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Based on first-principles calculations, the bias-induced evolutions of hybrid interface states in π-conjugated tricene
and in insulating octane magnetic molecular junctions are investigated. Obvious bias-induced splitting and energy shift
of the spin-resolved hybrid interface states are observed in the two junctions. The recombination of the shifted hybrid
interface states from different interfaces makes the spin polarization around the Fermi energy strongly bias-dependent. The
transport calculations demonstrate that in the π-conjugated tricene junction, the bias-dependent hybrid interface states work
efficiently for large current, current spin polarization, and distinct tunneling magnetoresistance. But in the insulating octane
junction, the spin-dependent transport via the hybrid interface states is inhibited, which is only slightly disturbed by the
bias. This work reveals the phenomenon of bias-induced reconstruction of hybrid interface states in molecular spinterface
devices, and the underlying role of conjugated molecular orbitals in the transport ability of hybrid interface states.

Keywords: molecular spinterface, hybrid interface states, bias effect
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1. Introduction
The application of organic molecules to spintronics has

formed a new field, called organic spintronics,[1–10] and
aroused widespread interest due to the pursuit of flexible and
low-cost devices with advanced performances.[11–14]

Recently, another advantage of organic molecules in
interface modification, i.e., the generation of hybrid inter-
face states (HISs) between ferromagnetic metals and organic
molecules, has been widely noticed.[15–17] When an organic
molecule is adsorbed onto the ferromagnetic surface, the or-
bital hybridization may occur at the interface, which may
change the interfacial spin polarization (SP) significantly. The
SP at the ferromagnetic/molecular interface can be further
modulated by manipulating interface morphology or molec-
ular structure, thus setting up a new field of molecular
spinterface,[18,19] that is, a field in which the metal/organic in-
terfaces are important and specially designed for spin applica-
tions.

Manipulation of HIS and interfacial SP have been inves-
tigated extensively in past years. For example, according to
the first-principles calculations, Atodiresei et al. demonstrated
that the pz–d hybridization between C atoms and Fe atoms is
the mechanism of the SP inversion at organic sites.[20] Sub-
sequently, Djeghloul et al. experimentally confirmed the con-
tribution of sp3–d orbital hybridization to interfacial SP by
using alkane molecules.[21] Some subsequent researches fur-
ther confirmed the controllability of the interfacial SP. For ex-

ample, it was found that the interface magnetic moment and
spin polarization can be changed by replacing the H atoms in
the benzene ring with Cl or F atoms.[22] Qiu et al. showed the
modulation of HIS via molecular geometric torsion and an-
choring groups in magnetic molecular junctions.[23,24]

In consideration of the controllable SP of HIS, exploring
the role of HIS in spin-dependent transport and even designing
functional molecular spin devices are of high interest and im-
portance. The HISs usually exist in the molecular gap near the
Fermi energy and belong to the metal induced gap states,[25,26]

which are crucial in determining the transport properties of the
device. For example, in LSMO/Alq3/Co organic spin valve,
the diversity of magnetoresistance is attributed to the distinct
SP of the HIS.[27] It was also found that by controlling the SP
of HIS via destructive quantum interference, the SP of the cur-
rent can be modulated.[28] However, we noticed that in most
of devices the functionality is usually assumed according to
their SP property at a single interface. In a real molecular
device, the junction is composed of two interfaces, with an ex-
ternal bias applied. The HIS and their SP will be adjusted by
bias because of the localized characteristics of HIS. Up to now,
the details of HIS evolution under bias have remained unclear.
In this work, we address the following questions: (i) how do
the HISs as well as their SP evolve with the bias voltage in-
creasing? (ii) How does the transmission spectrum of the HIS
change with the bias voltage increasing? (iii) What are the ef-
fects on the SP of current and magnetoresistance, caused by
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the above changes?
In order to answer the above questions, two typical

molecules, tricene and octane, are connected to two Ni elec-
trodes via S atoms. The former molecule owns conjugated
π orbitals while the latter one is insulating from the sp3 hy-
bridized orbitals. The rest of this paper is organized as fol-
lows. In Section 2 theoretical models and calculation details
are introduced. In section 3, the effects of bias on the SP and
the spin-dependent transport properties of the HIS are exhib-
ited and discussed. Finally, some conclusions are drawn in
Section 4.

2. Theoretical models and calculation details
Here we consider two molecular junctions, i.e., a conju-

gated tricene molecule and a non-conjugated octane molecule
sandwiched between two nickel electrodes. The Ni (111) sur-
face is determined by a triangle consisting of three nickel
atoms out of the plane. These molecules attach to hollow po-
sitions on the three nickel atoms via S anchoring groups as
shown schematically in Fig. 1, which is widely used in theo-
retical and experimental studies of molecular electronics.[29,30]

The molecular junction is divided into three parts: the left and
right semi-infinite electrode and the central scattering region.
The semi-infinite Ni electrode is simulated by a 3× 4× 3 el-
ement with a periodic boundary in x and y directions perpen-
dicular to the transport direction. The central scattering region
is composed of the molecule and six layers of Ni electrode on
each side.

Left electrode Right electrodeCentral region

C

H

S

Ni

(a)

(b)

Fig. 1. Schematic diagram of (a) Ni/tricene/Ni and (b) Ni/octane/Ni mag-
netic junctions.

In Atomistix ToolKit (ATK) package,[31,32] the molecule
is first optimized with a maximum residual force of 0.04 eV/Å.
Then the molecule is connected to two Ni electrodes by
the S atom, and the central region of the junction is op-
timized again. For Ni atoms the single zeta-polarized
(SZP) basis set is adopted, and for other atoms the dou-
ble zeta-polarized (DZP) basis set is used. Spin-dependent
generalized gradient approximation (SGGA) Perdew–Burke–
Ernzerhof (PBE)[33] is selected as the exchange and correla-
tion functional, and Troullier–Martins-type norm-conserving
pseudopotential[34] is used. In the self-consistent loop,
tolerance convergence is selected as 1.0 × 10−4 Hartree

(1 Hartree = 4.3597×10−18 J) and a density mesh cut-off of
300 Rydberg (1 Ry = 13.6056923(12) eV) is used. In the x, y,
and z directions, a 3×3×100 k-point in Brillouin-zone (BZ)
is adopted.

The spin-resolved current at a bias voltage V is calculated
by using the Landauer–Büttiker formula[35]

Iσ (V ) =
e
h

∫
µR

µL

Tσ (E,V ) [ fL (E−µL)− fR (E−µR)] dE, (1)

where σ =↑ / ↓ is the spin index of the electron, e and h are the
electron charge and Planck’s constant, fL/R

(
E−µL/R

)
is the

Fermi–Dirac distribution function of electron in the left/right
electrode with the electrochemical potential µL/R, Tσ (E,V ) is
the transmission function under bias voltage V at energy E of
spin σ , and expressed as[36]

Tσ (E,V ) = tr
[
Γ

L
σ (E,V )Gσ (E,V )Γ

R
σ (E,V )G+

σ (E,V )
]
. (2)

Here, Gσ (E,V )/G+
σ (E,V ) is the spin-dependent re-

tarded/advanced Green’s function in the central region at bias
voltage V . The Gσ (E,V ) is expressed as

Gσ (E,V )=[(E + iδ+)S−Hσ
M−ΣL (E,V )−ΣR (E,V )]−1 . (3)

Here, δ+ is an infinitely small quantity, S is an overlap ma-
trix, Hσ

M is the Hamiltonian of the central region, ΣL/R (E,V )

is the self-energy due to the coupling with the left/right elec-
trode, and Γ

L/R
σ (E,V ) is the broadening function of the left

/right electrode. The total current through the molecular junc-
tion under the bias can be obtained by summing the currents
with different spins.

3. Results and discussion
The magnetic junction is constructed by connecting each

molecule with two Ni electrodes through the S atoms. The
spin configurations of the two Ni electrodes can be paral-
lel (P) or antiparallel (AP).[37] Before investigating the bias-
induced evolution of the HIS, we first analyze the properties
of the HIS for the two different molecules under zero bias
voltage. The projected density of states (PDOS) of the two
molecules in P configuration is shown in Fig. 2. The eigen-
values of the molecular projected self-consistent Hamiltonian
(MPSH)[38] are also marked. Apparently, spin-polarized HISs
appear in the energy gap for both molecules without corre-
sponding to any MPSH eigenvalue. For the aromatic molecule
tricene with conjugated π orbitals, we notice that three obvi-
ous HIS peaks emerge near the Fermi energy. Two spin-down
peaks are located at about 0.14 eV above the Fermi energy
and−1.05 eV below the Fermi energy, respectively. A spin-up
peak is observed at about−0.9 eV. The HISs are different from
the Ni/benzene-dithiolate/Ni system although the anchoring
atoms are identical.[39] By further projecting the DOS onto
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the tricene and the left/right S atom, it can be found that each
S atom and the tricene contribute almost equally to the HIS be-
low the Fermi energy, while a larger portion from the tricene
is found for the HIS above the Fermi energy. For the octane
molecule without π orbitals, enormous HISs appear below the
Fermi energy except a spin-down HIS peak at 0.23 eV above
the Fermi energy. Further projection onto the molecular com-
ponents indicates that the HIS near the Fermi energy is pro-
duced mainly by the S atom rather than the octane molecule.
From the above results, one can conclude that molecular or-
bitals also participate in the interfacial hybridization other than
the terminal anchoring atoms, especially for the π orbitals.

-3 -2 -1 0 1 2 3
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0
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Spin down

(a)

P
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O
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(E↩EF) (eV)
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Spin down

(b)
 Molecule
 Tricene
 SL
 SR

Fig. 2. PDOS of (a) tricene and (b) octane spin valves in P configuration.
The PDOS is further projected onto molecule without S atoms or left S (SL)
or right S (SR), respectively. The inserted triangles are MPSH eigenvalues
of the whole molecule. The bias is zero.

The localization of the HIS in the two molecular junctions
is further explored. In Fig. 3, we choose three HIS peaks the
nearest to the Fermi energy and plot the local density of states
(LDOS) of the HISs on each atom. It can be clearly found that
for the tricene molecular junction, the HISs spread over the
interfacial Ni atoms, S atoms and the nearest benzene rings,
which confirms the participation of the molecular orbitals in
the formation of HIS. However, for the octane molecular junc-
tion, we can barely see the electron distribution on the octane
molecule, and the HISs are dominated by the interfacial Ni and
S atoms.

(a)

(b)

(c)

0.14 eV

-0.9 eV

-1.05 eV Down

Up

Down (d)

(e)

(f)

0.23 eV

-0.89 eV

-1.07 eV Down

Up

Down

Fig. 3. LDOSs for the HIS near the Fermi energy. Isovalues are fixed at 0.02
for all plots.

The SP of the molecular PDOS is also calculated as
shown in Fig. 4. Here the SP is defined as SP(E) =

[
PDOS↑ (E)−PDOS↓(E)

]
/
[
PDOS↑ (E)+PDOS↓(E)

]
. For

both molecules, the SP shows a similar trend as a broad spin-
up peak below the Fermi energy, and a spin-down peak spans
the Fermi energy. The maximum SP value of the tricene
molecule is larger than that of the octane molecule. At the
Fermi energy, the SP is about−33% for thetricene, and−21%
for octane molecules.

-1.0 -0.5 0 0.5 1.0
-100

-50

0

50

100

S
P
 (

%
)

(E↩EF) (eV)

Tricene
Octane

Fig. 4. Curves of spin polarization versus energy of molecular PDOS under
zero bias in P configuration.

Now we focus on the evolution of the HIS in the pres-
ence of bias voltage. The bias-dependent PDOS of the two
molecules in P configuration is shown in Fig. 5. For the tricene
molecule, two kinds of different responses of the PDOS to the
bias are clearly observed. The PDOS of molecular orbitals
with corresponding MPSH eigenvalues are only slightly dis-
turbed by bias, while the HISs near the Fermi energy are split
obviously. Specifically, we take the spin-down HIS peak the
nearest to the Fermi energy for example. At 0.4 V, such a peak
is divided into two parts which move in opposite directions.
The left peak toward the Fermi energy is contributed from the
left S atom and the tricene molecule. The right one toward
the upper molecular orbitals comes from the right S atom and
the tricene molecule. This is because the positive bias low-
ers the chemical potential of the left electrode and lifts that
of the right electrode. Thus, the interfacial hybridization at
the two interfaces is not degenerate again and neither are their
HISs. The obvious shift of the HIS in energy, rather than the
molecular orbitals, origins from the high localization of the
HIS, which follows the variation of the chemical potential of
the neighbor electrode. With the increase of bias, the separa-
tion of the two split HIS is enhanced. Such a splitting and an
energy shift are observed for all the HIS peaks near the Fermi
energy. For the octane molecule without conjugated orbitals, a
similar evolution occurs for the HIS except the absence of the
molecular orbitals in this process. We also notice a small shift
for MPSH eigenvalues. For the tricene molecule, the highest
occupied molecular orbital (HOMO) gradually approaches to
the Fermi energy, while the lowest unoccupied molecular or-
bital (LUMO) is hardly disturbed. For the octane molecule, an
obvious red shift to the LUMO is observed.
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Fig. 5. Bias-dependent PDOSs of [(a)–(d)] tricene and [(e)–(h)] octane molecules. The PDOS is further projected onto the molecule without S
atoms or left S or right S respectively. The inserted triangles are the MPSH eigenvalues of the molecule.
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Fig. 6. Curves of bias-dependent spin polarization of molecular PDOS at
Fermi energy in P configuration.

An interesting concomitant phenomenon brought by the
splitting and shift of the HIS is that the SP around the Fermi
energy is modulated by bias. For example, at 0.4 V, as shown
in Fig. 5(a) the SP at the Fermi energy is negative due to
the presence of the spin-down HIS. As the bias voltage is in-
creased to 0.8 V and 1.2 V, the spin-down HIS is gradually
shifted below the Fermi energy while a spin-up HIS peak is
getting close to the Fermi energy. At 1.6 V, the PDOS at the
Fermi energy is dominated by the spin-up HIS peak and the SP
is reversed to positive value. In Fig. 6, the bias-dependent SP
at the Fermi energy is plotted in the P configuration. A sign re-
versal of the SP from negative to positive is clearly observed at
0.9 V for the two molecular junctions. Below 0.9 V, the max-
imum value of the SP is about −48% (−33%) for the tricene
(octane) molecule. After that, the maximum value of the SP

achieves about 42% (28%) for the tricene (octane) molecule.
Thus, in spite of the similar interfacial hybridization, the con-
jugated molecule corresponds to a little larger SP.

Then we investigate the transport property of the HISs in
the two systems. Figure 7(a) gives the current–voltage (I–V )
curves in the P configuration. For the tricene molecule, the
current curve increases non-linearly in the two systems, where
the maximum current achieves about 4.5 µA at 2.0 V. It is no-
ticed that there is no threshold voltage in the I–V curve, which
is induced by the presence of the spin-down HIS at the Fermi
energy at zero bias (see Fig. 2(a)). The current increases more
rapidly after 1.5 V, since the molecular orbitals start to con-
tribute to the current at a large bias according to Fig. 5(a).
For the octane molecule, the current is quite small, which is
about three orders of magnitude less than that of the tricene
molecule. This is because although the HISs appear near the
Fermi energy, the component lacks π orbitals and has no ob-
vious effect on the current.

Figure 7(b) shows the curves of SP versus voltage of the
current under the bias voltage. Here the SP is defined as
SP(V ) =

[
I↑ (V )− I↓(V )

]
/
[
I↑ (V )+ I↓(V )

]
. We find that the

current is spin-down-polarized for the tricene molecule. With
the increasing bias voltage, the value of the SP decreases from
−86% at 0.2 V to −20% at 1.0 V and then fluctuates. The
trend of the change at low bias is similar to the scenario of
the SP at Fermi energy shown in Fig. 6, while at large bias
they differ since the current is contributed by all the HISs in
the bias window. For the octane molecular junction, a rever-
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sal of the SP is observed at several bias voltages. The maxi-
mum magnitude is less than −30% in the region of calculated
bias voltage. The above results indicate that the HISs in the
π-conjugated molecular junction work more efficiently on the
current SP than those in the molecular junction without π or-
bitals. Furthermore, the SP of the current does not match the
SP of PDOS at Fermi energy exactly, where the bias-induced
evolution of the PDOS and the contribution from multi states
in the bias window should be concerned.
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Fig. 7. (a) Current–voltage curves and (b) SP–voltage curves in P configu-
ration.

Finally, the bias-dependent tunneling magnetoresistances
(TMRs) of the two molecular junctions are compared with
each other. The result is shown in Fig. 8, where the TMR is de-
fined as TMR(V ) = [IP (V )− IAP(V )]/IAP where IP(AP) (V ) is
the current in the P (AP) configuration. For the octane molec-
ular junction where the transport through the HIS is strongly
inhibited, only a small TMR less than 8% is obtained in the
region of calculated bias voltage, which is just slightly dis-
turbed by the bias. However, for the tricene molecular junc-
tion, a much larger TMR as large as −54% is achieved. The
TMR is sensitive to the bias voltage, which first decreases with
bias from 44% at 0.2 V, and changes the sign after 0.4 V. The
maximum TMR achieves −54% at 0.9 V, and then decreases
again, where TMR stays at about 6% when the bias becomes
large. These results show that the bias-induced modulation of
the PDOS may change the sign of the TMR and enhance the
spin valve functionality. By investigating the spin-dependent
transmission spectrum at 0.2 V and 1.0 V, the mechanism of
the TMR is further discussed. The results are shown in Fig. 9.
Here only the result of the tricene molecular junction is given.
At 0.2 V, an obvious spin-down transmission peak from the
HIS contributes to the current in P configuration, while the
corresponding peak in AP configuration is much smaller. This
leads to a positive TMR. At 1.0 V, the spin-down HIS peak
enters into the bias window completely. But the height in AP
configuration turns higher than that in P configuration, there-
fore, causing a negative TMR effect. When the bias voltage
is increased to 1.6 V, it is noticed that the transmission from

the HIS turns very small, while the high LUMO transmission
peaks enter into the bias window. Owing to the near spin de-
generacy of the LUMO, the TMR as well as the SP of current
is much weakened.
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Fig. 8. Bias-dependent tunneling magnetoresistance in different molecular
junctions.
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Fig. 9. Bias-dependent transmission spectrum of the Ni/tricene/Ni junction
at (a) 0.2 V, (b) 1.0 V, and (c) 1.6 V in P (blue line) and AP (red line) con-
figurations. The dashed lines indicate the bias window.

It should be mentioned that although the bias-induced re-
construction of the HIS is discussed mainly in P configuration,
the situation in AP configuration is also investigated, and the
results are not shown here due to the similarity in physics. At
zero bias voltage, the HISs in AP configuration are spin de-
generate. It is because the interfacial hybridization at the left
interface and at right interface are antisymmetric due to oppo-
site magnetizations of the electrodes. Applying a bias voltage,
a similar splitting and shift of the HIS is also observed. The
reconstruction of the HISs will break the spin degeneracy and
give rise to diverse SP values around the Fermi energy.

Finally, it is noticed that the SP of the HIS also rely on
the interface structure, e.g., interfacial contact structure and
anchoring groups.[24,40,41] Different interface structures gener-
ate different initial HISs at zero bias voltage. Applying a bias
voltage, the bias-induced shift and reconstruction may lead to
diverse SP values of the HISs around Fermi energy, which is
expected to trigger off interesting effects on the transport prop-
erty. A quantitative investigation deserves to be performed in
the future.
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4. Conclusions
In summary, we have investigated the evolution of the

HIS with bias voltage and its transport properties in molecular
junctions. Here we compare the tricene molecules with oc-
tane molecules, which are adsorbed to two Ni (111) electrodes
via S anchoring group. The bias-induced splitting and shift
of the HIS are observed in both molecular junctions. The re-
construction of the HIS under bias makes the SP value around
the Fermi energy adjustable. A resulting sign inversion or en-
hancement of SP can be achieved by bias. The transport prop-
erty calculation demonstrates that although the evolutions of
the HISs are similar in the two junctions, their contributions to
the spin-dependent transport are different. In the π-conjugated
tricene molecular junction, the HISs provide efficient trans-
mission, which leads to a relatively large current, SP of the
current and TMR. Therein a bias-induced decrease of current
SP and an inversion of TMR are further observed. In the oc-
tane molecular junction, the transport via the HIS is strongly
inhibited accompanied with a small current, SP of current and
TMR, which are not sensitive to the bias. This work indi-
cates that the bias effect should not be ignored in the design
of molecular spintronic devices with the utilization of molec-
ular spinterface. Such a bias effect is expected to be more
distinct in HIS based molecular devices rather than most of
other molecular devices, which is due to the nature of local-
ized states of the HISs.
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