
P H Y S I C A L R E V I E W V O L U M E 1 3 0 , N U M B E R 1 1 A P R I L 1 9 6 3 

Radio-Frequency Susceptibilities of Weak Ferromagnets: MnC03 and NiF2 
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The rf susceptibilities of weakly ferromagnetic M11CO3 and NiF2 were calculated and measurements were 
performed at about 10 and 20 Mc/sec. For both crystals we find that whenever the rf magnetic field is 
perpendicular to the ferromagnetic component and also in the plane which contains the magnetic moments 
of the sublattices, the susceptibility, x', is large provided only small static fields, H, are present. However, 
when the rf field is perpendicular to the plane which contains the magnetic moments, %' is small regardless 
of the magnitude or orientation of H. For M11CO3 a maximum appears in %' which is a function of the 
orientation and magnitude of H and which is related to an effective magnetic field in the (111) plane of 
about 60 G. The experimental results of M11CO3 are in good agreement with the theory and are character
istic of a weak ferromagnet with anisotropic spin-spin interaction and a small anisotropy field in the plane 
which contains the spins. Similar results were obtained for NiF2 with a maximum in %' which occurs when 
H in the (001) plane is approximately 0.7 kG. This and other results of NiF2 do not agree with the theory 
and are not understood at present. 

1. INTRODUCTION 

CRYSTALS of MnC03 and NiF2 are antiferro-
magnets with a weak ferromagnetic component 

perpendicular to the antiferromagnetic vector 1= Si 
— S2.1-8 These crystals represent two basically different 
cases of weak ferromagnetism. In MCCO3 anisotropic 
spin-spin interaction is responsible for the ferromagnetic 
component and in NiF2 it is the single ion anisotropy. 
MnCOs has a rhombohedral crystal structure (Fig. 1) 
and becomes a weak ferromagnet below approximately 
32°K. The magnetic moments of the two sublattices 
and the ferromagnetic component are in the (111) plane. 
The latter is due to the anisotropic spin-spin inter
action6 which originates from a term J^t>k d,fcS»XSfc 

in the Hamiltonian. Due to this ferromagnetic com
ponent the magnetic field AwM is about 50 G at 20.4°K. 
The anisotropy in the (111) plane has a sixfold sym
metry and is very small. The effective anisotropy field 
is about 0.3 kG and the preferred direction of the ferro
magnetic component in the (111) plane has not yet been 
found experimentally. For magnetic fields much larger 
than 0.3 kG in the (111) plane, the ferromagnetic com
ponent is parallel to the applied magnetic field. 

NiF2 has a rutile-type crystal structure (Fig. 2) and 
becomes a weak ferromagnet below about 73°K. The 
magnetic moments of the two sublattices and the ferro
magnetic component are in the (001) plane and the 
latter is parallel to the a direction (or the b direction) 
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and its value iwM is about 200 G. There are two in-
equivalent cation sites in NiF2, the body center and the 
corner sites in Fig. 2. The crystalline electric fields 
around these sites have an orthorhombic symmetry and 
are the same except that the principal axes are rotated 
by 90° in the (001) plane. The crystal field gives then a 
term (SiaSib—S2aS2b) in the Hamiltonian which is 
responsible for the ferromagnetic component.3 Accord
ing to Moriya,5 the effective anisotropy field in the 
(001) plane is approximately 25 kG, and, therefore, we 
expect that magnetic fields, which are small compared 
to 25 kG, do not change appreciably the direction of the 
ferromagnetic moments and the antiferromagnetic 
ordering. 

We are dealing here with two basically different 
canting mechanisms, and the effective anisotropy fields 
in the planes of the two crystals which contain the 
spins are different by two orders of magnitude. There
fore, we expect that the rf susceptibilities are different 
but typical for the two types of weak ferromagnetism. 
We have calculated the rf susceptibilities for weak 
ferromagnets of the MnC03 and the NiF2 type as a 
function of the magnitude and orientation of a static 
magnetic field with respect to the crystallographic axes. 
We also performed relative rf susceptibility measure
ments at about 10 and 20 Mc/sec. 

2. THEORY 

M11CO3 

In the two sublattice model the free energy of 
MnC03 is written approximately as 

N 
£=_ tS

2[/S1-S2+^k-(S1XS2) 
2 

+iT(5 l 2
2+52 ,2)-5h-(S1+S2)]. (1) 

Si and S2 are unit vectors parallel to the sublattice 
magnetizations; k is a unit vector parallel to the [111] 
direction; h is a unit vector parallel to the applied 
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Mnco3 

FIG. 1. The crystal 
structure of M11CO3. 
Parts (a) and (b) 
are two experiments 
where the relation 
between the static 
field H and the rf 
field /?<rf) with re
spect to the crystal-
lographic directions 
is shown. 

(XY)//(I!1) 
X//H1 ODM 

(a) 

Z//[lll] 
H//HDM 

(b) 

magnetic field; / is the effective exchange energy; d is 
the effective anisotropic spin-spin energy; K is the 
uniaxial anistoropy energy; 5 is equal to gusH/S. For 
the time being we have neglected the anisotropy in the 
(111) plane. The rf susceptibility can be calculated 
from the equations of motion 

dMi/dt^yMiXKi, (2) 

where Hi is the effective field in the ith sublattice and 
it is calculated from 

Ei=-(dE/dMi). (3) 

We consider the case for which the external field is 
always larger than the effective anisotropy field in the 
(111) plane. The ferromagnetic component is then 
always parallel to the static field, H, in the (111) plane, 
the direction of which we call the x direction. The z 
direction is parallel to the [111] direction and we assume 
that H is applied anywhere in the xz plane. The effective 
fields are 

El=HES2-HDM(kXS2)+HASnk~n-h^\ (3a) 

R2=HES1+HDM(kXS1)+HAS2Zk-E-h«\ (3b) 

where the exchange field HE is SJ/gfjLB; the canting field 
HDM is dHs/J', the uniaxial anisotropy field parallel to 
the [111] direction HA is 2KHE/J; the static magnetic 
field is H; and the rf magnetic field is h ( r f ). We assume 
that the magnetic moments make small vibrations 

around their equilibrium position. The equilibrium 
position is obtained by minimizing the total free energy 
with respect to the position of the magnetic moments of 
the two sublattices. Two coordinate systems are intro
duced with the zf and z" axes parallel to the equilibrium 
position of Si and S2, respectively, and in the equations 
of motion the components of Si are written in the 
{pdy'z') system and those of S2 in the (x"y"z'r). The 
equations of motion are linearized and the free-energy 
parameters d/J, K/J, and gnBH/JS are retained up to 
the second order. The four equations in Six>, Siv>, S2*", 
and 6*22/" represent the spin wave motion. These equa
tions are solved for the components of Si and S2 as a 
function of the applied rf field. The components of the 
vectors S of the primed systems are transferred back to 
the components of the unprimed system and summed, 
and from this one obtains the real part of the suscepti
bilities in (xyz) which we call X{/. 

In order to include a small ansiotropy field in the 
(111) plane, we add a term (N/36)gy,BSHA' cos6(p to 
Eq. (1). The anisotropy field in the (111) plane, HA, is 
almost parallel to the sublattice magnetization in each 
sublattice. In our case it is parallel and antiparallel 
to the y axis. When this is done one obtains for the 
susceptibilities: 

XXx — ^0" (4) 

Xyy Xff 

Xj = Xo-

HDM+HX a)+2 

' H*+Hx co+
2-co2 

+Xo-
# s 2 

2HEHA+H2*a>J-a>2 

co+
2—co2 

y=Xyx
f* = iX0l ~ ) 

\y/ 

/ « \ 
/ — XZy* = iX0l — 1 

V Y / . 

Hz 

y/2HEHA+H*o>J-rf 
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a - [100] 

b - [010] 

c - [OOl] 
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FIG. 2. The crystal 
structure of MF2 and 
the orientation of 
(xyz) with respect to 
the crystal axes. 
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X „ ' = X „ ' = Xtfy'ff,FJ 

with 

(o>+
2-co2)(co_2-a>2) 

(9) 

XQ=M/HE, (10) 

a>+*=y*Z2HEHA'+Hx(Hx+HDMn (11) 

o>J=y*l2HEHA+HDM{Hm:+Hx)+Hz^ (12) 

H*=2HEHA'/HDM, (13) 

where o>+2 and w_2 are quoted for the £ = 0 mode. For 
w<3Cw+ and co__ the diagonal elements of the susceptibility 
tensor are independent of frequency. For H* and Hx 

small compared to HDM, Xvy' is large. This result is 
characteristic of a weak ferromagnet with anisotropic 
spin-spin interaction and an effective anisotropy field in 
the plane which contains the spins which is small com
pared to the canting field, HDM. The resonance fre
quencies have been calculated in part previously,5 •8~10 

and similar susceptibilities for a—Fe203 were obtained 
by Turov and Gusseinov10 for Hz=H*=0. 

NiF2 

For simplicity, we assume that the static field is 
applied in the (010) plane. The ferromagnetic com
ponent of the crystal is assumed to be perpendicular to 
the b direction. When Moriya's3 calculations are ex
tended, one finds that X00' can be replaced by XXJ 
[Eq. (4)]; Xj by Xj [Eq. (6)]; Xah' by Xxy

f [Eq. (7)]; 
and XCa by XZJ [Eq. (9)], where a>_2 is identical to 
Eq. (12) and 0O+.2 is replaced for the ^ = 0 mode by 

w+
2=y2{Ha+HM){±HM+Ha). (14) 

For the a, b} and c directions see Fig. 2. The other 
terms are 

X&6 — X ( 

Xfec — X c & 

HM+Ha co+2 

4HM+Haa)+
2-a>2 

/<a\ 1 

Hz
2 C0_2 

v 
A 0 

IEERA CO_2-CO2 

«+2 

(15) 

(16) 

where in Eq. (15) Hz
2 was neglected with respect to 

2HEHA. 
The static field Ha is parallel to the [100] direction. 
The exchange field, HE, the anisotropy field parallel to 
the [001] direction, HA, and HM are related to Moriya's 
notation by 

HE^Jl/g»B, (17) 

HA~HED/8Jly (18) 

\HM\=2HEE/8Jh (19) 

where HM is responsible for the weak ferromagnetism. 
9 P. Pincus, Phys. Rev. Letters 5, 13 (1960). 
10 E. A. Turov and N. G. Gusseinov, Zh. Eksperim. i. Teor. Fiz. 

38, 1326 (1960) [translation: Soviet Phys.—JETP 11, 955 
(I960)]. 

3. EXPERIMENT 

A single crystal of MnC03 or NiF2 was placed into 
a cylindrical coil of the resonance circuit of a Colpitts 
oscillator similar to that used by Baker et al.n Measure
ments of the resonance frequency of the oscillator were 
performed when a static magnetic field was applied in 
a plane perpendicular to the axis of the sample coil. An 
increase in the induced rf magnetization parallel to the 
axis of the sample coil can be observed as a decrease in 
the resonance frequence of the LC circuit or vice versa. 
One obtains 

X =" 
1 [A/1 

47T7? / o 

(20) 

for | A / | « / 0 , where /0 is the frequency of the oscillator 
without the crystal in the sample coil and rj is the filling 
factor. Experiments were performed at about 10 and 
20 Mc/sec which is well below the natural resonance 
frequencies of the above samples. The frequency sta
bility and the accuracy of the equipment was about 
±100 cycles/sec, the exact value of t\ was unknown, 
and the accuracy of the alignment of the crystals was 
about ±2° or better. The operating temperature was 
20.4°K. Three natural crystals of MnC03 and one 
synthetic12 crystal of NiF2 were investigated. 

4. RESULTS AND INTERPRETATION 

MnC03 

Figure 3, curve a, shows the experimental results 
when a constant static magnetic field is applied in a 

V .[...] 
H//[lll] 

H//(iin 

(b) 

\ , . {n) 

" 1 
Mnco3 

1.5 KG 
20. *"K 

0 20 
DEGREES OF ROTATION OF H 

FIG. 3. The change in the resonance frequency of an LC circuit 
which contains MnCC>3 in the sample coil. A constant magnetic 
field, / / , is rotated (a) in a plane perpendicular to the (111) plane 
and the rf field is perpendicular to the plane which is swept out 
by H [Fig. 1(a)]; (b) H is in the (111) plane and the rf field is 
perpendicular to (111) [Fig. 1(b)]. An increase in the ordinate 
corresponds to an increase in x'-

11 J. M. Baker, J. A. J. Lourens, and R. W. N. Stevenson, J. 
Phys. Soc. (Japan) 17 (B-I), 478 (1961). 

12 This crystal was grown by H. J. Guggenheim, Bell Telephone 
Laboratories, Murray Hill, New Jersey. 
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FIG. 4. The position of the maximum of x' of MnCO? (see Fig. 
3 curve a) is plotted as a function of the applied static field. d0 
is measured from the [111] direction. Bx0=H sin0o is plotted vs H. 

plane perpendicular to the (111) plane which is assumed 
to be the xz plane. The ferromagnetic component is 
assumed to be parallel to the x direction, which is true 
as long as the static field parallel to the x axis is large 
compared to the anisotropy field in the (111) plane 
[compare Fig. 1(a)]. The rf magnetic field is applied 
parallel to the y direction, which is perpendicular to the 
plane in which the static field is rotated. An increase in 
the ordinate corresponds to an increase in the rf suscep
tibility parallel to the y direction. When the static field, 
22, is applied along the x direction which is an arbitrary 
direction in the (111) plane x' is a minimum. It increases 
rapidly when H approaches the [111] direction (z 
direction) and reaches a maximum close to the [111] 
direction; then %' decreases and reaches a minimum 
when the magnetic field is parallel to the [111] direction. 
The position of the maximum is a function of the 
orientation and magnitude of the applied static field and 
Fig. 4 shows the experimental relation between 0O and 
H, where 0O is the angle between the maximum (Fig. 3) 
and the [111] direction. For H large, 60 was small and 
therefore a small error in the alignment of the crystal 
gives an appreciable error in 22sin0o. It appears that 
the magnetic field which corresponds to the peak in 
Fig. 3 has approximately a constant value in the (111) 
plane of about 60 G if one allows for an error in align
ment of the crystal of about 2°. Figure 5, curve a, shows 
x' parallel to the y direction when the magnitude of the 
static field is varied parallel to the x direction. At small 
fields there is a rapid increase in x'- The experimental 
results were fitted in the high-field region to an expres
sion of the form 

A/= CQ(HDM+HX)/{H*+HX), (5a) 

with Co=47ri7/0Xo=34.6 kc/sec, #*=0.32kG, and 
HDM^ 3.62 kG at 20.4°K. The value of H* is calculated 
from 2HEHA'/HDM, where 2H EH / = (L07)2 kG2 is 
taken from the extrapolation of the resonance of the 
low-frequency branch to zero field at 20.4°K13-14 and 

« E J. Fink, unpublished results; (2HEHA
f)m = l.07 kG at 

20.4°K. 
14 M. Date, J. Phys. Soc. (Japan) 15, 2251 (1960). 

HDM is obtained for susceptibility measurements.7'8 

This agrees well with Xyy calculated from Eq. (5) for 
magnetic fields larger than about 1.5 kG. Below this 
value Xyy follows the same trend as the measured 
values but the agreement is not as good. The reason for 
this is that below 1.5 kG the crystal is not any longer a 
single domain but divides itself into domains which 
keep on growing when the field is reduced. The measured 
values of X' follow the calculated values of Xvy' only for 
those domains which are still perpendicular to the rf 
field. The contribution of the domains which are not 
perpendicular to the rf field is smaller, thereby reducing 
the total contribution to %'. This can be seen readily by 
comparing Eqs. (5) and (4). Above approximately 60 
to 70 G the division into domains seems only partially 
effective. When H is decreased below this value, the 
crystal divides itself completely into domains and x' 
does not agree any longer with Xyy'. 

When the magnetic field is varied in magnitude 
parallel to the z direction and x' parallel to the y axis 
is measured, one obtains curve b in Fig. 5. From Eq. (5) 
one would expect that Xvv is almost not affected by the 
static field for Hx=0 and H^O, because H2<^2HEHA, 
and 2HEHA is 1135 kG2 at 20.4°K.15 The value of x' 
should be about the same for 22*^0 as for 22*=0, 
because a magnetic field parallel to the z direction should 
have no effect on the ferromagnetic components in the 
(111) plane. However, an error in alignment of the 
crystal of about 2° is sufficient to explain the observed 
values, because the first term in Eq. (5a) is very large 

0 1 2 3 4 5 6 
H KG 

FIG. 5. The change of the resonance frequency of an LC circuit 
which contains MnCOa in the sample coil for various orientations 
of the static magnetic field and the rf field. For details see text. 
An increase in the ordinate corresponds to an increase in x'. 

15 H. J. Fink and D. Shaltiel, Phys. Rev. (to be published). 
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and changes rapidly for a small value of Hx. Curve c in 
Fig. 5 is the observed maximum of Fig. 3 plotted as a 
function of the applied magnetic field. Similar argu
ments apply to curve c as to curve b. 

From the above explanation it is clear that the maxi
mum appearing in Fig. 3(a) is basically the same as the 
peak in Fig. 5(a). When the magnetic field in the (111) 
plane reaches about 60 G (see Fig. 4) the crystal divides 
itself effectively into domains and a field smaller than 
60 G does not change appreciably the orientations of 
the ferromagnetic components in the (111) plane. For 
magnetic fields below about 1.5 kG hysteresis effects 
occur which displace the maxima and the minimum in 

H//0 

. - j y 
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«-

.2MC/SE 
20.4* K 

2.3 

:c 

p——« 

KG 

DEGREES OF ROTATION OF H 

FIG. 6. The change in the resonance frequency of an LC circuit 
which contains NIF2 in the sample coil. A constant magnetic field, 
H, is rotated (a) in the (010) plane and the rf field is parallel to 
the [010] direction; (b) H is in the (001) plane and the rf field is 
perpendicular to it. An increase in the ordinate corresponds to an 
increase in %'• 

Fig. 3(a) toward the direction in which the magnetic 
field is rotated. There is also a hysteresis in the absolute 
value of the minimum and the maximum in Fig. 3(a). 
Within the experimental accuracy identical results were 
obtained when the xz plane (the xz plane contains H; 
the rf field is perpendicular to xz) was rotated by any 
arbitrary amount around the z direction. Therefore, the 
preferred direction in the (111) plane could not be 
detected. 

Figures 3(b) and 5(d) correspond to the rf suscepti
bility perpendicular to the (111) plane when the static 
magnetic field is rotated and varied in magnitude in the 
(111) plane [compare Fig. 1(b)]. From Eq. (6) one 
expects Xzz to be a constant which is in good agreement 
with the experiment. When the resonance frequency 
was changed from 20 to 10 Mc/sec, all the above 
measurements were the same. 

NiF2 

Similar experiments were performed for NiF2 as for 
MnC03. Figure 6 shows the relative change in %' along 
the b axis (the rf field is parallel to the b axis) when a 
static magnetic field of 10.9 kG is rotated in the (ac) 

2 
J 0.6 

0.4 

0.2 

i 
j 
! 

T 

\ 
I 

NtF 2 

20.2 MC/ 
20.4 •¥ C 

FIG. 7. The position of the maximum of x' of NiF2 (compare 
Fig. 6) is plotted as a function of the applied static field. 0o is 
measured from the [001] direction. Hao—H sin0o is plotted vs H. 

plane. We observe again a maximum which is close to the 
[001] direction and a minimum when the static field is 
parallel to the [001] direction. Up to about 4 kG hyster
esis effects occurred which displaced the maxima and 
minimum toward the direction in which the field was ro
tated. The magnetic field dependence of the maximum is 
shown in Fig. 7 from which one concludes that the maxi
mum occurs for a constant magnetic field of about 0.7 kG 
in the (001) plane. Figure 8 shows the relative change in 
x' when (a) the static field is increased in magnitude 
parallel to the c direction and the rf field is applied 
along the b direction; (b) the static field is decreased in 
magnitude along the c direction and the rf field is 
applied along the b direction; (c) the static field is 
applied along the x direction and the rf field is parallel 
to the y direction (see Fig. 2 for x and y); and (e) the 
static field is parallel to the a direction and the rf field 
is along the b direction. From Figs. 6(b) and 8(e) it is 

FIG. 8. The change of the resonance frequency of an LC circuit 
which contains N1F2 in the sample coil for various orientations of 
the static magnetic field and the rf field. For details see text. An 
increase in the ordinate corresponds to an increase in x'» 

16 M. Peter and J. B. Mock, Phys. Rev. 118, 136 (1960). 
17 P. L. Richards, Suppl. J. Appl. Phys. (to be published). 
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concluded that the rf susceptibility parallel to the 
c direction (the rf field is parallel to the c direction) is a 
constant and independent of the magnitude and orienta
tion of a static magnetic field in the (ab) plane. This is in 
agreement with the calculated value Xcc

r [Eq. (6)]. At 
10 Mc/sec one obtained identical results. 

From paramagnetic resonance experiments16 of Ni2+ 

in ZnF2 we estimate a value of HM in Eq. (15) of about 
50 kG and of HA of about 40 kG. {2HEHA)m is obtained 
from antiferromagnetic resonance experiments and its 
value is about 270 kG.17 From inspection of Xbb

f and 
Xcc

f for NiF2 [Eqs. (15) and (4)] one would expect that 
X does not change appreciably for magnetic fields 
smaller than HM, especially for H<^HM. This, however, 
does not seem to agree with the experiments. The results 
of NiF2 appear to be similar in character to those of 
MnC03 but they do not agree with the calculated values 
and the detailed behavior of the measured values of 
x' is not understood at the present. 

5. CONCLUSION 

The rf susceptibilities of MnC03 and NiF2 were 
calculated and relative susceptibility measurements were 
performed at 10 and 20 Mc/sec. These frequencies are 
well below the high- and low-frequency branch of these 
crystals. For MnCOa it was calculated that the rf sus
ceptibility perpendicular to the ferromagnetic com
ponent in the (111) plane is one order of magnitude 
larger than the rf susceptibility parallel to the ferro
magnetic component or perpendicular to the (111) plane 
for H<HDM- Relative rf susceptibility measurements 
confirm this. For w<$Co>+ and co_ this susceptibility is 

Xyy HDM~\-SX H2
2 

— = + , (5b) 
X0 H*+Hx 2HEHA+H* 

where #*=0.32kG and HDM=3.62 kG at 20.4°K. 
When a static magnetic field is applied parallel to the 
[111] direction, there remains always a constant ferro
magnetic component in the (111) plane which originates 
from the anisotropic spin-spin interaction. The effective 
anisotropy field H*(=2HEHA'/HDM) is small compared 
to HDM and therefore the contribution to Xyy' is large 
for Hx approximately smaller than 1.5 kG. This result 
is characteristic of a weak ferromagnet with anisotropic 
spin-spin interaction and a small anisotropy energy in 
the plane which contains the spins. From the experiment 
we conclude that there exists for the investigated 
crystals an effective field in the (111) plane of about 
60 G below which an applied static magnetic field has 
almost no effect on the formation of domains. This 
manifests itself in a peak in the rf susceptibility which 
is observed when a static magnetic field is rotated in a 
plane perpendicular to the (111) plane (xz plane) and 

the rf field is applied perpendicular to the xz plane. 
This field is probably related to the coercive force18 of 
the particular crystals which were all broken from the 
same rock. 

The rf susceptibility perpendicular to the (111) plane 
and parallel to the ferromagnetic component is a con
stant for frequencies small compared to the resonance 
frequencies of MnC03, and it is independent of the 
orientation and magnitude of the applied field. Its value 
is M/HE, which is the same as susceptibility perpen
dicular to the spins of a pure antiferromagnet. 

For NiF2 we obtain similar experimental results as for 
MnC03. but there is no agreement between the calcu
lated and observed values. The reason for this dis
crepancy can be seen by comparison of Eqs. (5) and 
(15). The canting field and the anisotropy field in NiF2 

are of the same origin, namely, the crystalline elec
tric field. In order to obtain a ferromagnetic com
ponent the anisotropy field must be large and this in 
turn makes x' perpendicular to the ferromagnetic com
ponent almost independent for H for H<£HM. The 
experiments show, however, a peak in %' when the rf 
field is parallel to the b direction and the static field is 
in the (ac) plane. This peak occurs when the static 
magnetic field in the (001) plane is approximately 
0.7 kG. For NiF2 we find that whenever the rf field is in 
the plane which contains the spins [(001) plane], and if 
in addition the rf field has a component perpendicular 
to the ferromagnetic moment, x' is large provided the 
static magnetic field is smaller than approximately 
5 kG. For large magnetic fields x' saturates. However, 
when the rf field is applied perpendicular to the (001) 
plane and a static magnetic field is applied in the (001) 
plane, x' is a constant and independent of the orienta
tion and magnitude of the applied static field. The latter 
experimental fact is in agreement with the calculated 
value. Most of the experimental results in NiF2 do not 
agree with the theory. They are probably related to 
domains and to domain wall motion but they are not 
understood at present. 
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