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SUMMARY 
By using the Bitter method, we have observed the magnetic domain structures of 
natural titanomaghemite grains and magnetite crystals (0.5-10 pm) that were grown in 
a glass ceramic matrix. The observations were carried out in a range of applied 
magnetic fields and were correlated to the hysteresis properties of the bulk samples. 
Our observations show that simple, lamellar structures cannot explain the high-field 
hysteresis behaviour in either the titanomaghemite or the magnetite sample. This high- 
field behaviour is probably dominated by complicated, stress-influenced domain 
structures and rotation processes. A plot of the number of lamellar domains observed 
in magnetite grains versus their grain size yields a single-domain to two-domain 
transition size of 0.25 pm. 

Key words: magnetite, magnetic domain, titanomaghemite. 

1 INTRODUCTION 

The investigation of the palaeomagnetic record in rocks and 
sediments has had a great influence on geophysics and its 
related disciplines. For example, it has led to the discovery of 
reversals in the Earth's magnetic field and has helped to 
establish the theory of plate tectonics. Present-day applications 
include the correlation and dating of sediment cores, the 
reconstruction of palaeoenvironments, and the determination 
of past plate movements. 

Many of these applications rely on the assumption that the 
investigated samples preserve a stable magnetic remanence 
over geological periods of time. Theory shows that this is 
indeed the case for small, homogeneously magnetized grains 
(Nee1 1949). However, in most cases these single-domain (SD) 
grains constitute only a minute fraction of the total magnetic 
phase. Owing to their small volume, the contribution of SD 
particles to the total magnetic moment of the sample is 
probably small. Therefore it is important to determine whether 
larger grains can possess a similarly stable magnetic remanence. 

Pseudo-single-domain (PSD) grains are somewhat larger 
than SD grains and are not homogeneously magnetized. Their 
domain- structure consists of a few domains (usually less than 
10) and they show a mixture of SD and multidomain (MD) 
characteristics. For example, the ratio of saturation remanence 
to saturation magnetization M J M ,  of PSD grains is lower 
than that of SD particles. The values of coercive force H,, 
however, are much higher than for typical MD grains. This 

*Now at: Department of Geology and Geophysics, Institute for Rock 
Magnetism, 283 Shepherd Laboratories, University of Minnesota, 
Minneapolis, MN 55455, USA. 

indicates that PSD grains might display a stable remanence 
behaviour. 

Halgedahl and Fuller (1980) proposed a model to explain 
PSD properties. Their domain observations on titanomagnet- 
ites showed that some PSD grains had difficulties in nucleating 
domains after they had been saturated in an external field. In 
zero field at room temperature, these grains displayed domain 
structures that indicated a large magnetic moment. The mag- 
netic moment of these grains might contribute significantly to 
the total magnetic moment of the sample. So far, most domain 
observations have been limited to grains with diameters 
d>  10 pm (e.g. Worm, Ryan & Banerjee 1991), and grains only 
slightly larger than SD grains have rarely been observed. Our 
study extends domain observations down to grains with diam- 
eters of d=0.5 pm. This enables us to compare the domain 
behaviour of single particles with bulk hysteresis properties 
obtained from the same bulk sample. Our observations offer 
the opportunity to compare the results of micromagnetic 
models with observations using optical microscopes, since it is 
now possible to model three-dimensional domain configur- 
ations of magnetite particles up to 1 pm in size (Fabian 
et al. 1996). 

2 SAMPLE DESCRIPTION 

2.1 Titanomaghemite samples 

The investigated samples are from carbonate sediments from 
the Central Kerguelen Plateau (ODP Leg 120, Site 747, 
54"48.68'S 76'47.64E). Petrographic and rock-magnetic analy- 
ses show that finely dispersed volcanic ashes are responsible 
for the remanent magnetization of these samples. It is possible 
to distinguish three different ash types which occur as dilute 
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dispersions in diatom and nannofossil oozes (Heider, Korner 
& Bitschene 1993). The average size of the ash particles of all 
three types of ashes is about 60 pm. 

This study concentrates on the magnetic behaviour and 
domain structure observations of small titanomaghemite 
inclusions in the trachytic ash particles. Only trachytic ashes 
were suitable for magnetic domain observations, since they 
contain a large amount of lithic clasts. The ore inclusions in 
these clasts range from submicroscopic size up to diameters of 
d z 10 pm. The ore inclusions found in tachylites and sideromel- 
anes were smaller than 1 pm and not suited for domain 
observations with an optical microscope. For the domain 
observations with the Bitter method we chose a magnetic 
separate from sample 3H4 (120-747A 3H4,98 cm). The sample 
dates from the Pliocene and was drilled from a depth of 24 
mbsf (meters below sea-floor). The content of magnetic ore in 
the clasts amounts to less than 5 per cent by volume. Electron 
microprobe analysis and Bitter pattern observations on the 
neighbouring sample 120-747A 3H5, 132 cm show that grains 
that display Bitter patterns have Fe:Ti ratios equivalent to that 
of titanomagnetites with an ulvospinel content of about 60 per 
cent (TM60), while grains that do not attract magnetic colloid 
on their surfaces have Fe: Ti ratios of about 1 : 1. Minerals 
with Fe:Ti ratios of x l  are non-magnetic at ambient 
temperatures. 

The X-ray investigation of sample 120-747A 3H5, 132 cm 
was difficult due to the low concentration of magnetic minerals. 
Nevertheless, we were successful in identifying the three strong- 
est peaks of titanomagnetite. These peaks yield a, rough 
estimate for the lattice constant between 8.42 and 8.47 A. Curie 
temperatures were determined for several trachytic ash samples 
from measurements of saturation magnetization M ,  as a func- 
tion of temperature 'I: The M , ( T )  curves indicated Curie points 
at 250 O 50 "C and 580 "C. The cooling curves showed higher 
magnetization values than the heating curves; this is character- 
istic of samples containing titanomaghemite, which inverts to 
magnetite and ilmenite during the heating process. The results 
of the electron microprobe and X-ray investigations and the 
Curie point measurements are summarized in the ternary 
diagram Ti02  - FeO - Fe203 (Fig. 1). The contour lines of 
constant Curie temperatures and lattice constant (Readman & 
O'Reilly 1972) are plotted with dashed and dotted curves, 
respectively, in the ternary diagram (Fig. 1). The horizontal 
lines show the lines of constant Fe:Ti ratio as they were 
obtained from electron microprobe analyses, the dotted area 
represents mineral compositions with Curie temperatures 
between 200°C and 300°C, and the hatched area represents 
mine!al compositions with lattice constants between 8.42 and 
8.47 A. The results from Curie temperature, X-ray and electron 
microprobe analyses intersect in the centre of the titanomag- 
hemite field. We identify the ore grains showing Bitter patterns 
as low-temperature-oxidized titanomaghemites with an 
ulvospinel content x ~ 0 . 6  and an oxidation parameter zxO.5. 

2.2 Magnetite sample 

A large number of domain observations with the Bitter method 
were carried out on a glass-ceramic sample containing ideo- 
morphic magnetite crystals between 0.5 and 10 pn in size. 
Sample 87B was synthesized and characterized by Worm 
(1986) and the sample was generously given to us for this 
investigation. The Ti-free composition of the initial glass in 
which the crystals were grown and the Curie temperature of 
580 "C ensure that the observed ore grains are magnetite, 

3 SAMPLE PREPARATION A N D  
EXPERIMENTAL METHODS 

To separate the magnetic fraction from the diatom ooze, the 
sediment samples were dispersed in water and circulated past 
a magnet for one week. From the magnetic separate we selected 
about 40 lithic clasts and measured their hysteresis parameters, 
such as coercive force H,, remanent coercive force H,,, and 
the ratio of saturation remanence M,, to saturation magneti- 
zation M,. These parameters were measured with an alternating 
gradient force magnetometer (AGFM from Princeton 
Measurements Co.) at the Institute for Rock Magnetism of the 
University of Minnesota. The instrument is sufficiently sensitive 
that one can measure the hysteresis loops of five ash particles 
(e.g. lithic clasts), each about 60 to 100 pm in diameter. These 
relatively large ash particles contain the several micron-sized 
titanomaghemite inclusions that were observed with the Bitter 
method. About half of the magnetic extract was embedded in 
epoxy cement and polished for domain observations with the 
Bitter technique. The samples were initially polished with 
diamond paste. The polishing-induced surface stress was 
reduced in the second step, where we used an amorphous silica 
suspension (OPS from Struers Co.) to obtain stress-free grain 
surfaces (Hoffmann et al. 1987). We tried to keep the polishing 
time as short as possible in order to minimize the surface relief 
between the ore grains and the surrounding matrix. This meant 
a compromise between stress-free grain surfaces and a low 
surface relief. Judging from their Bitter patterns, the polished 
sections we investigated contained many stress-free grains and 
had an acceptable surface relief. The remaining grains had 
domain structures clearly dominated by stress and surface 
imperfections. The stressed grains showed the typical maze 
patterns or very complicated structures along scratches that 
were not removed completely by fine polishing. These grains 
with a stressed surface layer were not considered in the 
observations. The glass-ceramic sample with magnetite was 
polished for Bitter pattern studies in the same way as the 
volcanic ash samples. 

For the domain observations we used ester-based magnetic 
colloids of various concentrations (APG 512A and PF 236B 
from Ferrofluidics Co.). The grains were observed with an 
optical Zeiss microscope using magnifications between 1000 
and 2000. Most of the investigations were done with a magnifi- 
cation of 1000, because in this configuration the pictures had 
a higher contrast and clarity. An electromagnet attached to 
the microscope allowed observations in horizontally applied 
fields up to 120 mT and AF demagnetization in the 
horizontal plane. 

Most domain structures were drawn by hand during the 
observations. Only in a few cases were we able to take 
photographs of the observed domain structures. The non- 
magnetic stage of the microscope did not have a micrometer 
to reposition the sample. Grains could be observed repeatedly 
by locating them with the aid of a photographic map of 
the sample. 

4 HYSTERESIS PROPERTIES 

The magnetization of the lithic clasts was very low. The 
average magnetic moment of one grain was less than 5 x lo-' 
A m2. Therefore it was necessary to determine a hysteresis 
loop from five grains with the AGFM. Fig. 2 shows a hysteresis 
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Figure 1. The results of electron microprobe analysis (horizontal lines), X-ray diffraction (hatched area) and Curie temperature measurements 
(dotted area) for samples 3H4/3H5. The combined results indicate that the ore grains in the ash particles of these samples are oxidized 
titanomagnetites with an ulvospinel content x z 0 . 6  and an oxidation parameter z=O.5. 

loop characteristic of lithic clasts. The hysteresis parameters 
(H,,/H, and M J M ,  in Table 1) point to PSD grains as 
carriers of the magnetization in lithic clasts. The presence of 
PSD-size grains is confirmed by observations of these grains 
using an optical microscope. We determined the hysteresis 
parameters from 14 measurements. The mean values and the 
associated standard deviations are given in the second row of 
Table 1. The remanent coercive force (Hcr z 48 f 4 mT) and the 
coercive force (H,  sz 17 f 3 mT) of the lithic clasts are sufficiently 
high to make these ash particles reliable carriers of a stable 
remanent magnetization, and the good magnetostratigraphy 
obtained from these sediments (Heider, Leitner & Inokuchi 
1992) is partially due to these lithic particles. 

For the glass-ceramic magnetite sample, the hysteresis para- 
meters were determined with a vibrating sample magneto- 
meter. The remanence coercive force of the magnetite sample 
was determined by applying backfields with a solenoid opposite 
to a saturation isothermal remanent magnetization (IRM,). 
The shape of the hysteresis loop (Fig. 3) and the hysteresis 
parameters of the glass-ceramic sample (Table 1) indicate that 
most of the magnetite grains in the sample are in the PSD to 
MD size range. 

5 MAGNETIC D O M A I N  OBSERVATIONS 

5.1 Titanomaghemite Grains 

The results of the domain observations can be divided into 
observations carried out on about 10 large and on about 10 

small titanomaghemite grains. This separation into two groups 
was chosen based on the different field dependence of domain 
walls in small grains (d<2 pm) compared to larger grains. In 
this study, small titanomaghemite grains have diameters less 
than 2 bm. 

5.1 .I 

For low external fields (H,,, < 5-10 mT), large grains (d > 2 pm) 
respond to changes of the field mainly by domain-wall motion. 
When the external field is increased above this low field range, 
most of the walls stay pinned and the only response is a loss 
of intensity of the observed Bitter patterns, i.e. the pinned walls 
fade away. In the following, we present the domain structure 
changes during a complete hysteresis cycle. 

The titanomaghemite grain shown in Fig. 4 has a diameter 
of about 6 pm and displays, in the AF-demagnetized state 
(Fig. 4a), a lamellar 3-domain structure and four small closure 
domains, which are rarely observed in titanomagnetites. The 
existence of closure domains indicates that cubic magnetocrys- 
talline anisotropy makes a strong contribution to the total 
anisotropy in this grain, in addition to stress. When Hex, is 
increased parallel to the domains, the two 180" walls start to 
move towards the grain's upper and lower edges. At an applied 
external field of + 7  mT the two walls have almost reached 
the grain's edges. Further increase of He,, does not cause 
further domain-wall movement. The walls remain pinned in 
the position marked in Fig 4( b). Higher fields lead only to a 
loss of intensity in the observed walls, not to changes in their 

Domain-wall movements in large grains 
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Figure 2. Hysteresis loop measured for lithic clasts of sample 120-747C 3H4, 98 cm. 

Table 1. Hysteresis properties of the glass-ceramic sample and the 
lithic clasts extracted from sample 747C 3H4, 98 cm. The properties 
listed for the lithic clasts are a summary of 14 measurements from 
various groups each containing five ash particles. The mean values 
and their standard deviations are given for the lithic clasts. 

Sample Hc CmTI H,, CmTl K J H ,  M,JMs 
Lithic clasts 14-22 43-56 2.2-3.5 0.2-0.3 

1 7 i 3  48+4 2.9 & 0.5 0.25 2 0.05 
Glass ceramic 6.5 34.5 5.3 0.06 

position. The grain does not display any Bitter structures when 
the horizontal field is increased above +9  mT (Fig. 4d). After 
exposing the grain to a maximum field of Hex,= + 120 mT, 
the field intensity was reduced again. The first traces of 
magnetic colloid were observed at Hex,= +2.5 mT, and in a 
small reverse field of Hex,= -0.3 mT the domain structure 
snaps back into the configuration shown in Fig. 4(e). Further 
decrease of the reverse field to Hext= -4.5 mT leads to a 
domain configuration (Fig. 4(f)) very similar to that of the 
AF-demagnetized state (Fig. 4(a)). The two 180" walls appear 
when ferrofluid accumulates in a fixed position on the surface 
of the grain. Further reduction of the field causes the two 180" 
walls to move to the grain's edges. At fields smaller than 
Hex,= -7.6 mT the walls start to fade away without any 
further movement. The grain is featureless in fields smaller 
than -9 mT (Fig. 4(h)). When the field is increased again 
from Hex, = - 120 mT towards positive values, Bitter patterns 
appear between Hex,= -2.5 mT and Hex,= -2.0 mT 
(Fig. 4(i)). The domain configuration of Fig. 4(i) appears on 
the grain surface without any noticeable nucleation processes 

at the edge of the grain. The colloid accumulates slowly with 
increasing field on the blank grain until the configuration of 
Fig. 4(i) can be observed. Further increase and reversal of the 
field causes the Bitter patterns to change by domain-wall 
movements and nucleation processes (Fig. 4 i-k). The circular 
domain marked as 'A' in Fig. 4(i) forms from a diffuse agglom- 
eration of colloid on the grain's surface and develops into a 
spike domain in zero field. It is pushed towards the grain's 
edge when the external field is increased towards positive 
values. Up to a field of Hex,= +7 mT, the domain structure 
changes by wall movements. At fields above + 7 mT, the walls 
do not move any more, but the Bitter image looses intensity 
(Fig. 4(m)) until the grain is virtually colloid-free at Hex, = 
+10 mT. The cycle described above was repeated several 
times. In each cycle the grain goes through the distinctive 
stages shown in Fig. 4, but the external fields at which these 
domain configurations were observed could vary slightly. 

We observed that most large grains with relatively simple 
domain configurations and only a few straight domain walls, 
like the one presented in Fig. 4, were saturated (i.e. domain- 
wall-free) in relatively low fields. Grains of similar (and larger) 
size that displayed more complicated and non-lamellar patterns 
were harder to saturate. Often it was impossible to remove 
these structures with the available maximum field of Hex, = 
120 mT. It is generally assumed that these patterns are stress- 
dominated. We cannot rule out the fact that part of these 
complicated structures are due to insufficiently removed surface 
stress, caused by the polishing process. Various studies (e.g. 
Appel & Soffel 1984, 1985; Appel 1987) point out that, besides 
these artificially induced stresses, grains are subject to intrinsic 
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Figure 3. Hysteresis loop of glass ceramic sample 87B containing magnetite. 
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Figure 4. Domain structures in a volcanic ash particle (lithic clast), observed on a titanomaghemite grain (d-6 pm) during a complete hysteresis 
cycle. The maximum externally applied fields were + 120 mT and -120 mT. At +9  mT or -9 mT the grain appears virtually saturated. 

0 1996 RAS, GJI 124, 75-88 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/124/1/75/569656 by guest on 19 M

ay 2023



80 C. E. GeiB, F. Heider and H. C. Sofsel 

stress that can be responsible for the observed stress-dominated 
structures. Owing to the large wall areas required for these 
complicated structures, they hardly represent the domain struc- 
ture deep inside the grain (Halgedahl 1986). Domain structures 
around crystal imperfections, such as holes or inclusions, are 
likewise hard to saturate. The sample contains many grains 
(d> 5 pm) that display Bitter patterns in Hext= 120 mT. Some 
of these ‘hard’ structures indicate that the direction of their 
magnetization is not parallel to the applied external field (e.g. 
they display structures characteristic of magnetizations perpen- 
dicular to the observed surface). Some occur as strongly pinned 
closure domains around holes and inclusions within the crystal, 
or are found on grains with very irregular shapes. Grains with 
simple lamellar structures can be saturated in very low external 
fields (H,,, x 20 mT). The fields needed for the bulk hysteresis 
loop to close are much larger than the fields required to 
remove most lamellar walls from the grains. The field depen- 
dence of lamellar domain structures alone cannot explain the 
measured hysteresis parameters of sample 3H4 (Fig. 2). It is 
reasonable to assume that the high-field hysteresis behaviour 
of many ash particles is governed by stress-influenced grains, 
small TM grains and grains with domains oriented roughly 
perpendicular to the external field direction. 

A comparison of the Bitter patterns with a hysteresis loop 
obtained from lithic clasts of the same sample (Fig. 2) shows 
that lithic clasts reach saturation at He,,z300 mT. This is 
consistent with our observations that many grains are still 
covered with Bitter patterns in an external field of 120 mT. 
The section of the hysteresis loop before it closes (120 to 300 
mT) is therefore due to grains with complicated domain 
structure. The steepest slope of the hysteresis loop around the 
origin corresponds to the range of the external field where 
large grains show pronounced domain-wall movements. 
Together with spin rotation processes that occur after domain- 
wall movements are completed, the observations of the two 
types of domain structure in large grains (d> 2 pm) can account 
for the measured hysteresis loops of the bulk sample. 

5.1.2 Nucleation processes-nucleation failure 

The study of titanomagnetites from DSDP basalts of Halgedahl 
& Fuller (1980, 1983) shows that nucleation processes may 
strongly influence the magnetic behaviour of small grains in 
the PSD size range. They observed that PSD grains appear 
virtually saturated in the saturation remanence state, because 
the grains either fail to nucleate domain walls, or already 
existing walls stay trapped near surface defects when the 
saturating field is reduced to zero. Since this effect is more 
pronounced as grain size decreases, nucleation failure is a 
possible explanation for the high M J M ,  values measured on 
PSD grains. Halgedahl & Fuller report that, of all observed 
unoxidized titanomagnetite grains with diameters between 5 
and 15 pm, some 40 per cent remain in a saturated SD state 
after reduction of the saturating field to zero. In this study, we 
do not observe a single case of complete nucleation failure (i.e. 
after saturation the grain does not show any domain structures 
in zero field). All observed grains (d > 2 pm) develop domain 
structures after the external field is reduced from He,,= 120 
mT to zero. Very often, however, grains that were exposed to 
the maximum external field do not show any domain structures 
when the field is reduced to low values (He,, < 1-2 mT). Almost 
all grains show differences between the domain structure of 

the alternating field demagnetized state (AF state) and the 
saturation remanence state (IRM, state). Many observed IRM, 
states were stable in reverse fields between 20 and 50 mT, and 
the domain structures indicate that the grain may possess a 
significant magnetic moment in the IRM, state. 

The following three different types of nucleation processes 
were observed. 

(1) In most cases the colloid is attracted at the grain’s edge 
and this accumulation of colloid moves with decreasing exter- 
nal field into the centre of the observed surface to form a spike 
domain. This process is reversible, and the nucleated domain 
can be driven back towards the grain’s edge by increasing the 
external field again. 

(2) The domain wall starts to form at the grain’s edge and 
snaps into the grain as soon as the external field falls below a 
certain critical value. This domain-wall motion via a 
Barkhausen jump is an irreversible process. 

(3) In Fig.4(i) we show a third type of domain-wall 
nucleation. The magnetic colloid accumulates in one spot on 
the grain’s surface away from the edge (letter ‘A’ in Fig. 4i) 
and a domain develops when the external field is increased 
from -2 mT to Hex,  =O. In Fig. 4 (i)-(k), the initially circular 
domain wall moves reversibly towards the edges of the grain, 
where it forms a spike domain. 

Finally, some grains develop domain walls without any visible 
nucleation process upon reduction of the external field. The 
walls appear at fixed positions in the middle of a grain on a 
colloid-free surface. When the external field is reduced, colloid 
is gradually attracted until a distinct wall can be seen. In most 
cases this process is reversible. Probably the wall already 
existed within the grain, but its strayfield is too weak to attract 
ferrofluid or is masked by surface effects. 

Compared to the observations of Halgedahl & Fuller (1980, 
1983) the titanomaghemite grains in our sample succeed in 
nucleating new walls when the external field is reduced to zero. 
Nucleation failure seems to be of little importance here, A 
possible explanation for this behaviour is the different origin 
of our samples or the maximum field (120 mT), which was 
not sufficient to saturate the grains completely. A greater 
amount of internal stress in their samples might explain the 
observed difficulties in nucleating domains. 

5.1.3 Observations on small grains 

Compared to larger grains, the domain structures of small 
titanomaghemites (d < 2  pm) show a ‘harder’ magnetic behav- 
iour upon application of external magnetic fields. Continuous 
domain-wall movements seem to be less important. Many of 
the observed particles react to a change in the external field 
with an intensity variation of the Bitter patterns or with 
Barkhausen jumps. In most cases, the domain wall involved 
in a jump remains relatively indifferent to further changes of 
the external field. Even if the jump does not end at the edge 
of the grain, the domain wall hardly moves after the jump and 
the colloid intensity and contrast decrease with increasing 
external field. 

Some grains do not show a simple Kittel-type domain-wall 
structure, but fairly irregular accumulations of colloid on their 
surface. These structures will be described in more detail in 
the following paragraph. 
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The domain structures observed on a titanomaghemite grain 
that is 2 pm long and 1.5 pm wide are shown in Fig. 5. The 
GF-demagnetized grain has one domain wall and an accumu- 
lation of colloid which might be a spike domain and cannot 
be resolved due to the high concentration of the colloid 
(Fig. 5a). Two semicircular domain walls form when the field 
is increased to Hex,= +9  mT (Fig. 5b). The domain walls 
remain pinned in this position up to approximately +27 mT. 
The two walls unite via a Barkhausen jump at about f 27 mT 
(Fig. 5c). Further increase of the external field does not lead 
to domain-wall motions, but causes the remaining Bitter 
patterns to fade away above + 45 mT. At He,, = + 62 mT the 
grain has lost all Bitter patterns (Fig. 5d), except for a little 
ferrofluid at the right-hand edge of the grain. Either this 
remaining colloid accumulated in a small gap between titano- 
maghemite grain and matrix or it represents a remaining 
domain wall which did not denucleate in the maximum field 
of +120 mT. After applying a field of +120 mT, the grain 
shows the first accumulations of colloid on the surface when 
the field is reduced to Hex, = + 30 mT (Fig. 5e). With decreasing 
field these patterns gain more and more intensity (Figs 5f and 
g). Between Hex, = + 4.3 and Hex,  = + 2.2 mT, the domain wall 
on the left side of the grain moves towards the lower left 
corner of the grain while the rest of the structure slowly fades 
away. This series of observations was repeated several times. 
When the field is reduced from high positive values (Hex, > 65 

mT) the grain goes through the different stages described 
above, but does not always show the same colloid structure in 
zero field. Sometimes the grain displays a few colloid accumu- 
lations on its surface (Fig. 5i), but this is not the only possible 
zero-field state. When we reduce the field to negative values, 
colloid starts to collect at the centre of the grain (Fig. 5 3 ,  and 
with further reduction of the field to He,,= -27.3 mT the 
structure shown in Fig. 5(k) appears. These irregular colloid 
accumulations and their changes with decreasing fields are 
highly reproducible through several hysteresis cycles, but in 
contrast to the zero-field structures the patterns in Fig. 5( k) 
are not clear domain walls. At an applied external field of 
He,,= -28 mT the irregular structure of Fig. 5(k) jumps into 
the configuration shown in Fig. 5(1). Further decrease of the 
field lets the remaining Bitter structures fade away, but does 
not cause any further wall movements. The grain is almost 
devoid of colloid at Hex,= - 75 mT (Fig. 5m). 

Conventionally, domain walls respond to magnetic field 
changes by wall movements, where the domain with a compo- 
nent in the field direction increases in size. It is interesting that 
in the small titanomaghemite grains of Figs 5(c) and (l), the 
domain walls develop via a Barkhausen jump at similar field 
strengths, of +27 mT and -28 mT respectively. In both cases 
the domain wall stays pinned at the same pinning site, when 
the field is increased above 27 mT or decreased below -28 mT. 
The domain wall remains pinned and the colloid intensity 

9.1 c> 26.9 d) 61.7 e) 30.7 
Barkh. jump 

AF b) 

4.3 2.2 i) z.f. 1) -9.7 

- c---.l 
< 

Magnetic field [mT] 1 prn 

k) -27.3 I) Barkh.jurnp -2 m, -75 

Figure 5.  Domain structures observed on a small titanomaghemite grain ( d =  1.5 pm) as a function of applied magnetic field. The maximum and 
minimum applied fields were 120 mT. 
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decreases during the approach to saturation on both the positive 
and negative branches of the hysteresis loop. We interpret the 
fading of the ferrofluid as being due to stong pinning of the wall. 
The only possible response to the increasing field is through the 
rotation of magnetization in the domain with a component of 
magnetization opposite to the field direction. During the 
unwinding of the domain wall the rotation angle decreases from 
180" to zero. It appears that a sufficiently anchored wall can 
render rotation processes of magnetization energetically favour- 
able in the observed small particles. 

The irregular structures shown in Figs 5 (j), (k) may not 
necessarily represent domain structures, but in comparison to 
other Bitter patterns that seem to be random accumulations of 
colloid these structures are reproducible and reappear in the 
same positions during several field cycles. Furthermore, they 
transform into classical domain wall patterns when the external 
field is changed. Micromagnetic calculations for magnetite 
(Fabian et a]. 1996) indicate that small grains can have irregular 
domain structures, for example vortex structures which might 
lead to non-classical Bitter patterns on the grain's surface. The 
observed patches of colloid might be an expression of these non- 
lamellar domain states. Owing to their 'harder' magnetic behav- 
iour, small grains can contribute to the high-field hysteresis 
behaviour of sample 3H4. 

5.2 Magnetite grains 

We observed about 10 magnetite grains from d=20 pm down 
to d = 0.5 pm and did not notice distinct differences in the field 
dependence of domain structures between small and large 
grains, as was the case in titanomaghemite grains. Since many 
magnetite grains in the glass-ceramic sample have similar 
shapes, it was impossible to repeat field-dependent observations 
on the same grain as often as we did on titanornaghemite 
grains. Once a grain was lost from sight it could not be 
relocated. Most of the observations on a certain grain end 
when the colloid started to coagulate after several hysteresis 
cycles and could not be used for Bitter observations any more. 
For this reason, we can not always reconstruct the transform- 
ations from one domain configuration into another in as much 
detail as for the titanomaghemites. 

5.2.1 Observed domain structures 

Fig.6 shows sketches and photographs of the domain con- 
figurations for a magnetite grain of diameter d % 1 pm. The 
grain has very similar domain structures in the 
AF-demagnetized (Fig. 6a) and in the IRM, states (Fig. 6s). In 
both states, the domain structure consists only of one U-shaped 
domain wall, which suggests a large remanent magnetization 
for this grain. When the field is increased to positive values, 
the grain reacts by domain-wall movements (Fig. 6 b-d) up to 
external fields of-Hex, = + 23 mT. Between + 23 and + 54 mT, 
the domain structure remains the same as the one in Fig. 6(e). 
At an externally applied field of Hex,% +64 mT the grain 
jumps into the configuration shown in Fig. 6(f). For higher 
fields the colloid accumulates at the grains edges and stays 
there even in the maximum available field of He,,= + 120 mT. 
This effect might be due to the relief between the grain and 
the matrix or a small gap at the grain edge where the colloid 
is trapped even in high-fields. When the external field is 
reduced the grain displays some irregular accumulations of 

colloid (Figs 6 g-i), which might be structures similar to the 
irregular structures observed on titanomaghemite (Figs 5 j and 
k). The colloid structures shown in Fig. 6 (g)-(j) were reproduc- 
ible, and close to zero field (Figs 6j and k) the grain displays 
a domain configuration similar to the AF-demagnetized state 
(Fig. 6a). The irregular accumulation of colloid at the top of 
the grain (Fig. 6j) is due to a small reverse domain which 
grows into a U-shaped domain when the field is reversed 
(Fig. 6k). Probably, observations with a more diluted colloid 
would have yielded a better resolution of these structures, but 
it was not possible to change the colloid without losing 
the grain. 

The observed structures can be caused by the irregular 
domain states, already discussed in the case of small titano- 
maghemite grains (Figs 5 j and k). A second possible explana- 
tion is that these accumulations are spurious and only 
mistakenly interpreted as domain structures. A decrease of the 
field to negative values shows that the grain reacts to the field 
changes with domain-wall movements (Figs 6 1-n). At Hex,= 
-72 mT the grain does not display Bitter patterns any more. 
When the field is increased along the ascending branch of the 
hysteresis loop, the domain configuration changes by domain- 
wall movements (Figs 6 p-r) into the U-shaped zero-field 
configuration (Fig. 6s). Further increase of the field in the 
positive region (Figs 6 s-v) changes the domain structures in 
a similar way to that described for the initial branch of the 
hysteresis loop in Figs 6 (a)-(d). At Hex, = + 65 mT, the grain 
jumps into the stray-field-free configuration shown in Fig. 6 
(w). An increase of the external field to He,, = + 120 mT causes 
no further changes in the configuration of Fig. 6 (w). 

Observations on several grains showed that magnetite grains 
possess two types of 180" walls. Thin ones, as shown in grain 
A of Fig. 7 are easily moved by fields smaller than f 4 0  mT. 
The walls on grain B in Fig. 7 attract more colloid and are 
much harder to move than thin walls. In both cases the 
external field is oriented parallel to the domain walls. 
Sometimes the thick walls still exist in fields of around 100 
mT, when all the thin walls have already disappeared. The 
orientation of the walls with respect to the direction of the 
external field obviously determines their magnetic hardness. 
As expected, walls oriented perpendicular to the external field 
behave 'harder' than walls oriented parallel to the external 
field, but thick walls always behave 'harder' than thin walls. 
Some grains possess additional complicated structures at the 
grain's edges that cannot be removed in the maximum field of 
Hex. = 120 mT. 

5.2.2 Comparison with hysteresis properties 

As expected, the low-field hysteresis behaviour is governed by 
the movement of 180" walls. Most wall movements occur in 
external fields smaller than Hex,= +50 mT. A comparison 
with the hysteresis loop obtained from the bulk magnetite 
sample (Fig. 3) shows that this field range falls within the 
section of the hysteresis loop where the two branches are well 
separated. According to Fig. 3, the sample is only saturated in 
fields higher than Hex,=250 mT, which is in agreement with 
the observation that not all domain structures can be removed 
with the available field of Hex, = 120 mT. The further increase 
of the magnetization curve in fields above Hex, = 120 mT may 
be due to movements of the last remaining (thick) 180" walls 
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C -  
-B 

A-- 
H 

10 pm 
Figure 7. Domain structures observed on the glass-ceramic sample. 
The grain marked ‘A’ shows thin walls that can be easily moved, while 
the thick walls of the grain marked ‘ B  are much harder to move. The 
structures observed on grain ‘C‘ are certainly dominated by stress. 

and rotation processes. Rotation into the field direction cannot 
be observed with the Bitter technique. 

5.2.3 Domain-wall nucleation 

As with the titanomaghemite grains, we did not observe a 
single example of complete nucleation failure in the magnetite 
grains upon reduction of the field to zero. All grains display 
some kind of Bitter structure in H,,,=O mT. In some grains, 
we observe differences between the AF-demagnetized state and 
the saturation remanence state (IRM, state). Some grains 
display fewer domains in the IRM, state than in the 
AF-demagnetized state. Others have asymmetric domain struc- 
tures in the IRM, states, indicative of a large magnetic reman- 
ence. Most grains are able to nucleate domains in small reverse 
fields (H  < 2 mT) and transform into domain configurations 
with relatively small resultant magnetic moments (e.g. Figs 6 
s and t). 

In one case we observed a slightly elongated grain which 
shows a remarkably stable isothermal remanent magnetization 
state. The relatively large grain (dr5-6 pm) and its AF demag- 
netized state is shown in Fig. 8(a). This AF configuration is 
highly reproducible. AF demagnetizing the grain ten times 
always yields Bitter patterns very similar to the one shown in 
Fig. 8(a). After ‘saturating’ the grain in the maximum negative 
field (- 120 mT), it has the domain structure shown in Fig. 8( b). 
This domain state’ is not as reproducible as the AF configur- 
ation. In zero field, the grain always displays a few domains 
at the edges, but does not show any Bitter patterns in the 
centre of the grain. This configuration is stable in backfields 
up to HeXt = +64 mT. Figs 8 (c)-(g) show the domain structure 
of this grain in zero field, after a backfield of the indicated 
strength had been applied. The centre of the grain remains 
colloid free in the remanence state up to reverse fields of Hex,= 
+62 mT. The nucleation of a new wall (Fig. 8g) can be 
anticipated by following the accumulation of colloid in the 

upper right corner of the grain (Figs 8d-f). With increasing 
backfields the colloid starts to accumulate in this place until 
the domain structure finally jumps into a 3-domain configur- 
ation (Fig. 8g). The described nucleation failure only happens 
when the grain is exposed to a negative field of -120 mT. 
When the grain is cycled to + 120 mT and back, or when the 
external field is oriented parallel to the 180” walls of Fig. 8(g), 
no nucleation failure is observed. This dependence on the field 
direction indicates that this particular grain was not saturated 
in the maximum available field of 120 mT. The difficulty in 
saturating the grain could be due to the application of the 
field nearly perpendicular to the direction of magnetization in 
the main domains. 

Large grains (d> 6 pm) like the one shown in Fig, 8 certainly 
contribute to the measured coercive force of the bulk magnetite 
sample (Table 1). We observed two other grains with similar 
properties. Repeated cycling of these grains shows that they 
can exhibit several IRM states. Some IRM states are very 
similar to the AF-demagnetized state of the grain, but others 
seemed to have a large magnetic moment in zero field. 
Magnetite grains seem to be more stable with respect to an 
applied reversed field when they nucleate a few domains at the 
edges, but remain saturated in the centre. In most cases, the 
fields necessary to transform these domain structures range 
between 2 and 10 mT. Such grains would explain the measured 
coercive force of H,=6.5 mT of the magnetite sample. 

5.2.4 Estimation of the stable SD size range 

To estimate the transition size below which magnetite grains 
can occur in the single domain state we plotted the number of 
observed domains n versus the grain diameter d on a bilogarith- 
mic graph (Fig. 9). A similar plot was obtained by Soffel(l971) 
for titanomagnetites with their SD-2D (2-domain) transition 
at 0.6 pm. In the present study, the sample was 
AF-demagnetized and we only consider grains displaying 
lamellar domain structures. There is no unequivocal relation- 
ship between grain size and the observed number of domains. 
Fig. 9 shows a distinct horizontal scatter which indicates that 
most grains of a given size can occupy several local energy 
minimum (LEM) states. The horizontal scatter in Fig. 9 could 
be partially caused by an underestimation of grain size, since 
the magnetite crystals are embedded in an opaque matrix, 
which might hide part of the grain. A 2 pm size grain for 
example, can have two, three or four magnetic domains. 
Occasionally, when domain walls are tilted with respect to the 
polished plane of a grain, one may observe fewer walls than 
there are in the grain (Heider & Hoffmann 1992). 

A least-squares fitted line through our data in Fig. 9 yields 
a power-law dependence for the observed number of domains 
as It - which is close to the theoretically predicted relation- 
ship of n-dO.’ (e.g. Soffel 1971). The extrapolation of the 
experimental data to n =  1 gives an estimate for the stable 
SD-2D transition size. We find that for magnetite the transition 
size is do r 0.25 pm. 

Many of the small grains ( d <  1 pm) show accumulations of 
ferrofluid on their surfaces. These grains do not show a lamellar 
domain structure or any clearly defined walls. We cannot say 
whether these observations are due to domain structures 
similar to those described for titanomaghemites or whether 
they are due to the limited optical resolution of the microscope. 
Therefore these grains with small ferrofluid blobs on the surface 

0 1996 RAS, GJI 124, 75-88 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/124/1/75/569656 by guest on 19 M

ay 2023



Magnetic domain observations 85 

a) AF IRM c) 10 - 2.f. 

e) 54 - z.f. f) 62 - z.f. 

Figure 8. Comparison between the AF-demagnetized state and the saturation rernanence (IRM,) state of a large magnetite grain. The saturated 
grain fails to nucleate domains in the centre of the grain (b). This state is stable in back-fields up to 62 mT (c-f). The grain is shown in zero field 
(z.f.) after a back-field had been applied. 

are not considered in this study. Most magnetite grains in the 
observed glass-ceramic sample were smaller than 5 pm. Grains 
with diameters larger than 8 pm that did not show any traces 
of insufficiently removed surface stress were rare. For these 
reasons our observations are limited to a size range between 
0.5 and about 10 pm. Most of the observed grains have 
diameters of 0.8 pm <d  < 6 pm. Extending our observations 
towards larger and smaller grain sizes (for example by using 
the dried colloid SEM method) might slightly shift the position 
of the best-fitting line, resulting in a smaller do. 

Theoretical calculations give much smaller values for the 
SD-2D transition size. Butler & Banerjee (1975) used a model 
assuming a modified Kittel-type structure. They find 
do z 0.076 pm. This result is confirmed by hysteresis measure- 
ments of Dunlop (1973) on small magnetite grains. The 
measurements give an estimate of 0.05 pm <d0<0.06 pm for 
the SD-2D transition size. Other calculations (e.g. Moon 1991) 
take into account the existence of LEM states. Moon finds 
that a magnetite grain can be in an SD state up to grain sizes 
of dz0.3 pm, which is in good agreement with our obser- 
vations. A comparison between Moon's calculations (dotted 
bars) and our observations (filled circles) in Fig. 10 shows that 
both theoretical and experimental methods yield a similar 
relationship between grain size and number of domains, but 
the experimental results are shifted towards larger grain sizes 
(Fig. 10). The 2-domain and 3-domain states are observed at 
much larger grain sizes than predicted by one-dimensional 
micromagnetic calculations. 

Recent theoretical calculations (Fabian et al. 1996) can 
reconcile the discrepancies between our experimental obser- 
vations and previous theoretical results. Fabian et aE. use a 
three-dimensional micromagnetic model and find that cubic 
magnetite grains can be in the SD state up to diameters of d= 
0.14 pm. Elongated grains with a small elongation of q= 1.5 
can be in a stable SD state up to diameters (elongated axis) of 
0.25 pm. Often the observed particles are not perfectly equi- 
dimensional and the experimentally determined transition from 

a 2D to SD state of 0.25 pm coincides with the maximum 
theoretical transition determined for an elongated grain with 
q =  1.5. Grains slightly larger than the maximum SD size do 
not have a 2-domain structure according to micromagnetic 
calculations, but occupy a vortex state. The vortex structure 
can be envisaged as a precursor of the 2-domain state in small 
grains. With increasing grain size the magnetization vortex 
develops into a 2-domain structure with closure domains, even 
more so when the grain is slightly elongated. This magnetiz- 
ation vortex does not display a ferrofluid line, but might have 
stray fields high enough to accumulate ferrofluid on the grain 
surface. These stray fields might cause the irregular accumu- 
lations of colloid observed on many small grains (e.g. Figs 5 
j,k). Choosing a vortex domain structure, a grain can reduce 
its stray field energy significantly without developing domains. 
The introduction of the first 180" domain wall is therefore 
shifted towards larger grain sizes, due to the availability of the 
vortex state. 

6 DISCUSSION A N D  CONCLUSIONS 

In this study we investigated the domain structures of small 
titanomaghemite and magnetite grains using the Bitter method. 
The titanomaghemites are found as inclusions in lithic clasts 
of volcanic ash. Microprobe analyses, X-ray investigations and 
Curie point measurements show that the ore inclusions with 
magnetic domain structures are slightly oxidized titanomag- 
hemites with an ulvospinel content xzO.6 and an oxidation 
parameter z z 0.5. Hysteresis measurements on lithic clasts give 
H,,/Hc ratios of between 2.2 and 3.5. The M,,/Ms ratios are 
between 0.2 and 0.3. These hysteresis parameters indicate that 
most magnetic ore inclusions in these ash particles are in the 
PSD size range. This is confirmed by Bitter observations. 

Domain observations in an applied external field He,, show 
differences between large and small titanornaghemite grains. 
Large grains (d> 2 pm) have the well-known domain structures 
described by numerous authors (e.g. Appel & Soffel 1985; 
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Figure 9. Plot of the number of domains n versus the grain size d for magnetite grains of various diameters as observed with the Bitter method. 
The critical single-domain to 2-domain transition is estimated as do x 0.25 pm. 

Metcalf & Fuller 1986; Halgedahl 1991). Grains with simple 
Kittel-type domains display a hysteresis behaviour that is 
mainly governed by the movement of relatively straight domain 
walls. These grains are saturated in low fields (HeXt%lO mT) 
and do not show any Bitter patterns in higher fields. The 
grains with lamellar domains cannot explain the high H,, and 
H ,  values obtained for ash particles from this sample. Grains 
displaying more complicated domain patterns are much harder 
to saturate. These patterns indicate that the domain structure 
of these grains is influenced by internal or external stress. For 
many grains it is impossible to remove these complex patterns 
with the maximum external field of 120 mT. The high-field 
hysteresis behaviour of lithic clasts therefore seems to be 
governed by these stress-influenced grains and rotation pro- 
cesses which occur after the domain-wall movements are 
completed. 

Small titanomaghemite grains ( d < 2  pm) show a much 
harder magnetic behaviour than large grains, as expected. 
Even simple, almost lamellar domain structures can be 
observed in external fields up to Hex,  = 60 mT. Owing to their 
small volume, however, their contribution to the observed 
high-field hysteresis properties tends to be rather small. 

Some grains change their domain structure from a classic 

domain-wall structure to irregular Bitter patterns (Figs 5i-k) 
when external fields are applied. It is possible that these 
structures are not correctly interpreted as domain structures 
due to the high magnification required to observe them, but 
for the following reasons we think that these colloid accumu- 
lations might represent real domain structures. The irregular 
structures were observed during several hysteresis cycles and 
are highly reproducible. Also, they evolve from or transform 
into classic domain configurations and are an active part of 
the transformation process a grain undergoes when the external 
field is changed. It is possible that these irregular Bitter patterns 
are the expression of non-classical domain structures within 
the grain. An example of such a structure could be the vortex 
state predicted for small magnetite grains (e.g. Thompson, 
Enkin & Williams 1994). 

We did not observe complete nucleation failures as described 
by Halgedahl & Fuller (1980, 1983). All grains that show 
domain structures in the AF-demagnetized state are able to 
nucleate domains in the IRM, state. Some saturated grains 
have difficulties in nucleating domains when the field is reduced. 
These grains do not display any domain structures until the 
external field is reduced to values of a few millitesla. Often the 
saturation remanence states of these grains differ widely from 
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Figure 10 Comparison of the microscopic observations with the theoretical results of Moon (1991). The observations show that a grain of a given 
size has fewer domains than predicted by a one-dimensional micromagnetic model. 

their AF-demagnetized structures and some IRM, states indi- 
cate that the grain possesses a large magnetic moment in zero 
field. Most of these zero-field configurations are stable 
in reversed fields up to 20-50 mT. This was observed even 
on relatively large grains (d 5 7 pm). This mechanism allows 
large PSD grains to carry a stable magnetic remanence and 
contribute to the natural remanent magnetization of a sample. 

For the domain observations on magnetite we chose a glass- 
ceramic sample containing ideomorphic magnetite inclusions. 
Their average size is about 3 pm. Hysteresis measurements 
suggest that most of the magnetite is in the PSD-MD size 
range. This is confirmed by Bitter observations. On this sample 
we could not observe distinct differences between large and 
small magnetite grains in their response to magnetic fields. 
Most grains with simple structures respond with domain-wall 
movements to changes of the external field. Some small mag- 
netite grains ( d z 2  pm) show Bitter patterns similar to the 
irregular patterns described for titanomaghemite grains. 

We observed two types of slightly bent domain walls on 
magnetite grains. Thin walls attract relatively little colloid and 
are easily moved in fields smaller than f 4 0  mT. Walls that 
attract more colloid appear thicker and are much harder to 
move. While thin walls are rarely observed in fields larger than 
f 4 0  mT, thick walls exist in external fields up to f100 mT. 
Together with complex, stress-influenced structures and spin 

0 1996 RAS, GJI 124, 75-88 

rotations, the movement of these thick walls seems to govern 
the hysteresis behaviour of the bulk sample at fields higher 
than 40 mT. Complex structures that are apparently stress- 
dominated cannot be removed with the maximum external 
field of 120 mT. 

As with the titanomaghemite sample, we did not observe 
any complete nucleation failures in magnetite. In some grains 
we observe substantial differences between the AF- 
demagnetized and the IRM, states. Some IRM, states indicate 
that the grain possesses a large magnetic moment in zero field. 
In one case (Fig. 8) this IRM, state was extremely stable in 
reversed fields of up to 60 mT. The stability of this state 
depends on the orientation of the grain with respect to the 
external field, but again it shows that even large grains (in this 
case d z 6 pm) can carry stable magnetization. 

To get an estimate of the SD-PSD transition size we plotted 
the number of domains n versus the diameter d of the grain. 
For this plot we only considered grains showing a simple 
domain structure with clear, relatively straight walls. An extra- 
polation of our data to n = 1 gives an SD to 2-domain transition 
size of dox0.25 pm. This value for do is considerably higher 
than previous estimates. Theoretical models by Butler & 
Banerjee (1975) and experimental measurements by Dunlop 
(1973) give a critical SD size of doz0.08 pm. Fabian et al. 
(1996) present a model for magnetite grains which might 
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explain these discrepancies. According to this model there is 
no direct transition from the SD state to the 2D state. Grains 
that are just a little larger than the critical SD size occupy a 
vortex domain state. In the vortex domain configuration, the 
grain is no longer homogeneously magnetized, but rather is in 
a circular state and has not yet developed domains and domain 
walls. We expect that a grain in a vortex domain state generates 
some stray fields on its surface that might lead to irregular 
Bitter patterns. During our domain observations we observed 
a large number of small magnetite grains (0.5 p m < d t 2  pm) 
that displayed irregular accumulations of cdloid. These grains 
are not included in Fig. 9 because we could not clearly identify 
their exact number of domains. Theoretical calculations give 
an estimate of the maximum SD grain size. Plots like Fig. 9 
give an estimate for the smallest 2D grain size, which is not 
necessarily the largeSt SD size. Therefore the vortex state that 
lies between the SD configuration and the fully developed 2D 
state might bridge the small gap between the theoretical 
estimates for do and our observations. 
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