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Spin-filter effect and spin-polarized optoelectronic properties in
annulene-based molecular spintronic devices*
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Using Fe, Co or Ni chains as electrodes, we designed several annulene-based molecular spintronic devices and inves-
tigated the quantum transport properties based on density functional theory and non-equilibrium Green’s function method.
Our results show that these devices have outstanding spin-filter capabilities and exhibit giant magnetoresistance effect,
and that with Ni chains as electrodes, the device has the best transport properties. Furthermore, we investigated the spin-
polarized optoelectronic properties of the device with Ni electrodes and found that the spin-polarized photocurrents can be
directly generated by irradiating the device with infrared, visible or ultraviolet light. More importantly, if the magnetization
directions of the two electrodes are antiparallel, the photocurrents with different spins are spatially separated, appearing at
different electrodes. This phenomenon provides a new way to simultaneously generate two spin currents.
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1. Introduction

Molecular spintronics, which offers new possibilities for
continuing the miniaturization of electronic devices beyond

I=101 has attracted great

the limits of traditional technologies,|
attention in recent years. By manipulating charges and spins in
molecular spintronic devices, many interesting and novel phe-
nomena, e.g., spin valve, '] spin filter,['>!3] Kondo effect, ']
and spin crossover, ['>1% have been observed. Molecular spin-
tronics is a rich field which promises scientific and technolog-
ical breakthroughs.

Compared with conventional metals and semiconductors,
organic molecules have weaker spin—orbit and hyperfine inter-
actions, leading to longer spin-coherence time and distance.
Therefore, organic molecules are powerful candidates for con-
structing molecular spintronic devices.!'’3!1 For example, in a
recent experiment Petta ef al. studied the spin-dependent trans-
port of electrons in the octanethiol-based molecular tunnel
junctions.[?? In another experiment, Schmaus and the cowork-
ers measured the giant magnetoresistance of a phthalocyanine
molecule.[??]

In addition to the experimental discoveries, theoretical
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24-27.27.29-311 For instance,

studies have made progress as well.l
using density functional theory, Pati ef al. investigated the
spin-polarized transport properties of electrons in a benzene-
1-4-dithiolate molecule which is sandwiched between two Ni
layers.[?%) Chen and coworkers reported a theoretical study of
the charge and spin transport of a chromium porphyrin-based
molecular device.!?”! In fact, previous studies have shown that,
to effectively transmit charge or spin, the better choice for de-
signing molecular spintronic devices is 7-conjugated systems
such as graphene or benzene,!?>3!1 since in these systems 7
electrons are delocalized, resulting in sensitive and interesting
transport properties.

Annulenes are a kind of fascinating organic molecules
since they hold distinctive geometric structures and fantastic
electronic properties. As the smallest annulene, 1,6-methano-
(10)-annulene has been successfully synthesized in many dif-
ferent experiments.[32’33j 1,6-methano-(10)-annulene is a sta-
ble m-conjugated molecule and has significant aromatic fea-
ture. In addition, the molecule has C, symmetry and the
methylene bridge maintains the planarity of annulene, which
is the origination of the aromaticity. Because the molecule
has delocalized electrons, its derivatives have a wide range
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of applications in different fields such as electronic luminous

s.1341 Although the chemical properties of the annu-

material
lenes have been widely investigated, > to our knowledge,
the transport properties are still open questions.

In the present study, using 1,6-methano-(10)-annulene as
an example, we theoretically designed and explored several
different molecular spintronic devices. Our results show that,
using Fe, Co or Ni chains as electrodes, under finite bias volt-
ages the devices can exhibit significant giant magnetoresis-
tance effect and high spin-filter capability. With Ni chains
as the electrodes, the device has the best transport properties.
In addition, the spin-polarized optoelectronic properties of the
device with Ni electrodes were further investigated. We found
that the spin-polarized photocurrents can be directly generated

in the device.

2. Models and computational details

The designed molecular spintronic device is shown in

Fig. 1(a). The whole device is divided into three parts, namely,

(a)

the left electrode, the central region and the right electrode.
To consider the influence of the electrode materials, three
transition-metal (7M = Fe, Co or Ni) chains are used as the
magnetic electrodes. The TM chains have been successfully
employed as magnetic electrodes for different molecular spin-
tronic devices in previous studies.!!'-3”! Furthermore, in order
to effectively enhance the connection between the molecule
and the chain, like previous treatments, 3839 two S atoms are
introduced in the system.

The schematic plots of the device are presented in
Fig. 1(b). The magnetization directions of the two electrodes
could be parallel (P) or antiparallel (AP). For P and AP spin
configurations, the transport properties of the device are dif-
ferent. Therefore, the notations M7y, My p, and My ap are
employed to distinguish the devices with different electrodes
and spin configurations. For example, M, indicates that the
electrodes of the device are Fe chains, while Mge_ p (Mpe_ap)
further shows that the magnetic moments of the two Fe chains

are parallel (antiparallel).
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Fig. 1. (color online) (a) The designed annulene-based molecular spintronic device. In the device the annulene molecule is connected to the
TM chain by S atoms. Here, three TM chains are used as electrodes (T'M = Fe, Co or Ni). (b) The schematic plots of the device. The arrows
represent the magnetization directions of the electrodes while I is the total current through the device.

The structures of devices were firstly optimized by using
density functional theory (DFT) as implemented in Atomistix
ToolKit (ATK) package.[*”! The exchange-correlation func-
tional was treated within the generalized gradient approxima-
tion proposed by Perdew, Burke and Ernzerhof (PBE), !l and
the double-{ plus polarization (DZP) basis sets were adopted
in the calculation. The spin-dependent transport properties of
the devices were then studied by the combination of DFT and
non-equilibrium Green’s function (NEGF) method.[#>43]

Careful and extensive convergence tests were performed.
Finally, the kinetic cutoff energy was set to 200 Ry
(1 Ry=13.6056923 eV) and, during the optimization, a cri-
terion of 0.01 eV/A for atomic force was employed. The Bril-
louin zone was sampled by 1 x 1 x 100 mesh points in the k-
space. Since the transport is along z axis, in x and y directions

large vacuum space was included in the supercell to avoid the

interactions between the periodic images.
The spin current /5 as a function of bias voltage V4, can be

calculated from Landauer-like formula: 44

la(Vo) = (e/h) | To(EV)UAL(E) ~ R(ENIE, (D)

where ¢ =71 (spin up) and | (spin down), e is the elec-
tron charge, h is the Planck’s constant, 75 (E,V;) is the bias-
dependent transmission coefficient and f (g, (E) is the Fermi—
Dirac distribution of the left (right) electrode. The total current

under P or AP spin configurations is defined as
F=F+I7 or I"" =141}, 2)

where 1Y and T4% are the corresponding spin currents calcu-
lated from Eq. (1). In addition, the total transmission coeffi-

cients could be expressed as

TP(E) =T (E)+ T (E) or
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TA(E) = T (E) + T/ (E). (3)
The giant magnetoresistance (GMR) is defined as

GMR = [T (Eg) — TP (Eg)] /T (Er)
(Vo =0V)

or
GMR = (I = I*P) /I*Y (W, £0 V), 4)

where EF is the Fermi level. The spin filter efficiency (SFE) of
current under P configuration can be calculated from

SFE® = I (Er) — T (Er))/ [T} (Er) + T} (Er)]
(Vb =0V)

or
SFE" = (If —1I}) /(L +1]) (Vo #0V). (5)

As we will see later, under AP configuration for all the de-
vices the spin current 72¥ is close to zero, thus here we mainly
focus on SFEF.

Using Nanodcal package, !

at the same theoretical level

(PBE/DZP), we calculated the linear photocurrent ,, from:[46]

I = ie/2h / Tr{[(E) - TR(E)|G=(E)

+HIA(E)THE) — fr(E)TR(E)]
x[G'(E) = GY(E)|}dE, (6)

where I'"®)(E) is the self-energy function, representing the
coupling between the central scattering region and the left
(right) electrode, G<(E) is the lesser Green’s function and
G"@(E) is the retarded (advanced) Green’s function. It is easy
to check that I, is proportional to the photon flux. Accord-
ingly, we can define the photoresponse function R as

R =Iyn/eF, )

where F is the photon flux. Like Eq. (2), the R function can be
further written as

RP=RY+R] or R =R{P 4R}, (8)

where Rg and R’gp represent spin photoresponse functions.

3. Results and discussion

3.1. The transport properties of the devices under finite
bias voltage
To verify the spin configurations of the devices, the spin
difference densities are plotted in Fig. 2. The spin difference
density represents the distribution of unpaired electrons in the
system. [47] For the three devices, it is obvious that all the TM

atoms have large magnetic moments, and that in AP case the
spins of the two electrodes are opposite. In addition, the con-
nection of the S atom and 7'M chain destroys the spin degener-
acy, leading to a very small induced magnetic moment on the
S atom. As to the annulene molecule, the net spin density is
nearly zero and the magnetic moment can be ignored for the

two spin configurations.
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Fig. 2. (color online) The spin difference densities of Mzpp and
Mryrap (TM = Fe, Co or Ni). The values for blue and green isosur-
faces are 0.005 /A3, respectively.

The total and spin currents of the devices are given in
Fig. 3. Interestingly, although the electrode materials of the
three devices are different, the trends of the current—voltage
curves are similar. We see that, for the P and AP spin con-
figurations, the I¥ and I°P curves exhibit different behav-
iors. Generally speaking, I” increases with V;, while I°F is
always close to zero in the whole bias range. In particular,
for My;, its I¥ rapidly increases from O to about 9.0 pA. The
phenomenon implies that the magnetoresistance of the device
should be outstanding. Indeed, as can be seen from Fig. 4(a),
the GMR of My; is largest, close to 10*%, and is larger than
those of porphyrin-based and Fe4-based molecular spintronic
devices.[*®%1 In addition, the significant GMR effect in Mg,
and Mg, still exists and the GMR values of the two devices

are very close.
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Fig. 3. (color online) The total currents and spin currents of the devices (a) M, (b) Mco, and (c) My;.

For the P spin configuration, the spin currents If and If directions of the electrodes.
are different. From Fig. 3, we see that the spin-up currents
of all the devices are nearly zero, i.e., I? ~ 0 pA. There-
fore, there are no spin-up transport channels opened around
the Fermi level and the related spin current is suppressed. In
contrast, the spin-down current If increases rapidly with V4,
finally resulting in I® = I%) +If ~ If. This phenomenon is par-
ticularly interesting since it suggests that these devices can be
used as perfect spin filters.[>*2] This is confirmed by calcu-
lating SFEP. As can be seen from Fig. 4(b), for all the three
devices, their SFEF values are higher than —95% and, more
importantly, nearly —100% spin-filter capability is observed
in My; in the whole bias range. For comparison, we further
calculated the SFEP value of the perfect Ni chain at zero-bias
voltage. Our results show that for the Ni chain, the SFEF is
about —71.42%, which is lower than the result of annulene-
based device. Therefore, the spin-filter capability of the de-
vice is enhanced. In a word, outstanding magnetoresistance
and excellent spin-filter capability suggest that My; has the
best transport properties and may be used as a multifunctional
device. As to the AP spin configuration, the calculated re-
sults show that for all the devices IAF ~ pr ~ 0 pA, thus it
is not surprising that AP = pr —|—pr ~ 0 pA. To understand
the mechanism of the spin-dependent transport in the systems,
we calculated the spin-resolved transmission spectrum and lo-
cal device density of states (LDDOS). Since the current curves
under V;, and —V}, are similar, as examples, only the transmis-
sion spectra under positive bias voltages are shown in Fig. 5.
It is obvious that the transmission spectra for the P and AP
spin configurations have different behaviors, indicating that
the electron transport process depends on the magnetization
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Fig. 4. (color online) (a) The GMR and (b) the SFEF curves of the M7y
(TM = Fe, Co or Ni).
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Fig. 5. (color online) The spin-resolved transmission spectra of (a) and (b) Mr_p, (¢) and (d) Mra_ap (TM = Fe, Co or Ni). In the figure the dashed lines
indicate the bias windows.
For the P spin configuration, at zero and low bias volt-  ficients of My; in the bias window are always very high, in-

ages, the calculated results show that near the Fermi level the  dicating some effective transport channels are established in

spin-down transport peaks of Mg, and Mc, are very low, i.e.,
Tf(E ) < 1. As the bias voltage increases, for the two de-

My; for the spin-down electrons. These transport channels
could effectively transmit the spin-down electrons and result
in large If. The different transport properties of the systems

vices some low spin-down peaks gradually enter the bias win-
are mainly attribute to the difference of the chemical bonding

dow, leading to very small If. In contrast, the Tf(E ) coef-
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of the molecule and TM chains.

The spin-up coefficients of the three devices for the P
spin configurations always approach zero in the bias window
(T} (E)
component is dominant while the corresponding I%’ is nearly
zero. As a result, the SFEF is close to —100% in the whole
bias range and My; exhibits very perfect spin-filter capability.

~ 0). For example, in the total current of My, the If

As to the AP case, the transmission coefficients of the three
devices are always close to zero. There are no noticeable spin-
up or spin-down transport channels, even though V;, increases
from 0 V to 0.5 V. Therefore, the corresponding total current

AP approaches zero and significant GMR effect will appear if

the magnetization directions of the electrodes become antipar-

allel.
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In fact, the transport behaviors of the system can be un-
derstood from the LDDOS as well. As examples, the zero-bias
LDDOSs at Fermi level are depicted in Fig. 6. For M7, p, the
spin-down components of the LDDOSs of all the devices are
delocalized and similar behaviors have also been observed for
the finite-bias cases (not shown here). Therefore, the electrons
near Fermi level can pass through the devices and form spin-
down currents. In contrast, the spin-up LDDOSs of M7, p
exhibit quite localized behaviors, indicating that I{ should be
very small and close to zero. This is consistent with the re-
sult of transmission spectra. For the AP spin configuration,
the LDDOSs of two spins are both localized, even though V,
gradually increases. As a result, there are no transport chan-
nels for the AP case and the total current /AT ~ 0 pA.
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Fig. 6. (color online) The zero-bias LDDOSs at the Fermi level of M7y p and My ap (TM = Fe, Co or Ni). The value of the isosurface is

0.005 e/A3.

To further elucidate the transport properties of the device,
using My; as an example, in Fig. 7 we plotted the spin-down
components of the total density of states (TDOS) and the par-
tial density of states (PDOS) of the device. For My; p and
Mni_ap, the TDOS mainly consists of the p states of the C, S
atoms and the d states of the Ni chains, and exhibits similar
behaviors. However, the PDOS of My;_p is different from that
of Mni_ap. We see that in the bias window, for the P case, the

p states of the molecule and the d states of the two electrodes

well hybridize, leading to the formation of delocalized trans-
port channels. In contrast, for the AP case, the d states of the
right Ni electrode in the bias window are close to zero. In other
words, in the transport process, the contribution from the right
electrode can be ignored and there are no effective spin-down
transport channels for Myj_ap, leading to very small current.
Therefore, it is not surprising that the GMR effect will appear
when the magnetization directions of the electrodes become

antiparallel.
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Fig. 7. (color online) The TDOS and PDOS of (a) My;_p and (b) Myi_ap
for V, = 0.5 V. The unit is states/eV. In the figure only spin-down com-
ponents are given and the dashed lines indicate the bias window.

3.2. The spin-polarized optoelectronic properties of My;
device

Since My; has excellent transport properties, finally we
investigated the spin-polarized optoelectronic properties. In
fact, the optoelectronic properties of various low-dimensional
devices have been carefully discussed recently.[%-33->41 How-
ever, to our knowledge, the studies on spin-polarized optoelec-
tronic properties of devices are still very limited so far.

It is worth noting that, for the incident light, only
monochromatic plane wave was considered. To effectively
separate the electron—hole pairs and produce a net photocur-
rent, a dipole potential is necessary for the photovoltaic pro-

cess. The dipole potential can be achieved by different

46531 Like our previous treatment, >3 two small lo-

methods.|
cal gate voltages are applied on the electrodes (Vy = VgL —
VGR, see the inset of Fig. 8). If V; # 0V, an external potential
drop is established across the device. Nevertheless, at z = oo,
the system is not affected by the local gate voltages and the
two electrodes still have the same chemical potentials. As a
result, without photons, there is no net current; with photons,
electrons may be excited from the occupied states to the unoc-
cupied states and a net photocurrent will be generated by the
dipole potential that comes from two gate voltages.

Here we considered two cases, i.e., V; = 0.01 and 0.1 V.
The energy range of the incident photons is from 0 eV to 5 eV,
including infrared (IR), visible and ultraviolet (UV) light. The
calculated spin photoresponse functions RY. and R4Y are given
in Fig. 8. It is obvious that the characteristic peaks of R,

and RAY curves are different, indicating not only the currents
but also the photocurrents are influenced by the magnetization
directions of the electrodes. For example, the spin photore-
sponse functions of the P spin configuration at V; = 0.01 V,
RE, can only be excited by visible and UV light. However in
the AP case, non-zero R4 can be generated by IR, visible and
UV light.

The spin-polarized photocurrents can be directly excited
by the light with given energies and, more importantly, the
spin polarization direction of the photocurrent will vary with
the incident photon energies. This suggests the device can pro-
duce two spin currents by adjusting the photon energies. For
example, when V, = 0.01 V and the incident photon energy
is about 4.50 eV, in the device the corresponding RE is about
2.26 a3/photon but R? is close to zero. As a result, we could
obtain very pure light-generated spin-down current. If the pho-
ton energy increases to about 4.75 eV, RE is about zero while
R¥ become very large, indicating pure spin-up current can also
be excited by the light with the given energy.

Furthermore, the direction of photocurrent varies with the
photon energy, namely the sign of the photocurrent depends
on the parameter. This is particularly important for the AP
spin configuration, since in the device the photocurrents with
different spins are spatially separated. As can be seen from
Fig. 8(b), when the incident photon energy is 3.40 eV, two
characteristic peaks are observed for R?P and pr . But the
former is positive while the latter is negative. This indicates
the spin-up photocurrent appears at right electrode (+z) and,
at the same time, the spin-down photocurrent appears at the
left electrode (—z). As a result, the two spin currents can be
simultaneously generated and are effectively separated.

Obviously, the microscopic mechanism of spin currents
excited by the light is very complicated. Generally speaking,
the characteristic peaks at visible and UV ranges may arise
from the electron transition between the occupied bands (such
as valence band) and the empty bands (such as conduction
band). The electron-hole pairs are generated by these high-
energy photons and then separated by the external dipole po-
tential. After various spin-dependent scatterings, the carriers
finally form spin-polarized photocurrents.

From the microscopic point of view, if the conduction
band curvatures are different for +k and —k points (k is the
point of Brillouin zone), an imbalanced motion of excited elec-
trons in the conduction bands occurs, which generates a pho-
tocurrent in the non-equilibrium situation. Depending on the
photon energy, the electrons are activated to different k points
in conduction bands and acquire different band velocities. The
sign of the photocurrent is determined by the summation of all
the activated electrons with different distribution.*! There-
fore, the direction of the photocurrent varies for different pho-
tons.
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Fig. 8. (color online) (a) and (b) The spin photoresponse functions of My; for the P and AP state when Vg = 0.01 V. Inset: the schematic
structure of the gate-controlled device. (c) and (d) The spin photoresponse functions of My; for the P and AP state when Vy = 0.1 V. gy is the

Bohr radius.

When Vj increases to 0.1 V, the RY, and R4F curves change
accordingly, indicating we can manipulate the spin photocur-
rents by V;; as well. We see that the related characteristic peaks
exhibit complicated behaviors. A noticeable feature is that, at
far IR range, there may exist very low photoresponse peaks
(see Fig. 8(c)). We believe the peaks should be attributed to
a kind of photon-assisted tunneling (PAT) process, which is
a typical quantum effect and has been discussed in our pre-

[33] j ., with the assistance of low-energy pho-

vious study,
tons, the tunneling probabilities of electrons become larger
and the electrons probably form non-zero but very small pho-
tocurrents. In other words, the microscopic mechanisms of
the photocurrents for low-energy and high-energy photons are
different. The PAT effect will provide us with a new way to

generate photocurrents with low-energy photons.

4. Conclusions

Using Fe, Co or Ni chains as electrodes, in the present
study we systematically investigated the spin-dependent trans-
port properties of the annulene-based molecular spintronic de-
vices. Our results show that these devices could exhibit signif-
icant spin-filter effect and have large magnetoresistance. In
particular, with Ni chains as electrodes, the device has the
best transport properties. In addition, the spin-polarized opto-
electronic properties of the device with Ni electrodes are dis-
cussed. We found that the spin-polarized photocurrents can be
directly generated by irradiating the device with IR, visible or

UV light, but the corresponding microscopic mechanisms are

different. More importantly, for the AP spin configuration, the
photocurrents with different spins are spatially separated, ap-
pearing at different electrodes. This phenomenon provides a

new way to simultaneously generate two spin currents.
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