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Magnetoresistance and Spinterface of Organic Spin Valves
Based on Diketopyrrolopyrrole Polymers

Yuanhui Zheng, Yaging Feng, Dong Gao, Naihang Zheng, Dong Li, Litong Jiang,

Xiang Wang, Kuijuan Jin,* and Gui Yu*

Organic materials are proposed to be excellent spin transport layers due to
their weak hyperfine and spin—orbit coupling interaction. Donor—acceptor-
type polymers PTDCNTVT-420 and PTDCNTVT-320 with diketopyrrolopyrrole
(DPP) units are employed as the spacers in the organic spin valves, which
have more advantages such as solution processing, higher mobility, and large
area fabrication. The performance of polymers spin valves based on DPP units
with different alkyl side chain lengths are studied. The different top ferromag-
netic (FM) electrodes Co and NigoFe,, are used for spin detection resulting in
obvious distinct magnetoresistance (MR) values. The MR ratio of approaching
30% at 10 K is achieved with the NigFe, electrodes using PTDCNTVT-420
with longer alkyl side chain lengths. Moreover, the MR behaviors are observed
depending on various temperatures, which are related with the FM electrodes
spin injection efficiency. The direct spinterface are also investigated by trans-
mission electron microscopy (TEM) and atomic force microscopy (AFM). In
addition, the series of results indicate that the PTDCNTVT polymers can be
used as good spin transport model materials and give clues for future poly-

mers spintronic studies.

1. Introduction

Organic spintronics is an emerging research field that aims to
utilize the spin degree of freedom in organic materials owing
to their expected long spin relaxation time, and combining the
potential of spintronics and molecular/organic electronics.'=”!
This offers the possibility to retain the spin information over
long distances and perform advanced spin manipulations, such
as in the potential prospects of increased processing speed,
reduced power consumption, and nonvolatility. Additionally,
the long spin relaxation allows the study of triplet-to-singlet

recombination in organic light-emitting
diodes and organic magnetoresistance
(MR)  devices.* 12l Moreover, organic
semiconductors have obvious advan-
tages, lower cost, and better flexibility,
and they have greater possibility in wear-
able and large area applications.!'32% The
most common prototype organic device
using spin freedom is organic spin valves
(OSVs),B11:21-51 which consist of a non-
magnetic spacer sandwiched between two
ferromagnetic (FM) electrodes, and based
on the alignment of the electron spin
relative to the FM layer magnetization
orientation. In this research field, there
are tunneling and diffusive regimes.[2¢!
The tunneling regimes occur in relatively
thinner spacers (<15 nm), and the mode
is weakly dependent on temperature. The
diffusive regimes are also called hoping in
organic spintronics. This mode occurs in
relatively thicker layers (=15 nm), and it
is strongly dependent on temperature. In
addition, the present study lies in the diffusive regime owing
of the conductivity mismatch problem and more abundant phe-
nomena like Hanle effect in organic spintronics. For organic
semiconductor, both spin-orbit interaction and the hyperfine
interaction play very significant parts in determining the spin
relaxation, but the origin of determining the spin relaxation in
organic semiconductors is still unknown. Herein, OSV effect is
characterized by the MR ratios, defined as MR = (R, — R;)/R,,
where R,, and R, denote the resistance in the antiparallel and
parallel states of FM electrode magnetization direction, respec-
tively. There are lots of efforts to explore organic spintronics
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research since the first vertical OSV fabricated by Xiong et al,,
by which observed is negative MR at 11 K and found is apparent
high field MR effect based on Laj4;Sr33MnO; (LSMO) elec-
trode.??7] After that, Majumdar et al. prepared polymers spin
valve with LSMO/P3HT/Co structure, and analyzed that P3HT
and LSMO electrodes occurred certain chemical interaction
leading to a spin-selective tunneling interface.?®] Actually, much
more organic small molecules were applied in the OSV devices,
including  tris(8-hydroxyquinoline)aluminum  (Algj;),1212%33
fullerene (Cqy and Cy),13*8 rubrene,?% pentacene,*” bathocu-
proine,*1*l and lanthanide molecules.*>*! In addition, some
m-conjugated polymeric materials like poly(3-hexylthiophene)
(P3HT),2846  poly(2,5-dioctyloxy-p-phenylenevinylene),*’l  and
P(NDI20D-T2)8 were also applied successfully in the OSV
devices. Compared to small molecules, m-conjugated polymers
possess the decisive advantage of mechanical flexibility, low-
cost, and large area fabrication, so there is much more space to
explore the application of suitable structure polymers in organic
spintronics. Although some research results have been achieved
as mentioned above, preferential polymer structures for organic
spintronics are less reached, and the subject is very important
for future polymers spintronic applications. In recent years,
donor—acceptor (D—A)-conjugated polymers have attracted wide-
spread attention and are used to prepare highly efficient organic
photovoltaics and organic field effect transistors (OFETs).[*9->4
In the D—A structure polymers, it is favorable for intramolecular
charge transfer, resulting in low band gap, efficient carrier injec-
tion, and easy D—A interaction. This kind of polymers could also
enhance the intermolecular interaction, which is beneficial to
charge carrier transfer and to enhance carrier mobility, and the
higher carrier mobility favors easier spin relaxation.48]

Herein, we chose conjugated polymers with the D—A struc-
ture including 2,3-bis(thiophen-2-yl)acrylonitrile (CNTVT) and
diketopyrrolopyrrole (DPP) building blocks, PTDCNTVT-420
and PTDCNTVT-320, to fabricate vertical OSVs (Figure 1).
The two copolymers have a thiazole-flanked DPP acceptor and
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CNTVT donor, and these polymers exhibited good ambipolar
charge transport behaviors with balanced hole and electron
mobilities as high as 1.46 and 1.14 cm? V! 57,54 respectively.
The polymers PTDCNTVT-420 and PTDCNTVT-320 have
similar skeleton structures but with different alkyl side chain
lengths. The polymer PTDCNTVT-420 has one more methylene
than that of PTDCNTVT-320 (Figure 1b). Both PTDCNTVT-420
and PTDCNTVT-320 exhibit edge-on textures revealed by the
presence of the (010) signal in the in-plane direction.’* The
introduction of CNTVT into the polymer backbones is regarded
as an effective method to obtain higher mobility?®! which is
helpful to spin relaxation. In this paper, we first used DPP-
based polymers to fabricate the OSV devices and found excel-
lent spin valve effect. The spin valve behaviors by measuring
the device MR responses at various biasing temperatures were
studied, especially with distinct spinterface between polymers
and FM electrodes using cobalt (Co) and Py. The OSVs based
on the polymers PTDCNTVT exhibited good device properties.
The high MR ratio of nearly 30% was observed for the OSV
based on PTDCNTVT-420 using the Py electrode. The datum is
one of the highest MR ratios reported to date for D—A structure
polymers. Our study could strongly motivate the development
of spin-dependent organic devices—based polymers with DPP or
other building blocks diversity, and this kind of polymers could
be good potential candidates in future organic spintronics.

2. Results and Discussion

2.1. Materials and Sample Fabrication

The polymers PTDCNTVT-420 and PTDCNTVT-320 (as illus-
trated in Figure 1b) are organic semiconductors exhibiting
ambipolar transport characteristics in OFETs and synthesized
according to previously reported procedures.* The two mate-
rials are air stable, allowing the operation of OFET devices at
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Figure 1. The OSVs. a) Device structure of OSVs with a SrTiO; substrate/LSMO/Polymer/Co/Au stacking structure. b) Molecular structures of poly-
mers PTDCNTVT-420 and PTDCNTVT-320. c) The energy levels of materials used in the OSVs. (the energy alignment of PTDCNTVT-320 and PTDC-
NTVT-420 is almost the same, so the figure only gives energy level of PTDCNTVT-420.)
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ambient conditions. Furthermore, PTDCNTVTs are easy to syn-
thesize with coupling reaction, and that is a crucial aspect for
the reliable systematic fabrication, investigation, and structure
engineering for organic spintronics.

We first fabricated PTDCNTVT-based OSVs with a sand-
wiched structure and two FM electrodes. Here, we chose the
LSMO, Co, and Py as electrodes. LSMO is believed to be a half-
metallic ferromagnet that possesses nearly 100% spin-polari-
zation,P® and to be an ideal electrode for spin injection. The
LSMO thin films were epitaxially grown by pulsed laser depo-
sition on SrTiO; (001) substrates, and it is very stable against
oxidation and chemical reaction. Additionally, we used Co as
the top electrodes (spin detection terminal) with the Au cap-
ping layer. As illustrated in Figure 1a, the OSVs with the clas-
sical cross-bar geometry structure of LSMO/PTDCNTVT-420/
Co (from bottom to top) were fabricated through shadow
masks in a high vacuum chamber evaporator in glove boxes,
and the magnetization curves were measured using a vibrating
sample magnetometer (VSM) with an applied field parallel to
the metal film plane. Additionally, the energy levels of materials
used in a typical LSMO/PTDCNTVT-420/Co device are shown
in Figure lc. The energy level of the highest occupied molec-
ular orbital (HOMO) of PTDCNTVT-420 lies at about 5.70 eV,
which was obtained by ultraviolet photoelectron spectroscopy
measurements on silica substrates, whereas the energy level of
the lowest unoccupied molecular orbital (LUMO) lies at about
4.3 eV, which allows for direct tunneling injection of spin-polar-
ized electrons from LSMO to organic spacer.?!!

L
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2.2. Electrical and Magneto-Transport Properties

As shown in Figure 2a, the different work function values of the
two electrodes LSMO and Co (Figure 1c) lead to a symmetric
current—voltage (I-V) response, and a clear nonlinear feature of
the current—voltage curves can be observed. According to the
criteria for distinguishing spin-dependent tunneling and injec-
tion,1?6>7] such electrical behaviors are dependent on different
temperatures, together with the measured MR characteristics,
indicating that spin-polarized electrons are injected from the
LSMO electrodes and take hopping transport in the PTDC-
NTVT-420 interlayer.*¥] Figure 2b shows a typical MR trace for
the polymeric OSV applying constant current of 0.1 pA with
PTDCNTVT-420 interlayer. It is the first observation of spin
valve behaviors for DPP-based polymers. In this situation, a
high positive MR value of 18% was achieved at 10 K and the
magnitude of the MR signal decays steeply with the increased
temperature. We attribute the difference to be a direct con-
sequence of temperature-dependent spin-polarization at the
hybrid interface. We found that the MR ratio is just about 8%
at 200 K, which results from lower spin polarization of LSMO
electrode at higher temperature.”!! Moreover, the MR ratio
decreases when temperature increases and this behavior is
generic for almost all OSVs using the LSMO electrodes, and
the reduction of MR at higher temperature in general can be
understood by the reduction of LSMO spin polarization.
The MR response in general follows the magnetic coer-
cive fields of the FM electrodes. Figure 2c shows the hyster-
esis curves for the individual electrodes
of the LSMO and Co electrodes which
were measured at low temperature using
VSM. Coercivities near 30 and 100 Oe for
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o o o

N
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A
[
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LSMO and Co, respectively, can be clearly
observed, and the values are agreed with
our spin valve measurement results. For
further test of the device transport in detail,
results accuracy test is very necessary, and
we performed the MR reliability test of the
device as shown in Figure 2d. We found
that there is no obvious hysteresis after in
situ dual sweep test of the same device,
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In spin valve devices, the interface
between the FM electrodes and molec-
ular layer determines the spin injection
and detection efficiency, and thus signifi-
cantly affect the hybrid surface properties
and MR response. To further explore the
microstructures of the OSV devices, trans-
mission electron microscopy (TEM) of the
typical device and atomic force microscopy

) ) ; 0 L
400 200 0 200 400 -2000 -1000 0 1000 2000 (AFM) of polymer films were performed.

H (Oe) H (Oe) The microscopy images (cross-sessional

Figure 2. Device characteristics of the OSVs based on the polymer PTDCNTVT-420 and using the
Co electrodes. a) The current-voltage curves of the OSVs measured at different temperatures.

TEM image, Figure 3a) indicate that each
layer has a sharp interface. These studies

b) MR ratios of the OSVs at | = 0.1 A and T =10 K. ¢) Magnetization curves of LSMO and Co. demonstrate that there is weak diffusion

d) Dual-sweep hysteresis test of the OSVs at /=1 pA and T =100 K.

of Co into the PTDCNTVT-420 layer. We
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ratio better than that of the corresponding

devices with Co as the top electrodes (com-
pared to Figure 2b). Figure 4b shows the
MR response measurement results used Co
and Py electrodes at different temperatures.
At 100 K, the MR values could still be about
16% for the spin valve devices using the Py
electrodes. As shown in Figure 4b, the MR
ratios of the devices using the Py electrodes
are higher than those using the Co electrodes
except at 200 K, and the MR ratios decreased

much sharper than Co may be originated
d) 200m G0 the lower Curie temperature (T)22 of

the Py which affects the hybrid spin interface
and the surface spin-polarization.

Based on the spin transport results of
PTDCNTVT-420, we applied another polymer
with shorter alkyl side chain lengths named
PTDCNTVT-320 (shown in Figure 1b) to fab-
ricate OSVs, and the device fabrication and
measurement methods are as same as PTDC-
NTVT-420. As shown in Figure 4c, devices
based on PTDCNTVT-320 also showed dis-

Figure 3. The cross-sessional TEM images of the devices a) Si/SiO,/PTDCNTVT-420/Co;  inct MR effects and the MR ratios can reach
Au/Pt and ) Si/SiO,/PTDCNTVT-320/Co/Au/Pt stacking structure. AFM topography images ~ t0 14% at 10 K with Co detection electrodes.
(5 x 5 um?) of b) PTDCNTVT-420 and d) PTDCNTVT-320 thin films. This result indicates that PTDCNTVT-320

also has excellent spin valve effects. For
can attribute this sharp interface to the following two available =~ PTDCNTVT-320 spin transport detection, we also used Py
factors: dense polymer films and controllable evaporation strat-  instead of Co electrodes to fabricate the OSVs, and their MR
egies. The AFM image of PTDCNTVT-420

thin film shows that the PTDCNTVT-420 a) b)

layer is homogenous and the rough- 30 PTDCNTVT-420 200K 30Le39% PTDCNTVT-420 —
ness is about 0.553 nm (Figure 3b). In I
addition, all the metal films (Co and Au) 25} 25 o

were deposited with a deposition rate _ g}

of =0.5 A s7! except the first 3 nm of Co &

deposited with =0.1 A s to minimize its nE: 15t

interdiffusion into the polymer films. 10}
As reported in previous works, the
top electrode will penetrate and damage -
organic films and form the “ill-defined” 0 1 1 L + L -
1ayger which could affect magnetic proper- -2000 -1000 H 0 1000 2000 - = e dsh &0
. . (0e) T(K)
ties of the FM electrodes.?!] Respectively, C) d
we also used Py, which has similar work 2
function as Co),, as the top electrode to ga| FIRCNTVI 820 —— 200K antegy FIDCRIVTSM =o=bg
fabricate OSV devices. We found that out-
standing MR ratios of 30% can be reached 15
which is one of the highest MR ratios
for D—A-conjugated polymers. Figure 4a 10
shows the temperature dependence of =
the MR ratios for PTDCNTVT-420-based 5
spin valves using Py as the top electrode.
The MR ratios decreased with increasing
temperature, and the MR values can be -g
about 5% even at 200 K. But when the
temperature is above 200 K, the spin

8%

2000 0 50 100 150 200
T (K)

. Figure 4. MR response of the OSVs based on PTDCNTVT-420 and PTDCNTVT-320 at different
valve effect almost disappears. On the temperatures. Temperature-dependent MR ratios of a) PTDCNTVT-420- and c) PTDCNTVT-
other hand, spin valve devices using the  320-based spin valves using the Py electrodes. MR ratios comparison of spin valves based on b)
Py electrodes showed the signal-to-noise =~ PTDCNTVT-420 and d) PTDCNTVT-320 using the Co and Py electrodes at different temperatures.
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ratios measurement results are given in Figure 4c. The MR
ratios increase up to be above 20%, which is higher than the
MR ratios using Co as top electrodes, and the results agree
with PTDCNVT-420 as shown in Figure 4d. Both the polymers
showed good spin valves effects, and the polymers with dif-
ferent methylene alkyl chains have similar spin transport behav-
iors, although the MR ratios with longer alkyl chain lengths
polymers are higher. As shown in Figure 4b,d, MR ratios are
dependent on the Co and Py electrodes, and the difference has
not been reported so far for DPP-based polymers. Although
there will be certain extent penetration into polymer films, we
observed obvious spin valves behaviors and the MR ratios can
reach to be about 30% using the Py electrodes. For our work,
the MR ratios of the devices using the Py electrodes are higher
than those using the Co electrodes. The metal or alloy is evap-
orated and the temperature is closely related to the melting
point of the materials, and the Py is easily evaporated than
cobalt because of its lower melting point which may lead to less
damage to polymer films, and which is more favorable to the
higher MR ratios. On the other hand, spin-polarization (P) of
the FM electrodes also contributes to the results. P of Py (45%)
is higher than that of Co (34%),1?Y and this difference can result
in better MR behavior of the OSVs using the Py electrodes.
Noticeably, MR signals are recorded using spin valves based
on the two polymers PTDCNVT-420 and PTDCNVT-320, and
the spin transport performances are studied. The two polymers
are also same except the different alkyl side chains, and the mor-
phology has substantial agreement. As shown in AFM images
in Figure 3b,d, the surface roughness of the PTDCNVT-420
and PTDCNVT-320 thin films is about 0.553 and 0.556 nm,
respectively. The two data almost have no distinction which
means that the electron scattering at the PTDCNVT-420/FM
interface should be similar to that of PTDCNVT-420/FM inter-
face. As the temperature measurement increased, the MR
ratios were decreased in both the polymer-based devices due to
the enhancement of spin scattering, surprisingly, MR ratios of
the OSVs based on PTDCNVT-420 are higher than those of the
PTDCNVT-320-based devices even at different temperatures and
different electrodes. The HOMO and LUMO energy levels of
the polymer PTDCNVT-420 are almost identical with those of
PTDCNVT-320,P" so the interface barriers for spin injection in
both the DPP-based devices may not be the dominant reason for
their difference of MR response. There is only one methylene
difference between PTDCNTVT-420 and PTDCNTVT-320, but
PTDCNTVT-420 with longer alkyl chain lengths shows much
higher MR values. However, the difference may induce the var-
ious hyperfine interactions or the spin—orbit coupling which can
influence the spin transport performance. We will continue the
research work based on our group's abundant polymers with dif-
ferent alkyl chain lengths and continue this relevant study deeply.

3. Conclusion

We fabricated OSVs using DPP-based polymers to study
spin injection and spin transport. The device MR response
at various biasing temperatures and different spinterface
between polymer and FM electrodes including Co and Py was
researched. The MR ratios are sensitive to top electrodes of
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the OSVs. Using the Py electrodes resulted in the MR ratios
higher than those for using the Co electrodes. Meanwhile,
a large effect of alkyl side chain for the polymers on the MR
ratios was observed. The polymer with longer alkyl side chain
could show the higher MR ratios. The highest MR ratios of
30% were obtained for the OSVs based on the polymer PTDC-
NTVT-420 and using the Py electrodes. To our knowledge, this
datum is one of the highest MR ratios reported to date for D—A-
conjugated polymers. Beyond the low-cost, flexibility, solution-
processability, and long spin lifetime interest, OSV devices
could bring new properties and possibilities hardly available in
conventional inorganic spintronics.

4. Experimental Section

Device Fabrication: The polymers PTDCNTVT-420 and PTDCNTVT-320
were dissolved in CHCl; and spin-coated after filtration through a
0.22 um syringe filter onto LSMO electrode surface, and immediately
annealed at 80 °C in vacuum for 1 h. Then the Co or Py films of 15 nm
were evaporated in vacuum on top of the PTDCNTVT films with a Au
capping layer evaporated in situ without breaking the vacuum. The
substrate was rotated using a mechanical motor during the deposition
of each layer to homogenize the films. The obtained active device area
was about 200 x 300 um?.

Magnetic and Magneto-Transport Measurements: The magnetic
characterization of the electrodes was performed by the Quantum
Design VSM. The magneto-transport properties were measured using
Physical Property Measurement System with a closed-cycle helium
cryostat (PPMS-9, Quantum Design) and Keithley 4200 semiconductor
parameter analyzer, and using a standard four-probe method applying
constant current through the two interfaces in parallel and antiparallel
directions of the magnetization of different FM electrodes.
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