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Using the first-principles method, the spin-dependent transport properties of a novel platform molecule containing
a freestanding molecular wire is investigated by simulating the spin-polarized scanning tunneling microscope experiment
with Ni tip and Au substrate electrodes. Transport calculations show that the total current increases as the tip gradually ap-
proaches to the substrate, which is consistent with the conductance obtained from previous experiment. More interestingly,
the spin polarization (SP) of current modulated by compression effect has the completely opposite trend to the total current.
Transmission analyses reveal that the reduction of SP of current with compression process originates from the promotion
of spin-down electron channel, which is controlled by deforming the molecule wire. In addition, the density of states shows
that the SP of current is directly affected by the organic—ferromagnetic spinterface. The weak orbital hybridization between
the Ni tip and propynyl of molecule results in high interfacial SP, whereas the breaking of the C=C triple of propynyl in
favor of the Ni-C—C bond induces the strong orbital hybridization and restrains the interfacial SP. This work proposes a
new way to control and design the SP of current through organic—ferromagnetic spinterface using functional molecular

platform.

Keywords: molecular spintronics, spin-dependent transport, spin polarization, single-molecule junctions

PACS: 72.25.-b, 75.47.—m, 85.75.—d

1. Introduction

Molecular spintronics is a fascinating and frontier sub-
field of spintronics, which focuses on the spin degrees of
freedom of electrons based on organic molecules.!'™ Or-
ganic molecules exhibit the advantages of weak spin—orbit
coupling and long spin relaxation times, which is conduc-
tive to spin transport and manipulation.!%”! More importantly,
when organic molecules contact the ferromagnetic metals to
form a spinterface, the hybrid interface states (HIS) can be
generated from the orbital hybridization between molecules

8-11]

and ferromagnets.| The HIS usually appears near the

Fermi level, which determines the spin injection efficiency

(121 Moreover, comparing with the orig-

and transport property.
inal ferromagnetic metal, enhancement or reversal of interfa-
cial spin polarization (SP) can be observed to be attributed to
HIS.[13-151 A lot of researches have demonstrated the crucial
effect of HIS on spin-dependent transport properties in mag-
netic single-molecule junctions.!!¢-19]

As various novel molecules are designed and synthe-
sized, a series of molecular spintronic devices is engineered
and extensively investigated in theory and experiment , such

20-22 12324 s,[25.26]

I spin rectifie 1 spin transistor

27,28

as spin filter,!
and spin logic gates.!?”-?8] Thus, it is of utmost importance to

search for specific functional molecules for developing molec-
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ular spintronic devices. Recently, the extended aromatic plat-
form molecules have attracted much attention of researchers.
Since the platform of molecule contacts the substrate electrode
flatly via physisorption instead of chemisorption, the conduc-
tance of molecular junction is mediated by the electronic cou-
pling between the tip electrode and the freestanding molec-

ular wire, [29-30

I In 2017, Jasper-Tonnies et al. investigated
the conductance properties of propynyl-trioxatriangulenium
(P-TOTA) molecular junction by using the scanning tunnel-
ing microscope with Au tip and substrate electrodes under
compression process. The conductance is related to the de-
formation of molecule wire, where the bonding way between
Au tip and molecule as well as the symmetry mismatch of
Au atoms and molecule orbitals plays a key role.*”! Then,
they further investigated the conductance of similar platform
molecule by replacing propynyl in P-TOTA molecule with
hydrogen or methyl,[3!l where the excellent charge trans-
port performance of platform molecular junction is widely
validated.3>33] However, the spin-dependent transport prop-
erties of platform molecule have not been studied so far. Con-
sidering that the spinterface formed between the propynyl of
P-TOTA molecule and the top electrode must be changed with
the deformation of propynyl in the compression process, the
spin transport of P-TOTA magnetic molecular junction modu-
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lated by the HIS is an issue worth exploring. Therefore, there
is an enormous significance in promoting the applications of
P-TOTA molecule in molecular spintronics.

In this work, the response of spin-dependent transport
properties of P-TOTA magnetic molecular junctions to the
compression effect is theoretically investigated. We adopt the
ferromagnetic Ni tip electrode and non-magnetic Au substrate
electrode to simulate the spin-polarized scanning tunneling
microscope (SP-STM) experiment. The results demonstrate
that the current and SP of current have completely opposite
trends with the change of compression effect under bias volt-
age, which is due to the fact that the spin transport is controlled
by the HIS. The mechanism of orbital hybridization between
Ni electrode and propynyl of P-TOTA molecule is elucidated,
which is responsible for the SP of current. In the rest of this
work is organized as follows. The theoretical model and com-
putational details are introduced in Section 2. The results and
discussion are analysed in Section 3. The conclusion is finally
summarized in Section 4.

2. Theoretical model and computational details

The theoretical models of magnetic single-molecule junc-
tions are presented in Fig. 1. A P-TOTA molecule is absorbed
on the non-magnetic Au (111) bottom electrode with 6 x6 unit
cell periodicity. The ferromagnetic Ni (111) top electrode
with a ten-atom tetrahedron is used as the tip of the SP-STM.

tion, the tip of SP-STM slides toward the substrate and three
schematic structures are obtained as displayed in Fig. 1. For
the initial configuration M1, the distance between top elec-
trode and bottom electrode is 11.3 A and the propynyl of P-
TOTA molecule keeps upright. When the top electrode is close
to the bottom electrode, the interaction between propynyl and
tip is gradually enhanced. As the distance between the two
electrodes decreases to 9.5 A, the propynyl bends 160° and
configuration M2 is obtained as shown in Fig. 1(b). When we
move the top electrode further down to 7.3 A, the propynyl is
bent more seriously. As displayed in Fig. 1(c), the angle of
propynyl is 148° for the final configuration M3. Furthermore,
two carbon atoms of propynyl are bonded to the tip atom of
Ni electrode, which breaks an original C=C triple band and
forms a new Ni-C—C bond. We calculate the total energy of
the three optimized configurations, where is —300988.35 eV,
—300988.70 eV, and —300990.86 eV for M1, M2, and M3
junctions, respectively. It is clearly seen that the structure is
more stable in the compression process. The difference in
total energy between M1 and M2 junctions is only 0.35 eV,
whereas that between M2 and M3 junctions is 2.16 eV. Ap-
parently, from M1 to M2 junction, the weak interaction be-
tween Ni tip electrode and propynyl of P-TOTA molecule in-
duces a small energy difference. However, when M2 junction
is further compressed to obtain M3 junction, the breaking and
forming of chemical bonds lead the energy to decrease signif-

To simulate the compression process of this molecular junc-  icantly.
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Fig. 1. Schematic diagrams of compression processes about P-TOTA molecular junction for three structures: (a) M1, (b) M2, and (c) M3. The carbon
atoms of propynyl of P-TOTA molecule are marked from top to bottom with C1, C2, and C3, respectively. The white, gray, red, green and yellow balls

denote H, C, O, Ni, and Au atoms, respectively.

The geometry optimization of the P-TOTA molecule
and three device configurations are calculated based on den-
sity functional theory (DFT), where the maximum resid-
ual force on each atom is less than 0.04 eV/A. The spin-
dependent electron transport properties are further investigated

by combining the DFT with non-equilibrium Green’s function

(NEGF) method!**! implemented in Atomistix ToolKit (ATK)
package. 33391 Firstly, the isolated P-TOTA molecule is opti-
mized. Then, the optimized molecule is placed between two
electrodes to simulate the compression process, forming three
central regions. The central region composed of optimized

molecule and five layers of Au electrodes and six layers of
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Ni electrodes is further optimized. In this process, the atoms
of Ni tetrahedral tip and the two innermost layers atoms of
Au slab are completely optimized, while the rest of Ni atoms
are fixed, and the remaining Au atoms are restricted to move
rigidly. In order to choose appropriate lattice structures of
two different electrodes, based on the matching algorithm, the
two electrode structures are evaluated and the mismatch be-
tween the lattice constants is 0.07%. In the whole calcula-
tions, the spin-polarized generalized gradient approximation
(SGGA) with the Perdew—Burke—Ernzerhof (PBE)[*7! is used
as the exchange—correlation functional. The Troullier—Martins

type norm-conserving pseudopotentials!33!

are adopted. The
K-point sampling is 3 x 3 x 100 in each of the x, y, and z di-
rections, where the z direction is the electron transport direc-
tion. The density mesh cutoff for real space grids is set to be
200 Ry (1 Ry=13.6056923(12) eV), and the tolerance conver-
gence in the self-consistent loop is less than 1.0 x 10~* Hartree
(1 Hartree =4.3597x 1078 J). The double zeta ({) polariza-
tion (DZP) basis set is used for hydrogen, carbon, and oxygen
atoms, as well as the single zeta ({) polarization (SZP) basis
set is applied to Ni and Au atoms to make a balance between
computational accuracy and computational quantity.[3%401 A
positive bias voltage is applied to the Ni electrode, and a neg-
ative bias voltage to the Au electrode.

The spin-polarized current / under a bias voltage V is cal-

culated from the Landauer—Biittiker formula(*!]
e
o =7 [ To(B.V){fr (B = pr) = folE— )l dE. (1

In formula (1), o is the spin orientation (spin-up or spin-down)
of the electrons, e represents the elementary electron charge, h
denotes the Planck’s constant, fr (E — ur) and fg(E — Ug) are
the Fermi—Dirac distribution functions for electrons in the top
electrode and the bottom electrode, respectively, and yr and
Up are the the electrochemical potentials of top electrode and
bottom electrode, and T5(E,V) is the spin-dependent trans-
mission spectrum, and expressed as

Ts (E,V) = Ti[[R(E,V)Gc(E,V)IB(E,V)GE(E, V)], (2)

In formula (2), G¢(E, V) is Green’s function of the central re-
gion, IT(E,V) denotes the coupling matrix between the central
scattering region and the top electrode, and Ig(E,V) refers to
the matrix between the central scattering region and the bot-
tom electrode.

3. Results and discussion

In the previous STM experiment, the conductance of the
P-TOTA molecular junction using Au tip and substrate elec-
trodes gradually increased with the interelectrode distance
decreasing.!?°! Herein, we replace the Au tip with Ni tip.

And we first investigate the spin-dependent transport prop-
erties of P-TOTA molecule changing with the compression
effect.
of current of M1-M3 junctions are calculated under the bias

The total current—voltage (/-V) curves and the SP

voltage varying from 0.0 V to 0.5 V with a bias step of
0.1 V as shown in Fig. 2. It is clearly seen that the total
currents of the three molecular junctions are all increasing
with the bias voltage increasing. The current of M1 junc-
tion and M2 junction are extremely close to each other and
each maintains a very low level, where the maximum value
is only about 50 nA and 20 nA at 0.5 V, respectively. How-
ever, for M3 junction, the current has a significant enhance-
ment, where the maximum value reaches about 750 nA at
0.5 V. More importantly, the maximum values of total cur-
rents increase in the order of M1<M2<M3 obtained in the
compression process, which conforms to the results from pre-
vious STM experiment. The SP of current is calculated as
follows: SP(V) = [t (V) =1, (V)] / [+ (V) +1, (V)] x 100%,
where I; (V) and 1) (V') are the spin-up current and spin-down
current, respectively. As depicted in Fig. 2(b), for M1 junction,
the SP of current increases with bias voltage rising, where the
maximum value is about 45% near 0.5 V. The variation ten-
dency of M2 junction is similar to that of M1 junction, where
the maximum value reaches only 25% at 0.4 V. However, for
M3 configuration, the SP of current decreases from 18% to
6% under calculated bias voltage. Interestingly, it is found
that the SP of current always decreases with the diminution
of interelectrode distance, which displays opposite variation
trend compared with that of current. Moreover, the SP of cur-
rent shows three different intensities with the change of bias
voltage. Therefore, the spin transport properties of P-TOTA
molecule in SP-STM have a significant response to the com-
pression effect.

To explain the spin transport properties of P-TOTA
molecule, we calculate the spin-dependent transmission spec-
tra of M1, M2, and M3 junction under 0.0 V and 0.4 V, re-
spectively. The transmission spectra are plotted in logarithmic
coordinates to obtain a more intuitive view as shown in Fig. 3.
The eigenvalues of spin-dependent molecular-projected self-
consistent Hamiltonian (MPSH)™?! are also marked to distin-
guish between molecular orbitals and HIS. It is evidently seen
that the transmission coefficients of M1, M2, and M3 junc-
tion near the Fermi level all increase by an order of magni-
tude with interelectrode distance shortening under 0.0 V and
0.4 V, which accounts for the results of the total current in
Fig. 2(a). Besides, the spin-up transmission coefficients of the
three junctions are larger than the spin-down ones, which leads
to the spin-up SP of current. For M1 and M2 junction shown
in Figs. 3(a), 3(b), 3(d), and 3(e), two spin-up peaks appear
near the Fermi level, which has no MPSH eigenvalues corre-
sponding to them. This indicates that they are not the molec-
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ular orbits caused by the self-energy of the electrode, but are
the HIS generated by the interface hybridization. The spin-up
HIS transmission peaks move toward higher energy and enter
into the bias window with the increase of bias voltage, which
brings about the enhancement of SP of current. Moreover,
the spin-up HIS transmission peak of M1 junction in the bias
window is wider than that of M2 junction, which gives rise

800 (a)
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to larger SP of current than that of M2 junction. However, in
Figs. 3(c) and 3(f), the transmission peaks contributed by the
molecular orbits appear near the Fermi level, which causes a
huge current for M3 junction. The spin-up transmission coef-
ficient and the spin-down transmission coefficient of M3 junc-
tion in the bias window have the same magnitudes, which re-
sults in minimum SP of current for the three junctions.

50 F
(b)
—=— M1
40 F —a— M2
—o— M3
~ 30F
s
ol
n 20
10
0 L1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Voltage (V)

Fig. 2. (a) Total current—voltage curves and (b) bias-dependent SP of current of M1, M2, and M3 junctions. The inset in panel (a) shows the magnified

part of plots of current—voltage curves for M1 and M2 junctions.
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Fig. 3. Spin-dependent transmission spectra of M1, M2, and M3 junctions under ((a)—(c)) 0.0 V and ((d)—(f)) 0.4 V, respectively, where zero energy is
Fermi level and the region between two dash lines indicates bias window. Red and blue triangles represent spin-up and spin-down MPSH eigenvalues,

respectively.

To more intuitively analyze the transmission of electrons
at bias voltage, the spin-dependent transmission pathways of
the three junctions at Fermi level under 0.4 V are given in
Fig. 4. The blue line and the red line between two atoms rep-
resent the pathway of transmission and the pathway of reflec-
tion, respectively. And the radius value of blue line and the
red line represent the value of transmission probability and re-
flection probability, respectively. The thresholds are fixed at
0.0005 for all plots to compare different configurations. For
all junctions, the extremely dense transmission and reflection

pathways between Au substrate surface and platform of P-
TOTA molecule are presented. Thus, the electron transport
properties are mainly dependent on the interface between Ni
tip and propynyl of P-TOTA molecule. For the M1 junction
(as shown in Figs. 4(a) and 4(b)), the spin-up electrons can
transport from the H atoms at the end of P-TOTA molecule to
the Ni apex atom, but the spin-down electrons are suppressed.
This induces the highest SP of current. For the M2 junction
(as shown in Figs. 4(c) and 4(d)), the electrons can transport
from the C2 atom of propynyl to the Ni apex atom. Although
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the spin-down electrons have an additional transmission path-
way from molecule to the Ni electrode, the radius magnitude
of the spin-up transmission pathway from the C2 atom to the
Ni apex atom is larger than that of spin-down one. More-
over, the platform of P-TOTA molecule provides more spin-
up transmission pathways to C3 atom of propynyl. There-
fore, the current of M2 junction is spin-up polarized and has
a medium intensity in each of the three molecular junctions.
For M3 junction, the spin-up transmission pathways are simi-
lar to the spin-down ones in the Ni-propynyl hybrid interface

due to the strong chemical contact between Ni tip atom and
C2 atom and between Ni tip atom and C3 atom of propynyl as
shown in Figs. 4(e) and 4(f), respectively. However, the spin-
up transmission pathways diffusely extend to the third layer
of the Ni slab electrode, which is more delocalized than the
spin-down ones and still leads to a smaller spin-up polarized
current. Consequently, the results of spin-dependent transmis-
sion spectra and transmission pathways account for the change

of SP of current in compressing process under higher bias.

Angle (radians

/2

)

™

Fig. 4. Transmission pathways of three junctions at Fermi level under 0.4 V, showing [(a), (c), and (e)] spin-up electrons and [(b), (d), and (f)] spin-down
electrons for M1, M2, and M3 junctions, respectively. Carbon atoms of propynyl are marked from top to bottom with C1, C2, and C3, respectively.

Thresholds are fixed at 0.0005 for all plots.
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Fig. 5. Spin-dependent PDOS of Ni apex atom in (a) M1, (b) M2, and (c) M3 under zero bias voltage. And the spin-dependent PDOS of the propynyl
of P-TOTA molecule in (d) M1, (e) M2, and (f) M3 under zero bias voltage.

Now, we turn to the spin-dependent transport mecha-
nism affected by the Ni-propynyl hybrid interface. The spin-
dependent projected density of states (PDOS) of the Ni apex
atom and the propynyl of P-TOTA molecule in the three junc-
tions under zero bias voltage are given in Fig. 5. Apparently,

the PDOS peaks of the Ni apex atom and the propynyl near

the Fermi level are mainly contributed by 3d orbitals and 2p
orbitals, respectively. For M1 junction and M2 junction, the
PDOS of the Ni apex atom is extremely similar, where they
have many spin-up PDOS peaks near the Fermi level as in-
dicated in Figs. 5(a) and 5(b). Meanwhile, there is a spin-up
PDOS peak on each side of the Fermi level for propynyl (see

077202-5



Chin. Phys. B 31, 077202 (2022)

Figs. 5(d) and 5(e)), corresponding to the PDOS peak of the
Ni apex atom, which indicates that the 3d orbital of Ni apex
atom is hybridized with the propynyl. The PDOS peaks of the
propynyl of M2 junction near the Fermi level are significantly
strengthened compared with that of M1 junction, which re-
veals that the strength of orbital hybridization between Ni apex
atom and propynyl increases evidently with the compression
process going on. However, the spin-down PDOS of Ni apex
atom and propynyl near the Fermi level are closely restrained,
which results in the blocking of the spin-down channel and
the spin-up polarization of the current. With the continuous
compression of the molecular junction to M3, the C2 atom
and C3 atom of propynyl contact the Ni apex atom, which
causes the orbital hybridization of the Ni-propynyl interface to
become more intense. Unlike the M1 junction and M2 junc-
tion, the PDOS of M3 junction changes obviously as shown
in Figs. 5(c) and 5(f). Especially, the spin-down PDOS of the
propynyl increases significantly near the Fermi level, which
indicates that the spin-down channel is activated, leading the
Thus, the
spin-dependent PDOS is affected by the change of organic—

spin-up polarization of the current to decrease.

ferromagnetic interface originating from the compression pro-
cess, which is responsible for the variation of spin-dependent
transport.

In order to explore the contribution of every atom to the
electronic states in the junction, the spatial distributions of lo-
cal density of states (LDOS) for the energy of each spin-up
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PDOS peak of propynyl near the Fermi level under zero bias
voltage are plotted in Fig. 6. It can be intuitively seen that the
spin-up and spin-down LDOS are both distributed mainly in
Ni electrode and partially exists in Au electrode, which indi-
cates that the PDOS peaks of propynyl are contributed mainly
by electrode atoms. For the M1 junction, the LDOS has al-
most no distribution on P-TOTA molecule (see Figs. 6(a), 6(b),
6(g), and 6(h)). However, with the decrease of the interelec-
trode distance, the interaction between Ni electrode and P-
TOTA molecule is enhanced. The spin-up LDOS of M2 junc-
tion shown in Figs. 6(c) and 6(d) appears in methyl and C3
atom of propynyl, especially at the energy of —0.22 eV, where
is attributed to a high PDOS peak shown in Fig. 5(e). But
the spin-down LDOS of M2 junction shown in Figs. 6(i) and
6(j) is still similar to the LDOS of M1 junction. Being com-
pressed futher, the C2 and C3 atoms of propynyl are bonded
to the Ni apex atom. From Figs. 6(e), 6(f), 6(k), and 6(1), it
is evidently seen that the spin-up LDOS and the spin-down
LDOS increase in the three atoms, which testifies to the strong
orbital hybridization between Ni apex atom and C2 and C3
atoms of propynyl. Note that the spin-down electronic states in
M3 junction are distributed in the molecule, which means that
the spin-down electronic channel is turned on with the com-
pression process. Therefore, the compression process of P-
TOTA molecular junction modifies the organic—ferromagnetic
spinterface remarkably and dominates the electronic states for
spin-dependent transport.
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Fig. 6. Spin-up LDOS of [(a), (b)] M1, [(c), (d)] M2, and [(e), (f)] M3 junctions, and spin-down LDOS of [(g), (h)] M1, [(i), ()] M2, and [(k), (1)]
M3 junctions at certain energy under zero bias voltage. Carbon atoms of propynyl are marked from top to bottom with C1, C2, and C3, respectively.

Isovalues are fixed at 0.03 for all isosurface plots.
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4. Conclusions

In this work, according to the first-principles calculations
of DFT combined with NEGF, we theoretically investigate the
spin-dependent transport properties of P-TOTA molecule by
simulating the compression process of SP-STM experiment
with Ni tip electrode and Au substrate electrode. The com-
putational results show that the current gradually increases
with interelectrode distance shortening, which is coincident
with that of conductance in previous STM experiment with
Au electrode. However, it is extremely intriguing that the
SP of current decreases with the compression process go-
ing on when the bias voltage exceeds 0.1 V, which is com-
The

analysis of transmission spectra and transmission pathways re-

pletely opposite to the variation tendency of current.

veals the physical mechanism of spin-dependent transport un-
der high bias voltage, where the compression process induces
more spin-down electron channels. Moreover, the coupling
between Ni tip electrode and propynyl of P-TOTA molecule
is enhanced in the compression process, which modifies the
organic—ferromagnetic spinterface significantly. The results
of PDOS and LDOS illuminate that orbital hybridization be-
tween 3d orbitals of Ni tip atom and 2p orbitals of C atoms
of propynyl occurs at the spinterface. More importantly, the
weak orbital hybridization results in strong spin-up polarized
density of states, but strong orbital hybridization activates the
spin-down electron transmission and leads the spin polariza-
tion to decrease. As a consequence, the orbital hybridization
of organic—ferromagnetic spinterface plays a vital role in de-
termining the spin-dependent transport properties of P-TOTA
molecular junction. Our theoretical work reveals the physical
mechanism of spin transport properties of P-TOTA molecular
junction and promotes its application in molecular spintronic
devices.
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