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Abstract

:

Spintronics, which manipulate spins but not electron charge, are highly valued as energy and thermal dissipationless systems. A variety of materials are challenging the realization of spintronic devices. Among those, graphene, a carbon mono-atomic layer, is very promising for efficient spin manipulation and the creation of a full spectrum of beyond-CMOS spin-based nano-devices. In the present article, the recent advancements in graphene spintronics are reviewed, introducing the observation of spin coherence and the spin Hall effect. Some research has reported the strong spin coherence of graphene. Avoiding undesirable influences from the substrate are crucial. Magnetism and spintronics arising from graphene edges are reviewed based on my previous results. In spite of carbon-based material with only sp2 bonds, the zigzag-type atomic structure of graphene edges theoretically produces spontaneous spin polarization of electrons due to mutual Coulomb interaction of extremely high electron density of states (edge states) localizing at the flat energy band. We fabricate honeycomb-like arrays of low-defect hexagonal nanopores (graphene nanomeshes; GNMs) on graphenes, which produce a large amount of zigzag pore edges, by using a nonlithographic method (nanoporous alumina templates) and critical temperature annealing under high vacuum and hydrogen atmosphere. We observe large-magnitude ferromagnetism, which arises from polarized spins localizing at the hydrogen-terminated zigzag-nanopore edges of the GNMs, even at room temperature. Moreover, spin pumping effects are found for magnetic fields applied in parallel with the few-layer GNM planes. Strong spin coherence and spontaneously polarized edge spins of graphene can be expected to lead to novel spintronics with invisible, flexible, and ultra-light (wearable) features.
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1. Introduction


Spintronics are highly promising as a key technology for next generation [1,2,3,4,5,6,7]. They have the following two prospects: (1) Zero-emission energy and (2) replacement of CMOS technology (i.e., beyond CMOS). From the first prospect, electron spin currents carry and emit no energy and no heat. This strong advantage resolves heat problems in large-scale integration circuits, personal computers, and also any systems loading them. In particular, heat problems become much more significant in highly closed spaces (e.g., on aerospace and air planes). Spintronic devices and circuits must be extremely effective for such systems. From the second viewpoint, it is a desirable subject for human life to realize devices beyond CMOS FETs, which are approaching its integration and operation limits. Although many materials and technologies have challenged this, it has not yet been realized. Spintronic devices based on some kinds of ideas must realize this. For instance, operation utilizing spin flipping leads to extremely high switching devices (e.g., in pico-seconds), which overcomes operation speeds of COMS FETs and LSIs. Spin quantum bits also enable the treatment if large amounts of information by much smaller-scale integration compared to CMOS circuits. Therefore, spintronic devices are desired as future key technology.



Some kinds of structures have been developed for spintronics [1,2,3,4,5,6,7], such as giant magnetoresistance (GMR) [1], tunneling MR (TMR) [2,3], and spin-valve structures. In particular, TMR structure has realized high efficiency of TMR ratio. Even TMR ratio of as high as over 1000% has been obtained by using CoFeB/MgO/CoFeB junction [4]. Spintronic devises have also based on a variety of materials, e.g., ferromagnetic metals (e.g., cobalt (Co), iron (Fe), chromium (Cr), manganese (Mn)) [1,2,3,4] and ferromagnetic semiconductors ((In, Mn), As) etc. [5,6,7]).



On the other hand, graphene, a carbon mono-atomic layer, has recently emerged followed by the discovery of an easy fabrication method, the so-called mechanical exfoliation of graphite. The field rapidly grew, and a Nobel Prize was awarded in 2010 for work related to this fabrication method. Here, strong spin coherence has been highly expected in graphene because of the weak spin-orbit interaction (SOI) and weak hyperfine interaction, which are unique to carbon atoms. Some works, however, reported on the weak spin coherence and the origins arising from substrate, impurities, and so on [8,9], while other works reported on the strong coherence, as predicted by theories [10,11]. Thus, the issue is still under debate. What is certain is that there exist undesirable influences originating from the substrate on the spin coherence, such as ripples, impurities, and defects. Because graphene is a mono-atomic layer directly fabricated on substrates, such factors significantly and certainly suppress the spin coherence. Avoiding these factors (e.g., by utilizing a hexagonal-boron-nitride (h-BN) substrate [12]) enables the fabrication of highly effective spintronic devices with a strong spin coherence.



As a recent exciting topic, phenomena associated with spin Hall Effect (SHE) [13] in graphenes have been recently reported. Realization of (quantum) SHE was theoretically predicted by resolving double degeneration of spin bands (e.g., by introducing spin orbit interaction (SOI)) and controlling two spins with opposite moments existing in different two bands only by applying electric fields [13,14,15,16]. Experimentally, observation of large spin diffusion current examined from a SHE-like method in high-quality graphenes on h-BN [12] and also pure SHE in hydrogenated graphenes with introducing SOI [17] has been recently confirmed. They are opening a door to novel all-carbon spintronics.



Moreover, in any of the spintronic devices mentioned above, rare magnetic elements are indispensable in order to provide polarized spins to the systems. In contrast, from a theoretical viewpoint, it is known that carbon-based spx-orbital systems can lead to the spontaneous emergence of electron spin polarization based on edge-localized electrons [18,19,20,21,22,23,24]. In particular, zigzag-atomic structure at graphene edges has been attracted nontrivial attention [18,19,20,21,22,23,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43]. The following two models predicted it.



One is the graphene nanoribbon (GNR) model, which assumes perfect edge atomic structures without any defects. It allows that the electron spins localizing at zigzag edges [18] to become stabilized toward polarization (i.e., (anti)ferromagnetism) due to the exchange interaction between the two edges. This produces a maximum spin ordering in this orbital, in a GNR that is an one-dimensional strip line of graphene with edges on both longitudinal sides [18,19,20,21,22,23,24], in graphene nanomeshes (GNMs) with hexagonal nanopore arrays (Figure 1) [28,39] and in graphene nanoflakes [29]. This is similar to the case of Hund’s rule for atoms. Moreover, spin configuration depends on kinds and number of foreign atoms (e.g., hydrogen (H) and oxygen (O)), which terminate edge carbon dangling bonds [20,41].



The other model is the so-called Lieb’s theorem. Following it, the presence of low-concentration defects in ensemble of carbon atoms (e.g., graphene flakes) results in the appearance of net magnetism. It predicts the emergence of ferromagnetism by an increase in the difference between the number of removed A and B sites (∆AB) of the graphene bipartite lattice at zigzag edges [39,41]. The magnitude of ferromagnetism increases with increasing values of ∆AB.



Although there are many reports for defect-based magnetism in graphene [44,45,46], very few experimental reports exist for purely zigzag-edge-derived magnetism. My group has successfully reported on observation of the edge polarized spins, ferromagnetism, and spin-based phenomena arising from zigzag pore edges by fabricating low-defect hydrogenated GNMs by a non-lithographic method [42,43]. Utilizing graphene edges spins leads to novel spintronic devices. For instance, the spin-filtering effect predicted that GNRs with antiferromagnetic spin alignment on two edges can only manipulate electron spins with the same moment and that the electron spins can be controlled by applying in-plane electric fields [18].



In the present manuscript, recent experimental advancement of spin-based phenomena in graphenes is reviewed in Section 2.1. Then, my group’s previous experimental results about edge spins are reviewed in Section 2.2.




2. Recent Experimental Advancement of Spin-Based Phenomena in Graphenes


2.1. Advancement of Graphen Spintronics


2.1.1. Spin Coherence in Graphene


A large spin coherence length (>>1 μm) and time (>>1 ms) are expected for graphene, which allow for the realization of novel spintronic devices with a long lifetime and operation at room temperature. From a theoretical viewpoint, the following two causes are at least considered as the origin of the strong spin coherence in graphene: (1) the absence of the SOI due to the small mass of the carbon atom and (2) the weak hyperfine interaction due to the absence of the nuclear spins of the carbon nuclei (only 1% of the nuclei are 13C and have spin). These causes are significantly different from those in other magnetic material systems (e.g., magnetic compound semiconductors and magnetic metals) consisting of heavy-mass atoms.



However, the spin lifetime (e.g., <1 ns) actually observed in some works is far from the predicted value, and the reasons for this observation have been discussed. For instance, ripples in the substrate, vacancies and adatoms may introduce non-uniform and local electric fields, resulting in the appearance of the SOI and the short spin lifetime. Charged impurities in the substrate and remote surface phonons may also weaken the spin coherence. Moreover, magnetic and paramagnetic defects may couple with the conducting spins and suppress the spin coherence. In order to clarify the origins, ref. [8] carried out the following well-known two quantum interference measurements, which are observed when the phase coherence length (lΦ) is comparable to the device dimensions and disentangle the sources of magnetic and nonmagnetic decoherence: (1) universal conductance fluctuations (UCF) in which the dynamic conductance is quantized to a universal value independent of the sample size and geometrical scattering factors. Their statistics (e.g., fluctuation magnitude and dephasing rate) follow the theoretical predictions and are also determined by the magnetic dephasing mechanism; (2) Weak localization (WL) produces a maximum resistance and results in Anderson localization when the device size is much smaller than lΦ. The WL fits to the average low-field magnetoconductance, which is determined only by nonmagnetic dephasing in graphene. The experiment combined UCF and WL measurements to separate and quantify the various sources of dephasing in graphene and revealed that both magnetic and nonmagnetic dephasing mechanisms limit the coherence in graphene below 1 K. The magnetic scattering rate was too large to be explained by remote magnetic moments, instead requiring that the magnetic defects are electronically coupled to graphene. Therefore, magnetic defects are the primary cause of spin relaxation, masking any potential effects of the SOI. Although the origins for magnetic defects in graphene were not clarified, it is quite important that the experiment revealed that magnetic defects are the dominant factor for spin decoherence.



The technique of pulsed electron spin resonance (ESR) spectroscopy is also useful [9,47] because it can avoid the influence of the electrode contacts on spin coherence. ESR spectroscopy can reveal the nature of edge spins and spin dynamics in detail through a broad multifrequency continuous wave. ESR experiments on pristine free-standing GNRs in [9] led to spin relaxation times on the order of microseconds and also discovered that the spin relaxation times are strongly temperature dependent, unlike the weak temperature dependence theoretically predicted. It was concluded that the spin relaxation times are determined by a tunneling level state-type relaxation process, typically observed for disordered materials in which the defect paramagnetic centers are not strongly bound to the main phonon bath, indicating that the phonon contribution is negligible in free-standing GNRs. On the basis of the data, it ruled out the undesirable contributions originating from the charged impurities in a substrate (causing strong impurity Coulomb scattering that limits the spin relaxation rate), as the GNRs are free-standing without being supported by an underlying substrate. This report also proved the above-mentioned causes arising from substrates for the suppression of spin coherence.



In contrast, some works reported on the spin coherence of graphene. For example, ref. [10] reported a spin coherence length as large as 2 μm and a spin coherence time as long as 150 ps at room temperature via non-local spin-valve measurements with Co electrodes on mono-layer graphene with an electron mobility of 2000 cm2/Vs. These results were extracted from the Hanle-type spin precession measurements. The spin polarization of the ferromagnetic contacts was also calculated from the measurements to be around 10%. The report also implied extrinsic impurity scattering as an origin for spin scattering.



Moreover, reference [11] reported on anisotropic spin relaxation in graphene by similar measurements using a non-local spin valve structure. A comparison of the spin signals at B = 0 and B = 2 T showed a 20% decrease in the spin relaxation time for spins perpendicular to the graphene layer (T⊥) compared to spins parallel to the layer (T//). An analysis of the results was carried out in terms of the different strengths of the SO effective fields in the in-plane and out-of-plane directions. For example, if the SOI is of the Rashba or Dresselhaus type, the SO effective fields are exclusively in the graphene plane, and calculations showed that this should result in anisotropic spin relaxation in which T⊥ = (1/2)T//. On the other hand, if the SO effective fields pointing out of the graphene plane dominate, it is expected that T⊥ >> T//. This corresponded to the experimental result. The report also discussed the role of the Elliott-Yafet mechanism, in which spin scattering is induced by electron (momentum) scattering from impurities, boundaries, and phonons, and the Dyakonov-Perel mechanism, which results from the SO terms in the Hamiltonian of the clean material, for spin relaxation. This provided quite useful information for spin scattering for the SOI.



Consequently, spin coherence in graphene is still under debate. However, as I have mentioned above, it is crucial to avoid undesirable influences from the substrate on the spin coherence, which has been successfully realized by utilizing an h-BN substrate, which has very weak interaction with the graphene fabricated on it. In the next section, an example is considered in more detail.




2.1.2. Spin Hall Effect


The SHE is a phenomenon typically observed in a topological insulator [13,14,15,16] in which the electron spins are strongly preserved owing to topological reasons (e.g., the presence of the SOI), and the spin relaxation time is determined only by the uncertainty principle between energy and time. The SOI resolves the double degeneration of the energy bands and the opposite-moment spins (up and down moments) existing in the different two bands run toward opposite directions under applied electric fields, resulting in the appearance of the SHE. Thus, one can produce and control the Hall effect and spin currents without applying magnetic fields.



Two evident works associated with SHE in graphenes have been recently reported as mentioned above. One is the large spin diffusion current observed in SHE-like method in high-quality graphenes fabricated on h-BN substrate [12], while the other is observation of the intrinsic SHE in hydrogenated graphenes with introducing large SOI [17].



The former was observed in high-quality graphenes with electron mobility as high as ~150,000 cm−2/Vs on h-BN substrate. It is well known that there is very weak interaction between h-BN and graphenes, resulting in less influence of substrate to the suppression of spin coherence mentioned above. It revealed true potential of graphenes similarly to the case of suspended graphenes. The experiments were carried out using electron spins with opposite moments, which are located in two different bands that were formed by Zeeman splitting. Making a constant current flow between two probes in four probe patterns (Hall pattern) under magnetic field over Zeeman energy, nonlocal resistance (RNL) between other two probes was observed. Consequently, large peaks of RNL were evidently confirmed, depending on temperature and magnetic fields. They could not be understood by conventional quantum Hall effect and could be rather similar to a SHE. The observed magnitude of the spin diffusion current was mostly 100 times greater than those in previous graphenes fabricated on conventional SiO2 substrate. This strongly supports the relevance of the abovementioned origins for weak spin coherence caused by the interaction with substrate.



The result shows the true strong spin coherence of graphenes and also the high availability for spintronic devices. Quantum phenomena (e.g., fractional quantum Hall effect) in graphenes on h-BN substrate and also high electron motilities have been already reported, while reports of spin-based phenomenon are fewer in number. It reveals the essential natures of graphenes and enables an application to spintronic devices.



The latter observation of SHE was performed by terminating the individual carbon atoms of graphenes by hydrogen atoms. In the experiments, hydrogen silsesquioxane (HSQ) resist was used to precisely control a small amount of covalent H-termination of grahenes. After irradiation of the electron beam on the graphenes covered by HSQ, hydrogen atoms remained on the graphenes. As HSQ dose amount increases, the remaining amount of H-atoms increased linearly. After very weak hydrogenation ~0.02%, they observed a significant increase in RNL (~400%), well above what can be accounted for by ROhmic. With increasing hydrogenation, the measured RNL showed a steep increase, reaching 170 Ω at 0.05% hydrogenation. A strong increase of the RNL was observed even at charge densities >1 × 1012 cm−2. As the ohmic contribution to RNL remained negligible over the entire hydrogenation rate, they argued that the only plausible explanation for the observed RNL increase was the SHE. Moreover, the SHE was confirmed by the non-monotonic oscillatory behavior of the non-local signal in an applied in-plane magnetic field and also by the length, width and adatom density dependence of the non-local signal. From the length dependence of the non-local signal, they extracted a spin relaxation length of ~1 µm, a spin relaxation time of ~90 ps and a SOI strength of ~2.5 meV for samples with 0.05% hydrogenation. The SOI strength is actually significantly higher than ~10 μeV for conventional graphene with sp2 orbitals.



The experiments, results, and analyses are quite interesting. The authors argued that an adatom locally breaks the reflection symmetry across the graphene plane, leading to an out-of-plane distortion by an angle ϕ relative to the plane (e.g., ϕ ≈ 19.5° for a full sp3) and mixing σ and π orbitals that are no longer orthogonal. Hence, the SO interaction becomes a first-order effect leading to a large enhancement of SO coupling for covalently bonded hydrogen impurities in graphene. However, the following questions still remain; (1) Why can carbon and hydrogen atoms with small mass lead to strong SOI? (2) How are the surface carbon atoms of bulk graphene covalently hydrogenated with the best angle for SP3 orbitals? (3) How are the edge states and termination of edge dangling bonds correlated with the strong SOI?



From (1), even with formation of the sp3 hybrid orbitals and out-of-plane distortion, the masses of hydrogen and carbon may be too small compared to heavy masses in conventional SOI cases. From (2), due to distortion and rippling from substrate, it seems to be hard to hydrogenate bulk graphenes with the best angle to form sp3 orbitals. Why such C–H bonds were automatically formed remained in question. In this viewpoint, correlation of the edge dangling bonds is not clear for (3). Because the width of the graphenes used for the experiments are ~1 μm, they are not GNRs. Nevertheless, di-hydrogenation of the edge dangling bonds easily forms sp3 orbitals compared to those in bulk. Thus, it is indispensable to reveal its contribution.



In any cases, these reports of the large spin diffusion currents of graphenes on h-BN substrate and the SHE realized by strong SOI in hydrogenated graphenes suggest high feasibility of graphene spins to novel spintronics. They must open a door to (magnetic-atom-free) carbon spintronics by manipulating electron spins by applying electric fields, after further investigation and development.





2.2. Magnetism and Spintronics on Pore Edge Spins in Graphene Nanomeshes


Many works have reported on magnetism arising from defects in graphene [44,45,46]. In contrast, very few works have experimentally reported on observation of magnetism and spin-based phenomena to truly arise from graphene zigzag edges. This is because edge-related phenomena are easily destroyed by disorder (damage, defects) and contamination introduced during the fabrication process (e.g., by lithographic methods). We have, therefore, developed two non-lithographic fabrication methods for low-defect graphene edges; (1) GNRs derived from unzipping of carbon nanotubes combined with air blow and three-step annealing [32] and (2) GNMs fabricated using nano-porous alumina template (NPAT) [42,43]. In the present section, observation of magnetism and spin-related phenomena are reviewed based on the latter one.



2.2.1. Ferromagnetism Arising from Zigzag-Type Pore Edges


2.2.1.1. Sample Fabrication for GNMs


GNMs, which have honeycomb-like array of hexagonal nanopores (Figure 1b,e), were fabricated on a large ensemble of mechanically exfoliated graphenes (or graphenes CVD-synthesized on SiC substrate) by using NPAT (Figure 1a) [48] as an etching mask (Figure 1c), following our previous nonlithographic method [27,36]. The NPAT is easily fabricated through self-organization by anodic oxidation of pure (99.99%) aluminum films. The graphene was carefully etched by optimized low-power Ar gas (e.g., 200–600 V for 10–40 min) so as to avoid giving damages (Figure 1d) and the naomesh of the NPAT was transferred to graphene. Then, the NPAT was detached from the surface of the fabricated GNM, either mechanically or chemically.



All the GNMs fabricated through these processes (including Figure 2c,f sample) were annealed at 800 °C in high vacuum (10−6 Torr) for 0.5–3 days with continual pumping of gas and, then, in hydrogen gas by the field-emission-type radical CVD system under pressure > 1 MPa at least for 3 h at for all the measurements. The first annealing is for deoxidization of the pore edges with recovering all damages and defects and is the key to forming zigzag pore edges by edge atomic reconstruction, while the second annealing is the key for termination of the carbon atoms at the pore edges by hydrogen atoms.



For observation of the features shown in Figure 2b,e, after the observation of the feature in Figure 2a, the sample was annealed at 800 °C in high vacuum (10−6 Torr) for 3 days with continual pumping of gas for de-hydrogenation of the edges and, then, in oxygen atmosphere for 1 h for oxidization of the pore edges. Magnetization measurements were carried out directly after the annealing.
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Figure 1. (a) SEM top view of a nano-porous alumina template (NPAT), which shows honeycomb-like array of hexagonal nano-pores; (b) AFM image of a graphene nanomesh (GNM) transferred following (c) and (d), which also proves the hexagonal shape of the pores (mean diameter ϕ ~ 80 nm and mean inter-pore distance W ~ 20 nm); (c,d) Schematic cross sectional views of nonlithographic fabrication process of a GNM; (c) NPAT was placed on graphene as an etching mask; (d) The graphene is carefully etched by Ar gas, resulting in formation of a GNM; (e) Schematic view of a GNM with the zigzag-type pore-edge. Interpore regions can correspond to GNRs. Actual interpore regions include a larger number of hexagonal carbon unit cells per inter-pore region with length ~40 nm and W ~ 20 nm. This GNM structure brings at least three large advantages as mentioned in the text. 
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Figure 2. Magnetization of monolayer GNMs with ϕ ~ 80 nm and W ~ 20 nm for termination of different atoms. (a,d) hydrogen-terminated pore edges; (b,e) oxygen-terminated pore edges; and (c,f) bulk graphene without pore arrays. DC magnetization was measured by a superconducting quantum interference device (SQUID; Quantum Design). Magnetic fields were applied perpendicular to GNMs. The vertical axis in panels (a) and (d) denote magnetic moment per localized-edge π orbital, assuming mono-hydrogenation of individual edge carbon atoms as explained in text. 
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This method brings at least the following three significant benefits. (1) It gives fewer defects and contamination to the nanopore edges of GNMs because of the non-lithographic method; (2) The honeycomb-like array of hexagonal nanopores can result in the formation of a large ensemble of GNRs and pore edges with sufficient lengths (e.g., 40 nm in the present case), because one hexagonal nanopore can have six edges and the inter-pore regions can correspond to GNRs (Figure 1e). In the actual GNM, it is speculated that mixture of zigzag and armchair edges exists in one interpore GNR (one pore edge), as reported by previous STM observation [49]. Even so, a large number of GNRs in the present GNMs can yield a large area of assembled zigzag-edge GNRs. This is extremely effective in detecting small magnetic and electric signals arising from the pore edges; (3) When one would align the atomic structure of one pore edge to zigzag, the other five pore edges can automatically have zigzag atomic structure from a topological reason. At the current stage, this is impossible and we unintentionally form zigzag pore edges only via critical-temperature annealing, unlike in [35].



We have no direct evidence for the presence of zigzag-type pore edges. In [42], however, we indirectly proved presence of zigzag atomic structure at the pore edges by observation of the highly suppressed ratios of D/G peak heights (<0.2) in Raman spectroscopy, which were realized by reconstruction of edge atomic structure to zigzag type by the critical-temperature annealing. Indeed, at least two other groups reported similar correlation previously in intentionally fabricated zigzag-edged hexagonal nanopores [35] and also graphene flakes [40]. Conventionally, low D/G peak ratios can be evidence for low defects in samples. In contrast, they can also be evidence for zigzag pore edges when one dimensionality of the edges is taken into account [40].



As mentioned above, we could not intentionally form zigzag-type pore-edge atomic structure (e.g., using the advantage (3) mentioned above). In [30,31], however, it is suggested that the zigzag edge is the most stable chemically and that arm chair-based edges are reconstructed to zigzag after STM Joule heating for long edges of overlapped graphenes [30] and electron beam (EB) irradiation for pore edges [31]. This stability may be simply understood by the difference in the number of carbon atoms bonded to two neighboring carbon atoms (dangling bonds) for the zigzag edge (i.e., one such atom) and arm chair edges (two such atoms) [31]. After removal of such atoms, the arm chair edge requires energy two-times larger than zigzag in order to repair the removed atoms and, thus, becomes unstable. In our system, we carried out high-temperature annealing for narrow (W ~ 20 nm) GNRs (i.e., narrow inter-pore spacing). This should bring the energy similar to that in [30,31] and cause the reconstruction of pore edge atomic structures to zigzag.



Moreover, the observed anomalous periodic-magnetoresistance (MR) oscillation also showed the presence of localized electrons at the pore edges in H-terminated GNMs [42]. This also supports the presence of the H-terminated zigzag-type pore edges [42].




2.2.1.2. Magnetism on Pore Edge Termination by Different Foreign Atoms


The results of magnetization measured for different-foreign-atom terminated monolayer GNM are shown in Figure 2. A ferromagnetic-hysteresis loop with large amplitude is clearly observed only in H-terminated samples in Figure 2a,d, which showed the low D/G peak ratio values (<0.2). In addition to this sample, three other samples with low D/G peak heights in Raman spectroscopy exhibited similar ferromagnetism. In contrast, O-terminated GNMs exhibit a diamagnetism-like weak hysteresis loop (Figure 2b,e). This is consistent with [23], which reported that the formation of a spin-paired C–O chemical bond drastically reduces the local atomic magnetic moment of carbon at the zigzag edge of GNRs and suppresses the emergence of ferromagnetism.



Bulk graphenes without any pores and those assembled with NPATs show mostly no such features, even after H2 annealing (Figure 2c,f), implying no contribution of parasitic factors (e.g., defects, impurities) of bulk graphenes. Moreover, the presence of fewer damages or impurities is reconfirmed in most the of bulk-graphene regions, because mechanically exfoliated bulk graphenes show an extremely low D/G peak heights (<<0.1) and a high 2D peak intensity in the Raman spectroscopy. These results strongly suggest that the observed ferromagnetism is associated with polarized spins localizing at the H-terminated zigzag-pore edges. It is surprising that the ferromagnetism observed at 2 K appears even at room temperature with a larger magnitude of the hysteresis loops (Figure 2d).



The correlation between the inter-pore spacing (corresponding to the width of the GNR, W; Figure 1e) and the magnetization is shown In Figure 3. It is found that the magnitude of hysteresis loop decreases with increasing W. In particular, it is revealed that the residual magnetization is inversely proportional to W value (inset of Figure 3c). This result is qualitatively consistent with the theories for the GNR model, according to which the edge spin stability and ordering of a zigzag-edge GNR are determined by the exchange interaction between the two edges, leading to vanishing of ferromagnetic edge spin ordering with increase of W [19,22]. Such a correlation cannot be understood by the ferromagnetism originating from the defects located only at pore edges or in the bulk graphene between pores. In the former case, ferromagnetism amplitude should be mostly independent of W, because defects are located only at pore edges. In the latter case, ferromagnetism amplitude should increase with an increase of W, because the density of the defects increases. Consequently, we conclude that the observed ferromagnetism is not due to parasitic origins (e.g., defects, impurities) but can be truly attributed to H-terminated zigzag pore edges.
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Figure 3. Correlation of the observed ferromagnetism as a function of the mean inter-pore spacing W at T = 300 K. Mean pore diameter (ϕ ~ 80 nm) was kept through all samples. For Figure 3a–c, difference in magnetic moment between upper and lower curves of hysteresis loop at H = 0 (residual magnetization Br × 2) is ~0.28 μB, ~0.2 μB, ~0.12 μB and the loop width at zero magnetic moment (coercivity Hc × 2) is ~400 gauss, ~260 gauss, ~500 gauss, respectively. Inset of (c); Br at 300 K as a function of W. 
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This is also consistent with MFM observation as shown in Figure 4. It clearly exhibits the presence of high density of polarized spins at the interpore GNR regions and also edge polarized spins at some pore edges. Because non-ferromagnetic samples show no such features, the observed ferromagnetism is attributed to these polarized spins. To date, approximately 50% of the samples, which include samples showing the low D/G peak heights, have shown ferromagnetism.
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Figure 4. Magnetic force microscope (MFM) images of an H-terminated ferromagnetic GNM on SiC substrate. CoPtCr-coated Si probe was used for the measurements with a tapping mode. The interpore regions, which correspond to GNRs and exhibit darker color, imply high density of polarized spins. They directly suggest that the observed ferromagnetism originates from the GNRs. In particular, two arrows evidently imply the presence of edge polarized spins. 
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Disappearance of ferromagnetism in oxygen-terminated GNMs is interpreted as follows. Ref. [6] reported that the formation of a spin-paired C=O chemical bond drastically reduces the local atomic magnetic moment of carbon at the zigzag edge of GNRs and suppresses the emergence of ferromagnetism. The disappearance of ferromagnetism in Figure 2b,e is qualitatively consistent with this theory.



Moreover, in Figure 2b,e, even the diamagnetism of graphene mostly disappeared. One of the reasons for this is attributed to the formation of the nanomesh, because such an array drastically reduces the bulk graphene area available for the presence of loop currents to produce diamagnetism at the currently applied magnetic-field range (i.e., corresponding to only GNRs with W ~ 20 nm between nanopores; Figure 1e). The radius of the cyclotron motion for electrons is given by Rc = (πnS)1/2(h/2π)/eB [42]. By observing the magnetoresistance (i.e., commensurability peak), we calculate nS to be ~(4 × 1011) cm−2 in the present GNMs. Based on this ns value, Rc is calculated to be as large as ~400 nm, even for the currently applied largest magnetic field of 1000 gauss in Figure 2. Indeed, this Rc value is 20 times larger than W ~ 20 nm between the present nanopores, and it prohibits the emergence of loop currents for the formation of diamagnetism.




2.2.1.3. Theoretical Confirmation by Two Models: GNR Model and Lieb’s Theorem


Here, two theoretical calculations quantitatively support our interpretation mentioned above. At first, employing the GNR model, which assumes pure zigzag pore edges (i.e., without any defects) at all regions, enables the estimation of the magnetic moment of edge carbon atoms that contributes to the ferromagnetism observed in Figure 2. Assuming that only edge dangling bonds have localized spin moments, the magnetic moment per edge dangling bond prior to H termination is estimated to be (1.2 × 10−23)/(μB = 9.3 × 10−24) ~1.3 μB, where μB is the Bohr magneton, from the following.



The magnetic moment per edge dangling bond prior to H termination is estimated according to the following steps; (1) The total area of assembled bulk graphenes used for the pore array formation is ~4 cm2; (2) The area of one hexagonal unit cell with a pore is S = 6(3−1/2/2)(a/2)2 ~ 4300 nm2, where a = [80 nm (pore diameter) + 20 nm (interpore spacing)]; (3) Thus, the total number of pores is (4 cm2)/(4300 nm2) ~ 1011 [(1)/(2)]; (4) The total number of dangling bonds per hexagonal pore is (40 nm)/(0.142 nm × 31/2) × 6 = 166 × 6~1000; (5) The total number of edge dangling bonds of the GNM used for the SQUID measurement is 1014 [(3) × (4)].



Therefore, using (5), the saturation magnetization per edge dangling bond is estimated to be 1.2 × 10−6 (emu) × 10−3/1014 = 1.2 × 10−23 (J/T). Thus, the magnetic moment per edge dangling bond is estimated to be (1.2 × 10−23)/(μB = 9.3 × 10−24) ~1.3 μB, where μB is the Bohr magneton. Conventionally, GNRs with no H-termination of dangling bonds should show antiferromagnetism, theoretically. However, in the above estimation, the observed total magnetization was divided by estimated number of edge dangling bonds in the GNM, leading us to neglect this theory.



Next, after H annealing at critical temperature, edge dangling bonds of a GNR are terminated by H atoms [3,5,6,7,9]. The following three types of H terminations are theoretically possible. (1) All edge dangling bonds are each terminated by one H atom on the side of both zigzag edges. It provides a flat band for 2π/3 ≤ k ≤ π in the Brillouin zone. Electrons are well localized at the edges; (2) Each of the edge dangling bonds on one side are terminated by two H atoms (so that the edge carbon atom becomes tetrahedrally coordinated; a bearded edge), while the dangling bonds on the opposite side are terminated by a single H atom. The GNR provides a flat band for 0 ≤ k ≤ π, resulting in a completely localized “on-bonding state” around the Fermi level (EF). This leads to the spin polarization of all carbon atoms; (3) The double H atom termination of the zigzag-edge carbon atoms on both sides of a GNR provides a flat band for 0 ≤ k ≤ 2π/3 and creates a modified zigzag edge.



The type of edge H-termination could not be observed in the present experiment. However, our case should correspond to case (1) from the following reason. The mono-H termination of the edge dangling bond decreases its magnetic moment to one μB. The magnetic moment of one localized-edge π orbital is, therefore, estimated to be as large as (~1.3 μB–1 μB) = ~0.3 μB. This is in fairly good agreement with the theoretical contribution of the π-orbital state to the edge magnetic moment of ~0.3 μB in a zigzag-edged GNR within the ferromagnetically ordered spin configuration [22].



As for the other model, we employ Lieb’s model [39], which predicts the appearance of net magnetization arising from small defects in sublattice of carbon hexagonal cell (i.e., missing A and B sites underlying bipartite lattice). Even a small defect may still remain in actual pore edges. In order to elucidate the influence of such residual small-volume edge disorder on magnetism of GNM, we performed systematic first-principles calculations of magnetic properties of quasi-GNR structures (Figure 5a, corresponding to the inter-pore region) based on Lieb’s theorem [50], which introduces the slight disorder at the upper edge. Interestingly, the ground state of quasi-GNR structure turned out to be ferromagnetic in Figure 5b. The calculated net magnetic moment follows Lieb’s theorem with local moments up to 0.2 μB/edge atom and depends on magnitude of the assumed edge disorder. These values agree fairly well with the value estimated from the GNR model.
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Figure 5. (a) Structure of mono-hydrogen-terminated interpore graphene nanoribbon (GNR) region, which introduces small curvature (defects) with ΔAB = 1 (i.e., the difference between the number of removed A and B sites of the graphene sublattices at zigzag edges) on the upper edge, used for first-principles calculations based on Lieb’s theorem. The dark and white atoms are carbon and hydrogen, respectively; (b) Calculated spin-density distribution of quasi-GNR for (a), which gives the edge magnetic moment of 0.2 μB to the lower edge. 
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Consequently, both models theoretically support that the observed ferromagnetism can originated from mono-hydrogenated zigzag nanopore edges. In order to determine which models are more relevant to the actual structures, observation of the pore edge atomic structures and number of the hydrogen atoms are indispensable. If the GNR model would be relevant, we have to assume presence of no defects at the pore edges. This seems to be realistic, because there are so many carbon atoms on one pore’s edges and also so many nanopores in one GNM, as mentioned above. In contrast, if Lieb’s theorem would be applicable, a small amount of defects should exist at the pore edges. However, following the above calculation, ferromagnetic spin alignment does not appear at the edge including defects in this case. This seems to be in poor agreement with the results of MFM observation mentioned above. Further experiments and comparison with theories are, therefore, indispensable.





2.2.2. Spin-Based Phenomena in MR Measurements of Few-Layer GNMs


We have shown spontaneous spin polarization and ferromagnetism originating from the zigzag pore edges of monolayer GNMs. In contrast, the ferromagnetic GNMs demonstrated no clear electronic and MR features, because lithographical fabrication was used for formation of electrodes on the monolayer GNM. This method introduced contamination and disorder to the pore edges.



On the other hand, we previously confirmed periodic MR oscillations arising from electrons localizing at H-terminated pore edges in weak-ferromagnetic GNMs with ~10 layers, when magnetic fields were applied perpendicular to layers of the GNMs [42]. The observed oscillation period proved that the electron orbit localizing at the pore edges produced the oscillation with a period, which is shorter than those caused by free cyclotron-motion electrons due to applied fields. This result suggested that the contamination and disorder exist only around the most surface or the second-surface layers and the lower layers (e.g., the fifth layer) should mostly have no such influence. Thus, also in the present measurements, we measured MR behaviors of H-terminated GNMs with ~5 layers. Although magnitude of spin polarization at pore edges becomes weaker in the ~5 layer GNMs compared to that of monolayer GNMs, we confirmed that the GNMs actually exhibited evident ferromagnetism in magnetization measurement and proved presence of polarized edge spins [38].



Typical drain current (Isd) vs. drain voltage (Vsd) and Isd vs. back-gate voltage (Vbg) behaviors of a ~5 layer ferromagnetic GNM are shown in Figure 6a and Figure 6b, respectively. Figure 6a exhibits a strong zero-bias anomaly, which can be attributed to either single electron charging effect in narrow interpore GNR regions or high interface resistance between Au electrodes and GNM. Figure 6b shows an n-type semiconducting behavior also due to the narrow inter-pore GNR regions, which can introduce energy ban gaps [32]. Because the band gaps are attributed to confinement of electrons into the one-dimensional space of the inter-pore regions (GNRs) [32], it is not controversial to assume the presence of zigzag pore edges.
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Figure 6. (a) Typical Isd vs. Vsd and (b) Isd vs. Vbg behaviors measured between electrodes 1 and 2 (inset of (a)) in a ferromagnetic GNM with ~5 layers. It exhibits an n-type semiconducting behavior due to the narrow inter-pore GNR regions (Figure 1e). Inset of (a): SEM image of Hall pattern (six probes) formed on a GNM. MR (Rxx) between electrodes 5 and 6 was measured under a constant Isd of 20 nA between electrodes 1 and 2. Inset of (b): FESEM image of a GNM around electrodes, which shows presence of array of nanopores; (c,d) MR (Rxx) behaviors under parallel fields in two different W samples with ~5 layers (i.e., (c) W ~ 30 nm and (d) ~40 n, ϕ ~ 80 nm is common). Vbg was set to + 20 V. Arrows mean sequence of applied B (e.g., from −0.3 T to +0.3 T or from +0.3 T to −0.3 T). 
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MR (Rxx) behaviors of two different-W ferromagnetic GNMs (W ~ 30 nm and ~40 nm) for inset of Figure 6a-pattern under a constant current (Isd) mode of a four probe measurement are shown in Figure 6c,d, when magnetic fields are applied in parallel with the GNM planes (B//). They show saw-tooth like MR oscillations, in which MR monotonically increases with increasing fields, while it abruptly drops at a critical field and starts to increase again following a repeated manner. In Figure 6c for GNM with W ~ 30 nm, at B < −0.05 and 0.15 < B, the oscillation periods are larger than those in the two oscillations around B = 0. The periods for all oscillations are the same for increasing and decreasing B. In contrast, in Figure 6d for GNM with W ~ 40 nm, the oscillation becomes ambiguous. We call this saw-tooth like MR oscillation the spin pumping effect. The effect means a repeated cycle of gradual accumulation (increased number) of polarized spins and its abrupt emission (decreased number) at critical fields. No such anomalous behavior can be reported in any previous MR phenomena (e.g., ferromagnetic MR behavior, giant MR, tunnel MR, and spin valve effect), which is mentioned in the introduction.



In the present case, spin-polarized electrons localize at the pore edges under thermal equilibrium. However, under non thermal equilibrium caused by a constant current flow, the flat bands at the pore edges are modulated. Thus, some of the polarized electron-spins can no longer localize at the pore edges and flow through interpore bulk graphene regions. In our previous ~10-layer GNMs with W ~ 20 nm [42], the spin pumping effect was not observed even under parallel fields, although MR oscillation arising from pore-edge localized electrons was found under perpendicular fields. This implies that enough inter-pore space W with bulk grapheme regions for electron transport is indispensable for the spin flow and detection of the spin pumping effect.



Qualitatively possible interpretation for the present spin pumping effect is explained as follows. When the applied magnetic field is increased, the number of the localized polarized-spins increases at the pore edges. Moreover, other free electrons, which are flowing through bulk graphene regions among the pores, also tend to accumulate and polarize, when they locate close to the flat energy band of the pore edges. However, the accumulation of polarized-spins saturate at the pore edges. Then, the excess spins are abruptly emitted at a critical field, as parallel magnetic fields increase further, because the flat band is modulated in the GNM plane by increasing parallel fields more or less. After the emission of the accumulated excess spins, the flat band partially recovers near to the initial condition and the pore edges can allow the accumulation of further spins. Then, the MR starts to increase again, resulting in a repeated saw-tooth like feature. In Figure 6d for the GNM with W ~ 40 nm, the saw-tooth like oscillation becomes ambiguous, as mentioned above. This is qualitatively consistent with a decrease in ferromagnetism amplitude shown in Figure 3c, that is, reduction of amplitude of polarized spins at the pore edges in monolayer GNMs. This suggests the presence of optimized W values (e.g., 30 nm), which is the most suitable for appearance of spin pumping effect, with respect to the amount of pore edge polarized spins and its flow through array of nanopores.



The large W values induce spin flow through the interpore GNR regions, while it weakens magnitude of the polarized spins at the pore edges. In contrast, the small W values induce the amount of the polarized spins at the pore edges. It also obstructs sufficient spin flow via the interpore regions between electrodes and makes the detection of the spin flow difficult. Further optimization of the structures and clarifying the exact mechanism, therefore, are expected in the near future.






3. Conclusions


Recent advancement of the spin-based research of graphenes and our experiments for the edge-based spin phenomena have been reviewed. The former promises precise manipulation of coherent spins by applying electric fields. Avoiding the negative influence of substrate-based factors is crucial (e.g., by using h-BN substrate). In the latter, we successfully fabricated low-defected mono-layer GNMs by using a non-lithographic method (i.e., using NPATs) and found the spontaneous emergence of large-amplitude ferromagnetism, only when pore edges of the GNMs were H-terminated. Observed correlation between the inter-pore spacing and magnetism supported that it was attributed to electrons localizing at the zigzag pore-edges, which was in quantitative agreement with theories for pure GNR and defected-GNR models (Lieb’s theorem). Moreover, the spin pumping effect was observed for fields applied in parallel with the GNM planes in few-layer GNMs with the optimized inter-pore spacing (~30 nm).



All-carbon spintronics is the key factor to realize magnetic rare-element free spintronic devices, which overcome the present material resource and environmental contamination problems. Strong spin coherence and its polarized edge spins of graphene must open the door to the novel spintronics with invisible, flexible, and ultra-light (wearable) features.
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