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Abstract: Large magnetoresistance (MR) effect of few layers graphene between two non-magnetic metal electrodes with current perpendicular to graphene plane was studied. A non-saturation and anisotropic MR with the value over 60% at 14 T was observed in a two-layer graphene stack at room temperature. The resistance of the device is only tens of ohms, having the advantage of low power consumption for magnetic device applications.
Magnetoresistive structures have promising applications in magnetic random access memory and magnetic sensors. Ferromagnetic granular alloys display an anisotropic magnetoresistance (MR) effect; spin valves based on magnetic multilayers exhibit giant MR; manganite perovskites demonstrate colossal MR resulting from magnetic field induced metal-insulator transition; magnetic tunnel junctions consisting of a thin nonmagnetic insulator sandwiched by two ferromagnetic layers present a tunnelling MR effect; other materials including single-crystal bismuth thin films, silver chalcogenides and indium antimonide have a large MR effect.
Graphene is a single-atom-thick sheet with an hexagonal arrangement of carbon atoms that results in its massless fermion, high carrier mobility, and linear dispersion relation. Investigations on magnetoresistance (MR) of graphene not only provide an effective method to explore the electron transport properties but also open a suitable window for magnetoelectronic applications. Recently, a spin-filter design was proposed consisting of graphene sandwiched between two layers of ferromagnetic material. For this purpose, graphene based spin-valves were fabricated using ferromagnetic (FM) metal or FM metal oxide electrodes. Around 20% MR was predicted theoretically due to the strong interaction between graphene and the Ni layer and 4 % MR was found experimentally at room temperature due to the existence of a tunnel barrier at the interface between graphene and the FM metal oxide layer. Apart from the graphene/FM interface, the electron transport through graphene in the current-perpendicular-to-plane (CPP) configuration is also crucial to graphene MR devices. Here, we report a large MR effect up to 100% at low temperatures and over 60% at room temperature under magnetic field of 14 T of few layers graphene stacks sandwiched by two non-magnetic metal electrodes in the CPP configuration. The MR exhibits a strong anisotropy depending on the angle between the direction of the magnetic field and the graphene plane. Moreover, the resistance of the device is only tens of ohms in the two-probe configuration which can be further reduced for four-probe measurements, having the advantage of low power consumption for magnetic device applications. 

[image: ]
Figure 1. Magnetoresistance of the graphene stack via vertical transport measurements. (a) Schematic of a graphene stack sandwiched by two electrodes. The graphene grown on Cu foil by CVD method was transferred layer-by-layer to form the graphene stack. (b, c) The MR of a two-layer graphene stack, (b) measured at 2 K with different angles between the normal of the graphene plane and the magnetic field, and (c) measured with perpendicular fields at different temperatures. (d) The MR of only a monolayer graphene. Inset: the MR at low field shows the weak antilocalization effect. 

In this study large-area graphene, with a typical dimension of 1×1 cm2 grown on Cu foil, was transferred onto a SiO2 substrate covered with a 200 nm thick Cu film using the wet-etching method. The graphene stacks were obtained by superposing the monolayer graphene with a random orientation using the transfer-printing technique. A sketch of the graphene MR device in this study is shown in Fig. 1(a) where the bias is applied perpendicular to the graphene plane. The bottom Cu film served as one of the electrodes, and the top electrode was fabricated at the centre of the graphene layer by directly gluing a gold wire onto the graphene surface using silver epoxy with a typical contact area ~100×100µm2. The magnetic field (H) dependent resistance (R) as the charge carriers vertically transported through two monolayers of graphene is shown in Fig. 1 (b, c). Remarkably, for the magnetic field perpendicular to the graphene plane (=0o), a large positive magnetoresistance (MR) up to ~100% with no sign of saturation was observed at 14 T as shown in Fig. 1(b). Here, the MR is defined as MR=R(H)/R(0)-1, and the angle  is the angle between the direction of the magnetic field and the normal direction of the graphene plane. Moreover, one can see from Fig. 1(b) that the MR exhibits a strong dependence on θ. At 14 T, the MR gradually decreased from 100% to 2% as the sample plane is rotated from perpendicular (=0o) to parallel (=90o) to the magnetic field. Figure 1(c) shows the MR at different temperatures in the perpendicular magnetic field configuration. One can see that the large positive MR is rather robust and its value is over 60% at 14 T and at 300 K. The weak localization effect at low magnetic field reduces with increasing temperature and disappears above 50 K. The MR for monolayer graphene is shown in Fig. 1(d). For the magnetic field perpendicular to the graphene plane (=0o), only a small MR ~ 0.66% at 14 T was observed. 
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