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The spin transport in organic spin valve (OSV) devices has been systematically investigated by

inserting a low work function material Al between ferromagnetic electrode and organic layer. The

resistance and current-voltage curve symmetry are dramatically altered as increasing Al thickness,

indicating that an electron-unipolar OSV is obtained. Moreover, the magnetoresistance sign

depends on the voltage polarity for certain Al thickness. We attribute this phenomenon to the

Fermi and the lowest unoccupied molecular orbits energies of the two electrodes responding to the

spin injection and detection, respectively. These findings provide a simple approach to control both

the carrier type and the spin direction simultaneously. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4885770]

Organic semiconductors (OSCs) are promising materials

with intriguing properties, which are absent in inorganic

semiconductor counterparts and can further extend the capa-

bilities and possibilities of modern electronic and photonic

devices.1 Organic light-emitting diodes (OLEDs) have been

commercialized and much wider applications, such as organic

field effect transistors (OFETs) and organic solar cell, etc., are

expected in near future. In addition to these applications

based-on controlling the charges of the carriers, the control of

the spin degree of freedom in OSCs has attracted great interest

recently, primarily supported by the possibilities of enhancing

functionality or the performance of organic electronic devices.

A spin-polarized OLED (spin-OLED), of which the electrolu-

minescence intensity is controlled by manipulating the spin of

the injected carriers,2 and a universal implication logic gate

in one single organic device, which is functionalized by

the combination of organic spin valve (OSV) effects with

memristors,3 are two remarkable examples. The advantage of

utilizing spin in OSCs is that the spin relaxation time is very

long in comparison with inorganic materials, originated from

very weak spin-orbit and hyperfine interactions.4,5 In order to

develop useful organic devices based on spin-related phenom-

ena, it is desirable to have the ability to manipulate spin injec-

tion and transport in a controlled manner. However, this issue

is scarcely addressed.

The organic spintronic device structure usually consists

of two ferromagnetic (FM) electrodes separated by a thin or-

ganic space layer.2–7 The FM electrodes sever as the spin in-

jector and detector, respectively. In addition to spin injection

into OSCs, to operate a functional organic spintronic device,

such as spin-OLEDs, it is essential to be able to control the

injected carrier type.2,5 The most conventional method is the

choice of a low/high work function metal as an electron/hole

injector. However, the work function of the typical FM mate-

rials, such as Co, Fe, and La0.7Sr0.3MnO3 (LSMO), is high

and in a limited range, around 4.6–5.0 eV,6,8 presumably

leading to hole injection only for most OSCs. Recently, it

was reported that an inserting a thin LiF polar layer at FM/

organic interface can change the dominant spin band for car-

rier extraction and consequently the sign change of the mag-

netoresistance (MR).9 Due to the limitation of the electric

dipole moment of the polar materials, the energy level shift

is less than 1 eV, which is not high enough to alter the type

of the injected carriers. Therefore, the carrier type manipulat-

ing of the spin polarized current is an important step to

realize useful organic spintronic devices.

Here, we report on an injection of spin polarized electrons

into Alq3 by inserting a thin low work function material, Al,

at interface. The device resistance and the symmetry of the

current-voltage (I-V) characteristics change dramatically as

increasing Al thickness, indicating the injected carrier type of

electrons. In particular, we observe a controllable sign reversal

of the MR effects upon switching the polarity of the bias volt-

age. We attribute this unusual MR sign reversal to the differ-

ent energy levels responding to the spin injection and

detection. These findings open up a possibility for the devel-

opment of practical organic spintronic devices with the control

of both the carrier type (hole or electron) and the sign of the

spin (up or down) simultaneously.

A 50-nm-thick LSMO strip was grown on SrTiO3 (001)

substrates by pulsed laser deposition (PLD) with a shadow

mask to define a proper size as the bottom electrode. In order

to prevent a possible current leakage at the device edges,

�100 nm SrTiO3 was epitaxially grown with a shadow mask

by PLD to cover the edges of the LSMO strip. After annealed

in oxygen at atmospheric pressure at 1050 �C for 6 h, the

LSMO surface showed an atomically flat surface.10 An Alq3

film was thermally evaporated at room temperature with a

deposition rate of 0.6 Å/s. Without breaking vacuum, a

shadow mask was put on the sample to deposit Al by thermal

evaporation. Then a 20-nm-thick Co film was deposited by

indirect deposition method.11 The obtained OSV devices were

cross-bar geometry with active area �0.2 mm� 0.2 mm. The

transport measurements were carried out in four-point geome-

try and the magnetization was measured by a superconducting

quantum interference device (SQUID).a)Electronic mail: dwu@nju.edu.cn
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In order to understand the influence of the Al interfacial

layer on the carrier injection, the electrical transport meas-

urements were performed on the OSVs with different Al

thickness. Fig. 1(a) shows the typical current-voltage (I-V)

characteristics measured at 10 K for LSMO/Alq3 (30 nm)/Al

(0–6 nm)/Co OSVs. The I-V curves for the OSVs without Al

layer exhibit nearly symmetric behavior and low resistance

at low voltage (<1 V), consistent with previous studies.6

Although the low resistance level was frequently observed in

many OSVs using other organic materials,12,13 the compre-

hensive understanding is still not established. Recent ultra-

violet photoelectron spectra (UPS) measurements showed

that the deposition of Co on Alq3 induced substantial intra-

gap states between the highest occupied molecular orbits

(HOMO) and lowest unoccupied molecular orbits (LUMO)

levels.14 The intra-gap states at the interface may provide

small energy steps to facilitate current injection, resulting in

a higher injecting current, similar as the electron injection at

the indium tin oxide (ITO)/copper phthalocyanine (CuPc)

interface.15

Once a thin Al layer inserts between Co and Alq3, the

I-V characteristics are dramatically altered, showing a strong

impact of Al on carrier injection. The I-V curves become

progressively more asymmetric as increasing the Al thick-

ness and eventually a strong rectification behavior is

observed with the rectification ratio of about 100 at 64 V for

5 nm Al. Meanwhile, the resistance of the devices increases

dramatically from a few kX to more than 100 MX at 0.2 V as

increasing the Al thickness, shown in the inset of Fig. 1(a).

Such large resistance at low voltage is frequently observed

in the OLEDs involving Al/Alq3 interfaces,16 which is attrib-

uted to the penetration of Al into Alq3 and the formation of

the reacted states at interface.17,18 The reacted interface

states change the electronic properties and modify the charge

injection properties of the interface. The Al layer may not

only reduce the intra-gap states but also react with Alq3, lead

to the large resistance increment. As the Al thickness �3 nm,

Alq3 layer is fully covered and hence the resistance becomes

stable. At negative voltage, which means that the voltage of

LSMO electrode is lower than that of the other electrode, the

carriers could be holes injected from the Al/Co electrode to

HOMO level and/or electrons injected from the LSMO elec-

trode to LUMO level. Since Al is an electron injector for

Alq3 and the electron mobility in Alq3 is one to two orders

of magnitude higher than that of holes,19,20 the hole injection

from Al/Co electrode to Alq3 is highly unlikely, particularly

at low voltage range, implying that the carriers are only elec-

trons injected from LSMO. If the voltage is reversed, the

electrons are injected into Alq3 from the Al/Co electrode and

the holes injection from LSMO is unlikely. Therefore, unlike

the type of the injected carriers under debate at Co/Alq3

interface,21,22 the carriers of the devices with Al layer are

predominated by electrons. The highly asymmetric I-V
curves suggest that the electron barrier height at Alq3/Al

interface is lower than at LSMO/Alq3 interface.

Figure 1(b) shows that the saturation magnetization, MS,

is almost the same for 7 nm Co on Si/Alq3 and Si/Alq3/Al, in

which Co was deposited simultaneously by indirect deposi-

tion. The smaller coercivity field for Si/Alq3/Co sample may

be due to the rougher Alq3 surface. The blocking tempera-

ture, TB, is well above 320 K for Si/Alq3/Co sample from the

zero field cooling (ZFC) and field cooling (FC) measure-

ments, shown in the inset of Fig. 1(b). In contrast, MS is sig-

nificantly reduced and TB is around 220 K for Co directly

deposited on Alq3 due to the interfacial interdiffusion.23,24

These results suggest that the interdiffusion at interface is

significantly suppressed using indirect deposition and Co

clusters must be much larger with respect to directly depos-

ited Co or may be eliminated.

Based on the above results that the carrier injection can

be manipulated by the Al interfacial layer, it is interesting to

study the spin transport in the electron-only devices. Fig. 2

shows the bias dependence of LSMO/Alq3 (30 nm)/Co OSVs

at 10 K, and the inset shows a typical MR curve measured at

�0.1 V. The MR ratio is defined as MR¼ (RAP�RP)/RP,

where RAP and RP are the resistance of the magnetization of

the LSMO and Co electrodes in the antiparallel and parallel

configurations, respectively. The OSVs exhibit an inverse or

FIG. 1. (a) I-V curves for LSMO/Alq3 (30 nm)/Al (0–5 nm)/Co OSVs with

different Al thickness measured at 10 K. Inset: device resistance at 0.2 V as

a function of Al thickness. The red line is a guide to the eyes. (b) Room tem-

perature hysteresis loops for Si/Alq3 (50 nm)/Co (7 nm) and Si/Alq3 (50 nm)/

Al (5 nm)/Co (7 nm), respectively. Inset: temperature dependence of the

magnetization measured on Si/Alq3 (50 nm)/Co (7 nm) (10 Oe in-plane mag-

netic field).

FIG. 2. MR ratio as a function of the bias voltage of LSMO/Alq3 (30 nm)/Co

OSVs measured at 10 K. Inset: MR loop measured at �0.1 V.
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negative spin valve effect at all bias voltage and the maxi-

mum MR appears around zero voltage. These results, includ-

ing that the MR ratio decays faster as increasing positive

voltage than negative voltage, are consistent with previous

reports.6,13

For the OSVs with very thin Al (<� 2 nm), of which

the resistance is less than MX, we observe similar MR

behaviors as the OSVs without Al, i.e., the inverse MR in all

bias voltage and the MR ratio peaking at zero voltage. This

is probably due to the Alq3 layers are not fully covered by

Al. Fig. 3(a) shows the surface morphology of 30 nm Alq3

film grown on LSMO film, measured by ex situ atomic force

microscopy. The root-mean-square roughness is typically

�1 nm. For the very thin Al films on Alq3, the existence of

pinholes in Al is very likely. At the region that Alq3 is not

covered, the LSMO/Alq3/Co OSVs would be formed locally.

Since the resistivity of LSMO/Alq3/Co is several orders of

magnitude smaller than that of LSMO/Alq3/Al/Co, the

pinhole regions would dominate the charge transport charac-

teristics. Therefore, the performance of LSMO/Alq3/Al

(<� 2 nm)/Co OSVs is actually like that of LSMO/Alq3/Co

OSVs, but with much larger resistance. This is supported

also by the temperature dependence of OSV resistance,

shown in Fig. 3(b). For Al thinner than �2 nm, the resistance

slowly increases as decreasing temperature, similar as

LSMO/Alq3/Co.6 In contrast, for Al thickness above �2 nm,

the resistance increases about two orders of magnitude as

decreasing temperature to �10 K, suggesting that �2 nm is

the critical thickness for Alq3 fully covered by Al.

As the Al layer thickness increases above 2 nm, the

characteristics of LSMO/Alq3/Al/Co OSVs are entirely dif-

ferent from LSMO/Alq3/Co OSVs. At negative voltage, the

MR sign is inverted. Fig. 4(a) displays a typical inverted MR

loop of LSMO/Alq3 (30 nm)/Al (3 nm)/Co OSV measured at

10 K and �0.12 V. However, at positive voltage, the MR of

the same device reverses its sign to positive, as represented

by a typical MR loop measured at 0.12 V in Fig. 4(b). This

peculiar phenomenon is more clearly seen in the plot of MR

ratio as a function of voltage, shown in Fig. 4(c). The abrupt

change of MR at zero voltage has never been observed in

OSVs without an interfacial Al layer and inorganic magnetic

tunnel junctions (MTJs). Similar as regular OSVs, the abso-

lute value of MR ratio gradually decreases as increasing volt-

age. These results suggest that the Alq3 layers are fully

covered by Al and Al plays an important role in spin injec-

tion. Otherwise, a negative MR loop would be observed at

positive voltage, like the OSVs without Al. We note that the

MR ratio of the OSVs with Al is smaller than that of the

OSVs without Al due to the reduced spin polarization as spin

polarized current transport through Al. When the Al thick-

ness is above 5 nm, the MR effects are not observed, as

shown in Fig. 4(d), indicating the complete loss of the spin

injection.

A recent theoretical calculation shows a MR sign rever-

sal at �0.25 V due to the molecular orbital localized in the

electrical field direction in a single molecule device.25 In our

case, the electric field is �0.03 V/nm at 1 V, which is too

small to induce an observable change. Moreover, the

electrode-molecule distance is critical for this effect, mean-

ing that thermal fluctuation can easily smear out this effect.25

This mechanism cannot explain our results.

The dependence of MR sign on the voltage polarity

was shown in part of LSMO/Alq3/Co samples, in which Co

was directly deposited.26 It was attributed to small Co clus-

ters at interface acting as the counter electrode of LSMO

and their magnetic switching different from Co film and

uncontrollable. From above discussion, the interdiffusion at

interface is largely suppressed and the size of Co clusters is

relative large using indirect deposition, suggesting that Co

clusters should not play significant role in MR. Indeed, we

always observed negative MR in LSMO/Alq3/Co OSVs

using indirect deposition.10,11 We fabricated several devi-

ces for each Al thickness. Although the resistance and MR

ratio vary, the bias dependence characteristics are essen-

tially the same.

The MR sign and MR ratio are usually estimated in

terms of the Jullière formula: MR¼ 2P1P2/(1�P1P2), where

P1 and P2 are the spin polarizations of the two FM electro-

des.27 The spin polarization is commonly accepted to be

determined by the interaction between the states around

Fermi energy, EF, of FM electrodes and molecules (or insu-

lators in MTJs) rather than FM electrodes alone.28,29

FIG. 3. (a) AFM image of 30 nm Alq3 film grown on LSMO film. (b)

Temperature dependence of resistance for LSMO/Alq3 (30 nm)/Al (0–5 nm)/

Co OSVs with different Al thickness measured at 0.2 V.

FIG. 4. MR loops of LSMO/Alq3 (30 nm)/Al (3 nm)/Co OSV measured at

10 K with a bias voltages of (a) �0.12 V and (b) 0.12 V, respectively. (c)

MR ratio as a function of the bias voltage for LSMO/Alq3 (30 nm)/Al

(3 nm)/Co OSVs. (d) MR ratio at 0.2 and �0.2 V, respectively, as a function

of Al thickness. The lines are guide to the eyes.
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Therefore, it is possible to manipulate the spin polarization

by engineering the interfacial interaction to obtain very large

MR effects.28 In any case, the spin polarization is an intrinsic

property of the interface, implying that the MR sign cannot

be changed via the polarity of the voltage.

Here, we propose a phenomenological model based on

spin injection and detection at FM/Alq3 interfaces to

explain the MR sign reversal at zero voltage. Fig. 5 illus-

trates the energy diagrams of the LSMO/Alq3/Al/Co OSVs

with voltages, in which the carriers are dominated by elec-

trons as discussed above. At negative voltage (Fig. 5(a)),

electrons are injected from LSMO at EF, transported

through the Alq3 LUMO energy and extracted by the

Al/Co electrode. Since the electron extraction occurs at

LUMO energy, the Co spin polarization at LUMO energy,

which is about 0.5 eV above Al/Co EF,30 should be

response to the spin polarized electron extraction.9,31,32 It

means that, according to Jullière formula, the positive spin

polarization of LSMO at EF and the negative spin polar-

ization of Co at the Alq3 LUMO energy would lead to

negative MR. For positive voltage (Fig. 5(b)), we apply

the same scenario, meaning that the MR sign is determined

by the spin polarizations of Co at EF and LSMO at the

Alq3 LUMO energy. According to X-ray photoemission

spectroscopy measurements, the Alq3 LUMO energy is

about 1.26 eV above LSMO EF.8 A recent theoretical cal-

culations show that the spin-down density of states (DOS)

is higher than the spin-up DOS above EF� 1 eV for

LSMO, indicating the negative spin polarization at LUMO

energy.33 Therefore, considering the negative spin polar-

ization of Co at EF, a positive MR is expected at positive

voltage.

In conclusion, we have experimentally demonstrated

the electrical control of the MR sign by the polarity of the

bias voltage in LSMO/Alq3/Al/Co OSVs. This control can

be understood by a proposed phenomenological model, of

which spin polarization at the Fermi and LUMO energies

of the electrodes is response to the spin injection and

extraction, respectively, for electrons. These results show

that the carrier type can be tuned by adding an ultrathin Al

interfacial layer. Our approach can be extended to manipu-

late the carrier type, either electrons or hole, and spin type,

either spin-up or spin-down, simultaneously by the intro-

duction of an ultrathin non-FM metal. It provides us more

flexibility to explore fundamental understanding and realize

useful OSV devices.
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