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The structural and magnetic properties of BaFel, I z,cO,Ti~,Ois (0(x< 1.0) M-type barium 
ferrite have been investigated by means of neutron powder diffraction and high-field 
magnetization measurements. The cationic’distribution and magnetic moments of the five 
different metallic sublattices are determined and compared to the experimental saturation 
magnetization. It is found that about 50% of Co ions occupy tetrahedral sites, thus 
being ineffective in the reduction of the uniaxial magnetic anisotropy, while Ti ions prefer the 
4fvI octahedral sites. All in all, a clear hierarchy of sublattice preferences is defined. 
Although the collinearity of the magnetic structure is progressively broken, mainly above 
~~0.7, the overall behavior remains ferrimagnetic. The strong local spin canting is tentatively 
attributed to the localization of diamagnetic Ti ions in the 4fvr octahedral sites. 

I. INTRODUCTION 

Hexagonal ferrites are a large family of hexagonal or 
rhombohedral ferrimagnetic oxides with interesting appli- 
cations as permanent magnets, microwave device materi- 
als, and magnetic and magneto-optic recording media’ so 
that many efforts have been devoted to improve their mag- 
netic characteristics by substitution of ‘Fe3 + cations with 
other diamagnetic or paramagnetic cations.’ Their crystal 
structure can be described by the superposition of some 
fundamental structural blocks formed by a close packing of 
hexagonal or cubic stacked layers with Ba(Sr,Pb)Os and 
0, composition. In this framework, the metallic cations are 
located in octahedral, tetrahedral, and fivefold coordina: 
tion interstices.2~3 

The most largely studied of all these compounds is the 
M-type barium ferrite BaFei,Ors (?a-M) .2d The M struc- 
ture (SG P63/mmc) is symbolically described RSR*S* 
where R is a three-layer block (two O,- containing one 
BaO,) with composition (Ba” + Fe6 3 + O11)2 - and S is a 
two OJayer block with composition ( Fe3 + 6O8) 2 +, where 
the asterisk means that the corresponding block has been 
turned 180” around the hexagonal c axis. In this structure 
the metallic cations are distributed within three different 
kids of octahedral sites (2a, 4fvr and 12k sublattices), 
one tetrahedral site (4f,, sublattice), and one pseudotet- 
rahedral site [4e($) sublattice]. In Table I we summarize 
the crystallographic characteristics of these five metallic 
sublattices. 

Pure M-type barium ferrite BaFe1201, is ferrimagnetic 
below T,~720 K.5*6 The magnetic structure model was 

suggested for the tirst time by Garter’ from the application 
of the Kramers-Anderson indirect exchange theory:’ All 
the magnetic moments are ordered along the hexagonal c 
axis according to the scheme given in Table 1. Dominant 
interactions are those where the superexchange angle 6 
(Fe3 + -02 - -Fe3 + > is near 180” and they become negligi- 
ble when this angle tends to 90”.* IsalguC et aZ.’ reported 
that, in the scope of the mean-field approximation, the 
stability of the Gorter-type structure is well established, 
except for the 12k octahedral site, where the strongly com- 
peting interactions give rise to the lowest stability of the 
spin arrangement among all the metallic sublattices. Simi- 
lar arguments had previously been used by Albanese, Car- 
bucicchio, and Deriu’ to interpret Mossbauer spectra of 
some Al- and Ga-doped M-type strontium ferrites. All in 
all, the cationic substitution alters the critical equilibrium 
of the superexchange paths that make the magnetic struc- 
ture stable and this fact might explain the appearance of 
new noncollinear magnetic structures.‘o~1’ 

M-type barium ferrite BaFe12019 is being largely stud- 
ied because of its high technological interest as a material 
suitable for perpendicular magnetic recording. I2 Many ef- 
forts have been devoted both to the development of a syn- 
thesis method that allows us to obtain fine particles,‘3-‘6 
and to reduce its high intrinsic magnetocrystalline anisot- 
row. 53 In this sense, several methods have been attempted 
to obtain suitable homogeneous, small-size particles and, 
on the other hand, Ba-M is usually doped with Co2+ 
ions,2,3p15*17-19 which are known to give a strong planar 
contribution to the anisotropy when located in octahedral 
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TABLE I. Crystallographic and magnetic characteristics of the metallic 
sublattices in the M-type BaFe12019 hexagonal ferrite. 

Cation Sublattice Coordination 
No. ions Spin 

Block per FU direction 

Ml 
M2 
M3 
M4 
M5 

2a octahedral S 1 
ME) 

UP 
pseudotetrahedral R 1 UP 

4f,v tetrahedral s 2 down 
vm octahedral R 2 down 
12k octahedral R-S 6 UP 

sites,%= as it had been previously shown in cobalt-substi- 
tuted magnetite.24 

We report in this work a study of the intrinsic struc- 
tural and magnetic properties of the classical 
BaFelz _ zxCoXTiX019 (O<x< 1) doping scheme. The syn- 
thesis of all the polycrystalline samples used in this inves- 
tigation was performed by the classical ceramic method2 in 
order to avoid such problems as impurity formationi and 
fine-particle efIects.25 

Neutron powder diffraction has been proved an excel- 
lent technique to determine the cationic distribution in 
doped ferrite& In our present case, the scattering lengths of 
doping cations are smaller than that of Fe [b(Fe) = 0.954, 
b(Co) =0.25, b(Ti) = - 0.33, all in lo-l2 cm] and then 
the average scattering length of each metallic site decreases 
when doping. For each sublattice where substitution takes 
place, we can write 

bi=~‘i[b(C~>] +zJb(Ti)l + (1 -vi-Zi)[b(Fe)], (1) 
where the subscript i indicates the different sites, bi are the 
average scattering lengths, and yi and zi represent, respec- 
tively, the population of Co and Ti ions substituted in a 
given i site. We will refer to them as the population pa- 
rameters. In order to determine the values of jj and z, we 
refine the average scattering length bi of each metallic po- 
sition, and the decrease of these bi values is indicative of 
the substitution. On the other hand, if mi represents the 
crystallographic multiplicity of a given i site per formula 
unit (FU), then mgi and mgi represent, respectively, the 
amount of Co and Ti ions substituted in this site per FU, in 
such a form that BImpi and Xfrngi are the total amounts of 
doping cations (Co and Ti, respectively) that have entered 
the structure per FU. When this total amount equals the 
nominal doping rate x, we have an additional equation, and 
thus we can construct a system of six equations with ten 
variables. Therefore, some physical hypotheses will be in 
order. We will show that the neutron-diffraction patterns 
allow the cation occupancy in each sublattice, to be con- 
fined between two limits. Finally, the most plausible dis- 
tribution at low doping levels is established from the mea- 
surement of the saturation magnetization. 

II. EXPERIMENT 

The synthesis of polycrystalline BaFe12 _ 2xCoXTiX019 
samples (x = 0.2, 0.5, 0.7, 1.0) was performed by high- 
temperature solid-state reactions of stoichiometric BaC03, 
Fez03, Ti02, and Co304 mixtures. Different firing temper- 

atures between 1273 and 1473 K were chosen in order to 
optimize the reaction kinetics. Finally, all the compounds 
were fired at 1473 K for a period of several days with 
intermediate grindings and were quenched in air. The 
phase unicity of final samples was verified from both x-ray 
and neutron diffraction. We have restricted the nominal 
doping rate x to the interval O<x< 1.0 since (i) the Curie 
temperature is still above the room temperature,2*‘5 (ii) the 
coercive field diminishes to technologically achievable val- 
ues,2*15 and (iii) the overall magnetic structure remains 
ferrimagnetic.26 Consequently, BaFe12 - 2XCoXTiX0,s 
(O<x< 1.0) M-type .barium ferrites are suitable for mag- 
netic perpendicular recording. 

Neutron-powder-diffraction patterns were recorded at 
the D2B high-resolution diffractometer of. the Institut 
Laue-Langevin with /z = 1.594 A. This diffractometer is 
equipped with a bank of 64 detectors separated 2.5” in 26, 
each one equipped with Soller slits, allowing one to span an 
angular range of 28 = 160”; scanning the detector by 2.5”, 
in steps of 0.5’, one gets a full diffraction pattern. Several 
scan blocks are added to get better statistics and a good 
average for the detector positions. All the spectra were 
obtained both at T = 793 K in the paramagnetic phase and 
at T = 4.2 K in the ferrimagnetic phase and were analyzed 
with the Rietveld method of the STRAP software package.” 

The isothermal magnetization curves were measured at 
T = 4.2 K in a magnetic field up to H = 200 kOe by using 
a uniaxial extraction technique with a water-cooled Bitter 
magnet of the Service National des Champs Intenses in 
Grenoble. 

Ill. EXPERIMENTAL RESULTS 

A. Neutron powder diffraction 

1. Paramagnetic phase (T= 793 K) 

The cell and positional parameters together with the 
average scattering lengths bi corresponding to the five me- 
tallic sublattices of the M structure and an isotropic tem- 
perature factor for each chemical species were simulta- 
neously refined assuming the P6,/mmc space group. In 
Fig. 1 (a) we show both the experimental and refined pat- 
terns for x = 0.2. The reduced chi-squared values were, in 
any case, below 5%, while the Bragg R factors were about 
3%. No impurities were detected up to’x = 1.0, thus any 
residual phase, if present in our Co-Ti-doping scheme, is 
below 1% in weight. From the refinement of the average 
scattering lengths bi (Fig. 2), as defined in Eq. ( 1 ), it is 
evident that, although there is a partial substitution of 
Fe3 + ions by Co 2 + -Ti4 + in all five metallic sublattices, 
the 2a octahedral and 4e(f) pseudotetrahedral sites are 
much less sensitive to the doping rate than the other three 
sites (tetrahedral 4frv, and octahedral 4fv1 and 12k). The 
refined experimental error of all these bi values was well 
below 2%.-~A complete analysis’ of both atomic distances 
and bonding angles, and their comparison to the Co-Sn- 
doping scheme, will be published soon elsewhere. 
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FIG. 1. Experimental and refined neutron-powder-diffraction patterns of BaFelz _ z,CoXTiX019 compounds for (a) x = 0.2 at T = 793 K, and (b) x = 1.0 
at T= 4.2 K (low-angle region). 

2. Ferrimagnetic phase (T=4.2 K) 
We assume that (i) the average scattering lengths of 

the metallic sites do not change with respect to those re- 
fmed in the paramagnetic phase, (ii) the magnetic form 
factor is that of Fe, since the total amount of Co2 + ions in 
the structure is small as compared to the amount of 
Fe3 + ions, and (iii) the magnetic structure can be de- 
scribed by the Garter’s model: uniaxial collinear structure, 
with three spin-up [2a, 4e($), and 12k] and two spin-down 
(4fIv and 4fvr) sublattices. 

The cell and positional parameters together with the 
magnetic moments of metallic sublattices and one isotropic 
temperature factor for each chemical element were simul- 

taneously refined. The fitted magnetic moments of all me- 
tallic sublattices are represented in Fig. 3 as a function of 
the doping rate. The strong correlation existing among the 
magnetic moments of different sites is noticeable; for in- 
stance, we are not able to independently fit those corre- 
sponding to the 2a and 4e($ sites when x = 1.0. From 
these fitted values, we can easily derive the total magneti- 
zation per FU as 

Mf=MUa) + M(4e) - 2CM(4fIv) 1 - 2[M(4fvI) 1 

-I- fxW12k)l, (2) 
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0.0 0.4 0.8 1.2 

FIG. 2. Refined average scattering lengths bi corresponding to the five 
metallic sublattices: (1) 24 (2) 4e(f), (3) 4fIv, (4) 4f,, and (5) 12k, 
as a function of the doping rate x. For x = 0, 
LQ = b(Fe) = 0.954X 10 - I2 cm. All the represented values are given in 
IO-l2 cm. 

where Mi is given in ,uuB/FU. (In Fig. 5 we show the 
compositional dependence of M,“. ) 

Concerning the goodness of the fit, the reduced chi- 
squared values are about 10% for all samples, while the 
Bragg nuclear and magnetic R factors are, respectively, 
about 6% and 7%, except for the Bragg magnetic R factor 
when x = 1.0, which suddenly increases to 18%. If we 
carefully look at the low-angle region of the patterns, we 
observe that there exist both an extreme broadening of 
some Bragg peaks and a diffuse scattering [Fig. l(b)], 
which are evident at doping rates higher than ~~0.7. 
These features are not caused by a residual percentage of 
impurities since no contribution of this kind appears in the 
paramagnetic patterns, thus showing their magnetic origin. 
This magnetic scattering might indicate that the strict col- 
linearity of the magnetic structure is progressively broken 
when doping and that probably above ~~0.7 the magnetic 
ground state is no longer a collinear ferrimagnet but a 
disordered ferrimagnet which may be viewed as a precur- 
sor of the block-canted helimagnetic structure observed at 
higher x values (x> 1.2).26 

B. Isothermal magnetization measurements 

Intrinsic magnetic parameters were obtained from a 
detailed analysis of isothermal M(H) curves (Fig. 4). The 
law to approach to saturation (LAS) for ferromagnetic 
and ferrimagnetic powders can be written2’ 

M(H)=Ms(l -z4/H-B/H2-c/H3) +xdH, (3) 
where MS is the saturation magnetization and Xd the high- 
field differential susceptibility. 
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FIG. 3. Refined magnetic moments of the metallic sublattices. (a): (1) 
2% (2) 4e($,and (1+2) 2a+ 4e&; (b): (3) 4hv, (4) 4fVI,and (5) 
12/c. The x = 0 values are given by Collomb and co-workers (Ref. 39). 

The term A/H is attributed to the existence of inho- 
mogeneities in the microcrystals which reduce the mobility 
of the magnetization2’ and from the theoretical point of 
view,30 as has been experimentally found,31 it must vanish 
at high enough magnetic fields, otherwise the magnetic 
energy necessary to saturate the sample would be infinite. 
The second and the third terms are related to the magnetic 
anisotropy and can be written, for a uniaxial hexagonal 
compound with K2%K1,32 as 

Ha= 2K1/Ms, (4) 
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FIG. 4. Experimental isothermal magnetization curves M(H) of the 
Co-Ti compounds, as a function of doping rate ( T = 4.2 K). 

where H, is the anisotropy field, and K, and K, are the first 
and second anisotropy constants describing the magnetic 
anisotropy energy:* 

E,=K, sin’ Jf + K2 sin4 6, (5) 

6 being the angle between the M vector and the hexagonal 
c axis. 

21 
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FIG. 5. Compositional dependence of the total magnetic moment per FU 
(T = 4.2 K), obtained from (1) isothermal magnetization curves (satu- 
ration magnetization) and (2) neutron powder diffraction [Eq. (2)]. For 
x = 0, see Refs. 11 and 39. 
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FIG. 6. Compositional dependence (T = 4.2 K) of (a) the high-field 
differential susceptibility xd and (b) the first anisotropy constant Ki (the 
x=OvalueisgiveninRef.2). 

Finally, the last term in Eq. (3) denotes the possibility 
of the existence of differential magnetic susceptibility,*’ 
which may appear when the magnetic structure becomes 
noncollinear. 

Experimental M(H) curves (Fig. 4) were fitted to Eq. 
(3) assuming that at high enough fields A-0. In Fig. 5 we 
represent the compositional dependence of the experimen- 
tal saturation magnetization MS together with that ob- 
tained from the refinement of neutron-powder-diffraction 
patterns at T = 4.2 K [see Eq. (2)], M:. In Fig. 6 we show 
the fitted values of the high-field susceptibility xd and the 
f&t anisotropy constant K1, obtained through Eqs. (3) 
and (4) assuming K2(K1. 

It is remarkable that above x-0.5 there appear both a 
change in the decreasing slope of the experimental satura- 
tion magnetization and a sudden increase of the high-field 
susceptibility, thus indicating a strong increase of the 
noncollinearity in the magnetic structure. Although we are 
able to fit the overall magnetic structure to the collinear 
uniaxial model, the extreme broadening of some magnetic 
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FIG. 7. Population parameters ( 1) z, (Tl ‘4 + located in the octahedral 2a 
site), (2) yz [Co’+ located in the pseudotetrahedral 4&l, and (3) y3 
(Co’+ located in tetrahedral 4fIv sites), as a function of the doping rate. 

Bragg peaks observed in the low-angle region might indi- 
cate a short-range correlation among the magnetic noncol- 
linear regions above ~~0.7, without this correlation lead- 
ing to a true noncollinear long-range order. This 
interpretation would be in good agreement with the mag: 
netic phase diagram proposed by Sadykov and co-work- 
ers:26 Although the overall magnetic structure remains fer- 
rimagnetic up to x=: 1.2, there exists a strong local spin 
canting, which may start to correlate at x values around 
x--,0.7, which finally could lead to a long-range helimag- 
netic structure above xs 1.2. On the other hand, we also 
note that our Kl values deduced from the LAS on poly- 
crystalline samples are also in good agreement with the 
reported values obtained from single-crystal studies: Our 
data indicate that the extrapolated value of K, becomes 
zero when x=: 1.3, while Sadykov and co-workersz6 report 
that this occurs when x = 1.4. Anyway, our K, values are 
only indicative, since the method we have used to derive 
them does not allow us to evaluate higher:order terms, 
which are due to become important- as the doping rate 
increases.3*20 

IV. ANALYSIS OF THE DATA AND DISCUSSION 

Let us label, respectively, the 2a, 4e (f ) , 4frv, 4fv1, and 
12k as the 1, 2, 3,4, and 5 sublattices. In order to solve the 
five equation system ( l), some physical hypotheses are in 
order. 

(i) We assume that Ti4 + ions do not enter tetrahedral 
sublattices (.x2 = 2, = O), which seems quite a plausible hy- 
pothesis within the low x values studied in this work, since 
it is experimentally well known that this cation has a 
marked preference for the octahedral sites.33 In this sense, 
both the tetrahedral 4fIv site and pseudotetrahedral 
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4-e(b) sublattices are fully occupied by Fe3 + + Co2 + ions 
and Eq. (1) allows us to unambiguously derive the popu- 
lation of Co2 + located in these two sites (Fig. 7). In this 
way, we obtain that the population of Co’+ ions substi- 
tuted in the 4f,, tetrahedral sites (v3) follows, as a func- 
tion of the doping rate x, the linear law 

y3=0.236(2)x, 

m3y3=0.47( 1)x, (6) 

thus meaning that about 50% of the total amount of 
Co2+ that enters the structure does locate in these sites, 
which is in good agreement with those results reported by 
Kalvoda et ~1.~ ’ m the BaFesCo2Ti2019 M-type barium 
ferrite (x = 2.0), where m3y3z0.5x. 

(ii) Concerning the 2a octahedral site, the value of the 
substitution in this sublattice is much lower than in the 
other four and seems to saturate even at low doping rates. 
We have assumed in this work that no Co2 + enters this 
position (J+ = 0), since this is actually the case at higher 
doping rates,41 so that from Eq. (1) we find that the pop- 
ulation parameter z1 of Ti4 + ions substituted in the 2a site 
(Fig. 7) varies from 0.018 when x = 0.2 to 0.04 when 
x = 1.0. Anyway, the substitution rates are so low that the 
global cationic distribution is not greatly affected by this 
choice; for example, if we assume that no Ti4 + enters this 
position (z, = 0), we derive that the population parameter 
y1 of co2+ ions substituted in this site varies from 0.016 
when x = 0.2 to 0.07 when x = 1.0. 

(iii) Finally, in order to determine the cationic distri- 
bution in the octahedral 4f,, and 12k sublattices we as- 
sume that the total amount of Co* + and Ti4 + that enters 
the structure is the same, although we do not restrict this 
value to the nominal doping rate x. This hypothesis pro- 
vides us with a new equation: 

m2v2 + m3y3 + my4 +-mly5=m~l+ m4z4 + me, (7) 

where ml = 1, m2 = 1, m3 = 2, m4 = 2, and m5 = 6 are the 
multiplicities of the different metallic sublattices per FU. 
We have reduced our original equation system to one of 
three equations [Eq. ( 1) written for 4fv1 and 12k sites plus 
Eq. (7)] having four variables. Giving values to z4 and 
accepting as correct those solutions where the four un- 
knowns are positive and monotonically increasing with the 
doping rate, we are able to restrict all the possible occu- 
pancies between two limiting cases, which we will call A 
and B limits, respectively. We can parametrize these two 
limiting cases by means of the ratio of the population pa- 
rameters of the Co ions in the 12k and 4fvr sublattices 
(and, consequently, by the same ratio of Ti ions), and we 
derive 

YSMCO) MzdTi) 
A Limit to ~0.26, 
B Limit 0 =: 1.33. (8) 
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FIG. 8. Population parameters referred to Co’ + substituted in octahedral 
sites: (a) ys: 12k in the A  limit (no Co ions located in the 4fvr sublattice) 
and (b) ye: 4f,, in the B  liiit (no Co ions located in the 12k sublattice). 

In the A lim it (y& = CO jzS/zq~0.26), no Co2 + 
ions locate in the 4fvr sublattice, while in the B lim it 
Cy5/y4 = O*zg/zq~ 1.33) no Co2+ are substituted in the 
12k sublattice. 

Any given cationic distribution having this ratio within 
these lim iting cases is allowed. In order to clarify the hi- 
erarchy of preferences, we may look at the compositional 
dependence of the population parameters yi and z, In Fig. 

J-J--l-LI--L-.“. 
0.0 0.4 0.8 1.2 

X 

FIG. 9. Population parameters referred to Ti4+ substituted in octahedral 
4f,, (z4) and 12k (zs) sites in (a) the A  limit (z5/z4--,0.26) and (b) the 
B  limit (z5/z4z 1.33). 

I 
0.0 0.4 0.8 1.2 
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PIG. 10. Compositional dependence of the total magnetic moment per 
FW (T = 4.2 K) obtained from the cationic distribution in (a) the A  
limit, (b) the B  limit,.and (exp) experimental values (saturation magne- 
tization). 

8 the population of Co ions located in the 4fv1 (y4) and 
12k (yS) sublattices in both lim iting cases is displayed, 
while in Fig. 9 the same magnitudes are represented for Ti 
ions. We clearly observe that Ti ions basically show a hi- 
erarchy of preferences 4fvr > 12k > 2a (Figs. 7 and 9), 
while for Co ions the hierarchy depends on the lim iting 
case we choose (Figs. 7 and 8). 

After all this procedure we find that the estimated rel- 
ative error of the total amount of doping [evaluated from 
Eq. (7)] varies from 15% when x-= 0.2 to 5% when 
x = 1.0. The nominal values are well within the estimated 
range. 

In Fig. 10 we compare the experimental values of 
MS with those obtained from the cationic distribution in 
the two lim iting cases, assuming that the magnetic struc- 
tUre remains Collinear. We assume p( Fe) = 5 pg and 
y(Ti) = 0. Concerning the magnetic moment of Co2 + 
ions, we assume the 3-pB spin-only high-spin value when 
located in tetrahedral sites, and the 3.7 PB value when 
located in octahedral sites.3*2*,42 This latter is slightly 
higher than the spin-only high-spin value due to the partial 
quenching of the angular magnetic moment of these cat- 
ions when located in octahedral sites.2’V24 It is noticeable 
that the total magnetization derived from the A lim it 
closely follows the experimental values up to x--,0.5, which 
means that, up to this doping rate, no Co” -I- ions locate in 
the octahedral 4fvr site (as has also been found both at 
higher doping rates4i * and m  the W-type BaCozFe&,, 
compound39) and, consequently, a larger amount of 
Ti4 + ions occupy this sublattice in comparison to the 12k 
one. Figures 8 and 9 show that the cationic substitution in 
the 4fvr and 12k sublattices in the A lim it may be written, 
up to ~~0.5, as the following linear laws: 
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yS=0.103(6)x3Co( 12k): mSy5=0.62(4)x, 

z4=0.27( l)xjTi(4fv1): m.+z4-0.54(2)x, 

zs=0.078(3)x*Ti( 12k): mg5=0.47(2)x. (9) 

We believe that this is a fairly realistic evaluation of 
the cationic distribution in this compositional range, al- 
though it is obvious that this hierarchy of preferences may 
be strongly modified at higher substitution rates because of 
the perturbed charge distribution among the different sub- 
lattices. A further support to our assumption of a collinear 
magnetic structure up to x=0.5 comes from the fact that 
the strong increase of the high-field susceptibility takes 
place at x> 0.5. Consequently, the magnetic structure 
seems to remain collinear up to this doping rate thus val- 
idating our choice of the cationic distribution correspond- 
ing to the A limit from the spontaneous magnetization 
measurements. 

At higher doping values, the increase of the high-field 
magnetic susceptibility indicates that some degree of local 
spin canting appears. Then, no conclusion may be drawn 
from the experimental magnetization values concerning 
the cation distribution. Finally, above ~~0.7 the differ- 
ences between experimental and deduced data indicate a 
strong increase of the magnetic noncollinearity. 

V. SUMMARY AND CONCLUSIONS 

Our neutron-powder-diffraction study of the Co-Ti se- 
ries in the paramagnetic phase has allowed us to ascertain 
that the 2a octahedral and 4e(i) pseudotetrahedral sublat- 
tices are nearly fully occupied with Fe3 + ions (less than 
10% of substitution), while, within the explored substitu- 
tion rate, a considerable amount of Co2 + (about 50% of 
the nominal doping rate) occupy the tetrahedral site 
4fIv, thus being ineffective, according to the single-ion the- 
ory of anisotropy, in the reduction of the magnetic anisot- 
ropy.34 These results are agreement with those reported by 
Collomb and co-workers35- in the Y-type Ba2Co,Fe110u 
compound, in which a considerable amount of Co2 + ions 
located in tetrahedral sites. In our samples, we observe that 
the total amount of Co ions located in tetrahedra [tetrahe- 
dral 4frv plus pseudotetrahedral 4e($) sublattices] is about 
10% greater than the total amount located in octahedra, 
which implies a marked preference of Co” + ions for the 
tetrahedral sites (Fig. 11) . At the same time, in the frame- 
work of the Stoner-Wohlfarth model, the lowering of the 
coercive field in single-domain particles signals that the 
anisotropy decreases.36 In a previous work we reported 
that a larger quantity of Co locates in tetrahedra when 
doping with Co-Ti than when doping with Co-Sn,17 thus 
matching the fact that in the latter the coercive field de- 
creases with the doping rate faster than in the 
former.L’5*‘8’37 This fact emphasizes the importance of the 
nonmagnetic counter ions on doping M-type Ba ferrite 
with Co*+. Referring to the octahedral 4fvr and 12k 
sublattices we have restricted from neutron-diffraction 
measurements the possible occupancies within two limiting 
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FIG. 11. Percentage of Co’+ ions located in (a)tetrahedral and (b) 
octahedral sites. 

cases: in the A limit (ys/y4 = CQ =$z,/z,~O.26), no 
Co2 + ions locate in the 4f,, sublattice, while in the B limit 
(y5/y4 = Ojz5/z4~ 1.33) no Co2+ are substituted in the 
12k sublattice. 

Magnetization measurements and neutron-powder-dif- 
fraction patterns at low temperature allow us to decide 
which of the two limiting cases stands for the real cationic 
distribution, and to develop a primary framework of how 
the magnetic structure and the intrinsic magnetic parame- 
ters are modified when doping. Concerning the cationic 
distribution it seems clear that, up’to ~~0.5, no Co2+ ions 
locate in the 4fvr site and, consequently, Ti4+ ions prefer 
this site to the 12k one (A limit). In this compositional 
range (x<O.5), the. most plausible amount of doping cat- 
ions per FU in the different metallic sublattices may thus 
be expressed by means of the following linear laws: 

Co(2a): mtyl=O, 

Co[4e(f)]: mg,=O.lO( 1)x, 

W4fIv): mg3=0.47( 1)x, 

W4f,1): mo4=Q 

Co( 12k): mgs=0.62(4)x, (10) 

Ti(2a): mlz,=0.08(1)x, 

Ti[4& I: mzz2=0, 

Ti(4fIv): m3z3 = 0, 

Ti(4fd : mg4=0.54(2)x, 

Ti( 12k): mqs=0.47(2)x. 

Concerning the considerable amount of Co’ + ions lo- 
cated in tetrahedral sites either in the M-type structure4’ or 
in the Y-type structure,35 these results (and our own re- 
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sults reported in the present study) differ from the conven- 
tional school of thought on the site occupancy of Co2 + 
ions. In the past, several authors pointed out, from the 
dependence of the saturation magnetization on the doping 
rate or from the microwave ferromagnetic resonance,22 the 
strict preference of Co2 + ions for the octahedral sites. We 
believe that this assertion could be uncertain due to the 
large number of possible cationic distributions among the 
metallic sublattices of these hexagonal structures. In this 
sense, neutron diffraction is a more accurate technique to 
determine the cationic distribution. 

Above ~~0.5, the noncollinear spin structure does not 
allow us to decide whether this tendency changes or not. 
On the other hand both the strong decrease of the experi- 
mental saturation magnetization and the sudden increase 
of the high-field differential susceptibility above ~~0.7 
suggest that the collinearity of the magnetic structure is 
lost above this doping concentration. These results match 
both the anomalies observed in the low-angle region of the 
low-temperature diffraction patterns and the differences 
between the experimental magnetization values and those 
derived from the cationic distribution assuming uniaxial 
collinear magnetic structure. All these facts strongly sug- 
gest that the disorder associated to the cation substitution 
introduces some kind of local spin canting as a conse- 
quence of the suppression of some superexchange interac- 
tions. 

Our results are in good agreement with those given by 
Sadykov and co-workers26 in monocrystalline samples: Al- 
though the overall magnetic structure of the Co-Ti series 
seems to remain ferrimagnetic up to xz 1.2, there exists a 
strong local noncollinearity. In this sense, the low-angle 
diffuse magnetic scattering observed on neutron-diffraction 
patterns for x)0.7 might indicate the development of some 
spatial correlation among the noncollinear spin compo- 
nents. 

Our data do not allow a straightforward analysis of the 
origin of the breakdown of the spin collinearity, although it 
might be speculated that the preferential occupancy, by 
nonmagnetic Ti4 + ions, of the 4fv, sites, gives rise to the 
weakening of the strong 12k-4fvI superexchange path and 
thus approaches the isotropic exchange energy to other 
second-order terms on the magnetic Hamiltonian, such as 
the antisymmetric interaction3’ or even the magnetocrys- 
talline anisotropy. The octahedral 12k site is found to be 
very sensitive to nonmagnetic substitution in the nearest- 
neighbor sites (4fvr and 4fIv) as a result of the fact that it 
is the one where the competing interactions are stronger 
and, consequently, the stabilization energy is the lowest 
among all five metallic sublattices. 

Last but not least, it is straightforward to note that, 
concerning the applicability of Co2 + -doped M-type Ba fer- 
rite as perpendicular recording media, a considerable im- 
provement of the cobalt octahedral occupancy rate shouid 
be obtained in order to get a faster reduction of the mag- 
netocrystalline anisotropy with the doping rate. In this 
way, the degree of substitution required on the basis of 
coercivity of single-domain particles could be reduced and 
thus the saturation magnetization would become less per- 

turbed. As it has been mentioned, considerable differences 
in the Co tetrahedral-site occupancy are observed with 
other counterions, such as Sn4 + . 17p18937 It appears then that 
a wide investigation on the effect of the different counter- 
ions on the Co distribution would be worthwhile so as to 
improve the characteristics of the Ba ferrite small particles 
developed as perpendicular magnetic and Ba -ferrite thin 
films as magneto-optic recording media.’ 
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