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                                 Abstract

   In this paper are reperted the interrelatienships between chemical composition, Curie
point, intensity of magnetization and lattice dimension of both natural and synthesized crystals

in the solid-soiution series Fe:i04-Mn3Qi.

   New criterion of so-called jacobsite is propesed as well as that of mangano-jacobsite
according to the magnetic and crystallegraphic characters of this solid-solution series.

                               Intreduetien

    Much has been investigated on natural and synthesized Mn-ferrkes. VERwAy
and BRuGGEN') are the first to have synthesized ferro-manganese oxides and studied
their crystallographic structure. Based upon X-ray data, they have determined the
range in which r-hematite is soluble in manganese tetraoxide or hausmanite, Mn304.
    The discovery of Fe-bearing Mn-oxide can be dated back to 1869, when I)AMouR2)
found a member of the series of solid-solutlon between magnetite and hausmanite
in a specirnen from Jacobsberg in Sweden aRd called it "Jacobsite". Recently
MAsoN3) has made an investiga#on on this solid-solution series, and has found the
range in which solid-solutions of magnetite and hausmanite can exist in different
proportiens.

    The above-mentioned solid-solution contains what is called Mn-ferrite whose
magnetism displays aR anomalous phenomenon of self-reversal due to spontaneous
magnetization tal<ing place by heating the specimen. This phenomenen has been
proved by NEEL`) from a theoretical side and confirmed by GoRTER5) from an
experimental side, aRd attracts attention of many investigators interested in the
Mn-containing ferrous-ferric oxides, and also those researchers NEEL, GoRTER,
NA.GATA, UYEpA, KAwAi and BAsTA`-9) whose interests are on the geemagnetic
field reversals. Quite rece.ntly by neutron diffraction experiments by HAsTiNG and
CoRLzss'0), spin configuration of Mn and Fe atoms in Mn-ferrite has been clarified
in detail.

   On the other hand, inineralogical interest has largely been focussed upon the
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occurrence of jacobsite. HiRAwATARi and MiyAsruTA'i) identified the Mn ore at
Kiuraki mine in Kyushyu as the jacobsite. And SAKuRAii2) reported various localities

in Japan where the minerals were found. WATANABE also referred to the oceurrence
of the jacobsites, especially associated with their formations.
    These reports, as many are, may be said yet insuthcient to explain the relations

between the natural occurrence of Mn-ferrites and the magnetism of rocks contain-
ing them.
    Several years ago the present writer visited Kamisugai mine, Osu City, Ehime
Pref., Japan and there he collected a member of Mn-ore. And later on he came
to find to kis deep interest the fact that the ore possesses enormously strong
permanent magnetism with its direction nearly parallel to the geomagnetic field in
situ. en a later occasion the present writer's interest was doubled wheR he could
confirm that the mineral responsible for the magnetism is the said jacobsite. Since
then a study has been commenced upon the magnetic character of this mineral.
The followings are the results of investigations on the Mn-ferrites having ferro-
magnetic character.
    In part (I) is described the method by which the speÅëimens are synthesized
and in parts (II) and (III) the results of magnetic and X-ray investigations. Finally
in part (IV), natural occurrence of the Mn-ferrite, and the results of the similar
experimental investigations on the natural specimens.

                         I. ?reparatien of speeimen

    For preparation of the speeimens, the method adopted by Kawai et al.i4) and
also by Kumei5) was employed as described in the following. The samples to be
tested were producecl by fusion of a mixture of Mn,0, and Fe30, powder at high
temperatures as described below. In the first place, pure Mn304 power was obtained

by heating pure Mn02 powder at a temperature ef 12500C in air for about 4 hours.
And pure powder of Fe304 was prepared by heating ev-Fe203 at a temperature of
5000C in the atmosphere saturated with water vapour for about 5 hours•
    Two kinds of powders thus obtained were then rnixed with each other in
various proportions. And each of these mixtures, after pressing tightly in the form

 of a cylinder, was sealed in a quartz tube whose inside air was evacuated to a
pressure of 10-'2mm-Hg.
    In order to homogenize the rnixture, these sealed samples were then subjected
to a prolonged heating for more than 50 hours at about 11000C. On quenching
them by direct immersion into water, were obtained test specimens, whose uniform
magRetic and crystallographic characters were to be tested. Each of the eight
specirr}ens thus prepared had different rr}olecular ratios of Mn304/Fe304 in percent-
age, 90, 84, 60, 53.3, 33.3, 24, 16.4 and 4 and was found by experiments to possess
a single Curie point and to show X-ray patterns proper to a single phase. The
heat-treatment mentioned above, therefore, may be considered as suMcient to produce
specimens uniform in magnetic and crystallographic characters. '
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            II. Magnetic character oÅí tke syntkesized Mn-ferrites

    Since the so-called iacobsite is ferromagnetic, they must have the Curie point
at which the ferromagnetism disappears. Measurements of the Curie point were
made by thermo-magnetic analysis at temperatures continuously changing in a range
from boiling temperature of oxygen (-l860C) to about IOOOOC. The apparatus
used (Fig. 1) is ca thermo-magnetic balance of the SucKsMiTH type'6). A samp}e
is sealed in an evacuated small quartz tube after the method of sample-sealing of
Kumagai et al.'3) and it is hung by a quartz spring at a place between and just
above the truncated pole pieces of electromagnet. The intensity of magnetisation
of the test specimen is obtained by measuring an elongation of the spring caused
by the products of susceptibility of the specimen x, the magnetic field K, and the
magnetic gradient there, where Z is measured in the vertically downward direction
the temperature of the sample can easi}y be controiled by changing alternating
current passing through the heating coil around the sample. Temperatare dependence
of the intensity of magnetization was thus obtained and the Curie point of the sample

was assumed to take place at a temperature at which an abrupt decrease of the
spring elongation was observed. Results of the measurements on the samples
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mentioned above show that the Curie point of the synthesized Mn-ferrites descends
from that of magnetite (5750C) monotonously as Mn-content in the ferrites increases.
The Curie point descends down to about 500C when the Mn304/Fe304 ratio takes
a value 909oi. On further increasingthe Mn-contents, the thermo-magnetic analysis
caryied out down to -1800C could disclose us no Curie point. And, therefore, the
specimen having the ratio greater than 909o! may be assumed paramagnetic. Tke
present writer also determined the intensity of rnagnetization of the specimens at
the boiling temperature of oxygen -1800C and under a field intensity of 10,000 Oe.

    As shown in Fig. 2, intensity of magnetization of the specimens varies system-
atically with Mn-concentration. !t is worth noticing that maximum of 140 c.g.s.
e.m.u./grn. takes place at a member whose Mn30,/Fes04 ratio is 16.7.
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       Fig. 2 Observed relations between chemical cornposition, Curie point and
. intensity of magnetization in the solid solutien series Mn3Q`-Fe304.

    To be mentioned is that the maximum vaiue of 140 c.g.s. e.rn.tt./gm. corre-
sponds to about 5.6 ptB/molecule, which is exceedingly large. So far as the present
writer's observations on natural speci' mens of magnetite are concerned, this kind of
Mn-ferrite displays the strengest intensity of magnetization, being about 1.4 tiraes

that of the pure magnetite and far stronger than any other ferrites such as Ti-,
Mg- and Ai-ferrites.

   In March of 1958, EscHENFEmERi') has already published a paper in which he
confirms the similar maximum intensity of magnetization occurring at the Mn304/
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ratio of l6.79o- by using synthesized specimens. The present writer's
an astonishingly good agreement to EscffENFELDER's result.
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           Fig. 3 Inter-ion distance of nearest Mn ions as the function of
                 chemical cemposition.

             III. X-ray analysis oÅí the syntkesized Mn-ferrites

    After the experiments mentioned above were finished, each of the specimens
15 in number were powdered. And for inferring crystallographic structure, ordinary

DEByE powder method was employed. Of them, those whose Mn304/Fe304 ratio
falls between 100 and 60.0of show their patterns as can be indexed on the basis of

tetragonal unit, whereas the rest specimens having the ratio less than 60.06 as can

only be indexed on a basis of spinel uRit of cubic symmetry. This result is shown
in Fig. 4. Results of calculation of the variotts crystallographic parameters, axial
units, the ratio c/a etc, are given in Tables I, II and III.

    From Fig. 4 it is very clear that the hattsmaRke-magnetke series can be divided

into twe sub-series, one having tetragonal structure and composition ranging from
that of hausmanite to 60!0oi of MB,0,, and the other cubic and ranging from this
composition to that of magnetite. For convenience' sake, let us tentatively cail

the tetragonal phase "mangano-jacobsite". As shown in Fig. 3 the change of the
lattice dimension with respect to chemical composition, is continuous when we pass

through the point of 6e9o' of Mn,0,/Fe,04 where tetragonal lattice-arrangement
changes to cubic. This is consistent with the VEGARD's law on the contlnuous
solidsolution.
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Table I. Tetragonal-type
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    MAsoN3) has given a narne "Jacobsite" to the ferrornagnetic Mn-ferrite whose

composition is in the range from 54 to 16.7.0o" of Mn,04 concentratibn. The Curie

points of the two end minerals of this rang are, according to the present study,
1600 and 4800C respectively (Fig. 4). However, as will be described later in item

2 of Part IV, Mn-ferrites whose composition are outside the MAsoN's criterion and

whose magnetism resembles that of the jacobsite after MAsoN's criterion, can be
found frequently in natural ores. For an instance, a irV{n-ferrite whose Mn30.`
cornposition is 609o7 and exceeds 549of, the higher extremity of MAsoN's criterion
occurs ln nature.

    Another example is a mineral having the Mn.aO, composition less than 16.79bi.

This mineral is also abundant in the so-called natural magnetite and pessesses

magnetic character different from that of pure magnetite.

    The present writer proposes, therefore, that it will be plausible that the ]VIAsoN's

criterion should be extended in two directions, such that the lower extremity of

criterion should take a value of 0.0o/ of Mn304 and the higher 60.0o'. According to

this new proposal, the name jacobsite should be given to the iMn-ferrites falling
between these two limiting compositions of Mn3Qt. In the Fig. 4, are represented

the transition of crystal structure from cubic to tetragona} phase through the point
2Lb92%,hXf,,Mnt ,ZO,M:Zwa (illgS)CZ2ieesgsszg,t?s,,zas?g,sg,ghe (218) ""e of

    In connection with this crystallographic transition, some abrupt changes are
expected to occur in magnetic behaviour as are often the case with many magnetic

materials. However, as clearly shown in Figs. 3 and 4, this expectatien fails, as

both the curves showing Curie point J, are very smoethly changing in the vicinity

of 60% composition of Mn,0,. Therefore, this fact seems to be peculier.

                     IV. Jacobsite occurring in nature

    Therrno-magnetic observatiens have been carried out on more than 50 natural
specimens of the so-cal}ed.manganese ores such as polianite, brownite, hausmanite,

rhodochrosite, rhodonite etc. The results of ebservations have shown that most of

these natural sarnples, regardless of difference in localities from which they were

taken, possess ferromagnetic phases although they are not so much. The X-ray
analyses on the ferromagnetic powder specirnens which were picked out by magnetic

separation have been carried out. The results have shown that the said phases are

nothing but what we have defined as jacobsite in the preceeding section by a

criterion wider than MAsoN's one.
    It is also found from thermo-magnetic analyses that these jacobsites are occa-

.sionally of double or triple phases. In such a case there appear on the thermo-
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Fig. 6 Temperature dependence
 of intensity of magnetization
  of a natural specimen having
  three phases.

    0 200 4oo Oc
                   TEMPERATURE

magnetic curve sharp fallings or knicks at different temperatures. One of the
representative example is shown by Fig. 6, the three observed Curie poiRts (Ta,

Tb, Tc) in the figure show the co-existence of different phases with different

compositions.

    By taking 50 samples of natural jacobsites, frequency of Curie point was
determined by thermo-magnetic analysis. The results are shown in Fig. 7, in which

the abscissa of chemical composition is also represented.

    As is easily recognizable in the figure, a remarkable maximum frequency occurs

at the Curie point 1600C, to which corresponds the content of 609oi Mn304. This

fact implies that the ferromagnetic spinel having this Mn,0, content. Mn-ferrite

appearing most frequently in nature is that the transient mineral between spinel

and tetragonal Mn-ferrites.

    Next, separation into sing!e phase by means of magnetic separator was carried

out with samples from Taga and Kitch6 mines, Kyoto Pref., Kaso mine, Tochigi
Pref., and Kamisugai mine, Ehime Pref., Japan. The single ferromagnetic phases

thus obtained are then subjected to both tlje thermo-magnetic and the X-ray analyses.

    The resu}ts indicate that variation of Curie point of these single phases speci-
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            Fig. 7 Histogramatic representation ef Curie point frequency in
                  natural specimen of Mn-ferrites.

mens with respect to Iattice constant shows a fair agreement to the similar variation

which have been already obtained with synthesized samples. The results are plotted

in Fig. 8, in which the two continuous curves are those determined with synthe-
sized samples.

    In Fig. 8 are also plotted two data of natural samples, one from Jacobsberg,

Sweden'8) and the other from Tamworth, N.S.W.'9). These two data are coordinated

by Cttrie point determinations afid chemical analysis.

    The coordination of this six points plotted in Fig. 8 indicates that these

natural speciinens oÅí single phase are precisely identical wkh the synthesized

speclmens.
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                              V. Conclusion

    We can sumrnarize the preceeding results in the following items :
    1) Two kinds of solid-soiutions of Mn304 and Fe304 have been experimentaily
confirmed. Of them one is the mangano-jacobsite solid-soltttion having tetragonal
crystallographic structure; the members of this solid-solution having Mn304/Fe,O,
ratio from 60 to 90fJof at least is ferromagnetic and those from at least 90 to 100.0b'

probably para-magnetic. The other is the jacobsite solid-solution having cubic
crystallographic structure; mernbers of this solid-solution have Mn304/Fe30, ratio
ranging from 60 to Of06, and all of these rnembers are also ferromagnetic.
    2) Curie point vs composition reiations in both the two solid-solutions have
been established.
    3) MAsoN's origlnal criterioR of jacobsite has been extended by the present
writer to a wider criterion defined by the range from 0 to 60.0o- of Mn304.
    4) On the intensity of magnetization of jacebsite, a special note shou}d be
given here. Namely, J, of a jacobsite whose Mn304/Fe304 ratio is about 16.7fYb' has
an exceedingly high maximum value of 140 c.g.s. e.m.u./gm, which is consistent
wkh EscHENFEmER's result. This max2murn value is equal to about 5.6 ptB/molecule
and to about 1.5 times J, value of a pure magnetite.
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    5) As described above, jacobsite possesses very strong remanent magnetisrn
due to its ferromagnetic character. This suggests that magnetic prospecting may
be applicable to the manganese ore deposit associated with Mn-ferrite, and this has
been overlooked up to date.
    6) By utilizing this behavior of ferromagnetism, a magnetic separation of
Mn-ferrite ore having enriched content of Mn from a mixture of ores of higher and
Iower grades is possible. There are two ways of the magnetic separation:
  a) Utilization of the difference in intensity of magnetization.
   Changing the intensity of a magnetic field applied to the puiverized Mn-ferrite
ore, one can collect into groups the various kinds of pulverized ores with neariy
constant Mn-contents, because of the difference in intensity of magnetization of
pulverized ores.

  b) Utilization of the difference in Curie point.
    If we heat the pulverized ores to a temperature over one of the Curie points
of the Mn304-Fe304 solid solution series, those pulverized ores having their Curie
points !ower than this Curie point can be magnetically separated from those having
higher Curie points.
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