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A study was made of the influence of Co ions on the magnetocrystalline anisotropy of ferrite 
single crystals of the BaCoxFe18 _x027 system ( 0 < x < 1.5) at room temperature and at. 77° K. 
The easy magnetization direction changes from the c -axis to directions forming a cone whose 
vertex angle increases on increase of the Co content and on cooling. The strong anisotropy, 
detected in the basal plane at 77°K, indicates that the energy along the cone generators is not 
constant but has a minimum, with a period of 60°, in its dependence on the angle <P in the 
basal plane. 

IT is known that Co strongly affects the mag
netic anisotropy energy of ferrites. In the case 
of cubic ferrites with the spinel structure, this in
fluence manifests itself as a change in the direc
tion of easy magnetization from axes of the [111) 
type to the [100) directions, which corresponds to 
a change of the sign of the first magnetic aniso
tropy constant of a cubic crystal, Kfub, from 
negative to positive. The influence of Co in the 
case of hexagonal magnetically uniaxial ferrites 
manifests itself as a shift of the stable position 
of the magnetization vector by an agle 8 0 from the 
hexagonal axis c, accompanied by the appearance 
of an easy magnetization cone ( (] 0 < goo) or an easy 
magnetization plane (8 0 = go•). Such a change in 
the magnetic anisotropy represents a positive con
tribution of the constant Krex to the anisotropy 
energy of a hexagonal crystal. 

Only one worker [t] has studied the influence of 
Co on the magnetic anisotropy of ferrites of the 
BaCoxFe 18-x027 system using textured polycrys
tals and one single crystal. The present paper 
deals with the system BaCoxFe~~xFe!~o27 (or, 
briefly, BaCoxFe2_xW): only single crystals were 
investigated. The single crystals were prepared 
by the Verneuil method and had the following com
position: x = 0, 0.3, 0.5, 1.0, and 1.5; the lattice 
parameter c was 32 A, which corresponds to the 
structure of W; the crystal dimensions were suf
ficient to prepare spherical samples of 3-5 mm 
diameter. 

The magnetic anisotropy energy was measured 
by the method of rotating moments at room tern
perature and at the temperature of liquid nitrogen 
in a field of 1g,ooo Oe. To describe the magnetic 

anisotropy energy of a hexagonal crystal, the usual 
formula was employed: 

FK = Fo + K, sin2 e + K2 sin4 e + Ka sin6 e cos G<p, (1) 

where the angle 8 gives the orientation of the 
magnetization vector with respect to the c axis, 
and the angle <P is taken from the twofold axis in the 
basal plane. In a (lOlO) plane, the equation for the 
rotating moment curve has the following form: 

L(O) = -oFKfoO = -(K, + Kz) sin28 + 1/zKzsin48. (2) 

If K1 + K2 > 0 and K1 > 0, then the c-axis is the 
direction of easy magnetization. If 

Ka=O (3) 

the directions of easy magnetization form a cone 
with an angle 80 between the cone generators and 
the c -axis, where 

(4) 

The condition K1 = - K2 corresponds to a cone with 
an angle 80 = 45°; in this case, Eq. (2) becomes 

L(O) = 1/zK2 sin 48. (5) 

If K1 = - 2K2, the angle 80 = goo and the directions 
of easy magnetization lie in the basal plane. 

If K3 = 0, there should be no anisotropy in the 
basal plane; if K3 "' 0, the rotating moment curve 
in a (0001) plq.ne obeys the equation 

L(<p) = -6K3 sin6<p. (6) 

To calculate the constants in Eq. (1), the exper
imental rotating moment curves L ( lj!) and L ( <P' ) 
( lj! is the angle between the magnetic field direc
tion and the c -axis, cp' is the angle between the 
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field and one of the twofold axes in the basal plane ) 
were corrected ( cf. Figs. 1 and 2) to allow for the 
angles lJ; - e and cp' - cp, by which the magnetiza
tion Is "lags" behind the field H when a crystal 
is rotated in the (lOlO) and (0001) planes, respec
tively; the corrections are carried out in accord
ance with the relationships 

sin ('lj)- e) = ~UOlO) I HI. 

or sin (q/- <p) = L(oootd His. (7) 

In analyzing the experimental curves L( e), it was 
always sufficient to include only the terms propor
tional to sin 28 and sin 48. 

The experimental values of the constants Kl> 
K2, and K3 are listed in the table as functions of 
temperature and of the composition of BaCoxFe2-xW 
ferrites. The magnetic anisotropic energy of crys
tals free of Co ( x = 0) is represented by a single 
positive anisotropy constant K1 both at 290°K and 
at 77°K. The influence of Co ions represents a 
positive contribution of the constant K2 at the ex
pense of a reduction of the constant K1 and the 
change of its sign to negative, which gives rise to 
an easy magnetization cone if the conditions of 
Eq. (3) are satisfied. At 77°K, this cone appears 
at lower Co concentrations than at room tempera
ture. 

Figure 1 shows, by way of example, the rotating 
moment curves L(IJ;) and L(e) for a BaCo1. 0Fe1. 0W 
crystal. At room temperature (curve 1), the crys
tal has an easy magnetization axis, but the curve 
does not exhibit the simple sin 28 dependence be
cause of a considerable contribution of the term 
proportional to sin 48. At 77 oK (curve 2 ) , the 
easy magnetization direction lies on the surface of 
a cone of angle e 0 = 45 o; the L ( e ) curve obeys 
Eq. (5), which is quite remarkable because it is 
similar to the curves obtained for a cubic crystal 
in the (100) plane. The continuous curves drawn 
through the corrected values of L (triangles) are 
plotted using Eq. (2) and the values of K1 and K2 

listed for the BaCo1. 0Fe1•0W composition in the 
table. 

Figure 2 shows a rotating moment curve at 77°K 
when the same crystal is rotated in the basal plane. 

290° K 

Ferrite Values of constants, erg/ em' 
composi .. 

\ \ 

tion 
K, K, K, 

Fe2W 34.105 0 ~103 

Coo.3F!it,7W 28·105 0 ~103 
Coo.5Feu W 23.8·105 1-105 ~103 
Co1.0Fe,,oW 2.1·105 5.6-105 ~103 
CouFeo.5W -6.6-105 6.3-105 ~103 

FIG. 1. Rotating moment curves for a single crystal of 
BaCo,. 0Fe,, 0W in the (lOiO) plane at 290°K (black dots) and 
at 77°K (open circles); the dots and the circles represent the 
values of L(t/J), the triangles L((;l). The curves are plotted 
using Eq. (2) and the values of K, and K2 listed in the table 
for this composition (curve 1 for 290°K, curve 2 for 77°K). 

!., t05erg/cm3 
06 

FIG. 2. Rotating moment curves for a single crystal of 
BaCo,, 0Fe,, 0W in the basal plane at 77°K. The circles denote 
the values of L(cp '), and the triangles L(cp); the curve is 
plotted using Eq. (6) and K, = 1.07 x 105 erg/cm 3 • 

It shows clearly that the dependence L(cp) is, in 
agreement with the crystal symmetry, periodic 
with a period of 60°, The continuous curve drawn 

77° K 

Values of contents, erg/em' 

eo. deg 
K, 

\ 
K, 

\ 
K, 

eo. deg 

0 43-105 0 ~103 0 
0 25.4-105 4,8·105 0.6·105 6 
0 -0.4·105 21.4-105 0,8·105 10 
0 -30·105 30-105 1.07·105 45 

46 -49.8·105 36-105 0.8-105 56 
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through the corrected values (triangles ) is plotted 
using Eq. (6) and K3 = 1.07 x 105 erg/cm3. 0 Such 
a strong basal-plane anisotropy has not yet been 
observed for barium ferrites. 

In view of the strong basal-plane anisotropy de
tected at 77°K, the concept of the easy magnetiza
tion cone needs refining. At low values of K3, all 
the magnetization directions coinciding with the 
cone generators may be regarded as energetically 
equivalent. However, if the constant K3 is suffi
ciently large, as in the crystals considered here, 
then six lowest energy directions may be distin
guished on the cone surface. We shall demonstrate 
this for BaCo1.0Fe1.0W crystals. At 77°K, an easy 
magnetization cone with e0 = 45° is observed for 
these crystals; K1 = - K2 = -30 x 105 erg/cm3, 

K3 = 1.07 x 105 erg/cm3• The magnetic anisotropy 
energy along the cone generators is then 

F x = Fo + 1/4K1 + 1/sKa cos 6cp = Fo 

- (7.5- 0.134 cos 6cp) ·105 erg/cm3. 

It is evident that the difference between the energy 
for cp = 0°, 60°, ... and cp = 30°, 90°, ... reaches 
quite a high value ( 27 x 103 erg/ em 3 ). 

It should be mentioned that according to our 
data each Co ion makes a contribution to the mag
netic anisotropy energy which is approximately 
half that reported by Bickford. [1] This conclusion 
is arrived at by comparing our dependence of the 
"harmonic" anisotropy constant S4 (Bickford's 
notation) on the composition parameter x based 
on our data with the dependence reported by Bick
ford. [1] We did not observe the appearance of an 
easy magnetization plane and a thermal transition 
of the kind axis-cone-plane-cone. This may be 
because the results being compared were obtained 

l)The sign of K3 depends on the direction from which we 
read the angle cp in the basal plane. Such a direction may be 
one of the three twofold axes of the [ii'llO] type or one of the 
three axes of the [lEW] type. Which of these directions cor
responds to the stable position of 18 , we have not been able 
to determine as yet, and therefore we have assumed arbitrar
ily that K3 is positive. 

for samples of an essentially different type (tex
tured polycrystals and single crystals prepared by 
fusion in a gas flame ) . 

Our results agree with the hypothesis that the 
change in the magnetic anisotropy of ferrites of 
the BaCoxFe2_xW system is due to spinel blocks 
in which Co ions are localized. In fact, the addi
tion of Co gives rise to a positive contribution of 
the constant Kfex of a hexagonal crystal to the 
magnetic anisotropy energy, which is analogous 
to the influence of the constant Kfub in the case 
of cobalt-substituted magnetite. We can under
stand the reason for the appearance of the strong 
basal-plane anisotropy, i.e., a high value of the 
constant Krex at 77°K. The latter constant, re
sponsible for the basal-plane anisotropy, corre
sponds to the constant K~ub, which governs the 
anisotropy in the (111) plane of spinels. The ro
tating moments in this plane are given by the 
equation 

L cub 1 K cub · 6 
(111) = - lS 2 Sill cp. (8) 

But comparing Eqs. (8) and (6), we obtain the fol
lowing relationship between the constants Kfub 
and Krex: Kfub = 108Krex. According to Bick
ford et al.[2J and Slonczewski's calculations, [a] 

the constant Kfub for cobalt-substituted magne
tite CoyFe3-y04 increases strongly on cooling, 
reaching values of the order of 107 erg/cm3 at 
77°K, even if the Co concentration is very low 
(y = 0.01-0.04). It is easily seen that the ex
perimental values of Krex at 77°K are of the same 
order of magnitude as the listed values of Kfub 
for cobalt-substituted magnetite. 
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