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Magnetic hysteresis of mechanically alloyed Sm—Co nanocrystalline
powders

J. Zhou,® R. Skomski, and D. J. Sellmyer
Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588

(Presented on 12 November 2002

Mechanically alloyed Sm—Co powders and $f€0,Cu,Tixg powders are investigated. X-ray
diffraction patterns show that after annealing, structures of 2:7, 1.5, and 1:7 phases form. A
room-temperature coercivity of 41 kOe was obtained in,Gm powders. Magnetic hysteresis was
investigated by the method @im curves. Positive valuém curves were obtained in Si@o, and

SmCqg;, while negative values were found in SmGoand SmCg indicating different
magnetization reversal mechanisms. Nanocrystalline powders pf(SmCu,Tigg with a mixture

of 1:5 and 2:17 phases form after long-time heat treatment. The intrinsic coercivity of the powders
increases with an increasing amount of Cu. Short annealing time produces 1:7 phase with higher
crystalline anisotropy, which results in larger coercivity. 2003 American Institute of Physics.

[DOI: 10.1063/1.1558587

I. INTRODUCTION examined by x-ray diffraction with Cii« radiation. A su-
milling perconducting quantum interference device magnetometer

Mechanical alloying (MA) and mechanical q ibrati | th a high
(MM) have been used extensively to obtain nanocrystalliném a vibrating sample magnetometer wit a hg -temp-
erature oven are used to measure the magnetic properties.

and nanocomposite magnetic materials with significant im-
P g g X-ray diffraction (XRD) patterns show the as-milled

provement of magnetic propertiésn MA or MM Sm-Co der is in the . h q
permanent magnets, large coercivity and enhancement of rgowder is in the “x-ray” amorphous state. Sm—Co powders

manence can be achieved through controlled grain size, fird® heat tr:eateq at .800.and 575 °C r:‘or 5 min. The ;RD
microstructures, and large anisotropy field. Diegal. re- ~ Pattems show 2:7, 1:5, 1.7, and 1.7 phases corresponding to

ported a 57 kOe coercivity in a S0y s MA powder?  the powder compositions of $i@o;, SmCq, SmCaq 3, and
Sm,Co,;:Co and SmCe:Fe MA nanocomposites were re- SMC@. respectively. Sgy(Co,Cu,Tikg powderso show
ported by Chenet al® and Zhanget al* Recently, Chen maln!y thg 2:17 structure after annealing at 825 C fqr 5 or
etal. reported the magnetic properties of mechanically30 min. Flgure_ 1 shows the o_levelopment of_ cry_stalhzatlon of
milled Smy(CoM),, where M represents Zr, Hf, Nb, V, Ti, Smy,Cog,Cu, Ti; powder for different annealing times. There
Cr, Cu, and F&.It is well known that two-phase Sm—Co is a small amount of the 1:5 phase present, also. There may
2:17-type magnets have a cellular microstructure, consistinge a small amount O_f 1.7 phase, but it cannot be determmed
of a 2:17 main phase surrounded by a Cu-rich 1:5 grain- ue to the overlapping of peaks. Based on the calculathn
boundary phask.A similar nanostructure is realized in [1oM Scherrer's formula, the average grain size ranges is

SM(Co,Cu,Ti), two-phase magnefsin this article, we inves- about _35—50 nm and does not increase much vyith furthgr
tigate mechanically alloyed Sm¢and SniCo,Cu,Ti), mag- annealing. XRD pattems for other Sm-—Co—Cu—Ti composi-
nets. Particular emphasis is on the magnetization reversiPns show similar results.

magnetism.

Il. SAMPLE PREPARATION AND CHARACTERIZATION Sm12C081Cu4Ti3

Sm,Co;, SmCqg, and Co powders are used to prepare
Sm—-Co MA powders. Sm, Co, Cu, Ti elemental powders s smrnmpse 2 St oo bttt
are used to obtain Sm—Co—Cu-Ti powders. The starting— -
materials are sealed in a vial together with hardened-§
steel balls under Ar atmosphere. The compositions<]
studied are SpCo;, SmCg, SmCg;, SmCg, and @
SmyCogg—y— CUTiy With x=0, 4, 6, 7, 8, 9 ang/=0, 3.
Mechanical alloying is done by placing the vial in a high- 825°C 30 min furace-cool
energy Spex 8000 mixer/mill and milling for 5 h. Heat treat- d~37nm
ment is performed by sealing the powder in a quartz tube in
an Ar atmosphere and then annealing in the range betwee

825°C 5 min- quench
d~35nm

Intensi

60 70 80

725 and 825°C for 5 or 30 min. The crystal structure is 30 40 50

20
3Electronic mail: jzhou@unlserve.unl.edu FIG. 1. X-ray diffraction patterns of mechanical alloyed $805,Cu,Tis.
0021-8979/2003/93(10)/6495/3/$20.00 6495 © 2003 American Institute of Physics
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Magnetic hysteresis measurements at room temperaturec. 3. Initial IRM, and DCD curves of SpCogg and Sm,C0;4Cl Tis.
show single-phase behavior for all the samples. FoyGm,
SmCg, SmCgq 3, and SmCg alloy powders, the coercivi-
ties binary are 29, 8, 41, and 6 kOe, respecti\/e|y_ This is du@e Co dumbbell SiteS, which will increase the anisotropy of
to the smaller anisotropy constants in Co-rich alldys, the SmCo alloys; and Cu-rich phases, most likely 1:5, pro-
=17.2MJIm 2 for SmCq and 3.3 MIm?® for SmCo,;,  Vide pinning centers to impede domain-wall motion, which
(Ref. 8]. Am curves of these samples are measured to inincreases the coercive force.
vestigate the magnetic hysteresis mechanism,(&mand All the samples heat treated at 825 °C for 5 min show
SmCq samples show positivem value while SmCgs larger H. than those annealed for 30 min with the same
(shown in Fig. 2 and SmCg show negative value. We also compositions. This can be understood as a longer heat treat-
observed similatnm curves in Sm—=Co thin film$The ex- Mment produces larger crystallite size, as well as decomposes
planation for this difference will be discussed and comparedhe 1:7 phase into 1:5 and 2:17 phases. The relatively low

to Sm—Co—Cu—Ti powders later. anisotropy of the 2:17 phase makes the coercivity of the
Table | shows the magnetic properties of Sm—Co-powder smaller. N
Cu—Ti powders. It can be seen that for binary,;Sbugg, H, The high-temperature coercivity of the powder samples

is as low as 5.6 kOe. The remanence rat, (M) is close ~ shows thaH . decreases as the temperature increases. This is
to 0.5, the ratio expected for randomly oriented uniaxial-mainly due to the change of anisotropy with the changing
anisotropy particles. The coercivity and remanence ratio artemperature. It can be seen that the high-temperature coer-
increased by the substitution of Ti or Cu for Co. In sinteredCivity does not increase with additional Cu in $@0gsTis.
Sm—Co 2:17-type magnets, Cu is introduced to form the preThat is because Cu decreases both Curie temperature and the
cipitated Cu-rich grain boundary that provides pinning cen-high-temperature anisotropy of the SmGhase.

ters for domain-wall motiori'° According to Cheret al.® in

powder form Cu helps the formation of 1:5 phase and Znv. MAGNETIZATION REVERSAL MECHANISM

goes to 2:17 phase. 1:5 and 2:17 grains are uniformly dis-
tributed in the powder particles. Our samples containing Tib
likely have similar structures. We know that Ti usually takes as

To understand the coercivity mechanism of the Sm—Co-
ed mechanical alloys we investigated the remanent-
magnetizationAm behavior. Am is defined asAm=my
—(1-2m,) where my is the reduced magnetization from

TABLE I. Magnetic properties of Sm—Co—Cu—Ti powders. DCD measurement anh, is the reduced remanence from
IRM measurement. According to Wohlfarth, the deviation is
825°C, 30 min 825°C, 5 min zero for non-interacting uniaxial single-domain particie.
H. M, M, is commonly accepted that a negatié@ value indicates the

(kO® (emu/g (emulg H,at27°C H,at400°c dipole interactions and a positive value indicates ferromag-
netic exchange interactions between isolated single-domain

2%2222&% g:; gg i(lﬁ ;?, particles. Several papers discussed the magnetization behav-
SMy,COxeTia 127 56 97 3.8 ior in permanent-magnet materiafst® including the influ-
Sm,CosCY,Tiz  12.6 49 80 15.2 3.2 ence of the pinning mechanism dm. Skomski gave an
SmCoClpTis  12.0 49 8l 2.6 example that domain-wall pinning also can generate a posi-
g%zggjgg:z ig:g 22 ;Z; ig:; 22 tive Am.16 Vajdaet al. also pointed out that the demagneti-
SM,CoCueTis  17.1 45 73 229 40 zation state will influence th&m behavior'’ Other research-

ers have explained the positive value/ff as evidence of
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1 T In Fig. 3b), for Sm;,Cogg powders, the IRM remanence re-
mains almost unchanged at low field, while the initial curve
at the corresponding field gives a large magnetization. This is
because of the coercivity mechanism in these powders is
mainly incoherent rotation. According to Stoner and Wohl-
Hs(8) 0.5 . farth’s modef?°the switching fieldH, at which the change

Ha in the equilibrium direction of magnetization becomes dis-
ANGULAR DEPENDENCE continuous, is given By

OF SWITCHING FIELD 2K, 1

(Stoner-Wohlfarth) : —
Hs™ M, (coP0 1 si?0) 72

Figure 4a) shows the angular dependence of the switch-
ing field in the model. Considering that the $@0g5 powder
is an ensemble of weakly interacting fine particles with ran-
dom orientation, ideally a small reverse fi¢ld<0.5H 5 (an-
T T | I S isotropy field yields a reversible rotation of the magnetiza-
PINNING . 7 / tion direction, but in large reverse fields the magnetization is
(Sm-Co-Cu-Ti) irreversible® Figure 4 shows the theoretical IRM curves for
the two different magnetization reversal mechanisms.
Figure 3 shows thé\m curve of Sm—-Co-Cu-Ti and
Sm-Co powders. Because of the different IRM behaviors,
Am yields different values. In this case, negatiten for
Co-rich Sm—Co is due to the incoherent rotation and positive
ROTATION Am for Sm—-Co—Cu-Ti comes from the domain-wall pin-
(Sm-Co) ning, while positiveAm for Sm,Co; and SmCg (not shown,
' similar to that of Sm—Co—Cu-—Tis due to strong exchange
| A A A interaction.

0 0.2 0.4 0.6 08 1 This work is supported by DOE, AFOSR, DARPA/ARO,
'H (arb. units) and CMRA.
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FIG. 4. Switching fields and IRM curveschematig. 1P. G. McCormick, W. F. Miao, P. A. I. Smith, J. Ding, and R. Street, J.
Appl. Phys.83, 6256(1998, and references therein.
2J. Ding, P. G. McCormick, and R. Street, J. Alloys Compad1, 197

exchange interactions in nanocomposite between the harg‘lg}?%h L Teai and 1. S. Chin 3. Aool. Phie. 5064(169

and soft magnetic materiat&!® In this work, we attribute 43 ZHang‘,er;. v zh;?g’a,: W zhang;,nénd e sz%n, J.A(ppl_?:gﬁ{s_
the Am behavior to the basic mechanisms of coercivity: wall 5601 (2001).

pinning or incoherent rotation. 5Z. Chen, X. Meng-Burany, H. Okumura, and G. C. Hadjipanayis, J. Appl.

In our experiment, the initial samples are in thermally Gihﬁjfngrgﬁoifgoghyss3 R13(1989
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and DCD curves for mechanically alloyed $Mogg and Appl. Phys. Lett.77, 1514(2000.
Smy,,Co,6CuyTi; powders. Other samples show similar be- 8R. Skqmslld and J. M. D. CoeRermanent Magnetisifinstitute of Phys-
haviors. It can be seen th,at in FigaB Fhe rem,anence, fror_n 9:IC)SJBgSetI?my]£9? Zhou, Y. Liu, and R. Skomski, Proceedings of the 17th
the IRM curve gradually increases with the increasing field \work shop on Rare-Earth Magnets and Their Applications, Delaware
and the difference between IRM and initial curves is smaII1 (2002.
before the field reaches the coercive field. This indicates thaffz-OZhOU' R. Skomski, and D. J. Sellmyer, IEEE Trans. Magjh).2518
the mggn_etlzatloq process is mainly controllgd by domainay Zhou, 1. A. Al-Omari, J. P. Liu, and D. J. Sellmyer, J. Appl. P8,
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the Sm—Co 2:17 magnet with a distribution of pinning }°R. Skomski and D. J. Selimyer, J. Appl. Ph, 7263(200D.
centerd Sm,Co; and SmCg showing positiveAm value in F. Vaj(.ia, E. Della Torre, and R._ D. McMichael, J. App_I._Phys, 5689
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. ' 1994.
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exchange interactions tend to align the magnetization of Phys.83, 2147(1998. ) _
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