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The advent of spintronics, rooted in the discovery of 

giant magnetoresistance and tunneling 

magnetoresistance, has massively impacted on the 

development of magnetic data-recording technologies 

and also non-charge-based energy-dissipationless 

information technologies1-15. However, using magnetic 

rare-metals is facing serious problems for the 

environmental contamination and the limited 

material-resource. In contrast, by fabricating 

ferromagnetic graphene nanopore arrays (FGNPAs) 

16-19, 35-39 with hydrogenated zigzag-type atomic 

structure of nanopore edges, we previously proved 

presence of spontaneously polarized electron spins 

driven by edge states at the pore edges16,17,20-30, bringing 

intrinsic flatland-ferromagnetism in graphenes free 

from magnetic rare-elements. Here, we demonstrate 

observation of tunneling magnetoresistance (TMR) 

behaviors on the junction of FGNPA/SiO2/cobalt 

electrode20-31. We find gradual change in TMR ratios 

across zero-magnetic field. It is also revealed that the 

TMR ratios can be controlled by modulating spin 

current through the hydrogenated FGNPAs arising 

from spin-orbit interaction by applying back-gate 

voltage14,15,40 and by modulating interpore distance. 

Theoretical calculation clarifies that the polarized edge 

spins can tunnel through SiO2 barrier to the cobalt 

electrode and cause the unique TMR behaviors, 

depending on specified spin alignment of the pore 

edges32-34,39,41,42. Moreover, we find that annealing of the 

FGNPA/SiO2 junction drastically improve TMR ratios 

(100 %), resulting in realization of room-temperature 

operation of TMR devices43-45. An edge-spin-based 

all-carbon TMR junction must pave the way not only 

for zero-emission energy but also for rare 

magnetic-atom free spintronics, resolving the 

aforementioned problems.  

Several key components of spintronics have been 

realized in recent years, e.g., giant magnetoresistance 

(GMR), tunneling MR (TMR), and spin valve devices1-5. 

Giant TMR ratios, (RAP-RP)/RP, where AP and P refer to 

antiparallel and parallel orientations of the spin 

configurations of the two electrodes, of 1000% have been 

obtained in CoFeB/MgO/CoFeB junctions5. A wide variety 

of materials have been utilized for spintronic devices, such 

as ferromagnetic metals, e.g., cobalt (Co), iron (Fe), 

chromium (Cr), and manganese (Mn)1-5, as well as 

ferromagnetic semiconductors, e.g., (In, Mn)As6-11. In all 

cases, however, rare magnetic elements are essential to 

provide polarized spins to the systems. 

In contrast, it is theoretically predicted that graphene 

edges with certain atomic structures (the so-called zigzag 

edge; Fig. 1b) are spontaneously spin polarized, exhibiting 

flat band ferromagnetism, caused from high density of spin 

states (i.e., the edge states) as well as a strong spin 

interaction among the localized electrons20-27. Importantly, 

this occurs despite the absence of rare magnetic elements, 

considering just carbon atoms with sp2 orbitals20-22. In the 

case of graphene nanoribbons (GNRs; 

quasi-one-dimensional ribbons of graphene with two edges 

along those longitudinal directions on both sides; Fig. 1) 

20,27, the appearance of the spin polarization (e.g., AP for 

anti-ferromagnetism and P for ferromagnetism) is highly 

sensitive to the spin interaction between the two edges, and 

is determined so as to maximize exchange energy gain 

(similar to Hund’s rule in atoms). In particular, spin ground 

states in GNRs under absent magnetic fields are still under 

debating stages16, 20-23. Theoretical studies have also 

suggested that perforated graphene sheets, with pores that 

induce a sublattice imbalance, are magnetic, with a total 

magnetic moment determined by Lieb's theorem16, 28-30. 

Even for pore shapes that preserve sublattice balance, local 

spin polarization is expected along zigzag edges of the hole, 

with a spin texture closely reminiscent of zigzag GNRs41. 

These properties suggest that novel types of spin-based 

devices may be realized using graphene-based materials, 

without the need of rare magnetic atoms30. Long spin 

diffusion lengths13, and the introduction of the colossal 

spin-orbit interaction by hydrogenation14,15,40 are further 

recent examples of the potential of graphene spintronics.  

In prior works16,17,39, we have experimentally 

confirmed the formation of flat-band ferromagnetism in 

hydrogen(H)-terminated zigzag-edged GNPAs, which 

consist of honeycomb-like arrays of hexagonal nanopores 

on graphene corresponding to a large ensemble of 

H-terminated zigzag-edged GNRs in the interpore regions 

(Fig. 1; supplementary materials (SM))18,19. Observation of 

the significant reduction of the IG/ID peak ratios by the 

critical-temperature annealing (800 C) in Raman 

spectrum and the comparison with previous other 

experiments (e.g., extremely low IG/ID peak ratios in the 

intentionally fabricated zigzag-edge hexagonal pores34 and 

in the zigzag-edged graphene flakes35, atomic 
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reconstruction to zigzag edge by Joule heating36 and 

electron beam irradiation37) implied formation of the 

zigzag-type atomic structure of the pore edges by the 

reconstruction of the edge atomic structure. Moreover, 

observation of the ferromagnetism induced by decreasing 

the interpore distance (i.e., width of the interpore GNR 

regions; Fig. 1)16 and of the high density of the polarized 

spins at the pore edges by magnetic force microscope in the 

ferromagnetic GNPAs (FGNPAs)17 suggested that the 

observed ferromagnetism was attributed to presence of the 

polarized spins existing at the pore edges. Two theoretical 

analysis (GNR theory and Lieb’s theorem) of the observed 

magnetization values (0.3B/edge dangling bond) also 

suggested that the mono-hydrogenated zigzag pore edges 

were the origin for the ferromagnetism16. The edge states 

were also confirmed by observation using ionic liquid 

gate39. 

In the present study, TMR junctions utilizing such 

FGNPAs are realized for the first time. The fabricated 

TMR junction consists of Co/SiO2/FGNPA (Figs. 2a and 

2b), serving as a prototype structure for rare-metal free 

graphene-based TMR. The honeycomb-like array of 

hexagonal nanopores forming the FGNPA is shown in the 

atomic force microscope image (Fig. 1a) and in a 

schematic view (Fig .1b). Fabrication followed our 

previously developed non-lithographic method16,17 (see 

Methods and SM), which realized the low defects and low 

contamination of the pore edges.  

The fabricated TMR structure using this FGNPA as 

one-side electrode with the optical microscope is shown in 

Fig. 2a (top-view), and is schematically described in Fig. 

2b (also see Methods). The TMR behavior is measured 

along the constant current path illustrated in Fig. 2b. The 

TMR ratio is defined as the difference between the 

resistance values (RB) at individual magnetic fields (B) and 

the minimum MR value (Rmin), which is assumed to be the 

best parallel spin alignment between Co electrode and 

FGNPA; i.e., TMR ratio = (RB - Rmin)/Rmin. A 

magnetization measurement of the overlayered structure of 

the SiO2/FGNPA is shown in Fig. 2d. It implies the 

persistence of the ferromagnetic signal even after 

evaporation of the SiO2 film on the pore edges, although 

the magnitude is reduced somewhat compared with that 

without SiO2 film.  

Figure 3 gives the result of a typical TMR 

measurement of the Co/SiO2/FGNPA junction (shown in 

Figs. 2a and 2b) under in-plane parallel magnetic field (B) 

at (a) 1.5K and (b) 300K. We identify the minimum 

resistance (Rmin) as the situation in which the external B 

induces best matching between the spin polarizations of the 

magnetic materials (i.e., parallel spin alignment between 

Cobalt and FGNPA) and take this as RP in subsequent 

calculations of TMR ratios, as mentioned in the figure 

caption. The observed TMR behaviors in Fig. 3a are 

significantly different from those of any other conventional 

TMR junctions. They exhibit the following unique 

B-dependent characteristics. (1) TMR ratio is tuned by the 

B and can reach a signal about 20%. (2)The minimum of 

TMR ratio appears as B approaches to zero in –B region. 

(3) The TMR ratios increases gradually crossing B = 0. (4) 

The peak of TMR ratio emerges in +B region. A similar 

behavior is observed for polarity changes in B, i.e., when 

sweeping from +B to -B, (the black line in Fig. 3). As 

illustrated in the curves around zero-TMR ratio, the 

Co/SiO2/bulk graphene junction (i.e., without the 

nanopores) shows drastically different behavior, with 

showing no clear TMR signatures. This suggests that the 

TMR-like behavior observed in the Co/SiO2/FGNPA 

junction is unique to the present TMR structure, and is 

driven by spin tunneling properties between the Co 

electrode and the FGNPA. Present reproducibility of the 

TMR behaviors is over 80 %, because six of seven samples 

showed similar behaviors to date. 

TMR properties observed at room temperature are 

shown in Fig. 3b. Maximum TMR ratios significantly 

decreases from 20% to 5% and the behaviors become 

ambiguous compared with those at low temperatures, 

because ferromagnetism arising from the pore edges is 

suppressed in the SiO2/FGNPA at room temperature in 

contradiction to the large ferromagnetism remained in 

FGNPAs without SiO2
16. It should be noticed that, 

nevertheless, TMR behaviors are still observable. 

The observed unique TMR behavior can be qualitatively 

understood by considering the spin alignment between two 

opposing pore edges of the FGNPA (i.e., two edges of the 

interpore GNR region in Fig. 1b) and the Co electrode. It 

also clarifies spin ground states of the H-terminated 

zigzag-type GNRs under no B. We support these 

interpretations by atomistic simulations (see Methods and 

SM). First, we calculate the density of states (DOS) of a 

GNPA reminiscent of the fabricated structure (Fig. 4a). 

The calculated DOS (Fig. 4b) is compared to that obtained 

for an infinitely long zigzag GNR corresponding to the 

structure highlighted in the zoom in Fig. 4a, evidencing a 

close resemblance of the electronic structures of the two 

systems. Ignoring the tunnel barrier, the TMR device is 

thus conveniently visualized as a junction between a spin 

injector and an array of uncoupled zigzag GNRs, the spin 

polarizations of which depend on the B. Based on this 

result, we simulate the spin transport properties of the 

device via a zigzag GNR-based junction, in which the spin 

polarization is differentiated between left (Co spin injector) 

and right (FGNPA) parts (Fig. 4d). We focus on the sweep 

from -B to +B (red curve in Fig. 3).  

As indicated in Figs. 4c and 4d, we identify three distinct 

regions in the TMR response, corresponding to the 

situations where the magnetization of the FGNPA (i.e., 

spin alignment of two edges of the interpore GNRs) is 

ferromagnetic (F↑↑; the two black arrows at the subscript 

mean the spin moment of two edges of the interpore GNR) 

with spins parallel to the spin injector (Co) (F↑↑↑; the red 

subscript arrow is the spin moment of injector), 

anti-ferromagnetic (AF; F↑↓↑), and ferromagnetic with spins 

anti-parallel to the spin injector (F↓↓↑). At -B, the spins of 

the injector and the FGNPA are largely parallel (F↑↑↑), 

resulting in maximum conductance through the junction 

(Fig. 4c), and thus the minimum of the TMR ratio in Fig. 3. 

As the B approaches zero, the GNR array (i.e., ensemble of 

the two edges of the interpore GNRs) gradually transitions 

to an AF configuration (F↑↓), where half of the conductance 

channels are suppressed, resulting in the half value of 

conductance (Fig. 4c) and gradual increase in the TMR 
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ratio (F↑↓↑). As the B is increased further to +B, the spin 

polarization of the GNR array changes to the (F↓↓) 

configuration, suppressing all edge conductance channels, 

resulting in the conductance minimum (Fig. 4c) and 

subsequent the peak of TMR ratio observed around B = 0.5 

T (F↓↓↑). At higher B, the spins of the Co injector start to 

align with the magnetic field, gradually quenching the 

TMR ratio, while non-zero TMR ratios in higher B regions 

suggest instability of the pore edge spins of the FGNPAs.  

Note that the exact values obtained in the simulations are 

specific to the zigzag geometries used in the calculation, 

and thus cannot be quantitatively compared with 

experiments. However, the trends observed in Fig. 4c 

confirm the scenario proposed for the observed TMR 

behaviour. It implies that the edge polarized spins of the 

interpore GNR regions can tunnel through SiO2 barrier 

forming the spin alignment with the spins of Co and also 

that the spin ground states of the H-terminated 

zigzag-GNRs are AF under no B. This result is consistent 

with our previous experimental results, which exhibited 

ferromagnetism only when B is applied16,17. It is important 

to note that the main mechanism revealed by our 

simulations does not depend on how the electrons are 

really injected from the cobalt electrode to the GNPA, but 

how efficiently spin-polarized electrons injected on the 

GNPA are further transmitted depending on the magnetic 

ordering of the local moments along the zigzag edges.  

Here, we also demonstrate that the TMR characteristics 

can be controlled by changing a back gate voltage (Vbg: 

Fig.2b) (Figs. 5a and 5b), as well as to the interpore 

spacing (W ; i.e., width of interpore GNRs in Fig. 1) (Figs. 

5c and 5d). The TMR ratio exhibits a maximum value of 

20% at Vbg = +30V (Figs. 3, 5a, and 5b), while it is 

reduced with decreasing Vbg toward –Vbg region (Figs. 5a 

and 5b). This is consistent with the presence of evident 

spin-based phenomena observed only at Vbg = +30 V for 

previous in-plane measurements of MR behaviors of 

FGNPAs16. One qualitative interpretation for these Vbg 

dependence is influence of the spin-orbit interaction (SOI) 

introduced into the FGNPA by the H-terminated pore 

edges, because the Au electrode was placed at the side 

position of the Co/SiO2/FGNPA junction and the in-plane 

spin current path exists through the FGNPA to the Au 

electrode (Fig. 2b). Conventionally, graphene has no SOI 

because of the small mass. In contrast, introduction of the 

colossal SOI (e.g., spin relaxation time of 90 ps and a SO 

strength of 2.5meV in 0.01%-hydrogenated graphene), 

which originates from the formation of sp3 bond by 

hydrogenation and the broken symmetry along z-axis 

(out-of plain) direction (i.e., Rashba-type SO scattering), 

and the spin-Hall Effect (SHE) were recently reported in 

graphenes precisely hydrogenated by utilizing a hydrogen 

Silsesquioxane (HSQ) resist14. We have also reconfirmed it 

with strong interaction with spin phase interference 

phenomena38. Also in the present FGNPA, 

hydrogenated-interpore GNR regions and H-terminated 

pore edges40 should introduce similar sp3 bonds and induce 

the SOI. 

Following ref. 14, we carried out HSQ resist treatment in 

the GNPAs and measured magnetization (SM8)42. Result 

of the linear relationship for the saturation magnetization 

value vs. the hydrogen volume is confirmed in Fig. 5e 

(dotted line). We could attain magnetization values in the 

HSQ-GNPAs with 0.06%-hydrogenation at least a 

few-ten-times greater than those in the present non-HSQ 

FGNPAs, which was H-terminated only at 

high-temperature annealing under H2 atmosphere. These 

results imply that the edge dangling bonds have been 

certainly H-terminated, leading to the enhancement of the 

ferromagnetism and the introduction of SOI. The 

magnetization value in Fig. 5e suggests that the volume of 

the hydrogenation in the present non-HSQ FGNPAs 

corresponds to 0.005%. In ref.14, magnitude of the SHE 

became mostly a half value in the samples from 0.01% to 

0.005% H-volumes. It suggests that magnitude of the spin 

current also becomes a half value and, hence, spin 

relaxation length ls of 2 m, a spin relaxation time of 

200 ps and a SO strength of 1.25 meV can be estimated 

in the present non-HSQ FGNPAs under in-plane magnetic 

field, when the influence of spin scattering by the pore 

edges and the enhancement of SOI by H-termination40 are 

not considered. Here, length of the in-plane spin current 

path through the FGNPA to the Au electrode (i.e., the 

lateral space between Co and Au electrodes in Fig .2b) is 

1 m. Because this value is smaller than the 

aforementioned ls of 2 m, spin current arising from SOI 

in the 0.005%-H area by applied Vbg can directly contribute 

to the TMR behavior by the spin alignment as explained 

above.   

When Vbg is applied as perpendicular (out-of plane) 

electric fields, spin current appears via. the SOI. If the spin 

moment of the spin current (SOI↓) which is parallel to 

those in the FGNPAs dominates (e.g., SOI↓+F↓↓↑), it leads 

to the increase in the TMR ratio peak (i.e., those in +Vbg 

region). In contrast, when –Vbg is applied, the 

opposite-moment spin dominates resulting in the 

anti-parallel spin alignment (SOI↑+F↓↓↑) and, hence, it 

reduces the TMR ratio peak.          

  For larger interpore spacing of W~ 40 nm, the TMR 

value further decreases significantly (Figs. 5c and 5d). For 

such a large spacing, the spin polarization of opposing pore 

edges (i.e., two edges of interpore GNRs) becomes 

unstable due to suppressed spin interaction, quenching the 

TMR properties. TMR ratios also decrease when using 

FGNPAs with smaller W (Figs. 5c and 5d), because W  20 

nm is too narrow to form spin currents along the in-plane 

current path through the FGNPA to Au electrode (Fig. 2b). 

Although ferromagnetism is stronger for smaller W16, 

induced scattering by the nanopore array heavily obstructs 

spin flow to the Au electrode, reducing the TMR ratio. This 

is again consistent with previously observed spin-based 

phenomena in FGNPAs with W 30 nm16. Therefore, the 

optimum W value exists for the TMR ratios.  

  We have reported unique TMR behaviors in the 

Co/SiO2/FGNPA junctions, nevertheless the maximum 

TMR ratio is as low as 20% (Fig. 3a). One of the reasons 

is the poor interaction at the SiO2/FGNPA interface, 

particularly at the pore edges, which destructs transport of 

the spin-alignment current and reduces TMR ratios. In 

contract, as shown in Fig. 6a, we find that annealing of the 

SiO2/FGNPA structure at 500 C right after the deposition 

of SiO2 tunneling layer drastically (i.e., > 5 times) 
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improves the TMR ratios shown in Fig. 3, which was the 

result of the junction without annealing. At room 

temperature, the maximum TMR ratio increases even by 

10 times (Fig. 6b) compared to that in Fig .3b.  

It is known that electronic transport in graphene is 

highly sensitive to interaction of graphene with the SiO2 

substrate43-45. The interaction significantly reduces electron 

mobility in some cases, whereas charge transfer occurs in 

other cases. The origin depends on termination of SiO2 

surface such as Si-, O-, and H-terminations, as follows43. In 

the case of Si-terminated surface, interaction between 

graphene and SiO2 is very weak resulting in no carrier 

doping and Fermi level lies at the Dirac point. In contrast, 

O-termination induces the interaction, leading to a binding 

energy of C-O bond increasing to 0.78 eV per C atom and 

a small gap of 0.13 eV at the Dirac point and hole doping 

(p-type semiconducting behavior). If one of the two 

dangling bonds at each surface Si atom is terminated by H 

atom, the interaction at graphene/SiO2 interface is also 

induced by enhancement of binding energy of 0.18 eV per 

C atom, leading to electron doping. In our SiO2/FGNPA 

junction, SiO2 tunnel barrier was deposited on 

H-terminated FGNPA. However, similar interaction can be 

qualitatively assumed, determining the interaction between 

the partially H-terminated pore edges of FGNPA and SiO2 

layer. It also determines strength of the tunnel current and 

TMR ratios. Our FGNAs show n-type behavior before 

SiO2 deposition16 and the behavior is enhanced after SiO2 

deposition and the annealing. This means that our case 

corresponds to the H-terminated SiO2 surface as mentioned 

above. This suggests that H atoms terminating the pore 

edge dangling bonds were partially used for termination of 

one of the two dangling bonds at Si atom of SiO2 layer by 

the annealing, leading to enhancement of the electron 

transfer from SiO2 layer to graphene with Fermi-level 

alignment and to an increase in the tunnel current with spin 

alignment. Therefore, the TMR ratios are significantly 

improved, even at room temperature (Fig. 6b).         

This promises that introducing a lattice-matched tunnel 

barrier layer (or using thin films of MgO or Al2O3) instead 

of SiO2 and also improvement of magnitude of the 

ferromagnetism in the SiO2/FGNPA junction (e.g., 

utilizing HSQ resist treatment as mentioned above) can 

increase TMR ratios further toward 1000 % order and 

make evident room-temperature operation possible. 

Moreover, replacing the Co electrode by another FGNPA 

must significantly improve the performance of the TMR 

behaviors at room temperature.  

 
 
Methods 
Fabrication of the FGNPA TMR device (see also 

SM)16,17. We have used mechanically exfoliated graphene, 

which was carefully etched using a nanoporous alumina 

template as a mask. The structure was subsequently 

annealed under high vacuum and hydrogen atmosphere at 

critical temperatures (800 ℃). Atomic reconstruction of the 

pore edges during the annealing process resulted in 

mono-hydrogenated zigzag pore edges with very little 

disorder. After formation of the FGNPA, Au/Ti four-probe 

electrodes were fabricated, followed by evaporation of a 

10nm thin SiO2 tunnel barrier on the entire FGNPA. A Co 

electrode was then evaporated on top of the SiO2/FGNPA 

structure, resulting in the formation of the 

(Co/SiO2/FGNPA) TMR structure. 

 

Theoretical simulations. The simulations are based on a 

nearest-neighbor tight-binding model of graphene, 

including a single -orbital for each carbon atom. The 

density of states (DOS) is calculated using the kernel 

polynomial method33, via an expansion in Chebyshev 

polynomials, approximating the trace operation via an 

initial random phase state, and employing the Jackson 

kernel. Calculations for the FGNPA DOS are performed on 

a supercell containing roughly 16 million carbon atoms. 

For the spin-dependent transport simulations we employ a 

tight-binding model containing an exchange interaction 

term that allows for different magnetic configurations at 

the zigzag edges (see Supplementary Material). 

Conductance traces are calculated via the 

Landauer-Büttiker formalism, using a standard decimation 

technique to treat the semi-infinite ZZ GNR leads. 
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Figure 1  Characterization of the ferromagnetic graphene nanopore array (FGNPA; see SM). a, AFM image 

of the FGNPA, which consists of a honeycomb-like array of hexagonal nanopores. The typical interpore distance is 30 nm, while the 

pore diameter is 80 nm. b, Schematic top view of a GNPA with zigzag-type atomic structure at the pore edges Interpore regions 

correspond to zigzag-type GNRs (e.g. with width of 30 nm), which are one-dimensional strip lines of graphenes. Because the 

FGNPA corresponds to a large ensemble of the zigzag GNRs, it is effective to detect small magnetic and electric signals arising from 

the pore edge spins. In actual samples, larger number of carbon unit cells exists in one interpore-GNR region. 

Figure 2  Structure of the FGNPA-based TMR junction.  a, Optical microscope image of a top view of the electrode pattern of 

the TMR junction. MR between the top Co electrode and the Au electrode located at the nearest right side was measured under constant 

current mode of 1 nA. b, Schematic cross section of the TMR junction consisting of Co/SiO2/FGNPA electrode. The white line illustrates the 

constant current path. In order to flow into or from Au electrode, spin current must flow through the FGNPA along the lateral current path. 

Thickness of the SiO2 tunnel barrier of 10 nm was confirmed by ellipsometry. Magnetic fields were applied in parallel with the FGNPA 

plane. A back gate voltage (Vbg) was applied from the back side of the Si substrate via surface SiO2 film of Si substrate. c, Ferromagnetism 

observed in mono-hydrogenated GNPA without the SiO2 tunnel barrier layer. The unit area includes the pore area. Accurate estimation of 

magnetization per pore edge dangling bond was shown in ref. 16. d, Ferromagnetism observed in mono-hydrogenated GNPA with the SiO2 

tunnel barrier, which results in the TMR junction shown in b. Measurements were performed using a DC superconducting quantum 

interference device of Quantum Design. Note that ferromagnetism, while reduced, remains observable in d. 
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Figure 3  TMR behaviors of the Co/SiO2/FGNPA junction without annealing at (a) 1.5K and (b) 300K. Magnetic 

field sweeps were performed from B = -1 to +1 T (red line) and B = +1 to -1 T (black line). Those shown around mostly constant TMR 

ratio of zero in (a) are TMR values for the Co/SiO2/bulk junction. Notation F↑↑↑ means spin configuration of the two edges of an interpore 

GNR region (left two black arrows) in the FGNPAs and the Co (right red arrow). Gradual changes in TMR ratios for the Co/SiO2/FGNPA 

junction are observed around B = 0 with the TMR minimum and peak. The TMR minimum corresponds to a ferromagnetic regime with 

the two edges of an interpore GNR region parallel to the spins of the Co electrode (F↑↑↑) (see Figs. 4c and 4d). Gradual TMR changes 

across B = 0 corresponds to a half-parallel spin alignment regime arising from the anti-ferromagnetic spin configuration of two edges of 

an interpore GNR (F↑↓↑), while the TMR peak is the ferromagnetic regime, where the FGNPA spins are anti-parallel to the Co spins 

(F↓↓↑) 

Figure 4  Calculation results for graphene nanopore electronic structure and spin-dependent tunnel conductance 

through polarized junctions. a, Schematic of a GNPA, used for calculation, with an interpore distance of W 10 nm and a pore 

diameter of  80 nm. Zoom shows the simulated atomic structure, highlighting the correspondence with the interpore zigzag GNRs (red 

dashed line). b, Density of states calculated for the GNPA and the related zigzag GNR. c, Conductance between zigzag GNR junctions with 

different edge spin polarization states and cobalt electrode (F↑↑↑, F↑↓↑, F↓↓↑, see text and Fig. 3). Note the distinct differences in the MR 

signal in the energy regime where edge states dominate the electronic properties of the GNR. d, Spin textures of the corresponding junctions. 

Yellow and blue parts correspond to the interpore GNR region in a FGNPA and Co electrode, respectively, in the experimental structure. 

Edge spins in the FGNPA region correspond to those at two edges of an interpore GNR region. Edges spins of cobalt electrode was described 

to show spin alignment to those in an interpore GNR, although cobalt electrode has actually no specified edge spins. 
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e T = 2K 
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c 

Figure 5  Back-gate-voltage (Vbg) and interpore-spacing (W) dependence of the TMR behavior. a, Measurements of 

the sample shown in Fig. 3 for Vbg from +30V to -30 V are shown by red curves, while a black line shows that for –B to +B regions for 

reference. Notation (SOI↓+F↓↓↑) means spin configuration of the moment of spin current caused by the Vbg-applied SOI in the FGNPAs 

(SOI↓) and the aforementioned spin alignment of the pore edges and Co (F↓↓↑). b, Vbg dependence of peak values of the TMR ratios shown 

in Fig. 5a. –Vbg and +Vbg regions correspond to SOI↓ and SOI↑, respectively. c, Measurements of a sample similar to that in Fig. 3a but 

with different W. Exhibited B regions are the same as Fig. 5a. d, W dependence of peak values of the TMR ratios shown in Fig. 5c. e, 

Hydrogenation of GNPAs by HSQ resist treatment. The relationship for the saturation magnetization value vs. hydrogen 

volume. The dotted line is only guide to eyes. Hydrogen volume was estimated from the IG/ID peak ratios in Raman spectrum in our bulk 

graphenes with the HSQ resist treatment (SM8)14, 42. Magnetization values were measured by SQUID (Quantum design) in GNPAs with 

HSQ resist treatment. The present FGNPAs used for the TMR experiments were hydrogenated only under H2 atmosphere, leading to the 

hydrogen volume as small as 0.005% and to the weak SOI. 
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Figure 6  TMR behaviors of the Co/SiO2/FGNPA junction improved by annealing at (a) 1.5K and (b) 300K. The 

annealing at 500 C was carried out right after deposing of SiO2 layer on FGNPA. Improved interaction between SiO2 layer and FGNPA 

yields the maximum TMR ratios mostly 5-times and 10-times larger than those in Fig.3 at T = 1.5K and 300K, respectively. 
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