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Magneto-optical Faraday devices, such as optical isolators, require a structure to apply a magnetic field to the incorporated magneto-optical material. The application of a magnetic field hinders the miniaturization and integration of these devices. Nanogranular films show Faraday rotation angles up to 40 times larger than Bi-YIG in the optical communication band (1,550 nm). Nanogranular films are submicron-to several-micrometer-thick and contribute to the miniaturization and integration of optical devices. Here, we introduce (Co-Pt)–(CaF2) nanogranular films exhibiting a magnetic-field-free magneto-optical Faraday effect, which are Co3Pt alloy that are hard magnets with residual magnetization. These nanogranular films exhibit the Faraday effect without requiring a magnetic field owing to their residual magnetization.
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INTRODUCTION
The magneto-optical Faraday effect is used in optical communication devices such as optical isolators [1–3], and new devices are required for future highly information-oriented societies. Thin-film materials with Faraday effects are required for the miniaturization and integration of these devices, and nanogranular films have been shown to have a Faraday effect that is up to 40 times larger than that of Bi-YIG [4, 5] in the optical communication band wavelength [6].
Nanogranular films have a nanometer-sized structure in which magnetic metal nanogranules with diameters of several nanometers are dispersed in a dielectric matrix and exhibit unique functions based on the quantum effects on their structure [7–11]. It should be noted that the nanogranular film, which has a small amount of magnetic metal, becomes a transparent magnetic material with a large Faraday effect [12–14]. Furthermore, nanogranular films have practical advantages such as ease of production, good reproducibility, and good heat resistance [15, 16].
On the other hand, existing magneto-optical materials (thin films with high figure of merit [17]) do not have a large coercive force and require an external magnetic field to stabilize their magnetization state. Therefore, magneto-optical devices require a magnetic field generation mechanism, and hence, incorporating them to a device makes it difficult to miniaturize and simplify the device.
In nanogranular films, various combinations of granul and matrix materials are possible. We have reported that the refractive index of nanogranular films can be controlled independently of the Faraday rotation angle by selecting the matrix material [13]. The magnetic properties of the films may also be controlled by selecting the magnetic material of the nanogranules. Herein, we report the Faraday effect of (Co-Pt)–(CaF2) nanogranular films. Co-Pt [18–21] alloys have high coercivity and residual magnetization. CaF2 with high transmittances were selected as dielectric matrices. By adopting a granule with magnetic hysteresis, coercivity, and residual magnetization, the Faraday effect can be achieved without applying a magnetic field owing to the residual magnetization of the material.
METHODS
Thin films were prepared using tandem deposition [22] with DC target facing sputtering and conventional RF-sputtering sources (Figure 1). DC-facing sputtering can reduce the plasma damage during film deposition. The films were 0.3- to 1.0-μm thick. Sputter deposition was performed on a 50 × 50 mm glass substrate (synthetic fused silica) at 300 °C in an argon atmosphere with a pressure of 1.3 Pa during deposition using 76 mm-diameter Co. disk with 5 × 5 mm chips as the metal target and a 76 mm diameter CaF2 powder compacted disk as the dielectric ceramic target. These films were annealed under vacuum at a predetermined temperature of 400–800°C for 1 h.
[image: Figure 1]FIGURE 1 | Schematic illustration of the tandem sputtering method with DC facing target sputtering and conventional RF-sputtering sources. (Co. + Pt) target was placed on the DC sputter source, and CaF2 the target was placed on the RF sputter source. The substrate holder rotates alternately towards the DC-sputtering and RF-sputtering sources.
The composition ratio of Co–Pt (granule) and CaF2 (matrix) was controlled by changing the electric power applied to each target. The chemical compositions of Co., Pt, Ca, and F in the thin films were analyzed using wavelength dispersion spectroscopy (WDS). X-ray diffraction (XRD) was used for the structural analysis of the film.
The magnetization curves were measured using a vibrating sample magnetometer (VSM). A spectrophotometer was used to measure the optical transmittance with a measurement waveband of 400–2000 nm. The Faraday rotation angle was measured in the wavelength range of 500–1700 nm using a BH-501F-SV1-DJK manufactured by NEOARC corporation. A magnetic field was applied from 0 to ±10 kOe perpendicular to the film surface of the samples to measure the magnetization curves.
All measurements were performed at room temperature.
RESULTS AND DISCUSSION
Figure 2A shows the Faraday loops of the annealed (Co-Pt)–(CaF2) (Co. + Pt = 23at. %) film at the wavelength of 1,550 nm. The Faraday loops of the annealed films exhibit magnetic hysteresis with coercivity and residual magnetizations, and exhibit a Faraday rotation angle of 0.36 deg./μm with no magnetic field at an annealing temperature of 600°C. As shown in the XRD results (Figure 2B), the Co3Pt ordered phase appears after annealing, and the films have a microstructure consisting of Co3Pt and CaF2. The diffraction peaks of Co3Pt and CaF2 sharpen with increasing annealing temperature, and at 800°C, peaks of the Co3Pt ordered phase were observed. The particle size of the Co3Pt granules in the film, determined from the width at half maximum of the XRD peaks using Scherrer equation [23], are as deposit state: 5.8 nm, T = 400°C: 6.2 nm, T = 600°C: 9.5 nm and T = 800°C: 39.8 nm, respectively. The ordering temperature of the Co3Pt alloy is approximately 600°C [19]. With an increase in the annealing temperature, Co3Pt granule growth and ordering occurred.
[image: Figure 2]FIGURE 2 | Faraday effect and structure of (Co0.8Pt0.2)23Ca23F54 (Co + Pt = 23 at%) nanogranular film. (A) Faraday loops at various annealing temperatures. (B) XRD patterns with different annealing temperatures.
The effect of annealing on the Faraday effect and coercivity of the (Co-Pt)–(CaF2) films are shown in Figure 3. The results for films with different amounts of Co. + Pt are shown (Co. + Pt = 13, 18, 23 at%). The Faraday rotation angles with a magnetic field (10 kOe) had negative values, and their absolute values increased as the amount of Co. + Pt increased (Figure 3A). The Faraday rotation angles without a magnetic field increased sharply at temperatures above 400°C, peaked at 600°C, and decreased at 800°C (Figure 3B). The annealing temperature dependence of the Faraday rotation angle without a magnetic field closely matched that of the coercivity (Hc) in Figure 3C. The Magnetic hysteresis curves of (Co-Pt)-(CaF2) films are shown in Figure 4. Hc was obtained from Figure 4. VSM measurements with a magnetic field applied parallel to the film surface. When the VSM is measured by applying a magnetic field perpendicular to the film surface, the magnetic loop is the same as that parallel to the film surface. Therefore, these films do not exhibit magnetic anisotropy.
[image: Figure 3]FIGURE 3 | Annealing temperature dependence of the magnetic properties in (Co-Pt)-(CaF2) (Co. + Pt = 13,18 and 23 at%) nanogranular films. (A) Relationship between the Faraday rotation angle at 10 kOe and annealing temperature (1,550 nm). (B) Relationship between the Faraday rotation angle without a magnetic field and annealing temperature. (C) Annealing temperature dependence of coercivity (Hc).
[image: Figure 4]FIGURE 4 | Magnetic hysteresis loops in (Co-Pt)-(CaF2) (Co. + Pt = 13,18 and 23 at%) nanogranular films as deposited state and annealed at 400, 500, 600, 700 and 800°C.
The effect of annealing on the transmittance of the (Co-Pt)-(CaF2) films is shown in Figure 5. The transmittance of the (Co-Pt)-(CaF2) film increased at all the measurement wavelengths after annealing, except at 800°C (Figure 5A). Reflectance was not changed by annealing but increased at 800°C.
[image: Figure 5]FIGURE 5 | Effect of annealing on light transmittance (1 μm thickness). (A) Wavelength dependence of the transmittance of (Co-Pt)-(CaF2) (Co. + Pt = 13, 18 and 23) nanogranular films at various annealing temperatures. (B) Relationship between transmittance of (Co-Pt)-(CaF2) (Co. + Pt = 13, 18 and 23 at%) nanogranular films at 1,550 nm.
The transmittance of the (Co-Pt)-(CaF2) films was maximized at an annealing temperature of 500°C (Co. + Pt = 13 at%) and 700°C (Co. + Pt = 18, 23 at%), respectively (Figure 5B). The temperatures at which, the transmittance peaks, are in the temperature range where the Faraday rotation angle without a magnetic field increases, as shown in Figure 3B.
The results in Figures 3, 5 can be attributed to the changes in the microstructure of the films by annealing (see Figure 2B). With an increase in the annealing temperature, Co3Pt granules growth and ordering occurred. The increase in coercivity at approximately 600°C is due to the ordering of the Co3Pt alloy nanogranule. Therefore, the Faraday rotation angle without a magnetic field is exhibited by the residual magnetization of magnetic hysteresis with coercivity. The sharpening of the CaF2 peak indicated that the crystallinity of the CaF2 matrix was improved, resulting in an increase in transmittance [13]. However, their transmittance is still small (absorption coefficients are 0.3 μm−1 (Co. + Pt = 13 at%, 500°C annealed) and 1.0 μm−1 (Co. + Pt = 23 at%, 700°C annealed)). It is an issue to improve the transmittance.
At 800°C, the transmittance was greatly reduced and the reflectance increased (Figure 5). This behavior can be explained by the growth and binding of the Co3Pt nanogranule in the film (Figure 2B, the Co3Pt peak intensity is greatly increased). Furthermore, the Faraday rotation angle and coercivity decreased at 800°C. This decrease is due to the diffusion of atoms at the interface between the substrate material and film. As shown in Figure 2B, the (Ca-Si)- oxide peaks appear in the film annealed at 800°C. In this experiment, the temperature of 800°C exceeded the temperature limit of the substrate.
CONCLUSION
We proposed magneto-optic material for the Faraday effect without a magnetic field. By selecting a magnetic alloy (Co-Pt) with high coercivity and residual magnetization for the nanogranules in the films, films that exhibit the magnetic field-free Faraday effect can be realized by residual magnetization.
On the other hand, nanogranular films contain metal (alloy) particles, making light absorption unavoidable. For nanogranular films to be widely used in optical devices, it is important to reduce the loss by structural control, such as the improvement of crystallinity.
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