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Magnetic frustration in atomically ordered crystals gives rise to a broad range of quantum phenomena.
The mineral bixbyite, Fe2-xMnxO3, has magnetic frustration induced by atomic disorder. The end-members
Mn2O3 and β-Fe2O3 both have magnetically ordered ground states, but the bixbyite crystal studied here, with a
composition Fe1.12Mn0.88O3, instead undergoes a spin-glass-like transition near 32 K. In this study, the magnetic
correlations and atomic structure of bixbyite are followed across the spin-glass transition using powder and
single-crystal neutron scattering. Refinement of Bragg intensities from neutron diffraction data allows precise
determination of the average Fe and Mn concentration on the different crystallographic sites of the structure.
No structural transitions occur in bixbyite upon cooling. Using the three-dimensional magnetic difference
pair distribution function (3D-m�PDF), the magnetic correlations are resolved spatially and their temperature
dependence determined. The results demonstrate that the spin-spin correlations are strong well above the glass
transition temperature, consistent with the spin-glass nature of the magnetism in bixbyite.
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I. INTRODUCTION

Magnetically disordered materials with short-range mag-
netic correlations are attracting strong interest due to their
exotic properties. Examples of such materials are spin liquids
[1,2], spin ices [3,4], spin glasses [5–7], multiferroics [8–10],
and unconventional superconductors [11,12]. To understand
such magnetic materials, determination of their magnetic
correlations is essential, and this is typically done through
neutron-scattering experiments. Magnetically ordered materi-
als produce sharp Bragg peaks in a neutron-scattering exper-
iment, which can be analyzed using conventional crystallo-
graphic methods to obtain the magnetic structure. However,
magnetically disordered materials only give rise to diffuse
neutron scattering, which requires different analysis methods.

Several different approaches have been used to understand
short-range magnetic correlations. One is to calculate the
diffuse scattering of a predetermined model for the system
and compare it to the measured scattering data, e.g., Ref. [13].
This approach requires that accurate models of the magnetic
interactions between the atoms are available, which can be
challenging for complex systems. Another approach is the
reverse Monte Carlo method, where a supercell model for the
spins in the structure is developed, and the spin orientations
are varied until the closest match to the measured scattering
pattern is obtained. This method has been successful for
determining magnetic correlations from both single-crystal
and powder scattering data [14,15]. However, this method
requires knowledge of the exact atomic arrangement in the
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crystal to set up the modeling of the magnetic system. This
makes it difficult to apply to structurally disordered systems
or to systems where the atomic structure is unknown.

A different approach has been to transform the magnetic
diffuse scattering into direct space, giving a more intuitive
picture of the magnetic short-range correlations, which is par-
ticularly helpful in cases where the type of magnetic disorder
or the atomic structure is unknown. This was first done using
the magnetic pair distribution function (mPDF) analysis for
powder neutron scattering [16,17]. Such analysis gives a one-
dimensional representation of the pairwise magnetic correla-
tions, both ordered and disordered. Recently, we generalized
this method for single-crystal scattering, developing a three-
dimensional magnetic difference pair distribution function
(3D-m�PDF). This function provides a model-independent
three-dimensional reconstruction of local magnetic correla-
tions in real space [18]. A similar approach also has been
used in the study of spin misalignment in ferromagnets, where
Fourier transformation of small-angle neutron-scattering data
provides two-dimensional information about spin misalign-
ment on the nanometer scale [19,20]. In our previous paper
where we introduced the 3D-m�PDF method, the diffuse
scattering from bixbyite at 7 K was used as an example to
show that it is feasible to measure the 3D-m�PDF experi-
mentally. In this study we will give a more detailed analysis of
the 3D-m�PDF of bixbyite to better understand the magnetic
correlations at low temperatures and additionally, follow these
correlations across the spin-glass transition.

Bixbyite (Mn+3, Fe+3)2O3 has the β-Mn2O3 crystal struc-
ture (cubic, Ia3̄, a = 9.41 Å) [21]. It contains two metal sites
located on the 24d and 8b crystallographic positions. Both
sites are approximately octahedrally coordinated to oxygen,
the 8b site having a small trigonal distortion and the 24d
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FIG. 1. Periodic structure of bixbyite. (a) The local geometry of the metal sites. Blue and green are the two metal sites and red is oxygen.
(b) The unit cell of bixbyite. (c) Distorted fcc structure of metal sites only. (d) Neutron powder diffraction data at 3.5 and 300 K for bixbyite.
Blue circles mark Bragg positions for bixbyite and orange triangles mark Bragg positions for the sample container (aluminum). The left inset
shows the low-angle region with diffuse scattering, and the right inset shows a region with a visible peak from the sample container. (e)
Refined nuclear model for the neutron diffraction data at 3.5 K. As can be seen, the fit also follows the broad diffuse peak at 20°. Here the
diffuse scattering is fitted as part of the background and not as part of the structure itself. (f) Unit-cell parameter for bixbyite as a function of
temperature.

site having a larger distortion, as shown in Figs. 1(a) and
1(b). The structure of the metal sites can be regarded as a
face-centered cubic (fcc) structure, where the face-centered
positions are slightly distorted, as seen in Fig. 1(c). Since Fe3+
and Mn3+ have a difference of only one electron, they have
almost equal x-ray scattering factors, and the distribution of
Fe and Mn on the two metal sites cannot be well determined
from conventional x-ray diffraction experiments. It has been
shown by Mössbauer spectroscopy that Fe prefers the higher
symmetry 8b site [22–24] and that with increasing the syn-
thesis temperature, the distribution becomes more equal on
the two sites [25]. Using neutron-scattering data we are here
able to accurately determine the distribution of Mn and Fe on
the two metal sites, as the neutron coherent cross sections for
Mn and Fe are −3.7 and 9.5 fm, respectively, giving a high
contrast.

Compared with the pure end-members Mn2O3 and
β-Fe2O3, the solid solutions behave remarkably different.
The nuclear structure for end-member Mn2O3 is cubic above
308 K (β-Mn2O3) and orthorhombic Pbca below. This struc-
tural transition is fully suppressed by addition of 9 mol %
Fe. Magnetic transitions in Mn2O3 occur at 80 and 25 K. The
upper magnetic transition drops to ∼35 K beyond 9 mol % Fe
content, and the lower transition disappears altogether beyond

1 mol % Fe [24]. The magnetic structure of low-temperature
orthorhombic Mn2O3 is ordered and has been solved both
at 40 and 2 K from neutron diffraction data [26]. The pure
β-Fe2O3 has the cubic bixbyite structure. However, it is not
as widely studied as the other Fe2O3 polymorphs as it is
metastable and will transform into hematite α-Fe2O3 at tem-
peratures of 500 °C [27]. β-Fe2O3 has a magnetic transition
to an antiferromagnetic state with a Néel temperature of 110–
119 K. Based on magnetization measurements, heat-capacity
measurements, and Mössbauer spectroscopy, this state was
found to be ordered [28,29]. The ordered magnetic structures
of both Mn2O3 and β-Fe2O3 are in contrast to the mixed
bixbyite. We previously found that bixbyite of the compo-
sition Fe1.1Mn0.9O3 has a magnetic transition at 32 K to a
glasslike state without long-range magnetic ordering [18].
Thus, the mixing of Mn and Fe in the bixbyite structure leads
to a suppression of magnetic ordering.

We have previously reported physical property measure-
ments of the bixbyite crystals used in the current study. These
include time, temperature- and field-dependent DC magneti-
zation, ac magnetic susceptibility, and specific heat-capacity
measurements (see supporting information of [18]). These
measurements all show behavior consistent with bixbyite
undergoing a transition to a spin-glass state at approximately
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T ∗ = 32 K. The data further show a negative Weiss temper-
ature of � = −336 K, indicating that antiferromagnetic in-
teractions are dominant in the high-temperature paramagnetic
phase. The frustration ratio, |�|/T ∗ = 10.3, demonstrates a
significant amount of frustration in the sample. The magne-
tization shows a strong deviation from Curie-Weiss behavior
below approximately 150 K. It would be expected that Fe3+
and Mn3+ ions octahedrally coordinated to O would have
high-spin configurations with orbital moments quenched. This
would result in magnetic moments of 5.9μB and 4.9 μB, re-
spectively, giving an expected average of 5.5 μB per metal site.
From fitting the Curie-Weiss law in the 200–380 K region, we
previously obtained the average magnetic moment per site to
be 4.1(1) μB, indicating that some degree of antiferromagnetic
correlation was still present at high temperatures. Here we
further investigate the spin-glass transition, the persistence of
magnetic correlations above the freezing temperature, as well
as the atomic structure in bixbyite.

II. EXPERIMENTAL

Single-crystal elastic neutron scattering was measured at
the CORELLI instrument at the Spallation Neutron Source at
Oak Ridge National Laboratory [30,31]. A piece was cut from
a large cubic crystal from the Thomas Range, Juab County,
Utah, USA, and subsequently sanded down to a sphere to
limit crystal shape effects in the scattering. The crystal was
glued to the end of an aluminum pin which was wrapped in
neutron absorbing Cd foil and mounted in a low-background
closed-cycle refrigerator. Measurements were carried out at
7, 25, 50, 80, 160, 240, and 300 K. Bragg peaks were
integrated using an instrument-specific script, corrected for
absorption and merged using XPREP [32] to m-3 symmetry.
The structure was refined using SHELXL [33] in space group
Ia-3. Both metal sites were refined as a combination of Mn
and Fe with the constraint that each site is fully occupied. The
twin law [1,0,0;0,0,1,0,1,0] was used during refinement. The
treatment of the diffuse scattering data to obtain a 3D-m�PDF
is described in detail in [18].

Neutron powder diffraction data was measured at the HB-
2A Neutron Powder Diffractometer at the Spallation Neutron
Source at Oak Ridge National Laboratory. Several crystals,
also from the Thomas Range, were ground to a fine powder.
The sample was placed in a cryostat, and experiments were
carried out with a neutron wavelength of 1.5397(5) Å at tem-
peratures of 3.5, 10, 15, 20, 25, 30, 35, 40, 100, 150, 200, 250,
and 300 K. The data were fitted with a structural model using
the Rietveld method as implemented in the FULLPROF software
[34]. The structural model was the same as used for the
single-crystal experiment described above. A small impurity
of Al coming from the sample environment was also modeled.

III. RESULTS

A. Periodic average structure

From both the single-crystal and powder neutron diffrac-
tion data we obtain the distribution of Fe and Mn on the two
metal sites. For the powder sample we find the occupancy of
Mn on the 24d site to be 0.509(3) and on the 8b site to be
0.241(5). From the single-crystal data we get Mn occupancies

of 0.508(9) for the 24d site and 0.246(1) on the 8b site. The Fe
occupancies on these sites are 1 minus the Mn occupancies.
This shows that the Fe favors the more symmetric 8b site,
which is in agreement with results obtained from Mössbauer
spectroscopy [22–25]. From these occupancies the sample
composition is then Fe1.12(1)Mn0.88(1)O3. This is in agreement
with our previous report of Fe1.1Mn0.9O3 measured on the
same single-crystal sample used here [18]. It is notable that
both samples have identical average structures within the
standard deviations. The single crystals used for the powder
sample as well as the single crystal used for measurements
all came from the Thomas Range, Juab County, Utah, USA.
This suggests that samples obtained from this area are similar
with a composition of Fe1.12(1)Mn0.88(1)O3. Bixbyite from
the Thomas Range occurs in lithophysal gas cavities within
rhyolitic volcanic rocks. It is not known at what point during
the cooling of these lava flows that bixbyite crystallized,
but the initial rhyolite flow temperatures are estimated to be
around 700 ◦C [35].

When cooling the samples, no structural transitions or tran-
sitions to ordered magnetic states are observed. In Fig. 1(d)
the powder neutron diffraction data for 300 and 3.5 K are
shown. The Bragg peaks almost overlap completely, but a
small shift occurs as the unit cell contracts slightly upon
cooling. Furthermore, the high-angle scattering is lowered
slightly in the 300-K data as a consequence of the Debye-
Waller factor. The unit-cell length changes continuously with
temperature as shown in Fig. 1(f). The data at all temperatures
is fitted with only a periodic nuclear structure and no long-
range magnetic structure. The diffuse scattering in the data is
then accounted for as part of the background. The fit for the
3.5-K dataset is shown in Fig. 1(e). A small Al impurity from
the sample environment is also observed and refined, as shown
by orange marks in Figs. 1(d) and 1(e). When looking closer at
the 300- and 3.5-K dataset, two main differences can be seen.
At low angles (10°–30°) the diffuse scattering has changed,
indicating changes in the short-range magnetic correlations.
This can be seen in the left inset in Fig. 1(d). At higher
angles some of the weak peaks have shifted more than others.
These are the stray Bragg peaks from the Al sample container,
which has a larger contraction upon cooling than bixbyite.
One example of this is shown in the right inset in Fig. 1(d),
where the peak at 78° comes from the Al sample container.

B. Magnetic correlations

A more detailed look at the magnetic diffuse scattering
is obtained from the single-crystal data. In Figs. 2(a)–2(d)
the HK0 plane of the neutron scattering from bixbyite is
shown at 7, 50, 80, and 240 K. As for the powder data,
the only change with temperature is in the diffuse scattering.
This is magnetic diffuse scattering as the intensity rapidly
falls off at large momentum transfer because of the magnetic
form-factor. The magnetic diffuse scattering is isolated from
the nuclear scattering by subtracting the 300-K dataset and
using the punch-and-fill method for Bragg peaks, as described
in [18]. The isolated magnetic diffuse scattering for these
temperatures is shown in Figs. 2(e)–2(h). At 7 K there is a
strong magnetic diffuse signal which continuously weakens
with increasing temperature and almost vanishes at 240 K. In
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FIG. 2. HK0 plane of the total elastic neutron scattering from bixbyite at (a) 7 K, (b) 50 K, (c) 80 K, and (d) 240 K. HK0 plane of the
isolated magnetic scattering at (e) 7 K, (f) 50 K, (g) 80 K, and (h) 240 K. z = 0 plane of the 3D-m�PDF for (i) 7 K, (j) 50 K, (k) 80 K, and (l)
240 K.

the data reduction to obtain the diffuse scattering, the cross-
correlation feature of the CORELLI instrument was used.
This allows for the separation of the quasielastic scattering
from the total scattering, which helps in eliminating phonon
and other inelastic scattering contributions from the data.
The CORELLI instrument’s elastic resolution changes with
the scattering vector, and the resolution is better for short
scattering vectors than long. The scattering vector dependency
of the energy resolution is discussed in [31], where they find
the energy resolution to range from 0.4 to 2.5 meV for a
collected dataset.

The magnetic diffuse scattering is analyzed using the three-
dimensional magnetic difference pair distribution function
(3D-m�PDF). This allows the local spin-spin correlations
to be visualized in real-space coordinates, as in Figs. 2(i)–
2(l). This function is defined as the inverse Fourier transform
of the unpolarized magnetic diffuse neutron-scattering cross
section [18]:

3D-m�PDF = F−1

[
dσDiffuse

d�

]
.

The function is related to the difference magnetization
density of the sample,

δM(r) = M(r) − Mperiodic(r),

where M(r) is the total vector magnetization density, and
Mperiodic(r) is the average periodic magnetization density. In
the case where there is no periodic magnetic ordering, as is
the case for bixbyite, the difference magnetization density is
equal to the total magnetization density. The relation between
the 3D-m�PDF and the magnetization density then becomes

3D-m�PDF = r2
0

4μ2
B

〈
M⊗̄M − 1

π4
( M ∗̄ ϒ) ⊗ (M ∗̄ ϒ)

〉
,

where we defined the vector field cross-correlation operator
as a combination of elementwise cross correlation and a dot
product,

f ⊗̄g def f1 ⊗ g1 + f2 ⊗ g2 + f3 ⊗ g3,

where fi and gi are the vector components of f and g. Sim-
ilarly, we have defined the vector field convolution operator
∗̄ from the scalar field convolution ∗. The smearing function
modifying the magnetization density in the second term is
given by

ϒ(r) =
{ r

|r|4 , |r| �= 0

0, |r| = 0
.

The 3D-m�PDF contains information about the relative ori-
entation of magnetic moments through the two terms in the
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FIG. 3. (a) Structure of metal sites in bixbyite with numbers marking vectors starting at “O.” (b) Cuts through the 3D-m�PDF for z = 0
and 2.30 Å, with marked features corresponding to the vectors in (a). (c) Integrated peak amplitudes of the 3D-m�PDF as a function of
distance for different temperatures. (d) The ten strongest 3D-m�PDF integrated peak amplitudes as a function of temperature. (e) Normalized
peak amplitudes for the ten strongest 3D-m�PDF peaks as a function of temperature.

equation. The first term, which is the vector autocorrela-
tion of the magnetization density, will give a positive peak
for moments with an angle less than π/2 (more parallel)
and a negative peak for moments with an angle larger than
π/2 (more antiparallel). In the case where moments are
perpendicular, this first term will give zero contribution. The
second term will add lobes to the side of the peak generated
by the first term. The main effect of this is to give the
peaks a shape which is elongated along the direction of the
moments and with lobes of opposite sign to the peak in
directions perpendicular to the moments. In cases of par-
ticularly high symmetry, the lobes generated from different
symmetry-equivalent orientations will average to an isotropic
contribution and not be visible. This second term is also often
weaker than the first term, unless the moments are almost
perpendicular. This means that the sign of the 3D-m�PDF at
the center of the peak shows whether the moments separating
the vector will tend to align more parallel or antiparallel.
A positive peak in the 3D-m�PDF indicates preference for
moments to align in the same direction, and a negative peak
indicates opposite alignment of magnetic moments [18].

Figures 2(i)–2(l) show the z = 0 planes of the 3D-m�PDF
for 7, 50, 80, and 240 K. Strong correlations, both positive
and negative, are seen at 7 K. When increasing the temper-
ature, these features decay in the same way as the magnetic

scattering in Figs. 2(e)–2(h). These correlations are observed
up to a distance of around 15 Å, as seen by the envelope of
the extent of the peaks in the 3D-m�PDF. When looking
closer at this envelope it seems that there could be some
degree of anisotropy in the magnetic short-range order, as the
correlations are visible to longer distances in some directions
than others. As the features are strongest along the unit-cell
axes of the crystal, it could suggest that the magnetic interac-
tions are strongest along these directions. This ability to see
the differing correlation lengths along different directions of
the crystal would not be possible with the one-dimensional
magnetic pair distribution function, where only the direction-
ally averaged correlation length would be seen.

Cuts through the 3D-m�PDF for bixbyite at 7 K are
shown in Fig. 3(b) together with the atomic structure in
Fig. 3(a). Peaks in the 3D-m�PDF have been marked with
numbers corresponding to the vectors in the structure, where
the vectors in the structure start at the atom marked “O.”
As the metal-site structure is close to fcc, the 24-24d and
8b-24d vectors are almost equal. Based on the broadness of
the peaks in the 3D-m�PDF, the 24d-24d , 8b-8b, and 8b-24d
correlations are therefore not directly distinguishable. The
peak for the nearest-neighbor vector is marked “1” in the
figure. As this is a negative peak, the nearest-neighbor sites
tend to have magnetic moments aligned opposite to each other.
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FIG. 4. (a) Diffuse scattering along the (H, 0.5, 0) line at around H = 2, chosen as there are no Bragg peaks there. (b) Peak integral of
fitted Lorentzian function to the diffuse maxima. (c) Average correlation length found from the width of the diffuse maxima.

It is assumed that the interaction between the nearest-neighbor
metal sites are mediated through the oxygen bridge between
the two atoms. Further neighbors can then be grouped by the
number of oxygen bridges needed to get from one metal site to
the other. The second neighbor vectors, which require going
through two oxygen bridges, are marked 2a, 2b, and 2c and
show positive peaks in the 3D-m�PDF, indicating that the
moments on the second neighbors tend to have alignment in
the same direction. The third neighbor vector, marked 3, again
shows a negative peak, indicating the preference for opposite
alignment of spins separated by this vector. The correlation
sign is alternating with the order of neighbors, extending to
about 15 Å. Overall, the 3D-m�PDF for bixbyite clearly
shows the disordered low-temperature state to be dominated
by antiferromagnetic nearest-neighbor interactions.

As was seen in Figs. 2(i)–2(l), the features in the 3D-
m�PDF decay at higher temperatures. To get a better un-
derstanding of this, the peak amplitudes of the 3D-m�PDF
have been integrated, and they are shown as a function of
distance in Fig. 3(c) for the different temperatures. The first
five distances correspond to vectors of types 1, 2a, 2b, 2c,
and 3, respectively. It is seen that correlations exist up to
around 15 Å in the low-temperature state, and that at high
temperatures all magnetic correlations have almost vanished.
The temperature dependence of the ten most intense peaks
are shown in Fig. 3(d). All of them have a gradual decay,
showing that the magnetic correlations of the spin-glass state
are present over a wide temperature range. To compare the
temperature dependence of the different peaks, the normalized
peak amplitudes are shown in Fig. 3(e). All the peaks have
almost the exact same temperature dependence. This suggests
that the same type of correlations are present at all measured
temperatures, whereby the average extent of the correlations
are temperature independent, and that only the correlation
amplitude changes with temperature.

That the average correlation length is independent of tem-
perature is also found from a more conventional analysis of
the total scattering data. From the inverse of the broadness
of the diffuse features, the length scale of the local order
can be estimated. We obtain this by fitting the diffuse max-

ima along the (H,0.5,0) line at around H = 2 (as there are
no Bragg peaks there) with a Lorentzian function, L(H ) =
c + S γ

π [(H−H0 )2+γ 2] , where c is a flat background term, S is
the integrated amplitude of the peak, H0 is the center of
the peak, and 2γ is the FWHM. The average correlation
length is then calculated as Average Correlat ion Length =
a/

√
FWHM2 − FWHM2

inst, where a is the unit-cell length
and FWHMinst is the instrumental broadening, here estimated
as the width of the close (400) Bragg peak, which is not
affected by diffuse scattering. Figure 4(a) shows the scattering
intensity along the (H, 0.5, 0) line at around H = 2. The diffuse
scattering is seen to decrease with increasing temperature.
The fitted integrated amplitude S of the peak is shown in
Fig. 4(b) and follows a similar decrease as was seen for the
peaks in the 3D-m�PDF in Fig. 3(e). The average correlation
length is found to be 17.3(6) Å at 7 K and is approximately
constant within the error bars over the whole temperature
range, as shown in Fig. 4(c). This is in good agreement with
the 3D-m�PDF, where features are seen up to approximately
15 Å. It is noteworthy that there is still a very weak signal
left at 300 K, which gives approximately the same aver-
age correlation length as the low-temperature data, although
with a much larger uncertainty. Observation of temperature-
independent correlation lengths over a wide temperature range
combined with a slow decay of diffuse scattering amplitudes
with increasing temperature have previously been reported for
other concentrated spin-glass systems [36]. In the production
of the 3D-m�PDF, the 300-K dataset was subtracted from
lower temperature data to isolate the magnetic contribution
to the diffuse scattering. As we find that there still appears
to be a very weak magnetic signal at 300 K, this subtraction
also removes a small part of the magnetic signal. We do not
expect this to have a significant influence on the resulting
3D-m�PDF, as it appears both from Figs. 2(a)–2(d) and Fig. 4
that only the scale of intensity of the magnetic diffuse signal
changes with temperature, while the shape and relative inten-
sity distribution around reciprocal space are independent of
temperature. This would result in the isolated magnetic diffuse
scattering and thereby also the 3D-m�PDF having a slightly
lowered overall scale. The different temperatures would be

144404-6



MAGNETIC CORRELATIONS AND STRUCTURE IN … PHYSICAL REVIEW B 100, 144404 (2019)

affected equally by this, thereby introducing a small constant
downshift in the scale of the resulting 3D-m�PDFs. The
amplitudes of the correlations, as interpreted from Figs. 3(c)
and 3(d), might then appear to be slightly too low. How-
ever, as there is a large agreement between the temperature
dependence of the 3D-m�PDF peak amplitudes in Fig. 3(d)
and the diffuse intensity found in the total scattering data, as
plotted in Fig. 4(b), there does not seem to be a significant
underestimation of the 3D-m�PDF scales.

IV. DISCUSSION

It is interesting to consider why the mixed Fe1.12Mn0.88O3

is magnetically disordered while the pure Mn2O3 and
β-Fe2O3 seem to have antiferromagnetically ordered states at
low temperature. It has been shown that an fcc lattice with
antiferromagnetic nearest-neighbor-only interactions will not
order but that a next-nearest-neighbor interaction is needed for
antiferromagnetic order [37–39]. The metal sites of the cubic
bixbyite structure form a slightly distorted fcc structure and
could therefore be expected to have a similar geometric frus-
tration to the ideal fcc lattice. In the case of pure Mn2O3, the
compound has a phase transition to an orthorhombic structure
before the ordered antiferromagnetic state is obtained, thereby
avoiding the geometric frustration of the fcc lattice. The addi-
tion of 9% of Fe or more fully suppresses this structural tran-
sition [24]. This could suggest that the effect of Fe is simply to
keep the compound in the near-fcc structure where geometric
frustration will be present. However, this simple explanation
is not consistent with the reported ordered antiferromagnetic
state of β-Fe2O3, which has the cubic bixbyite structure with
no indication of a low temperate structural transition [28].
One explanation for this could be if the pure β-Fe2O3 has
stronger next-nearest-neighbor interactions than the mixed
Fe1.12Mn0.88O3, which would circumvent the geometric frus-
tration of the fcc lattice. Another possibility is that β-Fe2O3

does not have a long-range magnetic ordering. Although no
neutron-scattering data has been reported for the compound
yet, this does not seem to be the case, as heat-capacity and
Mössbauer spectroscopy data are consistent with an ordered
state [28,29]. A more likely explanation for the observed mag-
netic disorder in Fe1.12Mn0.88O3 might then be that it is not
purely a geometrical frustration but due, either partly or fully,
to the disordered distribution of Mn3+ and Fe3+ magnetic
moments. Since the atomic structure of the bixbyite crystal
is disordered with Mn/Fe distribution over two metal sites, it
would be expected that the local magnetic structure is different
depending on the local distribution of the two elements. As
Mn3+ and Fe3+ have different magnetic moments, there will
be differences in the Mn-Mn, Fe-Fe and Fe-Mn interactions.
Furthermore, there could be differences even within each of
these interaction types depending on what elements are locally
surrounding a given metal center. Each metal site can be seen
as having 12 first neighbors in the distorted fcc structure of
only the metal atoms. A Mn-Mn interaction can vary depend-
ing on whether the Mn has only Mn neighbors or if it has 11 Fe
neighbors and only 1 Mn neighbor, and so on. On top of this,
the distortion of the structure gives slightly different angles
and distances between neighbors, which might also depend
on local elemental distribution, and this could further change
the local interactions. The local spin distribution is therefore

expected to be incredibly complex in bixbyite. However, from
the 3D-m�PDF we get a detailed 3D view of the magnetic
short-range correlations, directly giving information about the
preferred relative orientations of spins. This clearly shows
that the short-range order is dominated by antiferromagnetic
interactions between the nearest neighbors which propagate
through the structure, giving alternating signs for the correla-
tions depending on the order of the neighbor.

From the 3D-m�PDF it is seen that the magnetic corre-
lations of the low-temperature state are present well above
the 32-K peak in the magnetization data, showing the buildup
of local correlations to occur over a wide temperature range.
These results are in good agreement with the physical property
measurements, where a deviation from ideal paramagnetic
Curie-Weiss behavior is apparent already below 150 K, and
no clear peak is found in the heat-capacity measurement at
32 K, as was shown in [18]. It is common for spin-glass
systems to have strong local correlations at temperatures up
to around 5 times the transition temperature given by the
peak in magnetization data [36,40–45]. Here we see that
very weak local correlations are present even at 10 times
the transition temperature. The peak in magnetization data
shows the temperature at which the spins freeze into a static
configuration, or at least have slower dynamics than the
timescale of the measurement. Above the transition, the same
local correlations will be present but will not be frozen in time.
This also means that the diffuse scattering above the spin-glass
transition is not strictly elastic but quasielastic. However, the
energy discrimination of the CORELLI instrument used for
these experiments includes both the elastic and quasielastic
signal, allowing us to see the correlation both below and above
the spin-glass transition.

The physical property measurements showed a negative
Weiss temperature, indicating antiferromagnetic interactions
in the paramagnetic regime. This agrees with the low-
temperature magnetic correlations in the glassy state found
from the 3D-m�PDF. The correlation length has been esti-
mated from two different approaches, giving results in good
agreement. One is by the length for which features are seen
in the 3D-m�PDF, which is up to around 15 Å. The other is
by analyzing the broadness of the diffuse scattering features,
giving a result of 17.3(6) Å at 7 K. The consistency of these
methods should be expected, as the 3D-m�PDF contains the
same information as the diffuse scattering but in a format
which is more intuitive to interpret.

In conclusion, we have followed the structure, properties,
and short-range magnetic correlations over a wide temper-
ature range for bixbyite mineral samples with overall com-
position Fe1.12Mn0.88O3. The Fe and Mn atoms are disor-
dered over the two metal sites, with Fe having a preference
for the more symmetric 8b site, in agreement with earlier
Mössbauer studies. Upon cooling, bixbyite undergoes a spin-
glass transition near 32 K with no change in the atomic
structure. The magnetic correlations of the spin-glass state
are found to be present to much higher temperatures than the
glass transition temperature, consistent with other spin-glass
systems [36,40–45]. The magnetism is dominated by antifer-
romagnetic interactions between nearest metal sites, which
propagate to give correlations that are observed up to distances
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of 15 Å. The average correlation length is found to be indepen-
dent of temperature, while the correlation strength decreases
with increasing temperature over a wide temperature range,
which are features that have previously been found for other
concentrated spin-glass systems [36]. Bixbyite presents a
complex, atomically disordered system where conventional
methods for studying short-range order are severely chal-
lenged. However, with use of the 3D-m�PDF the average
magnetic correlations can be established, as it provides a
model-independent real-space view of magnetic correlations.
Through this approach, we have revealed that the local mag-
netism is dominated by antiferromagnetic interactions, but

long-range order is inhibited by the atomic disorder that
disrupts these correlations.
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