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3.2.2.- The structure evolution of Co ball milled with NiO

Shown in figure 3.11 are the XRD patterns of unmilled NiO (@), unmilled Co (b), 1 h
bal milled Co (c) and 20 h bal milled Co + NiO (d). The XRD pattern of Co bal milled with
NiO for 20 h, together with the curve generated from the full pattern fitting procedure and the
corresponding difference between the calculated and the experimental profiles can be seen in
figure 3.12, which reveds that the qudity of the fit is rather good. The XRD pattern of NiO is
the typicd of a fcc dructure. However for Co, as in bal milled Co done, a mixture of two
phases, hcp + fcc, is observed. The subindexes H and C in figure 3.11 denote hpc and fcc Co,
respectively. The Miller indexes (h,k,l), for both Co and NiO, are dso indicated in the figure.

(002),, + (111),

(200)¢ (110),, + (220} (112),, + (311)

(004),

0™ (au)

40 60 80 100
2q (deg)

Figure 3.11: XRD patterns of () unmilled NiO, (b) unmilled Co, (c) 1 h ball milled Co and
(d) 20 h ball milled Co + NiO in theweight ratio 1:1.
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When Co is milled together with NiO the intengty of fcc-Co diffraction peeks aso
decreases with milling time, indicating that the trandformation from fcc to hep-Co aso takes
place. Moreover, XRD pesks are found to broaden progressively as the milling time increases.
This is due, like for Co milled done, to the decrease of crydalite size and the increase of
microstrains. Some representative structural parameters, obtained from the full-paitern fitting
procedure (Rietveld method) of Co bal milled with NiO in the weight ratio of 1:1 are shown
in Table 3.2. Note that since the fcc content is very samdl it is impossble to determine the
milling time evolutions of the crystalite Sze and microdtrains of the fcc phase.

. # Co
! o NiO

2q (deg)

Figure 3.12: X-ray diffraction pattern of Co ball milled with NiO for 20 h in a weight ratio of 1.1,
together with the curve generated from the full pattern fitting procedure and the corresponding
difference between the calculated and the experimental profiles. The symbols # and o denote Co
and NiO peaks, respectively.

It is important to point out that in Co bal milled with NiO (in the ratio 1:1), some of
the dructura changes occurring in Co during the milling dow down compared to Co milled
aone [1,2]. For example, the minimum fcc content in bal milled Co + NiO is observed after
milling for 20 h, ingtead of 1 h as for Co milled done (compare table 3.2 with figure 3.8).
Also the gtacking fault probabilities in the 20 h bal milled Co + NiO resemble those of 1 h
bal milled Co (compare table 3.2 with figure 3.10). It is noteworthy that the overdl stacking
fault probability in Co bdl milled with NiO, i.e. ay + by, increases with milling time more
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dowly than in bal milled Co done. However, as in the case of bal milled Co, the mgor
changes in the hcp-Co aryddlite size, <D>y and microstraing, <e®>"? |, occur during the first
stages of milling (note from Table 3.2 that the vaues of <D>y and <e>?; in the 20 h and 30
h bal milled Co + NiO are reatively smilar, compared to the changes occurring for shorter
milling times). However, it should be noted thet the vadues of <D>y in Co + NiO milled for
severd hours become somewhat smaler than in Co milled done.

It is dso remarkable that during bal milling the postions of the XRD peeks, for both
Co and NiO remain essentidly unchanged, indicating that the cell parameters do not change
subgtantialy. Therefore, the amount of aomic interdiffuson between both components is
small, as has been dso deduced from EDX anadyses of Co-NiO composites.

Milling <D>y (nm) <e>"y ay by % fcc <D>io (hM)

Time (x03) [(£01x10°)| (£0002) | (x0.003) | (weight)(x1) | (+0.3)
1h 24.6 0.6x 10° 0.003 0.015 5 20.1
10h 18.3 27x10° 0.007 0.022 3 16.1
20h 11.1 59x 10° 0.013 0.032 2 14.7
30h 10.8 6.2x 10° 0.021 0.074 4 134

Table 3.2: Microstructura parameters of Co ball milled with NiO powders, at 500 rpm,
for different timesin the weight ratio of 1:1.

Shown in figure 3.13 ae the XRD patens of 20 h bal milled CotNiO, before
anneding (@) and after annedliing for 0.5 h and field cooling to room temperature (H = 5 kOe)
from two different temperatures, i.e. 600 K (curve (b)) and 740 K (curve (c)).

It can be observed in curve (b) that after annedling a T = 600 K, NiO and Co peaks are
not shifted in angle. However, there is a decrease of the peak width, due to a dight increase of
the cryddlite Sze. Moreover, after anneding a T = 600 K Co powders are gill basicaly in
the hcp form. On the contrary, anneding & 740 K causes a cetain amount of hcp-Co to
dlotropicdly transform into fcc. Moreover, anneding a higher temperatures, gpat from
inducing the hcp to fec transformation, it aso brings about a dragtic increase of the crydtdlite
Sze in the hcp phase. For example, from the (200)y pesk width, the crystdlite Sze is found to
increase from gpproximately 10 nm in the as-milled state to 18 nm after anneding a 740 K. It
is dso worth mentioning that anneding a T = 600 K or 740 K does not result in formation of
Co oxides, such as CoO or Coz0a4.
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Figure 3.13: XRD patterns of 20 h ball milled Co + NiO, in aweight ratio of 1:1, before annealing (a)
and after annealing and field cooling (H =5k0Oe) from T =600 K (b) and T = 740K (c).

3.2.3.- The structural properties of SmCos ball milled alone

Contrary to bdl milled Co, no phase changes are observed in SmCos when it is
subjected to bdl milling. In addition, the amount of dacking faults accumulated during the
milling of SMCos particles is very smal (eg. (@smcos + Psmcos) ~ 3 X 10'3). The XRD patterns
of SmCos unmilled and milled for 1, 8 and 32 h are shown in figure 3.14. It can be seen that
the milling process induces a broadening of the diffraction peeks, which is the result of
cryddlite sSze refinement and the increase of microdrains.
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32h

40 60 80 100 120

Figure 3.14: X-ray diffraction patterns of SmCos unmilled and ball milled for 1, 8 and 32 h. The
Miller indexes of the main SmCo5 diffraction peaks are indicated in the figure.

The milling time dependences of SmCos cryddlite 9ze, <D>gncos and microgtrains,
<&>Y2 evduaed by means of the full-pattern fitting procedure (Rietveld method), are shown
in figure 3.15. It is remarkable that after milling for 32 h, <D>gncos is vary smdl (smdler
than 5 nm). This, together with the large microdran vdues, is an indication that SmCos

becomes close to amorphization after long-teem milling. Smilar results have been dso
reported by other authors [27,28].
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Figure 3.15: Milling time dependences of SmCos crystallite size, <D>gncos (- O-), and microstrains,
<&>Y2 (_m-). The error bars in <D>gncos have not been plotted since they are smaller that the symbol
sizes.

3.2.4.- The sructural properties of SmCos ball milled with NiO and with CoO

Shown in figure 3.16 are the XRD patterns of SmCos milled with NiO for 0.25, 4 and
32 h. Figure 3.17 shows the XRD pattern of SmCos milled with NiO for 16 h together with
the fit obtained usng the MAUD program (Rietveld method) and the difference between the
experimental and caculated profiles.

As in SmCos milled done, the stacking fault probability in SmCos bdl milled with
NiO is found to be very smdl (of the order of 10%), compared to bal milled Co (see figure
3.10). However, as in Co-NiO it can be observed that, for increasing milling times, the XRD
peaks of both SmCos and NiO progressvely broaden, indicating a reduction of the cryddlite
gze and an increase of microstrains [3,4].
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Figure 3.16: X-ray diffraction patterns of SmCos + NiO ball milled during 0.25, 4 and 32 h, in the weight ratio
1:1. The symbols* and # denote SmCos and NiO peaks, respectively. Their Miller indexes are also indicated.

In figure 3.16 it can be seen that no other peaks, apart from those of SmCos and NiO
ae generated during the milling. This indicates that no new phases are created during the
milling. Moreover, snce the podtion of the diffraction pesks remans virtudly congtant as the
milling time increases, this points out that cdl parameters do not vary with milling time, i.e
as for Co bdl milled with NiO, there is not sgnificant interdiffuson between SmCos and NiO
during the milling.

I



Annex 3

#SmCo5
0 o NiO

30 40 50 60 70 80 90 100 110 120
2q (deg)

Figure 3.17: x-ray diffraction pattern of SmCos ball milled with NiO for 16 h in a weight ratio of
1:1, together with the curve generated from the full pattern fitting procedure and the corresponding
difference between the calculated and the experimental profiles. The symbols # and o denote
SmCos and NiO peaks, respectively.

Figure 3.18 shows the milling time dependence of the SmCos cryddlite Sze,
<D>gncos, for severd SmCos:NiO weight ratios. As can be seen in the figure, the reduction of
caydadlite sze is rather geep for short milling times, dthough it tends to level off for longer
milling imes

It can be seen dso from figure 3.18 that, as the NiO content increases, the cryddlite
Sze reduction during the milling becomes smoother. It should be noted, for ingance, tha the
cyddlite gze for SmCos, after long-teem milling (eg. 32 h), is much smdler when milled
done (<D>gncos = 25 nm) than when milled with NiO, i.e <D>gncos = 9 nm for
SmCos(1):(1)NIO.
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Figure 3.18: Milling time dependence of the SmCos crystallite size, <D>gncos, for the SmCos:NiO
weight ratios 1.0 (- 0O --), 31 (3= @ 3.), 32 (34 A %) and L1 (3= < %4). Note that, for clarity, the
crystallite size of the starting SmCos powders (<D>gncos, initial = 43.4 nm) has not been plotted. The
error bars are not plotted since they are smaller that the symbol sizes.

The XRD patterns of SmCos bal milled with CoO for 0.25, 4 and 32 h can be seen in
figure 3.19. As for SmCos milled with NiO, no extra-phases are created during the milling.
Moreover, the amount of atomic interdiffuson between SmCos and CoO is dso rather smadl,
gnce the podtion of the diffraction pesks is found to reman unchanged as the milling
proceeds.

Actudly, the structura parameters of SmCos + NiO and SmCos + CoO composites are
found to be very smila. Figure 320 shows the milling time dependences of SmCos
cyddlites Sze, <D>gncos, for SmCos milled done, with NiO and with CoO in the weight
ratio 1:1. It can be seen in figure 3.20 that the evolution of <D>gnces With milling time is
raher dmilar for SmMCos + NiO and SmCos + CoO, where for both systems <D>gycos
dabilizes a <D>gncos ~ 10 nm after long-term milling. This is an indication that smilar to
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SmCos + NiO, milling with CoO aso dows down SmCos sructurd changes occurring during
the milling process.

32hBM

4hBM

1Y (au.)

2q (degrees)

Figure 3.19: X-ray diffraction patterns of SmCos + CoO ball milled during 0.25, 4 and 32 h, in the
weight ratio 1:1. The symbols* and # denote SmCos and CoO peaks, respectively.

In addition, the microstrains, <€>2, ds increase with milling time in the three
systems and, after long-tem milling, <&>Y2 is found to be dightly larger in SmCos than for
SmCos + NiO or SmCos + CoO. This can be seen in figure 3.21. This is an indication that
large amounts of dructurd defects, such as didocations or vacancies, are introduced in the
maeid during the milling. The smdl cyddlite sze and the large microgtran for SmCos
milled done suggest that after 32 h SmCos tends to amorphisze. Neverthdess, as in the case
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of Co + NiO, the milling appears to be less aggressve when SmCos is milled with NiO or
with CoO [3/4].

50—

<D>_ . (nm)

0 5 10 15 20 25 30 35
Milling Time (h)

Figure 3.20: Milling time dependence of the SmCos crystallite size, <D>gncos, for SmCos milled

alone (- O --) and with NiO (34 < %) and CoO (¥ A %) in the weight ratio 1:1. Note that the
error bars are smaller than the symbol sizes.

It is noteworthy that the structurad parameters and the morphology of as-milled SmCos
+ CoO and SmCos + NiO powders are very smilar. In chapter 4 it will be shown that, in pite

of these dructurd and morphologicd smilarities the two sysems display very different
magnetic behaviors when subjected to bal milling.
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Figure 3.21: Milling time dependence of the microstrains in SmCos structure, <&>*2, for SmCos
milled alone (-- O --) and with NiO (34 < 32) and CoO (3% A %) in the weight ratio 1:1. The lines
areaguideto the eye.
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M agnetic Char acterization

This annex will ded with the magnetic properties of the FM-AFM systems sudied in this
thess. In the first part, the main results concerning the Co + NiO system will be presented,
focusng on the influence of severd processng parameters on the final properties of the
composites. A second part is devoted to the magnetic properties of SmCos + NiO and SmCos
+ CoO composites. In al cases, in order to discern the magnetic properties due to FM-AFM
coupling from those rdaed with the milling-induced microstructurd changes, a comparison is
made with the magnetic propetties of FM paticles (Co or SmCos) milled without the
presence of the AFM.

4.1.- Magnetic properties of Co ball milled with NiO

4.1.1 .- Influence of milling time on the coer civity

To demondrate the existence of FM-AFM exchange interactions in bal milled and
hest trested Co + NiO powders, a comparison of the magnetic properties of Co milled alone
and with NiO has been carried out [1-4]. In this section the influence of the milling time on
the coercivity of as-milled powders will be anayzed.

Figure 4.1 shows the milling time dependence of coercivity of Co powders, before
anneding and after aneding & 600 K for 05 h and fidd cooling (H = 5 kOe) to room
temperature. It can be seen that Hc fird increeses with milling time, reeching a maximum
after 1 h of milling and subsequently darts to decrease for longer milling times. The incresse
of Hc for short milling times is mainly aitributed to the transformation of the starting mixture
of hep + fee Co to an dmost pure hep phase, since hep-Co has a higher magnetic anisotropy.

The decrease of Hc for longer milling times is probably rdaed to the accumulation of
a large amount of defects (basicaly stacking faults) in the hcp dructure (see section 3.2) and
the subsequent appearance of fcc cryddlites, which are known to decrease the
magnetocrystaline anisotropy of Co [5].
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Figure 4.1: Milling time dependence of Hc (measured at room temperature) for Co powders, before
annealing (-M-) and after annealing for 0.5 ha T = 600 K and field cooling to room temperature (H =5
kOe) (-A-). Note that as-bought powders have been arbitrarily assigned to 0.01 h of milling.

The most remarkable aspect of figure 4.1 is that, after anneding and fidd cooling from
T = 600 K, Hc is virtudly unchanged with respect to tha of the as-milled powders. Only a
dight decrease of Hc is observed, which can be understood in terms of crysalite size increase
or asmal transformation of hcp to fecc Co.

The magnetic behavior of Co milled with NiO is completey different. Shown in figure
4.2 is the milling time dependence of Hc for bal milled Co + NiO in a weight ratio of 1.1. As
in the case of bal milled Co done, a maximum is observed when plotting Hc as a function of
milling time. However, in this case, the maximum gppears dter a longer milling time, i.e 20
h, probably due to the role of NiO in dowing down Co gructurd changes during the milling,
in paticular the amount of dacking faults accumulated during the milling and the related
transformation from hep to foe-Co (see section 3.2). It is noteworthy that the maximum Hc for
bal milled Co + NiO is obtaned precisdy when the fcc-Co content in as-milled powders
becomes minimum (see table 3.2).
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Figure 4.2: Milling time dependence of Hc (measured at room temperature) for ball milled Co + NiO
powders (1:1 weight ratio), before annealing (-Ml-) and after annealing for 0.5 h at T = 600 K and field
cooling to room temperature (H =5 kOg) (-A-).

Moreover, contrary to Co bal milled done, anneding for 0.5 h a T = 600 K and fied
cooling to room temperature (H = 5 kOe), results in a clear enhancement of Hc, for milling
times longer than 10 h. This enhancement is around a 20 % compared to the maximum Hc of
Co bdl milled done. Therefore, it is cdear that NiO plays an important role in enhancing Hc
of bal milled Co.

Shown in figure 4.3 is an enlargement of the hyseress loops of Co bal milled with
NiO, for 20 h, in a weight ratio of 1.1, before and after annedling a T = 600 K, for 0.5 h and
field cooling to room temperature gpplying a fild H = 5 kOe. It is remarkable that, after heat
treatments, the hysteress loop becomes broader and shifted dong the fidd axis dthough
neither Co nor NiO experience sgnificant Structural changes during this process (see section
3.2.2). Thus, the Hc enhancement is mainly amagnetic and not a structurd effect.
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Figure 4.3: Enlargement of the hysteresis loops (measured at room temperature) for Co:NiO ball milled

for 20 h in aweight ratio of 1:1, before (- O -) and after (- - -) annealing, under vacuum, at T = 600 K,
for 0.5 h, and cooling to room temperature applying amagnetic field H =5 kOe.

4.1.2.- I nfluence of annealing temper atur e on coer civity, loop shift and squarenessratio

In order to better understand the role of NiO in enhancing Hc, the 20 h bal milled Co
+ NIiO powders have been anneded and field cooled from different temperatures, 300 K <
Tann < 750 K. The dependence of Hc on Tann is shown in figure 4.4. It is easly seen that Hc
reeches a maximum vaue for Taxy ~ 600 K. This temperature is just above NiO Néd
temperature, Ty = 590 K. This is in agreement with the intuitive picture of FM-AFM coupling
that has been reported in annex 1 and with many experimenta results obtained in fine
particles or in thin films (at room temperature or below) [6]. The fact that Hc is only enhanced
for Tann > Tn is the fird experimentd evidence that FM-AFM exchange interactions may be
induced between Co and NiO by means of bal milling and subsequent heat trestments. In
contragt, annedling and fidd cooling bal milled Co powders (without the presence of AFM
NiO) only resultsin aprogressive decrease of Hc as Tann iSincreased.
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Figure 4.4: Dependence of Hc on the annealing temperature, Tann, for 20 h ball milled Co + NiO (in a
weight ratio of 1:1). The as-milled powders were annealed for 0.5 h at Tann and subsequently field
cooled (H =5 kOe) to room temperature.

In figure 4.4 it can dso be seen tha if Tann IS higher than 650 K Hc is Sgnificantly
reduced. This can be understood as a consequence of the dlotropic phase transformation that
occurs in Co (from hcp to fcc phase) when heated to above the trandtion temperature, Ty,
which is usualy around 700 K [7], athough this temperature can be consderably lowered as
the particle Sze is reduced [§].

Similar dependences of Hc on Tanny have aso been found in Co + NiO (weight ratio
1:1) for other milling times, as far as they are longer than 10 h, as seen in figure 4.5. This
means that FM-AFM coupling can be dready induced, to a certain extent, after milling for 10
h (and pogerior fidd cooling) but not for shorter milling times, probably because the
gppropriate microgtructure for the coupling, i.e. Co - NiO agglomerates with large amount of
FM-AFM interfaces, requires a minimum of severd hours of milling to be developed (see
section 3.1).
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Figure 4.5: Dependence of Hc on the annealing temperature, Tann, for Co + NiO ball milled during 10,
20 and 25 h (in a weight ratio of 1:1). The asmilled powders were annealed for 0.5 h at Tayn and
subsequently field cooled (H = 5 kOe) to room temperature.

Further evidence for these FM-AFM exchange interactions comes from the
observation of shifted hyseress loops (dong the fidd axis), after fidd cooling from above Ty
(NiO). The dependence of the loop shift, Hg, on Tayn for 20 h bal milled Co + NiO is shown
infigure 4.6.
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Figure 4.6: Dependence of Hg on the annealing temperature, Tann, for 20 h ball milled Co + NiO (in a
weight ratio of 1:1). The as-milled powders were annealed for 0.5 h at Tayy and subsequently field
cooled (H =5 kOe) to room temperature.

The dependence of He on Tann is Smilar to that of Hc, i.e. a maximum is observed for
Tann O Tn. Also noticesble is that for Tany < Ty smdl loop shifts are observed. In fact, due to
theema fluctuations, the AFM tends to magneticaly disorder as temperaiure incresses.
Actudly, the temperaure a which FM-AFM exchange interactions effects disappear is
sometimes lowered with respect to Ty, epecidly for very smdl AFM particles [9-12]. This is
probably the reason for the observation of smal loop shifts even for Tann < Tn. Moreover, in
our case, He is found to be reatively smal, compaed to Hc. A dmilar result has been
obtained in Ni-NiO fine powders [13] and Co-NiO thin films [14]. This is typicd for sysems
in which the AFM anisotropy isrdatively low (eg. Knio < 5 x 10% erg/em®) [6].

Besdes the Hc enhancement, the squareness ratio, Mr/Ms, dso increases in bal milled
Co-NiO, compared to bdl milled Co done, after field cooling from T > Ty. Shown in figure
4.7 is the dependence of Mr/Ms on Tann for Co bdl milled with NiO in a weight ratio of 1.1,
during 20 h, and field cooled from Tann aoplying a magnetic fidd H = 5 kOe. The dependence
of Mgr/Ms on Tann has been found to be smilar to that of He or He, suggedting that, athough
the origin of the Mr/Ms enhancement ill remains somewhat unclear, it can be related, at least
in part, to the existence of FM-AFM interactions.
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Figure 4.7: Dependence of Mgr/Ms on the annealing temperature, Tann, for 20 h ball milled Co + NiO
(in aweight ratio of 1:1). The as-milled powders were annealed for 0.5 h at Tayny and subsequently field
cooled (H =5 kOe) to room temperature.

It is noteworthy that Mgr/Ms enhancements have been dso occasondly observed in
other FM-AFM systems [15]. However, dthough it is difficult to fully undersand its origin, it
is possble to draw an intuitive picture to figure out, a least quditaively, how FM-AFM
exchange interactions could contribute to the enhancement of Mr/Ms. A Smplified modd will
be discussed in annex 5.

4.1.3.- Influence of the cooling field strength on the coercivity enhancement and |oop
shift

It is expected that, during field cooling experiments the dsrength of FM-AFM
coupling induced between Co and NiO would increase with the fidd gpplied during the
cooling, Hrc. This should occur because the FM increases its overal magnetic moment under
goplication of higher magnetic fidds and, therefore, the spins of the AFM will better dign
with those in the FM, thus leading to an optimum coupling. However, once the saturation of
the FM is reached, no further changes should take place. Figure 4.8 (@) shows the dependence
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of the coercivity enhancement, CHc (difference of coercivity between after and before the
field cooling procedure), on Hec for Co milled with NiO for 20 h in the weight retio of 1:1.
Figure 4.8 (b) shows the dependence of |Hg| on Hec. It can be seen that, as expected, both
CHc and |Hg| increase with Hec for cooling fields lower than 5 kOe.

However, after a maximum, both CHc and [He| are found to decrease with Hec. This
anomalous behavior could be explained as due to a spin-flop transition in the AFM. It has
been shown, both theoretically and experimentaly, that when the magnetic fidd goplied dong
the easy axis of an AFM dngle caydd, is lage enough (i.e. above the so-cdled spin-flop
field, Hgpin-fiop) it is energeticaly favorable for the spins in the AFM to orient perpendicular to
the magnetic field instead of pardld to it, i.e. the spins “flip” to a direction orthogond to the
megnetic field [16,17].

In the case of NiO, in the temperature range from room temperature to Ty, Hspin-fiop &S
been reported to be between 6 and 10 kOe [18]. Therefore, adthough in our case the AFM is
not a single crydd, it is reasonable to think that the decrease of CHc and |Hg| might be related
to the AFM spin-flop, since a fair amount of the AFM particles will be oriented in directions
close to AFM easy axis of NiO. The effect of spin-flop on FM-AFM exchange coupling has
been sysemdicdly sudied in MnF,-Fe thin films and, in paticular, it has been shown to
reduce the amount of loop shift [19].
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(@ | 30} (b) |
T 60 .
T
% '9' 20
I 40} 7 — I T
: T
20+ .
10t .
0 . . . 1 1 1 1 1
0 5 10 0 5 10
H.. [kOe] H_. [kOe]

Figure 4.8: Dependence of the coercivity enhancement, CHc, and loop shift, |Hg|, on the
magnetic field applied during field cooling experiments, Hec, for Co ball milled with NiO for 20
hinthe 1:1 weight ratio.

95



Annex 4

Figure 4.8 dso shows that the effects of the coupling, eg. loop shift and coercivity
enhancement, gppear even after cooling in zero gpplied fied. The appearance of FM-AFM
exchange interactions after zero field cooling can be understood as a result of the remanent
magnetization exiding in Co during the cooling experiment. Nevethdess, as shown in the
figure, the maximum vaues of DCHc and [Hg| are encountered for Hec = 5 kOe. Therefore, this
field has been chosen to carry out most of our experiments.

4.1.4.- Influence of the FM:AFM weight percentages on the coercivity and energy
product enhancements

The FM:AFM weight ratio has also been varied in order to try to further increase Hc
and to andyze the effect of compodtion on the energy product of the compostes [2].
Therefore, a new batch of samples was prepared, choosing FM:AFM ratios of 1.0, 7:3, 3:2,
1:1 and 2:3. For dl compostions, Hc is found to firg increase with the milling time and then
progressively decrease, due to the structural changes occurring in Co when subjected to ball
milling. The milling time dependences of Hc, measured a room temperature, for the
FM:AFM weight ratios of 3:2 and 1:1, before and after annedling a Tany = 600 K and field
cooling (H = 5 kOe) to room temperature are shown in figure 4.9. It is found that the milling
time corresponding to maximum Hc in each case, tmax, IS found to shift towards higher vaues
as the NiO content increases. This is manly due to the role of NiO in dowing down Co
dructurd changes during the milling. Moreover, dter fidd cooling from above Ty, an
enhancement of Hc is observed for both compostions, due to the induction of FM-AFM
exchange interactions.
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Figure 4.9: Milling time dependence of the coercivity, Hc, measured at room temperature, for Co
ball milled with NiO in the weight ratios 3:2 (-O--) and 1:1 (--A--). The filled symbols
correspond to as-milled powders (before annealing), while open symbols correspond to powders
annealed at T=600K for 0.5 h and field cooled (H = 5 kOe) to room temperature.

A summay of the magnetic properties of bdl milled Co + NIO, for different
compoasitions, before and after field cooling (Hrc = 5 kOe), is given in table 4.1. Apart from
tvax, Hc (before and after F.C. from Tanny = 600 K) and He (after F.C.), dso the values of
coercivity enhancement, CHc = Hc (after F.C.) — Hc (before F.C.) and the energy product,
(BH)max (after F.C.), corresponding to tmax, ae shown in table 41 as a function of the
FM:AFM percentages.

From the table it is clear that, for al compostions, except for pure Co, an

enhancement of He and a loop shift are observed after anneding and fiedd cooling from Tann
= 600 K. The maximum CH¢ and He are obtained for the FM:AFM ratio of 1:1.
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% tvax | He (tmax) Hc (twax) | DHc (tvax) | [Hel (tva) | (BH)wmax (tviax)
(weight) | (h) | (x 10 Oe) (£100e) | (x70eg) (7 Oe) (G.Oe- 10%
Co [before FCJ [after FC] [after FC] [after FC]

100 (1.0 1 288 284 -4 2 71+0.7
70 (7:3) | 125 280 309 29 8 76%0.7
60(32) | 175 302 330 28 10 83%0.7
50(1:1) | 225 297 344 47 22 6.2+ 0.6
40(23) | 25 264 280 16 8 29+ 05

Table 4.1: Summary of the magnetic properties of ball milled Co + NiO, measured at room temperature, for
different FM:AFM weight ratios, where tyax is the milling time corresponding to the maximum DHc in each
composition. All values of Hc, [He| and (BH)wax are given for tyax.

As mentioned in annex 1, the magnitude that determines the qudity of a permanent
magnet is the maximum energy product, (BH)max [20]. Shown in figure 4.10 is the
dependence of (BH)wax on the NiO content, after milling during tmax, before and after
anneding the as-milled powders for 05 h a Taww = 600 K and fiedd cooling to room
temperature (H = 5 kOe). In the as-milled state, (BH)max tends to decrease as the NiO content
increases, essentialy because of the decrease of the overdl Ms, due to the zero net
magnetization of the AFM. Neverthdess, after fiedd cooling the powders, one observes for al
compositions (except for pure Co) an enhancement of (BH)uwax, manly due to the
enhancements of Hc and Mg/Ms reaulting from the FM-AFM exchange interactions. It is
noteworthy that, dthough the maximum Hc enhancement is obtained for the weight ratio 1:1,
(BH)max is further enhanced for the FM(3):(2 AFM ratio. This is because of the two-fold role
of the AFM. On the one hand, higher NiO contents bring about a higher (BH)max because of
the increase of FM-AFM interactions. On the other hand, if the AFM content is increesingly
high, the effects of the coupling are not enough to overcome the reduction of Ms due to the
AFM and, thus, (BH)wmax is not enhanced [2].
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Figure 4.10: Dependence of the energy product, (BH)max (measured at room temperature), on the NiO
content, before (-M-) and after (-O-) annealing for 0.5 h at Tany = 600 K and field cooling (H = 5 kOe)
to room temperature.

4.1.5.- Thermal dependence of the coercivity enhancement, the loop shift and the energy
product enhancement

Since the coupling depends on the spin configurations at the interfaces between the
FM and AFM components, it is reasonable to assume tha therma energy will play an
important role on the coupling between them. Namdy, the effects of coupling will tend to
decrease as temperaure is increased, because of the loss of magnetic order in the FM and
AFM maerids. In the preceding sections, al presented results correspond to measurements
performed at room temperature. To analyze the effect of temperature on the exchange-coupled
composites, the following procedure has been carried out:

Co has been bal milled with NiO for 20 hin aweight ratio of 1:1.
The as-milled powders have been annedled a Tann = 600 K, for 0.5 h.
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A fidd cooling process (H = 5 kOe) to room temperature has been carried out, in order
to induce FM-AFM exchange interactions.

Once the coupling is induced, the powders have been hested again and hysteress
loops have been measured at different temperatures above room temperature, in order
to sudy the therma stability of exchange coupled FM-AFM composites.

Shown in figure 4.11 are the therma dependences of CHc, |He| and OXBH)wvax, Where

OXBH)max is defined as (BH)vax (after anneding) — (BH)max (before annedling). Note that CHc
has dready been defined dso as the difference of coercivities between after and before the

field cooling processes.
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Figure 4.11: Thermal dependences of (a) coercivity enhancement, DHc, (b) loop shift, |Hg|, and (c)
enhancement of the energy product, ¥BH)yax, Of Co ball milled with NiO for 20 h, in the weight ratio
of 1.1, measured al of them at the temperature T. Note that DHc and ¥BH)wax have been obtained by
taking the difference of Hc and (BH)umax, between after and before annealing for 0.5 h at Tayy = 600 K
and field cooling to room temperature (H = 5kOe). The lines are aguide to the eye.
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It can be seen from figure 4.11 that the three parameters (CHc, |He| and DXBH)max)
progressvely decrease as temperature is increased, vanishing dmost completely for T 3 600
K. This is the typicd behavior for FM-AFM exchange coupled sysems the coupling
decreases with temperature because of the loss of magnetic order in the AFM and the decrease
of AFM magnetocrystdline anisotropy [6]. As has been described in the introduction, in order
to induce a loop shift the following condition has to be fulfilled: Kapm- tarm > Jint. Upon
heeting, Karm IS progressvely reduced and above a certain temperature, caled blocking
temperature, Tg, this inequdity is no longer accomplished and, therefore, the loop shift is no
longer observed. Usualy Tg is close or equa to Ty [9-12]. The fact that in many systems Tg <
Ty is related, at least in part, to reduced AFM crydtdlite Szes or too thin AFM layers. If the
AFM cryddlites are exceedingly smdl, due to finite Sze effects, the ordering temperature in
the AFM becomes dgnificantly reduced [11,12,21]. However, in our case, loop shifts are
observed for temperaturesup to Ty, i.e. Tg ~ Tn.

Neverthdess, it should be noted that, according to Meiklgohn and Bean's modd, the
decrease of the AFM anisotropy should bring about an increase of coercivity when, during the
hegting, the condition Kagm: tapm > Jint IS no longer fulfilled [22]. In fact, in some systems, a
peak in Hc has been observed for temperatures close to Tg [23-25]. However, in generd, this
peek in Hc is not observable because usudly there is a didribution of blocking temperatures.
Severd authors have suggested that in an exchange coupled FM-AFM materid there exist
sverd “exchange pahs’, each of them having its own unidirectiond magnetic anisotropy
and locd blocking temperature, Tgi [10,26,27]. In other words, one can think of the materia
to be composed of severd zones, where, upon hedting, the coupling in each of them
disappears at different temperatures, Tgi. Thus, each zone should have a pesk in Hc a a
different temperature and due to the didribution of grain sizes, defects or anisotropies, the
effect is averaged out. The temperature a which the coupling disgppears completely is
therefore what is designated as blocking temperature, i.e. Tg corresponds to the maximum
vaueof Tg;.

4.1.6.- Thermal stability of the FM:AFEM coupling

The exigence of a Tg; didribution can affect the thermd ability of the exchange-
coupled materid, since for regions with Tgi close to room temperature the effects of the
coupling will rapidly disgppear with dight increments of temperature. In order to evauate the
theema dability of the exchange-coupled compostes (i.e the degree of coupling dill
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remaning ater heating to a certain temperature) the following experimental procedure was
carried out [4]:

First, Co and NiO were milled together during 20 h in the weight ratio 1:1.

The as-milled powders were subsequently annealed for 0.5 h a Tayny = 600 K and field
cooled (H = 5 kOe) to room temperature in order to induce the exchange coupling
between Co and NiO.

A hysteresis |oop was performed a room temperature.

Then, the powders were heated again up to a certain temperature, Tp (Tp > RT). It was
assumed that during this second heating part of the coupling induced by the previous
field cooling procedure would disappear.

A hysteress loop was carried out a Tp and it was checked that, effectively, the effects
of the coupling (He, DHc and XBH)wmax) Were reduced due to the heating.

After the hysteress loop, & T = Tp, the magnetic fidd was switched to a negative
polarity (H = - 5 kOe) and the sample was fidld cooled in the negative fidd to room
temperature,

Another hysteresis loop was carried out at room temperature to observe the effect of
having certain FM-AFM regions of the materia exchange coupled applying a postive
fied (fira fidd cooling) and others exchange coupled applying a negdtive fidd
(second fidd coaling).

This procedure was repested varying Tp from room temperatureto T = 700 K.

The results of this experiment are shown in figure 4.12. The figure illudtrates the

dependence of He on the temperature of measurement (after the firgt fiedld cooling, i.e. when
the coupling is induced) and, dso the values of He obtained a room temperature after the
second field cooling, i.e. goplying a negdive cooling field. From these measurements it is
possible to have an idea of the digtribution of blocking temperatures on the exchange coupled
FM-AFM system.
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Fig. 4.12: Temperature dependence of the exchange bias, Hg, on the measuring temperature (-M-),
and values of Hg, measured at room temperature (-O-), after field cooling in H = -5 kOe from
different temperatures.

Following this procedure, when the sample is heated to T = Tp, dl AFM grains with
Tgi lower than Tp will become magneticaly disordered, therefore losng the information of
their origind coupling, while the grans with Tg; > Tp will 4ill remain exchange coupled. If
regions with Tg; < Tp are fidd cooled applying H = - 5 kOe FM-AFM exchange coupling will
be induced in them in oppodte sense to the origind coupling. This is schematicadly shown in
figure 4.13, where the AFM domains are represented as verticd cylinders. Note that the
regions with Tg; < Tp will contribute to shift the hysteresis loop towards the postive fidd axis
indead of towards the negative fidd axis (as it was in the coupling originated during the first
field cooling experiment).
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Figure 4.13: Schematic diagram of the spin configuration in the AFM, after the second field cooling
procedure, using a negative magnetic field ( H = - 5 kOe). Note that only those AFM regions with Tg;
< Tp are shifted during the second field cooling, while those with Tg; > Tp remain oriented in the
direction of thefirst field cooling (using H =5 kOe)

Note that if Tg was univocaly defined, for Tp < Tg one would dways obtain, after the
second fidld cooling, the same vaue of He a room temperature as dfter the first field cooling,
e.g. He = 22 Oe, since the second hesat treatment would not be able to erase the effects of the
fira coupling. Conversdly, for Tp > Tg one would dways obtain He = -22 Oe, since al the
FM-AFM cryddlites would then become uncoupled a Tp and a shift towards the opposite
direction would be induced during the second fied cooling. As can be seen in figure 4.12,
dready a Tp = 350 K a reduction in Hg can be observed. Moreover, for Tp = 500 K Hg is
reduced to zero after the second field cooling experiment (i.e. 50 % of the crydtdlites have Tg;
< 500 K). These reaults indicate there is a broad digtribution of blocking temperatures in this
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sysem. A schematic picture of the local blocking temperature didribution is shown in figure
4.14.

Components
at random

Coupled
Components

n° grains

Figure 4.14: Schematic picture of the local blocking temperature distribution. Note that during the
second heat treatment at a certain temperature Tp, those grains with Tg; < Tp are uncoupled during the
heating, while the grains with Tg; > Tp still remain coupled in the direction of the first field cooling
procedure.

However, it should be noted thet, dthough the therma gtability of He is srongly
influenced by the digtribution of Tg;, it was observed that Hc is rather insengtive to it (eg. Hc
~ 345 Oe). This is probably because dthough the overall He depends on the strength and sgn
of the coupling for each crygdlite, the enhancement of Hc depends only on the strength of
the coupling, independently of field cooling with a negaive or a podtive magnetic fidd has
induced it [4].

4.1.7.- Comparison with the magnetic properties of the Co+FeS system

It is interesting to mention that the same processng route than in Co + NiO has dso
been applied to CotFeS and some evidences of FM-AFM exchange interactions induced by
bal milling (such as the presence of loop shifts or coercivity enhancements) have adso been
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observed [1]. For example, from the curve Hc vs. Tann (for 10 h bal milled CotFeS in a
weight raio of 1:1), a maximum in Hc has aso been observed at Tann = 650 K (see figure
4.15). The fact that the maximum appears a Tanny = 650 K (and not at Tany = 600 K, like in
Co-NiO, see figure 4.5) is attributed to the difference in Néd temperatures between NiO and
FeS, i.e. Ty (NiO) = 590 K, while Ty (FeS) = 613 K. Therefore, Hc is only enhanced after
field cooling from above Ty (FeS), as expected from FM-AFM exchange coupling.
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Figure 4.15: Dependence of Hc, measured at room temperature, on the annealing temperature, Tann, for
Co+FeS milled for 10 h in the weight ratio of 1:1. The as-milled powders were annealed for 0.1 h at
Tann @nd subsequently field cooled to room temperature (H = 5 kOe), previously to the magnetic
measurements.

4.2.- Magnetic properties of SmCo: ball milled with NiO and CoO

4.2.1.- Milling time dependence of the coercivity and squareness ratio of as-milled
powders

When SmCos + NiO is subject to heat trestments at temperatures above the Ty (NiO)
to induce FM-AFM coupling, it results in a subgtantia decrease of He, Ms and consequently
of (BH)max. This effect has a dructurd origin, raher than a magnetic one. Although the
dructurd changes associated with the heating process have not been examined in detal in the
present work, several authors have reported that, when SmCos is heated to intermediate
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temperatures (eg. T ~ 600 K), there is a progressive loss of its magnetocrystaline anisotropy,
mainly due to the segregation of softer phases or even non-magnetic phases, such as Sm,Co;7
or SmCo; [28]. In addition, we have observed that, in annealed SmCos + NiO powders, even
when heat trestments are performed under high vacuum conditions (10° mbar), Sm is dways
partialy oxidized, probably due to reaction with oxygen from NiO.

Neverthdess, both Hc and Mgr/Ms, are found to condderably enhance in as-milled
SmCos + NIiO with respect to bal milled SmCos done [29-31]. These effects have been
atributed to FM-AFM exchange interactions, induced by bdl milling, without need of
poderior field cooling processes. In this case, the local hegting during the milling, due to the
impacts between powders and bdls, together with the microscopic fidds originating from the
hard FM SmCos grains, make it possble to observe some effects of FM:AFM coupling
dready in the as-milled state, without need of any podterior heat trestment process. Further
discusson on this point will be given in annex 5.

However, it is difficult to directly demondrate the exisence of FM-AFM coupling,
mainly due to the magnetic and dructurd character of SmCos and NiO. Namey, the
megnetocrysdline anisotropy of NiO is exceedingly smdl to dlow the exisgence of
ggnificant loop shifts (a dear sgn of the existence of FM-AFM coupling) when coupled to
SmCos. Furthermore, the SmCos dructural trangtions occurring when heated, even a
temperatures much below Ty (NiO), prevent the analysis of the temperature dependence of the
coercivity enhancement (i.e. DHc should disappear a Ty). Moreover, the random character of
bal-milled powders makes it difficult to search for unidirectiond anisotropy usng torque
magnetometry. Therefore, the exisence of FM-AFM has to be proved indirectly. Thus, for
comparison, bal milling of SMCos + CoO (CoO with damilar initid gran dze as NiO) has
been dso caried out. It is noteworthy that CoO is only AFM a temperatures below room
temperature, snce Ty (CoO) = 290 K. Therefore, milling with CoO should not result in He
enhancement, Snce CoO remains paramagnetic during the milling.

The milling time dependence of Hc, measured at room temperature, for SmCos milled
done, with NiO and with CoO (in the weight ratio of 1:1) is shown in figure 4.16. The
evolution of the magnetic properties of SmCos when subject to bdl milling has been
extensvely studied by severd authors [28,29,32]. As can be seen in the figure, for SmCos
milled done, Hc is found to increese with milling time, reeching a maximum vaue of
approximately 11 kOe after 4 h and it decreases afterwards to about 4 kOe after 32 h. The
increase of Hc for short-teem milling is attributed to particle Sze reduction, which converts
them from a multidoman to a monodoman sate. Neverthdess, when SmCos is overmilled it
tends to become highly disordered, losng part of its high magnetic anisotropy and thus Hc is
reduced.
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Figure 4.16: Milling time dependence of the coercivity, Hc (measured at room-temperature) for ball-
milled SmCos (-M-), SmCos + CoO 1.1 (-D-) and SmCos + NiO 1:1 (-O-) powders. The lines are a
guideto the eye.

Although the behavior of the three systems is amilar for short milling times, it is clear
that dready from the early stages of milling an enhancement of Hc is observed in bdl-milled
SmCos + NiO in comparison with Hc vadues of bal-milled SmCos and SmCos + CoO.
Moreover, in contrast to what is observed for SmCos aone, He for SmCos + NiO and SmCos
+ CoO levds off for long milling times. This is because, as has been evidenced by X- ray
diffraction results (see section 3.24), milling is less aggressve to SmCos when it is milled
together with CoO or NiO. However, dthough the microstructure and morphology of SmCos
+ NiO and SmCos + CoO are rather smilar (see section 3.1.2), the former is found to exhibit
a much larger He. It is noteworthy that the maximum Hc in SmCos milled with CoO is
goproximately the same than in bal milled SmCos aone.

The fact that NiO is antiferromagnetic a room temperature (Ty = 590 K) while CoO is
paramagnetic (Ty = 290 K), dlows the separation of morphologicd-structurd  effects from
magnetic coupling ones. Since the microgtructure in both cases is very amilar the enhanced
Hc should be attributed to the existence of a FM-AFM exchange coupling in the SmCos +
NiO as-milled powders.
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The difference in coercivity can aso be observed in figure 4.17, where enlargements of
the hysteresis loops for SmCos milled for 4 h and SmCos + NiO (ratio 1:1) milled for 32 h are

shown.
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Figure 4.17: Enlargements of the hysteresis loops (the maximum field applied was Hyax = 230 kOe) of
SmCos and SmCos + NiO ball milled for 4 and 32 h (in the weight ratio of 1:1), respectively.

It can be seen from figure 4.17 that, dthough the coercivity incresses, the saturation
magnetization in the case of SmCos +NiO is reduced, due to the zero Ms of NiO (AFM). Also
a shoulder is observed in SmCos + NiO bdl milled for 32 h, which is not likely to be due to
the presence of two FM phases (XRD patterns show peaks corresponding to only the hard
SmCos phase), but maybe to the exisence of different regions with different degrees of
coupling between the SmCos and the NiO particles.

Furthermore, a pronounced enhancement of Mg/Ms is obsarved in bdl milled SmCos
(either done or with NiO or CoO), especidly after short-tem milling. The milling time
dependences of Mg/Ms for the three systems is shown in figure 4.18. Although the Stoner-
Wohlfath mode for isotropic, dngle doman and non-interacting paticles predicts a
squareness of Mr/Ms = 0.5 [33], values of Mgr/Ms as high as 0.9 are obtained in SmCos milled
for 0.5 h, without aligning the powders previoudy to magnetic measurements.
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Figure 4.18: Milling time dependence of the squareness ratio, Mr/Ms (measured at room-temperature),
for ball-milled SmCos (-M-), SmCos + CoO 1.1 (-D-) and SmCos + NiO 1:1 (-O-) powders. The lines
areaguideto the eye.

The high vaues of the squareness raio are the result of exchange interactions ether
between the different FM grains [34,35] or between the FM and AFM particles. A study of
the evolution and effects of dipolar and exchange interactions on the magnetic properties of
as-milled powders, based on the use of the so-cdled DM plots, will be presented in section
4.2.3. In addition, an intuitive modd about the sguareness enhancement due to FM-AFM
exchange interactions will be discussed in annex 5. The decrease of Mr/Ms for long milling
times is probably related to some SmCos dructurd disorder. The large amounts of
didocations and gran boundaries accumulated after long-teem milling probably limit the
extent of exchange-coupled regions in the FM and, thus, Mr/Ms is consequently reduced.

Moreover, as shown in fig. 4.18, short-tem milling of SnCos + CoO results in
somewhat lower vdues of Mr/Ms (compared to SmCos milled done or with NiO). Since CoO
is paramagnetic a room-temperature, effectively its role is smply to separate the SmCos
paticles, thus reducing the exchange interactions between them and thus Mgr/Ms. The
crossover a moderate milling times between the Mgr/Ms of SmCos + CoO and SmCos done is
probably due to the more aggressve effects of the milling on SmCos alone (see section 3.2).
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Contrary to what is observed in bdl-milled SmCos + CoO, in SmCos + NiO, Mgr/Ms vaues
even larger than the ones of SmCos milled done are obtained. Hence, the presence of the
AFM NiO phase surrounding SmCos seems to play dso some role in further enhancing
Mgr/Ms.

4.2.2.- Effect of field cooling to below room temperature on the coercivity of SmCos ball
milled with CoO

Further proof that bal milling generates a microdructure favorable for FM-AFM
exchange interactions, is obtained from the temperature dependence of Hc for SmCos milled
done and together with CoO (during times exhibiting maximum Hc in each case), after fied
cooling (Hrc = 50 kOe) from room temperature to 30 K (i.e. T < Ty (CoO)) (seefigure 4.19).
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Figure 4.19: Temperature dependence of the coercivity, Hc, for SmCos ball-milled for 4 h (-O-) and
SmMCos + CoO 1:1 bal-milled for 32 h (-®-), after field cooling (Hrc = 50 kOe) the as-milled powders
to 100 K and 30 K. Also indicated is the Néel temperature of CoO (Ty = 290 K). The lines are a guide
tothe eye.

As can be seen in the figure, when SmCos + CoO (in a weight ratio of 1:1) is fidd
cooled to low temperatures Hc increases subgtantidly. Part of this incresse is due to the
changes in magnetocrysaline anisotropy of SmCos, Snce a amilar increase in Hc is observed
for SmCos adone. Nevertheless, as expected from the FM-AFM coupling, SmCos + CoO
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exhibits an extra Hc enhancement a low temperatures with respect to single SmCos after the
same fiedd cooling procedure (i.e. a T = 30 K, after fidd cooling from room temperature, He
= 23 kOe for SmCos + CoO, while Hc = 185 kOe for SmCos). Moreover, the Hc
enhancement in SmCos + CoO has been found to be less if the cooling is performed in zero
fiedd (ZFC). In this case, Hc = 20.2 kOe a T = 100 K, while &fter field cooling to the same
temperature, Hc = 22 kOe. Note that, athough the locd field of the SmCos particles can
induce FM-AFM coupling to the CoO even after ZFC from a demagnetized dtate, only those
SmCos paticles which are sngle doman will fully contribute to it. In a fidd cooling
experiment (Hec = 50 kOeg) the tota magnetic moment of nearly al SmCos particles spins is
aigned pardld to the applied field direction, thus al particles contribute to the coupling.

4.2.3.- Study of the role of FM-FM dipolar and exchange interactions and FM-AFM
exchange inter actions on DM plots

Remanence enhancement in isotropic FM particles has aso been observed in other bal
milled or mdt-spun hard magnets, such as NdFeB or SmFeN [36]. This effect is usudly
related to short-range exchange interactions between ferromagnetic grains [34,35]. These
exchange interactions produce a perturbed region, restricted to the grain boundaries, where,
once the fidd is removed, the spins reman oriented in the previous magnetizing fidd
direction, resulting in higher vaues of Mr. For SmCos milled done Mr/Ms reaches its
maximum vaue ater 05 h of milling and it reduces dowly for longer milling times. This
indicates that exchange interactions between FM grains have ther maximum effect after
short-term milling and tend to decrease afterwards. This reduction is probably due to the
introduction of large amounts of defects during the milling, such as didocations or sacking
faults, which limit the extent of exchange-coupled regions within or among the FM particles.

The interactions between the grains in magnetic materids are usudly dasdfied as long-
range demagnetizing-like magnetodtatic (dipolar) interactions and short-range magnetizing-
like (exchange) interactions. Both types of interactions are likely to be present in as-milled
SmCos-NiO particles, besides the FM-AFM exchange interactions. To evauate the srength
of the different types of magnetic interactions a procedure known as OM plot has been
developed [37]. This technique differentiates between two types of remanence curves. the
isothermd  remanent magnetization curve, M (H), which is obtaned by progressvey
magnetizing the sample dating from a fully demegnetized date, and the demagnetizing
remanent magnetization curve, My(H), which is obtaned by progressvey demagnetizing a
previoudy fully saturated sample. In more detal, to measure M;(H) one has to gpply a small
postive magnetic fidd, remove it and measure the resulting remanent magnetization. This
process has to be repeated severd times until the magnetic field is large enough to saturate the
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sample and the remanence takes the saturation value, M;(¥). Then, to obtain My(H), the same
procedure has to be carried out starting from the fully saturated state and gpplying a negative
field of incressing strength. CM is defined as follows:

|\/|:—-§-2r : (4.1)

Usudly, for uniaxid materids pogtive DM vaues ae interpreted as magnetizing
exchange interactions, while negative DM correspond to demegnetizing-like magnetostatic
interactions [38]. If OM is zero, i.e when Myg(H) = M:(¥) - 2 M, (H), the FM particles
essentidly do not interact with each other [33,39].

The DM plots for SmCos + NiO ball-milled for 1, 4 and 32 h are shown in figure 4.20. It
can be seen that both types of interactions (magnetostatic and exchange) are present in the
materid. Postive DM vdues are obtaned when the applied fidd is lower than Hc, while
megnetodtatic interactions are predominant for H > Hc. Smilar OM plots have aso been
reported for spring-magnets, where Mg/Ms is dso enhanced when comparing to the hard
component [40]. Dipolar interactions tend to decrease with milling time, i.e. the negative pesk
of the DM plots decreases both in width and intengty (and dso in ared) with milling time.
This can be understood in terms of the changes in microgructure of SmCos particles during
the milling process In fact, dipolar interactions have ther man origin in the exisence of
shap corners of SmCos particles, which can creste congderable dray field that tend to
demagnetize the neghboring particles, thus enhancing dipolar interactions and giving low
vaues of Mgr/Ms on the unmilled SmCos particles (see figures 3.2 and 4.18). As the milling
time increases, the particles tend to become more regular in shape and are adso reduced in
gze. This might explan the reduction of magnetodaic interactions with milling time.
However, DM plots dso indicate that dipolar interactions are il present after even long-term
milling.
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Figure 4.20: Milling time dependence of the M curves for SmCos ball milled with NiO for 1 h,
4hand 32h.

However, we do not find a direct correlaion between the CM plots and the milling time
dependence of Mgr/Ms, indicating that exchange interactions develop during the milling in a
complex way. For example, dthough the fidd range in which exchange interactions
predominate increases with the milling time, i.e. the width of the podtive pesk in the DM
plots increases monotonoudy with milling time, the area of the postive pesk becomes
maximum &fter intermediste milling times (eg. 4 h). On the contray, maximum Mg/Ms
vaues correspond to short milling times (eg. 0.5 h). Although we do not have yet a ful
understanding of this gpparent contradiction, it is likely to be due to the interplay between
effects of FM-FM exchange and FM-AFM exchange interactions which smultaneoudy affect
the shape of the M curves.

A smpler way to quantify the strength of the interactions usng a sngle paameter is

by the so-cdled interaction fidd factor (IFF), which is defined from Hc and the remanence
coercivities, H; and H," (where: My(H;) = 0 and M, (H,") / M (¥) = 1/2), asfollows [41]:
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éH, - H,Ju
IFF =Ma x 100 (4.2
é c QO

The IFF would be expected to be zero for non-interacting sngle domain particles and
to increase as the interactions become more important. Shown in table 4.2 are the milling time

dependences of IFF, together with those of the SmCos cyddlite Sze (<D>gncos), NiO
aysdlite sze (<D>nio), SMCos microstrain (<>

Hc and Mr/Ms, for ball-milled SmCos + NiO.

smcos) and aso, for easer comparison,

Milling <D>gncos | <D>nio | <e?>12 He Mr/Ms IFF
Times (nm) (nm) (kOe) (%)
1h 20 27 0.004 11.3 0.98 38.3
4h 18 22 0.007 13.3 0.90 16.1
32h 9 11 0.010 15 0.67 10.8

Table 4.2: Summary of the structural and magnetic properties for SmCos + NiO ball-milled for 1 h, 4h
and 32 h.

It is remarkable that, as mentioned, Mr/Ms reaches its maximum vaue &fter 1 h of
milling and it reduces dowly for longer milling times This indicates that exchange
interactions between FM grans have thaer maximum effect after 1 h of milling and tend to
decrease afterwards, probably due to the introduction of large amounts of defects, such as
didocations or stacking faults during the milling (Ssee high microdrain vaues in teble 4.2),
which reduce the extent of the exchange coupled regions in the FM. This correlates wel with
the milling time dependence of IFF. However, exchange interactions between the FM and the
AFM paticles are expected to increase with the milling time, snce prolonged milling favors
a larger amount of interfaces to be formed between SmCos and NiO. Thus, the competition
between the FM-FM and the FM-AFM exchange interactions, which have opposte
tendencies during the milling, could explain the non-monotonic behavior of the postive pesk
in the M plots. However, due to the interplay among FM-FM exchange and dipolar
interactions and the AFM-FM exchange interactions, the corrdation between Mg/Ms
enhancement and the CM plots is not found straightforward.
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4.24.- Effect of FM-AFEM percentages on the coercivity and enerqy product
enhancements

In order to ducidae the role of NiO in the energy product enhancement, bal milling of
SmCos with NiO has been carried out varying the proportions of FM and AFM [30]. The
milling time dependence of Hc for SmCos milled with NiO in the weight ratios of SmCos
(2):(0) NiO, SMCos (3):(1) NiO, SmCos (3):(2) NiO and SmCos (1):(2) NiO is shown in fig.
4.21.
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Figure 4.21: Milling time dependence of the coercivity, Hc, for SmCos milled with NiO in the weight
ratios SmCos (1):(0) NiO (- O --), SmCos (3):(1) NiO (3% @ 34), SmCos (3):(2) NiO (3 A %) and
SmCos (1):(2) NiO (3a<> %4). Note that the error bars are smaller than the symbols. The lines are a
guideto theeye.

It can be seen tha the maximum Hc is found to increase with the NiO content. This can
be explained in terms of the microstructure developed in the composites. It has been observed
that the SmCos + NIO agglomerates, where FM-AFM exchange interactions are more likely
to take place, form more easly for higher AFM contents. Besdes, the milling time a which
Hc exhibits its maximum vaue shifts towards higher vaues as the NiO content is increased.
This is due to the role of NiO in dowing down SmCos sructurd changes, thus delaying the
decrease of Hc (see section 3.2).

The milling time dependence of the squareness rétio, Mgr/Ms, for SmCos milled done
and with NiQ, in severd weight ratios, is shown in figure 4.22.
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Figure 4.22: Milling time dependence of the squareness ratio, Mgr/Ms, for SmCos milled with NiO in the
weight ratios SmCos (1):(0) NiO (- O --), SmCos (3):(1) NiO (3% ® 34), SmCos (3):(2) NiO (34 A %)
and SmCos (1):(1) NiO (34< %4). Note that the error bars are smaller than the symbols. The lines are a
guideto the eye.

For dl compogtions, the maximum vadues of Mgr/Ms are obtained after short-term
milling, i.e. between 0.5 and 1 h, and a progressve decrease of Mgr/Ms is observed for longer
milling times However, mainly for al milling times higher vaues of Mgr/Ms are observed for
larger NiO contents. This is due to FM-AFM exchange interactions but, dso, to the role of
NiO in dowing down SmCos dructura changes occurring during the milling. Since the
deterioration of SmCos microstructure is dower as the NiO content incresses, the decrease of
Mgr/Ms is dso dowed down. However, note that, even after long-teem milling, the vaues of
Mr/Ms reman higher than 05 (which is the Stoner-Wolfath theoreticd vaue for non-
oriented, single-domain, non-interacting particles [33]). This indicates tha, in spite of large
amounts of dructurd defects many FM grans gill remain exchange coupled &fter long
milling times [34,35].

The milling time dependence of (BH)max is shown in fig. 4.23 for the different FM:AFM

ratios. It can be observed that the dependence of (BH)wax On the AFM content is rather
complex. Thisis because of the opposing effects of the AFM in the enhancement of (BH)wmax-

117



Annex 4

10+ .
©
O 8t |
O
=
s O )
=
T
o 4 1
2L -

0 5 10 15 20 25 30 35
Milling Time (h)

Figure 4.23: Milling time dependence of the energy product, (BH)max, for SmCos milled with NiO
in the weight ratios SmCos (1):(0) NiO (- O --), SmCos (3):(1) NiO (3% @ 34), SmCos (3):(2) NiO
(% A %) and SmCos (1):(1) NiO (%2 <> %4). Note that the error bars are smaller than the symbols.
Thelines are aguideto the eye.

On the one hand, both Hc and Mgr/Ms increase due to the FM-AFM and FM-FM
exchange interactions respectively (as for bal milled Co + NiO). On the other hand, the
presence of NIO results in a reduction of the saturation magnetization of the compodte,
proportional to the NiO content. This stems from the zero net magnetization of the AFM
(Maem = 0), which does not contribute to the overdl saturation magnetization. Consequently,
as seen in fig. 4.23, (BH)wax is reduced for dl milling times when the NiO content is
increasingly high, as for example in the case of the 1:1 ratio. Neverthdess, (BH)vax for the
SmCos (3):(1) NiO milled for 4 h exhibits an enhancement with respect to the maximum of
pure SmCos. However, due to the interplay of al the different effects, an enhancement of
(BH)max can only be achieved through the optimization of milling time and the FM:AFM
weight ratio.
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