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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(xoHc=2.02 T 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
——————— and the AFM grains are introduced during milling, without
SmCo; + CoO 32 h Milled the need of heat treatments. This can be understood because
] in a planetary mill the temperature can be locally increased

2.4

2.2}

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

1.4
interface rather than the cooling field that controls AFM—FM

1.2 . . . . .
interface coupling® Since Ty in CoO is lower than RT, no

| Field Cooling (H=5T)

Lo A T . S
050 100 150 500 250 300 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 coerciyigH, for SmCq 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 Nel temperature of CoOT,=290 K). The lines are a guide 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 s%epfo?e;r;n?:lf JR?\% ;‘: éﬁ“%%chu”er 5
to induce segregation. Hence, the negative effects of the tem-yagn. Magn. Mater192 203(1999. o o
perature are not observed during milling. ®J. C. S. Kools, IEEE Trans. MagB2, 3165(1996.

The existence of loop shifts is usually linked to 6C. Leighton, J. Nogis B. J. Josson-A(e_rman, and I. K. Schuller_, Phys.
AFM-FM exchange coupling, which strengthens our argu- gfg’wﬁﬁg‘sﬁ_ SLt%?tfog_Q;Fé'cﬁgfg,efﬁZ'nA_R'si'gberf;ﬁ,ﬁ’ yﬁy';"_”gg
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Abstract Ball-milling induces high values of microstrain and a rapid decrease of the crystallite size
in SmCos powders. However, milling is found to be less aggressive to SmCos when it is milled
together with a ceramic antiferromagnet, such as NiO. In addition, as the milling proceeds, SmCos
particles are progressively surrounded and soldered to NiO, finally becoming embedded in an
antiferromagnetic matrix. This microstructure, along with the local heating during the milling,
favors the existence of antiferromagnetic-ferromagnetic exchange interactions, which result in an
enhancement of the room-temperature coercivity, He. Moreover, values of squareness ratio, Mg/Mg
(remanence/saturation magnetizations), very close to 1 are found in SmCos+NiQ ball-milled for 1 h,
without need of particle alignment previously to measurement. The cooperative effects of
ferromagnetic-ferromagnetic and antiferromagnetic-ferromagnetic exchange interactions can
" account for this latter effect.

Introduction

Since its first application to obtain oxide dispersion strengthened (ODS) Ni-based superalloys in
1966 [1], mechanical alloying has become a successful route for the synthesis of a large variety of
equilibrium and non-equilibrium phases and phase mixtures [2]. During the last decade, mechanical
alloying has also been used for specific purposes, such as the production of materials with giant
magnetoresistive properties [3], superconductors [4], materials for hydrogen storage [5] or
permanent magnets [6]. Ball-milling can also induce magnetic exchange interactions between soft
and hard magnetic materials, leading to a magnetic hardening of the composites [7].

Moreover, intensive research is now being carried out on the effects of exchange interactions
between ferromagnetic (FM) and antiferromagnetic (AFM) materials (specially in thin-film form)
induced when field cooling the couples through the Néel temperature, Ty, of the AFM [8]. Among
them, the shift of the hysteresis loops, commonly known as exchange bias, is the most studied.
However, another interesting feature of FM-AFM coupling is the enhancement of the coercivity,
Hc. Nevertheless, this effect is seldom studied systematically, especially in small particles. This is
in part because in most powder systems this Hc enhancement can only be observed far below room-
temperature, either because the AFMs have Ty below room-temperature or their crystallites are so
small that they behave superparamagnetically at room-temperature [9,10]. However it has been
recently demonstrated that by means of ball-milling of FM with AFM powders (with Ty higher than
room-temperature) increases of Hc can be achieved at room-temperature and above [11].
Unfortunately, up to date, this enhancement has only been obtained in soft materials, such as Fe, Ni
or Co [11,12]. The purpose of this article is to report the room-temperature coercivity enhancement
in SmCos (permanent magnet) ball-milled with NiO and to correlate its structural and magnetic
properties.

Experimental

Powders of SmCos (99%, < 500 um, Tc = 1020 K) [13] were milled alone or together with NiO
(99%, < 44 um, Ty = 590 K) in a weight ratio of 1:1. The milling was carried out for different times
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(0.25-32 h), using a planetary mill, at 500 rpm, in agate vials (V = 20 ml) and 6 agate balls (& =
10 mm), with a ball to powder weight ratio of 2:1. The vials were previously sealed under argon

atmosphere to prevent oxidation.

The microstructure of the as-milled powders was studied by X-ray diffraction (XRD) (Cu-
K, radiation). The milling time dependences of the crystallite size, <D>, and microstrain, <¢”>'?,
were evaluated for each component using a full pattern fitting procedure (Rietveld method) [14].
Morphological characterization was performed in powders embedded in €poXy resin using scanning

electron microscopy (SEM), equipped with energy dispersive X-ray

analysis (EDX) for

compositional analysis. Magnetic hysteresis loops of tightly packed isotropic as-milled powders
were carried out at room-temperature by means of an extraction magnetometer applying a

maximum field of pHpax =23 T.

Results and Discussion

Shown in figure 1 are the x-ray diffraction patterns of SmCos + NiO ball-milled for 0.25 h, 4 h and

32h.
T T T T T M T T
32h BM
_
=‘§ 4hBM
[a+]
N’
q -
— = g g s 0.25hBM
s8I § .28
i 1 1 1

80
20 (degrees)

120

Fig. 1: X-ray diffraction patterns of SmCos + NiO ball-milled during 0.25, 4 and 32 h. The symbols * and #

denote SmCos and NiO peaks, respectively. Their Miller indexes are also indicated.
patterns have been shifted for clarity.

The peaks can be indexed to a combination of a hexagonal P6/mmm
and ¢ approximately of 5.005 A and 3.97 A (SmCos) and a cubic Fm-3m with

Note that the diffraction

with cell parameters a
a approximately equal

to 4.1685 A (NiO) [15]. Note that no peak displacement is observed in figure 1 for different milling
times, indicating that the cell parameters remain constant during the milling process, thus implying
the lack of atomic interdiffusion between both components. However, the width of the peaks
increases for longer milling times, indicating a reduction of the crystallite size and an increase of
microstrain. As shown in figure 2, the crystallite size reduction is rather steep for short milling

times, although it levels off for longer milling times. It is noteworthy that

the crystallite size for

SmCos after long-term milling (e.g. 32 h) is much smaller when milled alone (<D> = 2.4 nm) than

when milled with NiO (<D> = 8.9 nm).
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In addition, the microstrain, <ez>”2, increases with milling time. However, after prolonged
millings <¢*>"? is found to be slightly larger in SmCos than for SmCos + NiO. Values of <¢’>' up
to 0.011 are encountered in the 32 h ball-milled SmCos. This is an indication that large amounts of
structural defects, such as dislocations or vacancies, are introduced in the material during the
milling. The small crystallite size and the large microstrain for SmCos milled alone indicate that
after 32 h SmCos is close to amorphization, as already reported by other groups [16,17].
Conversely, the milling appears to be less aggressive when SmCos is milled with NiO.

—a— BMSmCo,
—0— BMSmCo, 1:1 NiO

50

20+ -
I
10+ \.\\ \O

e a

05 10 15 20 25 30 35
Milling Time (h)

Fig. 2: Milling time dependences of the SmCos microstrain, <e>>'"? and crystallite size, <D>, in ball-milled
SmCos alone and ball-milled SmCos with NiO (1:1). Note that the lines are a guide to the eye.

From SEM observations (not shown) the starting SmCos particles are irregular-shaped with
sizes of up to 500 um. When ball-milled alone they are progressively fractured and reduced in size,
turning into small roughly spherical particles, with sizes ranging from around 1 to 30 pm after 32 h
of milling.

However, as can be seen in figure 3 (a) when SmCos powders are ball-milled with NiO a
different microstructure is encountered. At the first stages of milling the powders mix and the grain
size starts to reduce. As the milling proceeds, the SmCos particles tend to become elongated and
embedded in a NiO matrix. This is due to the more ductile character of SmCos, compared to the
brittle NiO. These agglomerates start to form after a few hours of milling and grow in size as the
milling time is increased. Co, Ni and Sm EDX mappings, shown respectively in figures 3 (b), 3 (c)
and 3 (d), confirm that the elongated particles correspond to SmCos, while the matrix to NiO. The
black regions in figure 3 (a) are epoxy resin. From these mappings the absence of strong atomic
interdiffusion between SmCos and NiO during the milling is confirmed. This microstructure, typical
of ball-milled metal-ceramics [18,19], allows the existence of a large amount of interfaces between
the FM and the AFM phases.

The milling time dependences of Hc and the squareness ratio, Mr/Ms (where Mg is the
remanence magnetization) for ball-milled SmCos alone have been reported by several authors
[16,17]. The starting SmCos particles exhibit low values of Hc and Mp/Ms, thus not showing the
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typical hard ferromagnetic behavior. This can be mainly attributed to the large size of the particles.
The original SmCos particles are, due to their size, in a multi-domain state, hence no hard magnetic
character is expected. Moreover, the long-range dipolar interactions, which reduce significantly He
and Mg/Ms, have higher effects between particles with large sizes [20]. In addition, sharp corners
existing in the inhomogeneous SmCos as-obtained particles, give rise to large stray fields, which
have a demagnetizing effect, hence also giving rise to low values of Hc. As the milling time
increases Hc is gradually increased due to the reduction of the particle size into a single-domain
state and the milling-induced smoothness of the particles. He exhibits a maximum after 4 h of
milling (noHc = 1.1 T) and progressively reduces with milling time, reaching poHe = 0.7 T after 32
h of milling. The decrease of H¢ after long-term milling can be mainly attributed to the
amorphization of SmCos particles that progressively reduces their hard magnetic properties [16,17].

(b)

(©) (d)

Fig. 3: (a) SEM image (backscattered electrons) with the corresponding Co (b), Ni (c) and Sm (d) EDX
mappings for SmCos ball-milled with NiO for 32 h.

However, ball-milling of SmCos + NiO develops into a rather different behavior [21].
Although Hc also increases during the first stages of milling (uoHc = 1.37 T after 4 h), it continues
to increase slightly even for longer milling times, up to poHc = 1.5 T after 32 h of milling. The
difference in coercivity between both systems (SmCos milled for 4 h and SmCos+NiO milled for 32
h, i.e. the milling times giving largest Hc in each system) is shown in fig. 4. Note the decrease of
the saturation magnetization, Ms, in the latter case is due to the zero Ms of NiO (AFM). The
shoulder of the hysteresis loop observed in SmCos + NiO ball-milled for 32 h is not likely to be
related to the presence of two magnetic phases, since XRD revealed only the hard SmCos magnetic
phase. Hence, we attribute this shoulder to the existence of different degrees of coupling between
the SmCos and the NiO particles.

The differences in microstructure between SmCos milled alone and milled with NiO (e.g.
isolated particles and larger crystallite size in the latter case) are partially responsible for the
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observed increase of Hc, especially for long milling times. However, it has been observed in SmCos
ball-milled with CoO (paramagnetic at room-temperature, Ty = 290 K) that, although a completely
analogous microstructure to SmCos + NiO is developed, the maximum value of Hc is only poHe =
1.12 T, after 32 h of milling (comparable to the maximum Hc in ball-milled SmCos alone) [21].
Hence, the differences in microstructure in the different cases can only account for part of the
observed H¢ enhancement. Therefore, it is clear that AFM-FM exchange interactions, introduced
during the milling of SmCos + NiO, can induce a further enhancement of Hc. However usually a
field-cooling process through Ty is required to cause such a coupling [8]. In our case, since
temperature can be locally raised to more than 600 K during the milling due to the impacts between
powder and balls {22] and SmCos particles can create considerable microscopic magnetic fields to
the neighbouring NiO particles, it is reasonable to assume that exchange interactions can be created
during the milling without need of subsequent heat treatments.

120 .

T v T T T

SmCo, 4 h Milled

80+

M (emu/g)
o

4

—
)
' <

bH (T)

Fig. 4: Enlargements of the hysteresis loops (in the field range -9 to 9 T) of SmCos and SmCos + NiO ball-
milled for 4 and 32 h, respectively.

Furthermore, a dramatic enhancement of squareness Mg/Mg is observed after short-term
milling. Although the Stoner-Wolfarth model for isotropic, single domain and non-interacting
particles predicts a squareness of Mp/Ms = 0.5 [23], values of Mr/Ms as high as 0.9 are obtained in
SmCos milled for 0.5 h [21], without aligning the powders previously to measurement. Remanence
enhancement in isotropic FM particles, which has also been observed in other ball-milled hard
magnets, such as NdFeB or SmFeN [24], is related to short-range exchange interactions between
ferromagnetic grains [25]. As the crystallite size is reduced so abruptly during first stages of milling
(see figure 2), each SmCos particle is composed of a large number of crystallites. Usually exchange
interactions between grains produce a perturbed region restricted to the crystallite boundary in
which, once the field is removed, the spins remain oriented in the previous magnetizing field
direction, resulting in the high values of Mgr. Somewhat higher values of Mg/Ms are obtained in
ball-milled SmCos+NiO for all milling times (Mr/Ms = 0.98 for SmCos + NiO ball-milled for 1h).
Although not fully understood, it seems that the interplay between FM-FM and FM-AFM exchange
interactions can yield to very high Mg/Ms values.

Conclusions

In conclusion, we have shown that ball-milled hard magnetic (SmCos) (1):(1) AFM (NiO) powders
exhibit a significant enhancement of the room-temperature coercivity, He, and squareness, Mr/Ms,
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as compared to SmCos ball-milled alone. These effects are due, at least in part, to FM-AFM
exchange interactions induced by the local heating during the milling. We have shown that NiO also
plays an important role in slowing down SmCos structural changes, thus avoiding the
amorphization-induced Hc decrease during the milling. It is also interesting that the microstructure
developed during the milling process, with a large number of interfaces between the FM and the
AFM components, is likely to favor the existence of AFM-FM exchange interactions.
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