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Abstract. Nd-Fe-B/o-Fe multi-layered nanocomposite film-magnets were prepared from a
rotating Nd,gFesB/a-Fe composite target by the pulse laser deposition method with a Nd-
YAG laser (A\=355 nm). The prepared film-magnets were composed of approximately 800
layers with the thickness of about several tens nanometre, and exhibited hard magnetic
properties after annealing. The laser power for the ablation of the target was varied between 3
and 7 W, and it was found that the composition, magnetic properties, and the surface roughness
of the prepared films depend on the laser power. A reduction in the laser power caused
increases in remanence and the maximum energy product (BH)n.x as well as decreases in Nd
content and coercivity of the films. All the samples had Nd-poor compositions compared with
that of the Nd,¢Fe 4B target and the Nd-contents of the films deposited with laser power of 3
W were less than that of the stoichiometric composition of Nd,Fe4B. The highest (BH).x and
remanence values were obtained for a film deposited with laser power of 3 W, and were 90
kJ/m® and 1.0 T, respectively. The obtained high remanence value is discussed from the
viewpoint of the remanence enhancement as well as the large saturation magnetization of o-Fe .

1. Introduction

Recently, magnets with several tens of microns are needed for applications to small machines such as
milli-size motors [1]. As thinning of a bulk magnet has a tendency of degrading its magnetic
properties [2], thick film-magnets are hopeful candidates for magnets used in such applications [3].
Although excellent magnetic properties have been reported for anisotropic thick film-magnets [4]-[6],
isotropic ones are also attractive, because they are easily magnetized multi-polarly, and the multi-polar
magnetization increases output torque of a motor. We have already reported a design example of a
small motor consisting isotropic film-magnets which has output torque larger than that of a motor
consisting of an anisotropic magnet [7].

Nanocomposite magnets are expected to exhibit isotropic and superior magnetic properties by
controlling their nanostructures [8], [9]. One of promising methods of controlling nanostructures is
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synthesis of an artificial layered structure, because the layered structure prevents the growth of grains
and achieves a fine nanostructure [10], [11].

In order to synthesis multi-layered film-magnets with several tens microns, we need to prepare 10°-
10* layers. The PLD method with a composite target is suitable to prepare the layered structure for this
purpose, and we reported the results of evaluation of magnetic properties of Nd-Fe-B/FesB multi-
layered films prepared by the PLD (Pulsed Laser Deposition) method [11]. In this contribution, we
prepared Nd-Fe-B/a-Fe nanocomposite film-magnets using a Nd-YAG laser with different laser
powers, and evaluated their magnetic properties and morphology. Subsequently, the obtained magnetic
properties were discussed in terms of the remanence enhancement.

2. Experimental Procedure

2.1 Preparation of multi-layered films
A composite target, which were composed of Nd,sFe;4B and o-Fe segments, were prepared and the
area fraction of the a-Fe segment was set to 1/4 in this investigation. Subsequently, the target was
ablated by a Nd-YAG laser beam (A=355 nm) in a vacuum chamber for 1 hour under the vacuum of
5x107-2x10° Torr. As shown schematically in Fig.1, the target was rotated with the speed of 6.5-7.0
rpm during the deposition, which enabled us to deposit 13-14 layers/min. Thus, the deposited films
were composed of approximately 800 layers. The repetition frequency of the laser and the distance
between a target and a substrate were set to 30 Hz and 10 mm, respectively. The laser power was
varied between 3 and 7 W.

We used a Ta substrate and composite films with the thickness of 8.1-28.4 um were obtained. The
Nd-Fe-B layers in an as-deposited film were amorphous after deposition, and the as-deposited films
were crystallized and hardened magnetically by pulse-annealing for 1.8-2.0 s with an infrared furnace.

2.2 Evaluation of magnetic properties and microstructures

The prepared films were isotropic magnetically, and in-plane magnetic properties were measured with
a vibrating sample magnetometer after magnetization under a pulse field of 6.4 MA/m. The thickness
of a film was determined from the in-plane and perpendicular magnetization curves measured for the
corresponding film in the as-deposited [12].

Microstructures of film-magnets were analyzed after crystallization with SEM, TEM, and XRD.
The composition of a film was determined with an energy dispersive X-ray spectrometer (EDX). The
roughness of the surface of a film was evaluated with a surface roughness meter with a contact probe.
The average roughness R, was calculated from the results of 3-5 scans (2.4 mm in length) with the
probe for as-deposited films.

3. Results and discussion

Multi-layered films were deposited with the laser powers of 3, 5, and 7 W, and their microstructures
and magnetic properties were evaluated after magnetic hardening. Results of X-ray diffraction
analysis and TEM observation are shown n Fig.2 for a film deposited with the laser power of 5W.
The multi-layer structure, approximately 20 nm in thickness, was clearly seen in Fig.2 (a). This thickness
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Figure 1. Schematic representation of PLD
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composite film.

target
Pulse Laser



. . g = || @ Nd,Fe 1B
4 . 50nm S ||V aFe v
2 Lo} .” 2
Q & : %" S
- . - "
- . g s
BN O W :
‘i\ . % =
- ) \ a . E R =
.-\‘ \:j ! . "‘ L . I .
- C M L > 30 40 50
h . "\ 3 ~ ) ._.'-:.‘ . 20 [degree]
(a) (b)

Figure 2. TEM micrograph (a) and X-ray diffraction pattern (b) of Nd-Fe-B/a-Fe multi-layered film-
magnet deposited with laser power of 5W.

is suitable for obtaining a nanocomposite magnet [8], [9]. The X-ray diffraction pattern indicates that
the film is composed of Nd,Fe;4sB and a-Fe mainly and that the Nd,Fe;4B grains have no preferred
orientations. The diffraction pattern obtained by TEM were also supported these results.

The compositions of the prepared films were scattered from a film to a film, and the obtained
coercivity H., remanence M,, and maximum energy product (BH)nm.x after crystallization are shown in
Fig.3 as a function of the content of Nd, Nd/(Nd+Fe). As the Nd contents of Nd,¢Fe14B and Nd,Fe4B
are 0.156 and 0.125, respectively, all the samples shown in the figure have Nd-poor compositions
compared with that of Nd,sFe4B. It is also seen that a small laser power results in a poor Nd
composition, and the samples deposited with the laser power of 3 W were Nd-poor compared with the
stoichiometric composition of Nd,Fe14B. Origins of the scattering and shift of Nd-content are not clear
at the present stage.

The coercivity H. decreased with decreasing the Nd content as expected from magnetically soft
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Table 1 Magnetic properties of isotropic thick RE-TM thick film-magnets.

Alloy Method Film &hr;c)k”ess (kAH;m) M, (T) ((E%”f)x Ref,
Nd-Fe-B PLD 14.9 430 1.0 90 This Work
Nd-Fe-B Plasma Spray 500 1380 0.59 61 13
Nd-Fe-B Tape Casting 300 760 0.45 14
Nd-Fe-B Screen Printing 10-50 860 0.5 15

Sm-Co Sputtering 30 1200 0.75 90 16
Sm-Fe-N D’:ng‘;ist?('m ~45 1440 0.55 17

properties of a-Fe. The remanence has a tendency of increasing with a decrease in the Nd content as
expected from the small saturation magnetization of Nd,Fe.4B, although a broad minimum was seen at
around N/(Nd+Fe) = 0.12, which suggests that the squareness of a demagnetization curve is not good
at this content. The maximum energy product (BH)m.« also showed a broad minimum at around
N/(Nd+Fe) = 0.12, reflecting the behaviour of the remanence. The largest (BH)nmax Value was obtained
for the film with N/(Nd+Fe) = 0.098, and the hysteresis loop of this film is shown in Fig.4. The
average layer-thickness calculated from its thickness was 17.7 nm. The obtained (BH)m.x and M,, 90
kJ/m* and 1.0 T respectively, are larger than those of the Nd-Fe-B/FesB multi-layered film reported
previously [11]. Magnetic properties for other RE-TM isotropic film-magnets are shown in Table 1.
The film obtained in this study has the largest M, and (BH) .« Values in those shown in the table.

In order to study origins of a large M, value of the films deposited with the laser power of 3 W, we
evaluated the spring back ratio SBR which is the ratio of the recoiled magnetization from the coercive
field to the remance, and found that the SBR values (0.46-0.60) of the films deposited with laser power
of 3 W were larger than those (0.38-0.46) deposited with the laser power of 5 W. This result suggests
strong intergrain exchange interactions in the former films. As a decrease in laser power results in
reduction of film-thickness, the average layer-thickness is also reduced with decreasing the laser
power. Therefore the intergrain exchange interaction and, resultantly, the remanence would be
enhanced [8], [9].

It is well known that small particles called “droplet” are emitted from a target during deposition,
and they would break the layered structure of deposited films. From this point of view, the surface
roughness was evaluated for films deposited from Nd,¢Fe14B target.. The results are shown in Fig.5 as
a function of the film-thickness. It is clearly seen that the reduction in the laser power decreases not
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Figure 5. Average surface roughness of films of
films deposited from Nd,sFe;sB target. The
samples were deposited with laser powers of 3,
5,and 7 W.

Figure 4. Hysteresis loop of Nd-Fe-B/a-Fe
multi-layered film-magnet deposited with laser
power of 3W.



only the film-thickness but also the average roughness R,, which suggests that the reduction in the
laser power decreases the number/or size of droplets and improves the layered structure. Thus, an
improvement in the surface roughness seems to enhance the remanence through the intergrain
exchange interaction.

4, Conclusions

Nd-Fe-B/o-Fe multi-layered nanocomposite film-magnets were prepared from a rotating
Nd, sFe14B/a-Fe composite target by the pulse laser deposition method with a Nd-YAG laser (A=355
nm). The laser power for ablation was varied between 3 and 7 W, and the rotating speed of a target
was set so as to deposit approximately 800 layers with the thickness of about several tens nanometre.
The synthesis of the layered structure was confirmed by TEM observation.

It was found that the composition, magnetic properties, and the surface roughness of the prepared
films depend on the laser power. A reduction in the laser power caused increases in remanence and
the maximum energy product (BH)nax as well as decreases in Nd content and coercivity. All the films
had Nd-poor compositions compared with that of the Nd,¢Fe;4,B target and the Nd-contents of the
films deposited with laser power of 3 W were less than that of the stoichiometric composition of
Nd,FesB. The highest (BH)max and remanence values were obtained for a film deposited with laser
power of 3 W, and were 90 kJ/m® and 1.0 T, respectively.

The spring back ratio of the films deposited with laser power of 3 W was larger than that with laser
power of 5 W, which suggests strong intergrain exchange interaction. As a reduction in the laser
power causes the decrease in the layer-thickness and the number/size of droplets, the enhancement of
exchange interaction due to the reduction in laser power seems to be reasonable. Therefore, the large
remanence and resultant large (BH)max Obtained in this investigation can be attributed to the large
saturation magnetization of o-Fe and the remanence enhancement due to intergrain exchange interaction.

References

[1] Nakano M, Sato S, Yamashita F, Honda T, Yamasaki J, Ishiyama K, Itakura M, Fidler J, Yanai
T and Fukunaga H 2007 IEEE Trans. Magn. 43 2672.

[2] Nakamura H, Hirota K, Shindo M, Minowa T and Masakatu H 2005 IEEE Trans. Magn. 41
3844,

[3] Yamashita S, Yamasaki J, Ikeda M and Iwabuchi N 1991 J. Appl. Phys.70 6627.

[4] Kapitanov B A, Kornilov N V, Linetsky Ya L and Tsvetkov V Yu 1993 J. Magn. Magn. Mater.
127 289.

[6] Uehara M 2004 J. Magn. Soc. Japan 28, pp. 1043-1048. (in Japanese)

[6] Dempsey N M, Walther A, May F, Givord D, Khlopkov K and Gutfleisch O 2007 Appl. Phys.
Lett. 90 0925009.

[71 Yamashita F, Nishimura S, Menjo N, Kobayashi O, Nakano M, Fukunaga H and Ishiyama K
2010 IEEE Trans. Magn. 46 2012.

[8] Kneller E F, Hawig R 1991 IEEE Trans. Magn 27 35880.

[91 Fukunaga H, Kuma Jand Kanai Y 1999 IEEE Trans. Magn. 353235.

[10] Shindo M, Ishizone M, Sakuma A, Kato H, Miyazaki T 1997 J. Appl. Phys. 81 4444,

[11] Fukunaga H, Nakano M, Matsuura Y, Takehara H, and Yamashita F 2006 J. Alloys and
Compounds 408-412 1355.

[12] Nakano M, Tsutsumi S, Fukunaga H 2002 IEEE Trans. Magn. 38 2913.

[13] Rieger G., Wecker J., Rodewalt W, Sattler W, Bach Fe.-W, Duda T and Unterberg W 2000 J.
Appl. Phys. 87 5329.

[14] Pawlowski B, Schwarzer S, Rahmig A and Topfer J 2003 J. Nagn. Magn. Mater. 265 337.

[15] Schwarzer S, Pawloeski B, Rahmig A and Topfer J 2004 J. Mater. Sci.: Mater. Electron. 15 165.

[16] Budde T and Gatzen H H 2006 J. Appl. Phys. 99 08N304.

[17] Aketo Jand Sugimoto S 2005, J. Magn. Soc. Jpn. 29 20.



