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X-ray diftraction, Mossbauer spectroscopic, and magnetic susceptibility measurements have led to a
determination of the phase diagram including magnetic phases of the system (Mnl Fe,)IOI, 0&x&0.63,
the limit of Fe'+ cation solubility. a-MnsOs itself is cubic (space group Io3) above 308'I and orthorhombic
{space group I'cab) below, the crystallographic transition being apparently higher than 6rst order; it
becomes antiferromagnetic at 79'K and at 25'K appears to go through a 6rst-order transition to another
antiferromagnetic structure. When 0.'l3 cation % of Mns+ is replaced by Fe'+ ion& the lower transition
occurs at 19'K. About 0./5% Fes+ ion makes the structure cubic at room temperature; both the crystal-
lographic and upper magnetic transition temperatures (Tg and 2"~, respectively} decrease monotonically
and rather rapidly with increasing Fes ion content. It is highly probable that when 0.08&x&0.09, Tsn = Tg,
when 0.094x40.63, the structure apparently remains cubic down to O'K and T~ is almost independent
of composition. X-ray powder data on a-MnqOq at 6.5'K show no additional lines or symmetry change,
implying that the transition at 25'K involves a shift in the symmetry center of the structure —a di6usionless
but probably 6rst-order transition; a change in space group is not required. Published neutron-diGraction
data on a-Mn~O» and our own observations lead to the hypothesis that the magnetic space group of both
orthorhoxnbic phases is Ecub and of the cubic phase, I~e3. In the latter, the directions of the ordered
spins of cations in the 8b sites are absolutely Gxed by symmetry, while those in 24d sites are constrained to
lie in pla, nes perpendicular to the twofold axes. There are no symmetry restrictions on the spins in I'cub,
but it is probable that all three ~acetic structures are closely related. At all temperatures, the Mna+ ions
prefer the less symmetric 24d sites, presumably because of the asymmetrical nature (Jahn- Teller distortion)
of the electron distribution of the Mn'+ ion.

I. INTRODUCTION

EVERAL papers have appeared recently on mag-
netic and crystallographic studies of the e-Mn~os-

Fe203 system. ' ' Early studies~' shomed. that a
continuous solid solution exists fol thc system
(Mnl, Fe,)sOs with 0&@&0.6. Until recently, it was
thought that the entire solid solution range mas iso-
stluctural with hlxhylte, (Mll, Fe)sOs, wlllcll llas tile
average symmetry of the space group Ia3. Structure
analyses of bixbyite based on pomder data have been
reported. ' The cations in this structure occupy two
crystallographicaiiy nonequivalent sites, hereafter called
d and b sites, with point symmetry 2(24d) and 3(gb),
respectively. The room-temperature lattice parameter
is almost independent of composition throughout the
isostructural range. In a recent letter, ~o @re reported

~ S. Geller, R. %'. Grant, J. A. Cape, and G. P. Espinosa, J,
Appl. Phys. 38, 145'f (196T); also in Twelfth Annual Conference
on Magnetism and Magnetic Materials, 1966 Paper No. U10
(unpublished}.' Z. Banks and E. Kostiner, J. Appl. Phys. 3V, 1423 (1966}.' E. Banks, E. Kostiner, and G. K. %'ertheirn, J. Chem. Phys.
45, 1189 (1966).

4 R. R. Chevalier, G. Roult, and E. F. Bertuat, Solid State
Commun. 5, 1' (1967).

~ %. Hase and %.Meisel, Phys. Status Solidi 1S, K41 (1966}.' P. E. %'retblad, Z. Anorg. Allgem. Chem. 189, 329 (1930).' V. Montoro, Gazz, C»~. Qal, VQ, 145 (1940).
g B. Mason, Geol. Foren. Stockholm Forh. 55, 95 (1943).
9 L. Pauling and M. B. Shappell, Z. Krist. 7'5, 128 (1930);

H. Bachs, ibid. 10'E, 370 (1956).
'o S, GeQer, J.A. Cape, R. %'. Grant, and G. P. Espinosa, Phys.

Letters 24A, 369 (1967).The curve for 2% Fe'+ in Fig. 1 'of this
reference should be deleted. Unfortunately, the specimen was
mislabeled; it ls rea, lly oneof Mn304 containing 2 cation % Fe
Further, the peak in this curve occurs at the same temperature as
the T~l for x&0.09. This had led us to believe, erroneously, that
only 2 cation % Fe'+ or less was required to reduce T~I of a-
MngOg by a factor of 2.

that at room temperature pure o.-Mn~03 is not iso-
structural mith bixbyite and has at most orthorhombic
symmetry. This evidence was obtained from x-ray
pomder diBraction data. Single-crystal data have shomn
that n-Mn203 is indeed orthorhombic at room tem-
perature. "S&nce our preljmInary reports on th&s work,
Norrestam has reported" a crystal structure deter-
mination of orthorhombic n-Mn20g,

In this paper vie shiv that by a combination of
techniques, namely, x-ray diGraction, Mossbauer spec-
troscopy, and magnetic susceptibility measurements,
the phase diagram (including magnetic phases) has
been determined and a relationship has been established
between the upper Weel temperature T~l and the
crystal structure transformation temperature T&. Be-
cause of some published neutron-diGraction data, vie

have also been able to dravr some conclusions regarding
the magnetic structures in the system. Some errors
primarily associated vrith sample inhomogeneity have
been reported in the literature and these are corrected
in the present paper.

G. EXPERIMENTAL

A. Apparatus Description

Lattice-constant measurements on single crystals
mere made mith a Bond. spcctromctcr. Pomder photo-
graphs at room temperature mere taken vnth Norclco

"S. Geller, R. W. Grant, J.A. Cape, and G. P. Espinosa, A.C.A.
%'inter Meeting, Paper No. Bi, 1968 (unpublished); R. %'.
Grant, J.A. Cape„S. Geller, and G. P. Espinosa, Bull. Am. Phys.
Soc. 13, 462 {1968)."R. Norrestam, Acta Chem. Scand. 21, 2871 (1967)."%.L. Bond, Acta Cryst. 13, 814 (1960).
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114.6-mm-diam cameras. Powder photogIRphs obtRlned
above room temperature vrere taken with a Bond
camera'4 built in our laboratory. Low-temperature x-ray
powder data vrere obtained vrith a Norelco camera
vrhieh was specially modified for this purpose by P. B.
Crandall. All powder photographs were taken with Cr E
radiation. Buerger . precession-camera photographs of
single crystals were taken with Mo E radiation.

Mossbauer studies were performed on an automated
Inechanical cam-driven constant-velocity spectrometer
in the normal transmission mode. The resonant radia-
tion was the 14.4-keV y transition in Fe". The source
used for all measurements was Co+ in Cu at 23'C. All
specimens were ground into 6ne powders in an agate
mortar; the absorbers (specimens) used for the measure-
ments were kept relatively thin to minimize saturation
eftects. Absorber temperatures other than room tem-
perature were obtained in a cryogenic Dewar. The
sample temperature was measured with a Au —2.1 at.%
Co thermocouple attached to the Cu sample holder
(with Be windows) and the temperature was held con-
stant to 0.5'C by means of a temperature controller
employing resistive heating.

Magnetization studies were performed by observa-
tion of the force on a container of randomly oriented
crystals in an inhomogeneous magnetic Geld. Continu-
ous data were taken as a function of temperature from
liquid-helium to room temperature. In a typical experi-
ment the held was a few kilogauss and the constant
gradient was about SO G/cm. A detailed description of
the apparatus has already been given. "

B. Samyle Preyaration

Difhculties in preparing homogeneous specimens
throughout the (Mnr, Fe )sos system have previously
led to some erroneous conclusions. Our own previous
studies' 'o were made on specimens prepared by solid-
state reaction techniques, used successfully on other
systems in, the past. Hovrever, in the Mn203-Fe203
system, for the high iron contents, it seemed necessary
to 6re the materials in the temperature range where
the spinel was the stable phase"; otherwise, the 0.-Fe20g
would not completely "dissolve. "The 6nal 6rings were
carried out in the temperature region where the O.-Mn203
phase mas stable. " Firings were usually done in 02
atmosphere; however, it was found that in the vicinity
of the phase boundaries there is some difference from
Bring in air."

In the course of the measurements, results were ob-
tained on low-iron-content specimens which were diS.-
cult to understand until we realized that, contrary to
previous experience with other systems, the solid-state
reaction did not produce homogeneous specimens, even
with long annealing periods Rnd a variety of heat treat-

«4 %'. L. Bond, Rev. Sci. Instr. 29, 654 (1958)."J. A. Cape, Phys. Rev. 132, 1486 (1963).'I A. Muan and S. Somiya, Am. J. Sci. 250, 230 (1962).
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FIG. 1. Relative transmission at +0.79 mm/sec versus tem-
perature for a specimen (Mno. 949Fea.onlsOs prepared by sobd-
state reaction. (See text for detaiIs concerning the heat treatments
given the specimen, ) The insert showers the absorpion 1ine position
(arrow) in the spectrum at 90'K.

ments (see also discussion at end of paper). The
inhomogeneity was not that of the occurrence of un-
dissolved Fe203, but rather of inhomogeneously dis-
solved Fe203. This could not be discerned in x-ray
powder diBraction photographs because the lattice con-
stant of the cubic phase (i.e., when x&0.005 at 23'C) is
very nearly independent of composition. Considering
the treatments these specimens mere given, it must be
hypothesized that diffusion between particles was very
slow after the initial solution occurred.

%e have already indicated" the occurrence of in-
homogeneity in these specimens, but we were also misled
by it into believing that the replacement of between 1
and 2% Mn~ by Fes+ ions caused a discontinuous
change in T~y.

Because (as will be shown later) for x(0.09, T~r
decreases rapidly with x, the distribution of Weel tem-
peratures can be detected by Mossbauer spectroscopy
and used as an indicator of specimen inhomogeneity.
This has already been partially demonstrated in Fig. 2
of Ref. 10.A further demonstration is given here.

Figure I shows the transmitted count rate versus
temperature at a Doppler velocity of +0.79 mm/sec.
This resonance energy is near a maximum absorption
associated with d site Fe'+ ions in the spectrum at 90'K,
just above T~r. (The insert in Fig. 1 gives the actual
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e (A)
From powder Bond
photograph spectrometer

0.0075
0.009
0.017
0.028
0.035
0.060
0.082
0.097
0.49
0.63

9.413+0,001
9.414
9.414
9.414
9.414
9.415
9.415
9.415
9.415
9.412

9.4146&0.0001

9.4156a0.0002
9.4158+0.0002
9.4126&0.0003

TABLE I. Lattice constant a at 23'C for cubic phases
in (Mn1 Fe,)203 system.

decided to see what could be obtained from crystal-
growing attempts. These attempts were successful and
will be described separately by one of us (G.P.E.).
Mossbauer measurements of the Neel temperature and
low-temperature x-ray diffraction photography on speci-
mens with x&0.09 showed that the specimens were
homogeneous; for x&0.09, T& is strongly dependent on
x (see Sec. III A). The specimens with low iron con-
centration were partially isotopically enriched with Fe~~

to facilitate the Mossbauer measurements. Standard
chemical analysis was used to determine the actual Fe
concentration in the single-crystal specimens. Through-
out the remaining parts of this paper, data are reported
only on specimens prepared by the single-crystal tech-
nique and the one specimen prepared by the coprecipi-
tation technique.

line position. ) The increase in the transmitted count
rate as the temperature is lowered is caused by the
onset of the magnetic hyperfine interaction. The two
distinct breaks in the curve t Fig. 1(a)], similar to those
of Fig. 2 of Ref. 10, are associated with the magnetic
ordering of the iron-rich and the iron-de6cient parts of
the specimen. The specimen (Mnp g4gFeg. ggr) gOg had
received three firings (with regrinding and recompacting
before each) at 945'C for a total of 37 h followed by a
6nal Bring at 600'C in air for 48 h. As shown in Fig.
1(b), the specimen was made somewhat more homo-
geneous by 6ring at 900'C seven times for a total of
240 h, followed by 50 h at 1200'C, 21 h at 800'C, and
16 h at 600'C again with regrinding and recompacting
between 6rings. Although some improvement occurred
as a result of all this, the specimen remained inhomo-
geneous: The distinct breaks of Fig. 1(a) were replaced

by one very broad transition range /Fig. 1(b)j. Sharp
transitions were obtained in specimens prepared by the
techniques described below.

Two techniques produced homogeneous specimens in
this system. A specimen (0.005 mole) containing 0.75
cation % Fe~ was prepared by coprecipitation of the
nitrates. Appropriate amounts of MnCO3 and iron metal
isotopically enriched with Fe'~ were dissolved in a mini-

mum amount of dilute HNOS. A few drops of dilute

H202 were added to dissolve the small amount of Mn02
formed. The solution was evaporated to dryness and
heated to 300'C to decompose the nitrates. The resulting
material was then thoroughly mixed in an agate mortar
and pelletized. The pellet was placed in a platinum
dish'~ and 6red at 750'C for 1 h. The specimen was

reground, repelletized, and rehred nine times for a
total duration of 450 h at temperatures between 960 and
400'C in an 02 atmosphere.

Because of the tedious nature of this method, we

rr S. Geller, H. J.Williams, R. C. Sherwood, and G. P. Espinosa,
J. Phys. Chem. Solids 23, 1525 (1962).

III. RESULTS

A. X-Ray Diffraction Studies

The powder x-ray diffraction data for a-Mn20& at
room temperature were given in Ref. 10 (the line with
d spacing 3.049 A. should be deleted) . The lattice con-
stants may be obtained to perhaps +0.003 A. from the
three lines analogous to the cubic hg+kg+P =64 Thus, .
a=9.414, b=9.424, and c=9.403+0.003 L. Measure-
ments on a single crystal with the Bond spectrometer"
give a =9.4157, b =9.4233, c=9.4047+0.0003 Jg at
23'C. At —75'C the lattice constants determined from
powder data are @=9.411, b=9.448, and c=9.372~
0.003 L. The single-crystal x-ray data taken with a
Buerger precession camera (Mo E radiation) show that
n-Mn203 is orthorhombic and belongs to space group
I'cab. This means that the manganese ions are in four
sets of crystallographic positions of identity symmetry
(Sc) or in three sets of identity symmetry (Bc) and
two sets of 1 symmetry. Norrestam" has reined the
structure with the latter but apparently has not con-
sidered the former.

In an earlier report' based on materials prepared by
solid-state reaction, we stated that the lattice constant
of all compositions measured was 9.414+0.001 A..
However, the measurements on single-crystal specimens
with the Bond spectrometer do indicate very small but

significant differences in lattice constant (see Table I) .
Some years ago, it was shown from a study of the

Sc2O~Fe203 system" that if Fe20~ were to have the
bixbyite structure, its lattice constant would be 9.401 A..
This predicted value is in very good agreement with the
value obtained for the Mn20g saturated with Fe'+ ion
(Table I). In a recent paper, Hase, Kleinstuck, and
Schulzerg say (translated from the German) that
according to Geller and co-workers its [meaning

jg S. Geller, H. J. Williams, and R. C. Sherwood, J. Chem.
Phys. 35, 1908 (1961).

~ W. Hase, K. Kleinstuck, and G. E. R. Schulze, Z. Krist.
124, 428 (1967).
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Pro. 2. Lattice constant versus temperature for
MnsOs and (Mns. lsFeo. sss)sos.

hypothetically cubic FCIOsj lattice constant is approxi-
mately 0.2% smaller than that of n-MnsOs. They also
point out that Muan Rnd Somiya" found 6rst a slight
expansion theo contraction with increasing iron content.
However, a difference of 0.2% was not reached, and
therefore they assigned a lattice constant of 9.40 kX to
both end members. Geller e) gl. '8 only made a compari-
son of the 9.410 L predicted value with that reported
by Mason, ' 9.419 X, an actual difference of only about
0.1%. It appears that Mason's value was high; the
average value of the lattice constants of the ortho-
rhombic unit cell is 9.415 L (see above). The lattice-
constant measurements (Table I) on single crystals do
indicate a signi6cant contraction at the saturation Fe'+
ion content.

Powder photographs taken above room temperature
show'cd thRt Rt 38 C Rn«I above cx"Mnmog 18 cubic. %c
estimate the transition froIQ the orthorhombic to the
cubic structure to be at about 35'C. A plot of the
lattice constant of cubic Mn203 versus temperature to
430'C is shown in Fig. 2 as well as a similar plot for
(Mno. slsFcs. oss) sOs wllrch rcmarns cubIc 'to temperatures
below that of liquid nitrogen (see later discussion) .

The crystallographic transition temperatures were
determined both by low-temperature x-ray powder
diGraction photography and Mossbauer spectroscopy
(see next section). A plot of Tt, (+5'C) versus x is
s110wn III Flg. 3(R). Ex'tlapolR'tloll of flic curve of Tr
versus x to O'K indicates that for x&0.09, all solid
solutions are cubic down to 0'K. The Noel temperatures
T~~ determined by both magnetic susceptibility and
Mossbauer spectroscopy (next two sections) are shown
in Fig. 3(b). The insert in Fig. 3 (b) shows the lower Neel
temperature T~2 as determined by magnetic suscepti-
bility. The plot of (TI—Tsar) versus x LFig. 3 (c)), when
extrapolated to 0 K Shows that lt ls highly pI'obaMc
that T~j =T~ for 0.08 &x &0.09.

3.MO88ba961 StMH68

MossbaucI' spcctlR werc taken of scvcI'Rl saIQplcs
throughout the composition range Rnd at various tem-
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FIG. 3. Compositional dependence in the {MnI,Fe,)203 system
of (a) crystallographic transition temperature T~,. (h) upper
Noel temperature T~I {insert shows T~g versus x); and {c)

~N1.

peratures. The room-temperature spectra (Fig. 4) of
specimens with @=0.060, 0.157, and 0.33, annealed at
800'C in air for 15 h and air quenched, consist of two
sets of partially resolved quadrupole split doublets
associated with the two cation sites in the cubic phase.
The lowest and highest energy lines are thc quadrupole
doublet RssoclRtcd with thc IQolc RsymIDctrical d sites
while the inner set of lines is associated with the b sites.
Because there are three times as many d sites as 5 sites,
the assignment of the quadrupole doublets to the respec-
tive sites can be Inade unambiguously from the relative
absorption intensities in the high-Fe-content speci-
mens. ' ' The same assignment may be made by asso-
clRtlng 'thc lal'gcl quadI'llpolc spllttIIlg WI'tll 'thc IIIOI'e

asymmetrical cation site. These spectra also show that
the Fe'+ ions prcfercntially populate the b sites. The
isomer Shifts of thc Fc+ lons Rt both sltcs arc ncRlly
equal and are typical for the ionic Fe'+ ion. The absorp-
tion linewidths arc considerably wider than natural
width, which, Rs pI'cvlously note«I, ls IQost likely Rsso-
ciated with the statistical nature of the random solid
Solutions.
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g emperature. For convenience, we shaH

continue to associate the larger hE with h dq wi t e sites
an the smaller DER with 5 sites even th h b loug c ow Tg,

o( ) ls really associated with three sets of cr stal-

g p
'

y nonequivalent sites derived from the 24d
sites in the cubic phase, and it is possibie that EEo(b)
is associated with two sets of sites in the orthorhombic
structure.

shift 5 and
In Figs. and 7, we plot the variation of th c isomer

, and the average absorption linewidth P for
or e same threesites b and d as a function of T for th

compositions as in Fig. 5. Again T~ is indicated by
arrows in the figures. %ithin experimental error, there

of an of )

is neit er a discontinuous change no h
o any of the curves at T&, suggesting that the crystal-
lographic transition is of higher order than one. The
variation of 8q and 6@ in all eases seems attributable
to the thermal red shift (second-order Doppler effect).

the quadrupole split doublets (Flg. 7) lllcrease slightly
as ~h' ™perature is lowered. Below T', Pq con-
tinues to broaden somewhat but apparently not at
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To estimate the site energy difference (or more
appropriately the enthalpy difference) for the Fe'+ ion
(see also Ref. 21), we assume a Boltzmann distribution
of the Fee+ ions over the two sites and. take into account
the blocking of sites resulting from the preferential
substitution. If the fractions of d and b sites which are
occupied by Fe + lons ale cg and cg, then

cs(1 cb—) y(1+y —4x)

cs(1—cs) 3+y(3—4x)
'

I I I I I I I I I

-i0.0 -8.0 -6.0 -4.0 -2.0 0 2,0 4.0 6.0 8.0 l0.0
Velocity (mttt/sec)

Flo. 9. Mossbauer spectrum of (Muo. otFCLoo)sos at SS'K.

would be ~66 and 28'K. The spectrum of

(Mne. s4Fes.os) sOs

at 55'K, shown in Fig. 9, demonstrates that the Fe'+
ion spins in both sublattices are ordered and that a
distribution of hyperane 6elds is present; Fig. 8 demon-
strates that both sublattices have the same ordering
temperature (to within experimental error, &2'K). The
observation of a central paramagnetic component in the
Mossbauer spectrum below T~j as observed by
ChevaHer eI al.' and their hypothesis that diferent
ordering temperatures occur in these materials for
difterent magnetic sublattices undoubtedly result from
inhomogeneity of their specimens (see Sec. II It) .

1. Site PoPNtutiorss

As mentioned above and also shown by other investi-
gators, ~' "the Fe'+ ions preferentially populate b sites
in the cubic structure. Because the orthorhombic modi-
fication is stable only near room temperature and below
{Flg. 3) wllclc lolllc Illlgl'a'tloll ls cx'tl'clllcly low, tile
Fe'+ will preferentially populate the sites in this struc-
ture derivable from the b sites of the cubic structure.
As the iron concentration is increased (see Fig. 4), the
6 sites are increasingly 6lled so that more Fee+ ions tend
to enter d sites. In Fig. 10, we show two spectra,
taken at 23'C, of the @=0.0075 specimen which was
(a) annealed at 600'C for 20 h in Os and (b) annealed
at 960'C for 24 h in 02. After each annealing treatment,
the specimen was quickly air cooled to room tempera-
ture. As expected, the spectra indicate that the more
random distribution of Fe'+ between the two sites is
obtained at the higher equilibrium temperature.

It is somewhat more edifying to consider the site
preference of the Mn'+ ions because of the importance
of these ions to the magnetic and crystal structures. '0

In the presence of the Fe'+ ions of any amount and at
any temperature, the Mn'+ ions uheays prefer the lower
symmetry sites (see also Refs. 3—5, 19). Presumably,
this results from the asymmetrical nature of the electron
distribution of the Mn'+ ion. ' "

where 6= {Hs Ps) is—the site enthalpy difference and.
T is the absolute temperature at which the site occupa-
tions were established (assumed equal to the annealing
temperature). The distribution can also be expressed
in terms of x and y where y=As/As=3cs/cs, and As
and Aq are the total Mossbauer absorption areas asso-
ciated. with sites d and b, respectively; note that x=
-', (3cs+cs) .

The absorption areas derived from Figs. 4 and i0,
and other spectra, not shown, by least-squares Gtting of
the spectra to four Lorentz curves (solid lines in both
flglllcs) lead to 6=+0.059+0.005 cV fol colllposltlolls
@&0.1 and for T&800'C. The value of 6 may be
temperature-dependent as indicated by a value of
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FIG. 10. Room-temperature Mossbauer spectra of (Mnp. ppyp-

Fep.pip) ~03 following heat treatments of (a) 600'C for 20 h in Op
and (b) 960'C for 24 h in O~.

"R. Vil. Grant, H. %'iedersich, S. Geller, U. Gonser, and 6, P,
Espinosa, J. Appl. Phys, 38, 1455 (1967),



+0.090 eV obtained from the x=0.00~5 specimen which
was annealed to 960'C p'ig 10(b)) No de«ii«
investigation of thc poss141c tcIIlpcI'RtUI'c ox' composi-
tional dependence of 6 was made. At high Fc concen-
trations, thc four' absorption lines RI'e vcx'y poorly
resolved and it is therefore dificult to obtain accurate
values fol' thc site populations. HG%'ever, %'c note that
thc sltc populations obscrvcd by Banks 8f GL ID

(Mno. SFea.s)20' lead to 5=+0.08 eV (assuming an
equilibrium T of 750'C), which seems in reasonable
Rgrccmcnt with the present result. Several minor
assUmptIGQS Rrc made IQ the R4ovc cvRluRtlon~ IQ

partlcularq we hRvc assumed cqUal recall-free fx'RctloQs
fox' Rll Fc~ 81tcs Rnd neglected satuI'atloD corrcctloDS fox'

these relatively thin absoxbers. Thus, the absolute value
of d, shouM be regarded, only as a reasonable estimate.

where d is the density; X, the dimensionless suscepti-
bility; F, the observed force; ns, the total mass of the
sample; P and dP/dh, the applied fieM and 6eld
gl adlcnt) I'cspcctlvcly.

Some pcI"tlncnt fcRturcs of thc dRta Rrc Rs foBows.
(1) For pure a-Mn203 the shallow maximum at

'N —80'K is identified with the incipient antiferromag-
netic ordering transition (T~i) in good agreement with
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Fxo. j.i. Magnetic susceptibility versus temperature for
Gve SPCClIBC118 i'll the (Mli|~F+)uog SgstCER.

C. Magnetic SesceytibiHty Measurements

The "mass magnetic susccpti4iHty" of 6ve specimens
from x=0 to g=0.63 ls plotted versus F IQ Flg. j.l.
Thc mRss susccpt141Hty g ls dedned by

y =gd '=FEEI(dIIjdh)g ',

the results of previous work. '~'3 In addition, a second
magnetic transition apparently occurs at 25'K (T~i):
thc sUsccptl4111ty chaQgcs by R fRctoI' of 2 In R discon-
tinuous fashion. The same behavior is not observed in
e-MD~03 produced as a 6nely divided powder by solid-
state reaction; however, a small peak does occur at
about thc same temperature, RDd lt dccx'cRscs to ~20 K.
with the addition of 1% Fe'+ substitution" (see also
Ref. 1). In the present study, we have also observed a
dlscontlnUGUs susccptibiHty Rt 19 K IQ R 0.75 CRtlon
Or~ Fe'+ specimen prepared by the single-crystal tech-
nique, although the magnitude of the discontinuous
change is much smaller than for thc pure MQ203 shovrn
in Fig. ij..

(2) Two of the 6ve curves shown in Fig. 11 are for
samples which are in the cubic phase over the tem-
perature range shovrn, vrhile the other samples are
orthorhombic. The latter exhibit a weak local maximum
in the susceptibiHty indicated by the down-pointing
arrows which we identify with T~i t see also Fig. 3(b)j.
The specimens with cubic structure (x=0.097 and
0.37) exhibit only broad low-temperature maxima in g„
which very likely are indicative of magnetic transitions.
VVhilc reminiscent of the low-temperature behavior
reported earHer' for powder specimens with x&0.20
(for which the magnetic transitions were veri6ed by
Mossbauer studies), there are two differences: Unlike
the speciments prepared by soHd-state reaction, the
single-crystal specimens do not exhibit the enhanced

frozen-in susceptibility bclo%' thc Weel point when
cooled in a strong magnetic field. The other difference
18 the occUrrcnce of shouMcI'8 In thc x-versus-T pcRks
fGI' thc high Fc + lon content specimens when prepared
by solid-state reaction. A curve of this type is shown
iii Ref. 1 foi' (MQg. sFeo.g)gO3. 30th magnetic sliscepti-
bility and Mossbauer determinations of T~~ acre made
for a specimen with x=0.15'I LFig. 3(b)j. The MOss-
bauer result was 8'K higher than the susceptibiHty
value. Similal dHkrcnces have 4ecQ previously notedly
Rnd 4ccRUsc this difference sccms Rt lcRst twice thc
limit of experimental uncertainty, it may indicate
that the actual T~~ is slightly above the absolute maxi-
mum in the X -versus-T curve in the cubic region.
However, this difference is relatively small and the
absolute value of T~I in no @ray Rfkcts the conclusions
drawo. from the over-all shape of the T~I-versus-x curve.

From dRta SUch, Rs those-of Flg. j.i, the dcpcndcncc
of T~j on s determined 4y thc relative maximum ln X
is shown plotted in Fig. 3(b). The data are consistent
vQth thc view that, Tgl associated with thc transltlon
in the orthorhombic structure tends to a discontinuity
at x=0.09, where the cubic structure becomes stable
down to O'K. In the cubic structure, the magnetic
ordering tcInpcraturc lf ldcQti6cd vAth thc RbsolUtc

E. G. Kmt„J. Am. Chem. Soc. 'N, 3289 (1954).
g R. G. Meisenheimer and. D. L. Cook, J. Chem. Phys. 30,

605 (1959).



inaxilDUD1 in the susceptibility curves, appears to be
only slightly dependent on x.

IV. DISCUSSION

A. Magnetic Space Groups

The magnetic structures of O.-MD203 or any other
members of the (Mnl, Fc,)101, x&0.63, system have
not been solved, although some preliminary neutron-
diffraction studies have bccn reported. 4'4 If thc para-
magnetic-to-magnetic transition is assumed to be a
single second-order phase transition (see Refs. 25 and
26), there will be symmetry restrictions on the spin
arrangement of the cations in the magnetically ordered
bixbyite structure. This is apparently the case in
ErgO3, which has the bixbyitc structure Rnd orders
magnetically in the magnetic space group Iu3." The
Mn'+ ions in a-MD203, which is now knomn to belong
to space group I'cab, are in either four sets of crystal-
lographic positions of identity symmetry or in three
sets of positions of identity symmetry and two of 1
symmetry, and thus in either case have no symmetry
restrictions on spin directions.

The magnetic susceptibility data of Fig. 11 and the
neutron-diffraction data of Chevalier et e1.' indicate a
second magnetic structure for pure a-MD203 at low
temperature, although there is some disagreement with
our observation of the actual temperature associated
with the onset of this second structure. Our present
results indicate that T~2 is sharply decreased with
increasing x )see insert in Fig. 3(b) $. (The observation
of this transition mas 6rst reported in Ref. i and inde-
pendently by ChevaHer ef ul. ') The sharpness (Fig. 11)
of this second magnetic transition indicates that it may
bc 6lst oldel.

Powder diffraction data taken by P. Rom() of
O.-Mn2O3 at 6.5'K v ith CrEO. and with FCEa radiation
lndlcRtc that no chllgc ln sylTlmctry occUI's ln this
transformation. No new lines appear and, in particular,
tile I 444I lllle ICIIlalIls llllspllt. Of colll'sc, a cllallgc Illay
occur that cannot be resolved by this technique, but
assuming that the space group remains I'cab, there is a
possible explanation.

As indicated earlier, Norrestam" assumed that the 24d

ions, with 2 symmetry, of the cubic phase go into three
sets of Sc ions of I symmetry in the orthorhombic phase,
while the 8b ions of 3 symmetry in the cubic phase go
into 2 sets, 4a and 4b, with 1 symmetry in the ortho-
rhombic phase. Such an arrangement gives three fewer

'4 J. %. Cable, M. K. Wilkinson, E. 0. %ollan, and %'. C.
Koehler, ORNL-2302, Physics Progress Report, 1957, p. 43.
(unpublished) ."L.D. Landau and E.M. Lifshitz, StefisHca/ I'hysics I'Addison-
%'esley Publishing Ce., Inc. , Reading, Mass. , 1958), Chap. 14."J.0, Dimmock, Phys. Rev. 130, 1337 (1963)."E.F, Sertaut and R. Chevalier, Compt. Rend. N23, 1707
(&9Cg,

positional degrees of freedom than lf thc cubic 8b lons
also ment into a set of sc sites. Even though the dis-
CI'epancy fRctoI' RttRlncd ln Norrestam s re6nement ls
very low, he did not consider the latter alternative, and
so we do not yet know whether its likelihood can be
ruled out. Our guess would be that it cannot.

The two arrangements would, of course, give two
different structures, Norrestam's with eight Mn'+ ions
at 1 symmetry sites and the alternative with no atoms
at symmetry sites. %C believe that if the structure
between 25 and 308'K is one of these, then the other
probably exists below 25'K, accounting for the transi-
tion as observed in the susceptibility data. The struc-
tures would still not be very different and the transition
would be diffusionless, but could be Grst order. It
involves a displacement of the symmetry center of the
structure by (~~, 41, I~) and atomic displacements to
conform to this shift. Because the Inagnetic structure
includes the crystal structure, such a change implies a
discontinuous change in spin arrangement also. How-
ever, again the two structures need not be, and proba-
bly are not, very different.

Mossbauer data with the 0.75 cation Po Fe'+ speci-
men give an indication of a discontinuous change in the
magnetic hyperine spectrum associated with one set
of sites at ~19'K, which is consistent with the suscepti-
bility result. Further Mossbauer measurements are
planned to investigate this low-temperature transition.

Although there is uncertainty in the exact ortho-
rhombic structure, the argument which follows makes it
possible to predict the most probable magnetic space
group for both orthorhombic O.-Mng03 and the bixbyite
1cgloI1 of thc (Mill zFc~) 101 system. It should bc
pointed out that the Uncertainty of the crystal structure
docs Dot affect the Dlagnetlc gI'oup: Bot11 posslbllltles
would belong to the same magnetic space group.

As described earlier, the crystal structure of O.-MD203
(I'cab) is a distortion of the bixbyite structure (IO3);
all observations suggest that one structure goes into the
other (as a function of T) by a transition of higher
order than 1. It seems very probable, therefore, that
the magnetic structures of these two phases will be
closely I'clRtcd. OUl' IQRgDetlc sUsccptlblllty dRtR lndl"

cate that throughout the entire compositional region,
thc residual moment is &0.0ipg, indicating antiferro-
magnetic ordering in all magnetic phases.

Strong I111I and {100I magnetic lines have been
observed' "in the neutron-diffractioD data of n-MD20g,
thus indicating a primitive magnetic unit cell. Assum-

ing that t11c IDRgnctlc UDlt ceH rcmalDs px'ln11tlvc ln
the higher-symmetry Ia3 (x)0.09) structure, the most
probable magnetic space group in this region is I„a3
(notation of Ref. 28) because the other two magnetic
space groups derivable directly from Ia3 (IO3 itself

'8%. Opechovrski and R. Guccione, in Magwetf'sm, edited by
G. T. Rado and H. Suhl I,'Academic Press Inc., New Ver, 1965),
Vol. IIA, p. 105.



TRANSITIONS IN a-Mn~ol-Fe~Oq

and Ia'3) are both body centered. (Iu'3 would also
require the spins of atoms on b sites to be disordered. )
The space group I„u3 leads to a unique spin arrange-
ment for the cations on the b sites."They are aligned
antiparallel along body diagonals as shown in Fig. 12.
However, the spins on the d sites are only conGned to
planes; all twofold rotation axes in the Ia3 space group
are antirotation axes in. I„u3.The d sites all lie on one of
the mutually perpendicular 2' axes and thus the spins
of the d-site cations would be perpendicular to one of
the 2' axes (see Fig. 12)." The most closely related
magnetic space group in the orthorhombic region of
this system is then I'cub itself, and because the distor-
tion from the cubic structure is small, we would specu-
late that the actual spin arrangement in I'cub is not
very different from that in I„c3.

B. Possible Explanation of Low-Temperature Data on
Solid-State Reaction Specimens

In our previous work' based on specimens prepared by
solid-state reaction, we had shown for (Mno ~Feo.q) 20~ a
x-versus-2' curve (see Fig. 1 of Ref. 1) which had a peak
at ~38'K and a shoulder at ~24'K. Also, when the
y-versus-T measurements were made after having
cooled the specimen in a Geld of 16 kOe, the suscepti-
bility turned upward from the shoulder. Furthermore,
there appeared to be a residual moment of ~0.01pg at
O'K. We had thought that a second magnetic transition
took place at the temperature of the shoulder and that
below this temperature the material is a weak ferro-
magnet.

The single-crystal material did not give the same
results as the ceramic material even after the crystals
were (1) 6red in 02 at 960'C for 48 h, (2) then 6nely
ground and remeasured. However, (3) after pelletizing
and reGring at 900'C for 4 h in 02, a result similar to
that for the ceramic was obtained: After cooling the
specimen in a Geld of 16 kOe, with decreasing tempera-
ture, x stayed essentially constant. (For the ceramic, '
y had risen substantially. )

In seeking an explanation of these observations, it
seems that the eGect of particle size is mainly to make
the surface of the material more reactive. The experi-

"See, for example, the excellent article and bibliography of
J. D. H. Donnay, Trans. Assn. 3, 74 (1967).~ V. A. Koptsik, Sheblikovskie Grippy (Moscow University
Press, Moscow, 1966},was useful in preparing Fig. 12.

FxG. 12. Proposed magnetic structure for cubic phases belonging
to I„a3.Spin directions of cations on b sites are 6xed along 3-fold
axes as shown. Spin directions of cations on fg sites lie in planes
perpendicular to 2'-fold axes. The spin directions on the d sites
cannot be determined by the techniques used here, but must be
related by the symmetry operators as shown.

ments indicate that it is unlikely that x versus T is
directly particle-size-dependent.

The x-ray powder photographs from both crystals
and ceramic showed no evidence of extraneous phases.
Both gave expected lattice constants (Table I). No
loss or gain of weight was observed in the described
Grings. However, it is probabl. e that these Grings resulted
in either oxidation (or even reduction) of some of the
Mn'+ ions at the particle surfaces. (Oxidation is more
likely because of the existence of voids in the structure
which could easily accommodate more anions. )

Because the observed magnetic eGect is really not a
large one, it is also probable that it is associated with
slight unobservable structure changes resulting from the
presence of minute amounts of Mn ions which are not
trivalent.
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