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Abstract


Current-perpendicular-to-plane (CPP) magnetoresistance (MR) effects are often exploited in various state-of-the-art magnetic field sensing and data storage technologies. Most of the CPP-MR devices are artificial layered structures of ferromagnets and non-magnets, and in these devices, MR manifests, due to spin-dependent carrier transmission through the constituent layers. In this work, we explore another class of artificial layered structure in which multilayer graphene (MLG) is grown on a metallic substrate by chemical vapor deposition (CVD). We show that depending on the nature of the graphene-metal interaction, these devices can also exhibit large CPP-MR. Magnetoresistance ratios (>100%) are at least two orders of magnitude higher than “transferred” graphene and graphitic samples reported in the literature, for a comparable temperature and magnetic field range. This effect is unrelated to spin injection and transport and is not adequately described by any of the MR mechanisms known to date. The simple fabrication process, large magnitude of the MR and its persistence at room temperature make this system an attractive candidate for magnetic field sensing and data storage applications and, also, underscore the need for further fundamental investigations on graphene-metal interactions.
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1. Introduction


Magnetoresistance (MR), the change in electrical resistance of a solid-state system as a function of an external magnetic field, is a key effect in condensed matter physics, both for fundamental understanding of charge transport phenomena, as well as immense commercial implications [1,2]. Transition metals and their alloys often show anisotropic MR that originates from spin-dependent scattering, due to spin-orbit interactions [3]. Metals and semiconductors exhibit ordinary classical MR [1] and, also, more exotic MR originating from quantum effects, such as weak localization and anti-localization [4]. Spin-dependent scattering in ferromagnet/non-magnet multilayered structures is the key physics behind the operation of giant magnetoresistive (GMR) devices and spin valves, which are ubiquitous in state-of-the-art read heads and magnetic random access memories [2]. Other notable MR effects include, but are not limited to, inhomogeneity-induced MR (semiconductors) [5], organic MR (polymers and small-molecular organics) [6], colossal MR (perovskite compounds) [7] and hopping MR (disordered solids) [8].



MR in graphitic systems (single to a few layers of graphene and bulk graphite) has drawn significant attention in recent years. Both current-in-plane (CIP) and current-perpendicular-to-plane (CPP) geometries have been studied with various orientations of the external magnetic field [9,10,11,12,13,14,15,16,17,18,19,20,21]. For highly-oriented pyrolytic graphite (HOPG), a positive MR is generally observed at low fields, with the magnetic field normal to the graphitic plane (parallel to the c-axis) [11]. MR in graphitic samples has been shown to deviate from Kohler’s law [11]. Magnetic field-driven metal-insulator transition has been observed in the in-plane and out-of-plane resistivities of graphite, with the field parallel to the c-axis [11,12]. An explanation of the metal-insulator transition has been offered in [13,14]. This explanation is based on magnetic field-induced breaking of the chiral symmetry and gap-opening in the spectrum of the Coulomb interacting quasiparticles at the corners of the Brillouin zone. This effect is interpreted as the enhancement of the fermion dynamical mass through electron-hole pairing, i.e., a transition to an excitonic insulating state [15]. Such metal-insulator transitions are absent when the magnetic field is parallel to the plane [15]. Multilayer graphene (MLG) samples, on the other hand, generally exhibit a negative MR at low magnetic fields, due to the weak localization effect [16,17,18,19,20]. As consistent with this picture, a negative MR has been found to decrease with increasing temperature, due to the reduction of phase coherence time [16,17,18,19,20]. In some cases, a positive MR has been reported in MLG samples at higher fields, which can have diverse physical origins, such as an excitonic gap in the Landau level [16], weak anti-localization [17,18] and classical and quantum linear MR [20,21].



Very recently, graphene has been integrated with ferromagnetic electrodes to realize novel hybrid magnetoresistance devices that work on the principle of spin-polarized carrier injection, transport and detection. For example, [22] reported graphene-based magnetic tunnel junctions in which single-layer graphene is sandwiched between two ferromagnetic electrodes (NiFe and Co). The graphene layer was synthesized using a CVD process on a Cu substrate and was physically transferred between the ferromagnetic contacts to produce the magnetic tunnel junction. Tunneling MR of ~0.4% has been reported in these devices at room temperature. In [23], graphene tunnel barriers have been used to inject spin-polarized carriers within silicon from ferromagnetic contacts. Thus, the graphene monolayer can be used to circumvent the “conductivity mismatch” problem that prohibits efficient spin injection from metal ferromagnets to semiconductors [24]. Apart from these applications, a graphene-coated nickel surface has been shown to perform as an oxidation-resistant spin polarizer, which can be integrated with spin valves or magnetic tunnel junctions to achieve superior MR ratios [25]. An extraordinary MR (EMR) has also been reported in metal-shunted CVD-grown graphene devices [26]. An EMR of ~600% has been observed at ~12 T and liquid Helium temperature.



In most of the studies cited above, graphene samples have been prepared by either mechanical exfoliation [16,18,19] or chemical vapor deposition (CVD) [20,21,22,23,25]. In the latter case, graphene is generally grown on a catalytic surface (commonly Ni [25] or Cu [20,22]). Next, the catalytic surface is removed by an appropriate chemical etchant, and graphene is transferred on some suitable electrode. However, several studies have indicated that the graphene-metal catalyst interface has rich underlying physics and can give rise to novel effects, such as “perfect spin filtering” [27,28] and “giant Rashba splitting” [29]. Exploration of the effects that rely on the graphene-metal catalyst interaction clearly requires the presence of the catalyst, and the above-mentioned etching step must be avoided.



Depending on the nature of the interaction, graphene-metal interfaces can be broadly classified into two categories: the physisorption interface and the chemisorption interface [30,31,32,33]. Metals, such as Al, Cu, Ag, Au and Pt, typically form a “physisorption interface” with graphene [30,31,32,33]. Such an interface is characterized by weak bonding and charge transfer between the metal and graphene, which results in doping and a shift in the Fermi level from the Dirac point. For physisorption interfaces, the electronic structure of graphene remains essentially unperturbed, and hence, such contacts are ideal for probing the (magneto-) transport properties of pristine graphene [32,34,35]. “Chemisorption interface”, on the other hand, is characterized by a strong chemical bond between graphene and metal (Co, Ni), with a concomitant modification of the electronic structure of pristine graphene, including elimination of the Dirac point, band gap opening and creation of metal-graphene hybrid localized states in the gap [30,31,32,33]. For graphene epitaxially grown on (111) Ni [36,37,38,39,40], chemisorption occurs, due to hybridization of Ni 3d and C 2pz orbitals, which are elongated normal to the plane and have a significant overlap, due to small interfacial distance (~2.07 Å [31]) between the Ni surface and graphene. In spite of the detrimental effect on the graphene electronic structure, chemisorption interfaces are crucial elements for graphene-based spintronics. For example, energy-level alignment at the (111) Ni-graphene interface promotes transmission of only minority spins, resulting in perfect spin filtering [27,28]. Further, chemisorption interfaces enhance spin-orbit effects at the interface, and magnetization can be induced to the carbon atoms [41]. Such effects can have a pronounced impact on the MR of graphene-metal chemisorption interfaces. To our knowledge, however, very few (if any) studies exist that address the MR properties of graphene-metal composite systems.



In this work, we report CPP-MR effects in multilayer graphene (MLG), CVD-grown on Ni and Cu substrates. As mentioned before, a chemisorption interface is formed in the former case, whereas a physisorption interface is formed in the latter case. In the CPP geometry, the charge carriers directly interact with the graphene-metal interface. We find a novel giant negative CPP-MR for MLG grown on Ni. Similar effects are absent for MLGs that are grown on Cu. Combined with the control experiments, graphene-substrate chemical interaction appears to play a key role behind the observed giant, negative MR effect.



This article is organized as follows. In the next section, we describe the experimental details, followed by presentation of the results and the discussion in Section 3. We conclude in Section 4 by highlighting the key findings of this investigation.




2. Experimental Section


Device fabrication consists of the following steps. A schematic description of these steps is shown in Figure 1a.





 





Figure 1. (a) Schematic description of the fabrication process and (b) the device schematic showing multilayer graphene (MLG)/metal catalyst heterojunction and the measurement configuration. The inset of Figure 1(a) shows the typical XRD (X-ray diffraction) spectrum of the Ni substrate. The metal catalyst in Figure 1(b) is either Ni or Cu. The MLG is grown on the bottom metal catalyst (Ni/Cu) by chemical vapor deposition (CVD). Current-perpendicular-to-plane (CPP) resistance (Rzz) is measured between the top Ag contact and the bottom metal catalyst substrate. In our experiment, the external magnetic field (B) is either parallel to the current (I), i.e., θ = 0, or perpendicular to the current, i.e., θ = π/2. 
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2.1. Growth of Multilayer Graphene (MLG) on Ni and Cu Substrates Using CVD


Multilayer graphene (MLG) has been grown on polycrystalline (predominantly (111), as shown in the XRD data in Figure 1a) Ni substrates (25 µm thick, annealed, 99.5% metal basis, purchased from Alfa Aesar) in a commercial Tystar chamber using a standard CVD method. Various groups have used similar polycrystalline Ni substrates in the past for graphene growth [36,37,38,42]. The in-plane lattice constant in the (111) Ni plane (0.232 nm) matches closely with that of graphite (0.246 nm), allowing continuous growth of graphene layers over the entire Ni surface during the CVD process. The CVD process flow consists of the following steps: (a) Ni foil (~2 cm × 2cm) in size load; (b) furnace purge, (c) temperature ramp to 1000 °C and hydrogen anneal for one hour; (d) graphene growth at 1000 °C for 10 min; (e) natural cooling; and, finally, (f) unloading of the sample. We have used 0.3% CH4, 9.7% H2 and 90% Ar during the growth of graphene. A higher concentration of carbon-containing species within the chamber leads to bulk graphite growth on the Ni surface [42].



MLG on copper foil has been acquired from ACS (Advanced Chemical Supplier) materials. The growth process of graphene on copper foil has been discussed in detail in the literature [43].




2.2. Oxygen Plasma Etching of MLG and Device Patterning


During the CVD process, MLG growth takes place on both sides of the substrate catalyst. To prepare the MLG-covered catalytic substrate for CPP measurement, we need to remove MLG from one of the planar surfaces. For this purpose, a protective polymethyl methacrylate (PMMA) layer is coated on the top surface of the MLG, and the sample is subjected to oxygen plasma etching (Figure 1a). This process removes MLG from all other surfaces, and the MLG under the PMMA layer is preserved. Next, the PMMA layer is removed using acetone, and electrical contacts are made on top of the MLG surface and the bottom of the catalytic substrate (Figure 1a,b).



We have also prepared and tested several control samples in which the CVD-grown MLGs have been transferred on a separate substrate (described below). This is achieved by chemically etching the metal catalyst. Before this chemical etching step, the above-mentioned oxygen plasma etching needs to be performed, so that the etchant can come in contact with the metal catalyst and initiate the etching process.




2.3. Transfer of MLG on SiO2/Si


The transfer of MLG has been performed as follows (see Figure 1a). The Ni (Cu) substrate is etched away using ferric chloride (ammonium persulfate) etchant. In the case of Ni, the etchant needs to be heated up slightly (~60 °C) to expedite the etching process. Upon completion of the etching step, graphene/PMMA composite film floats up in the etchant solution. Graphene/PMMA film is collected and thoroughly cleaned in deionized water. Next, the cleaned graphene/PMMA film is transferred on a SiO2 (300 nm)/Si wafer. After overnight drying, the sample is heated on a hot plate, so that the graphene layer adheres strongly to the SiO2 surface and allows reliable electrical measurements. Finally, the top PMMA layer is dissolved in acetone, which leaves only the graphene layer on the SiO2 surface. We estimated the number of graphene layers to be ~300 from step height measurements.



Figure 2 shows the Raman spectra from representative regions of the MLG before and after transferring on SiO2/Si. Similar techniques have been used to transfer graphene on patterned electrodes. In such transferred samples, no formation of a “chemisorption interface” between graphene and the substrate is expected, and these devices, therefore, serve as control samples.





 





Figure 2. Raman spectroscopy of epitaxially-grown MLG. (a) CVD-grown MLG on polycrystalline nickel; and (b) CVD-grown MLG on copper. Data from before and after transferring the MLG on SiO2/Si are presented. The excitation wavelength is 532 nm. In (a), the 2D peak is symmetric before the transfer and can be fitted with a single Lorentzian (top inset). The 2D peak becomes asymmetric (bottom inset, Figure 2(a)) after the transfer, which is due to the high temperature etching process. In (b), the 2D peak is symmetric, even after the transfer, and can be fitted with a single Lorentzian (inset). A background signal from the Cu substrate is present before the transfer. 
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3. Results and Discussion


Figure 1b shows the device schematic and the measurement geometry. The substrate (Ni or Cu) is used as a catalyst for graphene growth in the CVD process. In order to incorporate the effect of the graphene-metal interface in the CPP-MR measurements, we used the catalytic substrate itself as the bottom electrode. As discussed above, significant interfacial chemical bonding is expected in the case of MLG on Ni samples, but no such effect is expected for MLG on Cu. Another contact is fabricated at the center of the top MLG surface using silver epoxy with a contact area of ~1 × 1 mm2. CPP resistance (Rzz) is measured between these two contacts by a conventional two-wire DC method at a constant current bias of 1 mA. The contact resistance of the device is ~1% of the total device resistance, and the contacts showed no significant magnetoresistance, except the anisotropic magnetoresistance (AMR, ~1%) of Ni (data not shown). As shown in Figure 1b, the device current (I) is always perpendicular to the MLG plane. In this study, we have considered two orientations of the magnetic field, (B): (i) B || I (i.e., θ = 0) and (ii) B   I (i.e., θ = π/2).



Figure 2 presents the typical Raman spectroscopic characterization of CVD-grown MLGs, before and after transfer on SiO2/Si. The Raman features presented here are representative of the entire MLG surface. The absence of the D peak (1360 cm−1) indicates very low defect density in these samples. The most distinct peaks are the G peak (~1580 cm−1) and the 2D peak (~2700 cm−1). The prominent G peak indicates the presence of a graphitic hexagonal lattice structure over the entire surface. In Figure 2a, the position of the 2D peak is upshifted, and its full width at half-maximum (FWHM) is wider (~50 cm−1) than that of single-layer graphene (~35 cm−1) [38]. The relative intensity of the 2D peak to that of the G peak is <1 over the entire surface. These features indicate the formation of multilayer graphene (MLG) [38,44,45], which has been independently confirmed by removing the metal catalyst and transferring the graphene onto the SiO2/Si substrate.



However, despite the presence of multiple graphene layers, the 2D line shape is symmetric and can be fitted by a single Lorentzian for both MLG on Ni and MLG on Cu specimens. We have never observed the multi-peaked and “shouldered” 2D band in these samples, which is the hallmark of HOPG and HOPG-derived multilayer graphene [44,45]. For HOPG and HOPG-derived MLGs, the electronic dispersion is split, due to strong interlayer coupling, which results in a multi-peaked and “shouldered” 2D band [44,46,47]. Absence of such features in the 2D band of Figure 2 is direct experimental evidence that in our samples, interlayer coupling is significantly weaker compared to HOPG [44,46]. The CVD-grown samples, therefore, resemble “turbostratic” graphite [44,48,49]. We note that weak interlayer coupling and the resulting symmetry of the 2D peak is a common feature of CVD-grown MLGs and has been reported by many groups in the past [38,44,48,49].



The symmetric 2D peak of MLG-on-Cu samples remains unchanged, even after transferring the MLG on SiO2/Si, but slight asymmetry has been observed for the MLG transferred from Ni (Figure 2). This difference originates from the differences in the transfer process used for these two samples. In the case of MLG on Ni, the Ni substrate has been etched away by prolonged etching in hot FeCl3 solution. Such high temperature etching was not necessary for MLG on Cu samples. It is well known that heat treatment makes the 2D peak asymmetric, due to thermal stress [50]. Our data is consistent with this observation.



Figure 3a–d present the angle-dependent MR response of MLG on Ni devices in the temperature range 10–200 K. We have tested several devices and observed that the MR response is strongly dependent on the direction of the external magnetic field. In   geometry (i.e., “field-in-plane” or θ = π/2), a weak, positive MR is observed (insets of Figure 3a–d), which gradually disappears as the temperature increases. This positive MR has been observed before and is the result of the bending of carrier trajectories, due to classical Lorentz force [20]. Surprisingly, in B || I geometry (i.e., “field normal to the plane” or θ = 0), a sharp decrease in resistance (a factor of three) at around 3 kG is observed as the magnetic field is increased. Such a large change in resistance cannot be explained by semiclassical models, since the Lorentz force on charge carriers is zero in B || I geometry. Both scan directions up to ±1 Tesla are presented to demonstrate the reproducibility of the data and the absence of any hysteresis. We note from the MR data of several nominally identical samples that the observed effect is almost independent of temperature, which sometimes even persists at room temperature. The room temperature MR data from another sample is shown in Figure 3e. The change in resistance is large, around 3 kG, which has been observed in several nominally identical samples (~20) at a similar temperature range. A maximum of a two orders of magnitude change in negative MR has been observed in some of the samples. No hysteretic MR has been observed in any of the samples.





 





Figure 3. CPP resistance (Rzz) of MLG on Ni devices in the temperature range 10–200 K. (a–d) Large negative MR, which is almost independent of temperature, is observed in B || I geometry. For each temperature, MR for both field orientations (B || I and B   I) is shown. The left inset in (d) shows the temperature dependence of CPP resistance at zero and high magnetic fields; (e) room temperature large, negative MR data observed in another MLG on Ni sample; (f) Rzz vs. B for Ni-grown MLG after transferring on the Cu substrate. No negative MR is observed. (Inset) Optical microscopic image of MLG transferred on the Cu substrate. A constant current bias of 1 mA is applied for all resistance measurements. Each resistance value is an average of 50 readings. Both scan directions are presented, and no MR hysteresis is observed. 
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The large, negative MR described above cannot be explained by invoking the weak localization effect, which usually gives rise to weak, negative MR (CPP geometry) in graphene [20]. The weak localization effect decreases with increasing temperature, due to a decrease in phase coherence time [20]. On the contrary, the large, negative MR observed in our samples is almost independent of temperature and even persists at room temperature. Further, the angle dependence of the MR in our case is qualitatively different from that expected in the case of weak localization [20].



Another mechanism that can give rise to large, negative CPP MR is interlayer tunneling between the zero mode Landau levels of the constituent graphene layers [51,52,53,54]. This mechanism requires interlayer coupling between the graphene layers to be weak, so that each layer can be viewed as a two-dimensional massless Dirac electron system. In the presence of an external magnetic field, CPP charge transport occurs between the zero mode Landau levels of each layer. The external magnetic field increases the degeneracy of the Landau levels, which results in a large tunneling current and, hence, suppression of device resistance and a negative MR. As discussed before, the Raman data of MLG on Ni samples indeed exhibit a symmetric 2D peak, which suggests weak interlayer coupling in this system. However, this model does not directly take into account graphene-substrate interactions and predicts that CPP resistance (Rzz) is inversely proportional to the magnetic field [51,52,53]. In the present case, we observe a much more sharp decay in resistance at ~3 kG, which does not agree with this prediction. Clearly, further theoretical and experimental research is needed to fully understand the observed negative MR effect.



The so-called “Bright model” [55] discussed negative MR in disordered carbon, which is characterized by a two-dimensional band structure and density of states. Negative MR originates because of magnetic field-induced changes in the density of states, which lead to increased carrier concentration with the field and a concomitant suppression of device resistance. We note that an essentially similar physical picture has been presented in [51] and subsequent work by other groups [52,53]. Another common feature between [55] and [51] is the assumption of the collision-broadened Landau levels. However, there are two features in [55] that are not present in [51]: (1) the presence of shallow acceptor levels, due to defects, and (2) the presence of extra density-of-states at the zero mode Landau level, due to partial three-dimensional ordering of the constituent graphene layers. We note that Bright’s model predicts significantly smaller negative MR, approximately 2% at low temperatures. This effect slowly varies as a function of the magnetic field. In our case, we observe a sharp change in device resistance at a magnetic field of ~3 kG. Further, the MR effects observed in our specimens are significantly stronger (>100%) than that predicted by Bright’s model. Thus, Bright’s model cannot be applied directly to explain our experimental data. We note that Bright’s model does not include the effect of hybridization between the substrate and the interfacial graphene layer. Based on our experimental data (discussed below), we believe that this is a critical component behind the observed effect and must be included in the theoretical model.



We observe from Figure 3d (inset) that the temperature (T)-dependence of CPP resistance, Rzz, shows an insulating behavior (dRzz/dT < 0) for both the zero field and high field (~1 Tesla). This data clearly rules out magnetic field-induced metal-insulator transition as the possible cause behind the observed MR. Previous studies on highly-oriented pyrolytic graphite (HOPG) or HOPG-derived MLG samples modeled CPP charge transport as a combination of in-plane transport in the constituent layers and phonon- or impurity-assisted interlayer charge transfer [56,57]. If the in-plane transport is dominant (which typically occurs at higher temperatures), then dRzz/dT > 0, whereas dRzz/dT < 0 if the in-plane movement of the charge carriers is negligible. We always observed insulating behaviour (dRzz/dT < 0), and hence, in-plane transport can be considered negligible in our devices. Further, if the in-plane transport dominates, a linear positive MR is observed, as reported in [20,21]. We never observe this effect in MLG on Ni samples, which further confirms that the in-plane motion of the charge carriers is indeed negligible in our devices.



To investigate the role of defects, edge states and grain boundaries [58] in the CPP transport, we have thoroughly studied the MLG using Raman spectroscopy. Typical grain sizes in our samples are as follows: (a) MLG on Ni (showing large, negative MR and no shoulder in the 2D Raman band), 25–50 microns; and (b) MLG-on-Cu, 43–50 microns. As expected, no change in grain size has been observed after transferring these samples on SiO2/Si. Representative Raman spectra taken at the grain boundaries are shown in the supplementary section. No defect (D) peak has been observed (at ~1360 cm−1), even in the grain boundary regions of MLG-on-Ni samples. As mentioned earlier, regions within the grains also exhibit no D peak in the Raman spectrum. Thus, the presence of defects can be ruled out in our MLG on Ni samples.



Absence of the D peak at the grain boundaries of MLG on Ni may seem surprising, since graphene, CVD-grown on Cu, is known to exhibit a significant D peak at the grain boundaries [59]. This is consistent with our MLG on Cu samples, which also showed a D peak at the grain boundaries (see the supplementary section). In the case of MLG-on-Ni, fcc and hcp domains are possible, depending on the adsorption geometry of the carbon atoms on the Ni surface [60]. According to this work, the grain boundaries are often “delaminated” from the Ni substrate, and MLG bulges away from the Ni substrate. These features allow the matching of fcc and hcp domains by a continuous sheet of graphene, without the formation of defects. In our MLG-on-Ni samples, we have observed similar bulging features, as shown in the supplementary section. This is presumably the reason for the absence of the D peak in the grain boundaries of our MLG on Ni samples.



In our samples, the contact area is larger than the grain sizes mentioned above. Thus, in principle, CPP conduction can happen via the conductive edge states of these grain boundaries [58]. However, we believe that this process cannot be used to explain the negative MR behavior reported above. This is because similar CPP transport via grain boundaries should also occur in our control devices (transferred MLG, MLG on Cu), since both actual samples and control samples have a similar grain size and contact area. A large, negative MR effect has only been observed for MLG on Ni samples and not on the control specimens. Thus, transport through grain boundaries is not responsible for the observed MR features.



CPP MR effects have been studied in graphitic systems (HOPG, kish graphite, etc.) by many groups in the past [11,61], where transport through edge states and boundaries takes place. None of these studies reported the large, negative MR effect exhibited by the MLG on Ni devices. Thus, the charge transport process and the negative MR in the MLG on Ni samples must occur via a different mechanism.



To confirm the role of the MLG/Ni interaction, we have removed the Ni substrate in hot FeCl3 solution and have transferred the MLG on a Cu electrode. No chemical interaction between MLG and the copper electrode is expected in this sample. As shown in Figure 3f, no negative MR has been observed. Instead, we find a weak, positive MR, which has been reported before for graphitic and MLG specimens [11,20,61].



To explore the MR response of the MLG that forms a physisorption interface with a metal surface, we have studied MLG samples that are CVD-grown on Cu substrates. No transfer step has been performed on these samples, but oxygen plasma etching has been performed to define the device area (see Figure 1a). Figure 4a shows the typical MR response of such MLG on Cu samples. A negative MR (MR = [RZZ (B) – RZZ (0)]/RZZ (0)) of ~0.8% is observed between ± 0.6 T in the temperature range 10–50 K. This negative MR gradually decreases with temperature and completely disappears above 120 K (Figure 4a). A similar MR response has been reported before in MLGs prepared by a layer-by-layer transfer technique on a Cu substrate, and such an MR has been attributed to a weak localization (WL) effect [20]. According to this theory, disappearance of negative MR at higher temperatures is due to a decrease in the phase coherence time of the charge carriers at higher temperatures. At field values higher than ± 0.6 T, a positive MR is observed. A similar positive MR has also been reported earlier in graphene-based systems and can originate from two sources: (a) the bending of the carrier trajectories towards the graphene plane, which leads to the quadratic magnetic field dependence of resistance [20] and (b) classical and quantum linear magnetoresistance [20,21]. The linear current-voltage (I-V) characteristics of MLG on Cu in Figure 4b indicate the bias independence of the observed MR.





 





Figure 4. MR response of epitaxially-grown MLG on Cu Samples. (a) The device resistance, Rzz (Ω), is measured in CPP geometry, and a negative MR is observed in the vicinity of the zero field. Measurements have been performed at a constant current bias of 1 mA. The negative MR gradually decreases with temperature and disappears above 50 K. The external magnetic field is parallel to the applied bias, (B || I). CPP resistance, Rzz, attains a minimum at ~0.6 T, and at higher magnetic field (>0.6 T), a positive MR is observed. Both scan directions of the magnetic field are presented in the plot; (b) Linear current-voltage (I-V) characteristics indicate the bias independence of the observed negative MR. 
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The WL effect decreases with the number of layers in the MLG stack [20], and this is the most likely reason for non-observation of the WL effect in Figure 3f, even though this is a “transferred” sample. Similarity between the MR responses of our MLG-on-Cu samples and the transferred MLG samples on Cu as reported in reference [20], clearly indicates that MLG/Cu interface does not play a crucial role in the observed MR. This is expected, since Cu forms a physisorption interface with MLG.




4. Conclusions


Thus, in conclusion, we have shown that MLG that are CVD-grown on Ni substrates exhibit a large, negative MR effect. Such effects have not been observed before in transferred graphene or graphitic samples. The observed negative MR disappears when the Ni-grown MLG is transferred on a separate electrode. This indicates that the Ni substrate, which forms a chemisorption interface with graphene, plays a crucial role in the observed effect. We have not observed a similar large MR effect in Cu-grown MLGs, in which case, the substrate forms a physisorption interface with MLG. The origin of large, negative MR in MLG on Ni devices is not completely understood at present. However, the large value of MR and its persistence at room temperature make this system a promising candidate for studying graphene-metal interactions and future technological applications in magnetic sensing and data storage.








Appendix


I. Raman Spectroscopic Characterization of Grain Boundaries of CVD-grown Multilayer Graphene (MLG)


Raman spectra have been acquired at room temperature using a Nicolet Almega XR Micro and Macro Raman Analysis System. Excitation laser wavelength has been set to 532 nm (2.33 eV) and the maximum power of 24 mW has been used for the spectroscopy study.



Raman spectra taken from various regions on grain boundaries of MLG-on-Ni are shown in Figure A1(a). No defect (D) peak has been observed (at ~1360 cm−1) in the grain boundary regions of MLG-on-Ni samples. As mentioned in the main text, regions within the grains also exhibit no D peak in the Raman spectrum. Thus, presence of defects can be ruled out in MLG-on-Ni samples. On the contrary, MLG-on-Cu is known to exhibit significant D peak at the grain boundaries [59]. This is consistent with our MLG-on-Cu samples (Figure A1(b), below), which also show D peak at the grain boundaries.





 





Figure A1. (a) Raman spectra have been taken from various regions on grain boundaries of MLG-on-Ni samples. No defect (D) peak has been observed anywhere; (b) Raman spectra from the grain boundaries of MLG-on-Cu. Clear D peak is present at 1360 cm−1. 
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As mentioned in the main text, in case of MLG-on-Ni, fcc and hcp domains of the graphene are possible, depending on the adsorption geometry of the carbon atoms on Ni (111) surface [60]. According to this work, the grain boundaries are often “delaminated” from the Ni substrate and bulge away from the Ni substrate. These features allow matching of fcc and hcp domains by a continuous sheet of graphene, without formation of defects. In our MLG-on-Ni samples we have observed similar bulging features as shown below in Figure A2. This is presumably the reason for not observing D peak in the grain boundaries of our MLG-on-Ni samples.




II. AFM Image of Multilayer Graphene on Ni Foil


We used AFM (Asylum Research, MFP-3D) under ambient conditions with a standard tetrahedral silicon tip (Olympus, OMCLAC160TS-W2) located at the end of a silicon cantilever to get surface roughness profile of CVD-grown MLG-on-Ni (Figure A2). Under AC mode, the typical values of force constant, resonant frequency and scan rate were 42 N/m, 300 kHz and 1 Hz respectively. The radius of curvature of the tip is <10 nm.





 





Figure A2. Atomic Force Microscopic image of CVD-grown MLG-on-Ni 
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