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ABSTRACT: We employ the first-principles calculation with non-
equilibrium Green’s function method to comprehensively inves-
tigate the crucial role of interfacial geometry in spin transport
properties of Co/1,4-benzenediamine (BDA)/Co single-molecule
magnetic junctions (SMMJs). Two bonding mechanisms are
proposed for the hard−hard Co−N coupling: (1) the covalent
bonding between the H-dissociated amine linker and spin-
polarized Co apex atoms and (2) the dative interaction between
the H-non-dissociated (denoted by +H) amine linker and Co apex
atoms. The former covalent contact dominates the π-resonance
interfacial spin selection that can be well preserved in H-
dissociated cases regardless of the choice of top, bridge, and
hollow contact sites. From our detailed analyses of spin-polarized
transmission spectra, local density of states, and molecular density of states, the underlying mechanism is that the strong
hybridization between Co-d, N-py, and the π-orbital of the phenyl ring in dissociated cases renders the 2-fold HOMO (4-fold
LUMO) of the central molecule closer to the Fermi energy. In contrast, the enlarged Co−N bond length of the latter dative contact
in the H-non-dissociated case not only destroys the spinterface coupling but also blocks the spin injection. This theoretical work may
provide vital and practical insights to illustrate the spin transport property in real amine-ended SMMJs since the contact geometries
and interfacial bond mechanisms remain unclear during the breaking junction technique.

■ INTRODUCTION

To reach the ultimate goal of maximizing the efficiency in
electronic devices,1−8 single-molecule junctions (SMJs) have
attracted intensive attention due to their diversity and
flexibility, and have been successfully fabricated by the
scanning tunneling microscopy breaking junction process,9,10

the mechanically controllable breaking junction11 process, and
the self-assembled monolayer fabrication.12,13 SMJs consist of
three distinct components: the electrode, linker, and central
molecule; the linker group (also known as the anchor group or
contact group) connects the central molecule to the electrodes,
and the linker typically binds to the electrode, that is, the most
used Au electrode, either through the dative interaction or via
the covalent bonding. Based on Pearson’s principle of hard and
soft acids and bases,14 the weaker coupling between the soft
metal (Au) and hard base (N) provides the dative contact
involving a lone pair donors of the H-non-dissociated amine
linker selectively binding to the undercoordinated Au
adatom,15−17 which may limit the contact geometry and
narrows the charge-transfer channels. In contrast, the thiol
linker is one of the most appropriate candidates for charge
transport in SMJs due to its excellent interfacial coupling and
ductility. Such strong coupling between the soft metal (Au)
and soft base (S) energetically produces the covalent contact

from the H-dissociated thiol linker on Au surfaces18,19 and can
further show broad conductance features owing to the large
variability in the linker−electrode contact geometry.20,21

Besides the charge transfer, the so-called spinterface22−24

effect between the ferromagnetic electrode and organic
molecules provides rich physics to closely correlate interfacial
chemical bonding with spin transport properties. One crucial
and important issue is how to achieve highly spin-polarized
currents via the spin filtering effect25−28 in nanoscale organic-
based spintronic devices. Recent theoretical works proposed a
new type of single-molecule magnetic junctions (SMMJs) with
strong hard−hard coupling between the amine linker and
ferromagnetic electrode, which provide an additional degree of
freedom of spin to control the electronic signal since the spin
momentum of electrons can be well preserved in a diffusion
length of hundreds of nanometers due to weak spin−orbit
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coupling. The amine linker plays an important role to provide
efficient spin-selective transport properties,29,30 anomalous
magnetoresistance,31 and the giant nonlocal field-like spin
torque effect.32 Unlike the dative interaction between amine
and Au in nonmagnetic SMJs, the strong coupling between the
hard metal (Co) and hard base (N) in SMMJs instead favors
the covalent bonding between the H-dissociated amine linker
and Co adatom and may even provide variability in the linker−
electrode contact geometry, which are crucial but remain
unclear during the fabrication of real SMMJs, especially for
breaking junction techniques.
In this study, we propose prototypical Co/1,4-benzenedi-

amine (BDA)/Co SMMJs as presented in Figure 1. The first-

principles calculation with nonequilibrium Green’s function
method is employed to comprehensively investigate the crucial
role of interfacial geometry in spin transport of amine-ended
SMMJs with various kinds of contact geometries, such as the
number and symmetry of Co apex atoms (I, II, III, III′) and
the contact site of the N-ion (T, B, H). This gives two bonding
mechanisms for the Co−N bond: (1) the covalent bonding
between the H-dissociated amine linker and Co apex atoms in
the T-III′, B-II, and H-III cases and (2) the dative interaction
between the H-non-dissociated (denoted by +H) amine linker
and Co apex atoms in the T-III′+H and B-II+H cases. It is
interesting to find that the former covalent contact in the H-
dissociated case assists the spinterface effect and provides
broad spin-polarized channels to allow the spin injection from
the Co electrode via the N-linker into the central phenyl ring.
However, the enlarged Co−N bond length in the latter dative
contact not only dramatically destroys the spinterface coupling
but also blocks the spin injection. The underlying mechanism
can be understood by the fact that the strong (weak)
hybridization between Co-d, N-py, and the π-orbital of the
central phenyl ring in H-dissociated (H-non-dissociated)
amine-ended SMMJs renders the 2-fold HOMO (4-fold
LUMO) of the central molecule closer to the Fermi energy.

■ COMPUTATIONAL DETAILS

The Vienna ab initio simulation package33−36 with density
functional theory (DFT) based on generalized gradient
approximation in the Perdew, Burke, and Ernzerhof37 form is
employed for structure relaxation in the parallel magnetic
configuration. To simulate the contact condition during the
breaking junction technique, we gradually change the distance
between two electrodes by 0.1 Å of each step and optimize the
junction with full relaxation of apex atoms and the central
molecule. The vacuum layer remains at 7 Å in the x- and y-
directions to prevent coupling between SMMJs. The lattice
constant of the cobalt nanowire is chosen as 2.5 Å, and the Co
apex atoms and central molecules are fully relaxed with a force
criterion of 0.02 eV/Å. The cutoff energy of the plane wave
basis set is 700 eV, the total energy difference for electronic
steps is 10−5 eV, and the Γ-point sampling is considered.
For the spin-polarized transport calculation, the two-probe

model with DFT and nonequilibrium Green’s function
(NEGF) formalism is implemented in the Nanodcal transport
package.38−40 The double-ζ double-polarized basis set of local
numerical orbitals is applied to all ions. The lateral separation
between junctions is 15 Å to prevent the inter-junction
interactions. The k-space sampling is 1 × 1 1n100 and the Γ-
point for the semi-infinite Co electrode and device self-
consistent calculations, respectively.

■ RESULTS AND DISCUSSION

We first discuss the covalent contact in the H-dissociated T-
III′, B-II, and H-III cases with the parallel magnetic
configuration, whose spin-polarized transmission spectra are
shown in the left panel of Figure 2. The pronounced π-
resonant spin-up channel near the Fermi energy (EF = 0.0 eV)
in all three top (T-III′), bridge (B-II), and hollow (H-III)
contact sites as long as the H-ion is dissociated to form the
covalent Co−N bond. According to the spin-polarized
differential local density of states (LDOS) shown in Figure
2a, such a broad π-resonant spin-up channel is dominated by
the N-py (π) hybridization between the π-orbital of the central
molecule and the Co-d orbital in the T-III′ case. For the
dissociated B-II and H-III cases shown in Figure 2c,d, rather
than pure N-py(π) hybridization, both N-px and N-py orbitals
contribute to the hybridization between the Co electrode and
central molecule. As long as the N-linker can form a π-
direction orbital, the spin-polarized electron will have an
overwhelming tendency to pass through the central molecule.
However, this additional N-px orbital is not useless at all; the
pronounced peak can be further extended in this way by
contacting on the hollow site. In addition, the spin-down
transmission is spiky in all three cases due to the great amount
of spin-down electrons injected from the Co electrode near EF,
but only few of them can pass through the weak π-resonant
spin-down channel, as displayed in Figure 2b.
On the other hand, we propose the dative contact in the H-

non-dissociated B-II+H case and employ the first-principles
calculation to optimize its junction structure. The enlarged N−
Co bond length, that is, dN−Co is 1.84 Å (B-II) and 1.99 Å (B-II
+H), implies the dative contact involving a lone pair donors of
the H-non-dissociated amine linker selectively binding to the
undercoordinated Co apex atoms. This breaks the hybrid-
ization between spin-up Co-d, N-py, and the π-orbital of the
central molecule near EF as shown in the spin-polarized
differential LDOS of Figure 3a. To further examine the π-

Figure 1. (a) Top view and (b) side view of the junction geometry for
the H-dissociated T-III′ case of amine-ended Co/BDA/Co SMMJ.
(c) Front view of single-electrode structures, where the number of
apex atoms is labeled as I, II, III, and III′ for one to three plus one tip
atoms. In this case, the nitrogen atom can contact on top, bridge,
hollow sites of the apex atoms, labeled as T, B, and H, respectively.
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resonant spin-up channel, we artificially disrupt the H-atom of
the B-II+H case to form a fake dissociated B-II+H-ADH case
without doing any structural relaxation. Interestingly, the top
panel of Figure 3 reveals that the pronounced π-resonant spin-
up transmission feature disappears in the B-II+H case but
appears again in the B-II+H-ADH case when an additional H-
atom is artificially removed and the N-atom tends to combine
with the Co-d orbital, as displayed inFigure 3b.
Moreover, we insert methylene (CH2) units between the N-

atom and the phenyl ring to form the 1,4-benzenedimethan-
amine molecule (BDMA case). The structural relaxation causes
structural reorientation between Co apex atoms and the central
BDMA molecule, as shown in the spin-polarized differential
LDOS of Figure 3c. It is intriguing to find that not only the π-
resonant spin-up transmission feature but also the spiky spin-
down transmission peaks can be dramatically suppressed.
Although the strong spin-up hybridization between N-px,y and
Co-d orbitals exists around −0.65 eV, as presented in Figure
3d, the N-atom and central phenyl ring are well separated by
CH2 and hence in turn drastically eliminate spin-polarized
resonance channels.
We next turn to the dative contact in H-non-dissociated T-

III′+H cases and the fake dissociated T-III′+H-ADH case
simply by artificially disrupting the H-atom of the T-III′+H
case. Similarly, one can expect that the pronounced π-resonant
spin-up transmission feature of the T-III′ case is first
eliminated by adding a H-ion and can be generated again by
artificially removing the H-ion, as presented in Figure 4a.
Meanwhile, the much larger N−Co bond length in the
nondissociated T-III′+H case, that is, dN−Co is 1.84 Å (T-III′)
and 2.05 Å (T-III′+H), not only eliminates spin-up trans-

mission feature near below EF, that is, Δ+H in Figure 4g, but
also presents the unoccupied 4-fold molecular orbital of the
central molecule, that is, Δ1, Δ2, ∇1, and ∇2 in Figure 4c−f,
which are about 5 times larger than ordinary occupied 2-fold
Δ+H, which contributed to π-resonant spin-up transmission in
previous discussed H-dissociated cases.
To further distinguish how the H-dissociation onto the N-

linker affects the spinterface effect in Co/BDA/Co SMMJs, we
present in Figure 5a−e the DOSs and LDOSs for (a) isolated
BDA molecule, (b) isolated BDA (2H) molecule directly
extracted from the nondissociated TIII′+H case and (c)
nondissociated T-III′+H case itself, and (d) isolated BDA
(1H) molecule directly extracted from the dissociated T-III′
case and (e) dissociated T-III′ junction case itself. Comparing
to the 2-fold HOMO and HOMO − 1 levels and 4-fold
LUMO and LUMO + 1 levels of the perfect BDA molecule,
the reconstruction of NH2 of the BDA (2H) molecule renders
the split of HOMO and HOMO − 1 (LUMO and LUMO +
1) levels. Moreover, the Co-BDA (2H) molecule in contact
with Co NWs moves all four molecular levels toward lower
energies. Since the LUMO and LUMO + 1 levels are shifted
closer to EF, corresponding to the Δ1 and Δ2 energy levels,
respectively, as shown in Figure 4a, their 4-fold molecular
orbital, which is mainly contributed by the phenyl ring, can
efficiently block the spin injection from the Co electrode.
Instead, once we remove one H-ion to form Co-BDA (1H)
molecules, the broad spin-up 2-fold HOMO level is located at
EF and dominates the π-resonant spin-up transmission of the
T-III′ case, as shown in Figure 2. Therefore, our results reveal
that nondissociation (dissociation) of the H-ion onto the N-
linker dramatically blocks (allows) the spin injection from the

Figure 2. Top: spin-polarized transmission spectra for the T-III′, B-II, and H-III cases in the parallel magnetic configuration. Bottom: differential
LDOS, which is defined as LDOS(Co/BDA/Co junction) − LDOS(Co/vacuum/Co junction) for (a) spin-up and (b) spin-down channels of the
T-III′ case, (c) spin-up channel of the B-II case, and (d) spin-up channel of the H-III case in an energy interval of −0.3 to 0.2 eV. Yellow (blue)
represents the positive (negative) magnitude of differential LDOS. Here, we simply remove the central molecule to form Co/vacuum/Co junction.
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Co electrode into the central molecule and thus in turn
destroys (assists) the spinterface effect via the hybridization
between Co-d, N-py, and the π-orbital of the central phenyl
ring.

■ CONCLUSIONS

In conclusion, the first-principles calculation with the NEGF
method is applied to demonstrate that the contact geometry
and the interfacial bond mechanism, which are crucial to

Figure 3. Top: spin-polarized transmission spectra for the B-II+H and BDMA cases in the parallel magnetic configuration. Bottom: differential
LDOS, which is defined as LDOS(Co/BDA/Co junction) − LDOS(Co/vacuum/Co junction), for the spin-up channel at EF of (a) B-II+H case,
(b) B-II+H-ADH case, and (c) BDMA case and for (d) spin-up channel of the BDMA case at −0.65 eV. Yellow (blue) represents the positive
(negative) magnitude of differential LDOS. Here, we simply remove the central molecule to form Co/vacuum/Co junction.

Figure 4. (a) Spin-up and (b) spin-down DOS and transmission for the T-III′+H and T-III′+H-ADH cases in the parallel magnetic configuration,
where the DOS (Coind) is defined as DOS(Co/BDA/Co junction) − DOS(Co/vacuum/Co junction). The differential LDOSs for (c) Δ1 and (d)
Δ2 spin-up features and for (e) ∇1 and (f) ∇2 spin-down features in the T-III′+H case. The differential LDOS for (g) Δ+H spin-up feature in the
T-III′+H-ADH case.
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control the interface transparency to spin transport in amine-
ended SMMJs. The covalent bonding between the H-
dissociated amine linker and spin-polarized Co apex atoms
can preserve the spin-up pronounced resonance channel
regardless of the choice of contact sites, that is, the T-III′, B-
II, and H-III cases. However, the dative contact is proposed in
the H-non-dissociated B-II+H and T-III′+H cases, and their
enlarged interfacial Co−N bond lengths not only destroy the
spinterface effect but also block the spin injection. The
underlying mechanism can be understood by the fact that the
strong (weak) hybridization between Co-d, N-py, and the π-
orbital of the central phenyl ring in H-dissociated (H-non-
dissociated) amine-ended SMMJs renders the 2-fold HOMO
(4-fold LUMO) of the central molecule closer to the Fermi
energy. This theoretical work may provide more insights to
illustrate the spin transport property in real SMMJs, since the
contact geometries and interfacial bond mechanisms remain
unclear during the breaking junction technique.
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