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The room-temperature coercivityHe, and squarenessMg/Mg (remanence/saturation
magnetizations of permanent magnet, Smgpowders have been enhanced by ball milling with
antiferromagnetic NiQwith Neel temperatureT =590 K). This enhancement is observed in the
as-milled state. However, when the milling of Sm@ocarried out with an antiferromagnet with,
below room temperature.g., for CoO,Ty=290 K), the coercivity enhancement is only observed
at low temperatures after field cooling througf. The ferromagnetic—antiferromagnetic exchange
coupling induced either by local heating during milling (Sm&WNiO) or field cooling
(SmCqg+Co0) is shown to be the origin of the increase. ©2001 American Institute of
Physics. [DOI: 10.1063/1.1392308

During the last few decades permanent magnet developFhe milling was carried out for different timg®.25-32 h
ment has been centered on the production of highly anisodsing a planetary mift®
tropic material$ and nanocomposite magnets consisting of a ~ The microstructure of the as-milled powders was studied
mixture of exchange coupled hard and soft magnetic compdy x-ray diffraction(XRD). XRD patterns were fitted using
nents, Commomy known as Spring magn?eta_the |atter’ a the Rietveld method from which the Crystallite SItB), was
remanence enhancement is induced by the ferromagnetﬁyamated for each component. Morphological cha.racteriza—
(FM)—ferromagnetic exchange interaction. However, usualyion was performed using a scanning electron microscope
in these systems a reduction of coercivitj, cannot be (SEM). Magnetic hysteresis loops of tightly packed isotropic
avoided? Conversely, an enhancementtéf. and a shift of powders were carried out at RT with a maximum field of

the hysteresis loops along the field atgxchange bigsare #oHme=23T, by means of an exraction magnetometer.

well known effects of antiferromagneticAFM)—FM ex- Hysteresis loops after zero-field coolingFC) and field

change coupling* Exchange bias has been extensively st S0NNg (WoHec=5T) of SmCg and SmCe+CoO were

ied in thin fil b Fit e i . Ve devie also carried out aT =30 and 100 K.
ied in thin films, because of its role in spin-valve devices. For the three systems studié@mCa, SmCa-+NiO and

However, the coercivity enhancement associated with eX5mCa+Co0) the SmCaq crystallite size(D), is a decreas-
change bias has been investigated felfrssthe case of pow-  jng function of the milling time, especially during the first 4
ders, usually a widening of the loop is observed far belowy of milling. However, this reduction is somewhat steeper
room temperaturéRT), either because the Bktemperature, when milling SmCgq alone. For long milling times the crys-
Ty, of the AFM is below RT or the AFM grains are so small tallite size stabilizes to a nanometric range.g., (D)

that they behave superparamagnetically a®®RT®Further-  =10nm in SmCeg+Co0), but (D) remains larger in
more, in powders, the AFM phase is usually obtained bySmCg+CoO and SmCgt+NiO than in SmCg alone.
oxidation or sulfuration of the FMe.g., Co—CoO, Fe—FeS SEM micrographs of ball-milled SmGaalso reveal a

or Ni-Ni0).>*"8n the case of rare-earth permanent mag-reduction of the particle size and changes in shape with an
nets(e.g., SmCegor Nd,Fe;,B) in general it is not possible increase in the milling time, from about 5Q@m irregular

to obtain AFM phases by oxidation, since it is mainly selec-and sharp-edged particles to roughly spherical particles of
tive for rare-earth and the oxides obtain@g., SmO; or ~ about 5um in the 32 h ball-milled SmGp A different mi-
Nd,Os) are not antiferromagnetic. However, it has beencrostructure is encountered in ball-mjlled SmEMNIO and
demonstrated recently that it is possible to induce FM—AFMSMCa+C00. In both cases, in addition to the SmQar-
coupling when FM and AFM powders are milled togeth&.,  ticle size reduction, observed in Smgalone, the SmGp

In this letter we report the enhancementrtg andM /M g particles in SmCg+AFM become progressively surrounded

in SmCa, due to AFM—FM exchange interactions when ball and soldered to NiO or CoO. After 32 h of milling they form
milled with NiO and CoO aggregates of up to 1@&m in size composed of several

Powders of SmCp (99%, <500 um)™ were milled SmCagq particles embedded in a NiO or CoO “matrix.

. . Shown in Fig. 1 is the milling time dependence of the
alone or tc-)getherlwnh N|.Q99%, <44 pm) and (_300(99%1 coercivity, H, for the three series of powders, measured at
<44 pm) in a weight ratio of 1:1. Note that NiO and CoO

X X ) RT. SmCg exhibits typical behavior with milling time, i.e., a
are antiferromagnets withy=590 and 290 K, respectively. sharp increase dfl for short milling times, a maximum in

He (ugHe=1.1T afte 4 h of milling), followed by a
dElectronic mail: dolors.baro@uab.es gradual decrease &f. for long milling times'>**Although
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Milling Time (h) FIG. 3. Milling time dependence of the squarendds,/M s (measured at
room temperatupefor ball-milled SmCgq (H), SmCg—CoO 1:1(A) and

FIG. 1. Milling time dependence of the coercivigygH (measured at room SMCa-NiO 1:1(O) powders. The lines are a guide to the eye.

temperaturg for ball-milled SmCg (M), SmCg-CoO 1:1 (A) and
SmC@—NiO 1:1(O) powders. The lines are a guide to the eye.
The milling time dependence of the squareness,
the behavior of the three systems is similar for short millingM g /Mg, is shown in Fig. 3 for the three systems. It can be
times, a maximum value & is obtained for SmCptNiO, seen in Fig. 3 that the squareness of the three systems in-
moHc=1.5T. Moreover, in contrast to what is observed for creases sharply for short milling times. However, the largest
SmCgq alone, theHc for SmMCq+NiO and SmCg+CoO  Mg/Mg ratio is obtained for SmGe-NiO, with Mg/Mg
levels off for long milling times. It is also worth noting that =0.98 afte 1 h of milling. It should also be noted that
even from the early stages of milling an enhancemei @f Mgz/Mg for SmCq+NiO remains high(>0.85 even for
is observed in ball-milled SmGe-NiO in comparison with  moderate milling times.
H¢ values of ball-milled SmCpand SmCeg+CoO. The behavior of ball-milled SmGalone has been stud-
As shown in Fig. 2, the coercivities of Smgemilled 4 jed extensively>*® For example, the decrease bf. ob-
h) and SmCg+CoO (milled 32 h are both found to increase served in SmCgfor long milling times is known to be due to
at low temperatures. Note that milling times exhibiting maxi-the tendency towards amorphization of Srg@uduced by
mum RTH¢ were chosen for each system for the field cool-the large amounts of defects introduced after long milling
ing experiments. However, although the RE of both sys-  times!®As evidenced by XRD results, milling is less aggres-
tems is similar, the low temperature coercivity increasessive to SmCgwhen it is milled together with CoO or NiO.
further in the SmCegtCoO system after field cooling This could explain whyHc remains large for SmGe-NiO
(moHrc=5T) to belowTy than in SmCgalone. Moreover, and SmCg+CoO even for long milling times. However, al-
if SmCao;+Co0 is ZFC to low temperatures, the coercivity though the microstructure and morphology of Srg€ENIO
obtained(uoHc=2.02T atT=100K) is clearly smaller than  and SmCg+CoO are rather similar, the former exhibits a
the one after field coolinguoHc=2.19T atT=100K).  much largeH, (Fig. 1). Since NiO is antiferromagnetic at
Heat treatments above tfig, of NiO and subsequent field RT (T,=590K) while CoO is paramagneticl (=290 K),
cooling to RT were also carried out for the Sm@MNIO.  this allows the separation of morphological—structural ef-
However, they resulted in a significant reduction €.  fects from magnetic coupling ones. Thus, the enhartgd
Note that small shiftsHg, of the hysteresis loops in the field should be attributed to the existence of FM—AFM exchange
axis were often observed for both SmGmd SmCg+CoO  ¢oupling in the SmCetNiO as-milled powders. Usually, to
(noHe~0.05T at RT anduoHg~0.1T atT=100K). induce such coupling, a field cooling process throdghis
required? In our case, exchange interactions between the FM

2.4 ——————— and the AFM grains are introduced during milling, without
. SmCo;, + Co0 32 h Milled the need of heat treatments. This can be understood because
’ in a planetary mill the temperature can be locally increased
20¢ in excess of 600 K, due to impacts between the powder and
~ 13l ] balls}* The local field created by the Smgparticles plays
- T, (Co0) the role of cooling field during ball-particle impact and in-
T 161 ) ] duces AFM—FM exchange coupling. Note that it has been
= | 4[SmCos 4 h Milled demonstrated in thin films that it is the FM moment at the
Lo interface rather than the cooling field that controls AFM—FM
“[Field Cooling (H =5 T) interface coupling® Since Ty in CoO is lower than RT, no
1~00 50 T00 150 200 250 300 coupling is mducgd _durlng milling in SmGe CoO, thu§ the
T(K) RT Hc remains similar to the maximurd ¢ for ball-milled
SMmCg alone (ugH:=1.1T).
FIG. 2. Temperature dependence of the coerciyighi, for SmCaq ball However, as shown in Fig. 2, when Sm@daCoO is field

milled for 4 h(d) and SmCg-CoO 1:1 ball-milled for 32 1{@®), after field : :
c00ling (ugHe=5 T) the as-milled powders to 100 and 30 K. Also indi- cooled to low temperaturgd - increases substantially. Part

cated is the el temperature of COOT, =290 K). The lines are a quide to of this increase is due to the changes in magnetocrystalline
the eye. anisotropy of SmCg since a similar increase iH Is ob-
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served for SmCgalone. Nevertheless, as expected from the  Finally, note that, although the effects described appear
FM—-AFM coupling, SmCg+CoO exhibits extraH: en- to be clearly linked to AFM—FM exchange interactions,
hancement at low temperatures with respect to single gmCsome effects from the differences in microstructure and sur-
after the same field cooling procedure. Further proof of thdace disorder cannot be completely ruled out.

effect of FM—-AFM coupling comes fromHc in In conclusion, we have shown that the coercivity and
SmCg+CoO after ZFC. Although the local field of the squareness of permanent magnet powdeis., SmCg can
SmCag; particles can induce AFM—FM coupling to the CoO be enhanced after milling them with an antiferromagnet. To
even after ZFC from a demagnetized state, only those SmCmbtain these enhancements at RT and above it is necessary to
particles which are single domain will fully contribute to it. induce exchange coupling between the permanent magnet
In a field cooling experimentygHrc=5 T) the total mag- and an antiferromagnet witfy>RT. Hence, this study
netic moment of nearly all SmGgarticle spins is aligned opens up new possibilities for improvement of permanent
parallel to the applied field direction, thus all particles con-magnet’s magnetic properties.

tribute to the coupling. Hence, one would expect smaller

coupling and consequently reducét: enhancement after
ZFC, as is observed experimentally.

Unfortunately, field cooling SmGe-NiO from above
Ty Of NiO does not result in enhancementbf as would be
expected from AFM—FM coupling. This is because of the
rapid decrease dfi of SmCqg when submitted to moderate
annealing temperatures, due to the segregation of soft
phasesSm,Co; and SmCo;,).1#1° In other words, the de-
crease ofH. at T=600K (before the field cooling proce-
dureg is more important than the possible gain due AFM—FM
coupling. Note that the local temperature reached duringig gyomski and J. M. D. CoeyPermanent MagnetisrilOP, Bristol,
milling can be above the temperature at which soft phases1999.
segregate. Nevertheless, the duration of local hedtingy ZG- C. Hadjipanayis, J. Magn. Magn. Mat@00, 373 (1999.
effective for a fewus) is exceedingly short to allow diffusion 4\£ng5 ':"ei'::ftjcigci:vr\‘ld sCe.epl.‘o?e;(r;rrI?:I}(;s. JR?\% ;‘: 33"(1252'Cm”er 5
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