Ultrathin CoPt Alloy Films with fcc (111) Orientation and Perpendicular Magnetic Anisotropy Fabricated by Electrodeposition
Daiki Araki 1, Yoshiaki Sonobe 2, Yukiko K. Takahashi 3, and Takayuki Homma 1, 2, * 
1Department of Nano science and engineering, Waseda University, Shinjuku, Tokyo, 169-8555, Japan
2Research Organization for Nano and Life Innovation, Waseda University, Shinjuku, Tokyo, 162-0041, Japan
3National Institute for Materials Science, Tsukuba, Ibaraki, 305-0047, Japan
*Corresponding author. E-mail: t.homma@waseda.jp; Tel.: +81-3-5286-3209; Fax: +81-3-3205-2074 


ABSTRACT
[bookmark: _Hlk193418178][bookmark: _Hlk193069645]In this study, ultrathin CoPt alloy films oriented along face-centered cubic (fcc) (111) with perpendicular magnetic anisotropy (PMA) are fabricated by electrodeposition at room temperature and normal pressure without annealing. By increasing the concentration of Pt ions in the electrolytes, initial nucleation of CoPt becomes fine, forming epitaxial CoPt alloy films oriented along fcc (111) to the film planes with very smooth surfaces (Arithmetic average roughness Ra~0.43 nm). The deposited CoPt films show the lower saturation magnetization (MS~620 emu･cm-3) compared to conventional CoPt films with hexagonal close-packed (hcp) structures. The CoPt film with a thickness of 5 nm exhibits large PMA (anisotropy constant Ku~4.3 Merg･cm-3), coercivity (HC~2.4 kOe), and nucleation field (Hn~2.0 kOe). The fabricated CoPt films contribute to the development of magnetic tunnel junctions with enhanced tunnel magnetoresistance effects and a next-generation magnetic memory with ultrahigh recording density.
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1. Introduction
[bookmark: _Hlk193214523]Recently, CoPt alloys have attracted attention as materials for magnetic random-access memories (MRAMs) [1] and vertical domain wall motion memory (V-DWMM) [2]. MRAMs consist of magnetic tunnel junctions (MTJs), where an oxide barrier layer sandwiched between ferromagnetic layers [1, 3]. If the ferromagnetic layers have perpendicular magnetic anisotropy (PMA), MARMs achieve high thermal stability, low critical current for magnetization switching and reduced error rate [1]. Additionally, when the ferromagnetic layers are CoPt alloys oriented along face-centered cubic (fcc) (111) to the film planes, the tunnel magnetoresistance (TMR) ratio in the MTJs exceeds 2000%, based on the first-principle calculations [1]. The TMR ratio of the (111)-oriented MTJs is more than 3 times greater than the maximum value 631% measured in (001)-oriented CoFe/MgO/CoFe MTJs [3]. Therefore, CoPt layers with PMA and fcc (111) orientation are required for future MRAMs. V-DWMM, which consists of multiple magnetic layers with PMA and low magnetic anisotropy, is a promising magnetic memory device with an ultrahigh recording density [2]. CoPt alloys are suitable for V-DWMM because their magnetic anisotropy can be tuned by varying the alloy composition [4]. To decrease the spin-polarized current density and power consumption of the V-DWMM, the saturation magnetization (MS) of the CoPt layers must be reduced [5]. Since MS decreases as the Pt composition in CoPt alloy film increases [4], CoPt layers with large Pt compositions and PMA are necessary for V-DWMM. Moreover, the thickness of the film should be a few nanometers to achieve an ultrahigh recording density, and the surface smooth for effective stacking of the CoPt layers. Thus, ultrathin Pt-rich CoPt alloy layers with PMA, fcc (111) orientation and smooth surfaces are required to develop future magnetic devices.
[bookmark: _Hlk193417775][bookmark: _Hlk193221448][bookmark: _Hlk193418065]Electrodeposition is a low-cost deposition process and has high scalability, as it allows the size of substrates can be expanded into wafers or even larger sizes [6–8]. Additionally, ferromagnetic materials with high-aspect-ratio structures which are essential for V-DWMM can be grown perpendicularly to substrates by only electrodeposition with porous membranes [9–13]. In contrast, forming ferromagnetic materials into high-aspect-ratio structures vertically by reactive ion etching, which is commonly used in semiconductor manufacturing, is challenging due to the formation of nonvolatile products and corrosion [14]. Therefore, electrodeposition is an attractive method to fabricate magnetic devices. Many CoPt alloy thin films with PMA have been fabricated by electrodeposition; however, the Pt composition of these conventional films is less than 30 at%, and the crystal structure is hexagonal close-packed (hcp) [15–20]. In this study, ultrathin Pt-rich CoPt alloy films oriented along fcc (111) with PMA have been fabricated by electrodeposition at room temperature and normal pressure without annealing. To obtain the fcc structure in CoPt layers, the Pt composition in the layers should be increased to over 40 at% [21]. Hence, Pt composition in the deposited films is raised by increasing the concentration of Pt ions in the electrolyte. A higher concentration of Pt ions in the electrolyte can also decrease a composition gradient along a thickness direction, which is typically observed in electrodeposited CoPt films [18, 19]. During the initial phase of electrodeposition of CoPt alloys, Pt is preferentially deposited, and the deposited alloy composition becomes Pt-rich. Once diffusion limited conditions are reached, the Pt composition in the deposited films decreases as the diffusion current of the Pt deposition decreases, approaching the concentration ratio of Pt ions to the total metal ions in the electrolytes. If the concentration ratio of Pt ions is large, the alloy compositions in finally deposited parts of the CoPt films become close to those of initially deposited parts. These small composition differences prevent disorders of the crystal structure of the deposited CoPt films because the crystal structure of CoPt alloys varies with their alloy compositions. Thus, increasing the concentration of Pt ions in the electrolyte increases not only increases the Pt composition but also enhances uniformity of the crystal structure in the deposited CoPt films.
2. Experimental section
CoPt films were deposited in electrolytes where the concentrations of Co and Pt salts were less than 1 mM, resulting in a reduction in the deposition rate to control the thickness of the ultrathin films. The concentration of cobalt sulfate (CoSO4) was fixed at 1 mM, whereas that of hexachloroplatinic acid (H2PtCl6) was raised from 0.1 to 1 mM. Consequently, the concentration ratio of the Pt salt to that of the Co salt increased to 1:1, which was larger than the conventional ratio for the electrodeposition of CoPt thin films with PMA [15–20] i.e., 1:10. 0.1 M sodium sulfate (Na2SO4) was added to increase the conductivity of the electrolyte. The substrates were Pt (15 nm)/Ti (5 nm) films sputtered onto thermally oxidized Si wafers. The Pt layer was oriented in the fcc (111) direction relative to the film plane. These substrates were cut into 1.2 cm squares, treated with O2 plasma and piranha solution (mixute of 96wt% H2SO4 and 30wt% H2O2 at a volume ration of 3:1) to remove organic pollutants on the surface, and then washed with hydrochloric acid to remove oxides. After cleaning, the substrates were placed in a holder, immersed in the electrolyte and connected to a potentiostat (HZ-7000, Meiden Hokuto). The counter and reference electrodes were a Pt mesh and an Ag/AgCl electrode with a saturated potassium chloride solution, respectively. Electrodepositions of CoPt films were conducted under a constant potential of -0.65 V vs. Ag/AgCl at room temperature and atmospheric pressure. The deposition time was varied from 70 to 500 s in the bath containing 0.1 mM H2PtCl6 (referred to as “0.1 mM bath”) and 5 to 600 s in the bath containing 1 mM H2PtCl6 (referred to as “1 mM bath”). The surface roughness of the deposited films was analyzed using atomic force microscopy (AFM, SPM-9700, Shimazu). The thicknesses, cross-sections, and crystal structures of the films were analyzed by transmission electron microscopy (TEM, Spectra Ultra, Thermo Fisher Scientific) and X-ray diffraction (XRD, SmartLab, Rigaku). The magnetic properties were characterized using a vibration sample magnetometer (VSM, BHV-3, 5 Series, Riken Denshi) and by the polar magneto-optic Kerr effect (PMOKE, BH-810CPC-WU, Neo Ark). Cross-sectional scanning transmission electron microscopy (STEM) was performed using a SpectraUltra S/TEM (Thermo Fisher Scientific). The cross-sectional TEM sample was fabricated using a focused ion beam (FIB) with scanning electron microscopy (SEM) dual-beam system Helios5UX (Thermo Fisher Scientific).
3. Results and discussions
Figure 1 shows the three-dimensional (3D) images of the surface morphology of the deposited CoPt films. Figures 1(a) and (b) present the surface morphology of the films deposited in the 0.1 mM bath, and (c) and (d) show the corresponding images for the 1 mM bath. In the 0.1 mM bath deposition, large particles appear sporadically for 70 s. Subsequent depositions on the large and dispersed particles became bumpy by 500 s, with the thickness of the deposited layer reaching 7 nm. In the 1 mM bath deposition, small particles covered the surface, though some pits remained uncovered after 10 s. Subsequently, the particles perfectly covered the surface, and a smooth surface was obtained by 75 s, with the thickness of the deposited layer reaching 5 nm. Since the initial particles were grown from the nuclei, the size and number density of initial nuclei varied depending on the concentration of Pt salt. These differences arose owing to the supersaturation of metal adatoms on the cathode surface during electrodeposition. Adatoms are metal atoms reduced from ions and adsorbed on cathodes but not crystalized [22]. The critical nuclei diameter  and the rate of nucleation of  particles during time  can be described as a function of supersaturation ratio , which is a ratio of the concentration of adatoms to the equilibrium ones, denoted by equations (1) and (2), respectively.
[bookmark: _Hlk182061129]Here,  represents the surface energy between the nuclei and the solution,  is the volume where one atom occupies in nuclei,  is Boltzmann’s constant,  is the temperature, and  is a factor accounting for the differences in the properties when the material of the nuclei differs from that of the substrate [23]. Equations (1) and (2) suggest that as supersaturation increases, the nuclei size decreases, and nucleation occurs more frequently. Large supersaturation can be achieved by increasing the number of metal adatoms. The number of metal adatoms increases at a higher metal ion concentration under a sufficiently negative potential relative to the equilibrium potentials of the metal ions as more metal ions are reduced near the cathode surface. Since the deposition potential of -0.65 V vs. Ag/AgCl is much more negative than the equilibrium potential of Pt deposition from the chlorides used in this study (~0.5 V vs. Ag/AgCl [24]), a higher concentration of Pt ions increases the amount of Pt adatoms and the supersaturation. This makes the size of nuclei smaller and their number density higher. Additionally, since the ratio of Pt deposition to the deposition at the initial stage is greater compared to the subsequent stages [18, 19], changes in Pt ion concentration have a significant influence on the initial nucleation, although the concentration of Co salt is the same in both baths. Therefore, the surface gets smoothened by increasing the Pt salt concentration.
Figure 2 shows the cross-sectional high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) images of the smooth CoPt films deposited in a 1 mM bath for 75 s. Ni was deposited on the CoPt layer by sputtering just before preparing the TEM sample with FIB to protect the surface from damage by FIB. The thickness of the CoPt layer deposited in the 1 mM bath was approximately 5 nm. The surface of the CoPt layer is smooth, consistent with the surface roughness measured by AFM, as shown in Figure 1(b). Additionally, the deposited CoPt layer was dense and continuous. Figures 2 (b) and (c) show the high-resolution TEM images obtained from the regions highlighted in red in Figure 2(a). The Co and Pt atoms are stacked in an ABCABC arrangement, as shown in Figure 2(b), indicating that the CoPt layer is oriented in the fcc (111) direction perpendicular to the film plane. Figure 2(c) shows the interface between Pt and CoPt. This indicates that the fcc (111) orientation was seamlessly maintained from the Pt substrate to the deposited CoPt layer. Therefore, the CoPt layer grew epitaxially on the Pt substrate. Figure 3 shows the XRD result of the CoPt films deposited in a 1 mM bath for 75 s. The XRD also showed fcc (111) and (222) peaks; however, no peaks corresponding to the ordered CoPt alloy were observed, indicating that the deposited CoPt alloy is of the A1 disordered type. The composition of the CoPt layer deposited in the 1 mM bath analyzed by energy dispersive X-ray spectroscopy (EDS) was Co 47at% and Pt 53at%, which is more Pt-rich than the conventional CoPt films with PMA fabricated by electrodeposition [15–20].
[bookmark: _Hlk193067988]Figure 4(a) shows the magnetization loops of the smooth CoPt film deposited in a 1 mM bath. The saturation magnetization MS was 620 emu･cm-3, calculated with the deposited area (0.5 cm2) and thickness measured by cross-sectional TEM images (5 nm). This value is the same as MS of Co50Pt50 films deposited by sputtering [25] and evaporation [4], which suggests the electrodeposited CoPt layer is as dense and little oxidized as the films deposited by the dry processes. The CoPt film deposited in a 1 mM bath showed PMA, with an anisotropy constant (Ku) of 4.3 Merg･cm-3. The anisotropy constant Ku was calculated using equation (3).
[bookmark: _Hlk193417939][bookmark: _Hlk193418002][bookmark: _Hlk193418117]Here, Keff is the effective anisotropy constant calculated from the area surrounded by the out-of-plane and in-plane magnetization curves in the first quadrant, and its value was found to be 1.9 Merg･cm-3. Figure 4(b) shows the magnetization loops of the CoPt film deposited for 600 s in the 1 mM bath. PMA apparently decreased as the deposition time increased. Since film thickness increased with deposition time, PMA was induced at initial thin layers of the deposited CoPt films and decreased as film thickness increased. The first possible origin of PMA in the initial layers is interface anisotropy between CoPt layers and Pt substrates. However, PMA derived from interface anisotropy is observed only when the thickness of a ferromagnetic layer is a few atomic monolayers [26]. Since the thickness of the deposited CoPt films was 5 nm (approximately 20 monolayers), interface anisotropy could not be the main reason for the PMA. The second possibility is magnetoelastic anisotropy induced by strains. There are tensile strains in CoPt layers on Pt substrates due to lattice misfit between CoPt and Pt, which causes magnetoelastic anisotropy. In previous research, Co50Pt50 films with a thickness of less than 4.5 nm deposited on MgO (111) exhibited PMA by strains derived from misfit between CoPt and MgO [27]. For another example, Ni layers sandwiched between amorphous Si layers showed PMA by thermal expansion-induced stress and maintained PMA even when the thickness of Ni layer was 28 nm [28]. Magnetoelastic anisotropy can persist when the film thickness is several tens of nanometers. However, the amount of anisotropy energy is approximately 105 erg･cm-3 and an order of magnitude smaller than Keff in the electrodeposited films. The third possibility is anisotropy induced by two dimensional Co clusters in CoPt layers. There are some reports that two-dimensional Co clusters were formed in CoPt films and interface anisotropy between the clusters and the surrounding Pt atoms [25, 29, 30]. The anisotropy constant n 20 nm-thick Co30Pt70 films was 3 Merg･cm-3, which is close to Keff in the electrodeposited films [29]. Therefore, Co clusters could have formed in the initial thin part in the electrodeposited films. The coercivity (HC) and nucleation field (Hn) of the CoPt film deposited in the 1 mM bath were 2.4 and 2.0 kOe, respectively. The coercivity is relatively smaller than that of conventional electrodeposited CoPt films with hcp structures and PMA (4–7 kOe) [15–20]. However, the Hn value of 2.0 kOe is the largest in electrodeposited CoPt films and helps to reduce thermal decay of magnetization [31]
[bookmark: _Hlk193418145][bookmark: _Hlk193231348]Figure 5 shows the magnetization loops of the CoPt films with deposition times of 75 s or shorter, as measured by PMOKE. The magnetization of the samples when the deposition time was less than 75 s was too small for the VSM to detect, so the magnetization loops were measured using PMOKE. PMA loops with high squareness, close to 1, were observed when the deposition time was less than 75 s. The sample deposited for 40 s exhibited the highest HC and Hn. HC and Hn. disappeared when the deposition time was 5 s likely because the magnetizations of the tiny CoPt crystals deposited in such a short time were weakened by thermal fluctuations. The surfaces of these films were also smooth, especially the films deposited for 20 and 40 s, with the surface roughness (Ra) being 0.3 and 0.4 nm, respectively. Assuming thickness proportional to deposition time, the thicknesses of the films deposited for 20 and 40 s were 1.3 and 2.7 nm, respectively. Hence, ultrathin and smooth CoPt layers with a high PMA can be fabricated by electrodeposition in a 1 mM bath. Thus, the electrodeposited CoPt films in this study can be applied to (111)-oriented MTJs and V-DWMM in terms of structures and magnetic properties, although their thermal stability remains unclear. However, the deposited films are likely stable up to around 500 ℃ because crystal structure of Co44Pt56 films did not change at this temperature [32]. In addition to thermal stability, chemical stability against oxidation and corrosion is expected to be high due to the large composition of Pt, a noble metal.


4. Conclusion
[bookmark: _Hlk193418238]Ultrathin CoPt alloy films oriented in fcc (111) with PMA were fabricated by electrodeposition without annealing. By increasing the concentration of Pt salt in the diluted electrolyte, initial nucleation became fine, and very smooth surface was obtained. The Pt composition in the deposited CoPt films were larger than that of conventional CoPt films with hcp structure and PMA, which contributed lower saturation magnetization of the deposited films (620 emu･cm-3) compared to the conventional ones. The deposited CoPt film with a thickness of 5 nm showed high perpendicular magnetic anisotropy (anisotropy constant Ku~4.3 Merg･cm-3), coercivity (HC~2.4 kOe), and nucleation field (Hn~2.0 kOe). Moreover, the CoPt films maintained perpendicular magnetic anisotropy when the film thickness was below 5 nm. The deposited CoPt alloy films contribute to the development of future magnetic memories such as MRAMs with (111)-oriented MTJs and V-DWMM.
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Figure 1. 3D surface images of the deposited CoPt films acquired by AFM. (a) and (b) show the images of the CoPt films deposited in the 1 mM bath for 10 and 75 s, respectively. (c) and (d) represent the ones deposited in the 0.1 mM bath for 70 and 500 s, respectively.
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Figure 2. (a) Cross-sectional TEM image of CoPt films deposited in the 1 mM bath for 75 s.  (b) and (c) show enlarged high resolution images of red frame areas in (a).
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Figure 3. XRD pattern of the CoPt film deposited in the 1 mM Pt bath for 75 s.
[image: グラフ

AI によって生成されたコンテンツは間違っている可能性があります。]
Figure 4. Magnetization curves of the deposited CoPt films deposited in 1 mM bath measured with VSM. (a) and (b) show the curves when deposition time was 75 s and 600 s, respectively. The orange and blue lines show the curves in out-of-plane and in-plane directions, respectively.
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Figure 5. Magnetization curves of the CoPt films deposited in 1 mM bath for 5, 10, 20, 40, and 75 s with PMOKE. Gray, purple, green, orange, and blue lines show the curves of the films deposited for 5, 10, 20, 40, and 75 s, respectively.
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