acta physica slovaca vol. 49 No. 3, 449 Ű 452 June 1999

INFLUENCE OF Gd ON THE STRUCTURE AND MAGNETIC PROPERTIES OF FINEMET^∗

A. Zorkovskťa^†, J. Kovťa“c^‡, P. Sovťak^†, P. Kollťar^†, M. Kon“c^† †Faculty of Sciences, P.J. “Safťarik University, Park Angelinum 9, 041 54 Ko“sice, Slovakia ‡Institute of Experimental Physics SAS, Watsonova 47, 043 53 Ko“sice, Slovakia

Received 9 October 1998, accepted 6 November 1998

A set of Fe73:5GdxNb3Cu1Si13:5B9 samples with Gd concentration x = 0 � 3 at% and the Fe71:5Gd5Cu1Si13:5B9 alloy have been investigated: (i) concerning their ability to form nanocrystalline material after heat treatment and (ii) with respect to the Gd in~uence on the magnetic properties. All the samples showed a nanocrystalline structure after appropriate heat treatment, except the one with 5 at% of Gd. The observed decrease of the saturation magnetization with increasing Gd content indicates the ferrimagnetic exchange coupling between the Gd and Fe atoms. The Curie temperature was found to be increasing with Gd content up to 3 at% of Gd.

PACS: 75.50.Kj

1 Introduction

The nanocrystalline Fe_{73.5}Nb_3Cu_1Si_{13.5}B_9 alloy, generally known as FINEMET, possesses excellent soft magnetic properties and relatively high saturation magnetization, which arise from its typical multi-phase structure, composed of magnetically and structurally different phases: nanosized grains of α-FeSi solid solution or DO_3 type Fe_3Si crystallites embedded in an amorphous residual matrix.

We have replaced gradually the Nb and two Fe atoms by Gd, which has atomic diameter large enough (0.3602 nm) to retard the grain growth and has signi�cant magnetic moment of 7.94 μ_B. Gd is the only rare-earth metal which is ferromagnetic at room temperature (T_C=292.7 K [1]), moreover, it is isotropic with no orbital momentum contribution to the total moment. We expected a considerable in�uence of Gd on the magnetic behaviour of the alloy through the Gd-Fe exchange interaction contribution.

2 Experimental

A set of Fe_{73.5}Gd_xNb_{3−x}Cu_1Si_{13.5}B_9 with x = 0 � 3 and the Fe_{71.5}Gd_5Cu_1Si_{13.5}B_9 (signed as FINEMET, Gd1, Gd2, Gd3 and Gd5) ribbon samples was prepared by the melt-spinning method

�Presented at 10th Czech and Slovak Conference on Magnetism, CSMAG’98, Koısice, Slovakia, August 24-27, 1998

0323-0465/99 cfl Institute of Physics, SAS, Bratislava, Slovakia 449

Fig.1. TEM microphotographs of the Gd3 sample annealed at a) 500^oC, b) 600^oC and c) the Gd5 sample annealed at 600^oC

and subsequently annealed at temperatures between 450-670^oC for 1 hour in a vacuum furnace. The structure was studied by TEM. The crystallization temperature of the �rst crystallization step T_{x1} and the Curie temperature T_C of the amorphous matrix were derived from thermomagnetic curves measured by vibrating sample magnetometer in external �eld of 0,4 T at the heating rate of 8 K/min from room temperature up to 800^oC . The temperature dependence of saturation magnetization over the temperature range of 4.2-300 K was measured in external �eld of 1 T. The values of saturation magnetization at 0 K, M_S, were calculated using the spin-wave theory [2]. The coercive �elds were determined from the dc hysteresis loop.

3 Results and discussion

Structure: TEM investigations have revealed the nanocrystalline structure for all samples after annealing at 500-550^oC (Fig.1a), except the Gd5 sample. This sample crystallizes in different way. The formation of large dendritic Fe-Si-B grains (grain size more than 100 nm ) was observed after annealing at 600^oC (Fig.1c), in spite of the fact that the sample after annealing at 550^oC was fully amorphous. The appearance of the dendritic Fe-Si-B grains on the regular nanocrystalline background was also detected in the Gd3 sample annealed at 600^oC (Fig.1b).

The in�uence of Gd on the crystallization temperatures is visible in Fig.2a. Gd, if together with Nb, lowers the onset temperature of the �rst crystallization T_{x1}, re�ecting the low mutual solubility and chemical intolerance of these two elements in the alloy, that was also observed during the alloy processing. On the other hand, when Nb is fully replaced by Gd, T_{x1} increases. The second crystallization peak sharpens and shifts towards the �rst one with increasing Gd content, indicating the decrease of the second crystallization temperature T_{x2}. In the Gd3 sample the two peaks considerably overlap, the temperature range of existence of the nanocrystalline state narrows. The sharp and high second peak indicates besides the formation of borides the rapid transition to polycrystalline structure.

Magnetic properties: following the temperature dependence of magnetization the Curie temperature T_C of the amorphous matrix was derived from the M^2(T ) dependence. We found the

In~uence of Gd on the structure and magnetic properties of FINEMET 451

Fig.2. a) Temperature dependence of magnetization. b) Saturation magnetization as a function of Gd content. c) Coercivity as a function of annealing temperature.

T_C to be increasing as a function of Gd content - up to 3 at%. For the Gd5 sample the T_C drops off to nearly the same value as that for FINEMET (insert in Fig.2a).

Fig.2b shows the in�uence of Gd on the M_S of the samples. In the as-quenched amorphous state the values of the M_S are gradually decreasing with increasing Gd concentration. This fact con�rmes the ferrimagnetic exchange coupling between the Gd and Fe atoms [3]. In the crystallized samples the ferrimagnetic screening effect of Gd atoms is not so effective (even a slight increase of M_S with increasing Gd concentration for samples annealed at 500 or 550^oC is visible) because of the separation of the α-FeSi crystals and the Gd containing amorphous or crystalline phases.

Generally, in FINEMET-type alloys the M_S decreases after nanocrystallization [4]. This is also evident from Fig.2b as a remarkable drop in M_S after annealing at temperatures higher than 450^oC for the Gd1-Gd3 samples. Fig.2b corroborates the TEM results and underlines that the Gd5 sample is not nanocrystalline. We observed a noticeable increase of the M_S after annealing at 450^oC: the more Gd in the alloy, the more visible increase of M_S, excepting the Gd5 sample. This fact can be connected to the out of ribbon plane magnetization in the amorphous state, similarly to the case of amorphous Fe_{77}Gd_3B_{20} [5]. Fig.2c shows the in�uence of annealing temperature on the coercivity. The dependences for the Gd1-Gd3 samples are typical for the nanocrystalline materials, the higher values of H_C measured for the Gd2 amorphous sample might be connected to the non-homogeneous chemical short-range order caused by the chemical intolerance of Gd-Nb atoms.

4 Conclusions

A set of Gd substituted FINEMET alloys with 0-5 at% of Gd was investigated with respect to the structure and magnetic properties. All the samples showed a nanocrystalline structure after appropriate heat treatment, except the one with 5 at% of Gd. This sample appeared to be not nanocrystalline. Gd, if together with Nb, lowers the onset temperature of the �rst crystalization T_{x1}. When Nb is fully replaced by Gd, T_{x1} increases. The Curie temperature of the amorphous matrix was found to be increasing with the raising amount of Gd in the samples - up to 3 at%. The ferrimagnetic exchange coupling between the Gd and Fe atoms was con�rmed in as-quenched state, after annealing this coupling was not recognizable. The coercivities follow the structural evolution after annealing, the values were found to be higher than those for FINEMET.

Acknowledgement This work was supported by the Slovak Grant Agency for Science, grants No. 1/4252/97, 1/5055/98 and technically supported by VS ıZ Ocel a.s., Koısice.

References

[1] R.J. Eliot: Magnetic Properties of Rare Earth Metals, Plenum Press, 1972. [2] F. Keffer: Handbuch der Physik vol18, Springer, 1966.

[3] R. Grĺossinger, H. Sassik, R. Wezulek, A. Hernando, G. Rivero, M. Vťazquez, B. Martinez, A. Labarta, J. Tejada: J. Magn. Magn. Mater. 86 (1990) 219-224 [4] O. Du“sa, J. Kovťa“c, M. Kon“c, T. “Svec, V. Kave“canskťy: J. Magn. Magn. Mater. 154 (1996) 54-58 [5] I. Mihalca, A. Eructa, I. Zaharie, A. Jianu, V. Kuncser, G. Filoti: J. Magn. Magn. Mater. 157/158 (1996) 161-162