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We present here the growth kinetics and characterization of Co-P magnetic films deposited electrolessly from alkaline baths onto activated copper substrates with and without the assistance of an ultrasonic agitation (UsA). Regular electroless deposition was conducted at 60ºC, 68ºC, 76ºC and 84ºC, respectively. A 53 kHz ultrasound with an output power of 162 watt was adopted for a desired deposition rate at 44ºC, 52ºC and 60ºC, respectively. The deposition rates, for films deposited at 60ºC, are 53 and 21 nm/min, respectively, with and without UsA. The autocatalytic reaction follows a first order reaction mechanism for both regular and UsA-electroless deposition methods. Arrhenius analyses indicate that the activation energies are 34.7 kJ/mole and 83.8 kJ/mole, respectively, with and without UsA.

Comparing films deposited to the same thickness of 1.1 μm, the films deposited with UsA at 60ºC exhibit magnetic properties comparable to those films deposited without ultrasound at temperatures higher than 80ºC. In the former case, the best in-plane hard magnetic properties are intrinsic coercivity (Hci) 620 Oe and residual magnetization (Mr) 114 emu/g. The perpendicular ones are Hci 1280 Oe and Mr 43 emu/g. The relationships among depositing reaction kinetics, film composition, morphology and crystal structure well explain the observed evolution of magnetic and mechanical properties. Comparing with the regular electroless deposition, UsA facilitates maintaining Co content, smoothening morphology and forming nano-crystalline grains, resulting in enhanced Hci, Mr and hardness at relatively lower depositing temperatures. The hard magnetic Co-P films produced by UsA-electroless deposition are promising for various applications such as micro-electromechanical systems (MEMS) and recording media.

Introduction

Electrolessly deposited cobalt-rich hard magnetic films are promising materials for magnetic components in various applications such as microelectromechanical systems (MEMS), sensors and ultra-large-scale integration (ULSI) circuit systems [START_REF] Shacham-Diamand | 30 years of electroless plating for semiconductor and polymer micro-systems[END_REF][START_REF] Wang | Electroless plating Co-P films for high performance magnetic rotary encoders[END_REF][START_REF] Wang | Magnetic property and recording performance of chemical deposition CoP thin films[END_REF][START_REF] Patrin | Magnetic resonance in [(CoP)soft/NiP/(CoP)hard/NiP]n multilayer magnetic springs[END_REF][START_REF] Tarozaitė | Composition microstructure and magnetic properties of electroless-plated thin Co-P films[END_REF][START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF]. Particularly, the electrolessly deposited films of Co-P binary alloy possess the advantages including great ferromagnetic performance, excellent anti-corrosion resistance and economical process setups.

In the reaction system of Co-P electroless deposition, annoying alterations are encountered in electrolyte concentrations [START_REF] Petrov | Electrochemical study of the electroless deposition of Co(P) and Co(W, P) alloys[END_REF][START_REF] Liu | Growth behavior of electroless Ni-Co-P deposits on Fe[END_REF][START_REF] Liu | Growth kinetics of electroless cobalt deposition by TEM[END_REF], bath pH values [START_REF] Yu | Effects of pH values on electroless deposition of CoP films[END_REF][START_REF] Cheng | Characterization and kinetic investigation of electroless deposition of pure cobalt thin films on silicon substrates[END_REF] and bath temperatures [START_REF] Rudnik | Influence of temperature on electroless deposition of Co-P[END_REF] with elapse time. These give rise to change in the equilibrium states of the topochemical reaction for cobalt, cobalt complex, and hypophosphite aqueous species according to the potential-pH diagrams. The outcomes are varied properties and performances of the resultant films.

Moreover, the depositing rate of electroless deposition is very sensitive to bath temperature.

The alteration of reaction mechanisms affects not only magnetic and mechanical properties but also the morphology of resultant films [START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF][START_REF] Zeinali-Rad | Effect of pH, surfactant, and heat treatment on morphology, structure, and hardness of electrodeposited Co-P coatings[END_REF]. However, bath temperature above 80ºC is typically required for regular electroless deposition of Co-P hard magnetic films [START_REF] Wang | Electroless plating Co-P films for high performance magnetic rotary encoders[END_REF][START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF][START_REF] Yu | Effects of pH values on electroless deposition of CoP films[END_REF].

High processing temperature remains a significant drawback to maintaining the stability of electrolyte [START_REF] Cheng | Characterization and kinetic investigation of electroless deposition of pure cobalt thin films on silicon substrates[END_REF]. Such a vital drawback is an obstacle to deposit thick Co-P hard magnetic films, which are typically required to produce stray field that is proportional to their volumes.

Ultrasound irradiation can effectively promote transportation of reactant species, reduce the energy barrier of nucleation and enhance the homogeneity of electrolytes in the vicinity of solid-liquid interface for chemical reactions [START_REF] Tudela | Ultrasound-assisted electrodeposition of composite coatings with particles[END_REF]. Lu et al. performed ultrasound-assisted electrodeposition to synthesize Co-P films with amorphous and nano-crystalline structures by adjusting pH values of the bath. They found excellent soft magnetic properties for amorphous films while weak hard magnetic properties for nano-crystalline films [START_REF] Lu | Synthesis and characterization of ultrasonic-assisted electroplated Co-P films with amorphous and nanocrystalline structures[END_REF]. Yu et al. reported that ultrasonic agitation (UsA) effectively reduced deposition temperature of Co-P electroless processes with retained hard magnetic properties for the resultant films [START_REF] Yu | Preparation of CoP films by ultrasonic electroless deposition at low initial temperature[END_REF]. However, the formation kinetics of electroless Co-P deposits with respect to the assistant effects of ultrasound has been rarely studied. Kinetics investigation provides in-depth insights for a fundamental understanding to the relationship between microstructure and performances, such as magnetic and mechanical properties of Co-P films. Further investigation is of both practical and scientific importance.

This study aims to investigate the electrolessly deposited Co-P films with promising hard magnetic properties. The utilization of ultrasound facilitates the lowering of process temperatures. The electrolyte solutions used to synthesize Co-P films were alkaline baths containing hypophosphite reducing agents. Reaction kinetics regarding depositing rates and activation energies was studied. We performed materials characterization using scanning electron micrography (SEM), atomic force microscopy (AFM), X-ray diffractometry (XRD), vibrating sample magnetometer (VSM) and nanoindentation on films deposited to the same thickness of 1.1 µm. The main focus is on the evolution of film compositions, morphologies, and crystal microstructures. And in accordance the magnetic and mechanical properties of resultant Co-P films were investigated. The difference between regular electroless deposition and UsA-electroless deposition are compared and studied.

Experimental Details

Copper substrates with a size of 25 mm × 20 mm × 0.5 mm were mechanically burnished by sandpaper from 320 to 4000 grit, and then polished with alumina powder. Prior to carrying out the electroless deposition, the copper substrates were successively rinsed by acetone, pickled by 35 wt.% HCl and immersed in diluted NH4OH for degreasing. And then the substrates were washed by deionized (DI) water. Subsequently, the pretreated copper substrates were activated in a solution containing 0.0017 M PdCl2 and 0.1942 M HCl for 15 seconds. The seed layer of palladium provided self-catalytic sites to initiate the electroless deposition.

The activated copper substrates were mounted on a custom rack, and then dipped into a bath containing 250 ml electrolyte for Co-P electroless reaction. The composition of the bath solution and the operating conditions of electroless deposition are summarized in details in Table 1. Using NaOH, the pH values of the electrolyte were adjusted to 9.0 and 10.0 for the processes of electroless deposition without and with UsA, respectively. For regular electroless depositing without UsA, a constant stirring speed of 150 rpm was kept by magnet stirrer to ensure homogeneous deposition at 60ºC, 68ºC, 76ºC and 84ºC, respectively. On the other hand, an ultrasonic bath with output power 162 watts and frequency 53 kHz was adopted to perform UsA-electroless deposition at 44ºC, 52ºC and 60ºC. An earlier report disclosed that significantly reduced activation energy by increasing reaction temperature or introducing ultrasound irradiation can make the electrolyte become turbid, resulting in uneven films with dendritic microstructures [START_REF] Cheng | Characterization and kinetic investigation of electroless deposition of pure cobalt thin films on silicon substrates[END_REF]. We conducted a few preliminary tests with various bath pH values and output power of ultrasound in order to acquire a comparable deposition rate in the range of 44ºC to 60ºC for the UsA-electroless deposition. The adopted parameters in this study were proved able to form stable electrolyte throughout the depositing process. We used the method of weight gain to determine deposited film thicknesses which were also verified by microscopic analyses. Figure 1 illustrates the boundary step between Co-P film and copper substrate acquired by AFM, indicating a film thickness of 1.1 µm. We characterized selective samples deposited at various temperatures having the nominally same film thickness of 1.1 µm. Hitachi S-4800 field emission scanning electron microscope (FE-SEM) equipped with an energy-dispersive X-ray spectrometer (EDS) was utilized for surface morphology and composition analyses. The AFM (Bruker Dimension FastScan) operated in a tapping mode was used to record surface roughness and topography. The crystal microstructures of Co-P films were analyzed by high resolution X-ray diffractometer (Bruker D8) with Cu Kα (λ= 0.15406 nm) radiation over a scanning range from 20° to 80° at a scanning rate of 1°/min. Grazing incidence XRD (GIXRD) was adopted keeping a 2º incident angle.

The magnetization measurements were conducted using a VSM (Lake Shore 7407) with a maximum applied magnetic field up to 12 kOe at room temperature. The mechanical properties including hardness and reduced Young's modulus of Co-P films were measured via an MTS Nano-Indenter (Nano indenter XP) under a load control mode. A Berkovich pyramidal-shaped diamond tip was used. The testing conditions included a constant loading rate of 200 μN/s and a peak load of 1000 μN, which was chosen to ensure that the maximum penetration depth during test was always kept below 110 nm (i.e. below 10% of the overall Co-P film thickness) to avoid influence from the substrate. The thermal drift derived from the equipment and the environment during the indentation process was kept below 0.05 nm/s. Proper calibration and corrections for contact area (calibrated by a specimen of fused quartz), instrument compliance, and initial penetration depth were conducted prior to performing the indentation.

From the unloading curve, the contact stiffness (S) is defined as:

dh P d S = (1) 
where the applied load and the penetration depth during nanoindentation are denoted as P and h, respectively. The contact stiffness and the contact area (A) are then used to calculate the reduced Young's modulus (Er):

A E S r π β 2 = (2)
where β= 1.034 is a constant for Berkovich indenter tip. The reduced Young's modulus can be derived from the equation expressed as:
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where E and ν are Young's modulus and Poisson's ratio of specimen, respectively; and the typical values of Ei= 1140 GPa and νi= 0.07 are Young's modulus and Poisson's ratio of diamond indenter tip, respectively. The hardness (HB) is deduced from the equation:

A ax M B P H = (4)
where PMax denotes the maximum load applied during the indentation process. A minimum of three indentation curves out of five nanoindentation results were used to calculate the values of reduced modulus and hardness. Without the assistance of UsA, the major factors that affect the activation energy of Co-P electroless deposition include substrate pretreatment [START_REF] Rudnik | Influence of temperature on electroless deposition of Co-P[END_REF], pH value of electrolyte [START_REF] Cheng | Characterization and kinetic investigation of electroless deposition of pure cobalt thin films on silicon substrates[END_REF], type and amount of reducing agent [START_REF] Cheng | Characterization and kinetic investigation of electroless deposition of pure cobalt thin films on silicon substrates[END_REF], concentration of Co 2+ ions [START_REF] Liu | Growth behavior of electroless Ni-Co-P deposits on Fe[END_REF][START_REF] Liu | Growth kinetics of electroless cobalt deposition by TEM[END_REF] and temperature range.

Results and Discussion

Growth Kinetics of Co-P Films

The obtained activation energy values in this study are in a comparable range to the reported data in literature (i.e. 32.6 kJ/mol to 92.6 kJ/mol from references [START_REF] Liu | Growth behavior of electroless Ni-Co-P deposits on Fe[END_REF][START_REF] Liu | Growth kinetics of electroless cobalt deposition by TEM[END_REF][START_REF] Cheng | Characterization and kinetic investigation of electroless deposition of pure cobalt thin films on silicon substrates[END_REF][START_REF] Rudnik | Influence of temperature on electroless deposition of Co-P[END_REF]). In this study, the pH values of electrolyte for linear growth of the Co-P films are 9.0 and 10.0, respectively, without and with the assistance of UsA. At a same process temperature, higher concentration of hydroxide ion is beneficial to the reduction reaction of Co 2+ ions, and therefore the depositing rate increases with increasing pH values [START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF][START_REF] Yu | Effects of pH values on electroless deposition of CoP films[END_REF]. The depositing rates at 60℃ with and without UsA are 53 nm/min and 21 nm/min, respectively (Fig. 2 and Fig. 3). It was found both the activation energy and the deposition rate were lowered by about 60 % with the assistance of UsA. Ultrasonic vibration can not only promote the transportation of chemical species and maintain the homogeneity of the electrolyte, but also generate cavitation effect on account of high-frequency vibration (generally higher than 20 kHz). Cavitation effect augments the collision of the reactant species in the vicinity of depositing surface. Hence the quantity of reactants overcoming the energy barrier tremendously raises. This results in reduced activation energy of reaction [START_REF] Haque | Synthesis of a metal-organic framework material, iron terephthalate, by ultrasound, microwave, and conventional electric heating: a kinetic study[END_REF]. The assistance of UsA realizes the linear growth of Co-P films at process temperatures 60℃ and below.

Characterization of Microstructure

Figure 4 shows the SEM images of Co-P films deposited at 84ºC, 76ºC, 68ºC and 60ºC by regular electroless deposition. The surface morphologies of Co-P films deposited at 76ºC and 84ºC present rice-like granule. Flower-like aggregations are observed for the one deposited at 84ºC (Fig. 4(a)). Decreasing process temperature to 68ºC made the morphology of Co-P films turn into facet-shaped granules. With further decrease in bath temperature, as depicted in Fig. 4(d), the granular facet shapes were significantly destroyed, leaving voids and pin-holes on the surface. It is speculated that low depositing rate and high activation energy at 60ºC could be the main causes that result in the defective morphology.

Figure 5 shows the SEM images of Co-P films deposited with the assistance of UsA at 60ºC, 52ºC, and 44ºC. The surface morphologies of all the samples are very similar to each other. The surface bulges present a mixture of fine facet and refined rice-like granules. Note that cracks and flower-like aggregations are more or less observed on the samples deposited at 60ºC with UsA (Fig. 5(b)). In addition, air holes are occasionally formed on the surface as shown in Fig. 5(a) and 5(b). The reduction reaction accompanied hydrogen evolution can be enhanced owing to the reduced activation energy by the ultrasound irradiation. The competition among enhanced hydrogen evolution, de-bubbling by ultrasonic cavitation and increased depositing rate at 60ºC leads to the air hole features [START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF]. Comparing the SEM images of Fig. 5 with those of Fig. 4, it is clear to learn that ultrasound irradiation generates much finer grains, particularly nano-crystallites, for the electrolessly deposited Co-P films.

Table 2 illustrates the effects of bath temperature on the composition of Co-P films deposited without and with the assistance of UsA. The cobalt contents in the Co-P films raised from 81.0 wt.% to 90.3 wt.% with increasing bath temperatures from 60ºC to 84ºC for regular electroless deposition. The phosphorus contents resulted from the high temperature processes are relatively higher (about 4 wt.%). The P-lean samples from the low temperature processes are with about only 1 wt.% phosphorus contents. For the Co-P films deposited with the assistance of UsA, the cobalt contents are richer (about 90 wt.%), but the one deposited at 44ºC is slightly lower (i.e. 87.2 wt.%). Taking the 2 wt.% error of EDS signal into account, the phosphorus content remains constant for all of the samples deposited with UsA regardless of process temperature. The films deposited with UsA at 52ºC and 60ºC exhibit comparable composition to those films deposited without ultrasound at 84ºC. Moreover, the 84ºC one has much higher depositing rate than that at 60ºC (see Fig. 2(a) and 3(a)), promoting the coarser and merged growth.

Table 3 shows the results of the root-mean-square roughness (Rq) and arithmetical average roughness (Ra) acquired by AFM characterization. Lowest roughness values are generated from the baths with the highest temperature for both regular and UsA-electroless depositions. The roughness of Co-P films increases as reducing the bath temperature. That can be interpreted by the dependency of depositing rate on the bath temperature as disclosed in 3.1.

Figures 7 and8 represent XRD patterns of the Co-P films deposited without and with the assistance of UsA, respectively. These patterns indicate that all the samples have a hexagonal close-packed (HCP) microstructure. Figure 7 shows that increasing bath temperature leads to raised intensities of HCP (100), HCP (101) and HCP (110) [START_REF] Huang | A novel CoCuP electrodeposited film with improved planar hard magnetic properties and film quality[END_REF]. Meanwhile, the intensity of HCP (002) is increased as the process temperature is reduced. On the other hand, from the XRD patterns in Fig. 8, the peaks of HCP (100) and HCP (101) are the only two primary characteristics. No peak is detected by XRD at 2θ= 44.7º for the HCP (002) and 2θ= 76.0º for the HCP (110) in the Co-P films deposited with UsA. With the assistance of ultrasound irradiation, the reduced grain sizes due to P supersaturation at the grain boundaries result in broadened and further undistinguishable HCP (002) peak [START_REF] Vijayan | Microstructural stability and phase transformations in electrodeposited cobalt-phosphorus coatings[END_REF]. The P-lean samples produced by regular electroless deposition at 68ºC and 60ºC manifest clear HCP (002) characteristics (Fig. 7). The conspicuous HCP (002) peak is possibly resulted from the low depositing rate caused columnar crystallites formation. The resultant Co-P films deposited by both electroless deposition methods present distinct XRD peaks at 2θ= 41.5º for the HCP (100) and 2θ= 47.5º

for the HCP (101). However, the full-width-at-half-maximum of those peaks are much broadening for the films deposited with UsA, inferring the possession of much smaller grains compared to the films deposited without UsA [START_REF] Cullity | Elements of X-ray Diffraction[END_REF]. That is consistent with the aforementioned SEM and AFM results.

Magnetic and Mechanical Properties

The hysteresis loops (Fig. 9(a-b)) and the second quadrant of the magnetization (M) versus applied field (H) curves (Fig. 9(c-d)) of the Co-P films by regular electroless deposition are illustrated in Fig. 9. Table 4 displays the in-plane and out-of-plane magnetic properties including the intrinsic coercivity (Hci), the residual magnetization (Mr) and the saturation magnetization (Ms) acquired from Fig. 9. Note that the isoperm (i.e. iso-permeability) loops appeared in the high applied field regions in the out-of-plane hysteresis loops are predominately due to the existence of amorphous Co-P phase [START_REF] Riveiro | Magnetic anisotropy of electrodeposited Co-P amorphous alloys[END_REF][START_REF] Riveiro | Electrodeposited amorphous Co-P alloys with variable magnetic anisotropy[END_REF][START_REF] Heck | Magnetic materials and their applications[END_REF][START_REF] Zheng | Electroless plating of Co-Zn-P thin film onto nanodiamond cores[END_REF].

The amorphous Co-P phase possesses strong macroscopic shape anisotropy, which presents easy magnetization in the in-plane direction of films. Both the in-plane and out-of-plane hard magnetic properties are increased with raising bath temperature. Since all the Co-P films are crystalline, the Co and P contents in the films are responsible for the aforementioned temperature dependency [START_REF] Lu | Synthesis and characterization of ultrasonic-assisted electroplated Co-P films with amorphous and nanocrystalline structures[END_REF][START_REF] Huang | A novel CoCuP electrodeposited film with improved planar hard magnetic properties and film quality[END_REF]. The enhanced magnetization for the 60ºC processed Co-P films could be due to the better loop squareness arisen from the possession of distinct HCP (002) microstructure, which being the easy-axis of magnetization due to magnetocrystalline anisotropy [START_REF] Armyanov | Crystalline and amorphous electroless Co-W-P coatings[END_REF]. The maximum values of Hci and Mr for the in-plane properties of regular electroless Co-P films are 860 Oe and 99 emu/g, while those for the out-of-plane properties are 1640 Oe and 26 emu/g. Figure 10 and Table 5 elaborate the magnetic properties of Co-P films deposited with the assistance of UsA at various bath temperatures. All the Co-P films are with nano-crystalline grains, so that the grain boundaries induced pinning effect is significant [START_REF] Wang | Electroless plating Co-P films for high performance magnetic rotary encoders[END_REF][START_REF] Lu | Synthesis and characterization of ultrasonic-assisted electroplated Co-P films with amorphous and nanocrystalline structures[END_REF]. Hence, the intrinsic coercivity is retained as can be seen in Table 5. The best in-plane hard magnetic properties are Hci 620 Oe and Mr 114 emu/g. The best out-of-plane ones are Hci 1280 Oe and Mr 43 emu/g. It is worthwhile to note that the "D 6 law" of coercivity is not valid for the nano-crystalline Co-rich films because domain wall pinning is the prevailing magnetization mechanism [START_REF] Koo | Electrodeposition of low-stress NiFe thin films from a highly acidic electrolyte[END_REF][START_REF] Mehrizi | Study of microstructure and magnetic properties of electrodeposited nanocrystalline CoFeNiCu thin films[END_REF][START_REF] Herzer | Grain size dependence of coercivity and permeability in nanocrystalline ferromagnets[END_REF]. Clear trend shown in Fig. 11 indicates that higher bath temperature favors the incorporation of Co elements in the resultant films (see Table 2). Hence the hard magnetic properties are significantly better than those of Co-P films deposited at lower bath temperature. The reason that the 76ºC and 84ºC baths produce much higher values of intrinsic coercivity can be explained by the shape anisotropy [START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF][START_REF] Yu | Preparation of CoP films by ultrasonic electroless deposition at low initial temperature[END_REF] as depicted from the AFM results

shown in Fig. 6.

Table 6 shows the hardness and reduced modulus of Co-P films deposited without and with the assistance of UsA at various bath temperatures. Figure 12 presents the representative indentation curves of load versus penetration depth. For the Co-P films deposited without UsA, the hardness and reduced modulus are lowest at 84ºC, and in contrast are highest at 60ºC. Note that the hardness and elastic modulus reported in this study are in a consistent region according to literature [START_REF] Milman | Influence of temperature, grain size and cobalt content on the hardness of WC-Co alloys[END_REF][START_REF] Tromans | Elastic anisotropy of HCP metal crystals and polycrystals[END_REF]. The enhancement of hardness and reduced modulus for Co-P films deposited in 60ºC and 68ºC baths are due to the low depositing rate resulted densification and microstructure. The major slip plane of HCP cobalt is (001) facet. The significant HCP (002) characteristics depicted in the XRD patterns (Fig. 7) imply the propensity of dislocation generation during indentation process. On the other hand, for the Co-P films deposited with UsA, although there is no peak of HCP (002) found from the XRD patterns (Fig. 8), the nano-crystalline microstructures intensify the hardness of Co-P films as depicted by the Hall-Petch relationship [START_REF] Milman | Influence of temperature, grain size and cobalt content on the hardness of WC-Co alloys[END_REF]. The hardness of all the UsA-electrolessly deposited Co-P films is very similar as depicted in Fig. 13, and the effect of surface roughness on hardness is diminished. Note that it is attainable to diminish the surface defects of cracks and air holes of the films deposited by the 60ºC UsA process through a systematic recipe investigation [START_REF] Yu | The effect of magnetic fields on the electroless deposition of Co-W-P film[END_REF]. UsA-electrolessly deposited Co-P films having desired hard magnetic and mechanical properties along with improved surface quality can be readily applicable for magnetic components in various applications. Furthermore, competitive mechanical property of above 5 GPa hardness can be achieved through the assistance of UsA. The Co-P films deposited by regular electroless process are not competent to meet hard magnetic and mechanical properties simultaneously due to the high depositing rate along with high activation energy at an inevitably high bath temperature. The notable characteristics of Co-P films by UsA-electroless deposition are able to be further optimized concerning the surface defects presented in this study. Low temperature process of electroless deposition is attainable and feasible through the assistance of ultrasound irradiation.
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 2 Figure 2(a) shows the relationship of film thickness versus depositing time at various
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 6 Figure 6 demonstrates the AFM images of the surface topography of Co-P films with a
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 4 ConclusionsUltrasound irradiation realizes reduced process temperature of electroless deposition in alkaline bath for Co-P hard magnetic films deposited on copper substrates. Arrhenius analysis indicates the activation energy of the regular electroless deposition is 83.8 kJ/mol. The assistance of UsA lowers the activation energy of electroless reaction to 34.7 kJ/mol, and a comparable depositing rate can be maintained by adjusting the pH values of electrolyte.Cavitation effect of ultrasound irradiation is the main cause that gives rise to nano-crystalline grains with Co contents above 90 wt.%, promoting the hard magnetic and mechanical properties of Co-P films. The in-plane magnetic properties of the Co-P films synthesized by the UsA-electroless deposition are plausible with Hci 620 Oe and Mr 114 emu/g. The perpendicular ones are Hci 1280 Oe and Mr 43 emu/g. The hard magnetic properties are comparable to the Co-P films deposited by regular electroless method at higher temperatures.
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