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The Turov-Mitsek formula for the temperature dependence of the magnetic anisotropy constants 
derived on the basis of the phenomenological spin-wave theory is verified experimentally. The 
formula is found to be in satisfactory agreement with the experiments at low temperatures (.6.M 
« M0) for iron, nickel, manganese, and magnesium-manganese ferrite single crystals and for 
lithium pentaferrites. An investigation of the temperature course of the first magnetic aniso
tropy constant near the Curie point performed on various ferrite-spinel single crystals shows 
that the linear dependence of K1 (T) predicted on the basis of thermodynamic considerations by 
Vonsovskil is true only for ferrites which are stable with respect to thermal and thermomag
netic treatment. 

1. INTRODUCTION 

ONE of the basic questions in the theory of 
ferro- and ferrimagnetism and in the practical 
search for new magnetic materials is the problem 
of the anisotropy of the physical properties, its de
pendence on the structure of solid solutions, the 
temperature, the magnetic field, etc. This refers 
in the first instance to the anisotropy of the mag
netic properties. The latter, along with other 
forms of anisotropy, has a large effect on the proc
esses of the technical magnetization of ferromag
nets and ferrites. A large number of theoretical 
and experimental papers have therefore been de
voted to the temperature dependence of the mag
netic anisotropy constants of ferromagnets and 
ferrites. Classical[!, 2J and quantum mechanical 
calculations of the K1 (T) dependences have been 
carried out. The majority of these describes the 
temperature dependence of the magnetic aniso
tropy constants as a function of changes in the 
spontaneous magnetization in the low-temperature 
region. 

Classical calculations, as well as calculations 
based on the application of the spin-wave method 
to dipole and quadrupole models, lead in the case 
of cubic crystals to the "tenth -power" law, i.e., 
they indicate that the first magnetic anisotropy 
constant in the region of low temperatures should 
vary as the tenth power of the saturation magneti
zation. However, experiments show that, for ex
ample, in iron the anisotropy constant changes 

with a lower power, [ 3 J and in nickel with a con
siderably higher power. [ 4J 

Bryukhatov and Kirenskil[ 5l have found an em
pirical formula for the K1(T) dependence for iron 
and nickel. It turned out that the experimental 
points fit well a curve constructed according to 
this formula, not only in the case of iron and 
nickel, but in the case of many ferromagnets and 
ferrites, both at low temperatures and at rather 
high temperatures, up to one third of the Curie 
temperature e. The empirical formula of Bryukha
tov and Kirenskil does not contain the spontaneous 
magnetization. Attempts have been made to justi
fy this formula theoretically. [ Gl 

Recently Turov and Mitsek[ 1J calculated the 
temperature dependence of the magnetic aniso
tropy constants on the basis of a phenomenological 
spin-wave theory free of model considerations. 
This theory extends also to ferrites. [Sl It is of in
terest to check this theory experimentally. 

So far there are no calculations of the tempera
ture dependence of the magnetic anisotropy con
stants at intermediate temperatures. For temper
atures close to the Curie point one can assume 
from thermodynamic considerations that the de
pendence K1 (T) should be linear. [ Sl This also re
quires experimental verification. 

Two problems are solved in this work: we 
check experimentally the theory of Turov and Mit
sek and the behavior of the magnetic anisotropy 
constant near the Curie point in certain single 
crystals of ferromagnets and ferrites with a cubic 
lattice. 
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2. THE TEMPERATURE DEPENDENCE OF THE 
FIRST MAGNETIC ANISOTROPY CONSTANT 
AT LOW TEMPERATURES IN NICKEL, IRON, 
AND CERTAIN SINGLE-CRYSTAL FERRITES 
WITH THE SPINEL STRUCTURE 

Turov and Mitsek[ 7 • 8 1 obtained on the basis of 
the phenomenological theory of spin waves the fol
lowing temperature dependence of the magnetic 
anisotropy constants: 

K~n'(O)~K~n)(T) =N(2N+1)M(O)-M(T). (1) 
x<;>(O) M(O) 

Here K is the magnetic anisotropy constant, N is 
its order, the bar over K and the superscript (n) 
indicate that in the formula for the free energy of 
the anisotropy the constants appear in front of the 
harmonic invariants that are homogeneous har
monic polynomials, and M is the magnitude of the 
spontaneous magnetization. The temperature is 
indicated in parentheses: (0)-0 o K and (T)-T° K. 

In the classical calculation of Zener[ 21 the tem
perature dependence of the magnetic anisotropy 
constants was described by the formula 

KN(T) I KN(O) = [M(T) I M(O) ]N(2N+1) (2) 

Here KN(T} and KN(O) are the anisotropy con
stants at the temperature of the measurement T 
and at oo K, expressed in the traditional form when 
the free energy of the anisotropy is written as by 
Akulov. [ 11 At low temperatures (for D.M « M0) 

relations (1) and (2) coincide provided one stipu
lates that they must be applied to the constants 
that appear in the free energy formula in front of 
the harmonic polynomials. For the first magnetic 
anisotropy constant of cubic crystals N = 2. 

A direct measurement of the magnetic aniso
tropy constant near absolute zero is very compli
cated. One can, however, check indirectly that the 
formulas of Turov and Mitsek (1) agree with ex
periment. For iron and nickel, [ 5• 10 1 and also for 
simple spinel-structure ferrites that are stable 
against thermal and thermomagnetic process-
ing[ 1i-13l the empirical law of Bryukhatov and 
Kirenski1 [ 51 is well satisfied for a broad range of 
temperatures (from liquid nitrogen temperatures 
up to 1h®): 

K= Koe-a.T'. (3) 

Here K is the value of the first magnetic aniso
tropy constant at a temperature T, Ko is its value 
at 0 o K, and a is a constant for the given mate
rial. 

If the extrapolation to absolute zero is reliable 
with careful measurement of the anisotropy con
stants, then at low temperatures (AM« M0) the 

curves of the temperature variation of the mag
netic anisotropy constants obtained from the for
mula of Turov and Mitsek (1) and the correspond
ing curves of the empirical formula (3) should co
incide provided we stipulate that they should be 
applied to the constants which appear in front of 
the harmonic invariants. However, even this is 
unnecessary if we consider the dependence of 
K/K0 on T, since the higher-order constants for 
the investigated materials are small and the ra
tios K/Ko and i(<n>(T)/K<n>(o) will be close. If 
this is the case, then the corresponding depend
ences K/Ko and i(<n>(T);K<n>(o) on T should be 
very close to each other and should coincide with 
the experimental data as one approaches liquid 
nitrogen temperatures. 

In order to eliminate from the Turov and Mit
sek formula the ratios [M(O)- M(T)]/M(O) [which 
we shall write in the form (Mo - M) /Mol we used 
the known formulas for the temperature depend
ence of the spontaneous magnetization which cor
respond satisfactorily with experiment: 

a) The Bloch formula[l4l 

M = M0[1- ~(T I 8)'1,], (4) 

{3 = 0.117 4, and 8 is the Curie temperature. 
b) The Frenkel-Heisenberg formula[ 15- 161 

_3!.__ = th (_!!__/.!_) 0 

Mo Mo e 
(5)* 

If we use the formulas of Vonsovskil and Sei
dov[1TJ for M(T)/Mo, then the latter should also 
agree with experiment, because for the magnetiza
tion the "quadratic" and "three-halves" laws are 
difficult to distinguish experimentally. 

Formula (1) reduces (when N = 2) to the fol
lowing form: 

K I Ko = -9 + 10M I Mo. (6) 

eliminating M/M0 from (4) and (6), we obtain 

K I Ko = 1-10~(T I e)'!a. (7) 

Making use of the approximate formula, 

thx ~ 1- 1/ (x + 1), (8) 

one can reduce (5) to the following form: 

M I Mo.~ 1 - TIe. (9) 

Consequently, 

111 I 1110 ~ 1-21 (e2(8 /T-t) + 1). (10) 

Eliminating M/M0 from (6) and (10), we obtail). 

j{ 10 
Ko ~ 1 - (8/T)2- 8/T + 1' (11) 

*th "'tanh. 
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FIG. 1. Plots of the dependence of K1/K0 on T 
for nickel and iron calculated according to: 1 - the 
formula of Bryukhatov and Kirenskil, 2 and 3 - the 
formula of Turov and Mitsek, using the Frenkel
Heisenberg and the Bloch equations to eliminate 
M/M 0 from it. 12J!J, .. 

8 8 ID' 

We used (3), (7), and (11) to plot K/Ko vs. T 
for nickel at low temperatures according to the 
data of Kirenskil [ 10 l and Puze! [ 4 J 

(a= 0.000034 deg-2 ; Ko = -105 x 104 erg/cm3; 

e = 621 o K) and for iron according to the data of 
Kirenskil[ 10J (a= 0.000003 deg-2; K0 = 26.3 
x 104 erg/cm3; e = 1043° K). These plots are 
shown in Fig. 1. It is seen from the plots that 
curves corresponding to formulas (3), (7), and (11) 
agree well with each other up to 5o K and differ 
inappreciably at 10 o K. Curve 2, obtained from the 
Frenkel-Heisenberg formula (5), lies between 
curves (3) and (1) obtained from the Bloch (4) and 
Bryukhatov-Kirenskil (3) formulas. At liquid
nitrogen temperatures curves 2 and 1 are closer 
to the experimental points. 

Analogous graphs (Fig. 2) were plotted for the 
ferrite single crystals of the composition 
Li0.48Fe2•250 4[ 13 l which we investigated 
(a = 0.000004 deg-2; Ko = -10.4 x 104 erg/cm3; 

8 = 943° K), MnFe20 4[ 11l (a= 0.000029 deg- 2; 

Ko = -17 x 104 erg/cm3; e = 573° K), and 
MgD.5Mno. 5Fe20 4 u 2 J (a= 0.000032 deg-2; 

Ko = -20.7 x 104 erg/cm3; e = 733° K). 
We note that in these instances, too, the curve 

plotted with the aid of the Frenkel-Heisenberg 
formula lies between the curves plotted with the 
aid of the formulas of Bloch and Bryukhatov and 
Kirenskil. On approaching liquid-nitrogen tem
peratures the plots of KtfK0 vs. T (1 and 2) ap
proach the experimental points closely for all the 
investigated ferrite single crystals. 

It can thus be assumed that for the materials 
being considered, the theory of Turov and Mitsek 
is, with the admitted approximations, in satisfac
tory agreement with experiment. The largest de
viations of the curves are apparently explained by 
the effect of high-order constants on the values of 
the ratios K/K0 and K/Ko. We note that no such 
check can be made in the case of ferrites that are 
easily affected by thermal and thermomagnetic 
processing. The Bryukhatov-Kirenskil law is also 

not satisfied for these ferrites. This is obviously 
explained by the change in the degree of reversi
bility of these ferrites on cooling from high tern
peratures. For materials which have appreciable 
second magnetic anisotropy constants one must 
allow in the calculations for the effect of these 
constants. [8 J 

3. TEMPERATURE VARIATION OF THE MAG
NETIC ANISOTROPY CONSTANTS IN CER
TAIN SINGLE-CRYSTAL FERRITES WITH 
THE SPINEL STRUCTURE ON APPROACH
ING THE CURIE POINT 

On the basis of general thermodynamic calcula
tions, Vonsovski! [ 18 J obtained for the temperature 
dependence of the spontaneous magnetization near 
the Curie point the following formula: 

( _.!!! )2= aa' (8- T). 
O'o 2b 

(12) 

Here us is the value of the specific saturation 
magnetization at a temperature T, u0 is its value 
at 0 o K, 8 is the Curie temperature, a@ and b 
are constants. We note that this formula is valid 

B 

0.9!/8 
Kj~" T ~-~ --.....:::::::: -....;:: 

Mgll,5 Mno,Fet04 ~ 
8 8 

FIG. 2. The same as in Fig. 1 for lithium pentaferrite, and for 
for manganese and magnesium-manganese ferrites. 
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FIG. 3. The K,(T) dependence of single crystals of ferrites 
on approaching the Currie point: a- Fe0Fe20,, b- MnFe20., 
c - nickel ferrites; curve 1 - sample No. 1 and curve 2 - sam
ple No.3, d- Li,O(Fe20 3) 5 , e- CoFe20., f- Mgo,sMno.sFe2o., 
g- Ni 0 •71COo , 03Fe~;2Fe~;o404 , h - Y ,Fe5 0,2. 

for small values of the parameter us/u0, except 
in the immediate vicinity of the Curie point where 
the expansion of the thermodynamic potential in 
powers of the small parameter us/u0 is incor
rect. 

By expanding the anisotropy energy near the 
Curie point in a series of even powers of u and 
with account of (12), Vonsovskil obtained the for
mula 

(Ki) T-+6 = C' (8- T)' ( 13) 

where ® is the Curie temperature, and C' is 
a constant which is independent of the tempera
ture. It follows from (13) that the K1 (T) depend
ence should be linear on approaching the Curie 
point. We carried out an experiment to check the 
validity of this relation. The magnetic anisotropy 
constant was determined by the torque method de
scribed in the literature. [ 191 The objects of the in
vestigations were single-crystal spheres of the 
following compositions: FeOFe203; MnFe204; 
nickel-iron ferrites, sample No. 1-
Ni0.54Fe5:46Fe204, sample No. 2-Ni0 , 64 Fe~~a6 Fe204, 

and sample No. 3-Ni0 , 72 Feij~2sFe204; Li30(Fe203)5; 
Co0. 94 Feij~12Fet9604 ; Mg0. 5MnuFe20 4; 
Ni 0 . 71Co 0 . 03 Fet2 Fe~:"0404 and Y3Fe50 12-yttrium 
iron garnet . 

A number of experimental difficulties had to be 
overcome in the measurement of the torques at 
high temperatures. On the one hand, one had to in
crease the sensitivity of the torque magnetometer 
by using thin steel wires, on the other hand one 
had to resort to damping. The thermal insulation 
of the torque magnetometer had to be improved, 
thermally stable glue had to be used for fastening 
of the samples, thermally stable materials had to 
be used for the sphere holder, etc. The measure
ments for various ferrites were carried out at 
various sensitivities of the setup. The error lim
its of the measurements are indicated on the 
graphs of Fig. 3 which describe the K1 (T) depend
ence of the investigated single crystals. From 
these it can be seen that the dependence is linear 
for curves b, d, f, h and is not linear for curves 
a, c, e, and g. 

It has been established that ferrites for which 
the K1 (T) dependence is linear near the Curie 
point are extremely stable against various types 
of heat treatment and magnetic annealing. At the 
same time, ferrites which are easily affected by 
such treatment do not exhibit a linear K1 (T) de
pendence on approaching the Curie point. 
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