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We have already reported a fabrication method of Fe-Pt thick film magnets using electroplating and good
film’s hard magnetic properties. The present study investigates two-step-annealing, consisting of low-
temperature annealing (LT-annealing, 300°C) and high-temperature one (HT-annealing, 700°C) for ordering
the Fe-Pt crystalline phase. We electroplated Fe-Pt films on a Cu sheet and carried out the two-step-annealing
for the films. As a result, the remanence of the two-step-annealed Fe-Pt films varied depending on the holding
time of the LT-annealing, and we obtained a high remanence at the holding time of around 10 min. As a next
step, we annealed the Cu sheets at 300°C and electroplated Fe-Pt films on the 300°C-annealed Cu sheets. In this
case, no noticeable variation in remanence was observed. As the structural change of the Cu sheet by the
300°C-annealing was confirmed using X-ray analysis, the structural change of the Cu substrate is a factor for
the remanence variation by the LT-annealing. In other words, we found that the remanence can be controlled

by using the structural changes of the Cu substrate.
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1. Introduction

L1g-ordered TM-Pt films (TM: Fe, Co) have good hard
magnetic properties, and they are attractive small-sized
magnets for medical devices because of their good
biocompatibility and high corrosion resistance [1, 2].
Owing to their high remanence and coercivity, TM-Pt
alloys have been investigated for use as small magnets of
MEMS (Micro Electro Mechanical Systems) applications
[3, 4].

Chemical processes such as electroplating and electro-
less plating are generally preferred over physical ones
such as sputtering and vapor deposition due to the high
economic viability of the fabrication process, and some
researchers reported electroplated TM-Pt thick films with
high coercivity [5-8]. We also reported the fabrication
process of electroplated Fe-Pt films and investigated
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electroplating processes and structural and magnetic
properties of the films [9].

Our previous studies revealed that the coercivity of Fe-
Pt films depends on the Na and CI ion concentrations in
the plating bath, indicating that electroplating conditions
significantly influence the films’ magnetic properties [10-
12].

Typical Fe-Pt films prepared by electroplating methods
have the fcc (face-centered cubic, Al) structure and low
coercivity. We need high-temperature annealing to transform
the crystalline structure from fcc to fct (face-centered
tetragonal, L1y) structures to obtain high coercivity. The
present study focuses on the annealing process for L1,
ordering of the fcc Fe-Pt crystalline phase and employs
two-step-annealing, consisting of low-temperature annealing
(LT-annealing, 300°C) and high-temperature one (HT-
annealing, 700°C). Our previous study on electroplated
Fe-Co films [13] showed that 300°C-annealing causes the
structural change of the Fe-Co crystalline phase around
the Cu substrate and improves the films' magnetic
properties. To improve the hard magnetic properties of
the Fe-Pt films through LT-annealing, we investigated the
effect of two-step-annealing on the coercivity and remanence
values of the films.
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2. Experimental Procedures

2.1. Electroplating

We electroplated 10 pm-thick FesoPtsy films on Cu
substrates (0.5-mm-thick Cu sheet, Nilaco Corporation).
Table 1 shows bath conditions. Citric acid and
NH4OSO,;NH, were added to the baths to suppress the
oxidation of Fe ions during plating and to improve the
solubility of the Pt reagent, respectively. Table 2 shows
the plating conditions. The conditions were the same as
those for our previous study [14].

2.2. Annealing

Figure 1 shows the annealing pattern used in this study.
Since as-plated Fe-Pt films have an fcc structure and
show low coercivity, we need high temperature annealing
(described as HT-A) to transform the film’s structure from
the fcc structure to the fct one. Our previous studies
employed 700°C for five minutes in vacuum as HT-A

Table 1. Bath conditions.

Reagents Contents
FCSO4'7H20 5 g/L
Pt(NH;),(NO,), 10 g/L
Citric acid(C6HgO7-H20) 30 g/L
NH,OSO,NH, 20 g/L
Table 2. Electroplating conditions.
Conditions Values
Bath temperature 70°C
Anode Pt mesh
Cu sheet
Cathode (Substrate) 05 rr?nj iflethick)
Plating area 5 mm x 5 mm
Plating time 15 min
Furnace
temp;e{ature HT-annealing
700°C —
(Fixed)
LT-annealing
ey
300°C

Holding time 5 min
(Fixed)

Time

Fig. 1. (Color online) Annealing pattern.
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Table 3. HT-ANNEALING CONDITIONS.

Conditions Values
Temperature 700°C
Heating rate 100°C/min
Holding time 5 min

Vacuum

Atmosph
osphere (3.0-4.0x10° Pa)

Table 4. LT-ANNEALING CONDITIONS.

Conditions Values
Temperature 300°C
Heating rate 100°C/min
Holding time 3~20 min

Ve

Atmosphere acuutnl

(3.0-4.0x107 Pa)

conditions, and the same conditions were used (Table 3).
The present study inserted low temperature annealing
(described as LT-A) before the HT-A, as shown in Fig. 1,
referred to as “two-step-annealing”. Table 4 shows the
LT-A conditions. The LT-A temperature was set at 300°C,
and the holding time varied from 3 to 20 min.

2.3. Measurements

The composition of the as-plated Fe-Pt film was
measured with a scanning electron microscope-energy
dispersive X-ray spectroscopy (SEM-EDX) system
(Hitachi High-technologies S-3000). We measured nine
points in the films, and the averaged value was shown as
the film’s composition. The hysteresis loops of the two-
step-annealed Fe-Pt films were obtained using a vibrating
sample magnetometer (VSM). The maximum applied
field for the loop measurements was approximately 2
MA/m (25 kOe), and the remanence and coercivity values
were obtained from the measured loop. To discuss the
structural change of the Cu sheet (Cu substrate) by the
LT-A, we obtained the X-ray diffraction (XRD) patterns
of the Cu sheet using an X-ray diffractometer with Cu-
Ke radiation (Rigaku, Miniflex600-DX).

3. Results and Discussion

Figure 2 shows the remanence and coercivity of the
two-step-annealed Fe-Pt films as a function of the holding
time of LT-A. As shown in Fig. 2, the coercivity was
almost the same value of approximately 900 kA/m,
indicating that LT-A does not affect the coercivity. The
remanence increased by increasing the holding time to ten
minutes, then decreased. When considering the application
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of Fe-Pt films as small magnets, high remanence is
preferable. Our result suggests that moderate LT-A is
effective in obtaining high remanence.

Rolling is a widely used metal-forming process, and Cu
sheets are generally produced by rolling methods. As the
rolling process causes permanent deformation of the Cu
sheets, a large amount of rolling strain was expected to
remain in them. We considered that LT-A releases the
strain, causing a structural change that affects the
remanence value. We, therefore, decided to obtain XRD
patterns of the Cu substrate before and after LT-A to
confirm the structural change.

Figure 3 shows XRD patterns of the Cu sheet before
and after LT-A. We applied LT-A (300°C, 10 min) to the
Cu sheet (without HT-A in Fig. 3). As shown in Fig. 3,
although the diffraction peak from the (220) plane was
strong before LT-A, the peak for the (111) plane became
stronger after LT-A. This result implies that LT-A changes
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Fig. 2. (Color online) Remanence and coercivity of the two-
step-annealed Fe-Pt films as a function of the holding time of
LT-A.
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Fig. 3. (Color online) XRD patterns of the Cu sheet before and
after LT-A.
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Fig. 4. (Color online) Hysteresis loops of the two-step-
annealed FesPtsy films electroplated on the 300°C-annealed
Cu substrates.

the crystalline structure of the Cu substrate.

To confirm that the remanence variation by the LT-A is
attributed to the structural change of the Cu substrate, we
electroplated Fe-Pt films on the 300°C-annealed Cu
sheets and then applied the two-step-annealing.

Figure 4 shows hysteresis loops of the two-step-annealed
FesoPtsy films electroplated on the 300°C-annealed Cu
substrates. When using the annealed Cu substrates, no
noticeable variation in remanence was observed. This
result strongly suggests that the remanence variation is
attributable to the structural change of the Cu substrate.

Remanence is an important index of hard magnetic
materials. The present study implies that remanence can
be controlled by using the structural changes of the Cu
substrate, and we found an interesting method to control
the remanence of the electroplated Fe-Pt films.

4. Conclusion

We investigated the effect of two-step-annealing on the
hard magnetic properties of the Fe-Pt films electroplated
on the Cu sheets. The results are summarized as follows.

(1) The remanence of two-step-annealed Fe-Pt films
varies with the holding time of LT-A, and a high remanence
value was obtained at LT-A conditions of 300°C for 10
min.

(2) 300°C-annealing changed the structure of the fcc Cu
crystalline phase in the substrate. Our results suggest that
the remanence variation by LT-A is attributed to this
structural change of the Cu substrate.

References

[11 W. F. Liu, S. Suzuki, D. S. Li, and K. Machida, J. Magn.
Magn. Mater. 302, 201 (2006).



—482 -

(2]
(3]
(4]

(5]
(6]
(7]
(8]
(%]

H. Aoyama and Y. Honkura, J. Magn. Soc. Jpn. 20, 237
(1996).

S. Thongmee, J. Ding, J. Y. Lin, D. J. Blackwood, J. B.
Yi, and J. H. Yin, J. Appl. Phys. 101, 09K519 (2007).

H. Yamaguchi, K. Higuchi, H. Kaku, A. Yamashita, T.
Yanai, H. Fukunaga, and M. Nakano, IEEE Trans. Magn.
59,1 (2023).

P. L. Cavallotti, A. Vicenzo, M. Bestetti, and S. Franz,
Surf. Coat. 105, 232 (1998).

G. Pattanaik, D. M. Kirkwood, X. Xu, and G Zangari,
Electrochim. Acta. 52, 2755 (2007).

O. D. Oniku, B. Qi, and D. P. Arnold, J. Appl. Phys. 115,
17 (2014).

Y. Ying, H. Wang, J. Zheng, J. Yu, W. Li, L. Qiao, and S.
Che, J. Supercond. Novel Magn. 33, 3563 (2020).

T. Yanai, K. Furutani, T. Ohgai, M. Nakano, K. Suzuki,

Effect of Two-Step Annealing on Remanence of Fe-Pt Films Electroplated on Cu Substrates — Takeshi Yanai et al.

and H. Fukunaga, J. Appl. Phys. 11, 17A744 (2015).

[10] T. Yanai, J. Honda, R. Hamamura, H. Yamada, N. Fujita,
K. Takashima, M. Nakano, and H. Fukunaga, J. Alloys
Compd. 752, 133 (2018).

[11] T. Yanai, J. Honda, R. Hamamura, Y. Omagari, S. Furu-
tani, H. Yamada, and H. Fukunaga, J. Electro. Mater. 48,
1412 (2019).

[12] T. Yanai, D. Fukushima, R. Narabayashi, N. Ogushi, Y.
Yamaguchi, A. Yamashita, and H. Fukunaga, AIP Advances
14, 025020 (2024).

[13] T. Yanai, K. Mieda, J. Kaji, R. Tanaka, A. Yamashita, T.
Morimura, and H. Fukunaga, AIP Advances 10, 055001
(2020).

[14] T. Yanai, Y. Omagari, S. Furutani, A. Yamashita, N.
Fujita, T. Morimura, and H. Fukunaga, AIP Advances 10,
015149 (2020).



