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The effect of anisotropy energy on the formation of a noncollinear magnetic structure is investigated
in the hexagonal ferrite Ni, ,Co, BaFe, 0,, (type W) in the temperature range in which the anisotropy
constant K; changes sign. The constant K; is found to depend on the value of the external field. The
exchange-interaction parameter is calculated on the basis of the paraprocess susceptibility and of the
critical field, and the value obtained is A = 0.8 x 10?® G*/erg.

THERE have recently appeared a number of papers in
which are presented the results of investigation of non-
collinear spin configurations in ferrite-garnets and in
hexagonal ferrites of various types.!'31 It is charac-
teristic that for the majority of the hexagonal ferrites
investigated, the appearance of a noncollinear spin
structure is caused by various replacements of ions in
the ferrites by nonmagnetic ions. Such a replacement
leads to a change of the exchange bonds between ions,
creating a reason for change of the magnetic structure
of the ferrites.

Upon replacement of the Co?* ions in ferrites of
type W by any bivalent metal ion, a change in the form
of anisotropy occurs. In the system of solid solutions
BaFe, _ xCoxW,!*1 various forms of anisotropy are ob-
served—with a cone, a plane, or an axis of easy magne-
tization—but, as neutronographic investigations have
shown,[®] the spin ordering remains collinear.

It seemed to us of interest to investigate the effect
of anisotropy energy on the formation of noncollinear
magnetic structure. Therefore we chose as object of
investigation the hexagonal ferrite Ni, ,Co, ¢BaFe,;O,,,
in which the value of the first anisotropy constant K,
changes significantly with temperature.

The investigations showed that at various tempera-
tures the ferrite investigated possesses a cone (below
—53°C), a plane (—53 to —13°C), a cone (—13 to
127°C), and an axis (127°C and above) of easy magneti-
zation. The investigations were made on monocrystal-
line specimens by the torque method. From an analysis
of the torque curves in the temperature interval 90—
140°C, it follows that some crystals in this tempera-
ture range reveal a dependence of the aperture angle 6
of the cone of easy magnetization on the value of the ex-
ternal magnetic field.

Figure 1 shows the dependence of the angle 6 on the
reciprocal of the field at various temperatures. The
value of the aperture angle of the cone of easy magne-
tization in zero field can be found by extrapolation of the
function 0(1/H) at each temperature point. The field
leads to an increase of the aperture angle of the cone of
easy magnetization, converting it to a plane of easy
magnetization. From the curves shown, it is seen that
the effect of the external magnetic field on the value of
6 is most clearly expressed at temperature 125°C.
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FIG. 1. Dependence of the r7a"
aperture angle of the cone on the
reciprocal of the field ((10* Oe)™!) 4l
at various temperatures: 1, 90°C;
2, 105°C; 3, 114°C; 4, 125°C; S, 2t
137°C.
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FIG. 2. Dependence of the anisotropy constants K, and K, on the
external field for various temperatures: 1 and 1’, 90°C; 2 and 2’, 105°C;
3 and 3, 114°C; 4 and 4’, 125°C; 5, 137°C (the primed numbers refer
to K,).

In order to determine which of the anisotropy con-
stants—K, or K,—is affected by the external field, these
constants were calculated for a fixed value of H by the
usual formulas for the torques in a hexagonal crystal.
Graphs of the dependence of K; and K, on the value of
the external magnetic field H at various temperatures
are shown in Fig. 2. It is seen that the constant K,,
within the limits of experimental error, is independent
of field over the whole temperature interval. The con-
stant K, increases in magnitude under the influence of
the field. In small fields, the dependence K,(H) is lin-
ear; with increase of the field, it becomes more com-
plicated.

It should be mentioned that at the field at which the
transition from a cone of easy magnetization to a plane
of easy magnetization is completed, |K,| = 2K, (curve4),
as is to be expected from the limiting condition for ex-
istence of a plane of easy magnetization. The field nec-
essary for a transition from a cone to a plane of easy
magnetization—the critical field—can be obtained by ex-
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FIG. 3. Dependence of the critical
field (curves 1 and 2) and of the ani-
sotropy field (curve 3) on temperature

v (curve 2 calculated by formula (4)).
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trapolation of the curves 6(1/H) to cone aperture angle
6 =90° or by extrapolation of the curves K,(H) to the
values |K;| = 2K,.

Figure 3 shows the dependence of the critical field
on temperature. It is seen that the critical field is mini-
mum at 127°C and increases sharply on both sides of
this temperature. It is interesting to compare this de-
pendence with the temperature dependence of the aniso-
tropy field HY" = 2K,/Ig, where K, is the value of the
anisotropy constant in zero external field (Fig. 3, curve
3). At 127°C the field HY’ =0, and H, is minimum.
This indicates a definite connection between the first
anisotropy constant and the critical field.

The field dependence of the anisotropy constant can
be explained by the presence of a noncollinear magnetic
structure in the ferrite in the temperature range inves-
tigated. For a noncollinear structure, following Sanni-
kov and Perekalina,[!? one can exhibit the first term of
the expansion of the anisotropy energy Eg =K, sin® @
in the form

E,= 3k cos® {; + 2k’ cos® . +' k" cos s cos P, .

+ K’ sin P sin P2 cos (@1 — @2), (1)

where k, K/, k", and k" are the anisotropy constants in
the first approximation of perturbation theory; ¢, and
¥, are the angles between the magnetic moments of the
sublattices, M, and M,, and the axis c; and ¢, and ¢,
are the azimuthal angles of the magnetic moments of the
sublattices in the basal plane. The anisotropy constant
K, depends on the value of the field because with change
of field, the angles ¥, and ¥, change. Since only the
angles ¥, and ¥, change, whereas the magnitudes of the
magnetic moments M, and M, of the sublattices are
considered constant, it is necessary that the exchange
interaction between sublattices should be smaller than
the exchange interaction within each sublattice. Ermo-
laev and Kaganov(®1 showed that when the exchange in-
teraction is weak, it may depend on the value of the ex-
ternal magnetic field. In consequence of this, there is a
change of the magnetic structure in an external mag-
netic field, which also leads to a change of the angles
¥, and P,.

It is interesting to note that on the magnetization
curves in the basal plane of a Ni; ,Co, ;BaW crystal in
the temperature interval 90-140°C, saturation is not
attained in fields up to 20 kOe, although the anisotropy
field at these temperatures is Hy"” ~ 10° Oe.

Figure 4 shows the basic magnetization curves in the
basal plane for the monocrystal investigated, at 20 and
at 124° C. At 20°C, the ferrite is magnetized to satura-
tion in fields H > 10 kOe. At 124°C, a linear section is
observed on the magnetization curve, with slope do/dH
=4 x107* G cm?®/Oe g; this may be evidence of a change
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of orientation of the magnetic moments of the sublat-
tices in this field interval.

Thus in the hexagonal ferrite Ni, ,Co, (BaW in the
temperature interval 90-127° C, where the first aniso-
tropy constant is small, an effect of the external field
on the magnetic structure of the ferrite is observed.
This means that in the temperature interval considered,
there is a noncollinear spin ordering in the ferrite.

In order to discuss the values that we have obtained
for the critical fields that break down the noncollinear
ordering, we shall apply the method of Clark and Cal-
len.t??

The expression for the free energy of a two-sublat-
tice noncollinear model can be exhibited, in first ap-
proximation, as the sum of the energy of exchange in-
teraction between sublattices, the energy of interaction
of the magnetic moments of the sublattices with the
field, and the anisotropy energy:

=—M1H005¢h—MzHCOS\Pz—MAHamCOSZ‘PA (2)
— MzH,fz) cos® P — AM M, cos (P, — ¥2),

where M,, M,, H§", and H{®’ are the magnetic moments
and the anisotropy fields of the sublattices; ¥, and ¥,
are the angles between the magnetic moments of the
sublattices and the axis c; and A is the exchange-inter -
action parameter. By minimizing the free energy with
respect to the angles ¥, and y,, we get equations that
determine the i, and ¥, that correspond to a minimum
of the free energy of the crystal. By setting ¢, =0 and
Y, = m and neglecting small terms, we obtain equations
for the limiting field for the collinear and noncollinear
phases for the two cases:

M =M, H,=12xK,|, K=8"M+HM, (32)
Kl:o; Hc:=‘x(Ml_Mz)- (Sb)
In the general case, the critical field that breaks
down the noncollinear magnetic structure can be ex-
pressed in the form
Ho= MM, — M,) +:V2A]K,]. (4)

The temperature dependence of the critical field, calcu-
lated by formula (4), is shown in Fig. 3 (curve 3). There
is good agreement of the experimental and calculated
values of the critical fields. To speak of values of H¢
for T < 90°C makes no sense, since there the noncol-
linear phase is absent.

It is of considerable interest to estimate the param-
eter A of exchange interaction between sublattices.
From formula (3) with T =127°C, we get A =0.8
x 1028 G¥erg. This value can be verified by calculating
with the well-known formula,'®? the susceptibility of a
ferromagnet with a noncollinear spin structure in a
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field interval in which deformation of this structure is
occurring:

X=\( 32H,

1 7.76”5[1+2cosa(1—!—cosa)]} ; (5)

Here ug is the magnetic moment of a molecule of the
ferrite. The helicoid angle a is found from the for-
mula

Hy=176pJ, sin* (a/2), (6)

with J, = A. We do the calculation for T =127°C.

The value obtained in this calculation, x = 3.2
x 107® G/Oe, agrees with the experimental value for
this temperature, x = 2.1 x 107® G/Oe. The good agree-
ment between the values quoted shows that the param-
eter of exchange interaction between sublattices is
A =0.8 x10%® G?/erg; that is, the assumption of a
small value of the exchange interaction for the noncol-
linear magnetic structure is correct.
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