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bstract

he microstructure and magnetic properties of randomly oriented BaFe12O19, SrFe12O19, Ba2Co2Fe12O22, Ba3Co2Fe24O41, Ba3Ca0.3Co2Fe24O41

nd BaCo2Fe16O27 hexaferrite fibres were characterised. 2D and 3D AFM and MFM images were taken of a single BaM fibre. Magnetic properties
f random ferrite fibres compared well to expected values for polycrystalline ceramics. The little-characterised Co2W ferrite was found to have Ms

nd Hc similar to that of Co2Z. Relatively small applied fields of <0.05 T were required to reverse the magnetisation of all the soft hexaplana ferrite
bres, and all had H < 40 kA/m, becoming demagnetised in fields <0.025 T. Random Co W fibres had a high M /M ratio of 0.56, (greater than M
c 2 r s

errites), despite being very magnetically soft (low coercivity), due to the unusual “lobed” shape of their hysteresis loop, which was attributed to
heir fibrous nature, and elongated growth of the grains along the fibre axis. Co2Z had the lowest Hc of all the ferroxplana fibres.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

There exists a group of ferrites with a hexagonal crystal struc-
ure, known as the hexaferrites, that have become massively
mportant materials commercially and technologically. Since
heir discovery in the 1950s1 the degree of interest in them has
rown enormously, and is still growing today. As well as their
eneral magnetic properties, uses as magnetic recording and data
torage materials, and a constant awareness of their microwave
MW) properties, there has been an explosion of interest in
exaferrites in the last decade for more exotic applications
uch as MW/GHz electronic components and EM absorbers
radar absorbing materials, RAM), as composite materials, mag-
etoelectric/multiferroic applications, and the development of
exaferrite fibres.
The hexagonal ferrites are all ferrimagnetic materials, and
heir magnetic properties are intrinsically linked to their crys-
alline structures. They all have magnetocrystalline anisotropy

∗ Corresponding author. Tel.: +351 234 370 041.
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MCA), that is, the induced magnetisation has a preferred ori-
ntation within the crystal structure, and they can be divided
nto two main groups.2 Those with an easy axis of magnetisa-
ion, the uniaxial hexaferrites, have an MCA which is parallel to
he c-axis, coming out of the basal plane of the hexagonal crys-
al. This uniaxial anisotropy in effect fixes the magnetisation
n the direction of the c-axis, and the magnetisation can only be

oved out of this direction at the expense of the high anisotropic
nergy. However, some compounds containing a divalent cation,
specially those containing cobalt, can have an easy plane (or
one) of magnetisation, and were named the ferroxplana or
exaplana ferrites.3 These compounds have spontaneous mag-
etisation either in the basal plane, perpendicular to the c-axis,
r in a cone of magnetisation at an angle between 0 and 90◦ to
he c-axis. While the direction of magnetisation can easily rotate
ithin the plane or cone through an angle of 360◦, the magneti-

ation is still locked in this plane or cone by a high magnetic
nisotropy energy.2

The M ferrites, BaM (BaFe O ) and SrM (SrFe O ), are
12 19 12 19
ard uniaxial ferrites, with high magnetic saturation (Ms) values
nd high coercivity (Hc).1,2 The remnant magnetisation (Mr) is
sually ∼50% of the Ms value in randomly oriented M ferrites,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.047
mailto:rpullar@ua.pt
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.047
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iving a ratio of Mr/Ms of 0.5. Co2W ferrite (BaCo2Fe16O27)
as a cone of easy magnetisation at a constant angle of 70◦
o the c-axis from −273 ◦C to 180 ◦C, at which point this
nisotropy rotates towards the c-axis with increasing temper-
ture until it becomes uniaxial at 280 ◦C, and the magnetisation
emains in the c-axis with a further rise in temperature.4 Co2Y
Ba2Co2Fe12O22) has cone of magnetisation below −58 ◦C,
ut above this temperature to the Curie point (i.e. including
oom temperature) it has a planar magnetic anisotropy.3 Co2Z
Ba3Co2Fe24O41) is planar at room temperature, but has a com-
lex magnetic anisotropy, with at least four different anisotropic
tates. At low temperatures Co2Z has an easy cone of magneti-
ation, at an angle of 65◦ to the c-axis, and this remains constant
p to −103 ◦C. Between this temperature and −53 ◦C the angle
ncreases to 90◦, and the preferred magnetisation remains in
he basal plane until it switches to the c-axis at some temper-
ture between 207 and 242 ◦C.2,5 The hexaplana ferrites are
oft ferrites, with low Hc values, although they still have high

s values. They usually have much lower Mr values, and ratio
f Mr/Ms � 0.5. The structures of all the hexaferrites are very
imilar and constructed from three building blocks: simply put,
aking the M, Y and S (spinel, CoFe2O4) phases as these building
locks, W = M + 2S and Z = M + Y.

It has been predicted that thermal, electrical, magnetic and
ptical properties could be enhanced in material in fibrous form.
his is because a continuous fine fibre can be considered as
ffectively one-dimensional, and it does not behave as a homo-
eneously distributed powder or sintered monolith.6 For this
eason, there is great interest in composite materials contain-
ng hexaferrite fibres, and the synthesis of hexagonal ferrite fine
eramic fibres (<10 �m diameter) were first investigated by the
uthors. Pullar et al. reported a series of ferrites in the form of
olycrystalline, continuous blow spun fibres produced rapidly
nd en-mass from a modified industrial process, not individu-
lly drawn metal wires or gel fibres pulled from a viscous gel.
he random fibres so-produced are in the form of a random
wool-like” mass, they cannot be separated or produced individ-
ally, and are characterised only as a bulk product. Consequently,
agnetostatic interaction between the fibres, misorientation of

ndividual fibres, and shape anisotropy effects cannot be assessed
or these materials, although work on magnetic microwires7 has
hown that significant differences may exist between the prop-
rties of individual fibres and blankets. Pullar et al. reported the
ynthesis of a range of random and aligned hexagonal ferrite
bres, including BaM and SrM,8–11 Co2Y,12–14 Co2Z13,14 and
o2W15,13,14 hexaferrites, as well as haematite (�-Fe2O3) and
agnetite (Fe3O4 spinel) fibres,16] all blow spun from an aque-

us inorganic sol–gel precursor. 0.67% CaO-doped Co2Z fibres
Ca:Ba = 1:10) were also reported by the authors.13 The fibres
ad diameters between 3 and 7 �m, and their microwave (GHz)
erromagnetic resonance characteristics were also reported.17

Since then other workers have made M ferrite fibres: BaM
bres with a diameter of 6 �m were made by an aqueous cit-

18
ate gel method, with organic spinning aids added, and 350 nm
iameter solid and hollow BaM fibres were made by electrospin-
ing, and then sintered at 700 ◦C.19 SrM nanofibres have also
een made by electrospinning, using poly(vinyl pyrrolidone) as

n
p
s
t
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spinning aid, to produce random fibres.20 Magnetic maghemite
�-Fe2O3) solid fibres, hollow fibres, fibre-in tube and tube-in-
ube nanostructures (<500 nm diameter) have been produced by
lectrospinning and annealing at 500 ◦C/2 h.21 Song et al. pub-
ished a series of articles in 2010 detailing the preparation of M
errite hollow fibres drawn from a citrate gel to produce fibres of
–4 �m diameter, and up to 10 cm length.22–24 No one else seems
o have reported fibres of the more complex hexaplana ferrites.
n this paper we report and compare the magnetic properties of
he random BaM, SrM, Co2Y, Co2Z and Co2W hexaferrite fibres

ade by the authors. As the microstructure greatly affects the
agnetic properties, we also characterise the microstructure of

he random ferrite fibres.

. Experimental

The fibres were blow spun from an aqueous halide-
ased sol–gel precursor, as described in the authors’ previous
ublications.8,9,12,13,15 In this case random gel fibres were col-
ected, and fired in air between 700 and 1250 ◦C/3 h, at heating
nd cooling rates of 5 ◦C/min. The nitrate-based M ferrite fibres
eferred to for comparison are those measured previously by
ullar et al.10 Scanning electron microscopy (SEM) was carried
ut on a Hitachi S-4100 at 10 kV on uncoated fibre samples. The
bres have already been shown to be single phase ferrites in pre-
ious publications.14,25 To obtain the magnetic force microscopy
MFM) images, we used standard hard-magnetic tips (coercivity
f ∼24 kA m−1 (300 Oe), force of 2.8 N m−1, resonance fre-
uency ∼75 kHz, PPP-MFMR, Nanosensors). The instrument
as operated in combined tapping mode and lift mode with a

ip-sample distance of 50–100 nm. Individual fibres were set in
polymer glue to hold them still for MFM analysis.

Magnetic measurements were taken on a Maglab Vibrating
ample Magnetometer (VSM) with a helium-cooled 12 T super-
onducting magnet, supplied by Oxford Research Instruments.
he apparatus was controlled by six independent Oxford units,
hich were managed by, and the data collected using, Oxford
bject Bench software. The sensitivity of the measurement was

ontinuously maximised by an automatic phase sensitive detec-
or lock-in amplifier. The hysteresis loops of the samples were

easured in applied fields up to 5 T. Random fibre was ground
ightly in a pestle and mortar, sufficient to produce a sample of
iscontinuous random fibres with an average length of approx-
mately 100–200 �m, and an aspect ratio of at least 10. This
as then weighed to ±0.05 mg and placed on a piece of tissue
aper, soaked liberally with resin and allowed to dry, forming a
at sample that was slightly thicker in the centre, resembling a

ow square-based pyramid. The sample was then mounted on a
EEK sample holder and secured with PTFE tape, so that when

nserted into the VSM the plane of the square would be paral-
el with the applied field. The details of this method have been
eported previously.26 It has also been demonstrated that the
SM can be accurately calibrated for measurement of such pla-

ar fibre samples with a 4 mm square made from a single layer of
arallel lengths of pure nickel wire, with a diameter of 700 �m,
et in resin as with the fibre samples. It was shown that, although
here was a very slight shape effect upon Ms which varied with
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Table 1
Comparison of magnetic characteristics of random hexagonal ferrite fibres at room temperature. All fibres were sintered at the stated temperature for 3 h. Nitrate-derived
random BaM-NO3 and SrM-NO3 fibres have been reported previously by Pullar et al.10

Ferrite Formula Sintering
temp. (◦C)

Ms (A m2 kg−1) Hc (kA m−1) Mr (A m2 kg−1) Isotropic
Mr/Ms

Grain size
(�m)

BaM BaFe12O19 1000 63.8 420 30.9 0.48 0.3–1 �m
SrM SrFe12O19 1000 63.3 455 31.3 0.49 0.3–1 �m
Co2Y Ba2Co2Fe12O22 1000 32.8 30 9.2 0.28 ∼2 �m
Co2Z Ba3Co2Fe24O41 1250 44.8 19 9.2 0.21 >10 �m
Ca-Co2Z Ba3Ca0.3Fe24O41 1200 45.7 25 11.5 0.25 ∼2 �m
Co2W BaCo2Fe16O27 1250 44.2 39 24.7 0.56 >10 �m
B 40
S 44
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aM-NO3 BaFe12O19 750 58.4
rM-NO3 SrFe12O19 700 65.0

lignment, the shape demagnetisation due to the sample being in
he form of a flat square were negligible, and calibration of the
SM was reliable.27 Unless otherwise stated, the measurements
ere taken at 300 K.

. Results and discussion

The firing temperatures used for the random hexaferrite fibres
eported in this article are shown in Table 1, along with their
rain sizes and summaries of their magnetic properties. The
itrate-based sol–gel M ferrite random fibres reported previ-
usly by the authors are included for comparison. From X-ray
iffraction (XRD) data previously published,8,9,12,13,14,15 the
bres appeared to be the single phase of each hexaferrite at

he temperatures shown in Table 1, within the limits of XRD
etection of secondary phases, and allowing for the complex
ature and high degree of similarity between the hexagonal
errites. X-ray fluorescence (XRF) elemental analysis con-
rmed the stoichiometric composition of the M ferrite fibres
s Ba0.96Fe12O18.96 and Sr0.98Fe12O18.98,14 and the XRF com-
ositions of the Co2Y and Co2W ferrites were similarly close to
deal stoichiometry,12,15 and well within the limits of error of this
echnique. The XRF composition of Co2Z fibres varied between
a2.93Co1.85Fe24O40.78 and Ba2.79Co2.07Fe24O41.86, which is

till very close to the ideal pure phase stoichiometry.14 Ferro-
agnetic resonance measurements (FMR) also gave resonant

eaks at the expected frequencies for pure phase materials
t 43.5 GHz, 50 GHz and 1.3 GHz for BaM, SrM and Co2Z
espectively,9,13 and little or no discernible FMR peaks for Co2Y
nd Co2W.17

.1. BaM random fibres

As can be seen in the SEM images in Fig. 1(a), the BaM ran-
om fibres were around 4–5 �m diameter when fired at 1000 ◦C.
hey consisted of mostly submicron grains between 300 nm and
�m in diameter and 200–300 nm thick, with either a poorly
exagonal or irregular polygonal shape. A few large pores in
he order of 100–200 nm could also be observed between the

rains. The estimated porosity reported previously from surface
rea measurements of these BaM fibres gave a low surface area
f 0.86 m2 g−1, a low pore volume of 0.004 cm3 g−1 (=∼2%
orous) and a calculated average pore diameter of 53 nm.14

3

m

1 30.0 0.51 <0.1 �m
0 32.7 0.50 <0.1 �m

lthough the observed intergranular pores appear larger than
his, the value of ∼2% porosity reported earlier generally agrees
ith the degree of porosity seen here. Topographical AFM

mages of a BaM fibre set in a polymer glue are shown in
ig. 2(a), along with 3D renders from these images in Fig. 2(b).
he grains can clearly be seen in the images, and both their
izes (≤1 �m) and the fibre diameter agree with the SEM data.
ig. 2(c) shows a 3D image of a BaM fibre, with detailed views of

he area within the square showing AFM topography (Fig. 2(d)),
FM phase showing magnetic domains (Fig. 2(e)) and dz/dx 2D

mage of the physical grain structure (Fig. 2(f)), all on the same
rea of sample. The MFM image confirms that the magnetic
omains are randomly oriented and submicron in size.

The uniaxial nature of BaM gives a large theoretical
aximum coercivity of 594 kA m−1, although the reported
c values for BaM prepared from standard ceramic meth-
ds are much lower, and the maximum magnetisation of
aM is 72 A m2 kg−1,2 but polycrystalline samples rarely
pproach these high values. The random BaM fibres had

s = 63.8 A m2 kg−1 (Fig. 3(a)), and were very hard ferrites
ith Hc = 420 kA m−1 and Mr = 30.9 A m2 kg−1, giving a ratio
f Mr/Ms of 0.48 (Fig. 3(b)). This compares well with other poly-
rystalline BaM ferrites made by various methods, and the low

r/Ms ratio demonstrates that the individual magnetic domains
re not oriented.

The BaM random fibres reported previously by Pullar et al.
rom a halide free, nitrate-based sol–gel precursor formed the
ingle phase M ferrite at much lower temperatures of 750 ◦C/h.10

t has been shown that this is due to a retardation effect of the
alides, in particular chloride ions, on hexaferrite formation,
elaying the pure M phase ferrite until firing temperatures of
000 ◦C, at which point the halide is all removed.14 As the
itrate-based BaM formed at a lower temperature, the grains
ere much smaller, and none were visible at all on SEM images,

uggesting they were <100 nm in diameter, and resulting in
ery smooth looking fibres. However, despite this, the magnetic
roperties were broadly similar, with slightly lower values of
s = 58.4 A m2 g−1, Hc = 401 kA m−1, and Mr/Ms = 0.51.
.2. SrM random fibres

The SEM images in Fig. 1(b) show that, although on the
acroscale they seem very similar to the BaM fibres, the



9 pean

m
r
a
t
T
o
h
i
fi
i
B
S
m
r
h

w
o

o
p
t
fi
c
H

3

F
C
a

08 R.C. Pullar et al. / Journal of the Euro

icrostructure of the SrM fibres is subtly different. The SrM
andom fibres were ∼6 �m diameter when fired at 1000 ◦C,
nd although the grains exhibited a similar range of diame-
ers ≤1 �m, there appeared to be more micron-sized grains.
hese SrM grains were also much more clearly defined hexag-
nal plates, and were more planar looking, even though they
ad similar thicknesses to the BaM grains of 200–300 nm. The
ntergranular pores were of a similar size, but if anything these
bres appeared slightly more porous, and the calculated poros-

ty from shrinkage was estimated to be higher for SrM than
aM fibres.14 The saturation magnetisation of single crystal

2 −1 28
rM has been reported as 74.3 A m kg , and the maxi-
um coercivity as 533 kA m−1,29 but polycrystalline samples

arely approach these high values. These random SrM fibres
ad Ms = 63.3 A m2 kg−1 (Fig. 3(a)), and were very hard ferrites

d
p

ig. 1. SEM images of random hexaferrite fibres. (a) BaM fibres, fired at 1000 ◦C/3 h
o2Z fired at 1000 ◦C/3 h; (e) Co2Z fired at 1200 ◦C/3 h; (f) Co2Z fired at 1250 ◦C/3
t 1250 ◦C/3 h.
Ceramic Society 32 (2012) 905–913

ith Hc = 455 kA m−1 and Mr = 31.3 A m2 kg−1, giving a ratio
f Mr/Ms of 0.49 (Fig. 3(b)).

Similarly to BaM, the SrM random fibres reported previ-
usly by the authors from a halide free, nitrate-based sol–gel
recursor formed the single phase M ferrite at an even lower
emperature of 700 ◦C/h.10 This resulted in very smooth looking
bres with much smaller grains < 100 nm in diameter, but in this
ase with slightly higher magnetisation of Ms = 65.0 A m2 g−1,
c = 440 kA m−1, and Mr/Ms = 0.50.

.3. Co2Y random fibres
The Co2Y fibres fired to 1000 ◦C were between 6 and 7 �m
iameter, consisting mostly of very-obviously-platy grains. The
lates can appear to be needles when viewed edge-on in SEM

; (b) SrM fibres, fired at 1000 ◦C/3 h; (c) Co2Y fibres, fired at 1000 ◦C/3 h; (d)
h; (g) 0.67% CaO-doped Co2Z fired at 1200 ◦C/3 h; and (h) Co2W fibres, fired
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Fig. 1. (

mages, but they are clearly thin plates, as can be observed from
rains seen at a low angle (Fig. 1(c)). The plates seemed less
bviously hexagonal than those seen in other hexaferrite fibres,
ith a more irregular shape, but they were wider and thin-
er than the M ferrites, with an average diameter of ∼2 �m
nd a thickness of 100–200 nm. A greater degree of inter-
ranular porosity was also evident than that of the M ferrite
bres. Co2Y had the lowest Ms value of all the ferrite fibres of
2.8 A m2 kg−1 at 3 T (Fig. 3(a)), which compared well to the
aximum reported value of 34 A m2 kg−1.2 It was a very soft fer-

ite, with Hc = 30 kA m−1, Mr = 9.2 kA m2 kg−1 (Mr/Ms = 0.28,
ig. 3) and a regularly shaped loop around zero field with no
arrowing or lobing (Fig. 3(c)).
.4. Co2Z random fibres

Barium Co2Z ferrite never forms directly from the mixed
xides, and the BaM and Co2Y phases always have to co-exist

o
t
a

nued ).

rst. It is suggested that these react and stack in alternate layers
o form the Co2Z structure (which is equivalent to M + Y fer-
ite), in a topotactic reaction.30 At 1000 ◦C, the stoichiometric
o2Z fibres actually consisted of a mixture of BaM and Co2Y
hases, with a structure resembling that of the Co2Y fibres, but
ith smaller platy hexagonal grains about 1 �m in diameter and
0 nm thick (Fig. 1(d)). As can be seen in Fig. 3(a) and (b), this
ixture of M and Y phases resulted in a hard ferrite fibre with
sizable Hc of 243.5 kA m−1, which was between that of the

espective BaM and Co2Y phases seen in Sections 3.1 and 3.3.
s at 4 T was closer to the M ferrite values at 58.7 A m2 kg−1,

nd Mr was 25.2 A m2 kg−1, giving a ratio of Mr/Ms = 0.43, less
han that of BaM.

At 1200 ◦C, the Z phase had started to form, and DGG had ini-
iated, resulting in some extremely elongated hexagonal plates

ver 10 �m long, but only 300–500 nm thick, stretching along
he fibre axis (Fig. 1(e)). DGG always seems to be associ-
ted with the formation of the Co2Z phase in polycrystalline
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Fig. 2. AFM topography images (a) and rendered 3D images (b) of the same areas of a single BaM fibre, showing grain structure. (c) Rendered 3D AFM image of a
BaM fibre, with an enlarged view of the area within the square showing (d) AFM topography; (e) MFM phase showing magnetic domains; and (f) dz/dx 2D image
of physical grain structure.
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Fig. 3. (a) Magnetic hysteresis loops of random hexaferrite fibres – insert shows
detail of near-maximum Ms values for all fibres around 3 T. (b) Detail of the
magnetic hysteresis loops of random hexaferrite fibres with an applied field up
to 0.75 T, to compare the loop shapes, and Hc and Mr values. (c) Expanded view
to show the narrow magnetic hysteresis loops of random ferroxplana soft ferrite
fibres with an applied field up to 0.1 T.
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eramics. By 1250 ◦C the fibres were single phase Co2Z, and
irtually all of the grains had undergone DGG, resulting in
bres that resembled rows of roofing slates or fallen dominoes

n appearance. It can clearly be seen from the SEM images that
he long, platy DGG associated with Z formation had occurred,
ith a quite different morphology to the pure Co2Y or mixed
o2Y–BaM fibres in Fig. 1(c) and (d). Some of the smaller
rains still showed a hexagonal character, but most were very
longated, and the stacking of layers could clearly be observed
n the surfaces of the grains (Fig. 1(f)). The resultant fibres were
echanically fragile, but remained as discrete individual fibres
hen viewed at low magnification.13 When fired at 1250 ◦C/3 h,
s was still high at 44.8 A m2 kg−1 at 4 T (Fig. 3(a)), com-

ared to maximum values of ∼50 A m2 kg−1 previously reported
or Co2Z ceramics.2 However, the Co2Z fibres were extremely
agnetically soft, with a very narrow loop of Hc = 19 kA m−1,

nd a low Mr of 9.2 A m2 kg−1, giving a ratio of Mr/Ms = 0.21
Fig. 3(b)).

The presence of any BaM at all, even in small quantities,
ould result in a much wider loop, and the presence of a signif-

cant amount of Y ferrite would result in a lowered Ms value. It
s possible that a very small amount of the W phase is present,
s it is a decomposition product of Co2Z, but if present it is in
uch small levels that it cannot be detected by XRD, and has not
ignificantly affected the magnetic or FMR properties of the Z
errite. When the hysteresis loop was examined in more detail
round zero field (Fig. 3(c)), it could be seen that Co2Z had
he lowest Hc of all the ferroxplana fibres, with a narrowing of
he loop around 0 T not seen in the Co2Y ferrite, and that Ms
ncreased more rapidly with an applied magnetic bias at low
eld values < 0.1 T compared to the other soft ferroxplana fer-
ites. The very slight widening of the loop just above and below
ero H is a very small feature, a deviation only observed between
and 0.05 T (<500 G), and resulting in a tiny change in values.
he low Mr value at 0 T is unaffected by this slight widening
ffect at very low applied fields. The possibility of coexistence
nd similarity of crystal structure makes it very difficult to say
ith absolute certainty that the hexaplana ferrites are absolutely
ure single phase materials, but all the evidence suggests that
his is Z ferrite, and that any slight lobing may be an effect of the
brous nature of these samples, as is discussed in more detail in
ection 3.5.

In 0.67 wt% CaO-doped Co2Z fibre (equivalent to
a3Ca0.3Co2Z), the addition of Ca2+ was shown to reduce the

ormation temperature of the Z phase to ∼1150 ◦C, resulting
n an improved morphology with more equiaxed grains and no
GG up to 1200 ◦C. This was suggested to be due to the segre-
ation of Ca2+ at the grain boundaries slowing the rate of grain
rowth in the hexagonal plane,13 allowing growth to proceed
n the direction of the c-axis as well. At 1200 ◦C the 0.67%
aO-doped Co2Z fibre consisted of regular hexagonal grains up

o 2 �m diameter and 300 nm thick (Fig. 1(g)). The microwave
roperties of the CaO-doped Z fibres fired to 1200 ◦C/3 h were

◦ 17
learly inferior to those of pure Co2Z fired to 1250 C/3 h,
ut there was much less difference in their magnetic hys-
eresis loops. Ca-doped Co2Z at 1200 ◦C had slightly higher
alues, with Ms = 45.7 A m2 kg−1 (Fig. 3a)), Hc = 24.7 kA m−1
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nd Mr = 11.5 A m2 kg−1 (Mr/Ms = 0.25, Fig. 3(b)). Although
till a very soft ferrite, the loop did not narrow so obviously
round 0 T, and hence Ms did not increase as rapidly as for pure
o2Z at very low applied fields (Fig. 3(c)).

.5. Co2W random fibres

By the time they had become single phase Co2W at 1250 ◦C,
GG had occurred in the Co2W fibres, resulting in distorted
lates stacked in layers four- or five-high, resembling geolog-
cal strata (Fig. 1(h)). The individual platelets were as wide as
he whole width of the fibre (3–4 �m wide), and could be up to
ens of microns in length, but a uniform 0.5 �m thick, and were
ven more elongated along the fibre length than the Co2Z fibres.
he larger elongated plates had lost their hexagonal character,
ut this could still be seen in the smaller plates, and there was
uch evidence of one layer growing on top of another. Although

n a macroscale they retained their fibrous nature, the individ-
al fibres were very weak and brittle due to their crystalline
orphology.
Co2W ferrite has been much less reported than the other fer-

ites here, and there are few detailed hysteresis loops published
or comparison. It is known to be a soft ferrite, usually with Hc
lightly greater than Co2Z, and Ms ∼50 A m2 g−1.2 When fired
o 1250 ◦C/3 h, Ms of the Co2W fibres was similar to that of
he Z ferrite fibres at 44.2 A m2 kg−1 (Fig. 3(a)), and Co2W was
till a very soft ferrite with Hc = 39 kA m−1. However, when the
oop was examined in more detail at low fields (Fig. 3(c)), it
ould be seen that it had a much higher Mr of 24.7 A m2 kg−1,
quivalent to a Mr/Ms ratio of 0.56, even higher than that of the

ferrite fibres, despite this being a very soft magnet with a low
oercivity. This was due to the unusual shape of the Co2W loop,
hich maintained a higher Mr value at 0 T, but then underwent
rapid decrease in magnetisation with a small applied opposite
agnetic bias to give a low Hc. This resulted in a very non-linear

lobed” appearance around zero field for Co2W. The precursor
hases to Co2W are BaM and CoFe2O4 spinel, both of which
ould result in greatly increased Hc values at zero field if present

like the Co2Z at 1000 ◦C), and it decomposes into BaFe2O4,
hich is non magnetic. The Co2Y and Co2Z phases reported
ere have smaller Hc and Mr values, and would not explain the
ncreased lobing if they were impurities in Co2W. The Ms value
nd lack of any FMR peak suggest that this is pure W phase, and
e attribute the strange loop shape to the unique fibrous nature
f the sample, being even greater in this case than for the Co2Z
bres due to the extreme elongated grain growth along the fibre
xis.

Unpublished work by the authors on aligned Z and W ferrite
bres also shows that the lobing effect is much less apparent in
than W ferrites, and that it is enhanced in both W and Z fibres
hen the aligned fibres are oriented parallel to the magnetic field,

ompared to when they are perpendicular to the field. It can be
een in Fig. 1(f) and (h) that under DGG the grains elongate

long the fibre axis in Co2W and Co2Z ferrites, and to a greater
xtent in the W ferrite. We suggest that this lobing effect is at
east partly due to the unique fibrous nature of these samples,
ot intrinsic to all Co2W ceramics, and it is observed to a greater

w
t
e
C
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ffect when these crystals become more elongated or deformed
long the fibre axis. Similar effects have also been reported in
nFe2O4 nanowires.31 Variations in Ms with orientation have
een observed and reported for aligned M ferrite fibres by the
uthors,27 and although this effect was reduced when oriented
erpendicular to the fibre, when oriented at 45◦ to the field the
ffect was similar to that when parallel with the field. Therefore,
t makes sense that in a randomly aligned fibre, a strong, net-
bre-effect should be seen due to this elongation along the fibre

ength. Further evidence to support this is the fact that this lobing
ffect is not observed in the Co2Y or CaO-doped Co2Z fibres,
hich do not have the massively elongated grains along the fibre

xis (Fig. 1(c) and (g)).

. Conclusions

The microstructures of the various ferrite fibres were exam-
ned by SEM, and the grain size was seen to be up to 1 �m for
he M ferrites, 1–2 �m for the Co2Y and 0.67% CaO-doped
o2Z ferrites, and over 10 �m for the Co2Z and Co2W fer-

ites. AFM images were taken of a single BaM fibre, and 3D
enders of the AFM image confirmed the fibre diameter and
icrostructure observed by SEM. MFM images showed a ran-

omly oriented magnetic sub-micron domain structure in BaM
bres.

The magnetic properties of the random ferrite fibres are sum-
arised in Table 1, and compared well to the expected values for

olycrystalline ceramics. The M ferrites (and the Co2Z precursor
bre at 1000 ◦C) were hard ferrites, while the ferroxplana ferrites
ere all very soft ferrites. The little-characterised Co2W ferrite
as found to have Ms similar to that of Co2Z, and a slightly larger
c. Relatively small applied fields of only 0.05 T (500 G) were

equired to more-or-less fully reverse the magnetisation of all
he soft hexaplana ferrite fibres, and all had an Hc < 40 kA m−1,
ecoming demagnetised in fields under 0.025 T. This makes
hem ideal for microwave devices, security, switching and sens-
ng applications, and such low fields are easily achievable with
mall permanent magnets or low power electromagnets. Inter-
stingly, the Co2W ferrite fibres had a surprisingly high Mr of
25 A m2 g−1, resulting in a Mr/Ms ratio of 0.56, even higher

han that of the M ferrite fibres, despite this being a very soft mag-
et with a low coercivity. This was due to the unusual “lobed”
hape of the hysteresis loop of the Co2W ferrite fibres, with a
apid decrease in Ms occurring only once a reverse magnetic bias
as applied. Co2Z had the lowest Hc of all the ferroxplana fibres,
ith a narrowing of the loop around 0 T not seen in the others,

nd Ms increased more rapidly with an applied magnetic bias at
ow field values < 0.1 T, compared to the other soft ferroxplana
errites.

This lobed loop shape could possibly be due to the influence
f a tiny amount of an undetected secondary magnetic phase,
ut it was observed in many different variations and syntheses
f Co2W and Co2Z ferrites and fibres made by the authors. It

as attributed to the fibrous nature of the samples, and the fact

hat in Co2W, and to a lesser extent Co2Z, DGG results in greatly
longated grain growth along the fibre axis. Only the Co2Z and
o2W ferrite fibres really exhibited any significant degree of
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obing, and the fact that this lobing was not seen in the CaO-
o2Z and Co2Y fibres, which although similar soft hexaplana

errites, did not have this elongated DGG along the fibre length,
upports this. Therefore, we are suggesting that this effect is due
o the fibrous nature of these samples, specifically the elongated
GG which occurs along the fibre length in the Co2W and Co2Z
bres. We expect this effect to be more apparent in aligned fibres.
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