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Abstract
It is generally believed that spin–orbit coupling (SOC) strength and the associated spin relaxation can
be enhanced by introducing heavy metal ions in organic semiconductors. Here, we systematically
study the spin transport in two organic semiconductors, tris(2-phenylpyridine)iridium (Ir(ppy)3)
and tris-(8-hydroxyquinoline) aluminum (Alq3), which have similar chemical structures except that
Ir(ppy)3 contains a heavy metal ion Ir. As expected, the photoluminescence spectroscopy measurements show that the SOC strength in Ir(ppy)3 is several orders of magnitude larger than in Alq3. Surprisingly, the spin diffusion length in Ir(ppy)3, deduced from magnetoresistance measurements in Ir
(ppy)3-based organic spin valves, is longer than in Alq3. Considering the lower carrier mobility in Ir
(ppy)3, the spin relaxation time in Ir(ppy)3 is much longer than in Alq3, implying that the SOC
strength in Ir(ppy)3 is weaker than in Alq3. The seemingly contradictory results of photoluminescence
spectroscopy and magneto-transport can be explained by the SOC strength depending on the electronic states of a material. The weak SOC strength in Ir(ppy)3 observed in magneto-transport measurements is due to the strong ligand ﬁeld induced orbital moment quenching for Ir3+ and the polarons
transporting in the ligands. However, the excitons involved in photoluminescence spectroscopy overlap with the Ir ion and transforms Ir3+ to Ir4+, which has non-zero spin and orbital moments and
hence results in high SOC strength.

1. Introduction
Spintronics, which utilizes spin degrees of freedom as the ultimate carrier of information, has attracted deep
interest over the past few decades [1]. Motivated by the prospect of the practical integration of the mainstream
semiconductor industry, semiconductor spintronics has made impressive progress in the past dozen years [2],
during which time the ﬁeld of organic semiconductor (OSC) spintronics has blossomed [3, 4]. However, due to
the weak van der Waals interactions between molecules, electron wave functions are mainly localized within a
single molecule and barely overlap. The mechanism of charge-carrier transport is, therefore, dominated by
hopping and OSCs present very low mobility in comparison with inorganic semiconductors, in which the band
transport mechanism dominates. Spin transport is closely related to charge-carrier transport; as a consequence,
the spin transport mechanism in OSCs is radically distinct from inorganic systems and rather complicated. The
spin–orbit coupling (SOC) and hyperﬁne interaction (HFI) are generally believed to be the two major sources of
spin relaxation. Owing to the constituents of light elements, and C12 possessing zero nuclear spin moment,
organic materials are characterized by weak SOC and HFI. This makes the spin relaxation time extremely long
and OSCs suitable as the spin transport materials. However, the spin diffusion length is very short due to the very
low carrier mobility [5]. For instance, the spin diffusion length is about 45 nm in tris-(8-hydroxyquinoline)
aluminum (Alq3) [6] and 13.3 nm in rubrene [7] in comparison to 200 nm in Si [8]. Therefore, the spin
relaxation in OSCs still plays an important role in spin-related phenomena.
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Since the SOC and HFI are both weak, it is difﬁcult to identify which one dominates the spin relaxation and it
remains a central issue in organic spintronics [3, 5, 9]. As for HFI, it mainly originates from hydrogen atoms and
other atoms possessing a nuclear spin. The carriers experience a random local effective magnetic ﬁeld, which is
the sum of a random effective HFI ﬁeld and a uniform external magnetic ﬁeld while hopping between molecules.
The spin processes around the random local ﬁeld on various molecules, giving rise to spin relaxation [10].
Experimental results showing substantially reduced width of magneto-electroluminescence and magnetic
resonance, and a signiﬁcant increase of spin diffusion length after replacing the hydrogen atoms with deuterium
atoms in polymers [11] offer direct support for the HFI-induced spin relaxation mechanism. The HFI also plays
a crucial role in organic magnetoresistance (OMAR) effects, in which the spin-polarized carrier injection and
transport are absent [12].
The SOC mixes opposite spin states and hence the spin-up and spin-down are not good quantum numbers.
Therefore, the hopping process accompanies a spin ﬂip event, resulting in spin relaxation. Unlike HFI there are,
to date, few experiments that directly support the contribution of SOC to spin relaxation. In the transport study
on a Ni/Alq3/Co nanowire in a strong magnetic ﬁeld, Pramanik et al have recently shown that SOC dominates
the spin relaxation rather than HFI in Alq3 [13]. Yu developed a theory based on SOC-driven spin relaxation and
successfully explained the temperature dependence of the spin diffusion length of Alq3 [14, 15]. Since the SOC
strength scales with Z4 with the atomic number, Z, in atoms, the immediate strategy required to tune the SOC
strength in molecules is to introduce heavy ions into molecules. The heavy ion enhanced SOC strength is
directly measured by muon spin spectroscopy and time-resolved photoluminescence techniques [16] and
appears to play an important role in OMAR effects [17]. In fact, this approach is frequently used in organic
light emitting diodes (OLEDs) to enhance the electroluminescence intensity [18]. In luminescence phenomena,
the involved electronic states are the excitons. However, in organic spin valves (OSVs), the electronic states
responding to transport are spin-polarized polarons rather than excitons. Although the heavy ions can
inﬂuence the luminescence and excitons, the impact of heavy ions on spin-polarized polarons still needs to be
examined.
In this work, we fabricated OSVs using small molecules of tris(2-phenylpyridine)iridium [Ir(ppy)3] and
Alq3, which have similar chemical structures, as the organic spacers. The Ir(ppy)3 and Alq3 molecules exhibit
very strong and very weak OSC strength, respectively, according to photoluminescence spectroscopy
measurements. If the SOC does affect the spin relaxation, the spin relaxation time in Ir(ppy)3 would be much
shorter than in Alq3. However, we measured spin diffusion length λs ≈ 120 nm for Ir(ppy)3-based OSVs and
λs ≈ 37 nm for Alq3-based OSVs at 10 K. Considering the lower mobility of Ir(ppy)3, we conclude that the spin
relaxation time in Ir(ppy)3 is longer than in Alq3, contradictory to photoluminescence spectroscopy
measurements. We attribute this unexpected result to the spin-polarized polarons experiencing weak SOC
strength in Ir(ppy)3 because the polarons transport on the ligand, and the ground state of Ir3+ ion has a
completely quenched orbital moment due to a strong octahedral ligand ﬁeld, meaning very weak SOC strength.
However, photoluminescence spectroscopy is related to the excitons instead of the polarons, which overlap with
the Ir ion and transform Ir3+ to Ir4+. The Ir4+ ion has non-zero spin and orbital moments, suggesting very large
SOC strength experienced by the excitons. Our work reveals that the polarons and excitons experience different
SOC strength in a material with heavy ions.

2. Experiment
The OSV structure consists of two ferromagnetic electrodes separated by an organic spacer. We used
La0.67Sr0.33MnO3 (LSMO) and Co as bottom and top electrodes, respectively. The LSMO ﬁlms of about 100 nm
were epitaxially grown on SrTiO3 (001) substrates using pulsed laser deposition (PLD) at 750 °C and
2 × 10−5 Torr oxygen pressure by applying a KrF excimer laser. The laser energy on the polycrystalline LSMO
target was 2 J cm−2 with a repeat rate of 8 Hz. The growth rate of LSMO ﬁlms was about 0.08 nm s−1, which was
calibrated by monitoring the intensity oscillations of the in situ reﬂection high-energy electron diffraction
(RHEED) spot with a laser repetition of 2 Hz [19]. The width of the LSMO electrodes was deﬁned by a shadow
mask during PLD. Then the LSMO ﬁlms were annealed in ﬂowing pure oxygen at atmospheric pressure at
1100 °C for 6 hours to obtain an atomically smooth surface and enhance the magnetic property [20]. The
puriﬁed Alq3, Ir(ppy)3 and platinum octaethylporphyrin (PtOEP) ﬁlms were thermally evaporated at a rate of
0.07 nm s−1 on LSMO electrodes with a base vacuum pressure of 1 × 10−7 Torr. The thickness and growth rate
were in situ controlled by a quartz crystal thickness monitor next to the samples. A thick organic ﬁlm was ﬁrst
fabricated to calibrate the thickness monitor by comparison with the Dekteck150 surface proﬁler
measurements. Without breaking vacuum, the LSMO/organic bilayers were covered by a shadow mask to deﬁne
a proper size of the top ferromagnetic layer. The 20 nm-thick top Co electrodes were deposited by a growth
method called indirect deposition, which was described in detail in our previous publication [21]. This method
2
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Figure 1. (a) The molecular structure of Alq3 and Ir(ppy)3. (b) The normalized photoluminescence spectra of Ir(ppy)3 and Alq3. Inset:
magniﬁcation of the photoluminescence spectra at around 412 nm.

can dramatically reduce the penetration of Co atoms into an organic layer, or the so-called ‘ill-deﬁned’
thickness. The obtained devices were cross-bar geometry with an active area of about 1 × 1 mm2. The LSMO
ﬁlms were ultrasonically cleaned using alcohol and acetone, and reused multiple times without apparent
degradation in transport measurements. The two sets of Alq3 and Ir(ppy)3 based OSVs were fabricated on two
different pieces of LSMO ﬁlm, respectively.
The samples were mounted on a Cooper block cooled by a close-cycle refrigerator located in an
electromagnet. The magnetoresistance (MR) responses were measured by a sweeping magnetic ﬁeld parallel to
the ﬁlm plane. The OSVs with various Alq3 and Ir(ppy)3 thickness were carefully studied at a constant voltage to
extract the spin diffusion lengths. The photoluminescence spectroscopy of the dissolved Alq3 and Ir(ppy)3 in
toluene were measured using a Hitachi F-4600 ﬂuorescence spectrophotometer with an excitation wavelength of
367 nm at room temperature.

3. Experimental results
3.1. Photoluminescence spectra
Although the SOC strength is very weak in OSCs, it is generally believed that the presence of a large-Z or heavy
ion in OSCs can enhance the SOC strength [22]. To study the role of the SOC in spin transport, we choose two
molecules, Alq3 and Ir(ppy)3, with similar chemical structure, but one with the light metal ion Al3+ (Z = 13) and
another with the heavy metal ion Ir3+ (Z = 77), shown in ﬁgure 1(a). The SOC strength of Ir(ppy)3 is expected to
be much stronger than that of Alq3 due to the much heavier Ir3+ ion.
The light emission from organic molecules is generated by the transition from the singlet (total spin, S = 0)
or triplet (S = 1) excitons to ground states (S = 0), which is known as ﬂuorescence or phosphorescence. Only
ﬂuorescence emission is allowed without SOC due to the conservation of the spin angular moment. However,
the presence of the strong SOC can lead to the occurrence of phosphorescence emission because the spin angular
moment is not necessarily conserved. Moreover, due to the triplet state energy being lower than the singlet state
energy, the transfer from singlet state to triplet state, known as intersystem crossing (ISC), will occur with strong
SOC. Therefore, the relative emission intensity of the ﬂuorescence and phosphorescence, the ISC rate (kISC) and
the SOC strength are intimately correlated.
Figure 1(b) shows the normalized photoluminescence (PL) spectra of Ir(ppy)3 and Alq3. Ir(ppy)3 displays
two emission maxima at 511 and 412 nm, which agree well with previous reports and are assigned to the
phosphorescence and ﬂuorescence emission, respectively [17, 23]. The much stronger phosphorescence peak
indicates that excitons experience a very large SOC strength. From the rate equations, the intensity ratio between
phosphorescence and ﬂuorescence can be written as,
3

New J. Phys. 17 (2015) 013004

B B Chen et al

Figure 2. (a) I–V curve measured at T = 10 K, (b) MR response measured at T = 10 K and V = 100 mV, and (c) MR ratio as a function
of the applied bias voltage for LSMO/Ir(ppy)3 (70 nm)/Co OSV device. The inset of (a) shows the resistance measured at 100 mV as a
function of T. (d) MR response of LSMO/ Alq3 (70 nm)/Co OSV device measured at T = 10 K and V = 100 mV.

ηP ℏωP
IP
= kISC τS*
,
IF
ηF ℏωF

(1)

where IP and IF are the phosphorescence and ﬂuorescence intensity, respectively; ħwP and ħwF are the
phosphorescence and ﬂuorescence photon energy, respectively; ηP and ηF are the singlet and triplet emission
quantum efﬁciency, respectively; τ*S is the singlet lifetime while assuming k ISC = 0. For the order of magnitude
estimation, we assume ηP/ηF ≈ 1 and τ*S = 14 ns, for which the Alq3 singlet lifetime is adopted [24]. Therefore, the
k ISC of Ir(ppy)3 is extracted to be 1.7 × 104 μ s−1 according to equation (1) and the PL spectrum of Ir(ppy)3,
consistent with previous reports [17].
Alq3 exhibits only one emission peak at 510 nm with no additional structures, which originates from the
ﬂuorescence emission [25]. The phosphorescence emission is not observed, indicating that the SOC strength is
very weak. Although we did not get the kISC value of Alq3 from PL measurements, k ISC of Alq3 was measured by
the time-resolved photoluminescence technique to be of the order of 1.7 μ s−1 [26]. Since kISC is proportional to
the SOC strength [27], these results clearly suggest that the SOC strength in Ir(ppy)3 is four orders of magnitude
larger than in Alq3. In fact, the effective SOC ﬁeld is estimated to be ∼1000 Oe in Ir(ppy)3 from the uncertainty
relationship, and negligible in Alq3 by ﬁtting OMAR curves [17].
3.2. Transport measurements
According to the above results that the SOC strength in Ir(ppy)3 is much greater than in Alq3, it is interesting to
compare the spin transport in these two molecules. Since the results in Alq3 have been reported in detail
elsewhere [6, 20, 21], we mainly show the results of Ir(ppy)3. Figure 2(a) shows the typical current–voltage (I–V)
characteristics of LSMO/Ir(ppy)3 (70 nm)/Co OSV at temperature T = 10 K. The positive bias voltage means
that the current ﬂows from the Co electrode through OSC to the LSMO electrode. The I–V response exhibits a
non-linear behavior, indicating the carriers transporting through Ir(ppy)3 rather than pinholes. The resistance is
typically more than 10 kΩ, similar to the Alq3-based OSV. The device resistance decreases with increasing
temperature (inset of ﬁgure 2(a)), indicating a semiconducting behavior. Nonlinear I–V curves and the
semiconducting behaviors are observed in all samples when varying the organic thickness. These results are
similar to previous reports in Alq3-based OSVs [6, 28–31], suggesting that the conducting mechanism of the Ir
(ppy)3-based OSVs is the same as Alq3-based OSVs, i.e., hopping transport.
The typical MR curve of LSMO/Ir(ppy)3 (70 nm)/Co OSV is shown in ﬁgure 2(b), which was measured at
T = 10 K and bias voltage V = 100 mV. The MR ratio is deﬁned as MR = ΔR/RP = (RAP−RP)/RP, where RP and
RAP denote the junction resistance in the parallel and anti-parallel magnetization conﬁguration for the two FM
4
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Figure 3. MR response of OSV devices measured at T = 10 K and V = 100 mV for a series of thickness of (a)–(c) Ir(ppy)3 and (d)–(f)
Alq3, respectively.

electrodes, respectively. It is clearly seen RAP < RP in all bias ranges, shown in ﬁgure 2(c), i.e., an inverted or
negative MR, similar to many other OSVs using LSMO and Co as electrodes, for the organic layer thickness
above the tunneling region [3, 6, 20, 32]. In ﬁgure 2(c), it is seen that the MR ratio peaks around zero bias voltage
and it decreases faster at negative V. These characteristics are similar to Alq3-based OSVs [6, 21]. For
comparison, here we fabricated the OSV of LSMO/Alq3 (70 nm)/Co and measured the MR curve at T = 10 K and
V = 100 mV, as shown in ﬁgure 2(d), in which the LSMO electrode is the same piece of ﬁlm as the OSV device
shown in ﬁgures 2(a)–(c). The MR ratio of Ir(ppy)3-based OSV is about two times larger than that of Alq3based OSV.
The demonstration of the Hanle effect is a convincing proof of spin injection into non-magnetic materials
[33]. Several unsuccessful attempts have been made to demonstrate the Hanle effect in OSVs, including in Alq3based OSVs [34, 35]. Here, we also did not ﬁnd the Hanle effect in LSMO/Ir(ppy)3/Co OSVs. This might be due
to much faster spin transport than carrier mobility due to the exchange between localized carriers. A magnetic
ﬁeld larger than the electrode saturation ﬁeld is needed to observe the Hanle effect, leading to the unobservable
Hanle effect [36].

3.3. Spin diffusion lengths of Alq3 and Ir(ppy)3
MR ratio is determined by the spin polarization, spin diffusion length and spin injection efﬁciency, etc.
However, spin relaxation is only related to spin diffusion length. In order to understand the spin relaxation
mechanism, we tried to extract spin diffusion length λs by measuring the MR ratio of OSVs with various OSC
thicknesses. In these experiments, the same piece of LSMO ﬁlm was used to fabricate OSVs for each set of
samples, considering that the surface property of LSMO is critical to MR ratio and may vary from sample to
sample [20]. Figure 3 displays the MR loops of a series of OSVs based on various thicknesses of Alq3 and Ir
(ppy)3, measured at T = 10 K and V = 100 mV. Obviously, the MR ratio of the Ir(ppy)3-based OSVs is larger than
that of the Alq3-based OSVs for the same organic spacer thickness and the MR ratio of the Ir(ppy)3-based OSVs
decreases much slower than that of the Alq3-based OSVs as OSC layer thickness increases. In OSVs, the MR ratio
can be expressed by the modiﬁed Jullière formula [6, 11]

5
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Figure 4. MR ratio as a function of organic spacer thickness. The solid lines are ﬁts to equation (3).

MR ratio =

2P1 P2 e −d

λs

1 + P1 P2 e −d

λs

,

(2)

where d is the thickness of Alq3 or Ir(ppy)3, and P1 and P2 are the spin polarizations at LSMO/OSC and Co/OSC
interfaces, respectively. In our experimental results, MR ratio ≪ 100%, equation (2) can be simpliﬁed to
MR ratio ≈ 2P1 P2 e −d λ s ,

(3)

indicating that the MR ratio decreases exponentially as the thickness of the organic spacer increases. We can
therefore obtain λs = 120 nm in Ir(ppy)3 and λs = 37 nm in Alq3 by ﬁtting MR ratio as a function of Ir(ppy)3 and
Alq3 thickness in ﬁgure 4 to equation (3). The obtained λs in Alq3 is in agreement with previous reports [6].
Thus, as λs in Ir(ppy)3 is found to be larger than λs in Alq3, and considering slower mobility of Ir(ppy)3 [37, 38],
we can immediately conclude that the spin relaxation time in Ir(ppy)3 is longer than in Alq3.

4. Discussion
Because the SOC strength in Ir(ppy)3 is several orders of magnitude larger than in Alq3 according to the PL
measurements, the spin relaxation time in Ir(ppy)3 should be much shorter than in Alq3 if the SOC is the main
source of the spin relaxation. This expectation is obviously opposite to our results of MR measurements. There
are three possible explanations for the unexpected results. (i) Both the HFI and SOC contribute to the spin
relaxation. Although the SOC strength in Ir(ppy)3 is stronger than in Alq3, the HFI in Ir(ppy)3 may be much
weaker. The overall effects of the HFI and SOC induced spin relaxation in Ir(ppy)3 can be weaker than in Alq3.
(ii) The spins do not experience strong SOC in Ir(ppy)3 in the transport experiment, even though strong SOC is
observed in the PL measurements. (iii) The SOC does not play a role in the spin relaxation.
The HFI is mainly contributed by the hydrogen nuclei. Since these two molecules have very similar
molecular structure and owing to the location of hydrogen atoms, the HFI strength between carriers and
hydrogen nuclei should be comparable. Indeed, the effective HFI ﬁeld of these two molecules was estimated to
be about 50 Oe from OMAR measurements [17]. Moreover, a recent theoretical calculation shows that the
effective HFI ﬁeld is 4.1–8.7 Oe in Ir(ppy)3 and 12.2–12.4 Oe in Alq3, and which varies due to the different
carrier type and the detailed molecular structures [39]. Both the experimental measurements and theoretical
calculations reveal that the effective HFI ﬁeld in Alq3 and Ir(ppy)3 is comparable and well below 100 Oe. The
effective SOC ﬁelds are 1000 Oe in Ir(ppy)3 and well below 10 Oe in Alq3 from PL and OMAR measurements,
respectively [17]. The overall effective ﬁeld of the HFI and SOC in Ir(ppy)3 should be much stronger than in
Alq3. Thus the ﬁrst possible explanation is not applicable.
Next, we discuss the second possible explanation. Since the PL and magneto-transport measurements
involve different electronic states, excitons and polarons, respectively, the heavy ions may have a different
impact on these two states. For a molecule with a transition metal ion, the transition metal ion is coordinated
with one or more organic ligands. Ir(ppy)3 is a 5d transition metal octahedral complex with one nitrogen atom
and one carbon atom from each ligand bonded to the central metal ion to construct octahedral geometry, shown
in ﬁgure 1(a), which leads to the d orbitals splitting into a doubly degenerate eg level with higher energy and a
triply degenerate t2g level with lower energy, as shown in the energy diagram of Ir(ppy)3 in ﬁgure 5(a). Due to the
large energy splitting of eg and t2g levels, the t2g level is fully ﬁlled with 6d electrons of Ir3+ to form a zero spin and
zero orbital moment conﬁguration, thus, the SOC strength is negligible for Ir(ppy)3 in its ground state.
6
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Figure 5. (a) The energy diagram of Ir(ppy)3. (b) Schematic diagram and electronic structure of exciton and positive polaron of Ir
(ppy)3 molecule.

When a polaron is introduced into a Ir(ppy)3 molecule in a magneto-transport measurement, it mainly
localizes and transports on the itinerant π orbitals of the ligands and the inner Ir3+ ion remains unchanged,
schematically shown in ﬁgure 5(b), indicating that the heavy Ir3+ ion has an indirect impact on the polarons.
Considering the very weak SOC strength of the Ir3+ ion, the polarons should not experience strong SOC from
the Ir3+ ion.
However, in the phenomena with light emission process, such as PL and electroluminescence, a high SOC
strength is always observed in Ir(ppy)3 [40]. In the light emission process, the emission is a transition of an
exciton, which is assigned to the metal-to-ligand-charge-transfer (MLCT) state in Ir(ppy)3, a bound state of an
electron localized on the ligand and a hole from the 5d orbital of the Ir4+ ion, schematically shown in ﬁgure 5(b)
[41]. Therefore, the Ir ion participates in the light emission and the exciton transforms Ir3+ into Ir4+ in the
MLCT state. Because Ir4+ is a d5 conﬁguration, 5 electrons are ﬁlled in the t2g level with one uncompensated spin,
i.e., non-zero spin and orbital moment. Accordingly, the SOC strength is increased due to the heavy Ir atom and
plays a signiﬁcant role in the light emission process. Therefore, the Ir ion enhanced SOC strength can be
observed in the phenomena with light emission.
According to the above analysis, the SOC strength in transport for both molecules is weak. It is difﬁcult to
judge whether the SOC plays a role in the spin relaxation from the comparison of these two molecules.
Therefore, the third possibility needs further experiments to clarify. We propose choosing molecules with heavy
atoms contributing to π-orbitals such as triethylsilylethynyl anthradithiophene (TES-ADT) and
triethylsilylethynyl anthradiselenophene (TES-ADS), in which oxygen is replaced by sulfur and selenium [16].
In molecule complexes, the ligand ﬁeld is usually very strong, resulting in the quenching of the orbital
moment and consequently very weak SOC strength at the ground state. Therefore, the weak SOC strength in a
molecule with a heavy transition atom should be generally observed in the magneto-transport measurement. To
further demonstrate the above scenario, another typical molecule, PtOEP, which shows strong SOC in light
emitting phenomena due to a heavy Pt ion [42], was used as an organic spacer to fabricate LSMO/PtOEP
(70 nm)/Co OSVs. PtOEP is a 5d transition metal with planar square complexes. d orbitals are split into four
energy levels by the planar square ligand ﬁeld, as shown in ﬁgure 6(a). Owing to the strong ligand ﬁeld, the d
orbitals split into four energy levels. The orbital moment of Pt2+ d-electrons is quenched, leading to the weak
SOC. Indeed, we observed a MR ratio of 11% in the LSMO/PtOEP (70 nm)/Co OSV device at T = 10 K and
V = 100 mV, shown in ﬁgure 6(b), comparable to Alq3-based OSVs. This result is consistent with our
expectation of weak SOC in PtOEP.
We note that the resistance switching around low coercive ﬁeld for the Ir(ppy)3-based OSVs is much sharper
than that for the Alq3-based OSVs, shown in ﬁgure 3. According to HFI-induced spin relaxation, the spin
diffusion length depends on magnetic ﬁeld [10], resulting in the curvature of resistance around zero ﬁeld. The
sharper switching suggests smaller HFI strength, in agreement with the theoretical calculation that the HFI in Ir
(ppy)3 is smaller than in Alq3 by roughly a factor of two [39]. Considering that the SOC strength is low in both
7
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Figure 6. (a) The molecular structure of a PtOEP molecule and 5d orbital energy level diagram of a Pt2+ ion. (b) MR response of
LSMO/PtOEP (70 nm)/Co OSV measured at T = 10 K and V = 100 mV.

molecules in spin transport, this feather suggests the HFI is the dominant spin relaxation mechanism in these
two molecules.

5. Conclusion
We have systematically studied the MR in OSVs with Ir(ppy)3 and Alq3 as spacers, which have similar chemical
structures. Owing to the heavy Ir ion, the SOC in Ir(ppy)3 is expected to be much stronger than in Alq3 and play a
signiﬁcant role in spin relaxation. Indeed, the SOC strength in Ir(ppy)3 estimated from the PL spectra is four
orders of magnitude larger than in Alq3. Surprisingly, we found that the MR ratio of Ir(ppy)3-based OSVs is
higher than that of Alq3-based OSVs for the same thickness of organic spacer. From the MR thickness
dependence, the spin diffusion lengths in Ir(ppy)3 and Alq3 are estimated to be 120 and 37 nm, respectively,
suggesting that the heavy Ir ion does not affect the spin transport, unlike in PL. We explain this result as due to
the paired electrons and quenched orbital moment by the ligand ﬁelds giving nearly zero SOC strength for
ground state Ir(ppy)3. However, in PL, the light emission originates from the transition of the excitons, in which
Ir3+ is transferred to Ir4+, implying unpaired spin and unquenched orbital moment and hence strong SOC. Our
results reveal that the polarons and excitons experience different SOC strength in a material. This scenario is
further demonstrated in PtOEP-based OSVs.
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