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The distribution of Sn4+ cations within the five crystallographic’sites of the magnetoplumbite 
(M) -like compound BaFet,-&o,Sn,Ots has been analyzed using single-crystal 
x-ray-diffraction data. The species Fe3+ and Co’+ cannot be distinguished using x rays because 
of their very similar atomic numbers; however, the calculation of the apparent valencies for the 
different sites allows an insight into the Co’+ cation segregation. The use of previous data from 
neutron powder diffraction allows a precise picture of the cation distribution, which indicates a 
pronounced site selectivity for both Sn4+ and Co2+ cations. The Sn4+ cations prefer the 4f2 sites 
and to a much lower extent the 12k sites, while they do not enter the octahedral 2a sites at all. 
Co”+ cations are distributed among tetrahedral and octahedral sites displaying a clear 
preference for the tetrahedral 4f I sites. Magnetic measurements indicate that the compound still 
exhibits uniaxial anisotropy with the easy direction parallel to the c axis. Nevertheless, the 
magnetic structure shows a considerable degree of noncolinearity. A strong reduction of the 
magnetic anisotropy regarding that of the undoped compound is also detected. 

I. INTRODUCTION 

Hexagonal ferrites are a large family of hexagonal or 
rhombohedral ferrimagnetic oxides with interesting prop- 
erties as permanent magnets, microwave device materials, 
and magnetic and magneto-optic recording media,’ so that 
many efforts have been devoted to adjusting their magnetic 
properties by cation substitutions.” The M (magnetoplum- 
bite) 3 -type BaFei,Ors (Ref. 4) compound has been largely 
investigated. Its crystal structure (SG P63/mmc) is sym- 
bolically described as a . ..RSR*S*... c-stacked sequence, 
where the R block contains three layers (two O4 and one 
Ba03) and has the composition (BaFe6011)2-, and S is a 
two 0, layer block which is a ( 111) slice of the cubic 
spine1 structure with the ( 11 l)cUbic direction parallel to the 
hexagonal c axis, and has the composition ( Fe60s)2+. The 
asterisk indicates that the corresponding block has been 
rotated 180” around the hexagonal axis. The metallic cat- 
ions are distributed among five different crystallographic 
sites, namely, three octahedral (2a, l2k, and 4f,), one 
tetrahedral (4f,), and one trigonal dipyramidal environ- 
ment where the cation is disordered between two adjacent 
pseudotetrahedral sites [4&l. In the pure M-type 
BaFer201s compound, the ferric cation placed in this site 
suffers a fast diffusional motion between the two equivalent 
pseudotetrahedral sites, separated by 0.340( 1) A.4 The 
content of the unit cell is displayed in Fig. 1. 

The pure M-type compound, BaFet201s, is ferrimag- 
netic below T,-720 K.5y6 In the magnetic structure pro- 
posed by Garter,’ all the magnetic moments of the ferric 

cations are aligned with the hexagonal c axis, those located 
in 2a, 4e(b), and 12k being opposed to those located in 4fi 
and 4f2 crystallographic sites. The crystal structure (see 
Fig. 1) is composed by 2D layers of edge sharing octahedra 
( 12k sites) lying on the R-S interphases, and are connected 
one to each other either through the face-sharing octahe- 
dra (4f2 sites) and the dipyramids, in the R block, or 
through the octahedra (2a sites) and tetrahedra (4f 1 sites) 
in the S block. Isalgue et aL’ reported that the ferric cat- 
ions located in the face-sharing 4f2 octahedra are actually 
an important superexchange path within the structure, 
while for the 12k edge-sharing octahedra strongly compet- 
ing interactions induce a low stability of the spin arrange- 
ment. Therefore, in substituted isomorphs, the stability of 
the colinear spin arrangement will depend to a large extent 
on selective dilution effects. In particular, the preferential 
occupation of the 4f2 sites by Ti4+ diamagnetic cations in 
BaFe,z-&oXTiX019 induces a wide variety of magnetic 
behaviors as a function of the doping rate, evolving from 
ferrimagnetic to a spin glass state for ~=6.~ 

The M-type BaFe1201g is especially important as per- 
pendicular recording media and many substitutions involv- 
ing Co’+, in order to decrease its high intrinsic magneto- 
crystalline anisotropy, have been attempted.’ Charge 
compensation requires the substitution scheme 
BaFe,,-,Co$+M~+O1s, where M 4+ =Ti4+ has been 
widely investigated. lo However, MS+ =Sn4+ has been 
shown to be an interesting alternative since similar de- 
creases of the coercive field can be achieved at lower sub- 
stitution rates.‘* Therefore, the intluence of the Co’+ dia- 
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FIO. 1. Polyhedral representation of the content of the unit cell of the 
magnetoplumbite-type structure. The different crystallographic sites are 
numbered according to Table I. 

magnetic companion cation appears to be of great interest. 
Up to now, studies on cation distribution of Co-Sn-Fe- 
containing M-type compounds have used powder neutron 
diffraction.*’ However, this technique cannot give a un- 
equivocal determination of the site occupancies of the three 
different species within the five different crystallographic 
sites. Alternatively, owing to the very similar atomic num- 
bers of Co and Fe, x-ray diffraction allows the univocal 
determination of Sn site occupancies. Hence, x rays and 
neutrons appear to be two useful complementary tools for 
the precise determination of the cation distribution in this 
particular system. 

In this article, we report an x-ray-diffraction study of a 
BaFei,-,Co,Sn,Ors (n= 1.28) single crystal. The results 
match well with the previous observations using neutron 
powder diffraction.12’13 In addition, the analysis of the ap- 
parent valencies14 for the different crystallographic sites 
are proved to give a useful insight into the possible location 
of Co2+ cations. 

II. EXPERIMENT 

A. Sample preparation 

Two different compositions were used for the present 
study, both obtained by slow cooling of BaO*B,O, fluxed 
melts.” First, a mixture (in mol %) of 42.5 BaO, 29.4 
BaO, 24.1 Fe203, 2.0 COO, and 2.0 SnO, was melted in a 
30 cm3 platinum crucible up to 1290 or 1300 “C and slowly 
cooled at 3 “C.h-’ to 1000 “C. Crystals with an unusual 
habit consisting of large dipyramidal { lOil3, { 10723, and 

{ 1073) forms, and almost absent basal {OOOl) faces,16 and 
measuring up to 3 mm along (OOl), were obtained. Sec- 
ond, a mixture (in mol % ) of 42.5 BaO, 29.4 BaO, 20.1 
Fe2G3, 4.0 COO, and 4.0 Sn02, was melted in a 30 cm3 
platinum crucible at 1290 or 1300 “C, and slowly cooled at 
0.8 “C h- ’ to 1152 “C. In this case, single crystals display- 
ing the usual habit of magnetoplumbites, i.e., plate-shaped 
crystals, with maximum size 3 mm in diameter and 1.5 mm 
in height were obtained. BaCO, and Co304 were used for 
BaO and COO, respectively; all were Merck pro analysis 
chemicals. In all the batches, an initial charge of the start- 
ing components weighing 60 g was used. The crystals were 
separated from the residual solidified flux by dissolution in 
hot diluted HNO,. The average chemical composition, de- 
duced by EDAX-ZAF (Ref. 17) performed on several 
crystallites, indicated a stoichiometric coeficient, x = 0.9 
and 1.4 for the crystals obtained in the first and second 
experiments, respectively. Metallic Fe, Co, and Sn, and 
BaSO, were used as standards (provided by C. M. Taylor 
Corp.). A certain degree of compositional dispersion 
within the crystals obtained in one single batch was ob- 
served. This phenomenon is difficult to avoid in unstirred 
viscous solutions. Moreover, EDX analyses performed on 
polished crystal slices indicated compositional homogene- 
ity within experimental accuracy. The magnetoplumbite 
structure (S. G. P63/mmc, 2=2) was confirmed by in- 
spection of hh-2hl and hkzD heavily exposed precession 
photographs using small cleavage fragments. 

6. Structure 

For the diffractometer measurements, crystals of the 
second experiment were used in order to obtain a more 
obvious picture of the Sn distribution. A group of cleavage 
fragments were polished to spheres. A single-crystal sphere 
with radius R =0.014 cm was selected and mounted on an 
Enraf Nonius CAD-4 diffractometer with graphite mono- 
chromated MO& radiation. The cell parameters calcu- 
lated using 25 centered reflections in the angular range 
16”<28<38” were a=b=5.9341(2) A and c 
=23.4845( 33) A. A total of 2657 reflections were mea- 
sured within 1”<8<25”, -7<h, k<7, and 0~1~27 in a w 
-28 scan mode. Intensities were corrected for Lorentz 
polarization factor, and spherical absorption (,uR =2.12) 
was accounted for by fitting the variation of the transmit- 
tance with 8 through the A*( 0) values available in Ref. 18. 
After averaging in the 6/mmm Laue class 289 unique re- 
flections were obtained, of which 254 with F. <3a(Fo) 
were used for the calculations. The refinement was carried 
out with the SHELX-76 program.19 Because of the very sim- 
ilar atomic numbers of Co and Fe, the scattering factor of 
Fe was used for M=Fe+ Co. This procedure allows the 
unequivocal determination of the Sn site occupancies. In 
order to keep the ratio of the number of observed retlec- 
tions to the number of variables as low as possible, aniso- 
tropic temperature coefficients were only included for Ba, 
M2, and (Sn,M)4 atoms [22d, 4e(f) and 4f2 sites, respec- 
tively], because the first is the heaviest cation, and the 
latter two presented a fairly distorted electron density dis- 
tribution. By inspection of difference Fourier maps, it was 
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TABLE I. Fractional coordinates, site occupation fators (SOF), and thermal parameters for BaFelz-&o$nxO19 (x=1.28). M=Fe+Co, Beq= (S?/ 
3)[Uj3+4( U,,+ U,,-- U&/3]. An asterisk indicates that only isotropic factors were refined. 

Atom Site x/a z/c SOF Be&so* 

Ba 2d 2/3 l/3 l/4 1 1.08(3) 
Ml 20 0 0 0 1 0.76(5)* 
M2 4e(1/2) 0 0 0.2372( 1) 0.5 0.63(9) 
M3 4fi l/3 2/3 0.026 45(7) 1 0.84(4)* 
M4 4fz l/3 2/3 0.188 79(S) 0.520(3) 0.77(4) 
Sn4 0.479 
MS 12k 0.1676(3) 0.3353 -0.105 88(3) 0.945(3) 1.01(2)* 
Sn5 0.055 
01 4e 0 0 0.1497(3) 1 1.01(g)* 
02 4f l/3 2/3 -0.0551(3) 1 1.17(g)* 
03 6h 0.1830(5) 0.3661 l/4 1 0.98(g)* 
04 12k 0.1551(3) 0.3 102 0.0523 (2) 1 1.01(6)* 
05 12k 0.5050(4) 1.0100 0.1492(2) 1 1.04(6)* _ 

evident the preference of Sn for the 4f2 sites at the face- 
‘sharing octahedra, and to a much lower extent, for the 12k 
sites at the edge sharing octahedra lying on the R-S inter- 
phase. The fmal agreement factors were R=3.20% and 
wR=3.00%. After the. refinement, Fourier difference 
peaks remained along the line f&z joining 4fZ sites at z/c 
=0.14, 0.36-+1.00 e AW3; z/c=O.19, 0.314 -0.72 e Ae3 
[(M,Sn)4 main position];0 z/c=O.22, 0.28-0.22 e AW3, 
and z/c=O.25 -+ -0.84 e AB3, which were attributed to 
the effect of the disorder and electrostatic repulsion asso- 
ciated to the Sn population in the face-sharing octahedra. 

C. Magnetization 

The magnetic study was performed using a single crys- 
tal obtained in the first experiment, with average x=0.9, 
since this composition is close to those that are interesting 
for magnetic recording (in polycrystalline samples). Iso- 
thermal magnetization measurements were performed with 
a superconducting quantum interference device (SQUID) 
magnetometer (Quantum Design) in fields up to 5.5 T at 
T=5 and 330 K. The external field was either oriented 
parallel or perpendicular to the c axis (the easy magneti- 
zation direction). 

Ill. RESULTS AND DISCUSSION 

A. Structure 

Structural results are summarized in Table I, Fig. 1 
shows a drawing of the content of the unit cell, and Table 
II shows the cation-oxygen distances within each coordi- 
nation polyhedron. Assuming the formal stoichiometry of 
BaFelz-&o$nXOlg, the refined Sn site occupation factors 
gave rise to x= 1.28. This result is in good agreement with 
the EDAX composition taking into account the small com- 
positional dispersion within the crystals obtained in one 
single batch. 

In accordance with Sn4+ containing II-IV spineIs” we 
have found that in the present compound Sn only enters 
octahedral sites. However, a pronounced occupational hi- 
erarchy is established, which follows in order of preference 
4f2,12k and the 2u octahedra (spine1 block) are free of 

4610 J. Appl. Phys., Vol. 72, No. 10, 15 November 1992 

any Sn at all. This pronounced occupational hierarchy was 
suggested in a previous work for powder samples with 
composition ~~0.5, from isothermal magnetization, 
M(H), curves at 4.2 K with applied fields up to 20 T.” 
Further substitution (up to x - 1) induced a strong spin 
noncolinearity, which precluded any interpretation about 
cation distribution. Therefore, our present study indicates 
that the occupancy trend of Sn4+ cations does not change 
significantly in the substitution range 0 <x< 1.28. 

The high Sn4+ concentration in the face-sharing 4f2 
octahedra generates a strong electrostatic repulsion. Ac- 
cordingly, the mean (M,Sn)4-(M,Sn)4 distance, 2.875(4) 
A, is larger than the corresponding one in BaFe1201g, 
2.768 ( 1) A,’ so that the cations are shifted along the c-axis 
direction towards the neighboring empty octahedral sites. 

TABLE II. Important distances (A) in BaFe,,-z&$oxOl, (x=1.28). 

Bal cuboctahedron (R block) 
Ba-03: 2.972( 1) X6 
Ba-05: 2.893(4)X6 

Ml octahedron (S block) 
Ml-04 2.013(4)X6 

M2 dipyramid (R block) 
M2-01: 2.055(S) x 1 

2.654( 8) x 1 
M2-03: 1.905(5)X3 
03-03: 3.259(5) 
03-01: 3.015(5) 
M2-M2: 0.601(4) 

M3 tetrahedron (S block) 
M3-02: 1.914(S) Xl 
M3-04: 1.930(3)X3 

(M,Sn)4 octahedron (R block) 
(M&)4-03: 2.1 lO(4) X 3 
(M&)4-05: 1.995(4)X3 

(M&)5 octahedron (R-S interphase) 
(M,Sn)S-01: 2.007(4)X 1 
(M,Sn)5-02: 2.079(5) X 1 
(M,Sn)5-04: 2.085(4) X2 
(M&)5-05: 1.96614) X2 
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TABLE III. Bond strengths and apparent valencies in BaFe,,-,Co~n,O,, (x= 1.28), assuming M=Fe’+. 

Ba 
hll 
M2 
M3 
(M&d4 
W,Sn)S 

01 02 03 04 05 B talc 

0.156~6 0.193x6 2.09 
0.503x6 3.02 

0.449 x 1 0.674x3 2.47 
0.659 x 1 0.630~3 2.55 

0.453 x 3 0.618~3 3.21 
0.521x 1 0.429 x 1 0.422x2 0.582~ 2 2.96 

In consequence, the coordination polyhedra are noticeably 
distorted: The edges on the shared face are much shorter 
[2.675 (5) A] than the edges lying on the adjacent 0, layers 
[3.056(4) A], so that the surface area of the shared face is 
reduced in order to screen the two neighboring Sn4+ cat- 
ions. 

A similar Sn occupational hierarchy has been observed 
in other related compounds.22 A recent study of the K-type 
ferrite Ba2FeloSn,Co0,, 23 described by a . ..QS... block se- 
quence, indicated the inability of Sn4+ to occupy the S 
block octahedra. We have also observed a similar hierarchy 
within the R block in the R-type compound 
BaFe4-~n2+,CoXOll (x= 1.32),24 where selective d&i- 
tion in the face sharing octahedra amounts to lOO%, can- 
celing long-range magnetic order. 

In order to get some insight into the possible Co2+ 
location, apparent valencies14 were calculated on the basis 
M=Fe3+ and the refined composition M,....,Sn, in each 
site, p being the Sn site occupation factor. For this purpose 
the following expression was used:14 

EalC = l$ exP($$), 
where r. is a constant characteristic of each species partic- 
ipating in the cation-anion bond, and the dis are the mea- 
sured bond distances between the ith cation and jth oxy- 
gen.25 These results are summarized in Table III. In the 
present compound these values are more significant when 
disorder is limited to Fe3+ and Co2+. Among the two 
different blocks described so far, the S (spinel-like) block 
is the best suited to this situation since no Sn4+ was de- 
tected. Looking at Table III, the main conclusions may be 
summarized as follows:. (i) We found that the apparent 
valence calculated for the Ml cation, located in the 2a site, 
X,1,=3.02 is representative of a full Fe’+ occupancy, in 
good agreement with neutron powder diffraction studies, in 
which we found that no Co’+ cations enter. the 2a site up 
to x= 1.0 in both Co-Ti and Co-Sn powder samples.10”5’3 
(ii) The M3 cation in the 4f I tetrahedra shows an anom- 
alous low value which may be an indication of the prefer- 
ential occupation by Co’+ cations, also in good agreement 
with previous neutron powder results.12*‘3 It is worth no- 
ticing that the Co2+ content- in the 4fi sites amounts to 
40% of the whole Co2+ quantity when x=0.2.i2 The same 
trend has been observed in the Y-type structure.26 This 
observation contrasts with the previous assumptions made 
about Co2’ distributions in hexagonal ferrites from the 
dependence of the saturation magnetization on the substi- 

Of particular interest is the nature of the cation located 
in the trigonal dipyramidal environment. Obradors et al4 
showed that m BaFe,,Olg, the dipyramidal Fe3+ cations 
display a dynamical disorder between two pseudotetrahe- 
dral sites separated by 0.340( 1) A. A characteristic struc- 
tural consequence of this situation is the pronounced axial 
compression of the dipyramid, so that the shared edge be- 
tween the two linked tetrahedra (site 2, see Fig. 1) is large 
allowing the diffusion of Fe3’ through the equator of the 
dipyramid. However, in our case the distance between the 
two equilibrium positions is much larger, d,,, 
=0.601(4) A, indicating that the cation is more likely to 
have fourfold coordination being statically disordered be- 
tween both adjacent tetrahedra. Further work is needed to 
elucidate this extreme. Our rms thermal amplitude parallel 
and perpendicular to the c axis, 0.15 and 0.10 A, respec- 
tively, are also somewhat higher than in the pure com- 
pound,4 0.09 A (parallel) and 0.08 8, (perpendicular), 
especially along the c axis, and this could be the signature 
of some degree of Fe3+ substitution by Co2+. This assump- 
tion is consistent with the low value of &,=2.47 of this 
site. Taking into account the difference in size between 
Co2+ and Fe3+ cations,28 further evidence for the presence 
of Co2+ cations occupying theses sites may be achieved by 
comparing the volumes of the dipyramids in the pure and 
substituted compounds. These volumes are 6.8 A3 for 
BaFe,,Ois (according to the data of Ref. 4) and 7.2 A3 for 
our present single crystal. Regardless of the dynamic or 
static nature of these sites, this observation supports the 
presence of Co2+ cations, in agreement with single-crystal 
neutron-diffraction results by Kaldova et al.29 on 
BaFesCo2Ti2019. 

B. Magnetic properties 

The magnetic characterization of the 
BaFe12-&o,Sn,O,, has been carried out by using a single 
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tution rate or from microwave ferromagnetic resonance 
measurements,27 which stated the strict preference of Co2+ 
cations for octahedral sites. (iii) The Zcalc values calcu- 
lated for 4f2 and 12k sites [ (M,Sn)4 and (M,Sn) 5 cations, 
respectively] are slightly lower than the expected ones for 
(F%,,o($%.~~o)~ and (Fe, .945(3@0.055) 5 compositions, 
respectively. However, disorder and in particular the 
strong distortion of the coordination polyhedron of 
(M,Sn)4 cations may reduce the reliability of apparent 
valencies.14 As will be shown in the following subsection, 
magnetic measurements point to a non-negligible amount 
of Co2+ cations occupying the 12k octahedra. 

Downloaded 07 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



g . : 20 : 1 
. . . = . . . 

!i ,’ 0 IL-- _..I- _....... L-L-.-- 1 
0 15000 30000 45000 

w 04 

FIG. 2. Isothermal magnetization curves with the applied field parallel to 
the easy direction of magnetization (c axis) (Cl: T=5 K; *: T=300 K) 
and perpendicular to it ( 0: T=S K). 

crystal with composition x=0.9 in a SQUID magnetome- 
ter. We have studied the magnetization process with the 
external applied field parallel and perpendicular to the hex- 
agonal c axis. 

In Fig. 2 we show the magnetization curves with the 
applied field in both directions. It is evident from the figure 
that the easy direction of magnetization is parallel to the c 
axis and thus the compound still exhibits uniaxial anisot- 
ropy for this composition. Nevertheless, we observe that 
the magnetization curve with the applied field perpendic- 
ular to the c axis shows an upturn around H-6 kOe that 
becomes smoother as temperature increases and disappears 
at T- 150 K. To determine the nature of this behavior we 
have performed a complete study of the magnetization pro- 
cess in the perpendicular direction as a function of temper- 
ature. 

The total magnetic energy may be represented by the 
relation 

E,=K, sin2 6+K2 sin4 6+K, sin6 6-M@sin 9 

+;(47r/3)M; sin2 6, (2) 

where 6 is the angle between M and the hexagonal c axis, 
K,, K2, and KS are the anisotropy constants, and MS is the 
saturation magnetization. 

The minimization of E,,, with respect to the angle 6 
gives3’ 

+!!&f2+2344~ 
* 5 

(31 

In Fig. 3 we show the typical H/M vs M2 curves; from 
these curves one observes that K3 should be very small in 
front of K, and K2 whose values may be obtained from the 
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FIG. 3. Curves of H/M vs M2 showing the zone of linear dependence 
from which the anisotropy constants K, and K2 may be determined in 
agreement with Eq. (3). (0: T=lO K; *: T=70 K). 

intercept in the y axis and the slope, respectively. The re- 
sults obtained in this way are shown in Fig. 4 going from 
T=5 to 250 K. 

We observe from the figure that the second anisotropy 
constant, K2 decreases faster than K1 and becomes very 
small around T- 150 K. As we have pointed out above, 
the upturn observed in the magnetization curve when the 
applied field is perpendicular to the c axis has a parallel 
thermal dependence and disappears around T- 150 K, so 
we conclude that this anomaly on the magnetization curve 
is due to the competition of different anisotropy directions. 
From the sign (It’, > 0) and the ratio 1 K/K2 1 > 2 it is 
possible to conclude that the system has uniaxial anisot- 
ropy and the easy direction of magnetization is parallel to 

* 

2 -** 
******* 
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K1 * l ** 
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FIG. 4. Thermal dependence of the anisotropy constants K, and K, de- 
termined by using Eq. (3). 
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the c axis.31 On the other hand, in the high-field range the 
isothermal magnetization curves can be described by 

M=IM,+xcP, (4) 

xd being the high-field differential susceptibility. In both 
cases (the applied field H parallel and perpendicular to the 
hexagonal c axis) a high value of xd-2x 10m4 emu/g is 
found at T-5 K, a value that is considerably higher than 
that corresponding to the Co-Ti system, thus pointing out 
the existence of a stronger noncolinear magnetic structure 
in the Co-Sn doping scheme in good agreement with pre- 
vious results obtained in powder samples.“>‘2 

The origin of this noncolinearity of the magnetic struc- 
ture may be attributed to the preferential location of the 
Sn4+ cations in the 4f2 sites, destroying 12k-4f2 and 4fz- 
4f2 superexchange paths, lowering in such a way the iso- 
tropic exchange energy that is responsible for the colinear 
uniaxial magnetic structure in the nondoped (x=0) com- 
pound.’ As the Sn4+ content increases, more superex- 
change paths are broken and second-order energy terms 
such as the antisymmetric interaction32 or magnetocrystal- 
line anisotropy start to play their role, and noncolinear 
structures may appear as is the case of doped ferrites. 

It is observed that, among the five metallic sublattices, 
the octahedral 12k sites are where competing interactions 
are stronger,7 and consequently, the stabilization energy is 
the lowest. So 12k sites are very sensitive to nonmagnetic 
substitution in their nearest-neighboring sites, namely 4f 1 
and 4fF A similar effect is also observed in the Co-Ti 
substitution scheme.‘0*13 

It is worth mentioning that saturation is not reached at 
T=5 K in any of the directions of the external applied field 
up to 55 kOe. We also show in Fig. 2 a magnetization 
curve with the external applied field parallel to the c axis at 
T=330 K. Even at this temperature a considerable value 
of xd is found (xd- 5.2 X 10m5 emu/g) signaling that some 
degree of noncolinearity still exists in the magnetic struc- 
ture. 

A detail of the magnetization curve in the low-field 
range at T=5 K is shown in Fig. 5. A coercive field H, of 
around 900 Oe and a remanent magnetization M,-40 
emu/g is observed with the applied field parallel to the c 
axis. A very similar value of H, is obtained in the perpen- 
dicular direction but with a very small value of M, ( -3 
emu/g). 

Regarding the technological applicability of the Co-Sn 
doping scheme as a material suitable for magnetic record- 
ing, the MS value at room temperature is around 10% 
lower than that for the nondoped compound (H,-68 
emu/g for BaFe,,Oi# and the anisotropy constant K1 
reduces almost to half (K, =4.4x lo6 erg/cm3 for 
BaFe,,Ois at T=4.2 K).33 

When comparing the above results with those corre- 
sponding to the Co-Ti system we observe that K1 is slightly 
smaller (K -2.8~ lo6 erg/cm3 for the same doping rate 
for Co-Ti, 16 in front of 2.6X lo6 erg/cm3 for Co-Sn) and 
the saturation magnetization is considerably smaller 
(around 20%) as well as the coercive field1”34 while the 
differential susceptibility is clearly higher. The decrease of 

75 r 

FLG. 5. Low-field region of the magnetization curve showing the hyster- 
esis loops with the external applied field parallel (*) and perpendicular 
(0 ) to the c axis. 

the magnetic anisotropy in both doped systems in front of 
the nondoped compound is due to the partial cancelation 
of the uniaxial magnetocrystalline anisotropy of the, pure 
compound by means of the planarlike (K, < 0) single-ion 
anisotropy contribution of Co2+ ions occupying 12k 
sites.35 The differences between Co-Ti and Co-Sn systems 
reflect the fact that a larger quantity of Co2+ ions occupy 
tetrahedral sites in the former case, thus being ineffective in 
the reduction of the intrinsic uniaxial magnetic anisotropy. 
This different occupation of tetrahedral sites by Co2+ to- 
gether with the strong preference of Sn4+ ions for 4f2 oc- 
tahedral sites lies at the origin of the higher effectiveness of 
the Co-Sn doping scheme in lowering the uniaxial anisot- 
ropy and coercive field of BaFe,,O,,. 

Referring to the microscopic magnetic structure we 
cannot get information from our macroscopic measure- 
ments. Furthermore, the lack of the magnetic phase dia- 
gram for the Co-Sn doping scheme makes it more difficult. 
Having in mind the preliminary phase diagram for the 
Co-Ti substitution scheme36 and our results for powder 
samples, 1o*21 it seems to indicate that the colinearity of the 
magnetic structure is lost for doping rates above x = 0.5 for 
Co-Sn and x = 0.7 for Co-Ti systems. The magnetic ground 
state is no longer that of a colinear ferrimagnet but that of 
a disordered ferrimagnet. A neutron-diffraction study will 
be necessary to determine the microscopic magnetic struc- 
ture as a function of doping rate. 
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