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The coercivity,H:, and squareness of Co powders have been enhanced at room temperature by
mechanically alloying them with antiferromagnetic powders witreNemperatureTy, above

room temperature. The enhancement is maximum after field annealing @qovihe existence of

loop shifts and the dependenceldf on the annealing and measuring temperatures indicate that
exchange bias effects are responsible for this behavior19@9 American Institute of Physics.
[S0003-695(99)05246-9

Direct or indirect exchange interactions between magTy=590K andTy=610K, respectively’ The weight ratio
netic materials have produced a wide range of interestingf FM to AFM was usually kept to 1:1. Ball milling of pure
properties, such as giant magnetoresistaf@®R)*? in Co powder was also carried out in the same conditions. The
magnetic multilayers, remanence enhancement in magnetks-milled powders were annealed for different times in
cally soft-hard composite permanent maghétr exchange vacuum, under different magnetic fieldd £ 0—10kOe), in
bias in ferromagnetic (FM)—antiferromagnetic (AFM)  the range of 300—850 K and field cooled to room tempera-
structures:® In particular, exchange bias has been widelyture. The samples were structurally characterized by x-ray
studied in thin films, where numerous possible combinationgliffraction, using a Ci« incident radiation. Magnetic hys-
of AFM-FM (or ferrimagneti¢, have been investigatéd. teresis loops, up to 10 kOe, were carried out in loosely
However, in fine particles, basically transition metal particlespacked powders at room temperature by means of vibrating
(Fe, Co, Ni, or their alloysembedded in their AFMor  sample magnetometi}SM).
ferrimagneti¢ native oxides(e.g., FeO, Fe;0,,%° CoO>1° As can be seen in Fig. 1, as the milling time increases,
or NiO>*) or surrounded by chemically obtained sulfidesthe coercivity Hc) of the pure Co samples increases, up to
(FeS? or nitrides(CoN,"3 Fe,N®), have been studied. More- 1 h. This initialH¢ increase is due to the transformation of
over, recently, exchange coupling of fine powders obtainedh® original fcc-hcp powder to hep, as observed by x-ray
by mechanically alloying transition metalge, Co, Nj and diffraction '’ V\ghere pure hcp-Co is known to have larger
their antiferromagnetic oxide¢CoO or NiO or sulfides Hc than fcc-Cot® Further increase of the milling time causes
(FeS has also been carried otftlt is noteworthy that all the
fine particle systems studied up to date consist of FMs and 300 por— o
AFMs of the sametransition metal, e.g., Fe and Fe-based g
AFMs (FeO, FeS, FMN).>~ Although, as observed in thin
films, many fine particle systems exhibit loop shifts, the as-
pect of exchange bias most studied in fine particles is the 250 i
enhancement of the coercivitydowever, this enhancement
is mainly observed at low temperatures, either because the —
AFM shells haveT below room temperaturg-eO, CoQ or
the shells are so thin that they behave superparamagnetically —
at room temperaturg®-1113 g

In this letter, we report the enhancement of the coerciv-
ity at room temperature for mechanically alloyed FM-AFM 150
powders ofdifferenttransition metals, Co—NiO and Co—FeS,
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after appropriate heat treatments.

Mechanical alloying of the FM-AFM powders was car-
ried out for different timeg0.1-30 h using a planetary mill
in agate vials Y=20ml) and six agate ballsi{=10 mm),
with a ball to powder weight ratio of 2:1. The vials were
previously sealed under argon atmosphere to prevent oxida-
tion. The starting materials were powders of (39.5%,
<44 um), NiO (99%, <44 um), and FeS95%, <100 um),
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FIG. 1. Dependence of the coercivitiic, on the milling time for Co

where NiO and FeS are AFM with leetemperatures around powders for as milledfull symbols and milled and annealed &ty
=600 K for 0.5 h atH =5 kOe(open symbols Note that the circles are for
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the original Co powders, as-obtainéill symbol) and annealed af sy
=600 K for 0.5 h(open symbols The lines are a guide to the eye.
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FIG. 2. Dependence of the coercivityt, on the milling time for Co—NiO
1:1 powders for as milledfull symbol9 and milled and annealed @&y FIG. 3. Dependence of the coercivitl, on the annealing temperature,
=600 K for 0.5 h atH=5 kOe(open symbols The lines are a guide to the Ty, for Co—NiO 1:1 powders milled for 20 h and annealed during 0.5 h
eye. atH=5 kOe. Shown in the inset are the dependence of the loop shift in the

field axis,Hg (full symbolg, and the squarenesslz /Mg (open symbols
on the annealing temperatufB, . The lines are a guide to the eye.

a reduction ofH (Fig. 1). This effect is probably linked

with the transformation of hcp-Co to a random close-packec% d to eith owly t ¢ hep-Co t ds feeC
phase upon long term millintf:}” Annealing the as milled end to either siowly transtorm hcp-Lo towards fcc-Lo

powders at 600 K for 0.5 h produces a slight decreasédn and/or probably induce excessive interdiffusion, leading to a
(Fig. 1) which is probably related to grain growth and/or decreas_e of thel enhancement. In our case, for the sample
initial transformation of the hcp-Co to fec-Co during the an- Mechanically alloyed for 20 h annealing for more than 3 h
nealing. was found to deteriorate the properties. The maximum coer-
Similar to what is observed for ball milled pure Co, a Civity increase found in this study was around 125%
maximum inHc is also obtained for mechanically alloyed (Hc max=370Oe), with respect to the original Co powder.
Co—NiO particles when increasing the milling time, as  Further evidence for the origin of the increaseHrg
shown in Fig. 2. Nevertheless, the maximum appears nowomes from the shift, towards negative fields, in the hyster-
for much longer milling times, i.e., 20 h. Hence, NiO slows esis loop along the field axis{g (Fig. 3), which is typically
down the Co phase transformation during mechanical alloyinduced by AFM-FM exchange couplifign agreement with
ing. Contrary to what we observe for ball milled Co, anneal-Ni—NiO fine powder studi€s’® and Co—NiO thin film
ing at 600 K for 0.5 h in a field oH=5kOe, produces a studies'® the loop shifts observed for the Co—NiO samples
significant increase if¢. Thus, the addition of NiO par- mechanically alloyed for 20 h are rather small as compared
ticles in the mechanical alloying plays an important role intg their coercivity(see inset of Fig. B This is probably due
the enhancement dfic. To better understand the role of (4 the rather small anisotropy of NiO, which causes the AFM
NiO, annealings at other Femperatures have been cgrried O%tpins to be easily rotated by the FM spins, thus inducing a
As can be observed in Fig. 3, the maximum effect is foundym )| 100p shift but a large coercivifif The system exhibits

aroundTann=600K, i.e., forTayny=>Ty. However, ifTann  jts maximum loop shift aff xyy=600K in agreement with
is too high there is a transformation from hcp-Co to fcc—Co,HC (Fig. 3

causing the reduction dfi;. The enhancement ¢ after

. . g An enhancement in the squareness rafibz/Mg,
field cooling through the Nl temperature is in agreement d RS

whereM g andM g are the remanent and saturation magneti-

with what is found for fine powder systems at low _ . . . . .
temperature8.Therefore, these results seem to indicate thagatlon’ IS also. observed after field annealing the CO._NIO
owders. The increase M g/M g follows the same behavior

it is the exchange interaction-exchange bias between thd

AFM and FM powders which induces the coercivity en- 25 Hc With annealing(see Fig. 3 insgf with a maximum
hancement. enhancement of remanence Mfy /M g~70% as compared

To confirm this assumption, we carried out annealings ato the original Co powder. The origin of this enhancement of
different fields. As expected, annealing tdt=0 kOe also the remanence is still not well understood. However, its
produces an increase hic due to the remanence of the Co TANN dependence indicates that it is also related to exchange
powders which create a field to the NiO powders, in agreebias.
ment with previous FM-AFM ball milling studie¥. How- Finally, we have also observed that all the above effects
ever, the increase iH is 50% smaller than the one obtained (enhancement ofic and Mg and loop shift obtained after
for annealing aH =5 kOe. Annealing time is also found to annealing afT ,y=600K and field cooling to room tem-
play an important role. Long annealing tim@gveral hours  perature, decrease for increasing measuring temperatures,
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280 — , hibit shifts in the field axis. The effects disappear for mea-
10 suring temperatures abovg,. This behavior indicates that

//? / ] the He enhancement is caused by exchange bias effects. In

agreement with thin film systems, exchange bias properties
can be obtained in fine powders composed of FM and AFM
/ji 1 of different transition metals. Moreover, being able to in-
crease and contréd - at room temperature and above makes
these materials interesting for magnetic applications. In par-
—_— ticular, hard magnet§~eNdB, SmFgcould be mixed(e.g.,

B T mechanically alloyedwith AFMs with Ty above room tem-
perature to further enhance their coercivity.
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ferromagnetic-antiferromagnetic composites
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Abstract

Enhancements in coercivity, squareness and energy product have been obtained at room-temperature by mechanically
milling mixtures of ferromagnetic (FM) (Co) and antiferromagnetic (AFM) (NiO) powders. All these effects decrease with
increasing temperatures, up to T = 600K, just above the Néel temperature of the antiferromagnet. Due to the
competition between coercivity enhancement and reduction of saturation magnetization in AFM/FM mixtures, al-
though the maximum coercivity enhancement has been found for (AFM)1: 1(FM) weight ratio, the maximum energy
product is obtained for composites with larger FM content, i.e. (AFM)2:3(FM). © 2000 Elsevier Science B.V. All rights

reserved.

Keywords: Coercivity; Energy product; Exchange bias; Ferromagnetic-antiferromagnetic; Ball milling

Mechanical alloying of soft and hard magnetic
materials introduces exchange interactions between
both materials, which have been used to induce
magnetic hardening in magnetic materials [1,2].
The exchange interaction creates a remanence in-
crease in the hard magnetic materials, which leads
to the enhancement of the energy product, BH .
Similar effects have also been found in soft-hard
bilayer and multilayer systems [3]. Exchange inter-
actions between ferromagnetic (FM) and antifer-
romagnetic (AFM) materials have been mainly
studied in thin film systems [4-6] and transition
metal particles embedded in their native oxides
[4,7-9]. These systems exhibit loop shifts in the

* Corresponding author. Tel.: + 34-93-581-1657; fax: + 34-
93-581-2155.

E-mail address: dolors.baro@uab.es, baro@cc.uab.es (M.D.
Baro).

field axis and a coercivity enhancement, as they are
field cooled through the Néel temperature of the
AFM, Ty [4]. In fine particle systems, these effects
are usually present only far below room temper-
ature [4,7-9]. Although the microscopic origin of
the loop shifts and coercivity enhancements is not
clear at present, simple models [7,8] suggest that
AFM materials with larger anisotropies tend to
induce larger loop shifts, while AFM with small-
er anisotropy bring about important coercivity
enhancements [4].

We have recently shown that it is possible to
enhance the room-temperature coercivity of FM
materials by heat treating mechanically milled fer-
romagnetic-antiferromagnetic composites, such as
Co-NiO or Co-FeS [10].

In this paper we study the optimal conditions
(AFM:FM ratio, milling time) for room-temper-
ature enhancement of the energy product, BH,,,.

0304-8853/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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The BH,,,, enhancement is found to be maximum
for (AFM) 2:3 (FM) and disappears above the
AFM Neéel temperature, as expected for AFM-FM
exchange interaction effects.

Mechanical milling of mixtures of gas-atomized
powders of FM Co (99.5%, <44pum, T =
1404K) and AFM NiO (99%, < 100 um, Ty =
590 K) was carried out for different times (0.1-30 h),
at 500rpm by means of a planetary mill, using
agate vials (V' =20ml) and six agate balls
(¢ = 10 mm). The ball to powder weight ratio was
kept to 2:1. Different AFM:FM weight propor-
tions were studied: 0:1, 3:7,2:3,1:1 and 3:2. To
induce exchange coupling between AFM and FM
phases [4], the as-milled powders were annealed
under vacuum, above Ty, at Ty = 600K
(Tx < Tann < Te), for 0.5h, in the presence of
a H = 5kOe magnetic field and field cooled to
room temperature.

The samples were structurally characterized by
X-ray diffraction (XRD) (Cu-K,-radiation). Their
morphological characterization was performed by
using scanning electron microscopy (SEM), equip-
ped with energy dispersive X-ray analysis (EDX).
Magnetic hysteresis loops, up to 10kOe, were mea-
sured in loosely packed powders, at temperatures
between room temperature and 750 K, by means of
vibrating sample magnetometry (VSM).

Fig. 1 shows the dependence of the room-temper-
ature coercivity, H¢, on the milling time for the
NiO: Co weight ratios of 1:1 and 2:3 (before and
after field annealing). In both the cases, as the
milling time increases, a maximum in H¢ is ob-
tained. The initial H rise is attributed to the trans-
formation of the original mixture of FCC and
HCP-Co to HCP at the first stages of milling, as
has been observed by XRD [11,12]. The reduction
of H¢ after the long-term milling is probably linked
with the transformation of the HCP-Co to a ran-
dom close packed phase [11,12]. As can be ob-
served in Fig. 1, after field annealing at Ty =
600K in H =5kOe and field cooling to room
temperature, both AFM: FM ratios exhibit an en-
hancement of the coercivity (defined as the differ-
ence of Hq before and after annecaling, AH().
A summary of the room-temperature data for the
different NiO: Co exchange couples is presented in
Table 1. Coercivity enhancements and loop shifts in

350 — . . ——
L (NiO) 2:3 (Co) A (NiO) 1:1 (Co) |
Il \\
325 -
8
= 300 F -
T
275 -
250 1 L 1 " 1 " 1 " 1
10 15 20 25 30
BM time (h)

Fig. 1. Dependence of the room-temperature coercivity, Hc, on
the ball milling (BM) time for (NiO)2:3(Co) (-O-) and
(NiO)1: 1(Co) (-A-) weight ratios, as-milled (filled symbols) and
after (open symbols) field annealing (H = 5kOe) at Tann =
600K for 0.5h.

the field axis, Hg, towards the negative field axis,
are observed for all AFM/FM ratios (except in pure
Co) after anncaling at Tany = 600K and field
cooling to room temperature. This is expected from
exchange interactions between the FM and the
AFM. Simple models [4,7,8] suggest that when
a system consisting of an FM and an AFM is field
cooled through TV, the spins of the AFM tend to
align ferromagnetically to the spins of the FM,
inducing an interface coupling. Consequently,
when a hysteresis loop is performed on the
AFM-FM coupled system, as the FM spins try to
rotate they have to ‘drag’ irreversibly by the AFM
spins due to the coupling (for systems with small
AFM anisotropy); thus increasing H¢. In addition,
due to the AFM-FM coupling, an unidirectional
anisotropy is introduced in the system, which is the
origin of the shift of the hysteresis loop [4,7,8]. As
can be seen in Table 1, the maximum coercivity
enhancement, AH, is obtained for the 1:1 weight
ratio, where AH. is about 45Qe. Note that
the maximum H after milling was also observed
for the 1:1 weight ratio (Table 1). Also shown
in Table 1 is the required milling time so as to
achieve the largest coercivities, t,,,,, for the differ-
ent NiO:Co weight ratios. As the Co content
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Table 1

Summary of the room-temperature magnetic properties of ball-milled NiO: Co mixtures, for different % Co content (in brackets, the
NiO: Co weight ratio), where t,,,, is the optimum milling time as to achieve the maximum AH¢. All values before annealing (b.a.) and

after annealing (a.a.) at Tyyy = 600K are given for the optimum t,,,,

% Co content Imax (h) HC ([max) HC ([max) AI—IC (tmax) HE ([max) (BH)max
(Oe)[b.a.] (Oe)[a.a.] (Oe) (Oe)[a.a.] (G Oe x 10%[a.a.]

100 (0:1) 1 288 +5 284 +5 —4+3 243 71407

70 (3:7) 12.5 280 + 5 309 £5 29+3 8+3 7.6 £0.7

60 (2:3) 17.5 302 £5 330 £5 2843 10+3 83407

50 (1:1) 225 29745 344 £+ 5 47 +3 2243 6.2+0.6

40 (3:2) 25 264 £+ 5 280 £+ 5 16+3 8+3 29405

decreases, t,., increases. This suggests that NiO
probably delays the Co structural changes during
the milling. The small values of Hg, as compared to
Hg, are attributed to the rather small anisotropy of
NiO, which causes the antiferromagnet spins to be
easily rotated by the FM spins, thus inducing
a small loop shift but a large coercivity [4,7,8].
Moreover, no significant training effect of the loops
(i.e. reduction of Hg or H¢ for consecutive loops
[137]) was observed.

The microstructure of the ball-milled powders
helps to better understand the magnetic properties
of the FM-AFM system. Short milling times in-
duce mainly mixing of the constituents with only
limited contact between NiO and Co. At intermedi-
ate milling times, a large number of Co lamellae are
formed, which are surrounded by fine particles of
NiO. This microstructure induces an increase of the
interface area and thus the coupling between the
FM and the AFM components [ 14]. Long milling
times probably start to create excessive amounts of
defects and intermixing between the AFM and FM
phases. It is noteworthy that X-ray results indicate
that field annealing (T'any < 600K) does not in-
duce any phase changes and promotes only minor
crystallite growth.

The figure of merit of hard magnetic materials is
not so much their coercivity, H¢, as their energy
product, BH,,,,. Note that the quality of a perma-
nent magnet is determined by the magnetostatic
energy stored in a magnetic circuit containing the
magnet. This energy is given by the total area
enclosed by the hysteresis loop and is proportional
to the area of the maximum rectangle which can be

fitted inside the second quadrant of the B-H hyster-
esis loop. Usually, this ‘maximum rectangle’ (de-
noted as BH,,,,) and not the area of the loop, is
given as a quantitative measure of the quality of
a hard magnet. In Fig. 2, the room-temperature
energy products, BH,,,,, are shown as a function of
the Co weight percent (AFM/FM ratio). In the
as-milled powders, BH,,,, tends to increase as the
Co content is raised. Although the maximum
H after milling remains almost constant for all
compositions (see Table 1), the lower saturat-
ion magnetization, Mg (defined as the measured
magnetic moment divided by the fofal mass
(Co + NiQ)), for composites with smaller Co content
drastically reduces BH,,,. However, after field an-
nealing (H = 5kOe¢) the powders at T axy = 600K
and field cooling to room temperature, when ex-
change interaction is present, an enhancement of
the energy product, BH,,,, is obtained. It is remark-
able that the highest BH,,, is found for the 2:3
ratio, although H¢ was further enhanced in the 1:1
samples. The maximum increase of BH,,,, is found
to be 83% with respect to the original unmilled Co
powder. If the amount of NiO is not large enough
(e.g. when the ratio is 3:7), the coupling is not so
effective in increasing BH,,,, as can be seen in
Fig. 2. If the NiO amount is exceedingly large (e.g.
in the ratios 1:1 and 3:2), the saturation magneti-
zation is excessively reduced, therefore the effect of
the increase in Hc due to the coupling is not
enough to enhance BH,,,,.

Note that to isolate the effects of the coupling
induced by the field cooling, H. and BH,,, are
given in Fig. 3, for the 1:1 ratio, as the difference of
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BH,,,, (G.Oe x10")

40 50 60 70 80 90 100
32 11 23 37 0:1
% Co
Fig. 2. Dependence of the room-temperature energy product,
BH,,.,, on the % Co content (NiO:Co ratio), as-milled (-O-)
and after (-M-) field annealing (H = 5kOe) at T sxn = 600K for
0.5h.

the values after and before the annealing, AH¢ and
A(BH),- As can be seen in Fig. 3, as temperature
increases, AHq, Hg and A(BH),,, all decreases and
become almost zero at T = 600K. As expected
from the nature of the exchange bias coupling, the
magnetic hardening (H¢ and BH,,,,) deteriorates as
the temperature is increased. The decrease of these
properties with temperature can be understood as
a result of a reduction in the AFM/FM interface
coupling and as a consequence of either the loss of
the magnetic order in the AFM and/or the reduc-
tion of the AFM magnetocrystalline anisotropy.
The critical temperature at which exchange coup-
ling effects disappear is known as the blocking
temperature, usually designed by T, and is gener-
ally close to or below Ty [4,15-18]. In most studies
concerning exchange coupling in oxidized fine par-
ticle systems, Ty is far below room temperature.
This means that AH. and Hg are generally only
observed at low temperatures [4,6—-8]. This is either
because Ty is below room temperature (e.g.
Tn(CoO) =290K or Ty(FeO)=200K) or be-
cause the oxidation of small FM particles leads to
surface AFM layers which are either very thin or
with very small grains, causing the reduction of
T and thus Ty due to finite size effects [4,15-18].
In our case, the NiO crystallites, as deduced from

60 T T T T T

40t @ -
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20r 1

30 .
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Fig. 3. Temperature dependence of (a) the coercivity enhance-
ment, AH¢, (b) the loop shift, Hg and (c) the enhancement of the
energy product, A(BH)n., for the (NiO)1:1 (Co) ratio, ball
milled 20 h and field annealed (H = 5kOe) at T yyn = 600K for
0.5h.

X-ray diffraction, remain rather large (d ~ 15nm
[14]), hence Ty ~ Tx.

In conclusion, we have shown that it is possible
to enhance the room-temperature coercivity and
energy product of a ferromagnet (in our case, Co),
by ball milling it with an antiferromagnet, with
Neéel temperature above room temperature (in our
case, NiO). The maximum coercivity, H¢, and en-
hancement of the coercivity, AH, are found for
NiO 1:1 Co weight ratio, i.e. when a maximum
coupling is present in the system. However,
the addition of AFM reduces the overall satura-
tion magnetization in AFM:FM mixtures. As a
result, the maximum BH,,,, is found for NiO 2:3
Co weight ratio and not for NiO 1:1 Co. The
enhancement of H. and BH,,, are found to
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decrease with increasing temperature, vanishing
above Tn(NiO) = 590K, as expected for an ex-
change coupled FM-AFM system.

Acknowledgements

This work was supported in part by DGESEIC
and CYCIT under contracts MAT98-0730 and
PETRI95-0311-OP, respectively. J.S. thanks the
DGU for his fellowship. J.N. acknowledges the
Spanish Government for its financial support.

References

[1] K. Raviprasad, M. Funakoshi, M. Umemoto, J. Appl
Phys. 83 (1998) 921.

[2] P.G.McCormick, J. Ding, E.H. Feutrill, R. Street, J. Magn.
Magn. Mater. 157/158 (1996) 7.

[3] J.S. Jiang, E.E. Fullerton, M. Grimsditch, C.H. Sowers,
S.D. Bader, J. Appl. Phys. 83 (1998) 6238.

[4] J. Nogués, Ivan K. Schuller, J. Magn. Magn. Mater. 192
(1999) 203.
[5] R.Jungblut, R. Coehoorn, M.T. Johnson, J. aan de Steege,
A. Reinders, J. Appl. Phys. 75 (1994) 6659.
[6] J. Nogués, T.J. Moran, D. Lederman, I.K. Schuller, K.V.
Rao, Appl. Phys. Lett. 68 (1996) 3186.
[7] W.H. Meiklejohn, C.P. Bean, Phys. Rev. 102 (1956) 1413.
[8] W.H. Meiklejohn, C.P. Bean, Phys. Rev. 105 (1957) 904.
[9] S.Gangopadhyay, G.C. Hadjipanayis, C.M. Sorensen, K.J.
Klabunde, J. Appl. Phys. 73 (1993) 6964.
[10] J. Sort, J. Nogués, X. Amils, S. Surifiach, J.S. Mufioz, M.D.
Baro, Appl. Phys. Lett. 75 (1999) 3177.
[11] J.Y. Huang, Y.K. Wu, H.Q. Ye, Appl. Phys. Lett. 66 (1995)
308.
[12] F. Cardellini, G. Mazzone, Philos. Mag. A 67 (1993) 1289.
[13] C. Schlenker, D. Paccard, J. Phys. (France) 28 (1967) 611.
[14] J. Sort, J. Nogués, X. Amils, S. Surifiach, J.S. Muifioz, M.D.
Baro, Mater. Sci. Forum 343-346 (2000) 812.
[15] S. Soeya, T. Imagawa, K. Mitsuoka, S. Narishige, J. Appl.
Phys. 76 (1994) 5356.
[16] P.J. van der Zaag, A.R. Ball, L.F. Feiner, R.M. Wolf,
P.A.A. van der Heijden, J. Appl. Phys. 79 (1996) 5103.
[17] K. Hoshino, S. Noghehi, R. Nakatasi, H. Hoshiya,
Y. Sugita, Jpn. J. App. Phys. 33 (Part 1) (1994) 1327.
[18] T. Ambrose, C.L. Chien, J. Appl. Phys. 83 (1998) 6822.





