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Revealing the key role of molecular packing on interface
spin polarization at two-dimensional limit in
spintronic devices
Zhongzhong Luo1,2*†, Xiangxiang Song2,3†, Xiaolong Liu4, Xiangqian Lu5, Yu Yao6,
Junpeng Zeng2, Yating Li2, Daowei He2, Huijuan Zhao6, Li Gao6, Zhihao Yu2,7, Wei Niu8,
Huabin Sun7, Yong Xu7,9, Shujuan Liu6, Wei Qin5*, Qiang Zhao1,6*

Understanding spinterfaces between magnetic metals and organic semiconductors is essential to unlock the
great potentials that organic materials host for spintronic applications. Although plenty of efforts have been
devoted to studying organic spintronic devices, exploring the role ofmetal/molecule spinterfaces at two-dimen-
sional limit remains challenging because of excessive disorders and traps at the interfaces. Here, we demon-
strate atomically smooth metal/molecule interfaces through nondestructively transferring magnetic
electrodes on epitaxial grown single-crystalline layered organic films. Using such high-quality interfaces, we
investigate spin injection of spin-valve devices based on organic films of different layers, in which molecules
are packed in different manners. We find that the measured magnetoresistance and the estimated spin polar-
ization increase markedly for bilayer devices compared with their monolayer counterparts. These observations
reveal the key role of molecular packing on spin polarization, which is supported by density functional theory
calculations. Our findings provide promising routes toward designing spinterfaces for organic spin-
tronic devices.
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INTRODUCTION
Because of the advantages of weak spin-orbit coupling and hyper-
fine interaction, organic materials are promising for spintronic ap-
plications (1–6). A variety of devices have been demonstrated
including spin valves, spin memory devices, and light-emitting
diodes (7–9). It is expected that the spinterfaces between organic
semiconductors and ferromagnetic (FM)metals, which are sensitive
to structural properties and side chain substitution of themolecules,
play an important role in these spintronic devices (10–14).
However, there are still several obstacles lying ahead for fully under-
standing these molecular spinterfaces from the experimental point
of view, thus limiting the device applications based on organic ma-
terials. First, organic semiconductors with high mobility and low
density of disorders/traps are rarely implemented, preventing
further fabrication of high-quality interfaces. Second, evaporation
of FM metals on organic semiconductors usually damages the

adjacent molecular layers (15), leading to degraded quality of the
interface. These challenges make researchers investigate spinterfa-
ces by absorbing organic molecules on FM metals alternatively
(11, 16), instead of studying them from the device perspective.

Here, we report organic spin valves (OSVs) with minimal disor-
ders both in organic crystals and at the interfaces. The devices are
based on two-dimensional (2D) layered molecular crystals, which
have attracted considerable interests owing to their high carrier mo-
bility, tunable light-matter interaction, and high sensitivity to exter-
nal stimuli (17–21). These materials could be synthesized through
van derWaals (vdW) epitaxial growth on substrates of 2D inorganic
materials, allowing the formation of atomically smooth single-crys-
talline organic films down to monolayers (22, 23). Furthermore, to
avoid potential damages to organic crystals during electrode inte-
gration, we use the vdW metal-transfer technique, which has been
developed for electronic applications based on organic (24) and 2D
inorganic materials (25–27). Using this technique, FM electrodes
can be gently deposited (4) on organic layers for spin injection
and detection. With such high-quality interfaces, we are able to in-
vestigate interface spin polarization of OSVs based on 2D organic
crystals (2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene, C8-
BTBT, in this work) of different layers, in which molecular
packing plays an important role. Compared with monolayer (1L)
devices, bilayer (2L) devices exhibit higher magnetoresistance
(MR) (12.3%) with larger estimated spin polarization (43.4%),
reaching the best level obtained from similar devices. We perform
density functional theory (DFT) calculations to understand the dif-
ferent behaviors of the spin polarization at the interfaces. The cal-
culated polarized spin density distribution and spin-dependent
density of states (DOS) near the Fermi energy are found to be
strongly modulated by molecular orientation and packing motif.
The vertically standing molecules at the top in 2L crystals transport
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spins to bottom organic layers more effectively, leading to stronger
spin injection for 2L devices. Our results reveal the key role of mo-
lecular packing on interface spin polarization for organic spintronic
devices and demonstrate the promising future for realizing high-
quality spinterfaces using 2D molecular semiconductors and vdW
magnetic-electrode integration techniques.

RESULTS
Schematics and devices
Ultrathin C8-BTBT crystals are epitaxially grown on 2D inorganic
materials [exfoliated few-layer graphene (FLG) in this work] in a
layer-by-layer fashion, exhibiting well-resolved molecular packing
structures. Previous studies have revealed that the molecules of
first few layers pack in different ways to form crystals (22, 28).
The first grown layer lies on the substrate of FLG, known as the in-
terfacial layer (IL). The next layer stacks with a tilted angle of about
60°, which is referred to as 1L. For simplification, we term crystals
consisting of IL and 1L as 1L C8-BTBT samples in the following text.
When additional layers are synthesized, they stack in a different
manner. For example, the next layer stands along the vertical direc-
tion, referred to as 2L. Similarly, we term such crystals consisting of
IL, 1L, and 2L as 2L C8-BTBT samples. Figure 1 (A and B) shows
schematic packing structures of 1L and 2L C8-BTBT samples, re-
spectively. When magnetic metals are attached to the molecular
crystals from the top, the difference in packing structures is expect-
ed to result in distinct spin polarizations at the interfaces [see the
right panels of Fig. 1 (A and B) for schematics of spin-dependent
DOSs near the Fermi level EF]. This relationship between interface
spin polarization and molecular packing can be revealed by inves-
tigating magneto-transport behaviors of OSVs based on molecular
crystals with high-quality FM metal/molecule interfaces.

Figure 1E shows schematics of the OSV device studied in this
work. C8-BTBT crystal is synthesized on FLG through vdW
epitaxy. Two FM electrodes (labeled as FM1 and FM2), made of dif-
ferent magnetic metals to exhibit different coercive fields (see fig.
S1), are used to inject and detect the spin current. Note that FM1
is attached to the C8-BTBT crystal, while FM2 is contacted to FLG.
Thus, the exfoliated FLG not only provides atomically flat substrate
to epitaxially grow high-quality C8-BTBT crystal but also acts as a
spin transport channel that bridges between FM metals and C8-
BTBT due to its long spin diffusion length (29, 30). Figure 1C
shows atomic force microscopy (AFM) images of typical 1L and
2L C8-BTBT crystals, showing flat and uniform surfaces. The total
thickness of the heterojunction, including FLG and 1L (2L) C8-
BTBT crystal, is 3.7 nm (6.7 nm). Furthermore, a high-resolution
AFM image of 2L C8-BTBT film (Fig. 1D) demonstrates its high
crystallinity with herringbone-type packing (22) and atomically
smooth surface.

Given the high-quality few-layer molecular crystals, we fabricate
OSV devices by integrating FM electrodes. It is well known that con-
ventional nanofabrication processes including lithography and
direct metal evaporation damage adjacent organic films, especially
for monolayer samples, severely degrading the quality of the metal/
organic interface (31). To solve this problem, we use a solvent-free
vdW magnetic-electrode integration technology to avoid high-
energy exposure and evaporation, eliminating defects and traps at
the interfaces. Both FM1 and FM2 electrodes consist of three
layers of Au, FM metal (Fe20Ni80 for FM1 and Co for FM2), and

chemical vapor deposition (CVD) grown monolayer graphene
(MLG), as illustrated in the inset of Fig. 1E. The FM electrodes
are integrated as follows. We first prepare patterned multilayer
FM electrodes on a silicon wafer. Then, the electrodes are mechan-
ically released using a probe and gently transferred onto FLG and
organic crystals. Detailed fabrication process can be found in Mate-
rials and Methods and fig. S2. Here, the MLG layer has three key
functions: (i) FM metals are difficult to be mechanically released
from the sacrificial substrate directly because of the strong interfa-
cial adhesion. However, the adhesion betweenMLG and substrate is
relatively weak, ensuring the mechanical release of FM metals (26).
(ii) MLG protects FM metals from oxidation during the electrode-
transfer process. (iii) MLG helps in forming high-performance elec-
trical contacts between FM metals and organic layers (28).

The pristine quality of the FM electrode/molecule interface is re-
vealed by high-resolution transmission electronmicroscopy (TEM).
Figure 1F shows a cross-sectional TEM image of a typical 1L device,
cutting underneath the electrode of FM1. The 1L C8-BTBT main-
tains high quality without any destruction. The interface between
C8-BTBT and FM electrode (Fe20Ni80 for FM1) is atomically
smooth. Low-magnification TEM image confirms excellent unifor-
mity over several micrometers, covering almost the entire contact
area (see fig. S3). To further verify the quality of the interface,
energy-dispersive x-ray spectroscopy (EDS) is used to map the ele-
mental distributions near the interface (see Fig. 1G). By mapping
the distributions of Ni, Fe, and C, a sharp and nondestructed inter-
face is clearly resolved. No obvious diffusion of Ni or Fe atoms is
found in the molecular layer. With such high quality of the
damage-free interface, we can study the relationship between inter-
face spin polarization and molecular packing. Note that MLG layer
is partially damaged during evaporating FM layer and its interface
cannot be well resolved in Fig. 1G. This suggests that vdW magnet-
ic-electrode integration technology is essential for preserving high
quality of molecular crystals. To verify this, we fabricate controlled
devices using the traditional metal evaporation technique (see fig.
S4), in which molecular crystals are damaged during the fabrication
process.

Electrical performance and magnetoresistance
measurements
To have a better understanding of the transport mechanism, resis-
tances of devices have been studied in the absence of magnetic field
first. In addition to 1L and 2L devices, we also fabricate devices
based on 3L (trilayer) C8-BTBT crystals (see fig. S5) and devices
without molecular crystals (W/O devices) as controlled devices.
Figure 2A shows the statistic results of room temperature resistance
obtained from more than 100 devices with different layers of
organic crystals. It is clear that the averaged device resistance in-
creases more than one order of magnitude when adding one
organic layer (see Fig. 2B), which suggests that tunneling through
the organic molecular layers occurs in the transport behavior
(32). Moreover, the dependence of conductance on temperature
has been investigated (see Fig. 2C). For 1L device, the resistance is
almost independent of temperature (red circles), suggesting that the
tunneling behavior is dominant. However, for 2L device, the resis-
tance increases with decreasing temperature (blue circles), indicat-
ing a hopping-like transport behavior. The current-voltage (I-V )
characteristics of typical 1L and 2L devices at 10 K are shown in
Fig. 2D, from which obvious nonlinearity is observed for the 2L
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device. The corresponding differential conductance (dI/dV ) curve
of the 2L device is plotted in Fig. 2E. It is worth noting that the shape
of the dI/dV curve is symmetric and does not show any zero-bias
anomaly. Such a behavior indicates that the interface and the
barrier are free of magnetic impurities (33), which is consistent
with the EDS mapping shown in Fig. 1G.

In the following, we conduct MR measurements of devices.
Fixing a bias voltage, the current is detected while varying an exter-
nal in-plane magnetic field. Figure 3 (A and B) shows typical MR
curves obtained from 1L (Dev. M1) and 2L devices (Dev. D1), re-
spectively. As the magnetic field is swept from 200 to −200 Oe (blue
curve), the magnetizations of the FM electrodes switch from parallel
to antiparallel configuration and lastly back to parallel configuration
(arrows in Fig. 3, A and B), eliciting the observation of a resistance
drop, while for a reversed sweeping direction (red curve), the resis-
tance drop appears at a positive value of magnetic field. The relative

MR ratio is defined asMR = (RH − Rp)/Rp, where RH is the magnetic
field–dependent resistance and Rp is the resistance corresponding to
the parallel configuration of magnetizations. The resistance drops in
Fig. 3 (A and B) result in negative MRs.

Further, we conduct MR measurements under different bias
voltages. As shown in Fig. 3C, for 1L device, we observe a decrease
of |MR| at higher bias voltages with a maximum appears around
zero bias (see details in fig. S6). Such a behavior is possibly due to
excitation of magnons, band bending, and involvement of interface
states at high voltages (34). We observe bias-controlled sign inver-
sion of MR in 2L devices. As shown in Fig. 3D, MR is ~−12.3% at
bias voltage of −0.5 mV, while MR is ~12.1% at 0.5 mV (see details
in fig. S7). Similar trend has been reported in spin valves with hex-
agonal boron nitride (h-BN) as tunnel barriers (35), while detailed
mechanism behind the sign inversion in MR around zero bias still
needs further studies. We also investigate MR as a function of tem-
perature. As shown in fig. S8, |MR| of 1L device exhibits a T3/2 tem-
perature dependence, which can be well understood by the spin
wave excitation model (36).

It is clear that |MR| of 2L device (in Fig. 3, B and D) is one order
of magnitude larger than that of 1L device (in Fig. 3, A and C). To
confirm the observed phenomenon, more devices have been
studied. Figure 3E shows the maximum measurable |MR| of differ-
ent devices as a function of Rp, from which an increasing trend of
|MR| with Rp is observed. As summarized in Fig. 3F, the averaged
|MR| (all measured at the same bias voltage of 1 mV) of 2L devices is
notably larger than those of 1L devices and W/O devices. Such
results indicate that the FM electrode/molecule interface plays an
important role in spin polarization and is very sensitive to the struc-
tures of the molecular crystals. Unfortunately, we are not able to
further study magneto-transport behaviors of devices with more
organic layers, due to the lowered signal-to-noise ratio when the
device resistances are increased for 3L devices. MR curves of addi-
tional 1L and 2L devices can be found in figs. S9 and S10, respec-
tively. Figures S11 and S12 show MR curves obtained from W/O
devices. In addition, we also fabricate a W/O device using the tra-
ditional electron-beam lithography and metal evaporation tech-
nique and measure its MR for comparison, providing the
evidence that nondestructive vdW metal-transfer is beneficial for
spin injection (see fig. S13).

Spin polarization at FM electrode/organic molecule
interfaces
We present a theoretical model to give a quantitative estimation of
spin polarization in our devices. Figure 4A shows the cross-section-
al schematics of the device investigated in the experiment. Two FM
electrodes connect the heterojunction made of C8-BTBT and FLG.
The device can be simplified as a hybrid structure consisting of a
vertical spin transport part with the 2D molecular crystal as
spacer and a lateral spin transport part with FLG as conducting
channel. A modified drift/diffusion model (37, 38) is used to

Fig. 1. Schematic illustration and characterization of the device. (A and B)
Schematics of magnetic metals and C8-BTBT crystals stacked on the substrates
of FLG. Organic molecules pack in different manners to form (A) 1L and (B) 2L
C8-BTBT crystals, respectively. The corresponding spin-dependent DOS schematics
are shown in the right panels of (A) and (B), respectively. (C) Atomic force micros-
copy (AFM) images of typical 1L (left) and 2L (right) C8-BTBT crystals before trans-
ferring FM1 electrodes, respectively. Scale bars, 1 μm. (D) High-resolution AFM
image of 2L C8-BTBT film. Scale bar, 1 nm. (E) Schematics of the spin-valve
device. C8-BTBT crystal is synthesized on FLG. Multilayer electrode FM1 (Au/
Fe20Ni80/MLG) is connected to the C8-BTBT crystal, while electrode FM2 (Au/Co/
MLG) is connected to FLG. The inset illustrates the cross-sectional schematics of
multilayer FM electrodes. (F) Cross-sectional TEM image and (G) corresponding el-
emental mappings for a typical 1L C8-BTBT device, cutting underneath the elec-
trode of FM1, respectively. Scale bar, 4 nm.
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characterize the spin transport, giving that

MR ¼
ΔR
Rp

¼
2r1r2

ð2 � r12 � r22Þcosh L
lsf

� �
þ

Rp
2Rch
þ

2Rchð1� r12Þð1� r22Þ
Rp

h i
sinh L

lsf

� �

ð1Þ

where ΔR is the spin-induced resistance change, r1 and r2 are the
spin polarizations at two terminals of graphene channel (FM1/C8-
BTBT/FLG and FM2/FLG), respectively, L is the channel length, lsf
is the spin diffusion length in FLG, and Rch is the spin resistance of
the channel (Rch= ρlsf/W, where ρ is the resistivity per square of the
channel andW is the width of the channel). More details about the
model have been elaborated in fig. S14 and note S1.

Using Eq. 1, we can estimate the spin polarization at FM elec-
trode/C8-BTBT interface, namely, r1. All the parameters in Eq. 1
are based on the experiment. Rp, L, W, ρ, and r2 are extracted
from the experimental results (see fig. S15 and table S1). Therefore,
r1 only depends on lsf, which cannot be directly obtained in our ex-
periment. Alternatively, we present spin polarization (r1) as a func-
tion of lsf, as shown in Fig. 4B. Different curves correspond to
different devices (data points in Fig. 3E), respectively. The estimated
spin polarization r1 decreases at longer lsf. Previous studies have
shown that lsf of FLG can be as long as 70 to 130 μm (39). In this
range, we can provide an estimation of the spin polarization to be as
large as 43.4% for 2L device (Dev. D1). The averaged spin polariza-
tion of 2L and 1L devices are 42.2 and 5.1%, respectively, according
to our model. Obviously, 2L devices hold much higher spin polar-
ization than 1L devices. It should be pointed out that if lsf of FLG in

our devices is smaller than that reported in the literature, then an
even larger spin polarization can be expected. Therefore, the esti-
mated value of spin polarization here should be considered as a
lower bound. Moreover, it is worth noting that, in addition to en-
hancement in spin polarization, our analysis suggests that lsf of 2L
devices are extended for at least one order of magnitude compared
with those of W/O devices. This is possibly due to encapsulation of
FLG by the synthesized molecular crystal, which is similar to the
results reported in BN-encapsulated graphene devices (40).
Details of analysis can be found in note S1 and figs. S16 and S17.

We further benchmark the performance of our devices with
results reported in the literature. Figure 4C marks the spin polari-
zation and |MR| of spin-valve devices that use 2D inorganic and
conventional organic semiconductors as nonmagnetic spacers or
spin transport channels (see fig. S18 and table S2 for details) (37,
41–51). It is clear that a marked enhancement of device perfor-
mance, not only the measured |MR| but also the estimated spin po-
larization, can be achieved by precisely controlling the thickness of
molecular crystals to increase from 1L to 2L. Our data points of 2L
devices locate approaching the upper right corner of the plot, reach-
ing the best level among the previously reported spin valves based
on 2D inorganic and conventional organic semiconductors that use
similar FM electrodes. Although the spin polarization that we esti-
mated is a lower bound, it is still close to the maximum polarization
of the magnetic metal (dashed line in Fig. 4C) (52). It is worth
noting that we only compare the results of spin valves using
cobalt and permalloy as FM electrodes. Using FM materials with
higher spin polarization as electrodes (10, 53), even higher MR
and interface spin polarization can be achieved. Besides, introduc-
ing nonmagnetic insulating layers (54) or spin-filter tunnel barriers

Fig. 2. Electrical characterization of devices in the absence of magnetic field. (A) Statistic results of room temperature resistance obtained from more than 100
devices with different layers of organic crystals. (B) Averaged resistance as a function of layer number of C8-BTBT molecules for devices in (A). W/O represents
devices without molecular crystals. (C) Temperature-dependent conductance of two typical 1L and 2L devices. The inset details the area within the orange dashed
box, showing the transport behavior of 2L device at low-temperature regime (2 to 100 K). (D) Current-voltage characteristics at low temperature (T = 10 K) of the 1L
and 2L devices shown in (C). (E) Differential conductance (dI/dV ) as a function of bias voltage for the 2L device shown in (D).
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Fig. 3. Magnetoresistance measurements. (A) MR of a typical 1L device (Dev. M1) with −1 mV bias voltage. (B) MR of a typical 2L device (Dev. D1) with −0.5 mV bias
voltage. The blue (red) curves in (A) and (B) correspond to the data obtained through decreasing (increasing) magnetic field. The arrows indicate the magnetization
configurations of the two FM electrodes. (C andD) Bias dependence of MRof (C) 1L device (Dev. M1) and (D) 2L device (Dev. D1). The bias voltage is defined to be positive,
when the voltage applied to FM1 is higher than that of FM2. (E) Max measurable |MR| as a function of Rp, which is the resistance measured when the magnetization
configuration of the two FM electrodes is parallel. Data points are marked with different colors, corresponding to devices with different layers of molecular crystals. (F) Bar
diagram illustrating the averaged |MR| measured at the same bias voltage of 1 mV for devices in (E). All measurements for obtaining (A) to (F) are conducted at a tem-
perature of 10 K. The data in (E) and (F) are listed in table S1.

Fig. 4. Estimating interface spin polarization and benchmarking device performance. (A) Schematics of spin transport in the device. (B) Calculated spin polarization
at different lsf. Each curve corresponds to one device (one data point in Fig. 3E). (C) Benchmarking of |MR| and spin polarization with results reported in the literature. The
dashed lines in (B) and (C) indicate the maximum spin polarization values (PF) of the FM metals. We compare our results with those obtained from devices based on 2D
inorganic and conventional organic semiconductors. “L” and “V”mark data from lateral and vertical spin valves, respectively. Only devices using cobalt and permalloy as
FM electrodes are summarized here. Details of data points are presented in fig. S18 and table S2.
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(41, 55, 56) can further improve the spin injection efficiency. We
believe that with these optimizations, devices with larger MR (10,
55) and higher working temperature (57) can be expected based
on our demonstration of high-quality FM electrode/molecule
interfaces.

DFT calculations of spin-dependent DOS
The distinct difference in spin polarization between 1L and 2L
devices is unlikely from extrinsic factors, such as traps or impurities,
since it is evidenced by multiple devices. Meanwhile, although there
are several interfaces in our OSV devices, the main contribution to
the difference should come from the FM1/C8-BTBT interface, since
other interfaces are built using the same fabrication process, thus
are supposed to be similar. Therefore, to understand the role of
FM1/C8-BTBT interface, we carry out DFT calculations for 1L
and 2L C8-BTBT crystals, respectively.

The well-defined FM1/C8-BTBT interfaces allow us to perform
DFT calculations on spin-dependent DOS (see Materials and
Methods for details). The structures of 1L and 2L C8-BTBT used
in our calculations are determined in previous studies (22, 28), as
illustrated in Fig. 1 (A and B). We neglect IL in the calculation to
lower the size of the model. Figure 5 (A and D) shows the spin
density distributions at Fe-Ni/MLG/C8-BTBT interfaces. For the
case of the 1L structure (see Fig. 5A), spin density almost distributes
on Fe-Ni and MLG layers, indicating that spin-dependent interfa-
cial coupling with the organic layer is weak. However, modifying the
packing configuration of organic layer, polarized spin density in
organic layer is generated obviously (see Fig. 5D). Then, for the
case of the 2L structure, the top spin-polarized organic layer can ef-
fectively transport spins to bottom organic layer because of the
small conductance difference between these two organic layers,
which would minimize the spin flip scattering and prevent the
spin-backflow processes simultaneously. Thus, a stronger spin in-
jection is achieved, leading to a larger MR. Moreover, the spin de-
pendence of interfacial DOS further confirms the key role of
molecular packing. Spin-dependent DOSs of the 2L structure are
much larger than those of the 1L structure (see Fig. 5, B and E).

Meanwhile, the net spin DOS calculations also demonstrate the dis-
tinct difference. As shown in Fig. 5 (C and F), the net spin DOS of
the 2L structure is pronounced while that of the 1L structure has
almost vanished. Such notable difference in calculated spin
density distribution is in qualitative agreement with the different
spin polarizations estimated for 1L and 2L devices. Physically,
spin carriers are more effectively polarized at the interface
between the FM electrode and 2L C8-BTBT, compared with 1L
C8-BTBT. Therefore, it results in a more pronounced spin-valve
effect and larger |MR| to be measured, assuming that other interfac-
es remain the same.

DISCUSSION
As shown in Fig. 5, spin polarization is strongly modulated by mo-
lecular packing motifs. Two possible aspects are involved: (i) One
additional layer is included in 2L crystals, compared with 1L crys-
tals; (ii) in 2L crystals, molecules in the layer adjacent to the FM
electrode stand vertically, while they tilt in 1L crystals. Therefore,
we calculate the spin-dependent DOSs of two hypothetical struc-
tures, that is, monolayer crystal in which molecules stand vertically
(referred to as “vertical monolayer”; see fig. S19A) and bilayer
crystal in which molecules of both layers tilt for the same angle (re-
ferred to as “tilted bilayer”; see fig. S19D). Unexpectedly, compared
with the 2L structure shown in Fig. 5D, much less polarized spin
density distributions are found for both the vertical monolayer
and tilted bilayer structures (see fig. S19, A and D). Accordingly,
the calculated spin-dependent and net spin DOSs based on vertical
monolayer (fig. S19, B and C) and tilted bilayer (fig. S19, E and F)
are also smaller than those of the 2L structure, exhibiting the same
trend. These results suggest that the spin polarization is very sensi-
tive to the packing structure, while it is difficult to attribute the
dominant role to either the additional layer or the tilted molecules’
orientation. It appears that both aspects interplay to result in an en-
hanced polarized spin density distributed in the 2L structure. In ad-
dition, we further calculate spin-dependent DOS distributions of
Co/MLG/C8-BTBT interfaces, as shown in fig. S20. It also

Fig. 5. DFT calculations of spin-dependent DOS. Schematic illustration of Fe-Ni/MLG/C8-BTBT stacks of (A) 1L and (D) 2L structures for DFT calculations, respectively.
Calculated spin-dependent DOS and net spin DOS for (B and C) 1L and (E and F) 2L structures, respectively. The black boxes in (A) and (D) mark the unit cell used in DFT
calculations, which are overlaid by the spin-dependent charge density distributions (yellow and cyan represent spin up and spin down, respectively). The net DOSs in (C)
and (F) are directly calculated from (B) and (E), respectively.
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demonstrates enhanced polarized spin density distributed in the 2L
structure, further confirming the key role of molecular packing on
interface spin polarization. We would like to point out that besides
the packing structure, additional reasons, such as interlayer cou-
pling, may also contribute to the distinct spin polarization differ-
ence, which invites further studies to fully understand the FM
electrode/molecule interfaces.

Our devices are based on vdW organic/inorganic heterostruc-
tures, providing the possibilities to make use of the combined ad-
vantages of different material classes at 2D limit (58). Moreover,
with the boosting diversity of 2D molecular crystals, our devices
can be extended to other 2D organic crystals (59, 60), allowing
the realization of multifunctional spintronic devices. Meanwhile,
unlike previously reported vertical OSVs, the device architecture
demonstrated here is compatible with gating technology, laying
the foundation of gate-controlled organic spintronic devices. On
the basis of the demonstrated high-quality FM electrode/molecule
interface and large interface spin polarization, high-performance
lateral OSVs are expected to unlock the great potential that
organic materials host for spintronic applications.

In conclusion, we demonstrate that it is possible to build OSVs
with high-quality FM electrode/molecule interfaces by combining
highly ordered ultrathin single-crystalline organic crystals and non-
destructive vdW magnetic-electrode integration technology. Our
devices not only demonstrate excellent device performance but
also provide a powerful platform to explore the relationship
between interface spin polarization and molecular packing at 2D
limit, which is technically challenging for conventional OSVs.
Our experimental results and theoretical analysis reveal that themo-
lecular packing structure plays a key role in engineering spin polar-
ization at FM metal/molecule interfaces. Given the feasibility of
synthesizing large-area 2D molecular crystals and processing gra-
phene-assisted vdW magnetic-electrode integration, high-perfor-
mance organic spintronic devices with controllable FM metal/
molecule interfaces are within reach.

MATERIALS AND METHODS
Device fabrication and characterization
First, we exfoliated FLG flakes on the Si wafer with 285-nm SiO2.
Second, the prefabricated cobalt multilayer FM electrode (FM2 in
Fig. 1E) was mechanically released and transferred at one side of
a chosen exfoliated FLG flake using a micrometer-size probe.
Then, we grew the 2D molecular crystal via vdW epitaxy. Last, the
permalloy multilayer FM electrode (FM1 in Fig. 1E) was transferred
to the molecular crystal as the other FM electrode. During transfer-
ring electrodes, the bottom surfaces of the multilayer FM electrodes
were not exposed to any solvents. The corresponding fabrication
process is illustrated in fig. S2.

We used cross-sectional TEM to characterize the FM electrode/
molecule interface. The TEM specimens were prepared using a FEI
Helios 600i dual-beam focused ion beam system. After that, the
specimens were characterized using a high-resolution FEI Talos
F200X with an acceleration voltage of 200 kV equipped with an
energy-dispersive spectroscopy detector.

Multilayer electrode fabrication
First, large-area MLG films grown on copper foils by CVD were
transferred onto 285-nm SiO2/Si substrates using polymethyl

methacrylate as supporting layers. Then, the substrates were
soaked overnight in the acetone, followed with 30 min of annealing
at 350°C under H2 and Ar atmosphere to remove residual polymers
fromMLG’s surface. FMmetal (cobalt or permalloy, 10 nm) and Au
(90 nm) were then deposited sequentially on MLG by electron-
beam evaporation under high vacuum of 5 × 10−8 torr. A metal
shadow mask was settled upon MLG to shape electrodes to sizes
of 200 μm by 20 μm.

2D molecular crystal growth and characterization
To synthesize high-quality 2D molecular crystals, we exploited the
epitaxy of molecular crystals on exfoliated FLG flakes. A home-built
tube furnace was adopted to grow 2D molecular crystals. The C8-
BTBT powder was placed at the center of the heating zone. A sub-
strate with a mechanically exfoliated FLG covered by one FM elec-
trode at one end (FM2 in Fig. 1E) was located downstream. The
growth temperature was set around 110°C, with a pressure of
1 × 10−4 torr. High-resolution and regular AFM measurements
were used to characterize the surface morphology and thickness in-
formation of the C8-BTBT crystals.

Transport measurements
Magneto-transport measurements were performed using a physical
properties measurement system with temperature from 1.5 to 300 K
and a maximummagnetic field of 14 T. The in-plane magnetic field
was applied parallel to the FM electrodes. Keithley 2450 was used to
apply bias voltage V and to measure device current I. To avoid pos-
sible damages to ultrathin molecular crystals during the cooling
process, the cooling rate was controlled at 0.1 K/min.

Details of DFT calculations
All calculations were performed using the Quantum ESPRESSO
program on the basis of DFT. A unit cell consists of two couples
of Fe-Ni atoms and two (four) molecules for the 1L (2L) structure.
Hexagonal carbon rings were inserted between Fe-Ni atoms and C8-
BTBT in simulations to take the influence of the partially damaged
MLG layer into consideration. In all calculations, vdW interactions
were considered at FM metal/MLG/molecule interfaces and inter-
layer of molecules. A vacuum space of 40 Å was applied along the z
direction. The projected augmented wave method was used to de-
scribe the electron-ion interactions. The exchange-correlation in-
teraction was treated by the generalized gradient approximation
in the form of Perdew-Burke-Ernzerhof functional. The cutoff
energy of the plane wave was set to 500 eV. A k-grid of 7 × 5 × 1
was used in electronic structure calculations. The convergence cri-
teria for energy and force were set to 1 × 10−5 eV and 0.01 eV/Å,
respectively.

Supplementary Materials
This PDF file includes:
Note S1
Figs. S1 to S20
Tables S1 and S2
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