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JIT 3% FH (%) $E 44 24 e 45 Nd s FersB1o, (Nd;Cey)ys-
FersBqo A 448, DLA 4l FEAR T 99.9% H) Ta #E. K
SR ARE 2 5 T 7 x 1075 Pa, WA #h Ar
RAEAN L2 Pa. AN, N T BREEM R E ALY
X B RS ) S, L S 46 VIR T BT AT 0 R
I 18] A>T 30 min. # 4 7 NdFeB A1 NdCeFeB Jz=
{3 56 UL E 43 1) D9 630 °C A1 610 °C, YA % 4y
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Fig. 1. XRD patterns for the Nd-Ce-Fe-B thin films annealed at different temperatures: (a) 645 °C; (b) 665 °C;

(c) 685 °C; (d) 705 °C.
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Fig. 2. (color online) Hysteresis loops with the magnetic field applied parallel (//) and perpendicular (L) to the plane
for the Nd-Ce-Fe-B thin films annealed at different temperatures: (a) 645 °C; (b) 665 °C; (c) 685 °C; (d) 705 °C.
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Table 1. Magnetic properties and surface roughness for the films annealed at different temperatures.

FE BKIEE Ty/°C Hei, /kOe 4nM,, /kG 4nMy, /kG “PEIRAEE Ra/nm

1 645 4.68 1.88 3.85 7.61
2 655 8.45 6.59 8.02 —

3 665 9.79 5.97 8.34 16.9
4 675 10.1 5.91 7.88 —

5 685 7.82 7.47 9.11 21.9
6 695 7.82 1.76 3.83 18.3
7 705 10.45 1.95 3.99 16.3

B3 (MTIRE) Nd-Ce-Fe-B A [ B2 IR KR IR (2)—(d) AFM Al (e)—(h) MFM B (a), (e) 645 °C;
(b), (f) 665 °C; (c), (g) 685 °C; (d), (h) 705 °C
Fig. 3. (color online) (a)-(d) AFM and (e)—(h) MFM images for the Nd-Ce-Fe-B thin films with various
annealing temperatures: (a), (e) 645 °C; (b), (f) 665 °C; (c), (g) 685 °C; (d), (h) 705 °C.

2 3 A [F 3 B K Si/Ta(50 nm)/NdFeB
(100 nm)/Ta(2 nm)/NdCeFeB (100 nm)/Ta(2 nm)/
NdFeB (100 nm)/Ta(40 nm) ) AFM Al MFM
K 3R, MWES(@)-—(d) LRI T A
FE i ) oK/ EE B &), B R 420 705 °C v
TR 3B K R R # A B K R ILAR.
K3 (a), (b), (c) F(d) HFFE & 38 ks RT3 3)
N43.1, 56.7, 65.6 F175.9 nm, 5 W kLR ST
BB TR, ST 3 H i AFM At MFM
B, T AR B4 5T 665 1685 ©C B K AE & I 2ok
Fili W2 v AL 22 A R, 3% B X A R R 2 T

HELZHBHREEM. B3 () MES3 () FHITE
Z 1 SR W, 254 XRD 45 5 AT DAAE 2 DL R 45
645 °CiB K AL BEA ] T # B v REyFeq4B AH 1T
B, 171705 °C #Ab B 5 IFE SR BARTE R T B 2
) REyFey, B, H RN 7 K& HE 440D
AEREPEAR, AT IE A i P R SR B

T A7 0 % Tl A i i i 28 38 5 ke ) SR TF 9 A 12k
R 7 L) 150160 (55 158 3 e v 2 s o 2
(5 AH ELVE P, LW B A RS 2 T A R it 2 v
JIT BB (AT LA RIS T AA e 1 el 4 il Ak ik i
Kt Nz AL LA o6 /& 1T
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Mq(H) = My(o0) — 2M,(H), (1)

Hod, M.(H) i n 1E 7 W 3% H 5 1 4 )
A WAk 5 B, M, (00) DNV R RE AL 9 B, Mg (H)
NN 1) B 3 — H S 1038 R ) A Ak B
445 H T Nd-Ce-Fe-B j# I 43 685 ©C il K J&5 )
Mqy(H)/M,(c0) vs. M,(H)/M,(co) E. %2
3 (1), WA BIEE s R % 7% 75 A

Md(H) Mr(H) _

M, (o0) M, (o0)

:17

£
Mq(H) _

=1, =
M, (o0) M, (00)
MEZ b, 4R, SR, SEhRl 15 2
B SRR T LR IX R U ET AL
) Ve B A S e ik R R AN SRR .

1.0 foe

Mo(H )/ My(=)
° &

|
o
38

- 1V0 C 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
M.(H )/ M:(*)

4 Nd-Ce-Fe-B 7l i £ i3 685 °CiR kK J5
Mg (H)/M;(c0) vs. My(H)/M;(co) FEl, Hrhszgk hyse
WREEGE, 495 (1) RS 6

Fig. 4. Mq(H)/M:;(oc0) vs. M;(H)/M;(oc0) for the Nd-
Ce-Fe-B thin film annealed at 685 °C. The solid line
and dashed straight line, respectively, correspond to

the experimental data and theoretical data describing
Eq. (1).

N T E AR AL, AT &
AL TS REAL SR E Mo, R FT T IRAF b R AK S B 3o
T, 10 Myey W T AN 0] 10 REAL TR FE My, Moy AN
My, W52 SCH P 5 o D81 5t 35 07 1) (+) 7 A0
A J5 T RE AR A B R i, £ ST 1) (=) i In 1B 1 37
H i J5 5 3 25 B i IR A 58 B2 DR AN AT 36 1 A 5 2
My, WiHE) H BIREA SR M (H ) iR g th 217 5
T RO L 3 I B REAR SR EE . My, B B KA 5
Tt I AN JE R AR AL SR E, AT R A B P
Myew = M(H) — Miy.

Major hysteresis loop

\

/

l Mo}
Recoil curve A My
]
Recoil curve B My
H 0

Bl 5 Ay A5 B FAS AT A B E SR R
Fig. 5. Illustration showing the definitions of re-
versible and irreversible magnetization and the pro-

cedures adopted in data analysis.
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Be/ME FEA R AR, (H AR LA R AR 1 bk 3
RV B A 37 B 38 K1) M, 5007 101 # 3)) (dn B 2068
Tk FIoR). izt 3h 5 BE 25 il AR 2R o) (19200 3
B TE Ve P A7 7E SR 2 ) R BB AT 3L, e A LR R, X
A B2 T T P A7 TE CeFeg MBI & 7 0 e i
B A, AELG (b) H AT BURIRTE M., #1248
BT, Moy HIL T BIE M S BEER, XFIRIESL
i 685 °CIB K HIFE M (LI 6 (a)) HIFAR H I, X
FEL RPN AT e T 2 iR R Ak,
JE R A 1) CeFeo A i Ak K K0 BR, XRD 45
WIGUE T Z AR, XA BRI S50 45 A FFIRA
WAL,

N T RIE SR RGP AR 2 TR AR B
AR T 258 655 F11685 °C iB k Nd-Ce-Fe-B &
() 0m 1, B 22155 Henkel #i2%, W1 7 R, Hr
Om N (1) RIAEH, 6m(H) = (My(H)—M,(c0)+
2M,(H))/M,(00), FIF %% AT LLRAE#4 K} 1)
REMIELAEF 2122 NI 7 n] UE Y, 5 S TR
it ¥ Henkel [ 2 &5 47 7€ 50K 1) IR B W, 3% B 78 36
I A [RIE 0 J2 2 TV A AE O B S AR & 1R, B
AN I 3G 5, 285 15 van T P AR K 11 S )
B AR ELAE FH BRI 2 283X AT A8 A2 B b R
KAEFKAEE AR BAE 3G 5E. 4R, )= ] Ta
i 2 2 11 JE R0 T J2 TR) R A2 e # S VR A AR K1Y
FARE X (ISR an N7ie
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Abstract

In the early 1980 s, the soft and hard magnetic nano-two-phase permanent magnet materials were developed and
exchange coupling model was put forward. Moreover, the theoretical maximum magnetic energy product could reach
120 MGOe (1 Oe = 79.5775 A/m). However a great many of experimental research results are always disappointing
for theoretical calculation, but previous studies have shown that there exists also a strong exchange coupling in hard
magnetic phase, which can improve the magnetic property of magnet.

In this paper, nanocomposite Ta(50 nm)/NdFeB(100 nm)/Ta(2 nm)/NdCeFeB(100 nm)/Ta(2 nm)/NdFeB(100 nm)/
Ta(40 nm) multilayer films with Ta underlayers and coverlayers are fabricated on Si substrates by direct current
sputtering. A 50 nm Ta underlayer and a 40 nm coverlayer are sputtered at room temperature to align the easy axis of
the RE.Fe14B grains to the direction perpendicular to the film plane and to prevent the magnetic film from oxidizing,
respectively. The 2 nm Ta spacer layer serves as suppressing the diffusion of elements between different magnetic layers.
The NdFeB and NdCeFeB magnetic film are deposited at 630 °C and 610 °C, respectively, and then they are followed
by in situ rapid thermal annealing at 645-705 °C for 30 min. The microstructures and morphologies of the films are
characterized by X-ray diffractometry with Cu K, radiation, atomic force microscope, and magnetic force microscope.
The magnetic properties of the films are measured with vibrating sample magnetometer.

The influences of annealing temperature on magnetic property and crystal structure of the film are investigated.
The results show that the magnetic property of the film improves gradually with the increase of annealing temperature,
but deteriorates sharply when the temperature reaches above 695 °C. When the annealing temperature is 675 °C, the
coercivity He; of the film reaches 10.1 kOe and the remanence 4nM, | is 5.91 kG (1 G =10?/(4n) A/m), with a magnetic
field applied to the direction perpendicular to the plane of the Nd-Ce-Fe-B thin film. The X-ray diffraction results show
that the grains of the hard magnetic phase (2 : 14 : 1 phase) grow almost along the substrate normal (c-axis direction),
of course, with a certain misorientation. Through the magnetization reversal process of the Nd-Ce-Fe-B thin film, it is
found that the minimum value of M,., moves in the direction of decreasing M, as the applied magnetic field increases,
which is similar to the domain wall bowing model. This indicates that there is a strong local domain wall pinning
in the film. Moreover, the remanence curve shows that the pinning type mechanism is indeed not dominant in the
magnetization reversal process of the Nd-Ce-Fe-B thin film after annealing at 685 °C. In addition, Henkel plots are also
investigated in the films at different annealing temperatures. It is believed that nonzero 0, is due to the interaction
between particles in the magnet. It can be stated based on the measuring results that there exists a strong magnetic

exchange coupling effect in the Nd-Ce-Fe-B thin film.

Keywords: permanent magnetic film, magnetic properties, magnetization reversal, exchange coupling

PACS: 75.70.-, 75.60.Nt, 68.55.-a DOI: 10.7498/aps.66.157502

* Project supported by the National Basic Research Program of China (Grant No. 2014CB643701) and the National Natural
Science Foundation of China (Grant No. 51571064).

Corresponding author. E-mail: mgzhu@sina.com
1% g

157502-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.157502

	1引    言
	2样品制备及测试方法
	3实验结果与讨论
	Fig 1
	Fig 2
	Table 1
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7


	4结    论
	References
	Abstract

