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Torque measurements of the magnetocrystalline anisotropy between 77°K and 300°K are reported for 
single crystals of two different ferrimagnetic oxides having structures related to that of the mineral magneto-
plumbite. The compounds, with chemical compositions Co2Ba2Fei2022 and Co2Ba3Fe2404i, are known as 
Co2F and Co2Z, respectively. Both compounds, after suitable magnetic field cooling treatment, display trig­
onal anisotropy in the basal plane at 77°K. The field cooling is shown to have the effect of placing the mag­
netization into one of two energetically equivalent orientations, each of which leads to a trigonal term of dif­
ferent sign. Examination of the crystal structures shows that in the case of Co%Y an additional term Kif sin30 
Xcos0 cos3<p (where 6 and^ are the polar coordinates of the magnetization) should be added to the generally 
accepted phenomenological hexagonal anisotropy expression. The anisotropy constant K% is evaluated as 
6X106 erg/cm3 at 117°K. In the case of Co2Z this trigonal anisotropy term is not consistent with the crystal 
symmetry, although it is appropriate for structural subgroups of the unit cell. Its trigonal anisotropy is ex­
plained in terms of a "puckered" magnetization pattern whereby the sign of the c-axis component of magnet­
ization is different for adjacent subgroups. The existence of this puckered pattern implies that the exchange 
coupling across the boundaries between subgroups is relatively weak. A new rotational hysteresis effect in 
Co2F is described and explained phenomenologically. Anatomic theory assigning the origin of the trigonal 
anisotropy of both compounds to the cobalt ions is presented. 

I. INTRODUCTION 

IN recent years, studies of the anisotropic properties 
of various members of the class of ferroxdure-type 

hexagonal ferrimagnetic oxides1 have brought to light 
many new effects not previously observed or recognized 
in hexagonal ferromagnetic crystals. Such effects include 
the existence of planes1 and cones2 as loci of the preferred 
orientations for the magnetization. These phenomena 
are readily understandable in terms of the magnitudes 
and signs of the various constants of the hexagonal 
anisotropy expression. This paper concerns anisotropy 
phenomena which cannot be so explained. 

The magnetocrystalline anisotropy energy WA of hex­
agonal oxides is usually expressed in terms of the phe­
nomenological equation 

WA = Ki sm26+K2 sm4d+Kz' sm«6+Kz sin60 cos6^, (1) 

in which 6 and <p are the polar angles denoting the 
direction of the magnetization. Angle 6 is measured from 
the c axis. Angle <p, which lies in the basal plane, is most 
conveniently measured from a vertical mirror symmetry 
plane (i.e., from the hexagonal CH0J). K* and K% are 
generally very small in comparison with the other two 
anisotropy constants. Therefore Ks' is usually neglected 
and KB is only taken into account in describing the 
anisotropy in the basal plane. 

The preferred orientation of the magnetization (0O) 
with respect to the c axis is found by setting the first 
0 derivative of Eq. (1) equal to zero: 

dWA/dO= sm2dQ(K1+2K2 sin20o) = 0, (2) 

and determining which of the three solutions to Eq. (2) 
[0o=O; 7r/2; sin_1(—Ki/2K2)>2 has the lowest energy 

1 J. J. Went, G. W. Rathenau, E. W. Gorter, and G. W. van 
Oosterhout, Philips Tech. Rev. 13, 194 (1951/2); G. H. Jonker, 
H. P. J. Wijn, and P. B. Braun, Philips Tech. Rev. 18, 145 
(1956/7). 

for different combinations of magnitude and sign for 
Ki and K2. One finds that the anisotropy is axial (0o=O) 
if Ki+K2>0 and at the same time Ki>0; and planar 
(0o=7r/2) if K!+K2<0 and -K{>2K2. If KX<0 and 
0<—Ki/2K2<1, the preferred directions lie on two 
cones for which sin20o= —K\/2K2. 

The two hexagonal oxide compounds known1 as Co2F 
and Co2Z (with chemical formulas Co2Ba2Fei2022 and 
Co2Ba3Fe2404i, respectively; and with crystal structures 
related to that of the mineral magnetoplumbite) have 
been reported2 to possess cones of easy magnetization 
at temperatures below ca 215°K. In the case of C02F 
the cone angle 0O is 68° at 90°K, and increases to 90° 
as the temperature increases to 215°K. Above this tem­
perature the anisotropy remains planar. Corresponding 
numerical values of do for C02Z have not been reported. 
However, it is known2 to have cones of easy magneti­
zation below 220°K and- planar anisotropy between 
220°K and 480°K. 

This paper reports the results of torque anisotropy 
measurements performed on single crystals of C02F and 
Co2Z at temperatures between 77°K and 300°K. The 
major emphasis is on the observation of anisotropy 
which is trigonal with respect to angle <p and therefore 
not consistent with Eq. (1). This trigonal anisotropy is 
observed at 77°K in crystals of both Co2F and Co2Z 
which have been cooled in properly oriented magnetic 
fields. Various experiments show that it is an intrinsic 
property of the crystals, necessitating the addition of 
more terms to Eq. (1). 

The complex crystal structures are examined and it 
is found that in the case of C02F the trigonal anisotropy 
term is compatible with the crystal symmetry; whereas 
in the case of Co2Z it is not. In the latter case, however, 

2 U. Enz, J. F. Fast, and H. P. J. Wijn; see H. B. G. Casimir 
et al.} J. phys radium 20, 260 (1959). 
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the magnetic anisotropy is found to have the symmetry 
of the structural subgroups making up the crystal unit 
cell. The presence of the trigonal magnetocrystalline 
anisotropy indicates the existence of a "puckered" mag­
netization within the unit cell. This new phenomenon 
implies that the exchange coupling between the struc­
tural subgroups is relatively weak. 

Finally, a brief discussion of the origin of the trigonal 
anisotropy is presented in terms of an existing theory3 

of the anisotropy introduced into oxides by cobalt. 

II. EXPERIMENT 

A. Experimental Details 

The crystals were grown at the Philips Research 
Laboratories, under the direction of A. L. Stuijts. Chem­
ical analysis indicated the presence of some divalent 
iron, so that the correct formulas of the two crystals 
are (Co1.88IIFeo.i2II)Ba2Fei2022 and (Coi.92nFeo.o8I]t)-
Ba3Fe2404i for Co2F and C02Z, respectively. 

The crystals were in the form of basal plane plates 
with volumes of approximately 5 X10 -3 cm3. The devi­
ation of their shape from oblate ellipsoids introduced a 
small but measureable torque due to shape anisotropy. 
Suitable correction for this spurious torque could be 
made readily by graphical means. 

Measurement of the basal plane anisotropy was ac­
complished by measuring the torque exerted on a crys­
tal as a magnetic field rotates slowly in the basal plane 
(0=90°). In terms of the anisotropy expression of Eq. 
(1) this torque L is given by 

L= -dWA/d<p=6KZ sin60 sin6*>. (3) 

In the temperature region in which OQ^T/2 the ampli­
tude of this sixfold torque should increase with increas­
ing field strength, i.e., as the magnetization is pulled 
more closely from the equilibrium cone into the basal 
plane. From the published2 values of K\ and K2 at 77°K 
it can be calculated that in the case of C02F the torque 
curve should be saturated with respect to increasing 
field at #==17 000 oe. 

The torque curves were recorded automatically on an 
X—Y recorder, using the torque magnetometer de­
scribed by Penoyer.4 The crystals, which remained sta­
tionary during the measurement, were mounted with 
their c axis oriented vertically. The magnetic field 
strength was adjustable to a maximum value of 10 400 
oe; its angular velocity of rotation in a horizontal plane, 
to a maximum value of 6°/sec; and the sample temper­
ature, from 77°K to 300°K. 

For those field-cooling experiments which required a 
field to be applied along the c axis the crystal was trans­
ferred to a vertical air-core solenoid (10 000 oe), cooled, 
and transferred back to the torque balance while still 
immersed in liquid nitrogen. 

3 J. C. Slonczewski, Phys. Rev. 110, 1341 (1958). 
4 R. F. Penoyer, Rev. Sci. Instr. 30, 711 (1959). 

For some experiments, designed to detect changes 
in the £-axis component of magnetization during a 
torque measurement, the crystals were surrounded by 
a 100-turn winding and voltages induced therein were 
measured by means of a Liston-Becker chopper ampli­
fier. Optimum conditions were achieved by varying the 
strength of the magnetic field and the velocity of its 
rotation. 

B. Results 

1. Co2F 

At room temperature the basal-plane torque curves 
have the expected shape, consisting of the superposition 
of a sixfold term (Kz~ — 600 erg/cc) on a basically two­
fold curve due to shape anisotropy. 

At 77°K the predominant term in the torque curve 
becomes threefold if the crystal is cooled in a magnetic 
field. One of two torque curves (Z=±Csin3^) is ob­
served, depending on the orientation of the field which 
had been applied during cooling. Curve A of Fig. 1 
results if the cooling field had been applied at orienta­
tions 0 o <^<30° or 90°<^<150°. For other orienta­
tions of a cooling field in the basal plane between 0° 
and 180°, curve B of Fig. 1 results. In other words, the 
trigonal anisotropy at 77°K has its preferred direction 
as close as possible to the cooling field direction.5 The 
magnitude of the cooling field need be only sufficiently 
large that domains are eliminated and the magnetiza-
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FIG. 1. Basal plane torque curves for C02F single crystal, meas­

ured at 77°K in a field of 10 400 oe. Curve A was obtained after 
the crystal had been cooled in a field of 10 000 oe oriented at 
<p = 0°'f curve B followed cooling at ^ — 180°. 

8 According to the sign convention utilized in the torque curves 
of this paper, the stable orientations of the magnetization exist 
where the torque curves pass through zero with a negative slope. 
A torque of negative sign signifies that the anisotropy tends to 
pull the magnetization back; i.e., decrease angle <p. 
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FIG. 2. Torque (solid curves) and voltage (dashed curves) re­
corded for a C02F crystal at 117°K as a magnetic field of 3100 oe 
rotated clockwise and counterclockwise with a uniform angular 
velocity of 2°/sec. A and B designate segments of the torque 
curves corresponding with curves A and B, respectively, of Fig. 1. 
The voltage, induced in a stationary c-axis pickup coil surrounding 
the crystal, is a measure of the time rate of change in c-axis com­
ponent of magnetization. Both curves show rotational hysteresis. 

tion is oriented uniformly more or less parallel to the 
field direction. Once this condition is established (at ca 
5000 oe) the amplitude of the trigonal torque curves is 
independent of the magnitude of the cooling field. If 
the crystal is cooled in the absence of an external field, 
there results an ill-defined state yielding torque curves 
which are an unstable combination of A and B. 

The trigonal torque occurs only in the temperature 
region in which the crystals have preferred cones, and 
the annealing field which establishes the phase of the 
torque curve need be applied only below ca 215°K, the 
temperature at which the equilibrium angle 0o departs 
from TT/2. 

The phase of the threefold torque curve is also af­
fected by cooling the crystal in a field along the c axis. 
A field in one direction along the axis (d—w) will pro­
duce curve A of Fig. 1, whereas a field in the opposite 
direction (0=0) will produce curve B. The available 
cooling field (10 000 oe) was so small that the magneti­
zation deviated from the c axis by a large angle. How­
ever, by carrying out cooling experiments at different 
values of <p it was demonstrated that it is the vertical 
and not the horizontal component of the magnetization 
during cooling which is effective in determining the 
phase of the threefold torque. This fact is a significant 
clue, leading to the assignment of the two torque curves 
to different states of magnetization of the crystal. One 
of the curves is associated with the cone of equilibrium 

angle 6Q] and the other, with the cone of equilibrium 
angle T—6Q. Further evidence verifying this assignment 
is the direct observation of changes in c-axis component 
of magnetization. This effect will be described shortly. 

The amplitude of the threefold torque curves at 77°K 
is a function of the field applied during its measurement. 
I t was observed to have its maximum value at 5000 oe, 
and to decrease with increasing field. In 10 400 oe the 
amplitude had decreased 17% from its maximum value. 
The decrease in amplitude of the sin 3<p torque curve 
with increasing field accompanies the approach of 6 to 
7r/2 from do or from w— $o. 

The two solid curves shown in Fig. 2 are torque curves 
recorded at 117 °K as a magnetic field of 3100 oe rotated 
in the basal plane clockwise and counterclockwise, re­
spectively. Each of these curves consists of labeled por­
tions of the trigonal torque curves A and B of Fig. 1. 
The relatively steep portions of the curves (e.g., b—bf) 
correspond to transitions between the two trigonal 
torque curves. They occur at different values of <p 
for clockwise and counterclockwise rotation. In other 
words, a rotational hystersis effect takes place. 

The dashed curves of Fig. 2 illustrate the results of 
an experiment designed to verify the conclusion that 
curves A and B of Fig. 1 correspond to different c-axis 
components of the magnetization. They are recordings 
of the voltage induced in a stationary 100-turn c-axis 
pickup coil surrounding the sample as the magnetic 
field rotated with uniform angular velocity during the 
measurement. I t can be seen that these curves consist of 
spikes of alternating sign which are centered about the 
transition regions of the corresponding torque curves. 
The integrated area under one of the spikes is a measure 
of the total flux change in the pickup coil during one 
transition (e.g., b—b'). This information, taken together 
with the dimensions of the sample, yields the change in 
c-axis component of magnetization. Assuming that these 
changes are symmetrical about the basal plane we calcu­
late that angle 6 changes by ca 8.0° during each jump. 
In other words, the dashed curve of Fig. 2 is interpreted 
as indicating that 0 alternates between 86.0° and 94.0° 
by rather discrete jumps during the course of the torque 
measurement. 

Since it was found that the width of the voltage spikes 
was relatively independent of temperature and magnetic 
field, the height of the spikes can be taken as a relative 
measure of the magnitude of the change in s-axis com­
ponent of magnetization. The amount of rotational hys­
teresis is indicated by the difference between the values 
of <p corresponding to the voltage peaks of the clock­
wise and counterclockwise curves. 

The height of the voltage spikes is determined by a 
number of parameters which can be adjusted to create 
optimum conditions. The speed of rotation of the mag­
net is limited by the response time of the amplifier. 
Increasing the magnetic field has the effect of increasing 
angle 6 and therefore decreasing the amount by which 
the c-axis component of magnetization changes during 
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each reversal. At the same time it increases the back­
ground voltage, which is essentially a sin0 curve due 
to stray pickup of the rotating horizontal magnetic field 
by the stationary coil. The magnetization switching ef­
fect persists, with only slightly less rotational hysteresis 
than that shown in Fig. 2, at fields up to 10 400 oe. At 
the larger fields it is more apparent that the observed 
torque curves consist of segments of the dbCsin3^ 
torque curves separated by sharp transition regions. 

In a field of 5000 oe the switching effect first appears 
at ca 90°K and it persists throughout the temperature 
region in which the crystal has cones of easy magneti­
zation. With increasing temperature in this region the 
amount of rotational hysteresis steadily decreases. The 
amplitude of the voltage spikes also decreases, at first 
slowly and then more rapidly as the temperature ap­
proaches 215°K. Half of the decrease occurs in the last 
20° (between 195° and 215°K). No voltage spikes are 
observed at temperatures above 215°K. Translated into 
terms of the sensitivity of the measurement, this means 
that the magnetization does not deviate from the basal 
plane by more than 0.2° during any 30° interval of 
angle <p in a field of 5000 oe. 
tJA simple qualitative explanation of the switching 
effect is as follows. As the temperature increases from 
77°K the equilibrium cone angle of Co2F increases from 
68°, reaching 90° at 215°K. The magnetic field applied 
at 0=90° during the torque measurement pulls the 
magnetization more closely into the basal plane. At 
some temperature the magnetization is able to reverse 
its c-axis component of magnetization spontaneously as 
the magnetic field rotates in the basal plane, allowing 
the crystal to adopt the trigonal anisotropy correspond­
ing to the lowest energy for a given value of <p. This 
process is characterized by rotational hysteresis. As the 
temperature increases the equilibrium values of $ for a 
given field are closer to 90°, so that the amount of 
change during each reversal of c-axis component of mag­
netization becomes progressively smaller. At the same 
time the rotational hysteresis decreases. The effect dis­
appears completely when the anisotropy becomes planar 
at 215°K. A quantitative treatment of the experiment 
of Fig. 2. will be presented in Sec. IIIB. 

At temperatures in the vicinity of 215°K the rota­
tional hysteresis just described becomes so small that 
the torque curves resemble the sixfold curves expected 
of a hexagonal crystal. Their amplitude decreases rap­
idly with increasing temperature between ca 195°K and 
220°K. The determination of Kz from these torque 
curves [see Eq. (3)3 leads to anomalously large ap­
parent values for this anisotropy constant. The meas­
ured value of Kz at 230°K is -1890 erg/cm3. 

2. Co2Z 

The torque curves of Co2Z at 77°K have threefold 
symmetry if the crystal is cooled in a magnetic field 
lying in the basal plane. The conditions establishing the 

0 30 60 90 
<f> (DEGREES) 

F I G . 3 . Basal plane torque curves for C02Z crystal measured in 
a field or 10 400 oe. Curve A was obtained a t 77 °K after the crystal 
h a d been cooled in a field orientated a t <p=0°. Curve B (77°K) 
followed cooling a t <p=180°. Curve C was recorded a t 216°K. 

phase of the trigonal torque are identical to those in 
the case of Co2F. Figure 3 shows torque curves at 77°K 
following cooling in 10 400 oe oriented at <p=0 (curve 
A) and at ^=180° (curve B). 
i However, the similarity in behavior of Co2Z and Co2F 
ends with this experiment of cooling in a basal plane 
field. If the Z compound is cooled in the absence of a 
magnetic field one observes a torque curve which is the 
superposition of a sixfold torque (Kz— —1450 erg/cm3) 
on a term due to shape. If the crystal is cooled in a 
field oriented in either direction along the c axis one 
observes exactly the same torque curve at 77°K as was 
obtained by cooling in zero field; that is, no trigonal 
term is present. 
'• jlf the crystal is warmed from the condition corres­
ponding to curves A or B of Fig. 3, it passes through a 
transition region in which trigonal torque curves give 
way to hexagonal curves. Torque curves in this tran­
sition region have a very unusual shape bearing no simi­
larity to the corresponding curves for Co2F (Fig. 2). 
Rotational hysteresis is present, but the torque curves 
include higher order harmonics—at least as high as 
twelfth order. This effect is illustrated by the dashed 
curve C in Fig. 3. Above 220°K the torque curves be­
come smooth superpositions of sin2^ and sin6̂ > com­
ponents. No change in c-axis component of magneti­
zation is detectable at any temperature in the voltage 
experiment of Fig. 2. 

III. DISCUSSION OF EXPERIMENTAL RESULTS 

In this section it will be shown that the behavior of 
the Co2F crystal is consistent with its crystalline struc­
ture, and all of the observed effects can be explained 
phenomenologically by adding suitable terms to the 
anisotropy equation; that in the case of C02Z a new 
andjunusual anisotropic behavior has been observed; 
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and finally, that the anisotropy can be understood, at 
least qualitatively, on the basis of an atomic model. 

A. Crystalline Structure 

The many hexagonal ferrimagnetic oxides have com­
plex structures6 which can be described in terms of 
basal plane oxygen layers with interstices between the 
oxygens occupied by metal cations. The oxygen layers, 
each containing four oxygens per unit cell, alternate 
between cubic and hexagonal close-packed arrange­
ments. The cubic portions are layers of spinel structure, 
so oriented that a body diagonal of the cube coincides 
with the hexagonal c axis. The hexagonal portions have 
one of the four oxygens in at least one of the layers 
replaced by a barium cation. 

It has been recognized7 that all the structures can be 
constructed from three basic building blocks; one cubic 
and two hexagonal. Adopting the notation of Smit and 
Wijn7 we label these blocks S, R, and T. S is the cubic 
spinel block, consisting of two oxygen layers (8 oxygen 
ions and 6 cations). Ry with three oxygen layers, has 
the formula BaFeeOn. T contains four oxygen layers, 
the center two of which each contains one Ba ion, Its 
formula is B^FesOu-

Each of these structural units has its own symmetry 
elements, and the symmetry of the over-all structure 
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FIG. 4. Crystal structures of C02F and C02Z, showing cross 
sections of the unit cells through vertical mirror symmetry planes. 
The c axes are vertical. S> T, and R represent the basic structural 
subgroups. The drawn vertical lines are axes of threefold sym­
metry. Centers of symmetry are denoted by + ; and horizontal 
mirror planes by m. The asterisks indicate rotation of a block by 
180° about the c axis. 

6 P. B. Braun, Philips Research Repts. 12, 491 (1957). 
7 J. Smit and H. P. J. Wijn, Ferrites (John Wiley & Sons, Inc., 

New York, 1959), Chap. IX. 

depends upon the way the basic elements are stacked 
together to fabricate the unit cell. R, S, and T all have 
trigonal symmetry about the c axis. S and T both con­
tain centers of symmetry. R is the only element con­
taining a horizontal mirror symmetry plane. However, 
horizontal mirror symmetry planes are introduced into 
structures containing S and T if half of the blocks are 
rotated 180° about the c axis with respect to the other 
half. This operation occurs in most of the structures. 

The structures of C02F and C02Z are shown in Fig. 
4(a) and 4(b), respectively. These figures show cross 
sections of the unit cells through a vertical mirror sym­
metry plane, with the c-axis vertical. The drawn vertical 
lines are axes of threefold symmetry. Any ion not lying 
on one of these lines in reality represents three ions. 
The unit cell is generated by performing this symmetry 
operation. Centers of symmetry are denoted by + ; and 
the horizontal mirror planes, by m. The asterisks indi­
cate rotation of a block by 180° about the c axis. 

Figure 4(a) shows that the Y structure is composed 
of alternating S and T blocks. There exist centers of 
symmetry in each of these blocks. However, there are 
no horizontal mirror planes, since none of the blocks 
has been rotated about the c axis with respect to the 
others. Although the smallest hexagonal elementary cell 
contains 18 oxygen layers, as shown here, it is possible 
to find an elementary cell of rhombohedral symmetry 
containing only six oxygen layers.7 

Figure 4(b) shows that the Z structure has twenty-
two oxygen layers per unit cell, and that the crystallo-
graphic buildup of blocks is STSRS*T*S*R*. Centers 
of symmetry exist at the center of each block, and there 
are horizontal mirror planes through the middle of every 
R block. 

B. Phenomenological Description of Anisotropy 

1. Co2F 

A careful analysis of the structure of Co2F, as de­
scribed in the last section, leads one to the conclusion 
that Eq. (1) is not a complete phenomenological expres­
sion for its anisotropy. The absence of horizontal mirror 
symmetry planes, coupled with the presence of centers 
of symmetry, permits the inclusion of two additional 
terms: K2

f sin30 cos0 cos3 <p and K%' sin30 cos30 cos3 <p. 
The first of these terms has been mentioned previously 
by Dzyaloshinsky8 in a thermodynamic theory of the 
"weak" ferromagnetism of antiferromagnetic a-Fe2C>3. 
However, its existence has not been directly verified 
experimentally in that material or in any ferro- or ferri­
magnetic crystal. 

Most of the experimental results obtained with the 
Co2F crystal can be explained in terms of the anisotropy 
expression containing terms no higher than fourth order 
in the direction cosines of the magnetization: 

WA = Kx sin20+iT2 sin40+^2' sin30 cos0 cos3 <p. (4) 
8 1 . Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958). 
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The torque in the basal plane is given by 

L= -dWA/d<P^3K2
f sin30 cos0 sin3<p. (5) 

This torque decreases in magnitude as 6 approaches 7r/2, 
a fact which explains the decrease in amplitude with 
increasing field measurement. The sign of the coefficient 
of sin3^ becomes negative when 6 exceeds 7r/2. There­
fore, one of two threefold torque curves is possible. The 
phase is determined by the £-axis component of the 
magnetization. The effect of the magnetic field cooling 
for fields applied both in the basal plane and perpen­
dicular thereto is merely to orient the magnetization. 
The field induces the magnetization to lie in the partic­
ular cone which corresponds to the lowest energy of the 
system under the field cooling conditions. 

Evaluation of the constant Kj from the amplitude 
of a sin3 <p torque curve requires a knowledge of angle 0. 
It was shown in Sec. IIB that the experiment illustrated 
in Fig. 2 involved changes in 6 between 86° and 94°. 
Using this information it is estimated that K4 has the 
approximate value 6X105 erg/cm3 at 117°K. 

The spontaneous change of the £-axis component of 
magnetization and the rotational hysteresis which ac­
companies it in the experiment of Fig. 2 can also be 
explained, at least semiquantitatively, by means of Eq. 
(4). We find the equilibrium values of 6 by minimizing 
the total energy with respect to changes in 0; thus 

d(WA-M'W)/dd=0, (6) 

where M and H are vectors indicating the magnetization 
and magnetic field, respectively. It is convenient to 
carry out the calculations in terms of angle y, which 
measures the angular deviation of M from the basal 
plane (y = v/2-0). 

Noting that 7 is a small angle, we can approximate 
sin7 and COS7 as power series containing terms of no 
higher order than 74. We assume that H is sufficiently 
strong with respect to anisotropy in the basal plane 
that the projection of M on the basal plane has the 
same orientation as H; i.e., M-H=MH cosy. Under 
these conditions, Eq. (6) becomes: 

y*+(a/2b)y+(c/4:b) cos3<p=0. (7) 
where 

a=-(K1+2K2)+(i)MH, 

b= (|) ( iTi+5Z2)-M^/24, (8) 

c=K*'. 

This cubic expression of equilibrium values of 7 as a 
function of <p is most easily handled by graphical means. 
In Fig. 5 are plotted the two parametric equations: 

y=73 , 
and 

y= - 0 / 26 )7 - (c/4J) cos3<p. (9) 

The second equation represents a family of straight lines 
of constant slope (—a/'2b) with a y-axis intercept 

(— c/Ab) cosScp which oscillates up and down as <p in­
creases. The equilibrium values of 7 correspond to 
the intersections of the straight lines with the other 
curve. The parameters used in the plots of Fig. 5 were 
obtained from the values of Ki(—11.7X106 erg/cm3), 
Z"2(+6.7X106 erg/cm3) and M(210cgs) reported by 
Enz et al.2; taken together with i£2 '(6Xl05 erg/cc) and 
#(10 400 oe) determined from the present experiments. 

The variation of 7 as <p increases from 0° to 120° is 
indicated in Fig. 5 by numerical sequence. As <p in­
creases from 0° to ca 33°, 7 follows the path 1, 2, 3, 4. 
At point 4 the second derivative of energy with respect 
to 7 is zero, and the magnetization spontaneously 
changes sign, moving to point 4'. As <p continues to 
increase, the equilibrium point moves out to 5', then 
returns along the path 5', 4', 3', 2'. Again the magneti­
zation spontaneously changes sign to 2 (at ^=93°), 
then continues to point 1 as <p increases to 120°. 

Rotational hysteresis occurs because the spontaneous 
change in sign of 7 from positive to negative (at point 
2') takes place at a value of cos3 cp different from that at 
which the change from negative to positive (at point 4) 
occurs. Therefore, if <p were to change in the opposite 
direction (i.e., decrease from 120° to 0°) the reversals 
would occur at 27° and 87°, rather than at 33° and 93°. 

Increasing the magnetic field strength has the effect 
of first reducing the slope of the straight line to zero, 
then reversing its sign. The amount of rotational hyster­
esis would decrease, then disappear. 

In principle, this switching effect could be observed 
during the course of torque measurements in the (111) 
plane of cubic crystals such as ferrites, since the con­
stants of Eqs. (7) and (8) all have their counterparts 
in terms of cubic anisotropy constants. Certainly the 
small component of magnetization normal to the (111) 
plane reverses its sign periodically during the measure­
ment of a (111) torque curve. However, no cases of 

FIG. 5. Equilibrium values of 7 as a function of <p at 117°K for 
C02F, represented by the numbered intersections of the two para­
metric curve's of Eq. (9). The straight lines each correspond to a 
different value of <p. Rotational hysteresis is illustrated by the 
possibility of the change in sign of 7 occuring via the path 4-4' or 
via the path 2'-2. 
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FIG. 6. Torque curves (solid lines) recorded for Co2F at 77°K in 
mirror plane (<p = 0°) containing the c axis. Angle 0 represents 
the orientation of the magnetic field (10 400 oe), and no correction 
has been made for the angular deviation between magnetization 
and field. The broken curves represent theoretical curves for three 
different values of <p, calculated from the experimental values of 
the anisotropy constants of Eq. (4), assuming alignment of mag­
netization and field. 

rotational hysteresis during such measurements have 
been reported to date. 

Finally, brief mention will be made of the shape of 
torque curves to be expected in planes containing the 
c-axis. The inclusion of K2 leads to the prediction of 
the torque curves shown by the dashed curves in Fig. 6, 
for three different values of <p. An attempt was made to 
observe the torque curve corresponding to <p=Q°, with 
the results shown in the solid curve of Fig. 6. A curve 
for <p= 90° had a similar shape. Unfortunately, the mag­
netic field is small compared to the major anisotropy 
fields. Moreover, the platelike structure of the crystals 
necessitated the use of specimens with unfavorable 
shape. For these reasons the torque curves are distorted 
considerably from their true shape. The solid curves of 
Fig. 6 have not been corrected for lack of alignment of 
the magnetization with the magnetic field. Some rota­
tional hysteresis is shown, and it was determined that 
the sudden breaks in the torque curves are accompanied 
by changes in the component of magnetization normal 
to the plane swept out by the magnetic field. Angle <p 
thus changes during the measurement/About all that 
can be said for the experimental curves of Fig. 6 is that 
they have roughly the expected shape. This experiment 
should be repeated in a larger field with crystals of more 
favorable geometry. 

2. Co2Z 

Since the Z structure contains horizontal mirror sym­
metry planes the trigonal anisotropy terms introduced 
in the previous section are not appropriate for Co2Z. 

T * ' 
S* 

FIG. 7. Representation of 
the puckered magnetization 
patterns within a unit cell 
of C02Z which result in trig­
onal anistropy at 77°K. The 
magnetized state is shown, 
with the net magnetization 
lying in the basal plane. 
R, S, T, etc., refer to the 
structural subgroups shown 
in Fig. 4(b). Curves A and 
B of Fig. 3 correspond to 
patterns a and bt respec­
tively. 

Co) <t>; 

Equation (1) should provide an adequate description of 
the anisotropy. 

Nevertheless, as shown in Fig. 3, trigonal torque 
curves were observed at 77°K in Co2Z crystals which 
were cooled in the presence of a magnetic field lying in 
the basal plane. One very significant difference in the 
behavior of the Y and Z crystals is that a field applied 
along the c axis failed to produce trigonal anisotropy 
in Co2Z at 77°K. 

Examination of the Z structure [Fig. 4(b)] reveals 
that it consists of the stacking of the different building 
blocks along the c axis in the sequence STSRS*T*S*R*. 
The unit cell is made up of two identical subgroups 
(STSR and S*T*S*R*), one of which is rotated 180° 
about the c axis with respect to the other.9 Equation (4), 
including the trigonal K2 term, is appropriate within 
each subgroup. It is the operation of rotation of one 
subgroup with respect to the other which eliminates 
the K2 term from the anisotropy expression of the unit 
cell, since the K2 terms from alternate subgroups cancel 
each other. 

If the c-axis component of magnetization were to re­
verse its sign in alternate subgroups, as indicated in 
Fig. 7, the K2 terms for all subgroups would add to­
gether, and the crystal would display trigonal anisot­
ropy. We explain the observed trigonal anisotropy 
shown in Fig. 3 on the basis of this model. 

Cooling the crystal in a magnetic field in the basal 
plane causes the magnetization within each subgroup 
to lie in whichever cone corresponds to the lowest energy 
for the value of <p determined by the magnetic field. 
One of the magnetization patterns represented by Fig. 7 
is created and remains when the field is removed. These 
patterns are very stable at 77°K, surviving demagneti­
zation and the application of a field of at least 10 400 oe 
for prolong periods of time in any direction in the basal 
plane. 

If the crystal is cooled to 77°K in a field along the 
c axis, the magnetization will be forced to have the 
same c-axis component in all regions of the crystal. The 
puckered magnetization pattern will not be established, 

9 Actually the dividing line between subgroups runs through the 
center planes of the R and R* blocks, since these planes are mirror 
symmetry planes. 
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and no trigonal term should appear in the torque curves. 
One would also predict no trigonal torque in crystals 
cooled in the absence of a magnetic field. Both of these 
predictions agree with experiment. The existence of the 
puckered pattern also explains the failure to observe 
any net changes in c-axis component of magnetization 
during torque measurements in the transition region in 
which cones disappear. Any change in magnetization 
in one of the subgroups is matched by an equal and 
opposite change in the other subgroup. 

The basal-plane field-cooling treatment has the effect 
of setting up an unusual "domain" structure in the crys­
tal. The boundaries between these domains are station­
ary and lie between the structural subgroups. The ex­
istence of such domains implies that the exchange 
coupling across certain basal planes in the structure 
must be relatively weak. The anistropy energy gained 
by establishing the magnetization pattern illustrated in 
Fig. 7 must exceed the work which must be done against 
exchange forces to maintain that pattern. It is not clear 
whether the boundary region is sharp or whether it is 
spread over the entire R block, creating a "domain wall" 
five magnetic atom layers thick. 

Gorter10 has worked out the spin arrangements in the 
various structural hexagonal oxide blocks, making use 
of the various principles of superexchange interaction 
which had been applied successfully to the spinel fer-
rites. In this way he was able to account for the observed 
saturation magnetization of the various structures. The 
coupling between the R and S blocks was shown to be 
possible through one of two different metal-oxygen-
metal interactions, each of which would lead to a dif­
ferent spin arrangement. The interaction which was 
judged to be stronger led to the correct magnetization. 
It is possible that the presence of the opposing inter­
action is the influence which weakens the exchange in­
teraction across the boundary. 

Whatever the details of the interactions involved, it 
is clear that field-cooled C02Z at 77 °K demonstrates an 
unusual type of anisotropy which has lower symmetry 
than that of the crystalline structure. The magnetic 
anisotropy has the symmetry of a subgroup of the crys­
talline symmetry. It is a real rather than apparent 
anisotropy in the sense that it occurs when the orienta­
tion of the net magnetization coincides with that of the 
applied magnetic field. 

Other known cases in which the magnetic symmetry 
is lower than that of the overall crystalline -symmetry 
usually involve some kind of magnetic annealing process 
at elevated temperatures. This treatment in some way 
creates localized conditions (e.g., precipitates, ionic dis­
order) whereby the crystalline symmetry is lowered in 
certain regions of the crystal. These structural elements 
contribute their own appropriate anisotropy to the in­
trinsic anisotropy of the crystal; which then appears to 
have a magnetic symmetry of lower order than that of 

10 E. W. Gorter, Proc. Inst. Elec. Engrs. (London) 104B, Suppl. 
5, 255 (1957). 

the crystalline symmetry. Such effects would not occur 
in a perfect crystal. 

The effect of magnetic field cooling in Co2Z has been 
merely to orient the magnetization. No structural im­
perfections or disorder have been introduced. The un­
usual anisotropy would exist in a perfect crystal. 

C. Atomic Considerations 

In view of the complexity of the crystalline structures 
involved it is not possible to place the results of this 
investigation on a sound theoretical foundation based on 
existing crystal field models of magnetic anisotropy of 
oxides. However, several aspects of the situation make 
it possible to present a crude molecular model for the 
origin of the trigonal anisotropy of C02F and C02Z. 

First of all, the existence of cones of easy magneti­
zation in these compounds is associated with the pres­
ence of cobalt. Secondly, it has been demonstrated11 

that the cobalt ions are located for the greater part on 
the octahedral sites of the spinel portion of the hexag­
onal oxide lattices, where they contribute to anisotropy 
in much the same way as they do in the cubic spinels. 
Finally, the theory developed by Slonczewski3 to ex­
plain the exceptionally large anisotropy introduced into 
magnetite by small additions of cobalt can, with certain 
simplifying approximations, be adapted readily to the 
present situation. This approach has already been 
used by Smit et al.12 in describing certain anisotropy 
characteristics of some cobalt-substituted ferroxdure 
compounds. 

In this section we apply Slonczewski's theory in its 
simplest classical form to Co2F and Co2Z, and show that 
it leads to the prediction of a trigonal anisotropy which 
is too large by an order of magnitude. Consideration of 
the simplifying assumptions made in this approximation 
shows that in principle the agreement is satisfactory. 

Slonczewski has considered the case of a cobalt ion 
located on an octahedral spinel site surrounded by iden­
tical nearest neighbor ions. The electrostatic crystalline 
field, of trigonal symmetry, leaves the cobalt ion in a 
doubly degenerate orbital ground state with the residual 
angular momentum constrained to lie parallel (in either 
direction) to the trigonal axis of the site. Because of the 
degeneracy of the ground state the spin of the cobalt 
ion is coupled to its angular momentum in a first-order 
approximation of the spin-orbit energy. The fact that 
the spin of the cobalt ion is thus strongly coupled to 
the crystal lattice explains the exceptionally large con­
tribution of the cobalt ion to the magnetocrystalline 
anisotropy of ferrites. Any influence which lowers the 
symmetry of the crystalline field acting on the cobalt 
(e.g., introducing different kinds of ions on neighboring 
sites) will remove the degeneracy of the ground orbital 
state and reduce the effectiveness of the spin-orbit 
coupling. 

11 L. R. Bickford, Jr., J . Appl. Phys. 31, 259S (1960). 
12 J. Smit, F. K. Lotgering, and U. Enz, J. Appl. Phys. 31,137S 

(1960). 
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(a) (b) 

FIG, 8 (a) Orientation of the trigonal axes of the seven octa­
hedral cation sites per spinel block of the Y and Z structures. The 
trigonal axis for atom 4 is aligned with the c axis. All others make 
an angle of 19.5° with the basal plane, (b) Relationship between 
the various angles used in calculating spin-orbit energy for atom 
1. Angle yp\ is the deviation of the spin (assumed to be aligned 
with the magnetization M) from the trigonal axis ji. Angles 0 and 
<P are the polar angles of M. Angle y measures the deviation of 
M from the basal plane, ji ' is the negative trigonal axis direction. 

We will calculate the anisotropy expected in the ex­
periments described in this paper by assuming that it 
is due entirely to the cobalt ions, each of which con­
tributes the spin-orbit energy faX cost/'. Angle \p meas­
ures the separation of the spin (assumed to be aligned 
with the macroscopic magnetization) from the direction 
of the orbital moment; that is, from the trigonal axis 
of the site it occupies. Following Slonczewski, we assign 
the value 2.63 X 10~~14 erg as representing the upper limit 
of the effective spin-orbit parameter aX. 

The orientation of the trigonal axes of the seven octa­
hedral sites per spinel block of the Y and Z structures 
is shown in Fig. 8(a). These axes coincide with the body 
diagonal directions of the cubic spinel. In the case of 
atom 4 the trigonal axis coincides with the c axis; where­
as in the case of the other atoms the axes make angles 
of 19.5° with the basal plane, and their projections on 
the basal plane are 60° apart. Figure 8(b) illustrates the 
variation of angle yp with angle <p in the case of atom 1. 
The positive and negative trigonal axis directions are 
represented by ji and j / , respectively. I t is assumed in 
this approximation that as the magnetic field is applied 
in the basal plane at angle <p the magnetization deviates 
from the basal plane by the small angle y which re­
mains constant with respect to changes in <p. Under 
these conditions the relationship between cos^i and <p 
is approximately 

cos^ i=±7 /3dz (2-V2/3) co$<p, (10) 

where the + and — signs refer to the positive and nega­
tive trigonal axis directions, respectively. I t is further 
assumed that for all values of <p the orbital moment of 
the cobalt ion will lie in whichever direction (ji or j / ) 
leads to the minimum value of cos^i. Similar expres­
sions for atoms 2 and 3 are obtained by replacing cp by 
(<p—2w/3) and (<p— 4TT/3), respectively. 

At this point it should be noted that atom 5 adds its 

contribution to the anisotropy in phase with that of 
atom 1; and that atoms 6 and 7 act in unison with 
atoms 2 and 3, respectively. In order to see this we 
perform the successive operations of reversing the c-axis 
component of magnetization (which changes the sign 
of 7), then increasing <p by 180° (which changes the 
sign of cos 9). Equation (10) is thus appropriate for 
atom 5. Atom 4 does not contribute to the anisotropy 
provided the magnitude of 7 does not change. 

We now add the contributions of atoms 1, 2, and 3 
at various values of <p. At <p=0, 2ir/3, and 47r/3 we ob­
tain faX(7/3—4v5/3); while at ^=7r /3 , T, and 57r/3 
we obtain §aX(—7/3—4V2/3). Relating the difference 
between these two quantities to the amplitude of the 
threefold term in the anisotropy equation, we find that 
the trigonal term per three cobalt ions is 

WA — ( 2 ^ ) 7 c o s 3 <p> (11) 

This equation has the same form as the K2 term of Eq. 
(4) in the limit as angle 6 approaches 90°. The calculated 
value of K2 for Co2F is therefore 

K2'= ( |aX)A r /3-4.39XlO-1W erg/cm3, (12) 

where N is the number of cobalt ions per cubic centi­
meter of the crystal which are located on sites other 
than 4. We assume that for electrostatic reasons the 
divalent cobalt ions have a preference for the central 
sites (atom 4), so that for Coi.ssF, N has the value 
2.4X1022. The calculated value of K2' is thus 1.07 X107 

erg/cm3, a number 17 times as large as the experimental 
value of 6X105 erg/cm3 determined at 117°K. 

The numerical agreement between the calculated and 
measured values of K% can scarcely be called satis­
factory. However, the several refinements necessary in 
order to make a more accurate calculation would each 
serve to reduce the theoretical value considerably. First 
and most important, the cobalt ions which contribute 
to the threefold anisotropy experience electrostatic crys­
talline fields which are distorted from trigonal sym­
metry. They lie on the border between cubic and hexag­
onal blocks of the structure. One of the six nearest 
neighbor octahedral cation sites surrounding each of 
them is distorted from the normal position and is oc­
cupied by a barium ion. As a result of this distortion 
the effectiveness of the spin-orbit coupling would be 
significantly reduced from the magnitude used in this 
calculation. Secondly, the conditions assumed in making 
the calculation correspond to absolute zero of tempera­
ture. The anisotropy becomes smaller as temperature 
increases. Other considerations which would tend to di­
minish the calculated anisotropy include the possibility 
that some of the cobalt ions are located in the hexagonal 
portions of the structure, and the fact that 7 does not. 
remain constant during the rotation of H. 

Nevertheless, the calculation has served to demon­
strate that the cobalt ions are fully capable of contrib­
uting the observed trigonal anisotropy. 
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In principle this model could be applied also to Co2Z. 
However, a quantitative comparison is not possible for 
that compound in the absence of any information con­
cerning the value of 6 within each structural subgroup. 

IV. SUMMARY 

The existence of trigonal anisotropy in single crys­
tals of 

Co2F (Coi.88Ba2Fei2.i2022) 
and 

Co2Z (Coi.92Ba3Fe24.08O4i) 

has been demonstrated experimentally by means of 
basal plane torque curves. This phenomenon is observed 
in the low-temperature region in which the crystals have 
cones of easy magnetization. A field-cooling treatment 
is necessary in order to observe the effect. The only 
influence of such treatment is to saturate the crystal 
magnetically (i.e., remove domain structure) and leave 
it in one of the two energetically stable conditions. One 
of these states yields a trigonal anisotropy of phase op­
posite to that of the other. 

Examination of the crystalline structures of the two 
compounds showed that in the case of the Y compound 
the trigonal anisotropy is consistent with the crystalline 
symmetry, whereas in the case of the Z compound it 
is not. 

The Y compound has trigonal symmetry about 
the c axis and a phenomenological trigonal term 
{K% sin30 cos0 cos3̂ >) is one of many terms allowed by 
the crystal symmetry (a fact which had been overlooked 
in previous work). An interesting new phenomenon has 
been observed in the transition region as the Y crystal 
warms up to the temperature (ca 215°K) at which the 
cones of easy magnetization merge into the basal plane 
and the trigonal anisotropy in basal plane torque curves 
disappears. This phenomenon amounts to a spontan­
eous periodic reversal of the £-axis component of mag­

netization as the magnetic field rotates in the basal plane 
during a torque measurement. A phenomenological ex­
planation for this effect, which involves rotational hys­
teresis, has been presented. Measurement of the c-axis 
component of magnetization during one of its reversals, 
combined with the amplitude of the trigonal torque has 
permitted an evaluation of K2' (6 X105 erg/cm3 at 
117°K). The hexagonal anisotropy constant K% was 
found to have the values —600 and —1890 erg/cm3 at 
300 and 230°K, respectively. 

C02Z has been shown to display an unusual type of 
intrinsic anisotropy having a symmetry which is lower 
than that of the crystal structure, but consistent with 
the symmetry of a subgroup thereof. Observation of 
trigonal anisotropy in this compound was interpreted 
as indicating that the puckered magnetization pattern 
shown in Fig. 7 had been established by the magnetic 
field in which the crystal had been cooled. The existence 
of this pattern implies that the exchange interaction 
across certain layers normal to the c axis must be rela­
tively weak. The value of K% for Co2Z at 77°K was 
found to be —1450 erg/cm3. 

Finally, the atomic origin of the trigonal anisotropy 
was explored by applying in its simplest form the Slon-
czewski theory of the anisotropy of divalent cobalt ions 
in octahedral cation sites of oxide structures. It was 
shown that this theory is in principle capable of ac­
counting for the observed anisotropy. 
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