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Results and Discussion

A comparaive sudy of bdl-milled FM powders (Co or SmCos) aone and together
with AFM (NiO) powders, in different weight ratios, is presented. Some reviews on materias
processng by means of mechanicd milling can be found esewhere [57]. The different
sructura and magnetic behaviors of Co and SmCos when subjected to bdl milling or heet
treatments makes it necessary to adapt in each case the processng route to optimize the
effects of the coupling. In the case of bal milled Co + AFM (NiO or FeS) a heat treatment
process (anneding + field cooling to room temperature) of the as-milled powders is needed in
order to induce FM-AFM exchange interactions which result in an improvement of the
magnetic properties. However, in the case of bal milled SmCos + AFM powders, heating
results in a ragpid deterioration of the hard ferromagnetic propertiess mainly due to the
formation, a intermediate temperatures, of non-magnetic or softer phases (SmCo; or
Sm,Co;7), which cause a loss of the magnetic anisotropy. Moreover, annedling of SmCos +
NiO can dso reault in the oxidation of Sm, snce Sm is more reactive with oxygen than Ni or
Co. However, the locd hedting during the milling, due to the impacts between powders and
bals, together with the microscopic fidds originating from the hard FM SmCos particles,
makes it possble to observe some effects from FM-AFM coupling in the asmilled date,
without need of any posterior heat treatment process.

The magnetic results have been corrdated with the microstructure developed in each
case during the milling process. The morphology of the particles has been characterized by
means of scanning dectron microscopy (SEM) and energy dispersve x-ray (EDX) andyses
[58]. Structurd characterization has been performed usng x-ray diffraction (XRD) [59]. From
the paterns, which have been fitted usng a full-pattern fitting procedure (Rietveld method),
the cryddlite Szes and microdrains have been determined at the different stages of milling
[60,61]. Magnetic hyseress loops have been caried out usng a vibraing sample
magnetometer (VSM) [62], up to 1.1 T, and an extraction magnetometer [63], up to 20 T, for
Co-NiO and SmCos-NiO, respectively. In the latter case, the large magnetic anisotropy of
SmCos makes it necessary to use a high fiddd magnetometer in order to ensure complete
saturation of the powders and hence have religble vaues of coercivity.
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1.- Morphological Characterization

SEM observations reved that the starting Co and SmCos particles are irregular-shaped
and have sizes of up to 40 and 500 mm, respectively. When they are bal milled done, they are
progressively reduced in sze and tend to become eongated, due to their ductile character,
tuning into smdl platdet-shaped particles of a few nm in Sze. For example, shown in figure
2.1 ae the SEM images (obtained from secondary dectrons) of Co particles, before milling
(a) and after milling for 20h (b).

@
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Figure2.1: SEM images (secondary electrons) of Co particles before milling and after milling for 20 h.

However, when the FM particles are bal milled with NiO a different microgtructure is
found. In this case, in order to observe the FM-AFM interfaces, the as-milled powders have
been embedded in epoxy resin and subsequently polished with diamond paste. For a detailed
decription of the microstructure developed by bal milling, ether in Co or SmCos done or
with the AFM, the reader is referred for example to papers 11, IV, V, VII and VIII in chapter
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3. The SEM images (backscattered eectrons) of Co-NiO bdl milled in the 1.1 weight ratio for
0.1, 1 and 20 h are shown in figure 2.2.
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Figure2.2: SEM images (backscattered electrons) of Co + NiO powders milled for 0.1, 1 and 20 h, in the
weight ratio 1:1.
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It can be seen that after milling for 0.1 h, the Co and NiO powders are well-
mixed but 4ill remain independent, i.e. not soldered together. Therefore the amount of
interfaces between Co and NiO for short milling times is amdl. As the milling time increases,
due to their ductile character, Co particles sart to deform and lamellar shapes are developed,
while NiO particles are progressively fractured and reduced in Sze. At the same time, Co and
NiO grains tend to solder together and, after milling for 1 h, one obtains FM-AFM aggregates
of gzes between 1 and 5 mm. After milling for 20 h a large number of agglomerates congsting
of Co lamdlae embedded in a NiO matrix are formed and the sizes of some of them reach 30
mm. This microstructure, typical of bal milled metd-ceramics, dlows a large number of FM-
AFM interfaces to be deveoped, a which the coupling will be induced. A gmilar
microgtructure (i.e. FM grains embedded in an AFM matrix) is dso observed in SmCos + NiO
ater intermediate milling times (eg. ater a few hours milling). The Sze of the agglomerates
is found to incresse with milling time. EDX mappings, like the ones shown in figure 2.3
(b,c,d), reved that the bright particles in figure 2.2 effectively correspond to the metdlic FM
(Co or SmCaos), while the gray onesto NiO (the black zones are mainly epoxy resin).

Figure 2.3: (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, in the weight ratio 1.1.
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It is aso noteworthy tha the sharp contrast obtained in the EDX andyses indicates
that the amount of atomic interdiffusion between the FM and AFM componentsis small.

2.- Structural Char acterization:

2.1.- The case of Co-NiO

Cobalt is found to undergo structurd changes and phase trangtions during bal milling
[64,65]. XRD patterns of pure Co reved that the starting powders are a mixture of hcp and fcc
phases. As the milling time increases the amount of fcc-Co is found to drastically decrease,
vanishing dmost completey after 1 h of milling. For longer milling times, the percentage of
fcc-Co (which is usudly only sable above 700 K) increases again, basicdly due to the
formation of large amounts of stacking faultsin the hcp structure.

Shown in figure 2.4 are the XRD patterns of unmilled NiO (&), unmilled Co (b) and 1
h bal milled Co (c) and 20 h bal milled Co + NiO (d). The XRD pattern of NiO is the typica
of a fcc dructure. However, for Co a mixture of two phases, hcptfcc, is observed. The
subindexes H and C denote hpc and fcc Co, respectively. The Miller indexes (h,k,l), for both
Co and NIiO, are dso indicated in the figure. It can be observed that Co pesks in the origind
powder (curve (b)) are reatively wide, probably due to the large amounts of defects
introduced in its sructure during the gas atomization process. Furthermore, it is found that,
even in the unmilled Co powder, the hcp pesks satisfying the condition h - k = 3 n £ 1 (being
n an integer) are extra-broadened. This is due to the exisgence of stacking faults in the hcp-Co
dructure [66]. After milling Co for 1 h, the pesk (200)co,c disappears, indicating the existence
of an dlotropic phase transformation from fcc to hep-Co during the firg stages of milling. For
longer milling times a large amount of defects, specidly dacking faults are introduced in
hcp-Co. Therefore, the hcp stacking sequence ...ABABABABAB... changes into a
disordered ...ABABABCABABAB..., where the bold letters indicate the formation of a loca
fcc stacking sequence. This shows that, due to the milling, some sndl cryddlites with fcc
Sructure are crested in the hcp phase. As a result, a wide hump is observed for long milling
times at the position corresponding to the (200)co,c peak (see curve (d) in figure 2.4).

When Co is milled together with NiO the intendgty of fcc-Co diffraction peaks aso
decreases rgpidly with milling time, indicating that the transformation from fcc to hep-Co aso
takes place when Co and NiO are milled together. For further description of the milling-
induced dlotropic transformation of Co, ether when milled done or with NiO, see papers I-V
in chapter 3.
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Figure2.4: XRD patterns of (&) unmilled NiO, (b) unmilled Co, (c) 1 h ball milled Co and
(d) 20 h ball milled Co + NiO in the weight ratio 1:1.

It is dso remarkable that during bal milling the pogtion of the XRD pesks, for both
Co and NiO reman essentidly unchanged, indicating that the cell parameters do not change
subgtantidly. Therefore, the amount of aomic interdiffuson between both components is
smdl. However, the XRD pegks are found to be progressvely broadened as the milling time
is increased. This is due to the decrease of cryddlite sze and the increase of micrograns.
Moreover, the cryddlite size reduction associated with the milling process is steeper when Co
is milled done and it becomes less aorupt as the NiO content is increased, indicating that
milling with NiO dows down Co sructurd changes.

Shown in figure 25 are the XRD patterns of 20 h ball milled Co, before anneding (a)
and after anneding 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)). In curve (b) it can be
obsarved that after anneding a& T = 600 K, NiO and Co pesks are not shifted in angle.
However, there is a decrease of the pesk width, due to a dight increase of the crysdlite sze.
Moreover, after annealing at T = 600 K Co powders are ill basicaly in the hep form. On the
contrary, ahnedling a 740 K causes a certan amount of hcp-Co to dlotropicdly transform
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into fcc. Moreover, aneding a higher temperatures, gpart from inducing the hcp to fcc
transformation, it aso brings about a dragtic increase of the crydtdlite sze in the hcp phese,
from gpproximately 10 nm in the as-milled state to 18 nm &fter anneding at 740 K. It is dso
worth mentioning that anneding @& T = 600 K or 740 K does not result in formation of Co
oxides, such as CoO or Co304.

H+C
Nio (©)

0™ (au)

Figure 25: XRD patterns of 20 h ball milled Co + NiO, in a weight ratio of 1:1, before annealing (a)
and after annealing and field cooling (H =5k0Oe) from T =600 K (b) and T = 740K (c).

2.2.- The case of SNCo05-NiO

Shown in figure 2.6 ae the XRD patterns of SmCos milled with NiO for 0.25, 4 and
32 h. As for Co-NiO it can be observed that, as the milling time increases, the XRD peaks of
both SmCos and NiO progressively broaden, indicating a reduction of the cryddlite sze and
an incresse of micrograns (see figure 2.6). In fact, as shown in figure 2.7, the reduction of
cyddlite sze is raher deep for short milling times, dthough it tends to levd off for longer
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milling times. Also from figure 2.7 it can be seen that, as the NiO content incresses, the
cryddlite sze reduction during the milling becomes smoother. For example, it is noteworthy
that the cryddlite sze for SmCos milled done, after long-term milling (eg. 32 h), is much
sndler when milled done (<D> = 25 nm) than when milled with NiO, i.e. <D> =9 nm for
SmCos(1):(1)NIO.
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Fig. 2.6: 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 a'so
indicated.

In addition, the microgtrains, <€>Y2 ds increase with milling time and, after

prolonged milling, <&€>Y2 is found to be dightly larger in SmCos than for SmCos + NiO.
This is an indication that large amounts of dructurd defects such as didocations or
vacancies, are introduced in the maerid during the milling. The smdl cayddlite sze and the
large microgran for SmCos milled done indicate that after 32 h SmCos is close to
amorphization, as aready reported by other groups. Nevertheless, as in the case of Co + NiO,
the milling appears to be less aggressve when SmCos is milled with NiO. For further
description of the dructurd evolution of SmCos + NiO during the milling, the reader is
referred to papers VI-1X in chapter 3.
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Figure 2.7: Milling time dependence of the SmCos crystallite size, <D>gncos for the SmCos:NiO
weight ratios 1.0 (- 0O ), 31 (3% @ 34), 32 (% A %) and 1.1 (34 < %). Note that, for clarity, the
crystallite size of the starting SmCos powders (<D>gmcos, initial = 43.4 hm) has not been plotted.

3.- Magnetic Char acterization:

3.1.- The case of Co-NiO

To demondrate the existence of FM-AFM exchange interactions in bal milled Co-
NiO we have compared the magnetic behaviours of Co milled done and with NiO. This is
presented in papers I1-V of chepter 3. Shown in figure 2.8 is the magnetic dependence of
coercivity of as-milled Co powders, before annealing and after annedling at 600 K for 0.5 h
and field cooling (H = 5 kOe) to room temperature. It can be seen that Hc fird increases with
milling time, reaching a maximum &fter 1 h of milling and then it darts to decrease for longer
milling times The increese of Hc for short milling times is manly atributed to the
transformation of the starting mixture of hcp+fcc Co to an dmost pure hep phase, since hep-
Co has higher magnetic anisotropy.

The decrease of Hc for longer milling times is probably linked with the formation of a
large amount of defects (badcdly sacking faults) in the hcp structure and the subsequent
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gppearance of fcc cryddlites, which is known to decrease the magnetocrysaline anisotropy
of Co[2-5].
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Figure 2.8: Milling time dependence of Hc (measured at room temperature) for Co powders, before
annealing (-M-) and after annealing for 0.5 hat T = 600 K and field cooling to room temperature (H =5
kOe) (-A-).

The mogt remarkable aspect of figure 2.8 is that, after anneding and fidd cooling from
T = 600 K, Hc is virtudly unchanged with respect to that of the as-milled powders. Only a
dight decrease of Hc is observed, which can be understood in terms of crystalite Sze increase
or asmall transformation of hep to fcc Co.

Nevertheless, the magnetic behaviour of Co milled with NiO is completely different.
Shown in figure 2.9 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
ploting Hc as a function of milling time. But, in this case, the maximum gppears dter a
longer milling time, i.e 20 h, confirming that NiO dows down Co dructural changes during
the milling.
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Figure 2.9: Milling time dependence of Hc (measured a room temperature) for ball milled Co + NiO
powders (1:1 weight ratio), before annealing (-M-) and after annealing for 0.5 h at T =600 K and field
cooling to room temperature (H = 5kOe) (-A-).

Moreover, contrary to bal milled Co done, anneding for 0.5 h a T = 600 K and field
cooling to room temperature (H = 5 kOe), results in a dgnificant enhancement of Hc, for
milling times longer than 10 h. Therefore it is cdear that NiO plays an important role in
enhancing Hc of bal milled Co, since it has been demondrated by XRD that anneding a T =
600 K does not bring about sgnificant structural changes in Co. Thus, the Hc enhancement is
mainly amagnetic and not astructura effect.

To better understand the role of NiO in enhancing Hc, the 20 h bal milled Co + NiO
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 2.10. It can be seen that Hc reaches
a maximum vaue for Tany ~ 600 K, just above NiO Néd temperature (Ty = 590 K). Thisisin
agreement with the intuitive picture of FM-AFM coupling that has been reported in chapter 1
and with many experimental results obtained in fine particles (at temperatures below room
temperature) or in thin films (a room temperature or below) [22]. The fact that Hc is only
enhanced for Taxn > Ty is the first experimenta evidence that FM-AFM exchange interactions
can be induced between Co and NiO by means of bal milling and subsequent heat treatments.
It is noteworthy that annedling and field cooling bal milled Co powders (without the presence
of AFM NiO) only resultsin a progressive decrease of Hc as Tann iSincreased.
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Figure 2.10: 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 210 it can dso be seen that if Tawn iS too high (above 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 trangtion
temperature, Ti, which is usuadly around 700 K [68]. However, this temperature can be
congderably lowered as the particle size is reduced [69].

Smilar dependences of Hc on Tany have dso been found in Co + NiO for other
milling times, as far as they ae longer than 10 h. This means thaa FM-AFM coupling is
induced, to a certain extent, after milling for 10 h (and posterior field coaling) [70].

Further evidence for 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 in figure
2.11.
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Figure 2.11: Dependence of He 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.

The dependence of Hg on Tann is Smilar to that of He, i.e. a maximum is observed for
Tann O Tn. Also noticegble is that for Tann < Ty smdl loop shifts are observed. In fact, due to
therma fluctuations, the AFM tends to magneticaly disorder as temperature increases.
Actudly, the temperature a which FM-AFM exchange interactions effects disgppear is
sometimes lowered with respect to Ty, especidly for very smdl AFM  particles [22].
Moreover, in our case He is found to be rdatively small, compared to Hec. A Smilar result has
been obtained in Ni-NiO fine powders [46] and Co-NiO thin films [71]. This is typicd for
systemsin which the AFM anisotropy is rdlatively low (eg. Knio < 5 x 10* erg/em®).

Besdes the Hc enhancement, it has been observed that the squareness ratio, Mgr/Ms,
a0 increases in bal milled Co-NiO, compared to bal milled Co, after fidd cooling from T >
Tn. Moreover, the dependence of Mgr/Ms on Tann has been found to be similar to that of Hc or
He, suggeding tha, dthough the origin of the Mgr/Ms enhancement ill remains somewhat
unclear, it can be related, a least in pat, to the exisgence of FM-AFM interactions. For
example, it could be argued that, during the hysteress loop, due to the FM-AFM exchange
interactions, when the magnetic fidd is removed, the spins in the FM located at the interfaces
with the AFM could, to some extent, reman digned in the direction of the previous
megnetizing fidd, thus increesng Mg/Ms. It is noteworthy that Mr/Ms enhancements have
been aso occasiondly observed in other FM-AFM systems [72].
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The FM:AFM weight ratio has also been varied in order to try to further increase Hc.
For al compostions studied (FM:AFM ratios of 1.0, 7:3, 3:2, 1:1 and 2:3), Hc is found to
fird increese with the milling time and then progressvely decrease, due to the sructurd
changes occurring in Co when subjected to bdl milling. However, the milling time
corresponding to maximum Hc in each case, twax, 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. A summary of the magnetic properties of bdl milled Co
+ NIO, for different compogtions, before and after field cooling (F.C.), is shown in table 2.1.
Apart from tyax, Hc (before and after F.C. from Tany = 600 K) and He (after F.C.), aso the
vaues of coercivity enhancement, CHc = Hc (after F.C.) — Hc (before F.C.) and the energy
product, (BH)wmax (after F.C.), corresponding to tmax, ae shown in table 2.1 as a function of the
FM:AFM percentages.

% tyax | Hc (tmax) Hc (tva) | DHc (twax) He (tva) | (BH)max (tuax)
(weight) | (h) (£ 10 Oe) (£100e) | (x70e) (7 Oe) (G.Oe- 10%

Co [before F.C] | [after F.C] [after F.C] [after F.C]
100 (10) | 1 283 284 -4 2 71+07
70(7:3) | 125 280 309 29 8 76+07
60(3:2) | 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 2.1: 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 [Hc in each
composition. All values of He, He and (BH)max are given for tyax.

From the table it is clear that, for al compogtions, except for pure Co, an
enhancement of Hc and a loop shift is observed after anneding and fidd cooling from Tann =
600 K. The maximum CHc and He are obtained for the FM:AFM ratio of 1:1.

As mentioned in chapter 1, the magnitude that determines the qudity of a permanent
magnet is the energy product, (BH)max. The role of NiO in enhancing (BH)max is discussed in
papers Il and V of chapter 3. Shown in figure 2.12 is the dependence of (BH)uax on the NiO
content, after milling during twax, before and after anneding for 0.5 h a Tayw = 600 K and
fidd cooling to room temperature (H = 5 kOe). In as-milled powders, (BH)uax tends to
decrease as the NiO content increases, essentidly because of the decrease of the overdl Ms,
due to the zero net magnetization of the AFM. Neverthdess, after
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fidld coodling the powders, one observes for al compostions (except for pure Co) an
enhancement of (BH)wmax, mainly due to the enhancements of Hc and Mg/Ms resulting from the
FM-AFM exchange interactions. It is noteworthy that, dthough the maximum Hc
enhancement is obtained for the weght ratio 1.1, (BH)vax is further enhanced for the
FM(3):(2AFM ratio. This is because of the two-fold role of the AFM. On the one hand,
higher NiO contents bring about a higher (BH)wax because of the increase of FM-AFM
interactions. On the other hand, if the AFM content is too high, the effects of the coupling are
not enough to overcome the reduction of Ms and, thus, (BH)wmax is not enhanced.
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Figure 2.12: Dependence of the energy product, (BH)uax (measured at room temperature), on the NiO
content, before (-M-) and after (-O-) annealing for 0.5 h at Tanny = 600 K and field cooling (H = 5 kOe)
to room temperature.

The thema dependences of loop shift and coercivity enhancement have aso been
sudied in papers I, IV and V of chapter 3. Since the coupling depends on the spin
configurations at the interfaces between the FM and AFM components, it is reasonable to
assume that therma energy will have an influence on the coupling between them, i.e the
effects of coupling will tend to decrease as temperature is increased, because of the loss of
magnetic order in the FM and AFM materials. To analyze the effect of temperature, hysteresis
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loops of the 20 h bal milled Co + NiO powders (weight ratio 1:1) have been measured at
different temperatures (T > 300 K) before and after anneding a Tann = 600 K and field
cooling to room temperature (H = 5 kOe). Shown in figure 2.13 are the thermal dependences
of CHc, He and OBH)max, Where OBH)vax is defined as (BH)vax (after anneding) — (BH)max

(before anneding).
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Figure 2.13: 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 C¥BH)wax have been obtained by
taking the difference of Hc and (BH)max, between after and before annealing for 0.5 h at Tayy = 600 K
and field cooling to room temperature (H = 5 kOg).

It can be seen from figure 2.13 that the three quantities (CHc, He and DXBH)max)

progressively reduce as temperature is increased, vanishing dmost completely for T 3 600 K.
Thisis typical of FM-AFM exchange coupled systems: the coupling decreases with
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temperature because of the loss of magnetic order in the AFM and the decrease of AFM
magnetocrystaline anisotropy.

Findly, it is intereting to mention that same processng route than in Co + NiO has
also 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 aso
been observed (see paper | in chapter 3). For example, from the curve Hc vs. Tawn (for 10 h
bal milled Cot+FeS in a weight raio of 1:1), a maximum in Hc has aso been observed at Tann
= 650 K. The fact that the maximum appears at Tann = 650 K (and not at Tanny = 600 K, likein
Co-NiO) 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 fidd cooling
from above Ty (FeS), as expected from FM-AFM exchange coupling.
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Figure 2.14: Dependence of Hc, measured at room temperature, on the annealing temperature, Tann, for Cot+FeS
milled for 10 h in the weight ratio of 1:1. The as-milled powders were annedled for 0.1 h at Tayy and
subsequently field cooled to room temperature (H = 5 kOe), previously to the magnetic measurements.

3.2.- The case of SmCos + NiO:

When SmCos + NiO is subject to heat trestments at temperatures above the Ty (NiO)
to induce FM-AFM coupling, it results in a substantial decrease of Hc, Ms and consequently
of (BH)max. This effect has a dtructurd origin, rather than a magnetic one. Although this effect
has not been examined in detal in the present work, severd authors have reported that, when
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SmCos is heated to intermediate temperatures, there is a progressve loss of its
magnetocryddline anisotropy, mainly due to the segregation of softer phases or even non-
magnetic phases, such as SmpCoi7 or SMyCoy [67]. In addition, we have observed that, in
annedled SmCos + NIiO powders, even when heat trestments are performed under high
vacuum conditions (10° mbar), Sm is dways partidly oxidized, probably due to reaction with
oxygen from NiO.

Neverthdess, both Hc and Mgr/Ms, are found to condderably enhance in as-milled
SmCos + NiO with respect to bal milled SmCos aone. These effects have been attributed to
FM-AFM exchange interactions, induced by bal milling, without need of pogerior field
cooling processes. It is wdl known that, during the milling, due to the impacts between
powders and bals, temperature can be localy raised to above the NiO Néd point (or strictly,
to above the blocking temperature, which is dways lower than Ty) [73]. Since the temperature
rise is only effective during a few ns locad heating is enough to induce exchange coupling,
but it is not enough to drive diffuson processes, which might lead to deterioration of SmCos
properties. Furthermore, since SmCos paticles have a large magnetocrystdline anisotropy,
they can reman dngle-doman to very large szes (~ 1 mm) and, therefore, they can create
consgderably large microscopic magnetic fidds to neighboring NiO grans during the milling.
Hence, fidd cooling can actudly be thought to take place during bal milling. This effect can
be consdered smilar to the creation of domains by locd flash anneding in FM-AFM bilayers
[74].

However, it is difficult to directly demondrate the exigence of FM-AFM coupling,
manly 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 exisence of FM-AFM coupling) when coupled to
SmCos. Furthermore, the SmCos dructural trangtions occurring when heated, even a
temperatures below Ty (NiO), impede the andysis of the temperature dependence of the
coercivity enhancement (i.e. it should disappear a Tyn). Moreover, the random character of the
bal milled powders makes it difficult to search for unidirectiond anisotropy using torque
magnetometry. Therefore, the exisence of FM-AFM has to be proved indirectly (see papers
VI and VIII in chepter 3). Thus, for comparison, bal milling of SmCos + CoO (CoO with
amilar initid grain dze didribution as NiO) has been aso caried out. It is noteworthy thet
CoO is only AFM a temperatures below room temperature, since Ty (CoO) = 290 K.
Therefore, milling with CoO should not result in He enhancement.

The milling time dependence of Hc, measured at room temperature, for SmCos milled
alone, with NiO and with CoO (in the weight ratio of 1:1) is shown in figure 2.15. The
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evolution of the magnetic properties of SmCos when subject to bdl milling has been
extensvely sudied by severd authors [67]. As can be seen in the figure, Hc is found to
increase with milling time, reaching a maximum value of gpproximately 1.1 T after 4 h and it
decreases afterwards to about 0.4 T after 32 h. The increase of Hc for short-tem milling is
atributed to particle sze reduction, which converts them from a multidoman to a
monodomain dae Neverthedess, 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 2.15: Milling time dependence of the coercivity, ngHc (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 dear
that dready from the early stages of milling an enhancement of Hc is observed in bal-milled
SmCos + NiO in comparison with Hc vadues of bal-milled SnCos and SmCos + CoO.
Moreover, in contrast to what is observed for SmCos done, He for SmCos + NiO and SmCos
+ CoO leves off for long milling times. This is because, as has been evidenced by X- ray
diffraction results, milling is less aggressve to SmCos when it is milled together with CoO or
NiO. For further discusson on this point, see papers VII and VIII in chapter 3. However,
athough the microgtructure and morphology of SmCos + NiO and SmCos + CoO are rather
gmila, the former is found to exhibit a much lage Hc. The fact tha NiO is
antiferromagnetic at room-temperature (Ty = 590 K) while CoO is paramagnetic (Ty = 290
K), dlows the separation of morphologica-dructural effects from magnetic coupling ones.
Thus, the enhanced Hc should be attributed to the existence of a FM-AFM exchange coupling
in the SMCos + NiO as-milled powders.

a4
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Further proof that bal milling generates a microgructure actualy suitable for FM-AFM
exchange interactions, is obtained from the temperature dependence of Hc for SmCos milled
adone and together with CoO (during times exhibiting maximum Hc in each case), after field
cooling (NRgHrc = 5 T) from room temperature to 30 K (i.e. T < Ty (CoQ)) (see figure 2.16).
As can be seen in the figure, when SmCos + CoO (in a weight ratio of 1:1) is field cooled to
low temperatures Hc increases subgtantidly. Part of this increase is due to the changes in
megnetocrystalline anisotropy of SmCos, Snce a Smilar increase in He is observed for SmCos
aone. Nevertheless, as expected from the FM-AFM coupling, SmCos + CoO exhibits an extra
Hc enhancement at low temperatures with respect to single SmCos after the same fied cooling
procedure (i.e. a T = 30 K, after field cooling from room temperature, migHc = 2.3 T for
SmCos + CoO, while ngHc = 1.85 T for SmCos). Moreover, the He enhancement in SmCos +
CoO has been found to be less if the cooling is performed in zero fidd (ZFC). In this case,
mHc =202 T a T = 100 K, while &fter field cooling to the same temperature, ngHc = 2.2 T.
Note that, athough the locd fied of the SmCos particles can induce FM-AFM coupling to the
CoO even dter ZFC from a demagnetized date, only those SmCos particles which are sngle
domain will fully contribute to it. In a fidd cooling experiment (MHrc = 5 T) the tota
magnetic moment of nearly dl SmCos particles spins is digned pardld to the applied fidd
direction, thus dl particles contribute to the coupling.
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Figure 2.16: Temperature dependence of the coercivity, ngHc, for SmCos ball-milled for 4 h (-O-) and
SmCos + CoO 1:1 bal-milled for 32 h (-®-), after field cooling (ngHrc = 5 T) the as-milled powders to 100 K
and 30 K. Also indicated isthe Néel temperature of CoO (Ty = 290 K). The lines are aguide to the eye.
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The difference in coercivity can dso be observed in figure 2.17, 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 2.17: Enlargements of the hysteresis loops (in the field range from -9 to 9 T) 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 2.17 that, dthough the coercivity increases, the saturation
magnetizetion in the case of SmCos +NiO is reduced, due to the zero Ms of NiO (AFM). Also
a shoulder is observed in SmCos + NiO bal milled for 32 h, which is not likely to be due to
the presence of two FM phases (XRD patterns show pesks corresponding to only the hard
SmCos phase), but to the exigence of different regions with different degrees of coupling
between the SmCos and the NiO particles.

Furthermore, a pronounced enhancement of Mg/Ms is observed in bal milled SmCos
(either done or with NiO or CoO), especidly after short-tem milling. The milling time
dependences of Mr/Ms for the three systems is shown in figure 2.18. Although the Stoner-
Wolfath mode for isotropic, sngle doman and non-interacting particles predicts a
sguareness of Mr/Ms = 0.5 [13], 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 2.18: Milling time dependence of the squareness ratio, Mr/Ms (measured at room-temperature),
for bal-milled SmCos (-M-), SmCos + CoO 1.1 (-D-) and SmCos + NiO 1:1 (-O-) powders. The lines
are aguideto theeye.

Remanence enhancement in isotropic FM particles has dso been observed in other bal
milled or mdt-spun hard magnets, such as NdFeB or SmFeN [75]. This effect is usudly
related to short-range exchange interactions between ferromagnetic grains [76]. These
exchange interactions produce a perturbed region restricted to the grain boundary where, once
the fidd is removed, the spins reman oriented in the previous magnetizing fidd direction,
resulting in high vdues of Mg. For SmCos milled done, Mgr/Ms reaches its maximum vaue
ater 05 h of milling and it reduces dowly for longer milling times This indicaes tha
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 during the
milling of large amounts of defects such as didocations or dacking faults which limit the
extent of exchange-coupled regions within or among the FM paticles A more detaled
andyss on the exchange interactions between the different FM grains or between FM and
AFM grainsis presented in paper 1X of chapter 3.

Moreover, as shown in fig. 218, short-tem milling of SmCos + CoO results in
somewhat lower vaues of Mr/Ms (compared to SmCos milled done or with NiO). Since CoO
is paramagnetic a room-temperature, effectivey its role is smply to separate the SmCos
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particles, thus reducing the exchange interactions between them. The crossover a moderate
milling times between the Mr/Ms of SmCos + CoO and SmCos aone is probably due to the
more aggressive effects of the milling on SmCos done. Contrary to what is observed in ball-
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 an important role in further enhancing Mgr/Ms. Despite that Mg/Ms
enhancements have adso been observed in other FM-AFM systems (e.g. Co + NiO), its origin,
dthough clearly rdated to FM-AFM interactions, is not well understood. However, it seems
that the interplay between FM-FM and FM-AFM exchange interactions can yield to very high
MR/MS vaues.

In order to ducidate 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. These results
are presented in paper VIl of chepter 3. The milling time dependence of Hc for SmCos
milled with NiO in the weight ratios of SmCos (1):(0) NiO, SmCos (3):(1) NiO, SmCos
(3):(2) NiO and SmCos (1):(1) NiOisshown in fig. 2.19.
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Figure 2.19: Milling time dependence of the coercivity, ngHc, for SmCos milled with NiO in the weight
ratios SmCos (1):(0) NiO (- O --), SmCos (3):(1) NiO (34 @ 34), SmCos (3):(2) NiO (32 A %) and
SmCos (1):(1) NiO (3 <> %4). Note that the error bars are smaller than the symbols. The lines are a guide
totheeye.
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It can be seen that the maximum Hc is found to increase with the NiO content. This can
be understood in terms of the microstructure developed in the compostes. It has been
observed that the SmCos + NiO agglomerates (like the one shown in fig. 2.3), where FM-
AFM exchange interactions are more likdy to take place, form more easly for higher AFM
contents. Moreover, the milling time a which Hc exhibits its maximum vaue shifts towards
higher values as the NiO content is increased. This is due to the role of NiO in dowing down
SmCos sStructurad changes, thus delaying the decrease of Hc (seefig. 2.7).

The milling time dependence of (BH)max is shown in fig. 2.20 for the different FM:AFM
ratios.
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Figure 2.20: 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 (3 A
¥) and SmCos (1):(1) NiO (34 < %4). Given on the right axis are the (BH)uax Values in cgs units. Note
that the error bars are smaller than the symbols. The lines are aguide to the eye.

It can be observed that the dependence of (BH)max On the AFM content is rather
complex. This is because of the opposing effects of the AFM in the enhancement of (BH)wmax-
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, proportiona to
the NiO content. This sems from the zero net magnetization of the AFM (Maem = 0), which
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does not contribute to the overdl saturation magnetization. Consequently, as seen in fig. 2.20,
(BH)max is reduced when the NiO content is increasingly high, as for example in the case of
the 1:1 ratio. Nevertheess, (BH)max 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
dl the different effects an enhancement of (BH)max Can only be achieved through the
optimization of milling time and the FM:AFM rétio.
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