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MAGNETIC HARDENING INDUCED BY EXCHANGE COUPLING IN
MECHANICALLY MILLED ANTIFERROMAGNETIC - FERROMAGNETIC
COMPOSITES
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ABSTRACT

Mechanical milling has been used to synthesize ferromagnetic (FM, Co) -
antiferromagretic (AFM, Ni0) composites. The coercivity, He, and energy product, BHye, of
these composites can be enhanced at room temperature afler appropriate heat treatments above
the MNéel temperature of the AFM, Tw, Although the maximom He is achieved for the
(Mi0)1:1(Ce) weight ratio, BHu, is further enhanced for the (Ni0)2:3(Co) ratio, where higher
gaturation magnetization is obtained due to the larger amount of FM. Exchange coupling,
responsible for these effects, decreases as the temperature is increased and vanishes close to Ty,
The thermal stability of the coercivity enhancement remaing rather insensitive to the somewhit
broad distribution of blocking temperatures of this system.

INTRODUCTION

Since mechanical alloving (WMA) was developed in the Bate 19603 [1], this techmigque has
been used as o processing route for the synthesis of a large variety of equilibrium and non-
equilibrium phases and phase mixtures [2]. This technique has been shown to be successful in
reducing crystallite sizes to the nanometde range. These small particles can exhibit rather
different physical properties from those of their bulk counterpart [3].

Mechanical alloying has also been wssd to produce direct or indirect magnefic
interaclions, like in exchange spring magnets {milling soft-hard ferromagnets) [4,5] or giant
magnetoresistance materials (milling magnetic-nonmagnetic phases) [6]. However, studies of
exchange interaction between ferromagnetic and anfiferremagnetic materials induced by ball
milling are scarce. Nevertheless, recently the possibility of increasing the room temperature
coercivity by mechanical alloying transition metals (Mi, Co, Fe} and their own antiferromagnetic
oxides (NiQ or Col)) or sulfides (FeS) has been proven [7]. Moreover, it is well known that
oxidized ferromagnetic fine particles can also exhibit coercivity enhancements [8]. However,
this enhancement is mainly observed far below room temperature, which mekes this property
rot useful for applications. It is noteworihy that ceercivity increases due o AFM-FM exchange
coupling are also being studied in thin film systems [9,10].

In this paper we show the possibility of increasing the room temperature coercivity and
energy prodect by ball milling FM and AFM composed of different transition metals, e.g. Co
and Ni0, after adequate magnetic field heat treatments. The hardening of the FM phase is
optimized by varying the AFM:FM ratio.

EXPERIMENTAL

[ fferent AFM:FM welght catios (G:1, 3.7, 2:3, 1:]1 and 3:2) of gas - atomized powders
of NiO (99%, <100 pm, Ty = 590 K) and Co (99.5%, < 44 pm, Te = 1404 K) were mixed and
gealed under Ar atmosphere in an agate vial (V = 20 ml), together with & agale balls (10 mm
diameter), with & ball to powder weight ratio of 2:1. The milling was carried oot for different
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times (0.1-30 hours), at 500 rpm, uwsing a planetary mill, To induce exchange coupling, the as
milled powders were annealed at different temperatures, Taxns = 300 - 830 K, for different times
{05 hours) under vacuum, in the presence of different magnetic fields (0 - 10 kOe), and field
cooled 1o room lemperature,

The microstracture of the powdears was studied using standard x-ray diffraction (XRIY)
(Cu-K= radiation). The x-ray diffraction peaks were deconvoluted and fitted using a pseudo-
Vaigt function. The crystallite size, <D, was evaluated using = single peak method from its
integral breadth (Cauchy component), following Scherrers approximation, Their morphological
characterization was performed by using scanning electron microscopy (SEM), eouipped with
energy dispersive x-ray analysis (EDX). Magnetic hysteresis loops, up 1o 10 kQe, were
measured in loosely paeked powders, at temperatures between room temperalure and 750 K, by
means of vibrating sample magnetometry (WEM).

RESULTS AND DISCUSSION

Shown in fig. 1(a) is & 3EM image (secondary electron) for the Ni-Co pewders ball
milled for 20 hours in a weight ratio of 1:1. Ball milling induces a broad range of particle sizes,
from 1 um to 30 ym [11]. The larger particles (an enlargement of one of these particles is shown
in fig. 1) are composed of ghout | pm thick lamellae, surrounded by small particles. As can be
sezn in fig. 1(h) the Co x-ray mapping indicates that the lamellas (bright in fig. 1(a)) correspond
to Co while the particles (gray in fig. 1(a)) comespond to Mi0. This microstructure, typical of
ball milled ceramic-metal mixtures, is due to the ductile and brittle character of Co and M0
respectively. Morcover, this microstructure allows the existence of a large interface area
between the FM and the AFM phases.

" Fig. 1 (4) SEM secondary electron image and () Co EDX mapping for a
(NiO)1:1(Co) ball milled for 20 h.

K-ray diffraction (XRD) patterns have been obtained for the unmilled Co and NiQ) and
fior the 20 h ball milled NiQ-Co in o weight ratio of 1:1, before and after fizld annealing them in
a 5 kOe magnetic feld at Taser= 600 K. The XRD patierns of the unmilled Co reveal that it
corresponds fo & mixture of hep and fec Co, while the unmilled Ni0 powder diffraction peaks
comrespond to a foo phase, The erystallite sizes, evaluated for the Co hexagonal (002) and the
MNit) (111) peaks, are <D=cojiex = 42 £ 4 nm and <Dewie = 100 nm, respectively [11].

When Co and NiQ powders are ball milled together in a 1:1 weight ratic the intensity of
the peaks corresponding to the fee Co phase rapidly decreases. This allotropic ransformation
has been previously reported for ball milled Co powders [12]. The peak widihs of the different
phases after ball milling show an important increase, This is related to the crystallite size
reduction, the intraduction of planar defects and the microstrain increase. The crystallite sizes,
after 20 hours of milling, estimated from the (002 and the {111}wo reflections, are:
<D>copex = 10 + 2 nm and <DBwo = 14 3 2 i, respectively. In addition, the positions of the



K peals do not change siter ball-sulling. indleoting no Imporiant variation n ity lodties
parameser. This suppeds that e diffusion of Co isfo e Kihcell & very small [L1].

Wheon the ball willed Wi0-Co powdars ane annaled at Tasa = @30 K fior 0.5 hoors the x-
vy dilfraction gtz s very similsr to (hat of the s mdlled powndees, where e Ml poeks are
et displooed tnd caly & misor decresse im the peak width iv obtuined. The crysiadllie slze
caleulmed Som e {111beo rellection @ <TEqec = 10 £ 2 nm. The Comlep phass sl g
il Bshavhes, with <0oecegue = 1T+ 2 moih, calculassd hom the (D0 oo e peak. Moreover, ad
thiy esmealing benpesstoee, & light increme in e imessty aF the: (200joocwse piak o almady
= chagrved, indicating U sarting poing for &0 sllomople oeafemsabon fhom bep w hepeifie
[12] However, after anncaling a8 Tawr = 780 K for 02 hows, the ayatallite sees, cabaslasc
from { L 000rese and (11 1 peaks, (ncrease sigrificanty to ~Dongui = 44 + 4 2m and <Erman
= 0 3 4 mem and the isbensity of e pesios comesponding to the cobee phase Beretics, Thus,
anncaling 1 Tawx = TH K bdices s bmporess crvsal growth and the allogupds phass
mraealormation fom hop o fos Ce (11}

Tha tosm-setmperatens epchrity, He, e been mesmral & o foscilon of the mdlling
time for the differsst PEDCo welght rmiis for both psomilled end annesled (Tave = 804 K)
ppmmmtq-, H imcresers aiter & shor! milling, time (1 howr) flom Mg = ET0 Oe (2
chtaineA) 8 290 Oe (| hour bell millad) [13]. This intneass 2 smributed 1o the allotropic phawe
erarurnation from Sc=hop Co tn hop Co, whees hep Co is known to have laspes He than foc
Ca [14]. Funter mvilling devresies He (g Ho = 125 O aler milling 30 hours), which &

limhed with the discsdering of the Bovagonal srochurs, a9 bay besn reparied for bong-
erm milting [12]. A maxsram in He e sl ohesevad [ ball malad WileCo, Hewss, fior
s AP P ratio, the lacpest He i chusined for diffioneen milEeg tmes, which incres: an the
B content Incremsrs, indicatag fat Wi peabuhbly delays the Co srociursl dhanges
the ball millcd puse Co powders of Tasss = &30 K Le. The < T < Tel for 0.5
e in H = 5 ke rewdts inonalight decresss in Hie Howewer, o sipnificent enhancement of He
is cheerved aiter anncaling the hall milled MEO-Co powders o the seme femperslure, Tos =
a0 K, snd field ecolmg (H = 5 kD) 10 rede temperasae [13]. Shown s fig. I i the
dependence of the ooercivily misscrmnal [defined ia e Sillcwnce of He aller 3l belom
anealing 1 Tasm, Alic)on the snncaling tesperatare Tor (IO E(Co) bell mB8ad 20 k. Ascan
e soen im U fgure, the rooimeiesperabune Mo soreases only when the annedling lemperatue b
mmmﬂiﬂﬂhlmﬁj.n-mnuwﬂdﬁrnwm
Er- AP mystem [9]. The deereme of AH: afler arsesling ot excesdingly high iesgpeminey
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observed from XRD, Loop shifis in the field axis, He, towards the negative field axis are also
present in the hysteresis loops of the ball milled NiQ-Co samples for all AFM:FM ratios, except
in pure Co. The loop shifls depend on the anmealing temperature with a similar dependence as
AHe, confirming the assumption that the exchange coupling between the AFM and the FM is
responsibie for both effects, AHe and He.

Exchange coupling produces not only an enhancement of He but also an enhancement of
the squareness, Mp/MMs [13], and consequently an increase of the energy product, BHua, The
dependence of He, AHc and ABHwa (defined as the difference of BlHmee after and before
annealing &t Tax = 600 K) en the Co content (Mi0:Co ratic) is shown in fig. 3. The values
shown in the figure correspond to the milling times which give the maximum values of He for
each Wid:-Co ratio. As can be seen in the figure, the largest exchange coupling effects, pe.
rraximum enhancements of He and BHue and maximum loop shifis, ere exhibited for the
(MIC)H:1{Ce) ratio. However, the maximom value of BHue afler annealing at Taoay = 600 K is
not obtained for (Mi0)1:1{Co) (BHuee = 62000 G.0¢) but for (Ni0)2:3(Co) (BHu = 83000
(3.0e). This is due to the interplay between He and Ms on BHye. The addition of an AFM and
the subsequent heat treatments increase He, howewver the AFM also promotes a reduction in the
overall Mz of the composite. Hence, the enhancement of BHue is & compromiss betwesn bath
effects,

W —a—————r——
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52 1:0 23 1.7 o:1
% Co

Fig. 3 Dependence of the () exchange bias, He, (b) cocreivity enhancement, SHc,
and (¢} enhancement of the energy product, SBHws, on the Co percentage
(WitkCo ratio).

Shown in fig. 4 is the dependence of the loop shift on the measuring temperature. As
expected from exchange coupled AFM-FM systems, He decreases as measuring temperature
increases, becoming zero at T = 600 K, i.e. at the Néel temperature of the AFM (T (Ni0) = 590
K). A similar behavior is observed for AHe and A(BHaw. The decrease of these properties with

increasing measuring temperature is the result of a reduction of the AFM/FM interface coupling,



s & sonsageence of either the loss of the magneiic ordes b des AFM esdior the reduction of e
AFM magretnerystalline andsoleopy. The caiieal esperaure @ which exchunge eoupling
wificii comipletely wvenish is usally densied o the bincking femperature, T [¥].

To study the thermal stabitity of the ball millsd MiO00Co sysieon due to the cordom|tm
dctriionrion of Blocking tompershings [15] (beoaghs st by the distbotion of coysischite gizes
and defecis], e N0 maple were el b0 & terngansturs T, 300 K < To < W K, and
subaoquenthy cooled 1 oo empanire In e Sebd H = - I v, Lo opposise 1o (e one wid o
et thee vrigiretd eoupling (H = 5 ko)

H, [0e]

T TR T
TIK]

Vig. 4 Teenpemoere dependencs of the sxclunge biss, He (), on the mwanging
tesaperatuse, and Hy ) after ficld cosling in H = -5 kibe from i ferean

I ratires,

Fiollowisg this prcedure, if e loml Blockong temperatoee of & orystallite (Tai) |s bebow
T the erywailile beooawts parsmagmeilc, s losing the infemation of the original coopling
Cooling such crystalBss in H = - 5 kibe induces o soupling opposite to the criginal ooe, bence
ghifting the loop towands ponitve ekl However, crpdallites with T > Tis persain
Crnscquently, the He obisined ofer warming o cach To gives @ s of W number of
arystallites with T < Tix [15]. As can bo scom im fig. 4. aloisdy & To = 350 B & seduitioa m He
com bo obaarved. Moreowver, for To = 500 K Ha i msloid 1o 0ema (L2 50 % of the erpatalliie
have Toe < 500 K). These resalts indicats o beosd Sigiribetion of blocidey temperanses in thin
syion. Fowever, although the thermsal stahility of He §s drongly mftacnced by the dinmboson
of Th, we ebserved that He is ratber isendiv jo it This & peohably becpuse although the
pverall He depends on the sremgth and sigsd of the coopimp for eech orvstaline, the
enbercesnent of He depends anly on the sereogih of the coupling.

CONCLUSIONS

Iz conclusion, we have showm hat mechaniolly milled AFMNED) - FM{Ca)
significem cobaccaments of the rom temperstare cosreivity and ensrgy
u:hhﬂdm;emﬂluhdwﬂlhhlkﬂﬂmﬁlﬂTm?Tum
ragnetie felds The asemilled pewders exhibit o peculisr miscoctructare (U0 limelle
swrromaded] by refined NeD particles), which allova e miseccs of & lage iserlce een
batween the EM and the AFM. The macimum magnetic bandening is shewn to B¢ a trade off
Eetween the cosneiviy enbancomedt poadased by exckenge coupling and the overall meduction
of miumdon magnetization ez & the antiftresssgnel. AN the effects (He, He mnd BHu)
decyense with incressieg temperiture gnd de MiD-Co samples heonme uncoupled whes the
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mmeasuring trmgersiuce & laeger than ihe aniifemomagnetic Néel temperabire. Although Hy ia
m.ﬂ-mdwﬂdﬂihmﬂf;ﬂ:mmhmﬁﬂbm
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