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Abstract. A novel method for the preparation of nanoparticles of barium hexaferrite is realized by
the gel-to-crystallite (G-C) conversion method. Here, gels afdF§3-xH,0, 70< x <110, were reacted with
Ba(OH),-8H,0 in ethanol/water medium at 8095 yielding the precursor, barium iron (lll) oxy hydroxide hy-

drate which is x-ray amorphous but crystalline by electron diffraction (ED). Thermal analyses showed dehydro-
xylation of the precursor around 60D to barium hexaferrite which exhibits ED with spotty ring patterns. Sam-

ples heat-treated at 650 are X-ray crystalline with average particle size of 17 nm, which on recrystallization at
780-930C gives monocrystallites with spot patterns by ED. By varying the wet chemical conditions, precursors of
variable FgO3/BaO ratios could be prepared which on heat-treatment yield monophasic hexaferrit©gHeaO

ratio ranging from 4.51 to 6. In hyperbarium compositions, annealing at°’C3ads to ordering of excess bar-

ium in anti-BR sites within BaO layers ofg-alumina type unit cells. Nanoparticles of barium hexaferrite with
superparamagnetic as revealed bgdgbauer spectra, the temperature vs. magnetization plots and the absence of
hysteresis in B-H curves. With increasing temperature of heat treatment, the area under the B-H loop increases
continuously, with the magnetization increasing from 2 to 52 emu/g. The conversion from superparamagnetic to
ferrimagnetic state is continuous because of the out-diffusion of cation vacancies, created to charge compensate
hydroxyl ions, which, in turn, affects Be-O?~-Fe** superexchange interactions, with the addition of surface and
size factors.

Keywords: gel to crystallite conversion, barium hexaferrite, superparamagnetism, nanoparticles, hyperbarium
hexaferrite

1. Introduction observed for coarse-grained materials [3]. In any case,
the magnetic properties of these materials depend
Barium hexaferrite, BahgO1g, a classical ferrimag- largely on the microstructure, which, in turn, varies

netic material, is currently of renewed scientific and with the preparative methods.
technological interest because of its relatively strong  Different methods have been developed for the
anisotropy and moderate magnetization. Some of the preparation of ultrafine barium hexaferrite particles.
areas in which micron to submicron-sized barium These include chemical coprecipitation [4], glass crys-
hexaferrite powders find important roles are perma- tallization [5], organometallic precursor routes [6],
nent magnets, high-density magnetic and magneto- pyrosol method [7], the sol-gel processing [8]. In
optic recording media, and microwave tunable devices essence, small sized particles are sought in order to
working at frequencies as high as 70 GHz [1, 2]. In make the phase conversion from the precursor at as
fine particle systems, peculiar magnetic properties can low a temperature as possible. In all the above meth-
be expected, which are explained through surface ef- ods, the constituent ions are first intimately mixed at
fects, particle size and morphology, impurities, or crys- the atomic level so that subsequent nucleation and
tallographic defects, which are different from those crystallization occur at relatively low temperatures. In
this way, grain growth is prevented during the phase
*To whom all correspondence should be addressed. formation. In addition, these particles are free from
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deleterious strain developed when particle diminution different Fe@O3s/BaO mole ratios (represented hy)
is effected by milling, the process usually employed in ranging from 3 to 8.
fine powder preparation from ceramic routes. The quantitative chemical analyses of the products
Wet chemical synthesis through gel-to-crystallite obtained were carried out to confirm the composition
(G-C) conversion of ultrafine ceramic powders con- by dissolving the precursor or the final product. The
tinues to be a subject of intense research activity as solution (mother liquor) remaining after recovering
these products exhibitadvantages over powders derivedthe solid product was also analyzed for the unreacted
from conventional ceramic routes. The preparation of Ba(OH),. Iron was estimated by direct titration with
multicomponent ceramic oxides has been well stud- EDTA, using salicylic acid as the indicator, at the pH
ied by the G-C conversion method [9]. The general of 3 to 4. Barium was estimated by gravimetric analy-
reaction involved in this technique is the direct conver- sis, as BaS@Q
sion of gel into crystallites under wet-chemical con- Phase identification of the powders was carried out
ditions, by the breakdown of the gel network caused by X-ray powder diffraction (Scintag/USA diffrac-
by the change in ionic pressure brought about by the tometer using Cu-K radiation). Thermal analysis
chemical influx of aliovalent ions [10, 11]. The main was performed on a simultaneous thermogravimetry/
advantages of this method are the increased homo-differential thermal analyzer (TG-DTA) from Poly-
geneity and high surface area of the resulting pow- mer Laboratory, STA 1500, at a heating rate of@0
ders, which lead to relatively high reactivity and hence min~1. Further, the isothermal weight loss studies
low sintering temperatures. Furthermore, the raw ma- were carried out by the thermal annealing of larger
terials are not expensive. This method has advantagesquantities (grams) of samples at chosen temperatures.
in operational cost and procedural simplicity. Various Infrared absorption spectra were recorded on a Perkin-
B-alumina compounds, the closely related structural Elmer infrared spectrometer in the range 4000 to 300
type of magnetoplumbite, have been synthesized by cm~! by mounting the sample in anhydrous KCI pel-
G-C conversion method [12, 13]. In the present work, lets. Electron diffraction and microscopy were carried
barium hexaferrite nano-particles are synthesized by out with a JEOL, JEM 200CX, transmission electron
this method, having different F®;/BaO mole ratios, microscope (TEM) for morphological and lattice imag-
with the intention to study the effect of nonstoichiom- ing studies. Particle size and shape were evaluated by
etry in the structure and magnetic properties of this the intercept method. The magnetic susceptibility and
oxide. the ferrimagnetic transformations were monitored by
a home-built Guoy balance having variable tempera-
ture facility. To study the magnetization with respect

2. Experimental to the applied field, a Vibrating Sample Magnetometer
(VSM, Lakeshore, USA) was used.ddSbauer spec-
A reactive gel of hydrated ferric hydroxide, &&H)3 - tra were recorded at constant acceleration in conjunc-

xH,0, 70< x < 110, was prepared by the addition of tion with a Nuclear Data Instruments ND60 multichan-
ammonium hydroxide at 30-4Q to ferric chloride so- nel analyser using #Co source in a rhodium matrix.
lution until the pH was in the range of 6-8. The gel was The experimentally observedddsbauer spectra were
washed free of anions and ammonium ions. No special curve-fitted by a least-squares method by computer,
care was taken to control the particle size of the gel. The assuming Lorentzian line shapes.

gel was suspended in Ba(OHolution, in presence of

a hydrophilic solvent such as ethanol, taken in a flask

fitted with a water-cooled reflux condenser. Air in the 3. Results

vessel was displaced by nitrogen. Fresh entry of CO

was prevented by the use of an alkali-guard tube. The During the initial stages of the gel-to-crystallite con-
reaction was carried out at 80 to°@for 4—6 h. The version, the FEOH)3-xH,0, gel, a sticky, voluminous
solid phase remaining in the reaction vessel was then mass, disintegrates by the influx of 8aions. As the
filtered, washed free of Ba(Obland air-dried, result-  reaction proceeded, the gel lost its appearance and was
ing in the nano-sized crystallite precursor. The latter converted into flowing powdery mass in presence of
on thermal treatment at elevated temperatures yieldedthe solvent. The solid product so obtained after wash-
the hexaferrite phases. Samples were prepared havingng and oven drying was a fine, weakly agglomerated
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powder. This precursor powder, barium iron (llI)
oxyhydroxide, was found to be x-ray amorphous but
crystalline by electron diffraction.

3.1. Thermal Analysis

TG-DTA traces of the precursor are shown in Fig. 1(a).

around 300C is due to dehydroxylation and the third
one extending up to 60C is due to further dehydro-
xylation. The weight loss is completed by about 800

The presence of water as well as hydroxyl groups in the
precursor are very clear as no other constituents than
H,0 is identified in the evolved gas analysis. Presence
of H,O as well as OH groups are confirmed by infrared
spectra of the samples heated at 200 to@0Fig. 2).

Thermal analysis shows that there are three TG stepsThe isothermal weight loss experiments (with no dis-

with an overall weight loss of 14-15% in the range
of 25-1000C. The differential thermo gravimetric
(DTG) curve (Fig. 1(c)) shows clearly three regions of
weightloss marked by the minima. The first weight loss
below 100C (~7%), associated with an endothermic
DTA peak arises from the loss of water retained even
in the oven-dried sample. The second weight loss
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Fig. 1. TG-DTA traces of barium hexaferrite precursors prepared
using (a) ethanol/water=0.6) medium (b) using water medium
(c) DTG curve of TG plot in (a).

Transmittance (°/e)

cernible endothermic peak in DTA) suggest that the
conversion of the precursor to the hexaferrite around
450-650C is a kinetically controlled thermal decom-
position process. The exothermic peak at 780<@30
with no weightloss stems from the recrystallization fol-
lowed by grain growth of particles. It has been observed
from TEM micrographs that rapid grain growth of par-
ticles is associated with change in morphology from
spherical to acicular crystallites around these tempera-
tures. The exothermic peak shifts to higher temperature
(930°C) for the samples prepared with water alone as
the reaction medium (Fig. 1(b)). This reflects higher re-
tention of hydroxyl ions by the samples prepared from
water-rich medium. The difference is also seen at the
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Fig. 2. IR absorption spectra of barium hexaferrite precursor after
heating at different temperatures for 6 h. (a) as-prepared, (5200
(c) 400°C, (d) 950C, and (e) 110€C.
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third stage of weight loss, mostly due to dehydroxyla- history of the sample such as, (i) precipitation condi-
tion, which extends up to 70Q. tions (temperature, pH and concentration of the solu-
In order to establish the composition of the precur- tion) and (ii) aging of the gel, which affect the network
sor, isothermal weight loss was carried out around the nature of the gel, also have effect on the precursor. To
temperature range at which changes were noticed inavoid larger variations in the preparation, controlled
TG-DTA curves. The sample was maintained at the precipitation conditions were followed. Ferric chlo-
desired temperatures until constant mass was obtainedride solution (0.08 molar) in distilled water at a tem-
Complete weight loss was observed around@0he perature~40°C was precipitated at the pki8, with
powder on heat treatmenta650°C becomes hexafer-  no aging of the gel, which resulted in lower recrys-
rite with no formation of other intermediate phases (for tallization temperatures and nearly spherical particle
4.51 < n < 6). From the above observation the follow- morphology.
ing reaction sequence can be envisaged inthe formation The effect of varying ethanol/water (solvent ratio,

of barium hexaferrite (fon = 6). S.R.) ratio was studied with initial F©®3/BaO ratio
maintained around 4. The water retained in the gel,
12Fe(OHy-xH,O(gel)+ Ba(OH), ca. 95% by weight, was released and no additional
75-90°C water was introduced whereas ethanol content was var-
Ethanok H,0 BaF@201571(OH)ss5-7H20 ied. The uptake of B ions by the solid was not found
~200C to vary with the S.R. However the temperature of de-
— BaFQ01571(OH)g.s6 (Precursort 7H,0 composition of the precursor (i.e. the temperature of
~600C BaFa,010 (Hexaferrite) + 3.29H,0 hexaf.errite.phase formation, as identified by x-ray pow-
der diffraction) on heat treatment was affected by the
3.2. Effect of FgO3/BaO Ratio (n) S.R.Whenthe S.R. was 0.6, the lowest ferrite recrystal-
and Ethanol/Water Ratio lization temperature was 650. For S.R<0.6, the fer-

rite recrystallization temperature increases to°800
The BaO content in the precursor obtained from the Further, the gel-to-crystallite reaction conducted with
G-C conversion increases with the decrease in water as the reaction medium showed increased ferrite
Fe,0s/BaO mole ratio i) in the reaction mixture.  recrystallization temperature (83D). This difference
When n' is between 4.5 to 6, the precursor yields in ferrite recrystallization temperature is attributed to
hexaferrite phase on annealing above “@0For the variation in crystallite size of the product, which is
Fe,0s/BaO ratio greater than 6, hematite and for affected by the changing network nature and stability
Fe,0s/BaO ratio less than 4.5, Bajf®, are formed of the gel for different preparative conditions. The dif-
as the additional phases. The chemical compositionsference in the OH contents in the precursor, in turn,
of the precursor and the ferrite phases obtained upon brings out differences in the temperature of crystalliza-
calcination at 850C are given in Table 1. The pre- tion of hexaferrite. Thus the samples were prepared, for

Table 1 Chemical compositions of the various products.

n = Fe,03/Ba0 (mole)

In reactants Chemical composition Phases identified after
(G-C conversion) In products (As prepared specimens) heating a€850

8.00 8.22 Ba73Fe1201573(0H)s 5.9H,0 H,

6.67 6.82 BassFe1201612(0OH)s 52 5H20 H, o

5.88 6.00 BaF£01571(OH)es8 7H20 H

4.62 4.92 Ba2oFe 2016.47(0OH)s 5 6.5H0 H

4.00 451 BassFe1201608(OH)s5 7H20 H

3.43 3.82 Bas7Fe1201717(0OH)a s 4.4H,0 H, B

3.00 3.33 BagFe 201755(0H)s5 4.8H,0 H, B

8 = hexaferritexr = a-Fe,03; B = BaFeO,.
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further analyses, with the liquid medium having the
S.R.~0.6.

(nay

{ 200}
203)
(109}
(205)
(206)
Ciomy
(217)
(2011
(1014)
(220}

I‘IOO cts.

3.3. Infrared Spectra - LL‘JU\‘M)\\_J\ML/\_—_M“
In order to identify the presence of OHyroups, IR e 11 \‘

spectra of samples & 6) heat- treated at different tem-

peratures are taken (Fig. 2). The as-prepared sample
shows a broad absorption band centered at 3324 cm
corresponding to the hydrogen bonded® stretch-

ing. Absorption band due to the bending mode e©H
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molecule around 1620 cm is diagnostic of the pres- w [

ence of water of hydration. The sharp band in the-D A
stretching frequency region, around 3730 ¢grindi- - BT
cates the presence of independent ionic OH groups or 28] degrees (Cu-Ka)

the hydroxyl group without hydrogen bonding. The
absorption band around 659 cfarises from the
librational (breathing) mode of OHgroups. Absorp-
tion bands around 1450-850 chregion arrive from
the stretching modes of Fg@s well as FeOH—Fe
groups [14]. The absorption band around 1063 tim
assigned to the stretching mode off&@H—Fe groups
and that at 849 cmt is due to the bending vibrations
of Fe—O—H [15]. The absorption band at 1440 tihn
is due to the vibrations of FEOH—Fe groups wherein
each OH group is bridged to the neighbouring Fe(lll)
ions.

The sample heat treated at 40Q0shows the ab-
sence of an absorption band corresponding to hydrogen = [mes
bonded G-H stretching (3324 cm'), the bend-

ing mode of HO (1620 cnT!) and the librational . LJ\)\JWJUMM

Fig. 3. XRD patterns of samplen(= 6) heat treated at (a) 200
and 650C for (b) 6 h, (c) 12 h, and (d) 24 h.
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mode of OH group (659 cnt). Also the absorp-
tion band around 1063 cm due to the stretch- I | |
ing mode of Fe-OH—Fe disappeared and the bend- 20 * ze/ffgreesmufs) o 7
ing vibration of Fe-OH around 849 cm! with de-

creased intensity is discernible. However, thetD Fig. 4. XRD patterns of samplesi(= 6) heat treated at (a) 850
stretching band (3730 crh) still persists after heat- ~ (Powder sample), and (b) 1350 (sintered sample).

ing at this temperature. The samples heated at®50

as well as <950°C show weak absorption bands

at 1450 cm! and 853 cm?! corresponding to the From TG, the completion of weight loss around
vibrations of Fe-OH—Fe groups. These cannot be due 600°C suggests that the dehydroxylation is effective
to carbonate group (such as Bag@s the 1100C around 600C. This is followed by recrystallization
heated sample shows the absence of these bandsind the increase in grain size, which is dependent
(Fig. 2), whereas the absorption bands due to BaCO on the duration of heating at650°C. X-ray diffrac-

ought to have persisted. tion patterns for the samplen(= 6) heat-treated
at various temperatures and duration are shown in
3.4. X-Ray Powder Diffraction Figs. 3 and 4. The XRD pattern for the sample heat-

treated at 650C for 6 h correspond to that of the hex-
The oven-dried £100°C) precursor is X-ray amor-  aferrite phase (Fig. 3(b)). The minor peaks marked in
phous and so are the samples heated below®@O00 Fig. 3(b) are due tg-Fe0O3_s having the defect-spinel
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Fig. 5. XRD patterns of samples with F®3/Ba0O ratio of (a)n =
8.22, (b)n = 6, (c)n = 4.51, and (d)n = 3.33, heat treated at
850°C. (Counts are same for all patterns).

structure (common peaks appear for Bgkgg of
(110) plane andr—Fe,03_5 of (220) plane at 2 =
31.3°). These low intensity peaks are not observed in
samples prepared with< 6. With increase in duration
of heating to>12 h these lines vanish and the diffrac-
tion pattern is characteristic of single phase M-type
barium hexaferrite. Thus the minor phase of defect-
spinel is a transient intermediate found in low concen-
tration from the precursor. Under higher barium ion
concentrationr{ < 6) the precursor transforms directly
to hexaferrite without any transient intermediate. It is
significant to note that X-ray reflections from no other
possible phases such as BaC& Fe,O3, BaFeO,4 are
seen in the diffraction pattern confirming the phase-

along with the hexaferrite phase has been detected. For
4.5 < n < 6 there is excess barium retained in the pre-
cursor even after thorough washings. On heating these
precursors no phases other than hexaferrite have been
identified in X-ray diffractogram. The samples wit/b4

< n < 6 heat-treated at 1350 show only hexaferrite
with no segregation of other phases. The lattice parame-
ters calculated from XRD fon = 4.51 @ = 5.804A;

c = 2334 ,&) show slight variations from those of

n = 6 composition. The formula unit of the precur-
sor calculated from the chemical composition and the
phases identified for different’ values are given in
Table 1. M-type hexaferrites with hyper-stoichiometry
inbarium, have indeed been reported [17]. Also, refined
crystal structure of non-stoichiometric M-type hexag-
onal ferrite is known, with the excess barium located
on the mirror plane at the anti-BR (Beevers-Ross) po-
sitions and on @ layers of spinel block, substituting
for oxygen atoms in Ba-ricjg-alumina type cell [18].

3.5. TEM Studies

The precursor powders were found to be X-ray amor-
phous but crystalline by electron diffraction. The
ED pattern (Fig. 6(c)) from a finely dispersed re-
gion showed rings made up of discrete spots due
to nanocrystalline particles of size10nm deter-
mined by the intercept method from the micrograph
(Fig. 6(a)). The transmission electron micrographs of
samples 1f = 6) heated at 65@ (12 h) show nano-
crystallites of 17 nm average size (Fig. 6(b)). The
electron diffraction patterns of these crystallites show
ring patterns superimposed with spots, revealing poly-

purity of the product. Even in the samples heated at crystallinity of individual crystallites and also confirm

1350C (Fig. 4), where the segregation of minor phases the formation of hexaferrite phase. The average par-
ought to be faster and complete, no additional XRD ticle size increases with annealing temperature and

peaks are noticed. This confirms the unique advantageduration; thus the average particle size of 85024 h)

of the preparative method. The difference in the in- heated sample is 22 nm. A typical lattice image

tensity of peaks, for example, between (110), (008), corresponding to the layered structure of hexaferrite
(107) and (114), of 85@ heated powder sample and obtained on one of the crystallites is shown in the in-

1350°C sintered ceramics are due to the preferential set of Fig. 6(b). The spacing between successive white

growth of certain crystallographic planes of the grains

fringes is 11.6A corresponding to one half of the mag-

in the sintered specimens. The lattice parameters cal-netoplumbite unit cell along the-axis.

culated from XRD & =5.898 A, c=2320 A) are in
good agreement with the reported values [16].

The acicular morphology of these particles starts
developing upon heating beyond 880 These

X-ray diffractograms of the samples heat-treated at observations are noted commonly for both the sto-

850°C for 6 h, with varying FeO3/BaO mole ratiosr)
are shownin Fig. 5. For > 6 the presence of hematite,
a-Fe0; is identified whereas fon < 4.5, BaFeO,

ichiometric f=6) and samples with hyper-barium
(n=4.51) contents. A typical bright field image of
the latter sample is shown in Fig. 7(a). The aspect
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Fig. 6. TEM micrographs of (a) 30@ and (b) 650C heated sample. The corresponding electon diffraction patterns of (a) and (b) are shown
in (c) and (d). The lattice image of a particle is shown in the inset of (b).

(length/breadth) ratio is in the range of 2 to 5. The are basal reflections of hexaferrite phase. However, for
selected area electron diffractions of these particles arethe hyper-barium samples, weak spots are observed,
invariably spot patterns indicating that they are mono- situated ah =k =n/2, where h’ is an integer. This
cyrstallites. The lattice image of a crystal with the beam result suggests the presence of a2*a2 superstructure.
parallelto [100] directionis shownin Fig. 7(b). Thecor- Such electron diffraction patterns are not observed for
responding selected area diffraction pattern is shown in samples heat-treated at temperatud800C as the
the inset of Fig. 7(b). There are no intergrowths seen barium ordering may not be taking place oris destroyed
as revealed by the high resolution electron microscopy at that temperature. The lattice relationship between
(HREM). the magnetoplumbite type subcell and the supercell are
Samples witih =4.51, heat-treated at 1350, ex- A1 =23, Ay =2a, andC =ng,, where h' is an inte-
hibit superlattice reflections. The electron diffraction gerandA;, A, andC are lattice vectors for the supercell
patterns of both stoichiometric and hyper-barium con- anda;, a, andcg for the subcell. The ordering along
tent samples heat treated at 1350taken with inci- C axis is not known. If it is equal to the subcell, the
dent electron beam normal to (001) plane, are shown superstructure cell volume will be fourfold that of the
inFig. 8(a) and (b). The bright spots in both the patterns subcell.
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(b) 1.6 A

Fig. 7. (a) Bright field image of fully-grown acicular particles
(n=4.51). (b) lattice image of one of the acicular particles recorded
along [100]. The electron diffraction pattern is shown in the inset.

3.6. Magnetic Measurements

Fig. 8. Electron diffraction pattern of (a) = 6, and (b)n = 4.51
with the electron beam normal to (001) plane.

ature. The 650C (12 h) heated sample, where the
phase formation is complete with the average parti-
cle size of 17 nm, shows similar behaviour as that of
200°C heat-treated sample. The samples heat-treated at
650°C have low magnetization values, notwithstanding
they are hexaferrites, and exhibit superparamagnetic
property. The samples heat-treated at 750 to 1050
shows ferrimagnetic behaviour with the room temper-
ature magnetization increasing with increase in heat-
treatment temperature. These magnetizations are not

The temperature vs. magnetization curves for the sam- saturation values as the measurements are carried out
ples f = 6) heat-treated at different temperatures are at lower fields, because barium hexaferrite has a very
shown in Fig. 9. With the increase in the heat-treatment high anisotropy field of the order of 16 kOe [19]. How-
temperature, magnetization increases at room temper-ever, the effective anisotropy field for single domain
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Fig. 11 Magnetization vs. applied magnetic field curves of sample
(@)n = 6 and (b)n = 4.51 heat-treated at 95C.
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Fig. 9. Magnetization vs. Temperature curves for cooling cycle of

; treated at 650C exhibit a doublet characteristic of su-
sample i = 6) heat-treated at different temperatures.

perparamagnetic behaviour of particles (Fig. 12). The
2 - 750 C heat-treated samples show hysteresis behaviour,
® with the coercivity of 4.987 kOe but having lower spe-
cific magnetization of 1.56 emu/g. The 9&Dheat-
@ treated sample shows both coercivity and near specific
saturation magnetizatiot¢ = 4.52 kOe o5 = 52.01
emu/g). Generally the saturation magnetization is less
than 72 emu/g measured for bulk material of Bgkag
at room temperature [22] and valuesogfreported for
small BaFg,0,9 particles, prepared by several differ-
ent methods are given by Haneda et al. [19]. In the
present preparationsys approaches near saturation
above 9 kOe as the hysteresis loop tapers off at higher
field strengths (Fig. 11). Yamada etal. [23] have pointed
particles of BaFe019 depends on the shape and thick- out that the saturation magnetization of Baf®g
ness of the particles [19, 20]. The results indicate that small particles diminishes with decreasing particle size.
the conversion of superparamagnetic particles to ferri- The Mdssbauer spectra of 93D heat-treated sample
magnetic ones is not all at once. The conversion takes exhibit multiplets characteristic of barium hexaferrites

1=

Miemu/lg)

kOe

Fig. 10. Magnetization vs applied magnetic field curves for samples
heat-treated at (a) 65C (h = 6 orn = 4.51), (b) 750C (n = 6)
and (c) 750C (n = 4.51).

place over a range of temperature.
The variation of magnetization as a function of ap-
plied magnetic field (with the maximum applied field

(Fig. 12).
Coercivity, Hc of small particles is expected to
increase with reduction in particle size until single-

of 10 kOe) is shown in Figs. 10 and 11. The 660  domain particles are reached and then decreases as
(12 h) heated sample shows linear variation with the ap- the superparamagnetic limit is approached [19, 24].
plied field, with no apparent saturation magnetization. Interestingly, in the present preparation of particles
Thethreshold size forthe superparamagnetic behaviourthe coercivity for 750C and 950C heat-treated sam-

is very small in barium hexaferrite, around 10 nm ples remain in the range of 4.5 to 5 kOe (Figs. 10
[21], which suggests that large fraction of the presently and 11), and differs from the existing reports observ-
prepared particles are superparamagnetic in nature al-ing decrease in coercivity with decrease in particle
though they are of 17-22 nm range according to TEM size below the value of single domain particle size
studies. The M3&sbauer spectra of the sample heat- [19, 24]. A similar behaviour was found for samples
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Fig. 13 The heating and cooling cycles of magnetization vs. tem-
perature curves for samples & 6 and 4.5) heat-treated at 9%D
and 750C (inset) measured at the field of 3.7 kOe.
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Fig. 12 Room temperature bssbauer spectra of barium hexaferrite heat treated at 73C. However such a maximum is not
heat-treated at (a) 65G for 6 h and (b) 950C for 24 h. observed for the same samples heat-treated &t®50
There are two competing effects for the change in mag-
netization of samples with increasing temperature. The
with n=4.51. The 650C heated samples are super- firstis adecrease in spontaneous magnetization of each
paramagnetic, the 75Q heated sample showing high particle, which brings about a decrease in sample mag-
Hc and lowos (H;=3.94 kOe os=1.856 emu/q) netization. At the same time the magnetocrystalline
and 950C heated sample showing highéf. and anisotropy also decreases, which leads to increase in
os (Hc =4.57 kOe 05=50.65 emu/q). magnetization due to easier reorientation of particles.
The temperature vs. magnetization curves at an In 950° heated samplen(= 4.51) the latter effect does
applied field of 3.7 kOe, for both heating and cooling not overcome the former and hence no maximum is
cycles of samplesn(=6, 4.51) heat-treated at 73D realized. However the cooling curve shows increased
and 950C are shown in Fig. 13. The magnetization magnetization due to irreversible rotation of mag-
first decreases with temperature, reaches a minimumnetic moments. The observation of Hopkinson effect is
and then increases to a maximum before decreasingconsistent with the observation of B-H hysteresis of
again sharply to approach zero. However in the cooling samples heat-treated at 780exhibiting ferrimagnetic
curves such maxima are not observed and the magne-behaviour showing the partial conversion from super-
tization increases monotonically during cooling with paramagnetic state to the ferrimagnetic state.
much larger magnetization. This is due to the fact = The Curie temperature3y) of samples heat-treated
that at higher temperature the magnetic moments of at 950C, calculated from Ay vs. temperature plots,
the particles switch easier into field direction than at are 453-5°C (h = 6) and 463t 5°C (n = 4.51)
lower temperature. This behaviour is typical of the whichis close td of bulk barium hexaferrite samples.
Hopkinson effect reported for single-domain particles However, for 750C heated sample§, values were
of barium ferrite and predicted theoretically earlier found to be~390°C (n = 6) and 440C (n = 4.51), in
[25-27]. The shift in the observed maximum to higher spite of the particle size being the same for both sam-
temperature is seen for hyperbarium sample-(4.51) ples. Thus the presence of excess barium influences
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the T, to reach close to that of the bulk value, even for the size of the particles (17-22 nm) is higher than
samples heat-treated at lower temperatures. the reported critical size for superparamagnetic state
(~10 nm) [21]. With further increase in heat treatment
temperature the particle size increases and becomes
4. Discussion ferrimagnetic on cooling. The conversion from super-
paramagnetic to ferrimagnetic state is not an abrupt one
Gel-to-Crystallite conversion is a general technique but takes place over a range of temperature. This can
used for the preparation of nanosized multinary ox- be seen from the gradual increasesgfrom 2 emu/g
ides such as aluminates, ferrites, zirconates, titanatesfor 750°C heated sample to 52 emu/g for 98theated
etc. [9]. The general feature of the gel-to-crystallite sample.
(G-C) conversion involves the instability of the metal One experimentally observed composition for ex-
hydroxide gel brought about by the disruption of the cess barium M-ferrite is BasFe »0;1933. NO inter-
ionic pressure in the gel as a result of the faster diffu- growths are seen for this sample. Thus, on the basis
sion of A%t ions (more electropositive constituent in  of the electron diffraction patterns observed (Fig. 8(b))
multinary oxides) through the solvent cavities within and the excess Ba postulated in the formula, the or-
the gel framework. This is accompanied by the split- dering of such excess Ba ions may take place within
ting of bridging groups such as B-(OH)-B or B-O- the Ba-O layers oB-alumina type subcell. The excess
B (where B is the less electropositive or transition Ba ions enter into anti-BR sites to avoid interactions
metal constituent) leading to chemical rearrangements. with Ba ions at BR sites. Barium occupying one out of
This causes the breakdown of the gel into fine crys- three kinds of the anti-BR sites for each-Ba layer
talline particles. It is inevitable that OHions are re- accounts for the approximate 1/3 excess Ba ions in the
tained randomly in the place of?0 ions. The pres-  formula [28]. No ordering alon@-axis is discernible
ence of lattice OH groups has been observed by IR by TEM studies, indicating that the stacking sequence
spectra. Hydroxyl groups escape from the crystallites of the layers containing the excess Ba ions (excess Ba-
as RO after the heat treatment. The basic mechanism O layers) is random.
involved in the formation of multinary oxides may be A theory to explain the Hopkinson effect in single-
the deolation of the bridging groups such as B-(OH)- domain particles has been proposed [25, 26]. The
B and B-O-B followed by oxolation in B O, and existence of a Hopkinson maximum in the thermo-
are charge compensated by thétAons leading to magnetic curves could be connected with the process
a stable multinary oxide lattice. It is inevitable that of irreversible rotation of magnetic moments. Such
OH- ions are retained in the place ofOions. The processes become possible with the decrease in the
presence of OH groups has been observed by IR specmagnetocrystalline anisotropy upon heating. The
tra. Hydroxyl groups escape from the crystallites as present observation supports the theory of Hopkinson
H,O after heat treatment. These residually retained effect proposed for single-domain particles of barium
OH~ ions are charge compensated by the formation ferrite [27].
of cation vacancies. Since the system accommodates
excess barium in the structure, the cation vacancies
are due to the absence of¥dons. Presence of OH
ions at &~ sites together with the cation vacancies 5. Conclusions
affect Fé*t-0>"-Fe** superexchange interaction, fur-
ther disrupting the long range cooperative interactions The preparation of fine particles of barium hexafer-
in samples heat treated at600°C. Thus the ther-  rite was accomplished by Gel-to-Crystallite conversion
mal randomization of spins is inevitable in these sam- method by the present studies. Preparation of barium
ples. Residual hydroxyl ions are liberated for sam- hexaferrite with FgO3 to BaO ratio ) of 4.5 to 6
ples heat-treated at higher temperatures; however thewas realized. The presence of hydroxyls with the
size and surface factors along with the cation vacan- associated cation vacancies in the hexaferrite sam-
cies control the behaviour of particles. The cation va- ples, disrupt the long-range cooperative interactions.
cancies are removed only after heating above the re- Thus, the particles evolve from the paramagnetic state
crystallization temperatures. Thus, the 85theated of the precursor to the metastable state exhibiting
sample is in the superparamagnetic state, althoughsuperparamagnetic behaviour for 6680heat-treated
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samples due to nanosizes of fine particles as well as s.
due to the crystal defects and to multidomain ferri-
magnetic crystallites after heating to higher tempera- (1004)

tures. Further, on sintering the particles recrystallise ;5 tr Kutty and P. Padmirifater. Res. Bull 27, 945 (1992).
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