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Orientation-dependent transport properties induced by anisotropic molecules are enticing in single-molecule junc-
tions. Here, using the first-principles method, we theoretically investigate spin transport properties and photoresponse
characteristics in trimesic acid magnetic single-molecule junctions with different molecular adsorption orientations and
electrode contact sites. The transport calculations indicate that a single-molecule switch and a significant enhancement of
spin transport and photoresponse can be achieved when the molecular adsorption orientation changes from planar geometry
to upright geometry. The maximum spin polarization of current and photocurrent in upright molecular junctions exceeds
90%. Moreover, as the Ni tip electrode moves, the tunneling magnetoresistance of upright molecular junctions can be
increased to 70%. The analysis of the spin-dependent PDOS elucidates that the spinterfaces between organic molecule
and ferromagnetic electrodes are modulated by molecular adsorption orientation, where the molecule in upright molec-
ular junctions yields higher spin polarization. Our theoretical work paves the way for designing spintronic devices and
optoelectronic devices with anisotropic functionality base on anisotropic molecules.

Keywords: molecular spintronics, spin polarization, tunneling magnetoresistance, photocurrent, single-
molecule junctions

PACS: 72.25.–b, 75.47.–m, 85.75.–d DOI: 10.1088/1674-1056/ad1e65

1. Introduction

Molecular spintronics has flourished in recent decades,
pointing the way to design and develop low-power, high-
performance, and rapidly responsive miniaturized functional
devices.[1–4] Compared with conventional inorganic materi-
als, organic molecules have attracted much attention in the
regulation of spin transport due to their high chemical plas-
ticity, weak spin–orbit coupling, and long spin relaxation
time.[5–8] More importantly, the contact interface between or-
ganic molecules and ferromagnetic metals, called spinterface,
plays a key role in the spin transport of magnetic single-
molecule junction.[9–16] When organic molecules come into
contact with ferromagnetic metals, orbital hybridization will
occur,[17–19] causing spin polarization (SP) of the molecules
and further modulating the SP of current and tunneling mag-
netoresistance (TMR) of the molecular junction.[20–23] So far,
a series of molecular spintronic devices have been devised and
fabricated, such as spin rectifiers,[24,25] spin filters,[26,27] spin
transistors,[28,29] and spin valves.[30,31] In addition, further
consideration of the effect of light field under a magnetic field
has led to the emergence of spinphotovoltaic devices,[32–35]

which can manipulate the spin transport properties using po-
larized light.

The commonly used methods for dominating spinter-

face include changing molecular backbone,[36,37] electrode
materials,[38,39] and molecular adsorption configuration rela-
tive to the electrode.[40–42] Among them, changing the molec-
ular adsorption configuration is a robust means of control-
ling the spin-dependent transport properties in single-molecule
junctions.[27,43] For example, Li et al. achieved an excellent
spin filtering effect by stretching the two Ni electrodes to
control the tilt angle of benzene ring, disrupting the symme-
try of the system.[27] Recently, Afsari et al. have designed
a single-molecule conductance switch consisting of trimesic
acid (TMA) molecule in experiment, where the electrode po-
tential was used to control the adsorption orientation of TMA
molecules in the junction from planar (benzene ring plane par-
allel to the substrate) to upright (benzene ring plane perpen-
dicular to the substrate).[44] A strategy was developed to ob-
tain orientation-dependent anisotropic conductivity in single-
molecule junctions by utilizing anisotropic molecules. There-
fore, different adsorption orientations of TMA molecules in
molecular junction have significant effects on the charge trans-
port capacity. However, the underlying mechanisms of spin-
dependent transport properties and photoresponse characteris-
tics mediated by adsorption orientations of TMA molecules
in magnetic single-molecule junction are unclear and worthy
exploring. It is extremely relevant to facilitate applications of
anisotropic molecules in molecular spintronics.
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In this work, we perform a theoretical study on the spin-
dependent transport properties and photoresponse character-
istics of a magnetic single-molecule junction consisting of a
TMA molecule and two ferromagnetic Ni electrodes. The
orientation-dependent anisotropic transport properties will be
examined by introduced anisotropic molecules. It is found that
a conductance switch related to the molecular adsorption ori-
entation is emerged. Meanwhile, the SP of current and pho-
tocurrent in junctions with upright molecular adsorption is sig-
nificantly reinforced owing to high SP of the molecule. In ad-
dition, a TMR switch can be manipulated by the contact sites
between the TMA molecule and Ni tip electrode, which can
be understood from the analysis of transmission spectra and
transmission pathways. The remaining parts of this paper are
as follows: Section 2 describes the theoretical model and com-
putational details. Section 3 gives the results and discussion.
Finally, Section 4 states the conclusions.

2. Theoretical model and computational details
Figure 1 illustrates the theoretical model of a single-

molecule junction composed of TMA molecule and Ni elec-
trodes. A TMA molecule is sandwiched between the Ni sub-
strate (bottom electrode) and the tip (top electrode). There are
two adsorption orientations between the TMA molecule and
the metal electrodes in single-molecule junctions controlled
by electrode potential in the experiment.[44] One is the TMA
molecule lying flat on the Ni substrate called planar geome-
try, and the other is the TMA molecule standing upright on
the Ni substrate called upright geometry. The planar geometry
is shown in Fig. 1(a). Further considering the movement of

the Ni tip in the experiment, three possible contact sites will
be formed between the TMA molecule and the Ni tip. The
pentagram, triangle, and circle symbols in the black dashed
box in Fig. 1(a) indicate the position of the Ni tip in contact
with the TMA molecule. The upright geometries are shown
in Figs. 1(b) and 1(c), where the TMA molecule is sand-
wiched between the two Ni electrodes using carboxylic acids
as anchoring groups. We have tested different adsorption sites
(bridge, hollow, top) between the carboxylic acid group and
the Ni substrate, where the most stable case is that the H atom
is adsorbed at the bridge site and the double bonded O atom
is adsorbed at the top site. As the Ni tip comes into contact
with the carboxylic acid group, it may be located between the
H atom and the double bonded O atom or directly above the
double bonded O atom, corresponding to two upright geome-
tries in Figs. 1(b) and 1(c), respectively.

The single-molecule junction as a whole can be divided
into three parts: the central region, the semi-infinite top and
bottom electrodes with fcc-(111) direction. The central region
includes the TMA molecule as well as a partial top electrode
(a tetrahedron tip composed of ten Ni atoms and three adja-
cent layers of Ni atoms) and bottom electrode (five layers of
Ni atoms adjacent to the molecule). Except for the tip of the
electrode, the remaining parts are described by 5×5 unit cell
in X–Y plane with periodic boundary conditions. The elec-
tron transport is along the Z direction. According to the same
or opposite magnetization directions of the two ferromagnetic
electrodes, the single-molecule junctions can be manipulated
into parallel (P) spin configuration or antiparallel (AP) spin
configuration.
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Fig. 1. Schematic of the Ni/TMA/Ni single-molecule junctions with different molecular adsorption orientations and electrode contact
sites. (a) The TMA molecule is flat adsorbed on the nickel substrate electrode. The top view of contact details between TMA molecule
and Ni tip electrode is shown in the black dashed box. According to the different sites of the tip electrode, these three configurations
are named as planar-1, planar-2, and planar-3, respectively. [(b), (c)] The TMA molecules upright adsorbed on the substrate electrode.
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The geometry optimization of single-molecule junctions
and the following calculations of spin transport properties are
executed in the Quantum ATK package[45,46] by using the
density functional theory (DFT) combined with the nonequi-
librium Green’s function (NEGF) method.[47] During the ge-
ometry optimization, the maximum residual force on each
atom is less than 0.04 eV/Å. The Troullier–Martins type
norm-conserving pseudopotentials[48] are applied. The spin-
dependent generalized gradient approximation (SGGA) with
the Perdew–Burke–Ernzerhof (PBE) is used as the exchange–
correlation functional.[49] The density mesh cutoff is set to
200 Ry. A double zeta (ζ ) polarization (DZP) basis set is used
for C, H, and O atoms, while a single zeta (ζ ) polarization
(SZP) is chosen for Ni atoms. The k-points of 3×3×100 are
adopted, corresponding to the X , Y , Z directions, respectively.
The photons remain linearly polarized along the Z direction.

During the analysis of photocurrent, default values were
used for the photocurrent parameters. The temperature is
maintained at 300 K. The values of relative permittivity and
relative permeability are set to 1. The photocurrent is obtained
at the flux level of 1 s−1·Å−2.

The spin-dependent current I under bias voltage V is cal-
culated using the Landauer–Büttiker formula[50]

Iσ =
e
h

∫
Tσ (E,V )[ fB(E−µB)− fT(E−µT)]dE, (1)

where σ =↑ / ↓ represents the spin orientations of spin-up and
spin-down electrons, fB/T(E−µB/T) is the Fermi–Dirac distri-
bution function of electrons with energy E in bottom/top elec-
trode, µB/T indicates the chemical potential of the bottom/top
electrode. Tσ (E,V ) denotes the spin-dependent transmission
spectrum, which is defined as

Tσ (E,V ) = Tr
[
Γ

B
σ (E,V )Gσ (E,V )Γ T

σ (E,V )G+
σ (E,V )

]
. (2)

Here, Gσ (E,V )/G+
σ (E,V ) represents the retarded/advanced

Green’s function of the central region. Γ
B/T

σ (E,V ) denotes
the coupling matrix between the bottom/top electrode and the
central region that takes into account the self-energies effect.

The spin-dependent photocurrent I in electrode α (bottom
or top) with spin σ is calculated by[51–53]

Iα,σ =
e
h̄

∫ dE
2π

∑
k

Tσ (E,k,σ). (3)

The effective transmission coefficients are defined as[52]

Tα(E,k,σ) = Tr{iΓα(E,k)[1− fα ]G<+ fα G>}σσ . (4)

Different from Eq. (2), Green’s function G>/< in Eq. (4) in-
cludes electron–photon interactions to first order.
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Fig. 2. (a)–(e) The total and spin-dependent current–voltage curves of planar and upright TMA molecular junctions in P spin configu-
ration. (f)–(j) The ones in AP spin configuration.

3. Results and discussion

First, we investigate the conductivity of single-molecule
junctions with different molecular adsorption orientations and
electrode contact sites in P and AP spin configurations. The to-
tal and spin-dependent current–voltage curves are calculated
as shown in Fig. 2. When the molecule lies flat on the sub-
strate, the currents increase almost linearly with bias voltage
regardless of the electrode contact sites under P and AP spin
configurations shown in Figs. 2(a)–2(c) and 2(f)–2(h), respec-
tively. However, the current gradually decreases as the Ni tip
moves away from the benzene ring of the molecule. The to-
tal current of planar-1 junction is slightly higher than that of

planar-2 junction, reaching a maximum value of over 50 µA

at 0.5 V. When the Ni tip moves to the center of the carboxylic

acid group, the total current of planar-3 junction rapidly de-

creases to a maximum value of only over 20 µA at 0.5 V. For

upright geometry, as can be seen in Figs. 2(d)–2(e) and 2(i)–

2(j), the total currents are two orders of magnitude lower than

those of planar geometry. Our calculated total currents of the

molecular junction formed by direct contact between the Ni

electrodes and the π-system of the benzene ring are two orders

of magnitude higher than the currents of the molecular junc-

tion where the benzene ring and Ni electrodes are connected

by anchoring groups, which is consistent with the results re-
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ported in previous experiments using Au electrode.[54] There-
fore, the TMA single-molecule junctions with Ni electrodes
also manifest the conductance switching behavior by manipu-
lating the molecular adsorption orientation. The total currents
of upright geometry also increase with the applied bias voltage
below 0.4 V. More interestingly, the total current of upright-1
junction increases more sharply after 0.4 V, achieving the max-
imum value of over 0.5 µA at 0.5 V. On the contrary, the total
current of upright-2 junction decreases with bias voltage above
0.4 V showing a negative differential resistance phenomenon,
where the maximum total current is only over 0.2 µA at 0.4 V.
The higher total current of upright-1 junction compared to that
of upright-2 junction is caused by the Ni tip being far from the
molecular backbone, which is consistent with the situation of
planar geometry. In addition, it can be seen that the spin-up
and spin-down currents of planar TMA molecular junctions
are close to each other, exhibiting poor spin transport proper-
ties. However, the currents of the two spin directions in up-
right TMA molecular junctions have a significant difference,
indicating the generation of high spin-polarized current.
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Fig. 3. The bias-dependent SP of current of (a) planar and (b) upright
TMA molecular junctions in P spin configuration. The bias-dependent
TMR of (c) planar and (d) upright TMA molecular junctions.

We next focus on the spin-dependent transport proper-
ties of planar and upright TMA molecular junctions. The
SP of current of molecular junctions in P spin configura-
tion is calculated as shown in Figs. 3(a) and 3(b). The SP
of current under bias voltage V is defined by the equation
SP(V )= [I↑(V )− I↓(V )]/[I↑(V )+ I↓(V )]×100%, where I↑(V )

and I↓(V ) represent the current with spin-up and spin-down
directions, respectively. To avoid zero current at zero bias
voltage, the spin-dependent currents are replaced by the spin-
dependent transmission coefficients at the Fermi level. As can
be seen from Fig. 3(a), the SP of current of planar molecular
junctions is kept at a low level throughout the calculated bias
voltage range. The SP of current of planar-2 junction is almost

zero in the bias range of 0.0–0.5 V. With the change of Ni tip
position, planar-1 junction and planar-3 junction show nega-
tive SP of current in which the maximum value is only −20%.
The SP of current of planar-1 junction decreases with bias volt-
age, while the SP of current of planar-3 junction increases with
bias voltage. However, when the molecular orientation trans-
forms from planar to upright, the SP of current significantly in-
creases as shown in Fig. 3(b). For upright-1 junction, the SP of
current stabilizes at −50% in the bias range of 0.0–0.4 V, and
then grows to −65% at 0.5 V. In particular, upright-2 junction
maintains extremely high SP of current of over 80% all over
the investigated bias voltage range, even exceeding 90% after
0.3 V. Thus, compared with planar molecular junctions, up-
right molecular junctions have apparent SP of current, which
can act as an optimal spin filter.

Then, the TMR of planar and upright molecular
junctions under bias voltage V is also demonstrated in
Figs. 3(c) and 3(d), which is evaluated as TMR(V ) =

[IP(V )− IAP(V )]/IAP(V )× 100%. In the above equation, the
IP(V ) and IAP(V ) represent the total current of P and AP spin
configurations, respectively. Similarly, the total transmission
coefficients at the Fermi level substitute for the total current
under zero bias voltage. It is noted that the planar molecular
junctions exhibit a terrible TMR effect in Fig. 3(c). As the po-
sition of the Ni tip changes, the TMR of planar-1 junction and
planar-2 junction remains stable at around 10% within the 0.0–
0.5 V bias voltage range. Furthermore, for planar-3 junction,
the TMR first decreases with bias voltage from −10% and re-
verses at about 0.15 V, then increases to 15% at 0.4 V. In con-
trast, there is an evident difference in TMR between upright-1
and upright-2 junctions displayed in Fig. 3(d). For upright-
1 junction, the TMR still stays a relatively low level similar
to that of planar molecular junctions, which slowly increases
from −4% to a maximum value of −13% in the bias range of
0–0.35 V and then decreases back to 0% in the bias range of
0.35–0.5 V. However, when the Ni tip comes into direct con-
tact with the double bonded O atom, it is interesting to see that
the TMR achieves a significant growth. The TMR of upright-
2 junction oscillates with bias voltage, which first tends to de-
crease and then rises to a maximum value of about 70% around
0.35 V, and finally decreases again. Consequently, by control-
ling the contact sites between TMA molecule and Ni tip, an
excellent TMR effect can be generated in upright geometry.
In fact, compared with the currents of upright-1 and upright-2
junctions, the TMR effect is a more effective method to distin-
guish between the two configurations.

Now, the underlying physical mechanisms of the spin-
dependent transport properties modulated by molecular ad-
sorption orientations and contact sites between TMA molecule
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and Ni tip are investigated. The spin-dependent projected den-
sity of states (PDOS) of the TMA molecule with planar and
upright adsorption orientations in P spin configuration is plot-
ted in Figs. 4(a) and 4(b). To label the position of molecular or-
bitals, the spin-dependent eigenvalues of molecular projected
self-consistent Hamiltonian (MPSH)[55] are also marked. For
planar molecular junctions, it can be seen that the PDOSs of
the three molecules are intensely similar as shown in Fig. 4(a),
especially near the Fermi level. The PDOSs exhibit contin-
uous states jointly contributed by molecular orbitals and hy-
brid interface states in the vicinity of the Fermi level, which
is indicative of a strong coupling between the TMA molecules
with planar orientation and the Ni electrodes. However, when
the molecular orientation transforms from planar to upright,
the PDOS peaks become narrower and sharper in Fig. 4(b),
suggesting that the TMA molecules are weakly coupled to
Ni electrodes through carboxylic acids groups. According to
the eigenvalues of MPSH, one can find that the PDOS peak
closest to the Fermi level originates from the spin-down low-
est unoccupied molecular orbital (LUMO). This is due to the
fact that the interfacial coupling between the TMA molecule
and Ni electrode in upright molecular junctions modifies the
position of molecular orbitals so that the spin-down LUMO
appears near the Fermi level and dominates charge transport.
Moreover, in upright molecular junctions, the difference in the
position of Ni tip changes the interfacial coupling between
the TMA molecule and the top electrode, leading to differ-
ent coupling strengths at the molecule/electrode interface. In
upright-2 junction, the Ni tip is directly connected to the dou-
ble bonded O atom of carboxylic acid group, causing the Ni
tip to be further away from the molecular backbone relative
to upright-1 junction, indicating a weaker coupling strength.
This can be supported by the results of average effective poten-
tial of upright molecular junctions along z direction calculated
in Fig. S1 of the supporting information. As shown in Fig. S1,
the potential barrier at the contact interface between the TMA
molecule and the Ni tip in upright-1 junction is −4.09 eV.
However, the upright-2 junction possesses a much higher po-
tential barrier of−3.66 eV at the molecule/electrode interface,
which corresponds to a weaker coupling strength. As the cou-
pling strength weakens, the attractive potential energy of elec-
trons increases, leading to an increase in energy and a shift of
molecular orbitals towards higher energy. The change in the
position of Ni tip of upright-2 junction causes spin-up LUMO
to move more energy than spin-down LUMO, resulting in a
foreseeable high spin-down polarization near the Fermi level.

In order to see the variation of SP of the TMA molecule
more clearly, the SP of the aforementioned molecular PDOS
is calculated as shown in Figs. 4(c) and 4(d). The SP

of molecular PDOS at energy E is defined as SP(E) =

[PDOS↑(E)−PDOS↓(E)]/[PDOS↑(E)+PDOS↓(E)] ×
100%, where PDOS↑(E) and PDOS↓(E) represent the spin-up
and spin-down PDOSs of molecules, respectively. In Fig. 4(c),
it is noted that the SP of three planar molecules is overwhelm-
ingly dreadful. The planar-1 and planar-2 molecules are al-
most spin-degenerated at the Fermi level, where the SP of
planar-3 is only about 10%. This result means that the over-
powering interface hybridization between the TMA molecule
and the Ni electrodes does not lead to ideal SP of the molecule.
In contrast, the two upright molecules show favorable spin-
polarized phenomenon near the Fermi level. Especially, the
SP of the TMA molecule in upright-2 junction has a significant
increase to −50% at the Fermi level, which locates between
an SP peak of −90% below the Fermi level and an SP peak
of −60% above the Fermi level. As a result, upright molec-
ular junctions have the ability to generate exceptional spin
transport properties owing to the high SP of the molecules.
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Fig. 4. Spin-dependent PDOS of the TMA molecule with (a) planar and
(b) upright adsorption orientations in P spin configuration under zero
bias voltage. The red and blue triangles are the spin-up and spin-down
MPSH eigenvalues of the TMA molecule, respectively. The SP of the
molecular PDOS with (c) planar and (d) upright adsorption orientations
in P spin configuration under zero bias voltage.

In the following, we focus on the spin transport properties
of upright molecular junctions and explore the relevant differ-
ence between the upright-1 and upright-2 junctions. The spin-
dependent transmission spectra of the upright-1 and upright-
2 molecular junctions in P and AP spin configurations un-
der zero bias voltage are displayed in Fig. 5. As shown in
Figs. 5(a) and 5(b), it is clearly seen that the transmission
peak closest to the Fermi level is contributed by the spin-
down LUMO, indicating that the PDOS peak provides ef-
fective transmission channels in P spin configuration. For
upright-1 junction, the spin-down transmission coefficients are
larger than the spin-up ones near the Fermi level. This cor-
responds to a higher spin-down current in Fig. 2(d) compared
with the spin-up current, resulting in a spin-down SP of current
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in Fig. 3(b). More importantly, the upright-2 junction is nearly

insulating for the spin-up transmission around the Fermi level,

and conducting for the spin-down transmission contributed by

the tail of the spin-down LUMO peak. This results in the spin-

up current being almost zero, while the spin-down current is

at a certain value [see Fig. 2(e)]. Finally, a high SP of cur-

rent about −90% is realized. It is noted that the upright-2

junction exhibits a significant decline of spin-down transmis-

sion peak at 0.15 eV, which brings about the weaker transmis-

sion capacity and lower current compared with the upright-1

junction. The results of AP spin configuration are given in

Figs. 5(c) and 5(d). One can find that the spin-dependent trans-

mission spectra of upright molecular junctions in AP spin con-

figuration are basically antisymmetric to those in P spin con-

figuration, where the spin-up and spin-down electrons flipped

against each other. This is due to the weak interface coupling

caused by the contact between TMA molecule and Ni sub-

strate through the H atom on carboxylic acid group in upright

molecular junctions, which causes that the magnetization di-

rection of the Ni tip determines the SP of the TMA molecule.

Therefore, when the magnetization direction of the Ni tip tran-

sitions from spin-up to spin-down into AP spin configuration,

the SP of the TMA molecule is reversed. Furthermore, the to-

tal transmission coefficients of upright-1 junction under P and

AP spin configurations are overwhelmingly similar near the

Fermi level, which sparks off an unfavorable TMR effect. For

upright-2 junction, there is a difference in the transmission co-

efficients near the Fermi level between the two spin configura-

tions. The spin-up transmission peak at 0.1 eV in AP spin con-

figuration is evidently lower than spin-down one in P spin con-

figuration. Thus, the upright-2 junction enjoys a pleasurable

positive TMR effect. To explain the mechanism of negative

TMR in planar-3 and upright-1 TMA molecular junctions, the

total transmission spectra of the two molecular junctions un-

der zero bias voltage in P and AP spin configurations are given

in Fig. S2. For planar-3 junction, the total transmission of P

spin configuration near the Fermi level is vaguely lower than

that of AP spin configuration, bringing about a weak nega-

tive TMR effect. For upright-1 junction, the total transmission

of P and AP spin configurations is extremely close the value

near the Fermi level. We drew the zoomed-in plots of total

transmission spectra near the Fermi level and only then found

that the total transmission of AP spin configuration is slightly

higher than that of P spin configuration, which resulted in an

overwhelmingly small negative TMR.
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the spin-dependent MPSH eigenvalues of the TMA molecule. Red and
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2 molecular junctions at the Fermi level in P spin configuration under
zero bias voltage. The cases in AP spin configuration are displayed in
(b) and (d). Thresholds are fixed at 0.0003 for all plots.

To more intuitively see the situation of electron transmis-
sion, the total transmission pathways of upright-1 and upright-
2 junctions at the Fermi level under zero bias voltage are given
in Fig. 6. Electrons transport from the bottom electrode to the
top electrode. The blue arrows and the red arrows indicate
the transmission direction of electrons and the reflection direc-
tion of electrons, respectively. Thick arrows represent stronger
transmission or reflection probability. It is clearly seen that
there are intensely dense electron transmissions and reflec-

047201-6

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1e65


Chin. Phys. B 33, 047201 (2024)

tions between the TMA molecule and the Ni substrate surface.
For upright-1 junction, as shown in Figs. 6(a) and 6(b), elec-
trons transmit to the top electrode through neighboring car-
bon atoms, and reflect back to the molecule through hydro-
gen and oxygen atoms in contact with the Ni apex atom. The
electrons transmission pathways and the corresponding trans-
mission probabilities in both P and AP spin configurations are
almost identical, resulting in a little difference in currents of
them and poor TMR effect. However, for upright-2 junction,
electrons transport to top electrode through oxygen atoms de-
picted in Figs. 6(c) and 6(d). The electrons transmission is
obviously suppressed in AP spin configuration, indicating a
significant decrease in current. Thus, the TMR of upright-2
junction is radically enhanced compared with that of upright-
1 junction.
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Fig. 7. Spin-dependent transmission spectra of the (a) upright-1 and (b)
upright-2 molecular junctions at 0.3 V. The dashed lines indicate the
bias window.

The spin-dependent transmission spectra of the two up-
right junctions in P and AP spin configurations at 0.3 V are
plotted in Fig. 7. For upright-1 junction [Fig. 7(a)], one can
find that the current is mainly contributed by the tail of the
transmission peaks above the Fermi level in both P and AP
spin configurations. In the bias window, the spin-up transmis-
sion probabilities of P spin configuration are smaller than the
spin-down ones, leading to a moderate negative spin-polarized
current of −45% at 0.3 V. At the same time, the total trans-
mission probabilities of P and AP spin configurations are rel-
atively close, which is responsible for the adverse TMR effect
at 0.3 V. For upright-2 junction [Fig. 7(b)], two spin-down and
spin-up transmission peaks below the Fermi level dominate the
current in P and AP spin configurations, respectively. In the
bias window, the spin-up transmission channel of P spin con-
figuration is almost completely suppressed, which causes the
SP of current reaches up to−90%. Moreover, it can be clearly
seen that the total transmission probabilities of P spin config-
uration are significantly larger than those of AP spin config-
uration, bringing about a high positive TMR of about 70% at
0.3 V. As a result, the upright-2 junction has a more superior
spin-filtering function as well as TMR effect compared with
the upright-1 junction.
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Fig. 8. The photocurrent of (a) planar and (b) upright TMA molecular
junctions in P spin configuration under zero bias voltage with photon
energy from 0 to 5 eV. The SP of photocurrent of (c) planar and (d)
upright TMA molecular junctions at specific photon energy.

Finally, in order to investigate the photoelectric function
of TMA molecular junctions, we have also calculated the pho-
toresponse properties of TMA molecule under the irradiation
of linearly polarized light along the Z direction. The varia-
tion of the photocurrent of planar and upright TMA molecu-
lar junctions with the incident light-polarized photon energy
(wavelength) is given in Figs. 8(a) and 8(b), respectively. As
shown in Fig. 8(a), all three planar molecular junctions gen-
erate photocurrent within the calculated photon energy range.
The photocurrents of planar-1 junction and planar-2 junction
are generally similar and both greater than that of planar-3
junction, which keep in the 10−20 A order of magnitude and
reach the maximum value of no more than 5.5×10−20 A near
1.50 eV (826.7 nm). However, when the molecular adsorption
configuration is transformed to upright, upright-1 and upright-
2 junctions respectively exhibit a distinct sharp excitation peak
near 4.33 eV (286.4 nm) and 4.00 eV (310.0 nm) manifested
in Fig. 8(b), which are two orders of magnitude higher than
the cases of planar molecular junctions. In contrast, the pho-
tocurrent of upright molecular junctions at other photon en-
ergies is extremely weak and is basically equivalent to that
of planar molecular junctions, which is negligible compared
to the photocurrent corresponding to the excitation peaks. In
our calculations, the energy difference between the highest oc-
cupied molecular orbital (HOMO) and LUMO of the TMA
molecule is 1.5 eV in planar molecular junctions, upright-1
and upright-2 junctions is 3.5 eV and 3.4 eV, respectively. It
can be found that the photon energy corresponding to the ex-
citation peak in planar molecular junctions is consistent with
the molecular energy difference, while that in upright molec-
ular junctions is greater than the molecular energy difference.
The reason for this result is due to the fact that when flow-
ing from the molecule to the electrode, the excited electrons
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have to pass through the energy barrier related to the coupling
strength between molecule and electrode, while the weaker
coupling in upright molecular junctions requires more addi-
tional energy to cross the higher energy barrier. The upright
molecular junctions have a better photoresponse to linearly
polarized light along the Z direction than the planar molec-
ular junctions. Thus, the stronger photoresponse of upright
molecular junctions to different photon energies can be used
to design and develop optoelectronic devices such as photo-
sensitive sensors.

Figures 8(c) and 8(d) demonstrate the SP of pho-
tocurrent at the photon energy corresponding to the maxi-
mum excitation peak, which is defined as SP(%) =

∣∣|R↑| −
|R↓|

∣∣/(|R↑|+ |R↓|)×100. R↑/↓ represents the spin-up or spin-
down photoresponse, which is proportional to the correspond-
ing photocurrent at a luminous flux of 1 s−1·Å−2. As shown
in Fig. 8(c), it can be seen that the SP of photocurrent in pla-
nar molecular junctions is overwhelmingly low and the SP of
photocurrent of the three molecular junctions planar-1, planar-
2, and planar-3 increases sequentially. Nevertheless, there is a
significant enhancement of the SP of photocurrent in upright
molecular junctions displayed in Fig. 8(d). The SP of pho-
tocurrent of upright-1 junction is obviously higher than that of
upright-2 junction, which reaches up to about 95%, tending to
a fully spin-polarized photocurrent. Therefore, the intensity
of photoresponse and the SP of photocurrent in TMA single-
molecule junction are both closely related to the molecular ad-
sorption configuration, where the upright molecular junctions
can achieve the function of a favorable spin filter and photo-
sensitive device related to illumination.

4. Conclusions
In summary, the spin-dependent transport properties and

photoresponse characteristics of Ni/TMA/Ni magnetic single-
molecule junction have been investigated by using the theo-
retical approaches based on DFT combined with the NEGF.
The calculated results show that there is a conductance switch
of two orders of magnitude with respect to the molecular ad-
sorption orientation changing from planar geometry to upright
geometry. In addition, the SP of current of upright molecular
junctions is significantly higher than that of planar molecular
junctions, which can reach up to −90% in upright-2 junction.
More importantly, in upright molecular junction, changing the
contact site between the Ni tip and the TMA molecule can
achieve a stable TMR switch. A TMR up to 70% is obtained in
upright-2 junction. The analysis of the spin-dependent PDOS
reveals the TMA molecule in upright-2 junction has the high-
est SP, resulting in an excellent SP of current. The large dif-
ference in the electron transmission pathways of the P and

AP spin configurations in upright-2 junction is intrinsically
responsible for the ideal TMR effect. Furthermore, upright
molecular junctions exhibit better photoresponse characteris-
tics than planar molecular junctions. The maximum photocur-
rent of upright molecular junctions is two orders of magnitude
higher than that of planar molecular junctions. Meanwhile, the
SP of photocurrent has a significant enhancement in upright
molecular junctions. As a result, anisotropic transport proper-
ties can be realized by manipulating the molecular adsorption
direction and electrode contact sites in TMA molecular junc-
tions. Our work proposes a reliable method for designing effi-
cient molecular spintronic devices and optoelectronics devices
using anisotropic molecule.
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