Monodomain Theory: Experimental Verification

Abstract. The Néel thermal-activation theory of remanence in monodomain
grains has been verified quantitatively in experiments on four ferrite micropow-
ders and two natural rocks. Magnetization and demagnetization curves of ther-
mal, isothermal, viscous, and anhysteretic remanences can all be predicted with
reasonable accuracy when the Néel theory is generalized to include effects of
grain interaction. Results with the natural materials indicate that interacting,
single-domain grains or regions are the carriers of the magnetically hard natural

remanence of some paleomagnetic rocks.

To evaluate the role of single-domain
grains or regions in rocks, I have per-
formed many experiments with thermo-
remanence (TRM), anhysteretic rema-
nence (ARM), isothermal remanence
(IRM), and tralnage on two sets of
samples: those in one set contained
synthetic monodomain material; the
others were fine-grained natural rocks.
The observed results were compared
with predictions based on the Néel (1)
theory of single-domain grains. Thus I
could test comprehensively the predic-
tions of Néel theory and also determine
whether the stable remanence of some

rocks can be explained by monodomain

theory.

The four synthetic samples contained
micropowders of magnetite (FezOy),
cobalt-doped maghemite (y-Fe; ¢5C0y_g5-
0O,), hematite (a-Fe,0;3), and cobalt fer-
rite (CoFey,0,), dilutely dispersed in
kaolin. The grain sizes of all powders
were in the single-domain range.

Two rocks of paleomagnetic signifi-
cance were studied: (i) a basalt thought
to contain small, possibly monodomain,
regions as a result of extensive altera-
tion of magnetite grains (2); and (ii)
a laterite, representative of some baked
earths (3), containing extremely fine-
grained maghemite. The latter sample
is of special interest because of its sim-
ilarity to the sample used by Everitt
(4) in the only previous systematic
test of Néel theory.

The reason for this paucity of work
is not lack of interest in the Néel the-
ory; it is that the two basic Néel equa-
tions, which specify the conditions un-
der which a grain or ensemble of grains
is blocked (magnetically stable) and
the remanence of the ensemble, involve
grain volume and coercivity, and the
grains in real rocks have a wide and
unknown spectrum of both these pa-
rameters. I overcame this difficulty by
determining the grain size-coercivity
distribution of each sample (5) by a
reported method (6). Use of the grain
distribution as a weighting function, in
application of the Néel theory to a
particular sample, made computation
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of theoretical curves straightforward.

All experiments were performed with
a ballistic magnetometer, an air-cored
a-c and d-c solenoid, and a furnace
combined in one instrument (7). Hyster-
esis properties, measured at seven to
ten temperatures between 20°C and
the Curie point, indicated a high pro-
portion of single-domain material in
all samples (8). The main body of
experiments surveyed the distinctive
thermal, isothermal, anhysteretic, and
viscous remanent properties of single-
domain grains (9). Here I report only
the results that provide a clear-cut test
of Néel theory.

Partial TRM is produced by field-
cooling over a limited temperature
range; partial ARM is produced by a
d-c field applied over a limited range
of a-c field. Néel’s interpretation of
TRM and ARM as blocking processes
leads to the conclusion that the sum
of partial TRM’s or ARM’s, produced
in adjoining temperature or a-c field
intervals, should equal the total TRM
or ARM produced over the entire in-
terval, at least for magnetizing fields
of 1 oersted or less. For larger fields,
theory predicts that the contribution
by high-temperature IRM, to the
higher-temperature partial TRM, causes
deviations from the TRM additivity
law. Experimentally, the ARM additiv-
ity law was obeyed within 3 percent
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Fig. 1. Tsothermal remanence produced by

a field of 23 oersteds at various tempera-
tures. Sample: natural -Fe,Os.

for all samples (for H,_, = 10 oersteds),
while the partial TRM sum equalled
the total TRM plus the high-tempera-
ture IRM, as predicted by theory (fields
of 45 and 90 oersteds were used).

Because of the important practical
implications of nonadditivity of partial
TRM’s [for example, in the Thellier
method of paleointensity determination
(10)], it is of interest to examine the
spectrum of high-temperature IRM’s—
the magnitudes of small-field IRM’s
produced at various temperatures. A
typical experimental spectrum is shown
(Fig. 1) for the sample of natural
maghemite; agreement between theo-
retical and experimental spectra was
generally good.

One of the most distinctive prop-
erties of any type of remanence is its
magnetization curve, or dependence on
d-c magnetizing field. Experimental
ARM and TRM magnetization curves
for the sample of natural magnetite
(Fig. 2) rise linearly at small fields
and saturate within a few hundred
oersteds. Néel theory predicts much
too steep an initial slope for both
curves; indeed the ARM should sat-
urate for an infinitesimal d-c field!

The experimental IRM magnetiza-
tion curve rises very slowly at small
fields and may not saturate except in a
field of several thousand oersteds. By
differentiation of the magnetization
curve, the spectrum of d-c coercivities
in the IRM can be obtained; agreement
of such a spectrum for the sample of
natural maghemite (curve c of Fig. 3)
with the spectrum derived by Néel
theory (curve b) is not good. Curve
a shows the a-c coercivity spectrum of
IRM for the same sample, obtained
by differentiating the experimental a-c
demagnetization curve of the saturation
IRM. The theoretical spectrum, again
given by curve b, is significantly differ-
ent from the experimental spectrum.
It appears that the coercivity of a
particle in a-c fields is lower, and that
in d-c fields higher, on the average,
than the coercivity predicted by Néel
theory.

Other experiments measured the a-c
coercivity spectra of TRM’s, ARM’s,
and IRM’s produced in small, mod-
erate, and large d-c fields; IRM’s be-
come harder—the peak in the coerciv-
ity spectrum moves to higher fields—
as the magnetizing field increases, but
the trend for TRM’s and ARM’s is
just the opposite. Néel theory, however,
predicts that TRM and ARM spectra
should be almost independent of H,_,.
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Fig. 2. Anhysteretic and thermoremanent
magnetization curves. Sample: natural
Fe;0..

The experimental spectra of TRM’s
and ARM’s, produced in fields of 1 to
3 oersteds, agree almost perfectly with
the spectra predicted by Néel theory,
so that the deviation must be associated
with moderate and large fields.

I found also that the a-c demagneti-
zation curve of a TRM tends to be
slightly softer than that of an ARM
produced in the same field. The theo-
retically unexplained differences are not
large, but seem to be significant, for
they appeared for all samples examined.

Tralnage decay curves (the decrease
with time of a small-field IRM after
the inducing field is switched off) were
obtained for all samples, with the cor-
responding growth curves (the increase
in IRM after a field is applied) for
the two most viscous- samples, the
natural and synthetic maghemites. All
trainage curves were approximately
linear when plotted on a logarithmic
time scale, and were in fairly close
agreement with theoretical curves. The
fact that the growth rate was only a
few percent larger than the decay rate
in the two maghemites confirmed the
preponderance of single-domain mate-
rial in these samples (/7).

Thus Néel monodomain theory ac-
counts quantitatively for the additivity
of partial ARM’s and nonadditivity of
partial TRM’s, for the spectrum of
high-temperature IRM’s, for the co-
‘ercivity spectra of small-field TRM’s
and ARM’s, for small-field tralnage
results, and for some relations between
coercivity and blocking temperature (9).
There is no consistent difference be-
tween the fits obtained with natural
and with synthetic samples, the impli-
cation being that all samples contain
dominantly single-domain material.

But Néel theory fails to account for
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either the magnetization curves, or the
relative hardness trends in a-c demag-
netization curves, of TRM’s, ARM’s,
and IRM’s. The finite initial slope of
the ARM magnetization curve can be
explained qualitatively (/2) if one takes
into account magnetostatic particle in-
teraction, which is ignored in the Néel
theory. Perhaps the other discordant
results might also be explained by in-
teraction effects.

One of the most fruitful approaches
to analysis of particle interaction is
that of the Preisach diagram (I3), or
density distribution of a and b, the co-
ercivities of a grain in increasing and
decreasing fields, respectively. In simple
Néel theory, a and b are of equal mag-
nitude, H,, but Néel himself later
showed (/4) that a spatially fluctuating
interaction field, H;, could under some
conditions displace the hysteresis loop
of a monodomain particle an amount
H;, making a=H,— H; and b=—H,
— H,

After a-c demagnetization, an en-
semble of such interacting particles is
not statistically demagnetized, but is
said to be polarized (I5) because there
is a high probability of a particular
particle moment being left in the orien-
tation or polarization favored by the
local H; vector. A particle contributes
to the ensemble’s remanence, or is ef-
fectively magnetized, only if it is
blocked in an orientation different from
its polarization. Since ARM is ac-
quired in a d-c field which is the sum
of external and interaction fields, a
grain contributes to the net ARM of
the ensemble only when the applied
field Hy., is of greater magnitude than
(and opposed to) H;. An effectively
magnetized grain will revert to its
polarized state, or be “demagnetized,”
as soon as the a-c field reaches a
value equal to the numerically smaller
of the switching fields a and b. Be-
cause larger values of |H,| cause |q|
and [b] to become increasingly different,
the softest grains in an ensemble are
those with the largest values of |H;|.

Many of my discordant results can
be explained qualitatively by this simple
model. The coercivity of a particle in a
d-c field may be either a or b, and is
therefore larger on the average than
the a-c coercivity, which is always the
numerically smaller of a and b. It is
also obvious that ARM cannot saturate
in infinitesimal fields, because only
grains having |H;| < |H4.| contribute
to an ARM, and the interactions are
not normally negligible. An ARM pro-
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Fig. 3. Coercivity spectra of saturation
IRM. Curves a and ¢ are experimental
a-c and d-c spectra; curve b is predicted
by Néel theory (a-c or d-c). Sample:
natural v-Fe:Os.

duced by a very small field effectively
magnetizes only grains with very small
H;; thus it has a coercivity spectrum
nearly the same as that predicted by
Néel theory. Larger-field ARM’s will,
of course, become progressively softer,
since they magnetize grains with pro-
gressively larger H;.

The thermal blocking process is
analogous to the anhysteretic process
except that blocking occurs at high
temperatures where magnetostatic in-
teractions are smaller because of the
thermal decrease in spontaneous mag-
netization. Grains whose room-tem-
perature value of |H;| is larger than
|H,.|, but whose value of |H;| at the
blocking temperature is less than|Hg.,|
will contribute to a TRM but not to
an ARM. Hence the TRM induced
by Hg. is larger than the ARM. On
the other hand, since the additional
grains contributing to TRM comprise
a higher |[H;| fraction, TRM will be
somewhat softer than ARM produced
by the same field.

For quantitative testing of these
ideas, experimental Preisach diagrams,
or density distributions in the a,b
plane, were determined experimentally
by the method of Bate (16) for all
samples at 20°C, for the synthetic
magnetite at 470°C, and for the cobalt
ferrite at 353°C. Since all grains whose
representative points lie on the line
a—b=2H, on the Preisach diagram
belong to an ensemble characterized
by coercivity H, when H; = 0, a profile
of the Preisach density distribution
along such a line provides an experi-
mental estimate of the distribution
function of H; and will be called an
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interaction profile. The fact that the
half-widths of the experimental inter-
action profilés at 20°C were 70 to 360
oersteds showed that interactions are
important in all samples.

Theoretical ARM  magnetization
curves were obtained by numerical in-
tegration of the experimental H; dis-
tributions and normalization to the
saturation remanence. A good match
to the observations resulted (Fig. 2).
Magnetization and a-c demagnetization
curves of saturation IRM were well
predicted from the Preisach diagram,
as shown by the theoretical and ex-
perimental coercivity spectra of Fig. 3.

The TRM magnetization curve was
recalculated; again I used the equations
of simple Néel theory, but now took
into account the fact that the total field
acting on a grain, at its blocking tem-
perature, Ty, is Hg.+ H{(Tg). The
spectrum of H; at Tz was taken as the
20°C interaction profile suitably con-
tracted by the thermal decrease of
spontaneous magnetization between
20°C and Tjy. Improvement in agree-
ment between theoretical and experi-
mental TRM curves was spectacular
(Fig. 2).

The TRM calculation is important
for three reasons. It demonstrates that
the properties of the monodomain
grains in these samples are markedly
modified by magnetostatic grain inter-
actions. Thus it follows that two pub-
lished estimates of grain size (I, 4),
based on the untenable assumption that
the shape of the TRM magnetization
curve follows directly from Néel the-
ory, are uareliable. Most important is
the fact that the interaction spectrum,
derived from the Preisach diagram,
can be successfully used in calculations
depending on the Néel equations; this
provides a general method of analyzing
the thermal properties of interacting
monodomain grains.

Thus, the results of many experi-
ments, insensitive to the interaction
state of a sample, are quantitatively
well predicted by the Néel theory of
independent monodomain grains. In-
teractions are significant in some real
rocks, however, and produce deviations
from simple Néel theory in experi-
ments involving the magnetization and
demagnetization of remanences. Quan-
titative analysis in the presence of in-
teractions can be performed by Preisach
theory (isothermal processes only) or
more generally by an extended form
of Néel theory that takes account of
interactions.
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The properties of my two natural
rocks agreed as well with monodomain
theory as did those of the four synthet-
ic “rocks” containing grains known to be
of single-domain size. This fact strong-
ly suggests that the natural remanence
of paleomagnetic materials similar to
those studied here is carried largely by
high-stability, single-domain grains or
regions. While problems such as de-
velopment of a physically adequate
model of monodomain-like regions in
large grains are of great fundamental
interest, it is equally important to gain
further insight into the properties of
monodomain assemblies and to dis-
cover what classes of rocks display such
properties.

D. J. Dunror
Department of Physics,
University of Toronto,
Toronto 5, Ontario
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Structural Pattern in Central Uplifts of Cryptoexplosion

Structures as Typified by Sierra Madera

Abstract. The pattern of deformation in central uplifts of Sierra Madera and
other well-known cryptoexplosion structures indicates that inward as well as up-
ward movement of strata formed the uplifts. This kind of movement is incom-
patible with structures not of impact origin with which they have been compared.
The structural style of cryptoexplosion structures, together with features that
suggest shock deformation, supports the belief that they are the eroded roots of

impact craters.

The debate concerning whether cryp-
toexplosion structures (/) are of ter-
restrial or extraterrestrial orgin began
three decades ago (2, 3) and continues.
As shown (2), they are roughly circu-
lar structures, with a ring depression
surrounding a central uplift of dis-
ordered and brecciated rocks. The gross
structure, as well as the common oc-
currence of shatter cones (4) and of
unusual mineral deformation (5), in-
dicates an origin by explosive release
of energy, either from impact (3) or
from volcanic gas (2).

Most published explanations of the
origin of these structures have been
based on inadequate information about
their geometry, and give undue weight
to the disorder of the central uplifts.
Our detailed examination (6) of the
Sierra Madera cryptoexplosion struc-
ture shows that, despite extensive brec-
ciation and small-scale structural com-
plexity (7), the rocks of the central
uplift have a coherent structure and are
so arranged that the strata must have
moved both inward and upward to

reach their present positions. A similar
style of deformation is found in other
well-studied cryptoexplosion structures,
and casts doubt on a nonimpact origin.

Sierra Madera (8) is a circular body
of intensely deformed rocks about 12
km in diameter, 5 km northeast of the
Glass Mountains in west Texas. Its
intense deformation of rocks is unique
in a region where the rocks are
otherwise slightly deformed; there is no
apparent relation between Sierra Ma-
dera and any regional or other local
feature. The deformed rocks are Perm-
ian limestones and dolomites, like those
exposed in a more orderly sequence in
the nearby Glass Mountains (Leonard
Series, Word, Gilliam, and Tessey for-
mations), and Lower Cretaceous lime-
stones and marls, with a conspicuous
basal sandstone (Trinity and Fredericks-
burg groups, and the lower part of the
Washita Group). Recerds of deep holes
drilled for oil and gas show little if
any deformation below 2 to 2.5 km
under the center of the exposed struc-
ture, although the thickness of the
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