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Spin-dependent transport in ferromagnet/organic-ferromagnet/metal junctions is investigated theoretically. The results
reveal a large tunneling magnetoresistance up to 3230% by controlling the relative magnetization orientation between the
ferromagnet and the central organic ferromagnet. The mechanism is explained by distinct efficient spin-resolved tunneling
states in the ferromagnet between the parallel and antiparallel spin configurations. The key role of the organic ferromagnet
in generating the large magnetoresistance is explored, where the spin selection effect is found to enlarge the difference
of the tunneling states between the parallel and antiparallel configurations by comparing with the conventional organic
spin valves. The effects of intrinsic interactions in the organic ferromagnet including electron—lattice interaction and spin
coupling with radicals on the magnetoresistance are discussed. This work demonstrates a promising potential of organic
ferromagnets in the design of high-performance organic spin valves.

Keywords: organic ferromagnet, organic spintronics, tunneling magnetoresistance

PACS: 73.63.-b, 75.47.—m, 85.75.—d

1. Introduction

Spin valves, in which a nonmagnetic layer is usu-
ally sandwiched between two ferromagnetic electrodes, play
an important role in the field of spintronics for informa-
tion storage and developing spin transfer and spin orbit
torque spintronic devices.!!! Recently, the utilization of or-
ganic molecules as the central layers has attracted much

6131 It not only rouses the prospect of low-cost

attention. !
and flexible devices, but also brings many physical merits to
spin transport compared with the inorganic counterpart, such
as the long spin relaxation time induced by the weak spin—
orbit and hyperfine interactions,'*! and the tunable interfacial
spin polarization caused by the orbital hybridization at the or-
ganic/inorganic interfaces.!!>!°1 The exploration of novel or-
ganic materials for high-performance spintronic devices keeps
an intriguing issue in the field of organic spintronics.

Organic ferromagnets (OFs) are fascinating since they
combine both the ferromagnetic and organic properties. Or-
ganic magnets may be fabricated by doping transition ions
into organic components, such as V[TCNE], (TCNE =
tetracyanoethylene),?°! or using spin radicals, such as poly-
BIPO (poly-(1,4-bis(2,2,6,6-tetramethyl-4-piperidyl-1-oxyl)-
butadiin).[???l In the last years, OFs have triggered more
and more interests in experiments to seek novel property in
used V[TCNE], as the
spin injector and measured the magnetoresistance (MR) in

organic spin valves. Yoo et al.

DOI: 10.1088/1674-1056/ab5d02

V[TCNE],/rubrene/LSMO junctions, where a MR up to 6%
was obtained.[>3] A small MR at room temperature was re-
ported with V[TCNE], as the central layers.!**! Hayakawa et
al. experimentally demonstrated that in the presence of a spin
radical, the tunneling magnetoresistance (TMR) was enhanced

e.> Several theoretical designs of

by one order of magnitud
spintronic devices based on OFs were also involved including
spin-filtering 20281 and multi-state MR.[>°]

In spite of that, still little is known about the TMR in OF
based spin valves, especially the underlying unique role of the
OF compared with the conventional organic spin valves. Due
to the intrinsic magnetism of the OF, only one ferromagnet
is required for the construction of the spin valve, which is
different from the conventional organic spin valves with two
ferromagnets. The TMR property in such structure is seldom
involved in the past studies and the comparison with conven-
tional organic spin valves is necessary. In this paper, we con-
struct an OF spin valve by connecting the OF with one fer-
romagnetic and one nonmagnetic electrodes. By calculating
the spin-dependent transport, an extremely high TMR up to
3230% is demonstrated. A comparison with conventional or-
ganic spin valves is performed, where the crucial role of the
OF in enlarging the difference of the efficient tunneling states
between parallel (P) and antiparallel (AP) configurations is an-
alyzed. The paper is organized as follows: the model and cal-
culation method are introduced in Section 2. In Section 3, the
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numerical results and physical analysis are presented. At last,
a summary is given in Section 4.

2. Model and calculation method

Schematic of the device model is shown in Fig. 1. Here
an OF molecule with spin radicals is connected with one
ferromagnet and one normal metal. The two electrodes are
modeled as one-dimensional semi-infinite chains. The typical
OF molecule poly-BIPO is adopted, which has a quasi-one-
dimensional structure composed of the main chain and spin
radicals on the odd-number sites. At ground state, the radi-
cal spins will form a ferromagnetic order.*°! Such model is
also valid for other OFs with different spin radicals.3!! The
OF can be described by the extended Su—Schrieffer—Heeger
(SSH) model combined with a Kondo term!21-22:29:30.32]

Hor = Z [8()6?:001‘70— — 1t <C:—GC,‘+175 +H.C.):|

ic
+ + + +
+UZCi,¢Ci-,TCi,¢Ci.¢ +W Z Ci6Ci,6C;1,6/Ci+1,0
i i,0,0'

FIY Bosi St 5 Lok (M)

The first term embodies the energy of itinerant electrons in
the main chain. & is the on-site energy, and cfc (¢ic ) is the
creation (annihilation) operator of an electron with spin ¢ on
site i. t; = top — ay; denotes the nearest hopping integral of
electrons, where #; is the electron transfer integral in a uni-
form chain and y; = (u;+1 — u;) is the bond distortion with u;
the displacement of the i-th atom. « stands for the electron—
lattice coupling constant. The second and the third terms de-
scribe the electron—electron interactions given by an extended
Hubbard model3! with U the on-site interaction and W the
site—site one. The fourth term is the antiferromagnetic cou-
pling between the 7-electron spin s; and radical spin S;g with
coupling strength J. &; , means the antiferromagnetic coupling
only exists at the odd sites. The last term is the lattice elastic
energy with elastic coefficient K.

Fig. 1. The schematic of ferromagnet/organic-ferromagnet/metal
molecular junctions.

The electrodes are described by the single-band tight-
binding model with the Hamiltonian

Higr) =) {Sl(r)alfca,-,g —ti(y) (aiﬂ,o‘ai,ﬁ —&-H.c.)}

i,o
- Zjl(r) (Cl;}ai,w - a;’lam) ; (@)

where ;) and 7, are the on-site energy and hopping in-
tegral of electrons in the left (right) electrode, respectively,

aZ’G (ai ) denotes the creation (annihilation) operator, and
Jltr) is a Stoner-like spin splitting constant of the electrode, ¥
which naturally vanishes for the right nonmagnetic electrode.
The interfacial interaction between the molecule and the elec-
trodes is simplified as a hopping integral (f,.) between the
neighbor sites.

Under a bias, an electric field E is assumed to generate

along the molecular chain with the Hamiltonian
. N+1
Hp = —Z le|E |:<l — 2) a—i—u,-] c;fcc[,g
i,c
. N+1
+Z|e|E{(z—2>a+ui]. 3)
i

Here e is the electron charge, a the lattice constant, and N
the number of total sites in the molecular chain. The first
and second terms represent the potential energies of electrons
and the lattice ions with one unit of positive charge at each
site, respectively. The electric field is related to the bias by
E =V /(N —1)a. This model is more convenient than solving
the Poisson equation when the bias is not too large.>!

The stable state of the OF under the electric field is
obtained by solving the electronic eigen equation and lat-
tice configuration equation self-consistently.>>26 After that,
the spin-resolved current is calculated by Landauer—Biittiker

formulal3°!

+oo
lo(V) =5 [ To(EV)F(E - )~ f(E- )l dE. (&)

Here £ is the Planck constant,
Ts (E,V)=Tr[I[LGs (E,V)IRGS (E,V)]

is the spin-resolved electronic transmission, and Gg (E,V)
is the single-electron retard Green’s function for the central
molecule. I ) denotes the broadening matrix induced by
coupling with the electrodes. f (E — ul(r)) is the Fermi—Dirac
distribution function with chemical potential yy;) = Ep eV /2
and Fermi level Er. The charge current is the sum of the spin-
resolved currents, Ic = Iy +1,.

The calculation parameters are chosen as follows. For the
OF, we determine the parameters according to the well estab-
lished values for poly-BIPO,B7:381 15 = 2.5 eV, gy = —6.6 eV,
a=4.1eV/A, K=21.0eV/A2, U=3W =1.0¢eV, and j =
J/to =0.5. The total site number is N = 20. For the electrodes,
g=-656¢eV,=-50eVy=t=15¢eV, Jj=15¢V,
and J; = 0. The Fermi energy of the two electrodes is cho-
sen as Er = —5.0 eV. These parameters are chosen to fit the

29,39

band structures of Co and Au.?>3°! The interfacial coupling

parameter is taken as f,e = 1.0 eV.
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3. Results and discussion

In the present device, the coercive fields of the left ferro-
magnetic electrode and the central OF molecule are different,
e.g., 150 Oe for Co and 295-470 Oe for poly-BIPO. %40 Thus
the P and AP alignments of the magnetization orientations are
expected to be realized by an external magnetic field under
the condition of a weak magnetic exchange. In our model, for
simplicity, the spins of the radicals in the OF are fixed as up,
while the magnetization of the ferromagnet is changeable as
up or down. We start our calculations from the currents in the
two spin configurations, and the results are shown in Fig. 2(a).
Due to the asymmetric structure, both the positive and negative
biases are investigated. Obviously, nonlinear current—voltage
curves are observed in the two cases, which depend on both
the polarity of the bias and the spin configurations. Under
positive bias, the threshold voltage in P configuration is about
0.5V, and the current reaches 2.7 pA at 1.0 V. The threshold
voltage in AP configuration is a little larger (~ 0.6 V), while
the current at 1.0 V is only 1.4 pA. Under negative bias, the
situation is similar where the AP configuration corresponds
to a larger threshold voltage (—0.9 V) and a smaller current
(—0.9 nA at —1.0 V) compared to the P configuration (—0.5 V
and —3.7 pA at —1.0 V).

2.5} (a)
<
S
>
=]
)
g
=]
O
—2.5} —P
—AP
-1.0 -05 0 0.5 1.0
Bias/V
3500 .
3000}
2500}
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~-1.0 —05 0 0.5 1.0
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Fig. 2. (a) The charge current with bias in P and AP spin configurations
of the Co/OF/Au junction. (b) The TMR of the device versus bias.

In Fig. 2(b), the bias-dependent TMR is displayed, which
is defined as TMR (V) = [Ip(V) — Iap(V)]/Iap(V).
TMR is obtained in the calculated bias region, where two dis-

Positive

tinct peaks appear at the two polarities of the bias, respec-
tively. One locates at about 0.54 V with the magnitude of about

887%, and the other lies at —0.64 V with an extremely high
value of 3230%. Even the minimum value at 1.0 V is around
100%. This result indicates that a high-performance organic
spin valve is realized with the utilization of the OF.

To understand the two high TMR peaks at different po-
larities of the bias, we first give a sight on the spin-dependent
transmission spectra. Figure 3 shows the transmission spectra
at 0.6 V and —0.6 V, which are around the TMR peaks and
convenient to make a comparison between positive and nega-
tive biases. At the positive bias of 0.6 V, the current is con-
tributed by a spin-down peak, which is from the spin-down
lowest unoccupied molecular orbital (LUMO) by examining
the molecular eigen levels. The height of the peak in P config-
uration is much higher than that in AP configuration, which is
responsible for the current difference as well as the large TMR.
At the negative bias of —0.6 V, this spin-down peak in P con-
figuration becomes a little higher, but it turns invisible in AP
configuration. Thus, the TMR is further enhanced compared
with that at 0.6 V.

The above different transport behaviors can be further un-
derstood based on a simple band tunneling sketch. As shown
in Fig. 4, the left spin-split Co electrode consists of a full-
filled majority band and a half-filled minority one, while the
right Au electrode is spin degenerate and half-filled. With
the present parameters, the spin-down LUMO of the central
OF is close to the Fermi level. Thus, at low bias only spin-
down electrons are permitted to transport through the molecule
when neglecting the spin flipping process. By applying a pos-
itive bias of 0.6 V, the left Co band is lifted and the right
Au band is lowered. In P configuration, the spin-down (mi-
nority) electrons from the Co electrode tunnel into the right
spin-down band of Au via the central spin-down LUMO. In
AP configuration, the transmission is contributed by the elec-
tron tunneling from the left full-filled majority band to the
right half-filled one with down spin. The main difference be-
tween the P and AP cases is the involved tunneling states of
Co, which stem from the middle of the band in P configu-
ration, while the band-edge states serve in AP configuration.
By assuming an identical single-electron tunneling probabil-
ity through the central molecule, the total transmission of the
present OF device will be proportional to the efficient den-
sity of states (DOS) in the electrodes fallen into the bias win-
dow, T|(E) =< DL(E) x D|r(E), where D1 g)(E) represents
the DOS of the spin-down electrons with energy E in the left
(right) electrode. D|g(E) in the Au electrode is independent
of the spin configurations, but it is known that D ; (E) in the
middle of the Co 3d band is much larger than that in the band
edge.[*1*2] As a result, the transmission in P configuration is
much larger than that in AP configuration, which leads to a
large TMR.
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Fig. 3. The spin-dependent transmission spectra near the Fermi energy at different biases and spin configurations: (a), (b) P and AP configura-

tions at 0.6 V; (c), (d) P and AP configurations at

(a) P 0.6V () P-06V
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W=\ =
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NPT NN &=
y Y
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Fig. 4. The band tunneling sketch of the ferromagnet/OF/metal junc-
tion: (a) P configuration at 0.6 V, (b) AP configuration at 0.6 V, (c) P
configuration at —0.6 V, (d) AP configuration at —0.6 V. Red (blue)
upward (downward) arrows and lines stand for the spin-up (spin-down)
magnetic moments and levels. Plus (minus) sign denotes the polarity of
the bias.

With the reversal of the bias, the right Au band is lifted
and the left Co band is lowered. In P configuration, the tun-
neling occurs between the middle of the two spin-down bands
of the electrodes. Thus an efficient transmission still exists in
the bias window similar to that in Fig. 4(a). However, in AP
configuration, the tunneling of the spin-down electrons from
Au to Co is forbidden due to the full-filled spin-down band in
Co. As a result, the total transmission in AP configuration is
completely suppressed, which is the source of the extremely
high TMR at the negative bias.

It should be pointed out that besides the full-
filled subband in Co, the OF adopted here plays a
crucial role for the transport prohibition in AP con-

figuration as well as the extremely large TMR, since

—0.6 V. The vertical dashed-dotted lines represent the conducting bias window.

it blocks the transmission of electrons with another

spin. Such situation is hardly seen in the conven-
tional organic spin valves with a ferromagnet/nonmagnetic-
molecule/ferromagnet (FM/NM/FM) structure. The proposed
OF spin valves are superior to conventional FM/NM/FM spin
valves due to the spin selection of the central molecule, which
will enlarge the difference of the efficient tunneling states be-
tween P and AP configurations, and then enhance the magni-
tude of the TMR. Such effect can be understood by the fol-
lowing analysis. For the FM/NM/FM structure, we assume
that the electron DOS in the FM with different spins are D and
d at the Fermi energy. In the limitation of low bias, the con-
ductance in P configuration is usually contributed by both the
majority and the minority electrons as Gp o< (D X D+d x d),
while that in AP configuration reads Gap < (D x d +d X D).
As a result, the TMR in the NM junction is TMR™ =
GPGA(;AP oc M For the FM/OF/metal junction, due to the
spin selectlon of the OF, only one of the majority and minor-
ity works, where the conductance is proportion to Dy x D and
Dy x d in P and AP configurations, respectively. Here Dy is the
DOS of the tunneling electron in the right nonmagnetic metal.
Thus the TMR is expressed as TMR™ oc 2= = d — (DDd dd)2 In the
case of positive TMR (D > d), one obtains 2Dd > Dd — d2,
which means that the TMR in the OF spin valve should be
larger than that in the conventional FM/NM/FM one.

The above analysis can be further verified by the follow-
ing additional numerical calculations for the FM/NM/FM and
FM/OF/Au junctions with the same FM. Here the on-site en-

ergy of the FM is modified as & =

—5.0 eV to simulate a
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more common situation where neither spin subbands are full-
filled. These parameters generate a spin polarization of about
33% for the FM, which is close to Fe.[**! For the NM, the
spin coupling strength j is set to zero. The other parameters
are the same as above. As demonstrated in Fig. 5, the TMR
in the FM/NM/FM junction is below 10%, which is consis-
tent to experimental reports on organic spin valves with Fe
electrode.!**! However, in the case of the Fe/OF/Au junction,
the TMR is remarkably increased and a maximum value of
about 90% is achieved at negative bias. We also examine the
TMR in the Co/NM/Co junction, where the maximum TMR
is only 1360% and much smaller than that in the Co/OF/Au
junction.

100 T T T
— Fe/NM/Fe
80 — Fe/OF /Au

—-0.5 0 0.5 1.0
Bias/V

Fig. 5. Bias-dependent TMR in Fe/NM/Fe and Fe/OF/Au junctions.

The softness and spin correlation with radicals are cru-
cial in determining the spin-dependent transport property of
the OF device. The effects of the electron—lattice coupling (o)
and the antiferromagnetic coupling with radicals (j) are dis-
cussed. The parameters of the Co/OF/Au junction are used. In
Fig. 6, the TMR of the device is plotted with different values
of & and j. As shown in Fig. 6(a), with the increase of j, a re-
markable increase is observed for the TMR peaks, especially
that at the negative bias. The maximum value reaches almost
5000% with j = 0.6. A little shift of the TMR peaks to the
Fermi energy also occurs, which is due to the larger spin split-
ting of the molecular 7 orbitals with a larger j. In Fig. 6(b),
one can find that with the increase of «, the TMR peaks are
driven away from the Fermi energy, which is caused by the in-
creased larger Peierls gap. An enhancement of the TMR peak
at negative bias is also observed, which increases from about
3000% at ox = 4.0 to about 4000% at @ = 4.4. This indicates
that within the involved strength, the electron—lattice coupling
and spin correlation are helpful for enhancing the TMR. How-
ever, here we should comment that the above conclusion is ob-
tained in the frame of SSH model, where the electron—lattice
interaction mainly modulates the band gap and the electronic
states, while possible phonon induced spin flipping process is
not considered. It is also noticed that in several other reports,

the TMR and current spin polarization were weakened in the
presence of lattice vibration.[*>46] The difference is related to
the involved specific materials, such as the band symmetry in
graphene nanoribbons.

5000} (a)

0.2
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Fig. 6. Dependence of the TMR on (a) spin coupling parameter j and
(b) electron—lattice coupling parameter & of the central OF.

At last, we further study the effect of the molecular length
on the TMR. The results are displayed in Fig. 7. It is seen that
the peaks of the TMR shift towards the Fermi level with the
increase of the molecular length, which originates from the de-
crease of energy gap with the chain length. However, it is no-
ticed that the maximum magnitude of the TMR increases with
the length. For example, the TMR is about 500% at —1.0 V
with N = 12, while it reaches about 7300% at —0.53 V with
N =24. A similar dependence of the TMR on molecular chain
length has been reported in normal nonmagnetic polymer spin

valves.[7]
8000 T T T
----N=12
--N=16
— N=20
6000 | — N=24 T
X
g
4 L -
S 000
P(
2000 B
/AN
0 -/ ““~~-~-.I:~_..T.r.r—..—..7..—._’r:.- =
—1.0 —0.5 0 0.5 1.0

Fig. 7. Dependence of TMR on the length of the central OF.
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4. Summary

In conclusion, the spin-dependent transport in a ferro-
magnet/OF/metal junction is investigated. The results demon-
strate that by controlling the relative magnetization orienta-
tion of the ferromagnet and the central OF, a giant TMR up
to 3230% is realized. The mechanism is explored in terms of
transmission and band tunneling sketch, where the large TMR
is explained by the asymmetric efficient tunneling states in the
ferromagnet in P and AP configurations combined with the
spin selection effect of the central OF. This work indicates
that high-performance organic spin valves are expected with
the utilization of the OFs, which deserve further verification in
experiments. Moreover, the revealed physics gives us a hint to
enhance the TMR in molecular spin valves, that is, generating
a spin-filtering effect in the central region, which may be re-
alized by using spin radicals or designing fully spin-polarized
hybridized interfacial states. We also notice other similar re-
ports where metallocene-dimers or magnetic ions doped car-
bon nanotube are adopted to enhance the TMR by adjusting
the spin configurations of the central molecule,*®! and even
a thermoelectric conversion effect is found where a pure spin
current is generated.*?! Such effect deserves further investiga-
tion in present FM/OF/NM type devices.
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