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Magnetoresistance Crossover in Cobalt/Poly(3-hexylthiophene,2,5-diyl) Hybrid
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Cobalt/poly(3-hexylthiophene,2,5-diyl) (Co/P3HT) hybrid films with different Co thicknesses are pre-
pared by magnetron sputtering combined with solution process. An anomalous magnetoresistance (MR)
crossover phenomenon changing from the intrinsic negative sign of Co to positive with decreased Co
thickness is observed. The electric transport measurement indicates that the weak localization (WL) effect
gradually dominants the Co/P3HT at low temperature with decreased Co thickness. The MR test in dif-
ferent magnetic-field directions reveals the MR crossover phenomenon that results from the Co/P3HT
contact due to the Co penetration and the formation of the reverse barrier. These results show the
significant influence of the metal/organic semiconductor interface on the MR effect.
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L. INTRODUCTION

In recent years, organic semiconductors (OSCs) have
been intensively studied for applications in sensors [1],
light-emitting diodes [2], field-effect transistors [3], solar
cells [4], artificial photosynthesis [5], and so on, due to
their good properties, low cost, flexibility, and large-scale
manufacturing. Compared with their inorganic counter-
parts, OSCs possess long spin-diffusion lengths because of
the weak spin-orbit coupling (SOC) and hyperfine inter-
action. In 2002, Dediu et al. first applied OSCs into spin
valves (SVs), which opened the field of organic spintron-
ics [6]. Recently, Sun et al. fabricated a molecular spin-
photovoltaic device that integrates a photovoltaic response
with the spin transport across the molecular layer [7]. This
work presented deeper insight about the OSCs’ potential in
multifunctional applications.

At present, the magnetoresistance (MR) effect has been
widely studied and commercialized [8]. However, the
value of MR still needs to be further improved for wider
practical applications, and the physical mechanism needs
to be better understood. In particular, the MR effect in
metal/OSC hybrid materials and devices is complicated
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due to serious problems such as interdiffusion and metal
inclusions in metal/organic contacts, which will cause an
ill-defined interface layer [9]. Many investigations have
indicated that the metal/OSC ill-defined interface layer sig-
nificantly influences MR performance. Barraud et al. pro-
posed that the spin-hybridization-induced polarized states
at the interface can improve or inverse MR [10]. Ciudad
et al. reported that a chemically engineered interface can
help to control the sign of the MR [11]. Mandal’s calcu-
lation showed that a small change of approximately 3%
in the metal molecule interfacial distance could alter the
sign of MR in a molecular SV device [12]. Recently, Ding
et al. found that the inversed MR in P3HT-based SV results
from the penetration of a Co electrode [13]. Obviously,
although the roles of metal/OSC interface are important,
the physical mechanisms are still controversial.

Because the metal/OSC interface effect in organic spin
valves (OSVs) is significant, it is necessary to study the
transport properties of the interface layer separately to
reveal its contribution to OSVs. However, research on the
individual interface layer is still rather rare. In this work,
we design a poly(3-hexylthiophene,2,5-diyl) (P3HT) film
covered by a very thin layer of Co to simulate a metal/OSC
interface layer. We aim to extract the interface layer and
study its MR. To achieve this, we use the same magnetron
sputtering technology as the top electrode of the OSV, but
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only shorten the sputtering time. In the very short deposit-
ing time, most of the Co penetrates into P3HT due to its
soft texture, forming a metal/organic semiconductor hybrid
layer instead of a continuous top electrode layer. The
hybrid layer in this work is consistent with the interface
layer in OSV. The interface effects of Co/P3HT are inves-
tigated via electric and magnetic transport measurements.

Co is a commonly used ferromagnetic contact in organic
spintronic devices and P3HT, as a typical w-conjugated
polymeric OSC, possesses a longer conjugation length
and fewer intrinsic defects than do small molecules. The
spin diffusion length of P3HT is 80 nm, which is much
higher than that of inorganic semiconductors [14]. All
these advantages make P3HT a promising material for
applications in organic spintronics or for studying the basic
physics, such as the Hall effect [15], MR effect [16], and
metal/organic contact effect [17]. Our results reveal that
the interface effect inverses the MR from negative to pos-
itive in Co/P3HT hybrid films and a model is proposed to
explain the observations.

II. EXPERIMENTAL DETAILS

Co/P3HT hybrid films are prepared as follows.
Ten mg/ml P3HT ortho-dichlorobenzene (ODCB) solution
is filtered with a 0.45-um filter and then spin-coated on a
cleaned glass substrate with a spin speed of 2000 r/min.
The coated P3HT film is annealed for 10 min at 120 °C
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in vacuum. The average P3HT thickness is determined to
be 20 nm using a scanning electron microscope (SEM, S-
3500N). Co (99.99%) is sputtered on the annealed P3HT
films through a shadow mask via dc magnetron sputter-
ing. The base pressure of the chamber before deposition is
lower than 1 x 10~ Pa. Sputtering power and Ar pressure
are kept at 45 W and 0.5 Pa, respectively. The deposition
rate of Co is determined to be approximately 5 nm/min by
cross-section SEM. A series of Co films are deposited on
the annealed P3HT films and directly on glass substrates
for comparison. These samples are named according to
the nominal Co thickness x (nm) as Co,/P3HT or Co,,
where the thickness x is 10, 12.5, 15, 17.5, 25, and 50,
respectively.

Microstructures are characterized by transmission elec-
tron microscopy (TEM, JEOL 2200F) operating at 200 kV.
Resistance, magnetoresistance, and Hall resistance mea-
surements are carried out via a four-probe dc technique
using a physical properties measurement system (Quantum
Design PPMS-9) in a magnetic field of up to 5 T. The sam-
ple photos and the conductive circuit are illustrated in Fig.
S1 (see Supplemental Material [18]).

III. RESULTS AND DISCUSSION

TEM bright-field images and the selected area electron
diffraction (SAED) patterns of Co_10 and Co_10/P3HT
samples are presented in Figs. 1(a) and 1(b), revealing the

FIG. 1. TEM  bright-field
images and SAED patterns of
(a) Co_10 and (b) Co_10/P3HT.
(c),(d) are the particle size
histograms (bars) and Gaussian
fitting curves (solid line) for
Co_10 and Co_10/P3HT.
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granular nature of the films. Figures 1(c) and 1(d) are the
particle size statistics of over 200 particles for the Co_10
and Co_10/P3HT from the TEM images. The average par-
ticle sizes d are 5.15 and 5.39 nm, respectively, for Co_10
and Co_10/P3HT, which are obtained by the Gaussian fit-
ting. Diffraction rings in the insets of Figs. 1(a) and 1(b)
indicate that both of the films are polycrystalline. The
labels of (311), (220), (200), and (111) planes on the left
correspond to the fcc Co phase, while the labels of (111)
and (220) planes on the bottom correspond to the fcc CoO
phase, indicating that the sputtered Co films are slightly
oxidized in the ambient. These results imply that P3HT
has little influence on the morphology and microstructure
of the Co films.

The longitudinal resistivity vs temperature curves
(p—logT) of the Co_10 and Co_50 samples are presented
in Fig. 2(a). The Co_50 film displays a positive tempera-
ture coefficient of resistivity (TCR), that is, a bulk transport
behavior. In contrast, the Co_10 film displays a resistivity
20 times larger than that of the Co_50 film, and a nega-
tive TCR emerges in the p—logT curve below the critical
temperature Ty, of 83 K, which is the temperature corre-
sponding to the residual resistivity [19]. The good linear
dependence of p on logT below Ty, indicates the exis-
tence of the weak localization (WL) effect [20]. That is,
in these highly disordered granular Co films (shown in
Fig. 1), a large number of granule boundaries as well as
the surface oxidation significantly scatter the conduction
electrons, lead to the localization of conduction electrons,
and induce an increased resistivity and p—log7 depen-
dence at low temperature. The magneto-transport results
will also support the existence of WL, which will be dis-
cussed in the following section. Note that the log p o< 7"
relation is not observed at low temperature and the resis-
tivity does not change much, thus the tunneling effect
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does not occur in this situation. Therefore, it is believed
that the CoO phase displays surface oxidation in ambient
instead of granular oxidation during deposition. The pre-
vious work by Brands ef al. showed that if 10-nm Co film
was capped by 2-nm Pt film as a protective layer to avoid
oxidation [21], the WL effect was not observed, which is
much different from the nature of the bare Co_10 sample in
our experiment. Meanwhile, in the quasi-two-dimensional
CoO-coated Co-cluster assemblies, similar electric trans-
port behavior caused by WL is observed due to the slightly
oxidized Co [20]. Therefore, it can be inferred that in this
work, the CoO phase is responsible for the observed sig-
nificant increase of resistivity at low temperature, that is,
the WL effect of the Co_10 film. In contrast, no resistivity
enhancement is observed at low temperature in the Co_50
sample, which may be because the oxidation of Co has a
much weaker influence on the bulk electric transport of the
Co_50 sample.

The p—logT curve of the Co_10/P3HT sample is also
shown in Fig. 2(a). Resistivity of the Co_10/P3HT sam-
ple is much lower than that of the bare Co_10 sample,
and the Ty, of the Co_10/P3HT sample is 52 K, also
lower than that of the Co_10 sample. These features indi-
cate an improved electric conductivity. It is known that at
each metal/OSCs contact area, the charge transfer will lead
to a tilt of the energy level. In the case of different rela-
tive Fermi level positions of metal and OSCs, the charge
transfer results in charge depletion or accumulation, form-
ing the “Schottky barrier” or “reverse barrier” [22,23]. As
shown in Fig. 2(b), the work function of Co is —5.0 eV,
and the HOMO level of P3HT is —4.92 eV (This value
was collected by electrochemical Mott-Schottky test [24],
see Supplemental Material [18].). As a result, the electrons
in P3HT flow toward Co and cause the energy level of
P3HT to lift around the interface. Electrons flow away,

FIG. 2. (a) The p—logT curves of
Co_50, Co_10/P3HT, and Co_10,
respectively. (b) The schematic diagram
of energy-level structure of Co/P3HT.
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FIG. 3. MR vs magnetic
field curves of (a) Co, and (b)
Co,/P3HT samples with different
film thicknesses at RT. The insets
of (a),(b) are the MR curves
of Co_10 and Co_10/P3HT
samples with a magnetic field
perpendicular to the film and
parallel to the electric current
direction, respectively.

10 nm
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17.5nm
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leaving a large number of majority carriers (holes) accu-
mulating in P3HT close to the Co/P3HT interface, forming
the ultrathin so-called reverse barrier with high conductiv-
ity [25]. Moreover, it has been widely reported that in the
metal/OSC hybrid films, the metal particles usually pene-
trate into the organic layer to induce a metal/OSC blended
layer due to the high kinetic energy of the deposited
metal atoms [26]. Obviously, the metal/OSC contact area is
greatly enhanced in this blended layer, and the area of the
reverse barrier is also remarkably increased. As a result,
the blended layer has high conductivity and the resistiv-
ity of the whole Co/P3HT film decreases. It is noteworthy
that the above discussion of charge transfer is based on the
metal/inorganic semiconductor contact model, which has
also been used for some other metal/organic semiconduc-
tor systems [27,28]. In a real metal/OSC system, the work
function of metal will be affected by the push-back effect
and the interface ionization potential of the organic mate-
rials, making the mechanism more complicated [29-31].

Room-temperature (RT) MR curves of bare Co films
changing from 10 to 50 nm thickness are shown in
Fig. 3(a). Here, the MR is defined as

_ [R(H) = R(O)]

MR ,
R(0)

(M

where R(H) and R(0) represent the resistances measured
under a certain magnetic field and without a magnetic field,
respectively. The applied magnetic field is perpendicular
to the film. All the bare Co films show negative MRs with
similar values independent of the film thickness. The resis-
tance does not saturate in the applied magnetic field range
of £1.5 T. In the inset of Fig. 3(a), the MR curves of the
Co_10 film are measured in the magnetic field parallel to
the electric current (]|) or perpendicular to the surface of
the film (L), respectively. The resistance decreases more
rapidly with a lower saturation field of about 0.8 T when
the magnetic field is parallel to the current.

The most familiar MR effect in Co film is the anisotropic
magnetoresistance (AMR) effect, which comes from the
s-d scattering and the SOC [32]. Generally, in a metallic
sample, the relative orientation between the electric current

and magnetization varies the scattering cross section of the
conduction electrons, thus the resistivity strongly depends
on the orientation between electric current (/) and mag-
netic field (H). If [ is parallel to H, MR is positive, while
if [ is perpendicular to H, MR is negative [33,34]. How-
ever, in this work, even if / is parallel to H, the MR is still
negative (also shown in Fig. S3 in the Supplemental Mate-
rial [18]), which is distinct from AMR. The absence of
AMR can be reasonably explained. As discussed in above,
the Co film is composed of disordered nanosized granules.
A large number of Co granule boundaries significantly
scatter the conduction electrons and this type of boundary
scattering is independent of the magnetic field direction.
These features lead to the conduction mechanism deviating
from the metallic conductivity of the Co film, confirmed by
the high resistivity of up to three orders larger than that
of the normal Co film. Considering the conduction net-
work as a series of internal resistances of the Co grains
and the boundary resistances, since the boundary resistance
is much larger than the internal resistance [35,36], a small
change in the grain internal resistance in the magnetic field,
that is, the AMR, will not yield a significant impact on the
total resistance.

Although MR has little relationship with the relative
orientations of / and H, it has an obvious correlation
with magnetization. As shown in Figs. S3 and S4 (see
Supplemental Material [18]), when H is in-plane, the mag-
netization is easy to saturate because of the easy axis in
the plane and MR is saturated rapidly. In contrast, when H
is out-of-plane, the magnetization is hard to saturate and
MR is saturated slowly. In addition, the saturation value
of MR has no evident difference for different in-plane H
directions. These behaviors are similar to the giant magne-
toresistance (GMR) effect [37], but the values of MR are
much smaller than GMR. The same effects have also been
found in other hybrid granular or polycrystalline systems,
such as CoygFesp/GeTe and CozoFeso/Ge,SbyTes granu-
lar films [37], granular Fe-Al-O films [38], polycrystalline
Fe3; 04 films [39], polycrystalline Tij-,Cr, N films [40], and
SO on.

The origin of this kind of small negative MR is the spin-
dependent scattering due to the existence of granules [36].
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The spin-polarized carriers are transported through a net-
work of contiguous granules and the grain boundary serves
as the pinning center and contributes to the MR [37]. This
mechanism can be proved by the fitting of MR ~ (M/Mj)
curves, where M and M, represent magnetization and sat-
urated magnetization, respectively. The results are shown
in Fig. S5 (see Supplemental Material [18]). It can be
observed that the curves fit well with the function of
MR = a(M /M,)* + b(M /M,)*, indicating that the MR
effect here depends on the grain boundary scattering of
magnetic grains with strong coupling between grains [41].
The not well-defined boundaries could be responsible for
the relatively small MR effect [37].

In contrast to the Co films, the Co/P3HT hybrid films
show totally different MR curves at RT, as shown in
Fig. 3(b). In the low perpendicular magnetic field below
0.5 T, the resistance of Co/P3HT films increases with the
increasing magnetic field, which is contrary to the bare
Co samples. As the magnetic field continues increasing,
the resistance reaches a maximum and starts to decrease.
The overall MR of Co/P3HT shows a crossover behav-
ior between positive and negative. With the Co thickness
decreasing, the positive MR gradually dominates the MR
of Co/P3HT.

In order to reveal the origin of this MR crossover phe-
nomenon, the MR of the Co_10/P3HT sample is also
measured in the parallel magnetic field direction as pre-
sented in the inset of Fig. 3(b). It shows that when the
magnetic field is parallel to the current, the MR is nega-
tive, similar to that of the Co_10 film in a parallel magnetic
field. This means that the positive MR can only appear
in the perpendicular magnetic field, which strongly sug-
gests that the positive MR in the Co/P3HT films derives
from the Lorentz force. In the Co/P3HT films, the carriers
accumulate in the reverse barrier layer. When the applied
magnetic field is perpendicular to the film, these mov-
ing carriers will apparently be influenced by Lorentz force
and show cyclotron motion. This will enhance the scatter-
ing probability and improve the resistivity. Especially in a
metal/organic hybrid structure, the Co particles more eas-
ily penetrate into the P3HT matrix and form the Co/P3HT

blended layer during the sputtering process due to the soft
texture of P3HT [13,26]. This increases the thickness of
the reverse barrier layer and accordingly, the number of
the carriers. As a result, the Lorentz force-induced positive
MR is more remarkable than that of the bare Co sam-
ple. In the parallel case, the conduction of the carriers is
not affected by the Lorentz force, so the MR of Co/P3HT
retains the same trend as the bare Co samples. Clearly, the
observed MR behavior at RT in the perpendicular magnetic
field is the result of the competition between the negative
MR of Co and the positive MR induced by the Lorentz
force. The schematic diagram is summarized in Fig. S6
(see Supplemental Material [18]). Additionally, the influ-
ences of Hall effect, the surface oxidation layer of Co, and
the pure P3HT layer have also been excluded. The relative
discussion and figures are shown in Sec. 7 in Supplemental
Material [18].

In this work, the Co granules penetrate into P3HT form-
ing the metal/organic hybrid interface, which induces the
MR crossover phenomenon. It is noteworthy that the direc-
tivity of this hybrid interface is rather weak due to the
granularity of Co. This type of interface effect can exist
even if the current is out-of-plane in a general OSV device.

The variable temperature MR of Co_10 in a £5 T per-
pendicular magnetic field is presented in Fig. 4(a). The
MR value decreases from 300 to 100 K and then increases
below approximately 50 K, which is in accordance with
the Thin (approximately 83 K) shown in Fig. 2(a). How-
ever, the Co_50 film shows the opposite trend, as shown in
Fig. 4(b). Obviously, there are two different mechanisms
that dominate the magneto-transport at the two sides of
Tmin for Co_10.

It has been reported that both the electron-electron inter-
action (EEI) and the WL effect will lead to a resistivity
increase and p—logT linear dependence at low tempera-
ture [42], thus the electric transport analysis alone cannot
distinguish WL from EEI. In WL-dominated systems,
even a small magnetic field can destroy the spin coher-
ence of electrons. To confirm the existence of WL at low
temperature in Co_10, the variation of conductivity over
one decade of temperature under different perpendicular
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magnetic fields is measured and the variation Ao (7) is
characterized by [21]

_ Rg(T") — R(D)

Ao RE(T)

; @

where Rg(7) is the sheet resistance at temperature 7, and
Rg(T") is the sheet resistance at 2 K. The Ao (10) vs
magnetic field curves of Co_10 and Co_50 are presented
in Fig. 4(c). The Ao (10) of Co_50 is clearly indepen-
dent of the applied magnetic field, while the Ao (10) of
Co_10 is field dependent and increases continuously until
2 T, then remains stable at the higher magnetic field. This
result together with the former analysis of electric transport
confirms the existence of WL in Co_10. In this Co-CoO
system with strong spin-dependent scattering, a perpen-
dicular magnetic field will destroy the spin coherence of
the electrons and lead to the resistance increase with mag-
netic field, that is, the MR increases (the value of the
negative MR decreases) at low temperature. Therefore, the
decrease of the MR value below Ty, may come from the
WL effect. In contrast, for the Co_50 sample without the
WL effect, the MR decreases monotonically with decreas-
ing temperature as shown in Fig. S8 (see Supplemental
Material [18]).

Figure S9 (see Supplemental Material [18]) shows the
variable temperature MR curves of Co_10/P3HT mea-
sured in a perpendicular magnetic field. The resistance
increases rapidly at the low-field region and then decreases
until about 2 T, which corresponds to the saturated field
of bare Co film as shown in Fig. 4(a). When the field
is higher than 2 T, the Lorentz force-caused positive MR
becomes dominant. Therefore, the overall variation trend
is the result of the superposed MR in Co film and the
Co/P3HT interface. In addition, it can be seen that the MR
of Co_10/P3HT monotonically decreases with decreas-
ing temperature, indicating that the negative MR becomes
more and more pronounced with decreasing temperature.

IV. CONCLUSION

In summary, the WL effect emerges in the Co films with
a slightly surface-oxidized CoO phase. This will lead to
increased resistivity and decreased MR at low temperature.
In the presence of P3HT, the MR is reversed from negative
to positive in Co/P3HT hybrid films due to the competition
between two mechanisms: the negative MR is the result of
spin-dependent scattering and the positive MR is caused by
the Co/P3HT contact effect. The carriers in the high elec-
tric conductivity Co/P3HT contact area conduct cyclotron
motion due to the Lorentz force and have a higher scat-
tering probability in the perpendicular magnetic field. In
the OSV devices, the interface plays an important role in
improving the MR value at room temperature, so the prop-
erties of the interface should be thoroughly understood.

This experiment extracts this interface. The observed MR
crossover phenomenon clearly shows the existence of this
interfacial layer and its obvious influence, which should
be given full attention in actual organic devices, especially
when the total MR is small.
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