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JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998

Nanostructured NdFeB films processed by rapid thermal annealing

M. Yu,2? Y. Liu,® S. H. Liou,? and D. J. Sellmyer®
Center for Materials Research and Analysis, University of Nebraska, Lincoln, Nebraska 68588-0113

Nanostructured NdFeB films were prepared by magnetron sputtering followed by rapid thermal
annealing at a ramp rate of 200 °C/s. Isotropically orientegH8dB crystallites were formed in the

films and coercivities up to 20 kOe and remanence ratios up to 0.8 were obtained. Transmission
electron microscopy analysis shows that the majority phase of the magnetic layer in the high
coercivity films consists of NgFe 4,B nanocrystallites with an average size of about 50 nm. These
nanocrystallites are believed to be single-domain particles, which are responsible for the high
coercivities. MFM measurements show that the domain size is about 500 nm. It is thus indicated that
the 50 nm NdFe 4B nanocrystallites are strongly exchange-coupled into the 500 nm domains and
the high remanence ratio originates from this exchange couplingl9@8 American Institute of
Physics[S0021-897@8)44111-3

I. INTRODUCTION RTA technique(unless specified otherwisén flowing Ar
Since the discovery of Nffe,B in 198413 numerous with a ramp rate of 200 °C/s. The structure and microstruc-
4 ’ . . .
studies on NdFeB-based materials have been conducted {8® were characterlzeq by x-ray diffractioiXRD) and
transmission electron microscopyEM) measurements. The

obtain a better understanding of their excellent intrinsic i i t i t determined b
properties and develop better fabrication processes for pepjagne IC properties at room temperature were determined by

manent magnetsMost of this research was on bulk NdFeB a SQUID magnetometer and the magnetic domain size was

materials and relatively only a little work has been done Onest|mated by MFM measurements.

thin film NdFeB materialS~*3 With the rapid development
of micromechani(;al de\(ices, micr_oelgctronics, and integrateﬂl_ RESULTS AND DISCUSSION
magnetoelectronic devices, applications of permanent mag-
net films are becoming more significant. Furthermore, better The XRD pattern of an as-deposited NdFeB film is
knowledge of NdFeB films also can help one to understanéhown in Fig. 1. Magnetic measurements showed that the
the exchange coupling in nanostructured magnetic materia®s-deposited films are magnetically soft. It is thus indicated
because films thickness and grain sizes can be controlled &s expected that the as-deposited films are amorphous except
some extent to test some recent theoretical calculatfblts. for the presence of a little-Fe. Figure 1 also shows the

In this article we report our systematic study of the mag-XRD pattern of the NdFeB film annealed at 500 °C for 60 s.
netic properties of nanostructured NdFeB films preparedNd,Fe ,B crystallites were formed and they were found to be
from amorphous state by rapid thermal annealiRJA). isotropically oriented in the annealed film, as indicated by
RTA features a very high ramp rat@00 °C/3 and thus is the peaks in Fig. 1. In fact all properly annealed filtns.,
able to anneal films for a very short effective annealing time
(tens of seconds which is essential in forming isotropic
nanostructured NdFeB films with high coercivitidd {) and
high remanence ratiodV, /My). ’ o-Fe

Il. EXPERIMENTAL METHODS
Nd,Fe,,B
All NdFeB films were deposited directly onto water- s NINY PRI TP Y

cooled 7059 glass substrates at room temperature by dc mag-
netron sputtering with base pressure of better than 3
X107 Torr and Ar pressure of 10 mTorr. The NdFeB layer
has a thickness of 500 nm and is protected by a 40 nm Cr
overcoat. The NdFe,;Bg target was provided by Electron
Energy Company and some Nd chips were added to adjust
the Nd concentration. The composition of the films is .
NdsgFessB,, which was estimated by the area ratio of Nd M JAS'depos'ted
chips and the target and verified by energy-dispersive x-ray oL—— ' P

measurements. The as-deposited films were all processed by 20 30 4029 (gggree(;o 70 80

d
-
o
(=]

con

Annealed at 500°C

Counts/Se

dDepartment of Physics and Astronomy. FIG. 1. X-ray diffraction patterns of as-deposited and annedé@ °C, 60
YElectronic mail: myu@unlinfo.unl.edu s) NdFeB films. The standard diffraction patterns ®fe and NdFe B
9Department of Mechanical Engineering. phases are also shown for comparison.
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FIG. 2. TEM picture of a NdFeB film annealed at 500 °C for 60 s. 10 100 1000

Annealing Time (second)

FIG. 4. () H,, (b) Mg, and(c) M, /M, of NdFeB films annealed at 550 °C

those with H.>5kO¢ consist of isotropically oriented ¢y yarious times with ramp rates of 200 and 1 °Cls.

Nd,Fe B crystallites, as confirmed by both XRD and mag-
netic measurementsee later discussion

The XRD pattern of the annealed NdFeB film has peaks
other than those of N&eB. They can all be indexed to Nd:FeB is about 300 nnf. The composition of the film
Nd203 and Ndo phases_ The Oxygen was main'y introducedndicates that there Should be a th|n Nd—l’iCh |a.yer betWeen
in the RTA process which in our case can be done only irfhe nanocrystalline Ngre;,B particles, although it cannot

flowing Ar. been seen due to limited resolution. The high ramp rate may
The formation of the Ng:e]AB phase is on|y one neces- also introduce some defects other than the Nd-rich Iayer.
sary condition to have highl, andM, /Mg in NdFeB films. With the change of structure and microstructure in Nd-

The other is that appropriate microstructure must be develf€B films, the magnetic properties are also changed com-
oped. Figure 2 is the bright field TEM picture of the NdFeB Pletely after annealing. Figure(@ shows the parallel and
film annealed at 500 °C for 60 s. Electron diffraction analysisPerpendicular hysteresis loops of the NdFeB film annealed at
indicates that the grains shown in Fig. 2 are,Ra,B crys- 500 °C for 60 s. The largel. (~16 kOe) and the similarity
tallites. The size of these crystallites is about 50 nm. Thigf the two loops also indicate the formation of isotropically
means that these nanocrystallites are single-domain partici@iented NgFe;,B nanocrystallites in a Nd—Fe—B system. In
because the critical single-domain particle diameter ofddition to the formation of the N&e,B phase, the micro-
structure(the 50 nm nanocrystallites and the associated de-
fecty also plays an important role in developing hib .
Annealing temperatureT() and time €,) can strongly
4001 (a) T, = 650°C / affect the magnetic properties. Figure 3 shows the hysteresis
loops of the NdFeB films annealed for 60 s at varidys
/J We observed that nél, can be developed iT,<<500 °C.
wol o After T, reaches 500 °CHl is developed but decreases and
5 (b)T,=600°C r the saturation magnetizatioi, changes slightly a3, in-

J / creases. IfT;>650 °C, H. decreases sharply with a moder-
ooy - ’ ate increase oM. These results have the following impli-
wl (T, =550°C f cations. First, the crystallization of Nee,,B can occur only

0

-400

F whenT,=500 °C, which is less than 627 °C, the crystalli-
o J ’J zation temperature of N#e;,B.* This is reasonable because
- X ) ) the crystallization temperature decreases when Nd concentra-
e tion increases® Second, whef,>500 °C, presumably the
400F ()T =500°C ,"T /- ! a ;
i T, , f’“« f vvgll Nd,Fe; ;B nanocrystallites grow and the defects are reduced.
P J _“_.J _________ PER This is the most probable reason for the decreasé.ofith
= the increase off ;. Finally whenT_,=650 °C, most Nd is
oxidized anda-Fe is left as the main magnetic phase, caus-
ing the sharp decrease B, and the increase d¥l .

FIG. 3. Hysteresis loops of NdFeB films annealed for 60 s at various tem- Anf)ther batch of NdFeB_ films was annealed at 550 °C
peratures T,). for varioust, and the resultingd., Mg, andM, /M are

Magnetization (emu/cn)

40 20 0 20 o)
Applied Field (kOe)
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calculationst® A MFM image of a thermally demagnetized
NdFeB film annealed at 500 °C for 60 s is shown in Fig. 5. It
can be estimated that the domain size is about 500 nm. This
means that in one domain there are manyHég,B nanoc-
rystallites aligned by exchange coupling. Such a micromag-
netic structure(sometimes called “an interaction domain”
provides a direct explanation for the high, /M. The ex-
change coupling here is so strong thdf /Mg is changed
slightly whenH, is changed dramatically.

IV. CONCLUSIONS

By using the RTA technique we are able to fabricate
isotropic nanocrystalline NdFeB films with high, and high
M, /Mg. H. is very sensitive to annealing temperature and
time. Low temperature and short time, which arst enough
to crystallize the amorphous NdFeB into single-domain
Nd,Fe ,B nanocrystallites, are critical to obtain the proper
microstructure for highH.. We also found that these high
coercivity, nanocrystalline NdFeB films have very high
M,/Mg, which originates from the strong exchange coupling

FIG. 5. MFM image of a thermally demagnetized NdFeB film annealed at@mMong the NgFey,B nanocrystallites.

500 °C for 60 s. The CoCr MFM tip was magnetized parallel to the sample
surface. ACKNOWLEDGMENTS
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