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ABSTRACT
In this paper, the relationship between the initial crystalline behavior and annealing conditions in pulsed laser deposition (PLD)-made
Nd-Fe-B and Pr-Fe-B films with rare-earth-rich composition is discussed. The films with rare-earth-rich compositions are prepared via PLD.
An annealing process is necessary to obtain the crystalline 2-14-1 phase of hard magnetic properties because all the as-deposited films have an
amorphous structure. In conventional annealing, the initial crystallization of the Pr2Fe14B phase occurred at lower temperatures compared
with that of the Nd2Fe14B phase, indicating that the annealing temperature of the initial crystallization of the Pr2Fe14B phase was lower than
that of the Nd2Fe14B phase. Considering the same crystallization temperature in both the phases, the melting points of both rare-earth ele-
ments, Nd and Pr, are considered to relate to the initial crystallization behavior. We also confirmed that the annealing time for Pr2Fe14B phase
formation was shorter than that for Nd2Fe14B phase formation.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000617

I. INTRODUCTION
Many studies have demonstrated small electronic devices

including (Nd or Pr)–Fe–B thick-film magnets prepared via
sputtering1–3 and pulsed laser deposition (PLD),4–6 whereas aerosol
deposition7 and 3D printing8 constitute the room-temperature pro-
cesses for preparing small rare-earth magnets. Both sputtering
and pulsed laser deposition require an annealing process such as
substrate heating and/or post annealing. Reducing the annealing
temperature and/or time can result in wider applications of the
films because a flexible material with low softening point can be
used in application devices. However, it is difficult to decrease
the annealing temperature and/or time drastically for PLD-made
films. Therefore, we focus on fundamental experiments such as
crystallization of PLD-made (Nd or Pr)–Fe–B films under various
annealing conditions in the present study, and we compare the ini-
tial crystallization behavior in isotropic Nd–Fe–B and Pr–Fe–B films
with rare-earth-rich composition.

II. EXPERIMENTAL PROCEDURE
A rotated (Nd or Pr)–Fe–B target was ablated using a

neodymium-doped yttrium aluminum garnet (Nd: YAG) pulse laser
(wavelength = 355 nm, repetition frequency = 30 Hz) under vacuum
conditions of approximately 10−5 Pa. A (Nd or Pr)–Fe–B film was

deposited using a defocus rate of 0.3.9 To crystallize the as-deposited
(Nd or Pr)–Fe–B films, which have an amorphous structure, the fol-
lowing two methods were used. (1) Conventional annealing by a
resistance heating furnace (heating rate 225–350 ○C/min, tempera-
ture: 450–700 ○C, holding time: 0 s) and (2) pulse(flash)–annealing10

using an infrared furnace with time ranging from 1.6 to 2.4 s. The
conditions of the conventional annealing are almost the same as
those reported in the Ref. 6.

The magnetic properties of the annealed samples were mea-
sured after magnetizing each sample with a pulsed magnetic field
of 7 T using a vibrating sample magnetometer under a maxi-
mum applied magnetic field of 2.5 T. Because all films exhibited
isotropic magnetic properties, only in-plane ones are discussed here.
The thickness of each film was measured using a micrometer. The
compositions of the (Nd or Pr)–Fe–B films were analyzed using
energy-dispersive X-ray spectroscopy.

III. RESULT AND DISCUSSION
A. Coercivity and crystallization behavior
as a function of annealing temperature
in conventional annealing

In this section, coercivity and crystalline structure of (Nd or
Pr)–Fe–B films annealed at various temperatures are discussed. The
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FIG. 1. Coercivities of Pr–Fe–B and Nd–Fe–B films as a function of annealing tem-
perature in conventional annealing. The coercivity enhanced with the temperature.
In particular, the coercivities of both the films were significantly different at 630 ○C.

rare-earth contents of Nd–Fe–B and Pr–Fe–B films used here are
15.8–16.4 at.% and 17.3–18.4 at.%, respectively. Figure 1 shows the
average coercivity of magnet films as a function of the annealing
temperature using a resistance heating furnace. The coercivity val-
ues of both the films are ultimately low at the annealing temperature
of 450 ○C–600 ○C. In addition, the Nd–Fe–B films annealed at
630 ○C exhibit low coercivity. In contrast, the coercivity of Pr–Fe–B
films exceeds 500 kA/m at 630 ○C. We consider that the magnetic

FIG. 2. J-H loops of Pr–Fe–B and Nd–Fe–B films annealed at 630 ○C in conven-
tional annealing. The Pr–Fe–B film had large coercivity. In contrast, the Nd–Fe–B
film did not exhibit hard magnetic properties due to the existence of the soft
magnetic phase.

FIG. 3. Crystalline structure of Pr–Fe–B and Nd–Fe–B films annealed at
630 ○C in conventional annealing. The 2–14–1 phase formation of the Pr–Fe–B
film progresses faster compared with that of the Nd–Fe–B film.

hysteresis loop in Fig. 2(a) shows a staircase-like profile which sug-
gests the coexistence of two magnetic phases of Pr2Fe14B and α-Fe
phase because the knick of the loop shows around the remanence.
The shapes of J-H loops are significantly different in both films
annealed at 630 ○C (Fig. 2). As shown in Fig. 3, the progress of 2-
14-1 phase formation in the Pr–Fe–B film is faster than that in the
Nd–Fe–B film. Considering the same crystallization temperature of
Nd2Fe14B and Pr2Fe14B,11 the phenomenon is considered to relate to
the different melting points of Pr (930 ○C) and Nd (1024 ○C). How-
ever, further investigation of the mechanism is required. At 650 ○C
and 700 ○C, the coercivity values of the Pr–Fe–B films are larger than
those of the Nd–Fe–B films, which can be attributed to the higher
magnetic crystalline anisotropy constant of the Pr2Fe14B phase
(Ku = 6.8 MJ/m3) by approximately 2.3 MJ/m3 than that of the
Nd2Fe14B phase (Ku = 4.5 MJ/m3).

These results indicate that the initial crystallization behavior as
a function of annealing temperature is different between isotropic
Pr–Fe–B and Nd–Fe–B films with a rare-earth-rich composition.

B. Coercivity and crystallization behavior
as a function of rime in the pulse-annealing

To form the 2–14–1 phase, we mainly used pulse–annealing10

instead of conventional annealing for the as-deposited (Nd
or Pr)–Fe–B amorphous structure prepared via PLD because
pulse–annealing is effective in reducing grain size and suppress-
ing oxidation. Figure 4 shows coercivity as a function of anneal-
ing time. The rare-earth contents of the Pr–Fe–B and Nd–Fe–B

FIG. 4. Coercivity of Pr–Fe–B and Nd–Fe–B films as a function of annealing time
in pulse annealing. The coercivity value enhanced with time. At the annealing time
of 1.7 s, the average coercivity of Pr–Fe–B films exceeded 200 kA/m. In contrast,
the average coercivity of Nd–Fe–B films was ultimately low.
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FIG. 5. Crystalline structure of Pr–Fe–B and Nd–Fe–B films as a function of
annealing temperature in pulse annealing. The 2-14-1 phase formation of the
Pr–Fe–B film occurred at 1.7. In contrast, the Nd–Fe–B film did not show an X-ray
diffraction peak (amorphous structure).

films used here were 15.1–16.2 at. % and 13.8–14.6 at. %, respec-
tively. The thickness range of both magnet films is between 10 and
31 μm. Here, the coercivity at each annealing time is an average value
of several samples. The coercivity is significantly low at an anneal-
ing time of 1.6–1.7 s. At the annealing time of 1.8 s, the coercivity
significantly increases in both the films. In particular, we focus on
the slight difference of coercivity at 1.7 s. As shown in Fig. 5, the
2-14-1 phase formation of the Pr–Fe–B film starts at 1.7 s,
whereas the Nd–Fe–B film has an amorphous structure. These
results suggest the similar tendency of initial crystallization behavior
between isotropic Pr–Fe–B and Nd–Fe–B films with rare-earth-rich
composition.

IV. CONCLUSIONS
In the study, the relationship between crystalline process and

annealing conditions of PLD-made Nd–Fe–B and Pr–Fe–B thick-
films with rare-earth-rich contents was compared. In the conven-
tional annealing method, the initial crystallization of the Pr2Fe14B
phase occurred at lower temperatures compared with that of the
Nd2Fe14B phase. This result indicates that the annealing temperature

of the initial crystallization of Pr2Fe14B phase was lower than that of
the Nd2Fe14B phase. Considering the same crystallization tempera-
ture in both the phases, each melting point of the rare-earth elements
of Nd and Pr is considered to relate to the initial crystallization
behavior. We also confirmed that the annealing time of the forma-
tion of Pr2Fe14B phase was shorter than that of Nd2Fe14B phase.
Based on the findings of this fundamental study, we will advance
the low temperature process of PLD-made films as future work.
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