



























































The amounts of hysteresis shift were calculated in two ways:
(1) By determining the height (peak) in Am? kg™' of separation
between the upper and lower limbs of the loops and then the peak
location in T. (2) By determining the areas of separation between
the upper and lower limbs of the loops, one area for unimodal loops
and two areas for bimodal loops, and then determining the median
field in T for each area. By (1) the largest shift for an FC loop was
—0.694 T (3B). The largest shifts for larger peaks of NRM loops
were +1.19 T (3B), +1.10 T (3D) and —1.04 T (3 G); but these
shifts were exceeded by those of the smaller peaks —1.30 T (3B),
—1.22 T (3D) and +1.10 T (3 G). The unusual bimodal loop for 3H
has peak locations at —1.33 T and +1.31 T. By (2) the hysteresis
shift is smallest for the field-cooled experiments, with a maximum
value of —0.436 T (3 G). In results from NRM cooling, the shift is
much larger for the separation with larger area of a bimodal loop, for
example +1.47 T(3C) and +1.48 T(3D), but absolutely the largest
in several cases, for example —1.64 T (3C) and —1.65 T (3D), for
the separation with the smaller area of a bimodal loop. The unusual
bimodal loop for 3H has mean field values of —1.68 and +1.64 T.

Note that in nearly all the bimodal loops the shifts based on
area mean field values are larger than peak height field values,
meaning that all the negative peaks have wide shoulders in a negative
direction and all positive peaks have wide shoulders in a positive
direction. This reflects hysteresis resistance to achievement of the
exchange-biased state. A specific challenge in modeling is to explain
why the hysteresis shifts measured in both ways are least in the FC
loops, larger in the larger bimodal peaks in the NRM loops and
largest of all in the smaller bimodal peaks in the NRM loops.

This sample behavior is consistent with development of very
hard ilmenite magnetizations interior to nanoscale ilmenite lamel-
lae at very low T. The ilmenite magnetizations, acquired on cooling
through 7y of ilmenite, appear to have become and remain strongly
constrained to original directions normal to (001) in fields of 5 T. The
fact that magnetizations are approximately equal in fields +5 T and
—5 T, suggests that unbalanced ilmenite magnetic moments within
lamellae are very small. By contrast, the unbalanced moments of
lamellar magnetism related to contact layers with hematite are rela-
tively large, and in the same 5 T fields, these moments and those of
adjacent hematite sublattices can be re-oriented extensively. Despite
this, at intermediate fields, local AF coupling between ilmenite and
contact layers with hematite provide examples of extreme magnetic
exchange bias.

In addition to the two sets of hysteresis experiments on each of
ten samples, records were made of magnetic intensity as the original
NRM was cooled from 300 K down to 5 K before any hysteresis
experiment, of intensity as each sample was warmed from 5 to
300 K after the NRM hysteresis experiments, and of intensity as
each sample was warmed from 5 to 300 K after the FC hysteresis
experiments. These provide background for further speculations
about the magnetization processes. An interesting outcome was to
learn that the remanence Mr+ (loop remanence), either positive or
negative, measured at zero field during all NRM and FC hysteresis
runs, was essentially identical to Mr+ measured immediately after
a+5 T field was turned off (postloop remanence) at the end of each
hysteresis experiment. With these many phenomena established, the
next step is to develop comprehensive models to attempt to explain
how this occurred.
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SUPPORTING INFORMATION
Supplementary data are available at GJIRAS online.

Section S7.1 Details of NRM field—free cooling

Section S7.3 Details of progression of room—T properties during
experiments

Figures S3. NRM and FC hysteresis loops for all ten samples.
(For convenience cross references are only to S3 figures)

Figure S3A. (NRM) Positive NRM placed 48.3° from negative di-
rection of MPMS, equally ‘favorable’ as 42.6° in Fig. S3F and
43.4° in Fig. S31. Loop closures: —2.75 T, +2.63 T. Smaller
loop separation at —1 T 0.017 Am? kg~!, larger loop separation
at +1 T 0.038 Am? kg~!. Bimodal with positive side greatly pre-
dominant. An almost exact twin of Fig. S3G where negative side
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predominates. This provides insight into the history of lamellar
magnetization. Both pieces are from the same MOD-22-6 sample
from material that undoubtedly cooled and exsolved at the same
T, with a similar orientation to the Proterozoic magnetizing field.
Thus, the main difference concerns negative (here) versus positive
(Fig. S3G) placement in the MPMS! (FC) Predicted negative ex-
change bias. Loop closures: 1.88 T and +1.88+ T. Maximum loop
separation at —0.19 T 0.076 Am? kg~!. The different shapes of
S3A and S3G could relate to the fact that, in order to achieve this
negative exchange bias in S3A, all the dominant negative lamel-
lar remanence had to be overcome during field cooling in a positive
field above TN of ilmenite. By contrast, in the example of S3G, only
the subordinate negative lamellar remanence had to be overcome.
Figure S3B. (NRM) Negative NRM placed 27° from negative di-
rection of MPMS. Loop closures: —4.5T and +4.35 T. Smaller
loop separation at —1.30 T 0.034 Am? kg~!, larger loop separa-
tion at +1.188T 0.040 Am? kg~'. Bimodal with positive side pre-
dominant. (FC) Predicted negative exchange bias. Loop closures:
—4.25T, +4.63 T. Maximum loop separation at —0.694 T 0.069
Am? kg!.

Figure S3C. (NRM) Positive NRM placed 71.8° from the negative
direction of the MPMS. Apparent loop closures: —5T and +5T.
Smaller loop separation at —1.19T 0.024 Am? kg~!, larger loop
separation at +1.08 T 0.032 Am? kg~!. Bimodal with positive side
predominant. (FC) Predicted negative exchange bias. Apparent loop
closures: — 5T, +5 T. Maximum loop separation at —0.30 T 0.081
Am? kg™!.

Figure S3D. (NRM) Positive NRM placed 71.8° from the nega-
tive direction of the MPMS the same as Fig. A3c. Apparent loop
closures: —5 T and +5 T. Smaller loop separation at —1.22T 0.023
Am? kg~!, larger loop separation at +1.104 T 0.030 Am? kg~!.
Bimodal with narrow center. Positive side predominates. (FC) Pre-
dicted negative exchange bias. Apparent loop closures: — ST, +5T.
Maximum loop separation at —0.541 T 0.065 Am? kg~"'.

Figure S3E. (NRM) Negative NRM placed 11.4° from the positive
direction of the MPMS, far from favorable orientations for Figs 3a,
31, 3j. Loop closures: —1.5T and +1.38 T. Smaller loop separation
at —0.50 T 0.028 Am? kg~!, larger loop separation at +0.48 T 0.041
Am? kg~!. Bimodality not easy to see, but positive side predom-
inates. Despite unfavorable orientation, provides another example
of positive exchange bias with negative placement of NRM. (FC)
Though unimpressive, it is another convincing example of predicted
negative exchange bias. Loop closures: —1 T, 40.35 T. Maximum
loop separation at —0.16 T 0.014 Am? kg~ !.

Figure S3F. (NRM) Negative NRM placed 42.6° from negative di-
rection of MPMS. Loop closures: —3.8 T and +3.55 T. Larger loop
separation at —0.98 T 0.056 Am? kg~!, smaller loop separation
at +1.08 T 0.038 Am? kg~!. Strikingly bimodal with larger nega-
tive loop separation demonstrating that the dominant component of
NRM, as placed positive in the MPMS, is stronger than the negative
component. In all earlier ‘unoriented’ measurements, we had never
found a sample providing an NRM loop with negative exchange
bias. Was this just by chance, or was there a deeper explanation?
The first ‘oriented’ experiments, Figs S3F, S3G and S31, answered
the question. (FC) Predicted negative exchange bias. Loop closures:
—2.25T, +3.0 T. Maximum loop separation at —0.57 T 0.081 Am?
kg™!. The central loop separation looks higher than in Fig. S3I
because the vertical scale is more than doubled.

Figure S3G. (NRM) Negative NRM placed 35.1° from the positive
direction of the MPMS, less favorable than 43.4 and 42.6° for Figs
S3I and S3F. This has the strongest NRM of all samples (Table
2). Loop closures: —2.9 T and +2.25 T. Larger loop separation at

—1.04T 0.082 Am? kg™, smaller loop separation at +1.10 T 0.030
Am? kg~!. Bimodal loop with negative side greatly predominant.
This the most convincing example of negative exchange bias with
positive placement of the NRM, yet more striking taking into ac-
count the smaller vertical scale compared to Fig. S3F. The more
asymmetric bimodality is consistent with an NRM neither paral-
lel nor normal to the instrument field. (FC) Predicted negative
exchange bias. Loop closures: —2.1T, +2.13 T. Maximum loop
separation at —0.28 T 0.133 Am® kg~'.

Figure S3H. (NRM) Positive NRM placed 76.6° from the positive
direction of the MPMS. Loop closures: —4.9 T and +4.7 T. Larger
loop separation at —1.33T 0.031 Am? kg~!, smaller loop separation
at+1.31 T 0.023 Am? kg~!. Loop is bimodal. Remarkable feature
is steep central slope, both in this and in the FC loop, over the range
+0.2 Tto —0.2 T. Represents a small fraction of magnetite, probably
multi—domain, not coupled to titanohematite, that was strongly
magnetized below the Verwey transition. This is also shown in the
NRM loop by a very small central peak. Outside the central region
the negative side predominates, thus another convincing example
of a negative exchange bias. (FC) Predicted negative exchange
bias. Loop closures: —4.25 T, +4.75 T. Maximum loop separation
at —0.59T 0.045 Am? kg~!.

Figure S3I. (NRM) Positive NRM placed 43.4° from the positive
direction of the MPMS. Loop closures: —3.3 T and +-3.25 T. Larger
loop separation at —1.09 T 0.038 Am? kg~', smaller loop separa-
tion at +1.09 T 0.028 Am? kg~!. NRM loop is mildly bimodal,
with negative exchange bias predominant. (FC) Predicted negative
exchange bias. Loop closures: —1.85 T, +2.05 T. Maximum loop
separation at —0.10 T 0.111 Am? kg~

Figure S3J. (NRM) Positive NRM placed 54.8° from the posi-
tive direction of the MPMS. Loop closures: —2.125T and +1.4T.
Larger loop separation at —0.583 T 0.023 Am? kg~!, smaller loop
separation at +0.585 T 0.019 Am? kg~!. Loop is barely bimodal,
so thin that it could only be shown using a vertical exaggeration
x20. (FC) Loop slightly better with predicted negative exchange
bias. Loop closures: —1.35 T, +0.4 T. Maximum loop separation at
—0.146 T 0.089 Am? kg~!.

Figure S4 The remanent hysterestic curves ‘Mrh’(B) used in prepar-
ing shaded curves in Figs 3 and S3A—S3J, and in obtaining various
values in tables (see Fig. 4 for details).These quantify the vertical
half—height of the loop separation at each field value: Mrh(B) =
(M + (B) — M—(B))/2 (the full vertical height of the loop loop sep-
aration always exactly double this). For the NRM loops, the *Mrh
curves are clearly bimodal with two peaks in which one is dominant.
Most peaks are skewed with a flatter slope on the high field side. For
the FC loops, the Mrh curves are generally unimodal and commonly
flat-topped. Steep and flat slopes follow no clear pattern.

Figure S6 Sample plots for C, E, I, J showing the magnetization
in the field direction of the MPMS during FF cooling 300 to 5 K
before NRM hysteresis experiments (open symbols) and showing
remanence in field direction of the MPMS during warming from
5 K to 300 K after measurement of NRM hysteresis loops (closed
symbols).

Figure S7 Sample plots for C, E, I, J showing remanence in the
field direction of the MPMS during warming from 5 K to 300 K
after measurement of FC hysteresis loops.

Table S1. Comparisons of four different measurements (bold) in
[Am? kg~'] of zero—field remanence parallel to the field direction
(z) in the MPMS. (1) NRM at 300 K (NRM,); (2) Magnetization at
5 K before application if any magnetic field (Mz 5 K), (3) Change
in magnetization caused by cooling of the NRM from 300 K to 5
K without application of any field (NRM, — Mz 5 K). (4) Change



factor NRM, to Mz 5 K. (5) Average of upper limb (Mr+) and lower
limb (Mr—) zero—field intercepts during NRM hysteresis in fields of
5 Tat5 K (Mr AYNRM); (6) Change in magnetization at 5 K
caused by NRM hysteresis in fields of 5T (Mz 5 K -MrAvNRM);
(7) Change factor Mz 5 K to MrAvNRM. (8) Average of upper
limb (Mr+) and lower limb (Mr—) zero—field intercepts during FC
hysteresis in fields of 5 T at 5 K (MrAvFC); (9) Change in magne-
tization at 5 K caused by FC hysteresis in fields of 5T (MrAvFC
—MrAvNRM); (10) Change factor MrAvNRM to MrAvFC. Ad-
justed where MrAvNRM negative. (11) Change in magnetization at
5 K caused by FC hysteresis in fields of 5T (Mr AvFC —-Mz 5 K);
(12) Change factor Mz 5 K to MrAvFC. Adjusted where Mz 5 K
negative.

Table S2. Comparisons of three different measurements (bold) in
Am? kg=! of zero—field remanence all at 300 K parallel to the
field direction (z) in the MPMS. (1) NRM (NRM,) at beginning of
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experiments. (2) Magnetization after warming from 5 K follow-
ing NRM hysteresis loop. (MzNRM), (3) Change in magnetization
caused by the entire NRM loop process from original NRM, to
MzNRM. (4) Change factor NRM, to MzNRM. (5) Magnetization
after warming from 5 K following FC hysteresis loop. (MzFC),
(6) Change in magnetization caused by the FC loop process from
MzNRM to MzFC (7) Change factor MzZNRM to MzFC. Adjusted
where MzZNRM negative. (8) Change in magnetization caused by the
combined NRM loop and FC loop processes from original NRM,
to MzFC. (9) Change factor MrFC/NRM,. Adjusted where NRM,
negative.
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