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摘要：利用静电纺丝方法结合热处理，制备了直径在50-100纳米之间的镍锌铁氧体纤维。通过X射线衍射、扫描电镜、振动样品磁强计等手段分析了纤维的物相、形貌及静磁特性。利用采用共面波导结构的铁磁谐振谱分析仪，测量了铁氧体纤维的铁磁谐振频率。分析了铁磁谐振频率与偏置场之间的关系，利用针对多晶铁氧体的改进基太尔公式准确地描述实验结果。
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Electrospinning Fabrication and High frequency properties of NiZn Ferrite Nanofibers
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Abstract: The NiZn ferrite nanofibers with diameters about 50-100 nm were fabricated by the electrospinning method assisted with thermal process. The X ray diffraction (XRD), the scanning electron microscopy (SEM), the vibration sample magnetometer (VSM) were used to investigate the phase content, morphology and stactic magnetic properties of ferrite fibers, repectively. Using a ferromagnetic resonance (FMR) spectrum analyzer basing on coplanar waveguide, the FMR frequencies of fibers were measured. The experimental results were corretly descibed by a modified Kittel's formula for polycrystalline ferrite.
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0 Introduction

In recent years, magnetic nanofibers have attracted intensive interest due to their extensive applications in spintronic devices, magnetic logic circuit, high-density magnetic storage, and so on [1]. Electrospinning technique is a simple and effective method to fabricate nanofibers [2]. During the last decade, lots of electrospun magnetic nanofibers have been reported, including the ferrite nanofibers, the magnetic metal nanofibers, etc. [3-6]. Despite the significant progress in synthesis methods of eletrospun magnetic nanofibers, the characterization of their properties is still limited to some traditional views such as phase content, morphology and static magnetic properties [3, 4]. Very recently, people began to focus on the dynamic magnetic properties of electrospun magnetic nanofibers at high frequencies. Jalalin et al. investigated the ferromagnetic resonance (FMR) phenomenon in electrospun garnet ferrite (Y3Fe5O12) nanofibers [5]. Li et al. studied the microwave absorption properties of hexaganol ferrite (Ba1-xLaxFe12O19) nanofiber [6]. However, the dynamic magnetic properties of nickel-zinc (NiZn) ferrite haven’t been fully studied so far. 

In this paper, nanofiber of NiZn ferrite, a typical spinel ferrite, was studied in experiments. The ferrite nanofiber was fabricated by the electrospinning method with the addition of thermal process. The phase content, morphology and static magnetic properties of fiber were investigated by the X ray diffraction (XRD), the scanning electron microscopy (SEM), the vibration sample magnetometer (VSM), respectively. The FMR spectrums of NiZn ferrite fiber were measured at different high frequencies. Furthermore, the measured result was analyzed in the framework of Kittel’s formula. 
1 Experiments
Ni0.4Zn0.6Fe2O4 nanofiber was prepared as the following procedure: the solution preparation, electrospinning and calcination. According to the molar ratio of metal ion in ferrite, appropriate amount of iron nitrate [Fe(NO3)3·9 H2O], nickel nitrate [Ni(NO3)2·6H2O] and zinc nitrate [Zn(NO3)2·6H2O] were dissolved in a mixture solvent consisted of 50% v/v N-Dimethylformamide (DMF) and isopropanol, followed by magnetically stirring for 2 hours. Then the polymer polyvinylpyrrolidone (PVP, MW≈1,300,000, Alfa Aesar) was added to form the final solution, which was magnetically stirred for 12 hours to get a homogeneous and transparent sol-gel. The mass ratios of nitrates and PVP in the sol-gel are 8% and 6%, respectively. Precursor nanofibers were fabricated on a typical electrospinning system. The solution was fed with a constant rate of 0.3 mL/h using a peristaltic syringe pump. The voltage for electrospinning was kept at +10.0 kV. A rotating collector was employed to collect the precursor nanofibers. The distance between the jet needle and collector is about 15 cm. The precursor nanofibers were calcined in air at 720 ºC for 2 h to form the NiZn ferrite nanofibers
The Rigaku Ultima IV XRD system was employed to measure the XRD pattern of fiber sample. The morphology of ferrite nanofiber was investigated by the JEOL JSM-6330F SEM. The magnetic hysteresis loop of ferrite nanofiber was measured by the Lakshare 7400 VSM. The FMR spectroscopy of NiZn ferrite nanofiber was measured on a coplanar waveguide (CPW) with the Agilent 8722ES vector network analyzer (VNA).

2 Results and discussion
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Fig.1 (a) Scan Electron microscopy image and (b) X ray diffraction pattern of NiZn ferrite fibers
Figure 1 (a) shows the scanning electron microscopy (SEM) image of sintered NiZn ferrite nanofibers. As shown, the nanofibers are continuous and smooth with the diameters about 50-100nm. The SEM image also shows the orientation of fibers has a rough trend. The X ray diffraction (XRD) pattern of NiZn ferrite nanofibers is shown in Figure 1(b), which matches the standard XRD pattern for Ni0.4Zn0.6Fe2O4.
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Figure 2  (a) Magnetic hysteresis loop of NiZn ferrite nanofibers, (b) FMR frequencies extracted from measured results (o), theoretical bound predicted by Kittel formula (Dash line) and fitting results with polycrystalline ferrite model (Solid line)
Figure 2 (a) shows the magnetic hysteresis loop of ferrite nanofibers. The meausred magnetic saturation 4πMS and coercivity Hc of fibers are about 3800 Gauss (61 emu/g) and 90 Oe, repectively. Using a reported method [7], the FMR frequencies were extracted from the measured results, which are plotted versus the bias fields H in Figure 2 (b). The Kittel’s formula was often used to describe the relationship between the FMR frequencies and the bias magnetic fields. For the applied field paralleling to the easy axis and hard axis of fiber, the Kittel’s formula has different forms, which are as followed，
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where fr and γ=2.8MHz/Oe are the FMR frequency and gyromagnetic ratio, respectively. Fig. 2 (b) also plots the FMR frequencies versus H calculated by both the two types of Kittel’s formulas. As show, the measured results fall in between the boundaries formed by the calculated results. Obviously, the conventional Kittel’s formula is invalid for the electrospun fiber, which is due to the morphology of fibers. As mentioned above, the orientation of fibers has a rough trend. The FMR responses of them will mostly yield to the situation of paralleling to easy axis. However, some fibers still have different directions. Therefore, the formula only considering the situation of paralleling to easy axis is inaccuracy. Actually, this phenomenon is similar to the polycrystalline ferrite [5]. A modified model has already been proposed to describe the polycrystalline ferrites [8]. Fig. 2 (b) also plots the calculated results of this model, which are in good agreement with the measured results.

3 Conculsion

In conculsion, a type of spinel NiZn ferrite (Ni0.4Zn0.6Fe2O4) nanofiber was fabricated by the electrospinning method assisted by calcination. The diameters of fibers are about 50-100 nm. By using a rotating collector, the fibers with a rough trend of orientation can be obtained.   The 4πMS and Hc of fibers measured at room temperature are about 3800 Gauss (61 emu/g) and 90 Oe, repectively. At last, the relationship between fr of NiZn ferrite fiber and H was described by a modified Kittel’s formula for polycrystalline ferrites.
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