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High Magnetic Field Annealing of Mn-Ga Intermetallic Alloys
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Introduction 
Bulk Mn-Ga material has become a widely researched material in recent years[2], [3] to replace rare-earth containing magnets for application[2]. In this study, we report our work on improvement of the remanence and overall magnetization of bulk Mn-Ga samples by the application of high magnetic field annealing (MFA).
Experimental 
Mn-Ga samples were heat treated at 315°C, 335 °C, and 360 °C for 2 h under either 0 T or 31 T inside a 31 T resistive magnet.  The crystallographic structure was determined by x-ray diffraction (XRD) with Cu Kα1 radiation.  Magnetic properties were measured by a vibrating sample magnetometer in a physical property measurement system.
Results and Discussion

The XRD diffraction patterns (Figure 1) show multiple Mn and Mn-Ga phases in Mn0.8Ga0.2 samples annealed in 0 T and 31 T applied fields. The major peaks show a phase prototype of TiAl3 (similar to the ε-Mn3Ga phase) with the tetragonal DO22 structure (space group: I4/mmm), cubic Mn0.85Ga0.15 with a phase prototype of high temperature β-Mn (space group: P4132), α-Mn with FCC symmetry and a MnO phase. The main phase varies depending on the conditions of the heat treatment.
All the samples show hard magnetic properties, indicated by the wide M(H) hysteresis loops shown in Figure 2. Magnetic properties of samples with nominal chemistry of Mn0.8Ga0.2 vary with heat treatment temperature and applied magnetic field (Figure 3). The Mn0.8Ga0.2 samples showed an improvement in the remanence, Mr, while maintaining the high coercivity, see Figure 3. Samples heat treated at 315 ̊ C with an applied field of 31 T increased the remanence, Mr, to 6.9 emu/g, an improvement of 50%. In all the samples measured, MFA significantly enhanced the remanence but marginally affected the coercivity. At 360 ̊ C, however, MFA under 31 T increased the coercivity to 19.4 kOe from 18.5 KOe. 
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	Fig.1 X-ray diffraction patterns of samples of Mn0.8Ga0.2 annealed either at 0 T (top, black) or 31 T (bottom, purple) at 335 ̊ C.
	Fig.2 Hysteresis loops of samples with a nominal chemistry of Mn0.8Ga0.2 annealed at 335 ̊C in 0 T field (dashed black) and in a 31 T applied field (solid).
	Fig.3 Impact of high field annealing on the (a) coercivity (Hc) and (b) remanence (Mr) of samples heat treated at various temperatures.


Conclusions
All of our samples showed hard magnetic properties with coercivity ranging from 17.8 kOe to 19.4 kOe depending on the heat treatment conditions.  The MFA stimulates the formation of the favored ferrimagnetic ε-Mn3Ga phase, resulting in a higher remanence than samples heat treated in zero external field. We have shown that MFA is an effective approach to increasing the magnetic remanence while maintaining a high coercivity.
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