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The Fe-based spin-crossover (SCO) complexes, especially the ligand-driven light-induced spin-change
(LD-LISC) systems with high spin-transition temperature, are considered as the most promising building
blocks for designing molecular spintronic devices due to their bistability between the high-spin (HS) and
low-spin (LS) states. Here, we explore the transport properties of Fe(stpy)4(NCS), LD-LISC SCO
complexes with the trans and cis configurations sandwiched between Au electrodes by performing
extensive density functional theory calculations combined with the non-equilibrium Green's function
method. As for the trans configuration, the current through the molecular junction with the HS state is
significantly larger than that of the LS state, which indicates that this Fe-based LD-LISC SCO complex
with the trans configuration could act as a molecular switch when the spin transition is triggered by
external stimuli. Remarkably, we observe the nearly perfect spin-filtering effect and obvious negative
differential resistance feature in the Fe(stpy)4(NCX), junctions with the trans and cis configurations,
which is attributed by the dramatically different electronic structures of two spin channels and the bias-
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1 Introduction

The most interesting and investigated feature of spin-crossover
(SCO) complexes, formed by metal ions in surrounding ligands,
is the transition between the low-spin (LS) (usually the ground
state) and high-spin (HS) states of the central metal ion, which
can be triggered by temperature, pressure, and light as well as
electric and magnetic fields."* The switching between the LS
and HS states has been observed in many SCO complexes of d*~
d” transition metal ions, but the Fe-based SCO complexes (d°)
account for more than 90% of known SCO materials.>® Due to
the different electronic configurations of the 3d electrons, these
Fe-based complexes with the HS and LS states display the
dramatically different optical, electronic, and magnetic prop-
erties, and they are considered as promising candidates for
future applications, such as sensor, display, information
storage and molecular spintronic devices. Therefore, more
attention should be paid to the transport properties of these Fe-
based SCO complexes.
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examined Fe-based LD-LISC SCO complexes hold great potential in molecular spintronics.

In experiments, one of the possible mechanisms for the
observed SCO behavior is the light-induced excited spin state
trapping (LIESST) effect, which is encountered in many Fe-
based SCO complexes. Nevertheless, until now their applica-
tions are prohibited since the lifetimes of the photomagnetic
states are long enough only at low temperature.”® In practical
applications, the SCO complexes spin switch should ideally
operate under atmospheric pressure and at room temperature.
Fortunately, a family of SCO systems containing photoactive
ligands, which can work at high temperature (i.e. up to room
temperature), have been driven more attention in molecular
spin switch.>** These compounds always present the spin
transition upon the conformational changes via the reversible
cis-trans isomerization or ring-closing/ring-opening reactions
under electromagnetic radiation, and then they exhibit the so-
called ligand-driven light-induced spin-change (LD-LISC)
effect. Many promising photoactive ligands in these LD-LISC
systems including stilbene, azobenzene, diarylethene, and
styrylpyridine, have been successfully synthesized."*"* Among
the Fe-based LD-LISC SCO systems, the family of Fe(stpy).(-
NCX), (X = S, Se, and BHj, stpy = cis- or trans-styrylpyridine
isomers) complexes is of particular interest.’** They display
different magnetic property depending on the stpy ligand, and
the SCO temperature is up to about 300 K for X = BH3.**

Previous experimental and theoretical investigations of Fe-
based SCO complexes mainly focus on crystal structure,
temperature-dependent effective magnetic moment, photo-
cyclization, photoswitching, and so on.* The transport
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behavior of Fe-based LD-LISC SCO complexes is limited so far,
mostly because it is very challenging due to difficulties associ-
ated with the controllable anchoring contact in devices.?*** In
this work, we explore the transport properties of Fe(stpy),(NCS),
SCO complexes with the trans and cis configurations sand-
wiched between two Au nanoelectrodes by performing extensive
density functional theory calculations combined with non-
equilibrium Green's function method. As for the trans config-
uration, the current through the molecular junction with the HS
state is significantly larger than that of the LS state, which
indicates that this Fe-based SCO complex with the trans
configuration could act as a molecular switch when the spin
transition is triggered by external stimuli. Moreover, we observe
the nearly perfect spin-filtering effect and obvious negative
differential resistance feature for Fe(stpy),(NCX), with the trans
and cis configurations, which is attributed by the remarkably
different electronic structures of two spin channels and the
bias-dependent transmission spectra, respectively. Moreover,
the predicted energy barrier of the ¢rans-LS — cis-HS spin
transition is close to the energy of light radiation to realize the
SCO phenomena in experiments.

2 Computational methods

Here, geometric optimizations, electronic structures, and SCO
behaviors of Fe(stpy),(NCS), complexes are carried out by using
Gaussian package® at the meta-GGA hybrid TPSSh functional
level since previous investigation has shown that the TPSSh
functional can be capable of reproducing the correct ground
state of the Fe containing complexes.”* In our calculations, the
fully optimized contracted triple-£ with polarization functional
Gaussian basis sets, developed by Ahlrichs and co-workers,* are
employed for all elements, which could be capable of repro-
ducing the electronic structure and energy difference in several
spin-crossover systems.’*”” Geometry optimizations are per-
formed with a convergence criterion of 10> atomic unit (a.u.)
on the gradient, 10 a.u. on the displacement, and 10 > a.u. on
the energy.

The transport behaviors of these proposed junctions are
calculated by using the Atomistix ToolKit (ATK) package,>*?
which combines density functional theory (DFT) with non-
equilibrium Green's function method (see ESIt). The general-
ized gradient approximation in the Perdew-Burke-Ernzerhof
form (GGA-PBE) is used to describe the exchange and correla-
tion energy. The interaction between ionic cores and valence
electrons is modeled with the Troullier-Martins nonlocal
pseudopotential. Double-zeta plus polarized basis sets are
chosen for all atoms. An energy cutoff is set to be 150 Ry for the
real-space grid on which the Poisson equation is self-
consistently solved. The spin-resolved transmission coeffi-
cients of these molecular junctions are calculated using

To(E, V) = Tt[['.GoI'r G5, 1)

where G, is the spin-dependent retarded Green's function of the
extended molecule, I'y g is the coupling matrix between the
extended molecule and the left/right electrode, and o stands for
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the spin-up (1) and spin-down (|) channels. The current
through the molecular junction is obtained by using the Lan-
dauer-Biittiker formula

e

1) = § | ToE VI E = ) ~f(E = m)ldE, @)
here, the f(E — u) is the Fermi-Dirac function for the left and
right electrodes with the chemical potential uyg).

3 Results and discussion

As mentioned above, the magnetic properties of Fe(stpy),(NCX),
isomers depend on the stpy ligand.** The isomer with the cis
configuration remains in the HS state at all temperature due to
the decrease in the ligand field strength, while the ¢trans-isomer
undergoes a spin crossover process. Here, we try to explore the
transport properties of Fe(stpy),(NCS), SCO complexes with the
trans and cis configurations, and then demonstrate that they
hold the promising for molecular spintronic devices.

3.1 trans configuration

We start with performing spin-polarized DFT calculations for
the geometric, magnetic, electronic, and transport properties of
the free Fe(stpy),(NCS), SCO complex with the trans configura-
tion in the first subsection. Fig. 1(a) shows the optimized
geometric structures. The relaxed Fe-N bond distances are
predicted to be about 2.06 and 2.26 A along the axial and
equatorial ligands for the HS state with the trans configurations,
respectively, while the corresponding Fe-N distances are
reduced to be about 1.94 and 2.00 A for the LS state. Clearly,
these relaxed key geometric parameters (the Fe-N distances for
both axial and the equatorial ligands) are capable of reproduc-
ing the crystallographic parameters and previous theoretical
results.’®** The relatively longer Fe-N distances in the pseudo-
octahedral coordination lead to the local relatively weak
crystal field, corresponding to the HS state. The corresponding
magnetic moment is predicted to be about 4.0 pg, which mainly
come from the central Fe ions. As for the LS state, the ground
state of Fe(stpy)4(NCS), SCO magnet with the trans configura-
tion is spin-restricted, and the magnetic moment is zero.
Moreover, we find that the electronic structures of
Fe(stpy)4(NCS), SCO complex with the trans configuration are
dramatically different for the HS and LS states. Fig. 1(b) pres-
ents their energy positions and the spatial distribution of the
Frontier orbitals of two different spin states. It is clear that the
energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) for
the spin-up channel of the HS state is 1.61 eV, which is larger
than that of the spin-down channel (0.38 eV), and also larger
than the energy gap (0.67 eV) of the LS state. Moreover, all
HOMO of the trans configuration are mainly delocalized along
the axial direction of the stpy ligands, showing the m-type
orbital feature, and distribution along the NCS equatorial
ligands. On the contrary, the spatial distribution of all LUMO
along the NCS equatorial ligands is disappear. These observed
remarkable differences in the geometric and electronic

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Schematic diagram of the isolated Fe(stpy)4(NCS), SCO

complex for the trans configuration. (b) Spatial distribution and the
energy level of the Frontier molecular orbitals. (c) The relative total
energies of Fe(stpy)4(NCS), SCO complex with the trans configuration
for the HS and LS states along the reaction coordinates (X).

structures of Fe(stpy),(NCS), SCO complex with the trans
configuration for two spin channels suggest that it is a possible
candidate for designing molecular spintronic devices.

In experiments, Fe(stpy),(NCS), complexes with the trans
configuration undergoes spin crossover around 160 K.**** To
estimate the energy barrier of the spin transition between the
HS state (S = 2) and LS state (S = 0), we calculate the total
energies of two different spin states as a function of the reaction
coordinates (X), which is defined as the interpolation between
the LS (X = 0) and the HS (X = 1) geometries, and the corre-
sponding results are plotted in Fig. 1(c). Clearly, the LS state is
predicted to be the ground state as expected, The total elec-
tronic energy for the HS state (X = 1) is larger about 0.23 eV than
that of the LS state (X = 0, the ground state), which agrees well
with the pervious experimental and theoretical works.**** Test
calculations of the Gibbs free energies via considering the
thermal contribution, we find that the LS state will be more
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stable about 0.28 eV. These observations indicate that the
TPSSh functional is capable of reproducing this examined Fe-
based spin-crossover behavior.** With the increase of reaction
coordinates from X = 0, the total energy of the LS state gradually
increases. Then there is a cross with the energy curve of the HS
state around ~0.55. The energy barrier is about 0.37 eV, which
can be overcome by external stimuli, ie. temperature or
light.'*™® It is clear that the spin transition is accompanied by
the geometrical structure modifications. In other words, the
spin transition can be realized by changing the metal-to-ligand
Fe-N bond distances via external stimuli. Then the weak and
strong crystal fields correspond to Fe(stpy),(NCS), magnets with
the HS and LS states, respectively.

To explore the transport properties of Fe(stpy)s(NCS),
complex with the trans configuration, the Fe-based SCO
complex is sandwiched between two Au(100) nanoelectrodes, as
shown in Fig. 2(a). The proposed two-probe junction can be
divided into three parts, including the left and right electrodes,
and the extended molecule, which contains the sandwiched

trans-HS
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Fig. 2 (a) Schematic illustration of the proposed molecular junction,
here, Fe(stpy)4(NCS), complex with the trans configuration is sand-
wiched between two Au(100) nanoelectrodes. (b) The /-V curves
through Fe(stpy)4(NCS), junction with the HS state, the red and blue
lines stand for the spin-up and spin-down electrons, respectively, (c)
the /-V curve for the LS state.
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Fe(stpy)s(NCS), complex, two and three surface layers of the left
and right electrodes, respectively. Here, the charge distribution
in the electrodes present the similar properties as that of the
bulk materials due to the screening effects. In our simulations,
we fix Fe(stpy)s(NCS), molecular structure obtained at the
TPSSh functional level and optimize the anchoring Au-S
distance. According to the calculated adsorption energies, we
find that this Fe-based SCO complex refers to adsorb on the
hollow sites of Au(100) surface. The anchoring Au-S distance is
predicted to be about 2.55 A, which is close to the adopted value
in the previous investigations.** Note that this kind of anchor
type has been commonly adopted in previous reports.**-**

Fig. 2(b) and (c) show the calculated current-voltage (I-V)
curves of Fe(stpy),(NCS), SCO complexes the HS and LS states.
Here, at each bias voltage, the current is determined self-
consistently under the non-equilibrium conditions. It is clear
that the I-V curves for the HS and LS states display the
dramatically distinctive properties. The current through the Fe-
based SCO complex with the HS state is significantly larger than
that of the LS state. For example, the current for the HS and LS
states at 0.2 V is predicted to be 10.93 and 1.40 pA, respectively.
This observation means that the molecular junction with the LS
state can be turned from OFF state to ON state by the LS — HS
spin transition. That is to say, this Fe-based SCO complex with
the trans configuration could act as a molecular switch when the
spin transition is triggered by external stimuli, i.e. light. Similar
transport behavior has also been found for Fe(u)-N,S, SCO
complex.*

As for Fe(stpy)4(NCS), complex with the HS state, the
currents through the spin-up and spin-down electrons are
plotted with the red and blue lines, as shown in Fig. 2(b),
respectively. Two following interested features are observed:

(i) The I-V curves through Fe(stpy),(NCS), complex with the
HS state display a nearly perfect spin-filtering effect. The current
of the spin-down electrons (I,) through Fe-based SCO complex
is significantly larger than that of the spin-up electrons (I;). At
the bias voltage of 0.2 V, I; and I is about 0.09 and 10.84 A,
respectively. The current difference between two spin channels
under different bias voltages can be quantified by the ratio of
current defined as R(V) =1, and I;. The calculated R varies from
37 to 170 in the bias range of [0.1, 1.0 V].

(ii) An obvious negative differential resistance (NDR) effect
appears for the spin-down channel. With increasing of the bias
voltage, the current (I,) gradually increases, then it reaches to
the maximum value of 10.84 pA at 0.2 V. At 0.5 V, the I
decreases to the minimum value of 3.11 pA, resulting in a NDR
phenomenon. When the bias voltage continuously increases,
the current increases almost linearly. This observed NDR effect
is similar to that of various molecules sandwiched between
two N doped graphene nanoribbons.*

Clearly, the switch between the HS and LS states, nearly
perfect spin-filtering effect, and obvious NDR behavior observed
in Fe(stpy),(NCS), SCO complex with the trans configuration are
desirable features with ample applications in future molecular
spintronics.

As shown in eqn (2), the current values are determined by
integrating the transmission coefficients with a given bias
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voltage range. To clearly illustrate the transport mechanism of
Fe(stpy)4(NCS), SCO complex with the trans configuration, we
calculate the zero-bias transmission spectra as a function of the
energy for both the HS and LS states, and the corresponding
results are plotted in Fig. 3(a) and (b), respectively. Here, the
Fermi level is set as zero for clarity, and these empty triangles
stand for the eigenvalues of the molecular projected self-
consistent Hamiltonian (MPSH), which can be referred as per-
turbed molecular orbitals because of the presence of Au elec-
trodes. Clearly, as for the HS state, the transport properties of
Fe(stpy)4(NCS), SCO complex with the trans configuration are
dominated by the spin-down electron, similar to the previous
reported results for Fe, complexes and iron-phthalocyanine.***’
There are two significant transmission peaks locating at
—0.02 eV and 0.36 eV, which is contributed by the perturbed
HOMO and LUMO, respectively, since all coefficients of the
spin-up electrons are close to zero within the energy range of
[—1.0, 1.0 eV]. This result can be used to explain the observed
spin-filtering effect, as shown in Fig. 3(b). To quantify the spin
filter efficiency (SFE), defined as |T4(Ex) — T (Eg)|/|T+(Er) +
T, (Er)| in our calculations, where T(Er) and T (Er) stand for
the transmission coefficient of the spin-up and spin-down
channels at the Fermi level, respectively. The calculated T}
and T, through molecular junction at the Fermi level is about
0.009 and 1.89, respectively. The SFE is predicted to be about
99%, nearly perfect spin-filtering effect, for Fe(stpy),(NCS), SCO
complex with the ¢rans configuration.

v trans-HS

Transmission

~
=)
~

Transmission

Fig.3 Zero-bias transmission spectra of Fe(stpy)4(NCS), complex with
the trans configuration. (a) For the HS state, the red and blue lines
stand for spin-up and spin-down electrons, respectively. (b) For the LS
state, here, the insets are the spatial distribution of the perturbed
HOMO and LUMO.
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Actually, the spatial distribution of the perturbed HOMO and
LUMO can be used to understand the calculated transmission
curves. For example, the perturbed LUMO of the spin-up elec-
trons mainly delocalizes on the plane of stpy ligands, but it
almost disappears along the NSC ligands connecting to Au
electrodes. This is the reason why there is not a transmission
peak, originating from the perturbed LUMO. The significant
transmission peak (at —0.02 eV) comes from the perturbed
HOMO of Fe(stpy)4(NCS), complex with ¢rans configuration due
to the delocalization of along the NCS ligands, which benefits
for the transport through this Fe-based SCO complex via the
NCS ligands. Of course, the energy positions of the perturbed
MOs relative to the Fermi level match nicely with the trans-
mission peaks for two spin channels. The energy gaps between
the perturbed HOMO and LUMO of the spin-up and spin-down
electrons are predicted to be 1.48 and 0.40 eV for the HS state,
which are close to the results presented in Fig. 1(b).

As for the LS state, the significant transmission peak at
—0.19 eV originates from the perturbed HOMO, and the per-
turbed LUMO contributes the narrow transmission peak
locating at 0.11 eV, which results in the small current through
Fe(stpy).(NCS), SCO complex with the trans configuration under
small bias voltage range.

To further explore the mechanism the observed NDR effect in
the I-V curve of the spin-down electrons (I,), we plot the spin-
polarized transmission spectra at the different bias voltages in
Fig. 4, here, the dotted line indicates the integration bias range of
the I-V curve for clarity. It is clear that the position of the
transmission peaks near the Fermi level gradually shift and their
shapes change dramatically with the applied bias voltage. The
broad and large transmission peak coming from the perturbed
HOMO, which lies in the integral range, dominates the current
(I,). with increasing of the bias voltage, the current gradually
increases, and it reaches to the maximum about 10.84 uA at 0.2V,
when V< 0.2 V. When the bias voltage continuously increases, i.e.
to 0.3 V, this transmission peak splits into two peaks with relative
small transmission coefficients, which results in the current

2.0

0.8
1.5
> 06
(5]
%o 1.0
G
= 0.4
0.5
0.2
0.0 [ 0.0
-1.0 -0.5 0.0 0.5
E-Ep (eV)

Fig. 4 Bias-dependent transmission spectra for the spin-down elec-
trons of Fe(stpy)4(NCS), SCO complex with the HS state.
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reduction in the bias range of [0.2, 0.5 V], and the minimum
current is about 3.11 pA at 0.5 V. When the applied bias voltage is
larger than 0.5 V, there is a new transmission peak entering into
the integral window, the current increases again. Here, we
conclude that the bias-dependent transmission are responsible
for the observed NDR phenomenon.

3.2 cis configuration

Now we focus on Fe(stpy),(NCS), SCO complex with the cis
configuration, as shown in Fig. 5(a), in which all stpy ligands
present the cis configuration. The relaxed Fe-N distances are
predicted to be about 2.02 and 2.30 A for the axial and equa-
torial directions, respectively. The relative long Fe-N bond
lengths lead to the weak crystal field, which accounts for the
observed HS state for Fe(stpy),(NCS), SCO complex with the cis
configuration The molecular magnetic
moments is about 4.0 pg, while the Fe atomic magnetic moment
is about 4.2 pg. Although only the HS state is observed for the cis
configuration in experiment, we suggest that the spin transition
between the cis-HS and trans-LS states is possible via the cis—
trans isomerization, similar to the previous investigation of
Boillot et al.'” Fig. 5(b) plots the calculated total energies as
a function of the reaction coordinates (X), defined as the
interpolation between the ¢rans-LS (X = 0) and cis-HS (X = 1)
configurations. It is clear that the total energy of the cis-HS

in experiment.*®

(a)

cis, HS

(b) —o—cis-HS
—Oo— trans-LS
1.5}
—_
>
L 1.0t
a3}
<
0.5F
-0.5 0.0 0.5 1.0 1.5
X
Fig. 5 (a) Schematic diagram of Fe(stpy)4(NCS), SCO complex with

the cis configuration, (b) the relative total energies of Fe(stpy)4(NCS),
SCO complexes with the cis-HS and trans-LS configurations along the
reaction coordinates (X).
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configuration is larger than that of the ¢trans-LS configuration of
1.14 eV. The spin transition occurs at X ~ 0.75, and the corre-
sponding transition barriers is predicted to be about 1.24 eV,
implying that the photoisomerization between the trans and cis
configurations maybe realized under visible light radiation in
Fe(stpy)4(NCS), SCO complex with the cis configuration.

Fig. 6(a) illustrates the proposed Fe(stpy),(NCS), SCO molec-
ular junction with the cis configuration. The calculated /-V curves
and spin-polarized transmission spectra the cis-HS state are
plotted in Fig. 6(b) and (c), respectively. It is clear that the ob-
tained transport properties through the cis-HS configuration are
similar to that of Fe(stpy),(NCS), SCO complex with the trans-HS
configuration. The delocalization of the perturbed HOMO along
the NCS ligands connecting to electrodes provides a good con-
ducting channel, as shown the inserts in Fig. 6(c). The conduc-
tance of Fe(stpy),(NCS), SCO complex with the cis configuration

(2)

cis-HS

o
=3
N
—_ = N
S b O

Current (pnA)

0.2 0.4 0.6

Voltage (V)

Transmission

Fig. 6 (a) Schematic illustration of the proposed junction, Fe(stpy),(-
NCS), with the cis-stpy isomer is sandwiched between two Au(100)
electrodes. (b) The /-V curves of Fe(stpy)4(NCS), junctions with the cis
configuration. (c) Zero-bias transmission spectra as a function of the
energy, here, the red and blue lines corresponded with the spin-up
and spin-down channels, while the inserts stands for the spatial
distribution of the perturbed HOMO and LUMO.
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is mainly dominated by the spin-down electrons due to the large
and broad transmission peak locating around the Fermi level,
which is contributed by the perturbed HOMO. The current of the
spin-up electrons is less than that of the spin-down electrons.
Nearly perfect spin-filtering effect and obvious NDR behavior are
observed again in Fe(stpy),(NCS), SCO complex with the cis-HS
configuration, implying that this Fe-based SCO complex with the
cis configuration can be also used to design molecular devices.
Finally, we perform additional transport calculations using the
DFT+U (U is set to be 4.3 eV) method to check reliability of above
presented results obtained at the GGA-PBE level. Fortunately, the
DFT+U calculations qualitatively do not change the results given by
the PBE functional. The position and shape of the transmission
peaks just change slightly within [—0.5, 0.5 eV] energy window.

4 Conclusions

In summary, based on density functional theory calculations
combined with non-equilibrium Green's function method, we
explore the transport behaviors of Fe(stpy),(NCS), LD-LISC SCO
complexes with the trans and cis configurations. The calculated
transport results clearly reveal that the current through the
molecular junction with the HS state is significantly larger than
that of the LS state, which indicates that this Fe-based LD-LISC
SCO complex with the t¢rans configuration could act as
a molecular switch when the spin transition is triggered by
external stimuli. Due to the remarkably different electronic
structures of two spin channels and the bias-dependent trans-
mission spectra, we observe the nearly perfect spin-filtering
effect and obvious negative differential resistance feature in
this examined Fe(stpy),(NCX), with the ¢rans and cis configu-
rations. Moreover, the predicted energy barrier between the cis-
HS and trans-LS states of this Fe-based LD-LISC SCO magnets is
about 1.24 eV, implying that it is possible to realize the SCO
phenomena under the visible light radiation in experiments.
Clearly, these presented theoretical results imply that the
examined Fe-based LD-LISC SCO complexes are promising
building blocks in molecular spintronic functional devices.
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