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Structure and magnetic properties of high coercive NdFeB films
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Relatively good hard magnetic properties obtained from,P¢gB films prepared by the rf
sputtering technique were investigated in terms of the microstructural development. Although
as-deposited films on Mo substrates deposited at substrate temperafyyresf 365°C were
amorphous with the dispersion of nanocrystalline NdO particles, columnar grains &8l

phase with thec-axis perpendicular to the film plane developed after annealing at 650°C at an
optimized heating rate. N&e,,B grain size was about 400 nm in average and NdO particles of
about 10 nm were dispersed within the grains and along the grain boundaries. These films
exhibited good perpendicular hard magnetic properties;Hf=1356 kA/m and BH)yax

~216 kJ/m¥. © 2003 American Institute of Physic§DOI: 10.1063/1.1561576

Anisotropic high-energy-product NHe B magnetic tionship between thé200) oriented Mo substrate and the
thin films are the focus of intense interest because of theias-deposited amorphous Nd—Fe—-B filnRecently, Shima
outstanding  potentials  for micromagnetic  deviceet al® reported on highly anisotropic thin films with the
applications:? Since the sputter-controlled crystallization axis columnar growth of the Née,,B phase occurred by the
process of NgFe; B thin films led to high coercivity and  crystallization of amorphous Nd-Fe-B phase triggered by
axis crystalline texturd, several studies were made to the Cr cap layer and these columnar grains did not have any
achieve excellent anisotropic behavior, higher coercivity, anépitaxial relationship with the substrate.
better saturation polarizatidi?.In the postdeposition anneal- In this letter, we present magnetic and nanostructural
ing process, it has been necessary to optimize both the spiiharacteristics of um Nd—Fe—B as-deposited film depos-

tering and thermal annealing conditions separately in ordeff€d at substrate temperazuresf of 300f6w temperature
to optimize the transformation of the amorphous Nd—Fe—g1€Position(LTD)] and 365 °Clhigh temperature deposition

phase to a magnetically anisotropic crystalline ,Re|,B (HTD)] and correlate them with the corresponding magnetic

phase(d phase. One of the key factors revealed by a few properties in the crystallized films. We will demonstrate that
previous investigations is the effect of substrate depositioﬁfvealk perpendicular anisotropy in as-deposited film is a po-

temperature on the weak uniaxial magnetic anisotropy in théentlgl origin of gopd crystal.llne. texture and en.hancgd per-
. Eg . pendicular magnetic properties in these crystallized films.
amorphous films:® The existence of weak out-of-plane an-

isotropy in the soft magnetic phase was reported indicated by The sputtering and annealing conditions are summarized
the increase in both local and macroscopic anisotropy caused

by the predominant location of easy axis magnetization perfABLE I. Sputtering and annealing conditions.

pendicular to the film plane. Earlier investigations furtherrf sputtering

reported that the appropriate substrate deposition tempera-

ture to attain excellent hard magnetic properties is limited'arget NdoFes B+ (1.5 1.5) enf Fe Sheet
within a small range below the crystallization temperatures’ Pressure 6.x10 " Pa
9 . . . y P Substrate temperature 300 {CID), 365 °C(HTD)

(Terysd - In our previous investigation, we also found that the peposition time 1h
weak out-of plane anisotropy gave rise to enhanced magnetieposition rate um/h

properties in annealed films even without any epitaxial rela©xidation protection coating 700 A

Annealing

30n leave from the Department of MSE, University of the Philippines- Vacuum pressure 6710 * Pa

Diliman, Diliman, Quezon City, 1101 Philippines; electronic mail: Ramp rate 50 °C/min

leokebs@hotmail.com Temperature 650°C
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FIG. 1. X-ray diffraction patterns and the corresponding low field part mag- @)
netic hysteresis loops for films deposited@t300 °C(LTD mode and (b) >
365 °C(HTD mode. 20 30 40 50 60 70
26 Cu K Radiation

in Table I.' Magnetic and mlcrostrgctural Chara(.:tenzatlonSFlG. 3. X-ray diffraction patterns of anneal¢a LTD and (b) HTD films.
were carried out by superconducting quantum interference
device (SQUID) and x-ray diffraction (XRD) analysis.
Cross-sectional and planar transmission electron microscopyarticles observed in the amorphous matrix of the film.
(TEM) observations were also made. Shown in Fig. Zc) is one of these particles identified to be
Figures 1a) and 1b) show the XRD patterns of as- NdO with a fcc structureg~5 A) by microbeam diffraction
deposited LTD and HTD films. Both exhibit broad halo pat- and energy-dispersive x-ray spectroscopipXS). These Nd
tern, which is the characteristics of the existence of an amomxides are believed to have formed during the film deposi-
phous structure. tion. The black and white contrasts of the particles are due to
It can be understood that the Ti protective coating crysthe diffraction contrast from different crystallographic orien-
tallized during deposition indicated by tli£00) and(00-2)  tation. Observing the cross section TEM image of Figp) 2
texture both in the LTD and HTD modes. No significant dataNdO particles form a thin columnar stacking pattern separat-
yet have been established whether this texture has any infling the amorphous phase in a columnar morphology. The
ence on the microstructure of the as-deposited and annealéshdency to form columnar-like morphology in the as-
films. deposited film is probably associated with the shape anisot-
Figure XZc) shows the corresponding low-field part mag- ropy that caused weak out-of-plane anisotropy. The differ-
netic hysteresis curves of as-deposited films, measured wittnce in theK, values and the distinction observed in the
the magnetic field applied parallel to the film plane. Weaknanostructure of the as-deposited films may be related to the
perpendicular anisotropyK(,) in the as-deposited films was columnar grain structure formation after crystallization.
estimated byK =M H//2, whereMy is the saturation mag- The x-ray diffraction patterns of the annealed films are
netization value at a poir g where the hysteresis curve start presented in Figs. (8 and 3b). The diffraction pattern of
to saturate under an applied fi€l& , values estimated for the annealed LTD film reveals the formation of randomly
the films deposited at 300 and 365°C were 0.014 anarientedd phase. For the annealed HTD film, a pronounced
0.059 J/cr, respectively. It was reported by Kapitanov texture with thec axis of the tetragonab phase aligned with
et al® that the inclination in the loops with respect to the film normal is observed. The appearance of strong (002
4M-axis suggests the formation of uniaxial magnetic anindexes indicates that the crystalsbphase grew with the
isotropy in the magnetically soft state provided that deposiaxis along the film normal. The existence of NdC11) and
tion is made within a certain temperature range below thg220) is a significant concern because it may cause decrease
crystallization point of NdFe 4, B. Figures 2a) and 2Zb) are  in the volume fraction ofb phase.
TEM planar view images and the corresponding diffraction ~ Magnetic hysteresis loops measured parallel and perpen-
patterns of the as-deposited films. In both diffraction patdicular to the film plane of the LTD and HTD films are
terns, no traces of the reflections from the,Re|,B phase shown in Fig. 4. The LTD film was found to be magnetically
are observed. Figure(@ shows that the film is a homoge- isotropic as shown by the nearly similar hysteresis loops in
neous and featureless continuum suggesting a fully amoboth field directions. Magnetic properties for this isotopic
phous structure. Figurgl®d is an image for HTD film having film are ;H., =1427 kA/m, 47M,, =0.52 T and obviously
small dark spots and long fibrous patterns of crystallizedow energy-product which cannot be exactly estimated be-
cause the loop is not fully saturated even at high fields. In the
HTD case, magnetic properties arél., =1356 kA/m,
47M,,=1.06 T, BH)uax=216kd/n? and M,/M~1.
The HTD loop was corrected for demagnetizing field with a
factor of 0.75. The perpendicular anisotropic properties are
consistent with the perpendicular orientation of thaxis of
® phase.
Figure 5a) represents a bright-field planar view of a
crystallized HTD film. The diffraction pattern obtained from
FIG. 2. Planar view bright-field TEM images and corresponding diffraction

patterns for films deposited &) 300 and(b) 365 °C. (c) High-resolution one of the grains 1S characterized as Eﬁél] zone axis of

electron microscope image and the corresponding Fourier transformed eletl€ NhFe,B phase. A weak, spotty ring-like pattern in the

tron diffraction pattern of one of the small black NdO particles in Fig)2 ~ middle part of the diffraction pattern corresponds to fcc NdO
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FIG. 4. Magnetic hysteresis loops of annealed LTD and HTD films, for. . P . -
magnetic field directions parallél) and perpendiculatL) to the film plane. in the films but initial magnetization curve of the annealed

The nucleation type initial magnetization curve of the fill.(plane) is  films is of nucleation type as shown in an inset in Fig. 4.
shown in an inset figure {H)yax for the HTD film is around 216 kJ/f The Mo substrate used has a surface rough(ress of
~104 nm and also, due to the nonepitaxial deposition
(a~5A), which are embedded in the matrix grains. As growth of the film, defects and vacancies in the substrate-
XRD analysis results indicate&ig. 3), the variation in the film interface may occur resulting in a substantial interface
volume fraction of NdO againsb phase may also affect the Stess. Figure () _also shows a thi_n layer of nanocrystalline
magnetic properties of the films. Figuréobis a bright-field ~ Particles separating the Mo grains from the homogenous
cross-section TEM image of the annealed HTD film. As it isNd2F€w4B grains. During rapid crystallization grain growth,
clearly seen, a strongly textured columnar grain with an aphucleation of theb phase may have taken place in Nd rich
proximate diameter of around 400 nm stands vertically orf€as enclosed by clustered NdO particles previously depos-
the substrate surface. The diffraction pattern for the columnafed from the Nd—B rich target. Nucleation seed particles

grain represents thg810] zone axis, suggesting that tie started to grow at the expense of very fine crystallites to
axis is normal the film plane. reduce interfacial energy of the system. At the interface, par-

The annealed HTD film resulted in a hightyaxis tex-  ticles remained unaffected due to the difficulty of overcom-

tured and high-energy-product thin film magnet. LileeviNg defects and internal stresses.

et al® pointed out the existence of an isotropy-anisotropy ~ e showed that the presence of weak out-of-plane an-
transition at 340 °&T,<395°C. The result of the present ISOropy and existence of NdO particles in as-deposited
study is consistent with their work, that is HTD sample re-NdFeB thin films depend sensitively dg. The as-deposited
sulted in high perpendicular coercivity, while LTD sample film grown at 365°C containing clustered NdO particles
was rather isotropic. The remarkable magnetic properties ofielded a higher effective anisotropy constant of 0.059 3/cm
the annealed HTD film can be attributed to the completelyP0SSibly caused by the shape anisotropy from the columnar-
crystallizedd phase grains that dominate the entire structurdiké formation at the cross section of the film. The weak
together with a considerable amount of nonmagnetic Ndcrnisotropy resulted to the realization of highly anisotropic
particles. Although the origin of high coercivity and its @nd high-energy product thin film after crystallization. TEM
mechanism is not yet fully understood, more TEM work is Observations confirmed the existence of fcc NdO and colum-
still underway to examine closely the possible cause of th&@ar © phase grains having nearly single domain size around
formation of large and columnar grains that is considered t§t00 M. A sharp interface exists between [861] oriented

be a major source of perpendicular anisotropy. Planar antid2F€4B columnar grain structures.
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