In the 1,y spin state, each Co' center possesses a
tzgﬁeg1 electronic configuration; a weak antiferromagnetic
interaction is computed between two S = 1/2 states, and the
computed ] here corresponds to —24 cm™'. This electronic
configuration results in a 44% SFE for this state. We carefully
compared the I-V characteristics (Figure 4(b)) of these two
states, ie., 1,4, and >l states; it is clear that the observed
current in °ly is larger for both I, and I, states, but a
tremendous increase is seen for I;. This is essentially due to the
additional two e, a-holes available for transport compared to
the other states where only two t,, f-holes are available for
transport. As shown earlier, the conductance is more efficient
with the e, orbitals than with nonbonding t,, orbitals,
rationalizing the observed difference state; each Co™ center
possesses a t2g6eg1 electronic configuration, and a weak
antiferromagnetic interaction is computed here.”’

Coherent Transport across the Septet State Arising from
the Ferromagnetic Interaction of S = 3/2 States ("1,4,). In
the 71, state, each Co(II) center has an electronic
configuration of tzgseg2 and is ferromagnetically coupled,
leading to an overall S = 3 spin ground state. Zero-bias T(E)
(Figure S3(a)) suggests that T(E) for a and f3 states near the
Fermi energy is equivalent. Similarly, the pDOS suggests that
the equivalent number of o and f states is available near the
Fermi energy. However, at around 1.5 eV near the Fermi
energy, the DOS of f states is significant compared to « states,
suggesting the possibility of observing a polarized current at an
applied bias. When a bias voltage is applied across the
molecular junction device, a maximum current of around 760
A at a 0.8 V applied bias is obtained (Figure S3(e)). A sudden
increase in the current is noted when the bias voltage is
increased from 0.7 to 0.8 V due to the availability of larger
DOS at the Fermi energy with high T(E) values (see Figures
SS and S12). At 0.9 V bias, a slight decrease in current is
obtained, suggesting NDR behavior (see the NDR section).
Similar to other spin states, in "1, a significant spin-polarized
current is noted where I; was found to be a major transport
channel. A maximum SFE of 25% was found at a 0.5 applied
bias voltage. To compute the mechanism for I; as a major
carrier, spectra of T(E) and pDOS were plotted at a 0.5 bias
voltage (see Figure S3(d)). It is found that in the conduction
band at around 1.1 and 1.6 eV to the Fermi level, a total of
three extra fJ-states are available, and the corresponding T(E) is
significant (T(E) = 0.4, Figure S3(b)). These f-states are due
to the presence of three f-orbitals (one tye and two e, see
Figure S4(a-f)) to each Co! (tzgsegz) metal center, and hence,
the B-current is found as a major transport channel.

Negative Differential Resistance. Observation of NDR
in molecular electronics has great interest due to its potential
applications in switches, energy harvesting, sensors, and
quantum computing due to its unique bistability with different
current levels.”” ™" Several proposed mechanisms have been
used to describe the NDR effect, such as molecule-electrode
coupling,so_(’2 misalignment of molecular orbitals,* % sharp
DOS of the electrode,® quantum interference,’”®® etc. The

NDR effect has been reported in metal-doped systems,”” 7-
conjugated systems,”’ and organic/inorganic molecules’"”*
connected to electrodes. In the molecule studied here, an NDR
phenomenon is also observed at some applied bias in different
magnetic states. For example, I; of "1, and "1, states shows
an NDR effect at a bias voltage of 0.9 V, and I} shows NDR in
the region of [0.9, 1.0] V (see Figures 4(a) and S3). Similarly,
in 1,4, both I; as well as I; show an NDR effect at an applied
bias of 0.3 V and in the region of [0.6, 1.0] V (see Figure
4(b)). Experimental [-V features also exhibit an NDR effect at
~0.85V, offering confidence in the computed data. We analyze
the bias-dependent transmission to understand the physics
behind the NDR effect observed for these systems. To
compute the origin of NDR at 0.9 V in the '1,,y,, state, we plot
the bias-dependent T(E) spectra at 0.8, 0.9, and 1.0 V,
respectively (see Figure 7). The T(E) spectra for I, at 0.8 V
bias show that there are two transmission peaks in the bias
window of [—0.4, 0.4] V with T(E) = 0.04 and 0.95. When a
bias voltage of 0.9 V is applied, no additional peak is observed
in the bias window of [—0.45, 0.45] V (see Figure 7(b));
however, the coefficient of two transmission peaks becomes
T(E) = 0.05 and 0.50 (decreased from 0.95 to 0.50), and
hence, an overall decrease in the current is expected as
observed. Again at a 1.0 V bias voltage applied, the T(E)
coeflicient for one of the peaks decreases further to 0.45, and
no new transmission peak appears in the bias window of [—0.5,
0.5] V (see Figure 7(c)) leading to a further decrease in the
current and hence observation of NDR. Moreover, we
observed that those two peaks are moving close to the Fermi
energy as we increase the applied bias from 0.8 to 1.0 V.
Previously, such behavior has been observed in graphene
molecular devices.”® Similar to I, T(E) spectra were also
plotted for I; (see Figure 7). It is observed that there is no peak
with a significant transmission coefficient in the bias window of
[—0.4, 0.4] V at 0.8 bias and also at 0.9 V ([—0.45, 0.45] V
window). However, at an applied bias of 1.0 V, there are two
peaks with T(E) = 0.09 and 0.40 present in the bias window of
[—1.0, 1.0] V. Hence moving from 0.8 to 0.9 V applied bias, a
decrease in the current is noted followed by an increase in the
current at 1.0 V bias. The pDOS state reveals (see Figure S10)
that increasing the bias voltage from 0.8 to 1.0 V split the
orbitals that lie within the bias window, and these orbitals
correspond to the empty t,, and e, orbitals of the Co(II)
center. Increasing the voltage is found to generate a larger
energy gap (0.05—0.1 eV) between these two orbitals that
might be leading to a relatively weaker coupling with the
electrodes, and hence, a drop in the T(E) leads the NDR effect
in this device. However, since we do not have conclusive
evidence on this phenomenon except a decrease in the
transmission function and drop in the current at certain
applied biases, we suspect that some other factors are also
responsible for the observed NDR effect which includes flow of
extra electrons, heat, and device rupturing that can lead to a
drop in the current and transmission function among others; as
a result, NDR occurs for such molecular devices. Moreover,
molecular devices are sensitive to applied bias, and after a
certain amount of applied bias, they break the junction. Similar
trends were obtained for the origin of the NDR in "1, (see
Figures SS and S11).

The I-V plot of *1;y, shows NDR at 0.3 V bias and in the
bias region of [0.6, 1.0] V. The transmission spectra and pDOS
were plotted at a bias of 0.2, 0.3, and 0.4 V (see Figures S6 and
S8) for both a- and f-states. It is found that there is only one
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peak in the bias window of [—0.1, 0.1] V at a 0.2 V applied bias
with T(E) = 0.95. However, when a 0.3 V bias voltage is
applied through a molecular junction device, no new
transmission peak is observed in the bias window as well as
T(E) of the single peak decreases to 0.5, resulting in a decrease
in the current, and hence, an NDR characteristic is observed.
However, at a 0.4 bias voltage, one more peak at around —0.19
eV to the Fermi energy is observed along with the old peak at
0.1 eV to the Fermi energy, and hence, the current increases
again. A similar trend was obtained for I} as well. To check the
NDR in the region of [0.6, 1.0] V, T(E) spectra and
corresponding pDOS (see Figures S7 and S9) were plotted
again for both a- and f-states at all applied bias. In the a-state,
initially, there are two transmission peaks observed in the bias
window at a 0.6 applied bias, and their coefficient decreases
significantly at a 0.7 V applied bias. These two-peak
intensities/magnitudes are smaller at other applied voltages
(0.8—1.0 V), and no new peak is observed with a significant
transmission coefficient; hence, a net decrease in the current is
observed, exhibiting an NDR effect. The same trend was also
observed in f-states. In the range of a [0.8, 0.9] V bias voltage,
Y4ns and "1y, exhibit the maximum PVR of 1.95:1 and
1.33:1, respectively. On the other hand, *1,y, shows a PVR of
1.83:1 and 55.65:1 at an applied bias voltage of 0.3 and [0.6,
1.0] V, respectively. The maximum PVR of around ~56
obtained here for the 1, state is one of the highest values
estimated to date, and it is ~200% higher than the previous
record PVR observed in an organometallic molecular double
dot junction.”* The NDR characteristic of *1,4, with a very
high PVR suggests that the studied molecule could be a
potential candidate from the applications point of view as a
molecular switch, energy harvesting, etc., though stabilization
of a low-spin state as the ground state is required, and this can
be achieved by incorporation of stronger donor ligands.

In this direction, we modeled complex 1 and modified it
with [Co,(L)(en),(o0x),] (en = ethylenediamine, ox = oxalate
ion, Figure S13) where the Co(Il) centers were found to be
stabilize in the desired low-spin state leading to a
ferromagnetic coupling between the Co(II) centers (J value
of 102 cm™), and therefore, such complexes can be the
suitable target for the observation of NDR effects with a very
high PVR value.

Effect of Magnetic Exchange and Zero-Field Splitting
on Spin Transport Characteristics. To understand how
magnetic exchange and zero-field splitting influence the spin-
transport characteristics, we have developed a magneto-
structural spin transport correlation for the 1y geometry.
At this geometry, the Co—N bond length (~2.1 A) has been
symmetrically altered to 1.90 A, 2.0 A, 2.2, and 2.3 A. For each
of these geometries, the magnetic exchange coupling constant
was computed, and distance dependent | correlation was
developed (see Figure S15(a)). As the distance decreases, the
strength of the antiferromagnetic coupling is found to increase
(=1.31 cm™ to —2.94 cm™), and this is expected due to a
stronger orbital overlap at shorter distances. The CASSCF
calculations of ZFS calculations reveal that elongation of the
Co—N distance was found to enhance the magnitude of the D
value (+39 cm™ to —79 cm™') changing even the sign from
positive to negative (see Figure S15(a) and Table S8(a)). At
very long Co—N distances, the geometry resembles that of a
distorted tetrahedron which is shown to exhibit a D value in
this range.”> At last, the effect of the change in J and D and
magnetic anisotropy on the SFE/I-V plot was computed at

two points at Co—N bond lengths of 1.9 and 2.3 A (see Figure
S15(b) and Table S8(b)). It is found that on increasing/
decreasing the Co—N bond lengths, the magnitude of I; does
not alter significantly. However, a significant change in I} is
noted. At the Co—N bond length of 2.3 A, I, is found to be
similar to the equilibrium geometry; however, when the Co—N
bond length is decreased to 1.9 A, I increases significantly
giving rise to a very high SFE of around 88%. At this geometry,
] is significantly antiferromagnetic, and D is expected to be
large and positive, which lead us to infer that stronger
antiferromagnetic coupling could help to facilitate greater SFE.
However, it is essential to acknowledge that the observed
changes in ] values are relatively minor, and a comprehensive
investigation and further studies are warranted before making
more definitive conclusions.

Correlation to Experiments. As the transport character-
istics of the single molecule junction of 1 are reported, we
attempt to correlate the computed data with the experimental
observations. (i) The ground state of 1 is found to be the
antiferromagnetically coupled state between two S = 3/2
centers of Co(II) with a very weak coupling constant, and our
calculations correctly reproduce the ground state; the obtained
gap between 'ljy, and 1., correlates well with the
experimental ] value estimated from the magnetic data
obtained on the prefabricated molecule.

(ii) Further, the molecule optimized at the molecular
controlled break junction (MCBJs) device also yields the Sy =
0 ground state, with a stronger antiferromagnetic coupling (J =
—38 cm™'), suggesting the magnetic characteristics of the
molecule are also preserved upon fabrication, and this is largely
in agreement with the experiments.

(iii) The MCBJs device fabricated using complex 1 exhibits
current flowing capacity in the range of 0—20 7A at a lower
applied bias voltage. Particularly at the applied bias of 0.5 V,
the current experimental capacity of ~5 nA matches the
theoretical value of ~13 nA. Although the theoretical value
seems overestimated, given the exponential increase in the bias
voltage with the applied field and the fact that different break
junction devices yield different currents in the experimental
setup (type I and type II, see ref 27 for more details), this is
reasonable.”’”

(iv) Our calculations unequivocally suggest negative differ-
ential resistance (NDR) at both the ground as well as the
excited state levels. Particularly, the peak-to-valley ratio (PVR)
of 1.95 calculated for the ground state also reasonably matches
with the PVR of 1.2 observed in the experimental I-V plots.
Although NDR is clearly visible at all experimental I-V
characteristics at different bias voltages, this has not been
substantiated. At 0.7 applied voltage, our calculations predict a
sudden inflection in the current flow, and this is also found in
the experiments with a substantial increase across various
MCBS devices tested, offering confidence in the various
properties computed.

B CONCLUSIONS

In summary, spin-state energetics of various exchange-coupled
states of [Co,(L)(hfac),] (1) were evaluated, where the
ground state is found to be an antiferromagnetically coupled
state between two S = 3/2 centers of Co(II) with a very weak |
value. Both the geometry as well as the weak exchange
coupling were found to be largely preserved at the Au interface,
validating an important observation that not only is the
molecule stable at the interface but also even a very sensitive
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parameter such as exchange coupling interaction is not altered
significantly upon fabrication. Further, the observed exper-
imental features are solely due to the dimeric nature of 1 and
not any other dissociated products.

The computed electronic Hamiltonian parameters from ab
initio CASSCF/NEVPT?2 reveal positive zero-field splitting of
+39 cm™" for the single-ion anisotropy of Co(II) centers, and
this is also found to be largely preserved at the interface
geometry (D = +30 cm™', Table S3), validating the
observation of pseudo singlet and pseudo triplet I-V
characteristics observed for the dinuclear framework.

The coherent quantum transport calculations performed on
various exchange coupled states geometries reveal a significant
variation in their spin filtering efficiency, suggesting the
underlying exchange coupling constant, the zero-field splitting
parameter, and the ligand field, which controls the overall spin-
state energy ladder, can fine-tune the transport characteristics.
The computed transport characteristics, including the ob-
servation of the #A current at low bias, are reproduced in our
calculations. Our calculations reveal that the exchange coupled
states, both S; = 0 and Sy = 3 arising from high-spin Co(1I)
centers, have very similar transport characteristics, and
therefore, exchange interaction alone cannot be utilized to
fine-tune the SFE and NDR effects.

Further, interesting features such as negative differential
resistance were clearly observed in the calculated transport
characteristics of the ground state, and this leads us to relook at
the experimental I—V characteristics where the NDR effects
are clearly visible, with even the PVR computed matching
closely with experiments. The partial density of state (pDOS)
and transmission spectra [T(E)] plots reveal that the f-e,
empty orbitals of the Co(II) center that are responsible for
change in conductance and current—voltage (I—V) character-
istics with the chemical potential of the electrodes at a 0.9 V
bias voltage lead to the observance of a significant NDR effect.
Quite interestingly, the observed voltage at which the NDR
was observed closely matches the experimental bias at which
the current drops.

Our quantum transport studies unveiled a large spin-filtering
efficiency of around 44% for complex 1, albeit for one of its
higher excited states (Sp = 1 arising from a ferromagnetic
interaction of two low-spin Co(II) centers). The partial density
of state and transmission spectra analysis reveal the origin of
the large spin-filtering efficiency that arose from a large number
of f-e, empty orbitals that arise due to magnetic coupling
present, and this observation suggests that dinuclear and
multinuclear exchange coupled clusters are potential candi-
dates to enhance the SFE of molecular devices. The same spin
state was also found to exhibit a very strong NDR effect with a
record PVR of ~56 noted, the largest for any molecular
junction device. We have taken our studies a step further to
engineer a molecule that is expected to exhibit a low-spin S =
1/2 spin-state at the Co(II) centers ferromagnetic coupled to
each other, and this has resulted in several synthetic targets, if
synthesized and fabricated, being potential candidates for data
storage, molecular switches, energy harvesting, etc.
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