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Using X-ray powder diffractions, Méssbauer spectroscopy, and magnetic measurements, the effect of complex
dopants (I¢* + Ti4*) and (BB* + Ti4*) on the fine structure and magnetic properties of M-type barium
hexaferrite prepared by hydroxide and carbonate precipitations has been studied. The distribution of cations
over five nonequivalent positions of barium hexaferrite with magnetoplumbite structure is discussed. It has
been shown that doped barium hexaferrite can be used for high-coercitivity data storage media.

1. Introduction

M-type barium hexaferrite (BHF) with magnetoplumbite
structure is widely used in devices for different purposes.

Hexagonal ferrites can be used in microwave devices working

at high frequencies (above 100 GHz) due to their high uniaxial
anisotropy and relatively small width of ferromagnetic resonance
line2 Modified BHFs are of interest as promising high-
coercitivity data storage media with high recoding density.
To ensure the reliability of data carriers and their high
performance, the value of coercitive foreR must be large
enough. However, there is a limitation fidg due to difficulties
of containment of strong magnetic field during recording on
high-coercitivity filler and due to complication of recording
device. It is known that substitution of €oand Ti** ions for
Fe*' ions is used to decrease the coercitive force in BHF for
magnetic recording? Only synthesis from solutions can meet

the stringent requirements to the fineness and morphology of
the particles of these materials: high homogeneity, optimal size,
and strong shape anisotropy. In recent years, the preparation o

nanostructured BHF by sefjel method has been increasify”
It is known that preparation of precursors by precipitation of

slightly soluble compounds (hydroxides, carbonates) is simplest.

However, the literature data relating to the effect of these

for FEt ions on the properties of BHF and distribution ofo
cations over crystallographic positions. 50

2. Experimental Methods 51

Synthesis.Samples of the systems BaZoFe12-2xO19+, (I) 52
and BaBjTixFeio-2019+y (I) were investigated. Hydroxide- 53
carbonate precipitates were prepared by two-step precipitation
of slightly soluble compounds of barium, cobalt(ll), iron(lll)55
bismuth(lll), and titanium(1V). The preparation was performes
at room temperature and at constant value of pH to enssre
maximum precipitation. The pH of solution was adjusted using
the automatic titration unit BAT-15. 1 M water solutions of9
ultrapure BaGl, Co(NGs),, Fe(NQ)s, Bi(NO3)s, and TiOCh 60
were used. 61

For (C&* + Ti*") dopant (system I), hydroxides of Fe(lll)2
and Ti(lV) were coprecipitated with a water solution of3
ammonia. Precipitates were washed in distilled water to remeve
NH4* ions. Then cobalt(IT) and barium carbonates wese

goprecipitated with a solution of sodium carbonate. 66

For (Bi** + Ti*™) dopant (system II), hydroxides of Fe(lll),67
Ti(IV), and Bi(lll) were coprecipitated. Then barium carbonas
was precipitated with ammonia carbonate as a precipitant. 69

Finally, the precipitates of both systems were washed free

precursors on the structure features and magnetic properties of @M the mother solution using distilled water until no RO 71

BHF are very limited*® Preparation of materials with required

characteristics requires the knowledge of dopant effect on the

fine structure of BHF.
Cobalt is relatively expensive and has low handleability in

the case when ammonium-containing precipitants are used.
Therefore, the search for other dopants in decreasing coercive

force is topical. Bismuth oxide suppresses grain growth during
sintering in some ferrite¥, and this impelled us to study also
the effect of B#" ions on coercive force in BHF with the aim
to prepare ferromagnetic fillers for data carriers based 8n-Bi
doped BHF.

The aim of this work is the investigation of the effect of
aliovalent substitution of (Co + Ti4") and (Bf™ + Ti*") ions

* To whom correspondence should be addressed. Telephonefz80-
44-4242211. E-mail: vyunov@ionc.kar.net.

TV. I. Vernadskii Institute of General and Inorganic Chemistry.

*Institute of Geochemistry.

and CI ions in the washed solution were detected. Powdees
were dried at 390 K and heat-treated at 1270 K. 73
X-ray Powder Diffraction. X-ray powder diffraction (XRPD) 74
patterns were obtained using a DRON-4-07 diffractometer (@u
Ka radiation). 76
M 6ssbauer SpectroscopyThe Méssbauer spectra (MS) were7
recorded at room temperature with a spectrometer workingrén
the mode of constant accelerations with the us&’@b in Pd 79
matrix. The speed scale was calibrated usinge lines. MS so
were fitted using least-squares method. 81
Magnetic Measurements.Magnetic properties of powders2
samples were studied by means of a superconducting quantsim
interference device magnetometry (SQUID Quantum Design
MPMS-5S, San Diego, CA). Hysteresis loops (demonstratistg
the main magnetic parameters of coercitive force, speciic
saturation magnetization, and maximal and residual magnetic
inductiont!) were measured at room temperature in magnetic
fields ranging from 0 to 15 kOe. 89
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Figure 1. X-ray powder diffraction patterns of BaglixFei>-2019+, (@) and
0. 8 (5); (b)x =10 (1), 0.05 (2), 0.075 (3), 0.15 (4), and 0.2 (5).

S Tron (4f;, wirved., spin down)
O Ho (45, octeed., syin down)
© Iron {17, octaed , spin ug)
@ Inom (28, octoed., ppin Up)
B Dron 20, tig.-bipyr., apin up)

N

Figure 2. Structure of M-type barium hexaferrite or magnetoplumisite.

3. Results and Discussion

X-ray Powder Diffraction. XRPD showsthatBaGdixFe > »O10+y
(x = 0—1) () and BaBjTixFe2-2019+, (x = 0—0.15) (Il)
samples are single-phase and have a hexagonal M-type mag-
netoplumbite structure (space groRfis/mmc). In system Il, in
addition to BHF phase, a rhombohedral Bikefihase also
appears ak = 0.2 (Figure 1).

The structure of M-type BHF consists of spinel blo&ksS*
and hexagonal barium-containing blodRs R* alternating in
the direction of thec axis. S* andR* blocks ensue on rotation
of the SandR blocks by 180°%bout thec axis. The unit cell of
BHF contains 10 layers of O ions (Figure 22 There are five
nonequivalent crystallographic positions of iron ions in the
structure; among them three are octahedrak(¥2 and 2a),
one is tetrahedral {4), and the B position is an inside oxygen
bipyramid.

MdOssbauer SpectraMS of samples IX= 0—0.8) and Il &
= 0.15) are shown in Figure 3, and their parameters are listed
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in Table 1. The MS lines were assigned to structural positions Figure 3. Mdssbauer spectra of BagddFer2-2,019+, at X = 0 (1),

by the model described in refs 436, according to which each

0.15 (2), 0.2 (3), and 0.8 (4) and BaBiFer» 2019+, atx = 0.15 (5).

of the five positions of iron in the BHF structure produces a model allows one to estimate the occupation of all structuras
resonance sextet of magnetic interaction. The half-widths of the positions by F&" ions in single-phase BHF with well-crystal-114
MS lines in every sextet were assumed to be identical. This lized structure. 115
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TABLE 1. Parameters of MOsshauer Spectra of Doped Barium Hexaferrité

BaCqTixFer2-2010+,

BaBixTixFe2-2019+,

position parameter x=0 x=0.15 x=0.2 x=0.8 x=0.15
Hetr, KO€ 419 417 418 403 420
12k IS, mm/s 0.37 0.37 0.37 0.37 0.37
octahedron QS, mm/s 0.42 0.40 0.40 0.28 0.41
fwhm, mm/s 0.34 0.45 0.47 1.02 0.39
S, % 48.9 50.6 514 50.1 50.8
Hefr, kOe 497 491 490 474 496
4f; IS, mm/s 0.27 0.28 0.29 0.31 0.30
tetrahedron QS, mm/s 0.23 0.20 0.19 0.13 0.17
fwhm, mm/s 0.37 0.42 0.45 0.58 0.43
S, % 23.3 21.3 24.7 27.6 24.9
Hesr, kOe 525 519 520 499 522
4f, IS, mm/s 0.39 0.40 0.39 0.43 0.41
octahedron i, mm/s 0.16 0.10 0.16 0.11 0.19
fwhm, mm/s 0.28 0.35 0.25 0.72 0.28
S, % 14.4 15.1 12.0 13.1 12.2
Hesr, kOe 513 508 505 428 517
2a IS, mm/s 0.38 0.37 0.39 0.37 0.36
octahedron QS, mm/s 0.09 0.10 0.15 0.31 0.02
fwhm, mm/s 0.24 0.27 0.24 0.28 0.24
S, % 8.3 8.2 6.7 6.0 5.6
Hesr, kOe 407 405 408 399 407
2b IS, mm/s 0.29 0.27 0.29 0.28 0.29
bipyramid QS, mm/s 2.17 2.12 2.07 2.01 2.11
fwhm, mm/s 0.28 0.33 0.47 0.31 0.38
S, % 5.1 4.8 5.2 3.2 6.5

a Note. Hert is the hyperfine magnetic field; IS is the isomer shift relative to metallic iron; QS is quadrupole splitting; HW is the half-width of
the absorption line; an8 is the relative area of the MS sextet. Measurement errar, +5 kOe; IS, QS, and fwhmy=0.04 mm/s;S, <6%.

Taking into account the multiplicitiy of structural positions

be due to a decrease in the average cation size becausszof

and the same resonant absorption coefficients of iron cationssubstitution of Cé" and T#*" ions for FE™ ions. In our opinion, 153
in each position, the ratio of sextet areas (or iron concentrations) Ce*™ and T#*" ions are located in the 2and 2bpositions in 154

relating to the iron positions must be as follows:k14f;: 4f:
2a: 20 = 50:17:17:8:8.

Figure 4 shows plots of the relative areas of sext&f (
hyperfine magnetic fieldsHes) and quadrupole splitting (QS)
for all positions on the degree of substitution off€and T+
for FET ions in sample |I. The areas of the MS sextets
corresponding to the X2and 2apositions of sample | for =
0—0.15 coincide with the theoretic& values, 50 and 8%,
respectively (Table 1 and Figure 4a). The areas of theektets
are larger and those ofx42a and 2 smaller than the theoretical
values. Therefore, the Feions in the BHF structure prefer to
occupy tetrahedralf4 positions in the spinel blockS and S*
(see Figure 4a).

It is knownt! that T#*" ions, which have a rare gas outer shell,
and Fé" ions, which have a spherically symmetri®&dectronic
shell, are distributed uniformly over the tetra- and octahedral
positions of spinel structure. However, €oions prefer
octahedral coordination due tésgi? hybridizationd®1”and force
out FEé* ions to the tetrahedral positions. Analysis of concentra-

the range ok = 0.2—0.8. This follows from the concentrationss
dependence of the areas of the MS linasad 2b(see Figure 156
4a): the part of F& ions in these positions remains unchangast7
in the range ok = 0—0.2 and decreases in the rangexef 158
0.2—0.8. A substantial increase in the quadrupole splitting 16
2b-sextet (Table 1, Figure 4dp also caused by isomorphouseo
substitution in the B position and distortions of crystal lattié&. 161
It is not impossible that T~ ions preferably occupy theb2 162
position and that some larger €oions occupy the larger163
octahedral 2 position. Analysis of the effect of the steric factore4
on the distribution of cations over sites of BHF structunss
confirms this. For example, the average radius cf'Hens in 166
the structure of undoped BHK €& 0) calculated from the areasié7
of MS sextets (see Table 1) i¢Fe3") = 0.605. In calculation 168
we take into account that Feions are in the high-spin statei69
and have different coordination numbers (CNE€")cn=4ns 170
= 0.49,r(Fe")cn=sns = 0.58;r(FE)cn=6ns = 0.6451° Figure 171
4a shows that the substitution 2Fe—~ Co?* + Ti4* occurs in 172
the 4% and 2apositions in the range of = 0—0.2, but this 173

tion dependences of relative areas of Mossbauer lines (Figuresubstitution occurs in thea2 2b, and 1R positions and results174

43) allows one to suppose thatand T cations occupy

in a decrease 08 values in the range of = 0.2—0.8. The 175

structural positions statistically in the case of their small content average radius of Go + Ti*" ions in the range ok = 0—0.2 176

(x = 0.2) and, with increase ta& > 0.2, partly occupy the
positions 12k, &, and d. The antibate curved4— 4f, and 2a
— 2bin the range ok = 0—0.2 and decrease B values for
the positions &, 2b, and 1Xin the range ok = 0.2—0.8 support
this statement.

Figure 5 shows that the increase in the unit cell voluivie (
of sample | obeys Vegard'’s law, indicating that substitutional

is 0.67 ((Co?")cn=s = 0.735,1(Ti*")cn=6 = 0.6059) and in 177
the range ok = 0.2—0.8 is 0.65 (if TI" substitutes for F&"in 178
the 2bposition; in this case(Ti*")cn=s = 0.5719) or >0.65 (if 179
Ti4* substitutes for F& in the 2a and 2bpositions). Such 180
distribution of cations on BHF sites agrees with thle-x 181
dependence (see Figure 5). Figure 4b shows that the substituisen
2Fet — Cc?™ + Ti*" in the BHF structure is accompanied bys3

solid solutions are formed. The concentration dependence ofa decrease ifle values for all positionsHess decreases due to1s4

unit cell volume correlates well with that of MS parameters:
both plots change their slopexat= 0.2 (Figures 4 and 5). The
decrease in the slope of the-x plot atx = 0.2 (Figure 5) may

isomorphous substitutions of iron by other catiéhsVith 185
increasing dopant content, the exchange interaction betwesn
sublattices decreases, ahtlf decreases for all sublattices1s?
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Figure 4. Concentration dependences of relative areas of MS sextets results in a decrease bl. The plot ofMs against concentration234

(S), hyperfine magnetic fields ¢, and quadrupole splitting (QS) for
positions 2a, B, 4f,, 4f,, and 12kof BaCqTixFe2— 20194

o

V. A
698.0
697.64
697.2

696.8

696.4

00 02 04 06 08 x
Figure 5. Concentration dependence of the unit cell volume of
BaCqTixFer2- 201904,

Isomorphic shift (IS) does not change with an increase of the
degree of isomorphous substitution (Table 1). This indicates
that the electronic configuration of #eions remains unchanged
during the substitution 2E& — Co?* + Ti4". It is noteworthy
that Her decreases sharply on nuclei ®Fe ions in the range

of x=0.2—0.8 and that the quadrupole splitting fofFéns

in position 2 increases with increasing in contrast to its
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dependences dflef and QS on thex value may be explainedi9e
by the partial substitution of ¥i ions for Fé* ions in position 197
2a. Therefore, in the range af= 0.2—0.8, T#" ions are not 198
only in position 2 (as we conclude from the change of thes
slope of theV—x plot atx = 0.2) but also in position& The 200
presence of small Ti ions and large C4 ions causes local 201
distortion of crystal lattice, and this is accompanied by aoe
increase of QS in positiona(see Figure 4c). It is known that203
interaction between nuclei and orbital magnetic moments of 2d
electrons make a contribution to the effective magnetic fields
on nuclei?! The partial substitution of ¥i (3pf) ions for F&* 206
(3cP) ions decreases this interaction and thg value, which 207
we can see for the positioradsee Figure 4b). 208
Thus, complex analysis of concentration dependences of apat
cell volume and parameters of Mdssbauer spectra allows ugito
suppose that in the range Bf= 0—0.2, N2* and T#* ions 211
prefer to substitute for Fe ions statistically in the positions212
2aand 45. Forx > 0.2, small T#* ions prefer to substitute forz213
Fe*t ions in the positions@and 2h and large C%" ions prefer 214
to substitute for F& ions in the positions & and 12k. 215
Comparison of the areas of MS sextets for all five positions @1k
Fe*t in single-phase cobalt-containing (1) and bismuth-contaizer
ing (1) BHF (see Table 1) allows us to suppose that'Bind 218
Ti4* ions prefer to occupy the positions 2nd 4f and force 219
out Fé* ions to the position 4f 220
Magnetic Measurements. Figure 6 shows concentratiore21
dependences of the specific saturation magnetizddlgmnd 222
coercitive forceH. of samples | and Il. The specific saturation23
magnetization of cobalt-containing compositions smoottdgs
increases with increasing dopant content (see Figure 6, cuse
1), which agrees with the data of refs 1 and 22, and coerceze
force almost linearly decreases (Figure 6, curve 3). This2ig
observed in the case of single-domain particles, in which ts
processes of magnetization and reversal magnetization ocear
preferably by the mechanism of rotation of magnetization vectzso
In this caseH. is proportional to the&;/Ms ratio, whereK is 231
the crystalline magnetic anisotropy constektwith an increas- 232
ing amount of Cé&" ions, theK; value decreasé$,and this 233

for BaBixTixFe12-20190+, Samples has a maximumsat= 0.15 235
(Figure 6, curve 2). This maximum is probably due to the fazis
that the solubility limit of B#* ions is reached at= 0.15 and 237
that they begin to precipitate as a BiFgfthase ak > 0.15, 238
which is confirmed by X-ray analysis (see Figure 1). 239

Figure 6 (curves 3, 4) shows that the complex dopaft Bi4o
+ Ti** is more effective than Cd + Ti** in decreasing the 241
coercive force of BHF. Both dopants increase specific saturatian
magnetization. Such combination of magnetic properties and
characteristics of fine ferromagnetic filler based on doped Bld&
(Table 2) indicates that M-type BHF doped with complex dopaxt
has promise in the production of magnetic data storage media
with high recording density. 247

4, Conclusion 248

The effect of (C8" + Ti*4") and (BF™ + Ti4") dopants on 249
the fine structure and magnetic properties of M-type BHF hzs®
been studied. It has been shown that in the range-ofe-0.2, 251
Cc?t and T ions prefer to substitute for Feions statistically 252
in positions 2 and 4% and that, in the range of = 0.2—0.8, 253
Co*" and T ions substitute for Fe" ions in positions 2a, 12, 254
and 12k. In the latter case,*Tiions substitute for F& ions in 255
positions 2aand 2band C&* ions substitute for F& ions in 256
positions 2aand 12kand force out F& ions to positions 4f 257

decrease for ions in all other positions (see Figure 4b,c). Theand 4$. In single-phase BaRTiFer>-2019+, (x = 0—0.15), 258
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Figure 6. Concentration dependence of saturation magnetizatign(a) and coercive forceH. (b) for BaCqTixFe»—2019+, (1, 3) and

BaBiTixFer2—2010+, (2, 4).

TABLE 2: Magnetic Properties of BaCo,TixFe1o— 2019+, and BaBixTiyFei2-2019+, (T = 1270 KP

no. chemical composition phase composition B, T B, T B/Bs H¢, KA/m
1 BaF@xO19+, BHF 0.30 0.19 0.63 430
2 BaCQ)_lTio_lFell_gO]_giy BHF 0.34 0.21 0.62 390
3 BaCa.isTig15-€11. 019y BHF 0.345 0.21 0.61 300
4 BaCQ)_gTio_gFell_ﬁolgiy BHF 0.37 0.24 0.65 282
5 BaCaq.4TioFe1 Orosy BHF 0.38 0.24 0.63 206
6 BaCasTiosFei0.O1oxy BHF 0.39 0.25 0.64 145
7 BaBio.osTio.0s7€11.8 19+ BHF 0.34 0.21 0.62 406
8 BaBio_o75Tio_o7d:eu_g@19iy BHF 0.35 0.22 0.62 350
9 BaBio.1Tio.sFer1.60104, BHF 0.35 0.22 0.63 295
10 BaBb.1sTi0.19~€11. 010+, BHF 0.36 0.22 0.62 240
11 BaBp . Tio.Fe1.dOrosy BHF + BiFeO; 0.31 0.19 0.61 255

2 Note. Bs is the maximal magnetic inductiol®; is the residual magnetic induction; aht is the coercive force.

Bi3* and T#*" ions prefer to occupy positionsazand 4§ and
force out Fé&" ions to position #. It has been shown that M-type
BHF doped with the complex dopants ot Ti*") and (BF"

+ Ti4") has promise in the production of magnetic data storage

media with high recording density.
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