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Four Sm;Coj7 magnets with spin-reorientation transition (SRT) of cell boundary phases (CBPs) are prepared by
liquid-phase sintering. The temperature of the SRT of CBPs (TSII:;) is regulated from 125 K to 195 K by adding 0 wt.%,
3 wt.%, 6 wt.% and 9 wt.% DyggCuy, alloy powder. The effect of SRT of SmyCo;7 magnet CBPs on the temperature
dependence of the magnetization (M-T) and coercivity (H-T) is systematically investigated. The temperature dependence
of the magnetization is influenced by the SRT of CBPs. The M—-T curves measured during the heating process are larger
than those measured during the cooling process when T < Tsll’f. When T = Tsll’f there is a bifurcation point. When
T > Tslﬁs the M-T curves overlap and the M-T derivation curve shows that the magnetization of the magnet has low
temperature dependence of magnetization above Tslﬁs. With increasing Tsllf, the initial temperature of the low temperature
dependence of magnetization shifts towards a higher temperature. The coercivity temperature coefficient becomes positive
as the SRT effect increases, and the temperature range of the positive coercivity temperature coefficient moves towards
higher temperatures as Tslﬁs increases. This reveals that SRT of CBPs has little effect on the temperature dependence
of magnetization above Tsllis , while the temperature dependence of coercivity is optimized. The temperature range of
magnetization and coercivity with low temperature dependence tends towards higher temperatures, which is conducive to

the preparation of magnets with a low temperature coefficient at higher temperatures.

Keywords: spin-reorientation transformation, low-temperature coefficient, SmyCo;7 magnets

PACS: 75.30.Gw, 68.60.Dv, 71.20.Eh, 75.50.Ww

1. Introduction

More accurate and light-weight low-cost magnetic and
inertial measurement units are needed for the technologi-
cal development of gyroscopes, accelerometers, sensors and
traveling-wave tubes.[!?! At the same time, more stringent re-
quirements have been placed on the temperature stability of
magnets. SmpCoj7 magnets are the best candidates due to
their high Curie temperature, good magnetic properties and
excellent thermal stability. In general, the higher the coer-
civity of the magnet, the better the demagnetization resis-
tance and the magnet’s stability. However, recent studies!>*!
have shown that the irreversible and reversible flux losses of
magnets are affected by their remanence temperature coeffi-
cient (o), and the magnetic drift caused by the change in the
anti-demagnetization capacity of magnets is affected by the
temperature coefficient of the coercivity (). As a result, to
meet high-precision measurement requirements, the o and 3

§[5-8

values of magnets should be low. Researcher ! have at-

tempted to achieve a low o value by replacing Sm with heavy
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rare earth (RE) elements (such as Gd, Er and Dy). Subse-

9-121 discovered that a positive coercivity

quently, researchers!
coefficient of temperature could be achieved by increasing the
Sm content, reducing the content of Cu or performing an in-
complete aging treatment (later referred to as the Cu-rich CB
method). Since the Cu-rich CB method results in a positive
coercive temperature coefficient by reducing the Cu content in
the cell boundary phase (CBP), and the decrease in Cu con-
tent leads to a decrease in the coercivity of the magnet, this
method contradicts existing knowledge regarding the fabrica-
tion of high-coercivity magnets. 3!
The Sm;_,Dy,(Cogg95Fe0.2Cup.08Zr0.025)7.2 magnets
with spin-reorientation transition (SRT) of the CBP (later
referred to as the SRT-CB method) have reported a positive 3
value.!*! This result revealed that SRT of CBPs was respon-
sible for abnormal coercivity. In contrast to the Cu-rich CB
method, the SRT-CB method could result in high coercivity,
and the positive temperature range could be varied by adding
a RE (Nd, Pr, Dy, Tb).[+14]

Paradoxically, because o and f are both related
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to the RE, it is unclear what effect SRT of CBPs
has on the temperature dependence of the magnetiza-
tion and coercivity of SmyCo7; magnets. In this study,
Smg 6Gdy.1 Dyg.3(Coo.695Fen.2Cup.08Zr0.025)7.8 alloy with SRT
of CBPs and DyggCuy, alloy powder (Dy—Cu) are used as the
base material and additive, respectively, to regulate Tslﬁs (the
temperature of SRT of CBPs). Four Sm;Co;7 magnets with
SRT of CBPs are prepared by doping 0 wt.%, 3 wt.%, 6 wt.%
and 9 wt.% of Dy—Cu with liquid-phase sintering. The effects
of SRT of CBPs on the temperature dependence of magnetiza-
tion and coercivity are systematically studied.

2. Experimental details
with  SRT of

sintering. The

CBPs
alloys

A series of magnets

are prepared by liquid-phase
Smg.6Gdo.1Dyo.3(Cog.695Fe0.2Cuo.08Zr0.025)7.8 and DyggCuiz
were prepared by induction melting in an argon atmosphere.
The alloys were then milled into powders with a particle size
of approximately 3-5 um. Additions of 0 wt.%, 3 wt.%,
6 wt.% and 9 wt.% of DyggCujr as a base material were
mixed and pressed under a magnetic field (3 T). Further com-
pacting was followed by cold isostatic pressing to obtain a
green compaction. After the green compaction was sintered
at 1200-1220 °C for 2 h the solution was treated at 1160—
1190 °C for 2 h and quenched in a furnace after being aged at
830 °C for 12 h.

The phase structure was examined by x-ray diffraction
(XRD) with Cu Ko radiation. The cellular structure and ele-
mental distribution were observed with a transmission electron
microscope (TEM) equipped for energy-dispersive x-ray spec-
troscopy. The SRTs were measured by a physical properties
measurement system. The temperature stability was measured
by a Quantum Design superconducting quantum interference
device vibrating sample magnetometer. The magnetic prop-
erties were examined at the National Institute of Metrology
(NIM-500C).

3. Results and discussion

The XRD patterns of the magnets doped with 0 wt.%,
3 wt.%, 6 wt.% and 9 wt.% Dy—Cu are shown in Fig. 1. Ac-
cording to the PDF card, all samples consist mainly of two
phases: a ThyZn7-type thombohedral phase (2:17R, i.e., cell
phase) and a CaCus-type hexagonal phase (1:5H, i.e., CBP).
With increasing Dy—Cu doping, the diffraction peak intensity
of the magnets at approximately 42.7° tends to increase; this
could be the increase in the 1:5H phase content of the magnets.

The cellular microstructure and the Dy and Cu element
distributions were observed by TEM. The results for the mag-
nets doped with 0 wt.%, 3 wt.% and 9 wt.% Dy—Cu are shown

in Figs. 2(a)-2(c). As shown in Fig. 2(a), the cell structure
of the magnet without Dy—Cu doping is nonuniform, and the
CBP is discontinuous. The statistical results show that the av-
erage size of the cell structure is approximately 100 nm. The
line scanning results show that the CBP is Cu-rich and Dy-
poor compared with the cell interiors. High-resolution elec-
tron microscope analysis shows that the thickness of the CBP
is approximately 10 nm. As shown in Fig. 2(b), the cellular
structure of the 3 wt.% Dy—Cu doped magnet appears to be
more uniform and complete than that of the magnet without
Dy—Cu doping. The statistical calculation results show that
the average size of the cell structure is approximately 80 nm.
The distribution of Dy in the cellular structure seems more uni-
form, and the thickness of the CBP increases to approximately
15 nm. As shown in Fig. 2(c), the size of the cellular structure
of the magnet doped with 9 wt.% Dy—Cu is small. As Dy sta-
bilizes the 2:17H phase and prolongs the aging time,['>] some
areas are not as large as they would normally be. The statis-
tical results show that the average size of the cell structure is
approximately 50 nm, and the Dy content in the CBP is higher
than that in the cell interiors. The thickness of the CBP is ap-
proximately 23 nm. The results of morphological observation,
statistical calculation and high-resolution electron microscopy
analysis show that the number, thickness and volume fraction
of the 1:5H CBP increase with the ratio of Dy—Cu doping.
This is consistent with the results of XRD analysis. Moreover,
the addition of Dy—Cu is conducive to the segregation of Dy
at the cell boundary, and (Sm, Dy)(Co, Cu); compounds with

spin reorientation are formed.['¢-18]

" A 2:17R phase 4 7
L % 1:5H phase *

A 9 wt.% Dy—Cu_
L * A i
*) A A A

6 wt.% Dy—Cu_

Intensity

I 0 wt.% Dy—Cu_

30 40 50 60
20 (°)
Fig. 1. XRD patterns of the magnets doped with 0 wt.%, 3 wt.%, 6 wt.%
and 9 wt.% Dy—Cu.
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Fig. 2. TEM analysis of magnets doped with (a) 0 wt.%, (b) 3 wt.% and (c) 9 wt.% Dy—Cu.

As shown in Fig. 3, the AC susceptibility was character-
ized to determine the Tslﬁs of each sample. The parameters
chosen for our measurements were as follows: AC field of
5 Oe, heating rate of 5 K-min~! and a frequency of 1000 Hz.
There is a peak in the test results for each sample. Accord-
ing to Kronmiiller and Goll,!'*! the peak corresponds to Tslﬁs.
The Tslﬁs values for the magnets doped with 0 wt.%, 3 wt.%,
6 wt.% and 9 wt.% Dy—Cu are 125 K, 145K, 170 K and 195 K,
respectively. As the amount of Dy—Cu doping increases, the
content of (Sm, Dy)(Co, Cu)s in the CBPs increases and Tslﬁs

increases, indicating that the effect of SRT of CBPs is en-
hanced. At this point, it is confirmed that four SmyCo;7 mag-
nets with SRT of CBPs were prepared.

To understand the effect of SRT of CBPs on the tempera-
ture dependence of the magnetization, thermal magnetic anal-
ysis was performed on these magnets. The sample was first
magnetized to saturation with a 5 T magnetic field at 5 K and
then measured in the temperature range of 5400 K in a field
of 50 Oe. Next, a 5 T magnetic field was applied again to the
magnets at 400 K. The sample was measured in the temper-
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ature range of 400-5 K in a field of 50 Oe. All the cooling
and heating rates were 10 K-min~!. Figure 4(a) shows the re-
sult for the magnetization curves measured during the cooling
and heating processes. It is interesting to note that the mag-
netization curves measured during the heating process exhibit
sharp decreases due to the influence of SRT on the behavior
of the CBP and the temperature dependence of the intrinsic
spin magnetic moment of the magnet alloy. The M-T curve
measured during the heating process is larger than that mea-
sured during the cooling process when the temperature is be-
low the peak temperature. There are two reasons for this: on
the one hand the diamagnetism of the magnet is weakened by
the effect of SRT on the behavior of the CBPs, on the other
hand the spin magnetic moment of Dy increases at low tem-
peratures, causing the overall magnetic moment of the mag-
net to decrease. After the sharp decrease, a bifurcation point
appears. For the results of the AC susceptibility test, Tslﬁs is
marked with a star. The bifurcation point is discovered to be
close to Tslﬁs. After the bifurcation point, the M—T curves over-
lap. To further analyze the coinciding part of the magnetiza-
tion curves, we derived the magnetization from the tempera-
ture. The result is shown in Fig. 4(b). The absolute value of
the derivative of less than 0.001 was taken as the limit, and the
dotted lines are used to circle the range. The starting points of
the overlapping temperature ranges are 155 K, 185 K, 220 K
and 245 K with doping amounts of 0 wt.%, 3 wt.%, 6 wt.%

and 9 wt.%, respectively. This indicates that the series of
magnets have a low temperature dependence of magnetization
above T¢, and as Ty increases, the initial temperature of the
low temperature dependence of the magnetization moves to a
higher temperature.

[ 9 wt.% Dy—Cu

X' (emu)

Fig. 3. Temperature dependence of the real part of the AC susceptibility
of the magnets doped with 0 wt.%, 3 wt.%, 6 wt.% and 9 wt.% Dy—Cu.

- (a) (b) |245 K~400 K40.5
80 |- ]
I 195 K 9 wt.% 0
60 b Heated — | _]
[Cooled | —-0.5
40 1 1 L 1 L
[ 220 K~400 K705
o0 SO Heated 170 K /_/\\/\- J fen
% ol . Y i
g 60 Tooled 6 wt.% =
5 f 1 —05
= 40 L 1 L 1 L 1 L E 5
=1 L ~
¢ ol 145 K 185 K~400 K405 S
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Fig. 4. (a) Temperature dependence of the magnetization (M-T curves) for the magnets doped with 0 wt.%, 3 wt.%, 6 wt.% and 9 wt.% Dy—Cu.
(b) Temperature dependence of dM/dT for the magnets doped with 0 wt.%, 3 wt.%, 6 wt.% and 9 wt.% Dy-Cu.

Both the temperature dependence of the magnetization
and the temperature dependence of the coercivity are influ-
enced by SRT of CBPs. For example, the temperature de-
pendence of the coercivity Hj of these magnets at 5-400 K

is shown in Fig. 5. Without Dy—Cu doping, H decreases
monotonically with increasing temperature. A positive coer-
civity temperature coefficient is observed with increase in the
amount of Dy—Cu doping. When the amount of Dy—Cu doping
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is 3 wt.%, the magnetic crystal anisotropy of the 2:17R phase
decreases monotonically with increasing temperature, while
the magnetic crystal anisotropy of the 1:5H phase increases
first and then decreases with the spin-reorientation phase tran-
sition. The synergistic effect of 2:17R and 1:5H results in an
inflection point of the H-T curve at approximately 150 K.
When the sample is doped with 6 wt.% Dy-Cu, the corre-
sponding temperatures of the minimum H; (3.62 kOe) and
maximum H; (8.20 kOe) are 150 K and 350 K, respectively.
The sample doped with 9 wt.% Dy—Cu has a minimum H,;
(1.63 kOe) that corresponds to a temperature of 250 K. The
extreme point of coercivity tends to move to high tempera-
tures with increasing Tslff. The temperature dependence of the
coercivity near the extreme point is relatively stable, and the
temperature range near the maximum H;j performs better than
that near the minimum H,; for obtaining a higher coercivity
and a wide range of temperature stability. A wide range of
temperature stability is also called a positive coercivity tem-
perature coefficient range. This means that the positive coer-
civity temperature coefficient temperature range of the magnet
moves towards higher temperatures with increasing 7g5>.

1 =T (Hmax)
‘ -T (Hmin)

30
8 20¢
&<
m‘?

10 6 wt.%

Y~ 19 wt.%
0 100 200 300 400
T (K)

Fig. 5. Temperature dependence of the coercivity of magnets doped
with 0 wt.%, 3 wt.%, 6 wt.% and 9 wt.% Dy—Cu.

It is found that SRT of CBPs can optimize the coerciv-
ity temperature coefficient with little effect on the tempera-
ture dependence of magnetization. Moreover, the temperature
range of low-temperature-dependent magnetization and coer-
civity tends to move towards higher temperatures, which is
conducive to the preparation of magnets with a low temper-
ature coefficient at higher temperatures. The magnet doped
with 6 wt.% Dy—Cu exhibits ideal temperature stability near
room temperature. As a result, the demagnetization curves
of the magnets were precisely compared in the range from
room temperature (RT) to 100 °C with a NIM 500C mag-
netic measuring device every 20 °C. As shown in Fig. 6(a),
a low point is observed for the magnet without Dy—Cu dop-
ing, for which the magnetic properties are B, = 8.71 kG,
Hgj = 16.37 kOe, (BH)max = 17.61 MGOe, o = 0.01 %-°C~!

and B = —0.32 %-°C~!. Low o and J3 values for the mag-
net with 6 wt.% Dy—Cu doping are shown in Fig. 6(b), at
which point the magnetic properties are B, = 7.80 kG, H; =
8.03 kOe, (BH)max = 13.45 MGOe, a = 0.01 %-°C~! and
B =—0.03 %-°C~". Both their otgr_100 -c) Vvalues are similar,
while the B(rr_100 c) values decrease from —0.32 %- °C~'to
0.03 %-°C".

(a) 9
—=—20°C
——40 °C
——60 °C
—+—80 °C 16 =
——100 °C 2
a(rT-100°0)~0.01%/°C o
Brr—100-0)~—0.32%/°C1 3
! ) , 0
—20 —15 —10 -5 0
HCJ' (kOe)
() 1,
——20°C
——40 °C
——60 °C
——80 °C ~
i O
100°7C a(rr-100°¢)~0.01%/°C =)
Brr-100°0)~0.03%/°C &
13
~10 _5 OO

Hg (kOe)

Fig. 6. Demagnetization curves of the magnets with different amounts
of Dy—Cu doping of (a) 0 wt.% and (b) 6 wt.%. in the range from RT to
100 °C.

4. Conclusion

A series of samples with SRT in CBPs of Sm;Co;7 mag-
nets were designed and prepared by doping with 0 wt.%,
3 wt.%, 6 wt.% and 9 wt.% of DyssCuy; alloy powder. ¢ is
regulated from 125 K to 195 K. The effect of SRT in CBPs of
Sm,Co;7 magnets on the temperature dependence of the mag-
netization and coercivity was systematically investigated. The
main findings are as follows:

(1) A variation in the temperature dependence of the mag-
netization is found to be influenced by SRT of CBPs. The M—
T curves measured during the heating process are larger than
those measured during the cooling process when 7T < Tslﬁs.
There is a bifurcation point when 7 = T¢;>. When T > T,
the M-T curves overlap and the M-T derivation curve shows
that the magnet has a low temperature dependence of magne-
tization above Tslﬁs. With increasing Tslﬁs, the initial temper-
ature for low temperature dependence of magnetization shifts

to a higher temperature.
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(2) The coercivity temperature coefficient becomes pos-
itive as the effect of SRT of CPBs increases. With increas-
ing Tslﬁs, the temperature range shifts towards higher temper-
atures. This is beneficial for regulating the temperature range
of SmyCo;7 magnets with low 3 values.

(3) SRT of CBPs has little effect on the low temperature
dependence of magnetization above Tsllf , while the tempera-
ture coefficient of coercivity is optimized. The temperature
range of magnetization and coercivity with low temperature
dependence tends to move towards higher temperatures, which
is conducive to the preparation of magnets with a low temper-

ature coefficient at higher temperatures.
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