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Defect states dependence of spin transport in iron phthalocyanine spin valves
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We fabricated spin-valve devices with a Co/iron phthalocyanine (FePc)/Co stacking structure. The spin-
transport properties were systemically studied by varying the measurement temperature and magnetoresistance
was confirmed. The estimated value of the spin-diffusion length for the FePc layer is around 30 nm. The existence
of defect states was demonstrated based on the analysis of current-voltage curves. Carrier mobilities in the
devices were calculated following a trap-filled space charge limited current model, showing the mobility could
be up to 2.95 x 107> cm?/Vs at 290 K. The molecular orientation growth of FePc on Co and the interfacial
interaction for FePc/Co are also discussed. This work deepens the understanding of spin transport in organic

spin devices.
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Investigations on the mechanism of spin injection, trans-
port, and detection as well as interface coupling have made
impressive progress in organic spin valves (OSVs) [1-6].
The transport behavior, including diffusion, as well as single-
step tunneling or multistep tunneling in disordered organic
semiconductors (OSC) have been proposed [7-11]. It has
been reported that the site-energy disorder or positional dis-
order, spin mixing, and exchange coupling between localized
polarons contribute to the spin transport [12—15]. In most
cases, the semiconductor films are of an amorphous structure,
which unavoidably gives rise to defects [16-20]. Although
defect states as trap levels affect spin transport in OSVs
[21-24], special studies about the effect of defect states on
spin-conserved transport are rare. Rybicki et al. reports that
the traps lead to a dramatic decrease of spin-diffusion length
in organic spintronic devices [25]. Conversely, Yu suggests
that a high defect density impurity band is responsible for
charge/spin transport in the OSVs [26]. Thus, the role of
defects is vital for further understanding organic spintronics.

Metal phthalocyanines (Pcs) have drawn considerable
attention for efficient spin transport in organic spintronics
because of their electronic delocalization [27-30]. Cinchetti
et al. demonstrated the possibility of spin injection from
Co into CuPc using spin-resolved two-photon photoemission
[31]. However, reports about the magnetoresistance (MR)
effect in OSVs using Pcs as spacers are still contradictory. Wu
et al. reported that the spin-diffusion length in CuPc-based
OSVs mainly depends on the spin-orbit interaction, rather
than crystal structure [32]. Majumdar et al. found that fast
spin relaxation inside the CoPc layer due to the presence of
heavy Co atoms, interface coupling of the molecule with elec-
trodes, and associated strong spin-orbit coupling make CoPc
unsuitable for spin devices [33,34]. In our opinion, defects
generally appear in Pc films, which should be considered in
spin transport. Among the Pcs, FePc was predicted to have
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an excellent spin filter effect [35-37], which is promising
for organic spintronic applications. The charge transfer from
nonmagnetic metal substrates to FePc molecules has been
demonstrated [38,39]. The interface hybridizations for FePc
molecules with Co substrate were systematically investigated,
which govern the spin injection from the Co into the FePc
layer [40-42]. Although the above impressive progress has
been made, the OSV device using the FePc layer has not been
reported.

In this paper, we report the fabrication of OSV with a glass-
substrate/Co/FePc/Co/Al stacking structure prepared without
breaking the vacuum condition. MR in the present devices
was systemically studied by varying the measurement tem-
peratures. The existence of defect states was confirmed based
on the analysis of current-voltage curves. Carrier mobilities
were calculated following a trap-filled space charge limited
current model, showing carrier mobility could be up to 2.95 x
1073 cm?/Vs at 290 K. The molecular orientation of FePc on
Co and interfacial interaction for FePc/Co are discussed.

The spin-valve device with a vertical sandwiched structure
is shown in Fig. 1(a). The electrical current through our device
was perpendicular to the deposited films, and the magnetic
field H was applied parallel to the films. Both the bottom
and top electrode were prepared by a magnetron sputtering,
while the FePc layer was deposited by a thermal evaporation.
It should be noted that the sputtering power was only 10 W to
avoid or reduce metallic inclusion into the OSC layer when
depositing the top electrode. Prior to deposition, the glass
substrates were ultrasonically cleaned with acetone, ethanol,
and deionized water in sequence. The base pressure for de-
position was 1 x 107 Pa, while the pressure for sputtering
and evaporation was 0.2 Pa and ~2-5 x 10~*Pa, respec-
tively. First, the bottom Co electrode with a film thickness of
about 50 nm was prepared by using a shadow mask. Then
we deposited a FePc stripe onto the bottom Co electrode
by changing the shadow mask. 10 nm Al was deposited to
prevent oxidation of the Co top layer (30 nm). The top Co/Al
layer was deposited by the third shadow mask. The whole
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FIG. 1. (a) Schematic diagram of the device structure with a glass substrate/Co/FePc/Co/Al stacking structure. (b) Schematic band diagram
of the organic device in the rigid band diagram shows the Fermi levels (EF), the work function of the ferromagnetic electrode Co, and the
HOMO and LUMO levels of FePc. A® means the difference of work functions between Co and FePc. The short lines between the HOMO

and LUMO levels depict possible defect states within the FePc layer.

fabrication procedure was completed without breaking the
vacuum. The active device area was about 2 x 2 mm. The film
thicknesses were controlled by a quartz-crystal resonator. The
MR curves were measured via a standard four-probe method
using a physical property measurement system (Quantum
Design) at temperatures between 10 and 300 K. The electrical
measurements were performed with a ECOPIA HMS-5000 at
the range of 80 to 290 K. The crystal structures of the films
were measured by using a powder x-ray diffractmeter (Japan
Rigaku X-ray) of Cu Ko radiation in the range of 5-20°. The
magnetization curves were measured using a vibrating sample
magnetometer (Lakeshore 7400).

The highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) of FePc lie about
0.7 eV below and 0.6 eV above the Fermi levels (Ef) of the
Co electrodes, respectively [43,44]. The work function of Co
was about 5 eV [3]. Thus, the energy diagram of Co/FePc/Co
is drawn in Fig. 1(b). The possible defect states in the FePc
layer are also indicated in Fig. 1(b), which may affect spin
transport [21-26].

Figure 2(a) shows typical MR curves of the Co/FePc
(50 nm)/Co devices measured at the bias current of 10~% mA.
The OSV clearly exhibits a positive MR at all measurement
temperatures (10, 50, and 100 K). The MR ratio is defined as
MR = (Rap — Rp)/Rp, where Rap and Rp are the resistance
of the two ferromagnetic (FM) electrodes in the antiparallel
and parallel configurations, respectively. The calculated MR
ratio is around 4%, 1.2%, and 0.5% at 10, 50, and 100 K,
respectively. The dependence of the device resistance in par-
allel configuration on temperatures is drawn in Fig. 2(b),
clearly indicating a linear increase with increasing measure-
ment temperatures. Upon cooling from 300 to 10 K, the
device resistance increases around 2.5-fold. Such an increase
in resistance with decreasing temperature has been observed
for spin vales with various organic barriers [7,10,45-47]. This
demonstrates that spin transport is dominated by diffusion,
rather than tunneling. To further study the electrical resistance
of the OSV device, the corresponding resistance-area (RA)
product value with different FePc layer thickness is plotted
in Fig. 2(c). Some results in the literature [9,29,48] were
also summarized to perform a comparison with the present
results. The RA increases with the increase of FePc layer
thickness, indicating that the OSV devices are pinhole free

and the device resistances are dominated by the organic layer
[9,45,46]. Moreover, the present results are in good agreement
with the reported values using other Pc spacer layers by other
groups owing to their similar molecular structures.

As shown in Fig. 2(b), the maximum of the MR ratio was
4% at T = 10K and vanished above 200 K. The MR ratio
drastically decreases with increasing temperature. According
to previous reports [7,45-47], the MR of OSVs using 3d tran-
sition ferromagnetic electrodes (Fe, Co, Ni, and their alloys)
also showed temperature dependence. Since the magnetism
of Co does change much at those low temperatures below
Tc, the MR ratio decrease with temperature cannot be due
to the loss of spin polarization of the FM electrode. Thus,
the temperature dependence of the MR ratio is generally
attributed to the increase of the spin-relaxation rate in the FePc
layer. Assuming that the spin polarization P of Co is 30% [49],
one could estimate the spin-diffusion length according to the
modified Julliere equation [3],

AR 2P /%
Rp 1+ P2ed/i’

where d is the film thickness and A is the spin-diffusion
length. The estimated value of A is about 33 nm at 10 K.
In fact, the actual film thickness should be smaller than the
growth thickness of d because of the presence of the ill-
defined layer with 1-2 nm in thickness at the interface [1,3,7]
between Co and the OSC (which will be discussed below). So
s of FePc will also be shorter than that from the fitted value
of 33 nm. In OSC films, carriers propagate mainly via hopping
between localized states, and spins flip as they hop from site
to site due to spin-orbit coupling. Thus, ¢ strongly relies on
the strength of the spin-orbit coupling. The smaller value of
As for FePc than that of Alqgs and Cg [1-3] is likely due to the
presence of the Fe atoms [15,26].

In order to understand the charge transport process in the
FePc layer, electrical transport measurements were performed
on the OSV device. As shown in Fig. 3(a), nonlinear current-
voltage (I-V) curves were clearly observed at all measurement
temperatures (80-290 K). The I-V curves are symmetrical for
positive and negative voltages due to the symmetrical energy
alignments of FePc and Co [see Fig. 1(b)]. Further, with
decreasing measurement temperature, the nonlinear response
of I-V became stronger owing to the increase for device

ey

054406-2



DEFECT STATES DEPENDENCE OF SPIN TRANSPORT IN ...

PHYSICAL REVIEW B 99, 054406 (2019)

10K

Iy
S
T T
~
o
~

I g > @»
nw o S N

Resistance (kQ)

-3000 -2000 -1000 0 1000 2000 3000
H (Oe)
4@ (b) - @ MR{150
\
Q‘ O RP —~
3o S
o | VDo =<
SN 1100 g
e2F ~g —~ =
\ N 3
L [ BN ~
] > N b S ~ ) 50 m
<~ & e ~O
Ot L ! . " §,. T T T @
0 50 100 150 200 250 300

Measurement temperature (K)

4
10 (c) o, u
/-\1 03 3 @] AO
5102} &
G
=10+ ¢ 1
;5 S m  CoPc[33]
10 Fy ® RTF, CuPc[9
v A [T F,CuPc [9]
v CuPc[29]
107 L . . Q Present rgsults

0 30 60 90 120
Thickness (nm)

FIG. 2. (a) MR curves of Co/FePc (50 nm)/Co OSV measured at
different temperatures with a bias current of 107 mA. (b) Temper-
ature dependence of resistance (in parallel configurations) and MR
for the FePc OSV. (c) Resistance-area product value vs FePc-layer
thickness.

resistance at low temperature. Figure 3(b) shows the I-V
curves in double logarithmic scale. The I-V curves generally
can be discriminated by three distinct regions (regions A,
B, and C) depending on the measurement temperatures. The
slopes of regions A and C are 1 and 2, which correspond to the
ohmic conduction regime and trap-filled space charge limited
current regime, respectively [50,51]. The slope of region B is
2.7 at 220 K and 3.5 at 80 K, which is the trap-filling regime

[50,51]. A main critical voltage (labeled by circles) shifts
to a higher-voltage side with the decrease of measurement
temperatures. At lower temperature, three regions could be
clearly observed, which means that trap levels should exist in
the present FePc film [50-52]. With increasing temperatures,
region B gradually disappears. For the results measured at
290 K, only regions A and C appear because the traps were
completely filled at a high temperature. With a small volt-
age (region A), spin-conserved carriers dominantly transport
through the energy levels around Fermi level. With increasing
applied voltage, the trapping centers between the HOMO and
LUMO levels would be gradually occupied by injected charge
carriers, resulting in the regions B. With further increase
of applied voltage (region C), all the trapping levels were
occupied and the injected charge exceeded the intrinsic charge
concentration. Thus, the FePc film begins to resist any further
injection that the extra injected charges cannot be swept to the
collecting electrode with the same rate at which they are being
injected. As a result, the slope of region C reduces compared
to that of region B.

Such transport behaviors can be attributed to a trap-filled
space charge limited current mechanism [50,53]. This can be
described by the following formula [50]:

J =9/8e0e,uV?/d>, 2)

where J is the current density, &g is the permittivity of vacuum,
&r = 3.7 is the relative permittivity of FePc [54], and d is the
film thickness. The dependence of mobility on measurement
temperatures was plotted in Fig. 3(c). The hole mobility is
estimated to be 2.95 x 107> cm?/Vs at 290 K, which is very
close to the reported value [55], indicating that the present
FePc films are of very high carrier mobility. The high carrier
mobility demonstrates that the number of defects is small
in the present FePc film. Moreover, the FePc powder for
evaporation is free of impurities within the resolution of x-ray
diffraction (XRD) and Fourier transform infrared spectrom-
eter [56]. So the defects are very likely not from organic
impurities. It was reported that diffused metal atoms into the
OSCs layer were limited around 2 nm in depth from the
experimental investigation [57] and theoretical calculations
[58]. Here, a very small sputtering power (only 10 W) was
used to deposit the on-top electrode, which should further
reduce metallic inclusion into the FePc layer. Therefore, it
is deduced that the defects in the present FePc film were
dominantly from crystalline disorder because OSCs lack long-
range order. Furthermore, the present FePc film with an
amorphous structure was verified by the XRD measurement,
as shown in Fig. 4(a). To further analyze the trap distributions,
the temperature dependence on resistivity is estimated as R =
Roexp(E,/KgsT), where E, is the thermal activation energy
and Kg is the Boltzmann’s constant. The logarithmic scale of
R versus T~ for the FePc film device was plotted in Fig. 3(d).
It is noted that there are two linear regions, corresponding to
the activation energies of 1.36 and 21.6 meV, respectively.
The values are very small compared to that induced by a
special x-ray radiation [25]. This implies that both deep and
shallow traps appear in the present FePc film, resulting in the
appearance of region B in Fig. 3(b), which agrees with the
reported results in the literature [51,52].
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FIG. 3. (a) Current-voltage curves of Co/FePc (50 nm)/Co OSV measured at different temperature (80,150, 220, and 290 K). (b) The
double logarithmic scale of current-voltage curves. (c) The dependence of mobility on measurement temperatures. (d) The logarithmic scale

of R vs T~ for the FePc film device.

The interface effect between the 7 electrons of the organic
molecule and the 3d electrons of the FM electrode can affect
both the crystalline structure of the organic film and the
magnetization of the FM metal, which is likely to influence
spin transport and injection efficiency [5,59,60]. Figure 4(a)
presents the XRD patterns of the FePc films deposited on
glass substrates with and without the Co buffer layer. The
film of FePc grown directly on the glass substrate exhibits a
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single sharp peak at 26 of 6.9°, indicating a polycrystalline
structure. However, with the Co buffer layer, the film of FePc
did not show any diffraction peak. This is probably due to the
chemisorption of the phthalocyanine molecules on the ferro-
magnetic Co surface, implying FePc molecules are preferred
to lie flat [32,61] on the Co surface, as shown in the inset of
Fig. 4(a). Moreover, we studied the magnetic properties of
Co deposited on glass substrates with and without the FePc
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FIG. 4. (a) XRD patterns for FePc deposited on glass substrate (black) and 50 nm Co (red). (b) Hysteresis loops of a Co (30 nm)/Al
(10 nm) bilayer (red) and a FePc (50 nm)/Co (30 nm)/Al (10 nm) trilayer (black) measured at room temperature.
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insertion layer, as shown in Fig. 4(b). The Co grown directly
on the glass substrate shows a coercive field of ~30 Oe,
which is much smaller than that of the FePc buffer sample.
Furthermore, the magnetic moment of Co on the FePc layer is
drastically suppressed compared to the sample grown directly
on glass. This is consistent with the results of CuPc devices
reported by Coey et al. [29]. It is speculated that the reason
for this drastic reduction might be the formation of a magnetic
dead layer at the FePc/Co interface. Lach et al. also verified
that a chemical reaction between the surface Co atoms and
FePc molecules could form new hybrid states by spin-resolved
photoelectron spectroscopy and band calculations [42]. More-
over, Studniarek el al. proposed that the first three Co atomic
layers dominated the interface coupling with the FePc film
[40]. Such interface interactions could form “spinterfaces,”
which would be highly important for the future development
of new spintronic devices [5,11,60,62].

In summary, spin transport in Co/FePc/Co OSV was stud-
ied. MR showed drastic temperature dependence. The spin-
diffusion length in the FePc layer was dominantly affected
by spin-orbit coupling in the FePc layer. It was also found
that both the crystalline structure of the organic film and
the magnetization of the ferromagnetic electrode were af-
fected by strong interface interactions, which is likely to
influence spin transport and injection efficiency. Defects in
the amorphous FePc film were demonstrated and the effect
for the spin-conserved transport process was discussed. This
study is valuable to design future flexible spin-electronic
devices.
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