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The Mn? " -containing oxide Mn;Ta,Og crystallises in the space group /4, /a with a=11.2728(2) and c=

9.8030(3) A, and with a structure related to the cubic fluorite type. The compound is antiferromagnetic with a Néel
temperature of 23 K. The magnetic structure at 10 K was determined from constant-wavelength (1=1.47 A)
neutron powder diffraction (NPD) data and refined by the Rietveld method to Rp=2.1% and S=1.3 for 80
reflections with magnetic contributions at 20 <60°. The magnetic moments, of magnitude 4.01(2) ug, lie in the ab
plane and are antiparallel with the (001) planes. The spin ordering is similar to that in the cubic fluorite structure of
UO, but with 40% of the magnetic atoms replaced with non-magnetic Ta atoms. The non-magnetic crystal structure
at 295 K was refined to Ry =0.6% using time-of-flight (TOF ) NPD data, anisotropic thermal parameters and 1943

reflections with d>0.55 A.

Introduction

This characterisation of Mn;Ta,Og4 forms part of a general
study of the structures and properties of Mn-Ta oxides. The
Mn-Ta-O system was initially investigated by Turnock at
1200 °C under various partial pressures of oxygen ranging
from 1077 to 1 atm.! Subsequently, we have determined the
structures of the Mn?*-containing compounds Mn,;Ta,0,,,%
Mn;Ta,04> and performed transmission electron microscopy
(TEM) studies of the oxygen-deficient cubic fluorite
Mn, ¢Ta, 4O ¢s.* Preparations with metal contents of 50-80%
Mn at 1000-1450°C in air have further yielded a series of
related incommensurate phases which are under investigation.
Until now, the structure of one of these phases, with composi-
tion Mn, ¢Ta, 4O 7.5, has been solved and refined from X-ray
single-crystal data.’

The structure of Mn;Ta,Og was determined from synchro-
tron X-ray powder diffraction (XRPD) data.® It is related to
the cubic M X, fluorite type and crystallises in the space group
group I4,/a with a=11.2728(2) A~ /5¢; and c¢=
9.8030(3) A~r2a;. The structure type is found to also be
adopted by the compound Ga;_ Ins, .Sn,0,,,° 0.3 <x1.6. The
magnetic susceptibility of Mn;Ta,Og shows a sharp maximum
at 23 K and a Curie-Weiss behaviour at higher temperatures,
with pe;=5.7(1) g per Mn atom, indicating that Mn;Ta,Og

collected at room temperature on the Polaris diffractometer at
the UK spallation neutron source ISIS, Rutherford Appleton
Laboratory, and the normalised patterns were corrected for
sample absorption effects. NPD data at 10 K were collected
at the Swedish research reactor R2 in Studsvik between 4 and
140° in 20 (A=1.47 A). The Rietveld structure refinements
were made with the GSAS program.’

Results
Refinement of the room temperature crystal structure

A Rietveld structure refinement of Mn;Ta,Og, with 18
positional parameters, 8 isotropic thermal displacement param-
eters, 1943 reflections with d values between 0.55 and 3.2 A
and a total of 58 refined parameters, converged with y*=1.4
and Rp=1.1%. Allowance for 40 anisotropic thermal param-
eters in a corresponding refinement yielded an improved and
very good fit between the observed and calculated patterns,
with 7*=0.95 and R-values® of R,,=1.60%, R,=3.57%,
Dwd=0.912 and Rp=0.6%. The obtained atomic parameters
are given in Table 1, together with those determined from the

Table 1 Atomic coordinates and thermal parameters for Mn;Ta,Og

is antiferromagnetic below 23 K. Electron diffraction patterns, Atom  Site  x v - Uy /A2
however, showed the presence of superstructure reflections
which correspond to a primitive unit cell with ¢’'=a and ¢’'= Ta 16(f) 0.42179(7) 0.05600(7) 0.1299(1) 0.0021°
6¢. The synchrotron XRPD data exhibited no corresponding 0.42257(7)  0.05661(9)  0.1300(1)  0.00641(2)"
reflections. Mnl 16(f) 0.3794(2) 0.0488(2) 0.5990(2) 0.0126
NPD data for Mn;Ta,0g were collected with two objectives. 0.3780(5)  0.0505(3)  0.5949(3) 0.0077(1)
! Mn2 4@ 0 1/4 1/8 0.0135
Data were recorded at room temperature in the hope of 0 14 18 0.0073(2)
obtaining further information about the indicated superstruc- Mn3  4() 0 1/4 5/8 0.0051
ture, since the electron diffraction superstructure reflections 0 1/4 5/8 0.0071(2)
could originate from a distortion of the O atom sublattice and (o) 16(f) 0.3718(1)  0.2016(1)  0.2101(1) 0.0078
therefore contribute little to an XRPD pattern. We also 0.362(1) 0.198(1) 0.221(1)  0.0043(3)
collected data at 10K in order to determine an expected  O2 16(f) 832(3)28) gggg?g) gggzg;) 8883;@)
ordered magnetic structure. 03 16(f) 0.1973(1) 03080(1)  0.9996(1) 0.0075
0.196(1) 0.312(1) 0.997(1) 0.0056(3)
Experimental 04 16(f) 03168(1) 0.9626(1)  0.2423(1) 0.0078
0.310(1)  0961(1)  0.243(1)  0.0048(2)

Samples of Mn;Ta,Og were prepared by solid state reaction
as described in ref. 3. TOF NPD data for Mn;Ta,O4 were

“From TOF NPD data. *From synchrotron XRPD data.?
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Table 2 Anisotropic thermal displacement parameters (AZ % 100),
defined by T =exp[—2n?(h*a**U, +...+2hka*b*U,+...)], for
Mn;Ta,04 from TOF NPD data

Atom Uy U, Uss Ui, Uis Uy
Ta 0.25(3) 0.13(3) 0.25(3) 0.04(3) 0.01(3) —0.02(3)
Mnl 1.42(8) 1.09(7) 1.25(9) —0.23(7) —0.74(6) 0.78(7)
Mn2 1.54(11) 1.54 1.0(2) 0 0 0
Mn3 0.36(8) 0.36 0.8(1) 0 0 0
Ol 0.84(5) 0.39(4) 1.12(5) 0.20(3) —0.21(4) —0.34(3)
02 0.62(5) 0.47(4) 0.49(4) 0.04(4) 0.40(3) 0.08(4)
03 1.10(4) 0.49(4) 0.65(4) 0.14(4) —0.44(4) —-0.24(3)
04 0.96(5) 0.82(4) 0.55(4) —0.36(4) 0.11(4) 0.31(4)

synchrotron X-ray data given in ref. 3. The thermal parameters
and selected bond distances and angles are given in Tables 2
and 3, respectively. Note that the O atoms for the Mn2-O
distances are erroneously labelled in Table 3 of ref. 3. In
comparison with the XRPD data, the NPD data provide a
roughly ten-fold better determination of the locations of the
O atoms and thus validate the arrangement of the previously
determined structure. The atomic parameters from the two
data sets appear to differ significantly, however, with the
largest difference found for the z coordinate of Mnl corre-
sponding to 14 e.s.d.s. It is clear that the e.s.d. values in both
data sets are probably underestimated by factors of roughly
2-4, considering that serial correlation® is present, as quantified
by the Durbin—Watson d statistic (Dwd), which has not been
accounted for. However, even if the e.s.d.s are multiplied by
three, there are some differences that correspond to more than
three e.s.d.s. We have no good explanation for this discrepancy.

The diffraction pattern exhibited no extra reflections that
could be ascribed to the superstructure implied by the electron
diffraction studies (c¢f. concluding remarks).

Determination and refinement of the magnetic structure at 10 K

The constant-wavelength NPD pattern collected at 10 K
exhibited three strong reflections of purely magnetic origin:
110, 002 and 310. The two reflections 110 and 310 do not
conform with the glide-plane that is present in the main
structure, and the 002 reflection is not compatible with a 4,
axis, whereas they all agree with the reflection conditions for
an I-centered unit cell. A satisfactory model for the magnetic
structure was arrived at by trial and error. The space group
I1 was used, and atomic coordinates and thermal parameters
were constrained to those of the non-magnetic structure. The
model was refined with reflections in the range 26=10-140°
and magnetic contributions to reflection intensities for 20 <60°
(d>1.48 A) were allowed for. A total of 67 parameters were
refined, including 18 positional and 8 isotropic thermal param-
eters. The fit between the observed and calculated NPD

Table 3 Bond distances (A) and bond angles (degrees) for Mn;Ta,Og

Ta-O1 1.905(2) Mnl-0O3 2.003(2) Mn2-Ol1 2.236(1) x4
Ta-04 1.930(1) Mnl-O3 2.071(2) Mn2-03 2.624(1) x4
Ta-0O3 1.932(1) Mnl-O1 2.155(2) mean 2.43
Ta-02 2.021(1) Mnl-O1 2.493(2)
Ta-04 2.032(1) Mnl-O2 2.508(2) Mn3-02 1.997(1)x 4
Ta-02 2.154(1) Mnl-O4 2.514(2) mean 2.00
Mnl-04 2.622(2)
mean 2.00 mean 2.34
Mnl-O1-Mnl 98.09(8)
Mnl1-03-Mnl 108.0(1)
Mnl1-0O4-Mnl 79.81(3)
Mnl1-O1-Mn2 100.55(6)
103.03(7)
Mn1-O3-Mn2 93.40(7)
102.97(7)
Mn1-0O2-Mn3 113.78(6)
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Fig. 1 (a) Observed (crosses), calculated (solid line) and difference
(bottom) NPD patterns recorded at 10 K for Mn;Ta,Oyg in the range
20=10-40°. (b) Calculated NPD patterns for the non-magnetic and
magnetic structures.

patterns is shown for 20=10-40° in Fig. 1(a) and calculated
patterns for purely non-magnetic and magnetic structures are
given in Fig. 1(b). The obtained atomic coordinates were not
significantly different from those given in Table 1. Only one
parameter was used for the magnetic structure, namely a
collective magnetic moment for all three crystallographically
different Mn atoms, with a refined value of 4.01(2) uy. The
residuals were y2=1.75, R,,=4.24%, R,=3.35%, Dwd=1.37,
Ry=1.0% for the main structure (666 reflections) and Rgp=
2.1% for the magnetic structure (80 tetragonal reflections). A
corresponding refinement with individual magnetic moments
for the three different types of Mn atoms yielded only mar-
ginally smaller residuals and p. values of 3.91(3), 4.17(8)
and 4.04(8) p for Mnl, Mn2 and Mn3, respectively.

Description of the crystal and magnetic structures

We will now give an alternative description of the crystal
structure of Mn;Ta,Og to those given in ref. 3. The O atom
coordination polyhedra around the metals and the thermal
vibration ellipsoids are illustrated in Fig. 2. The Ta atoms are
coordinated by a distorted octahedron of O atoms. The Mnl
atoms are coordinated by seven O atoms at distances between
2.003(2) and 2.622(2) A, and the coordination polyhedron
can be idealised as a cube with one corner missing. The Mn2
atoms are 444 coordinated, with a resulting eight-coordinate
polyhedron that may be described as a distorted cube, and
Mn3 is tetrahedrally coordinated.

The metal atoms are nearly in cubic close packing and the
positional shifts from the metal array found in a cubic fluorite
structure are small. A polyhedral illustration of the Mn atom
arrangement, of relevance to the magnetic structure, is given
in Fig.3(a) together with an idealised arrangement for a
corresponding cubic fluorite type structure. The Ta atoms (not
shown in Fig. 3) are located at positions that are displaced
from the Mn1 positions by z~ 1/2. The structure thus contains
strings of Mnl-vacancy-Ta—vacancy polyhedra along the ¢
axis. The Mn2 and Mn3 atoms are found in the channels
between the Mnl-Ta strings of polyhedra. A visualisation of
the connections between the different Mn—O polyhedra is
aided by noting that the site symmetry for the Mn2 and Mn3
atoms is 4.
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Fig. 2 Coordination polyhedra in Mn;Ta,Og.

Probable pathways for magnetic couplings between the Mn
atoms can be found by inspection of the observed Mn-O
distances. A strong coupling can be expected between the Mn1
atoms in the helical strings along the ¢ axis, shown in Fig. 3,
which are bridged by O3 atoms at short distances and,
additionally, by O4 atoms. The Mnl-O polyhedra in these
strings are further linked to those in adjacent strings via
corner-sharing of Ol atoms. They are also interconnected by

Fig. 3 (a) A polyhedral illustration of the Mn atom arrangement in
the structure of Mn;Ta,Og. (b) A corresponding arrangement for a
hypothetical cubic fluorite type structure.

Fig. 4 An illustration of the magnetic structure of Mn;Ta,Og at 10 K,
projected on the ab plane. The Mnl atom positions are shown by
darker shaded circles and those for Mn2 and Mn3 atoms by lighter
shaded circles. The numbers designate the fractional coordinates of
the Mn atoms along ¢, multiplied by 100. The Mnl atoms that are
symmetry related by 4, axes are connected by dotted lines. A subcell
corresponding to a cubic fluorite type structure is outlined by
dashed lines.

the Mn2 and Mn3 atoms, which both connect to four strings
of Mnl polyhedra via the O2 and O1, O3 atoms, respectively.
The antiferromagnetic structure model for Mn;Ta,Og4 is
illustrated in Fig. 4 projected on the ab plane. The magnetic
moments accordingly lie in the ab plane with a refined value
of 4.01(2) pg. The directions of the moments within the ab
plane cannot be inferred from the powder data.!® No alterna-
tive models could be found that agreed with the observed
intensities of the magnetic Bragg peaks. The colour symmetry
is [4,/a, i.e. spin reversals accompany the symmetry operations
of the a glide and 4, axis. Layers parallel with (001) [and also
with (310) and (130)] contain Mn atoms with parallel
moments, and spins are reversed in alternating layers, situated
at z=1/8, 3/8, 5/8 and 7/8. Each such layer contains four
Mnl, one Mn2 and one Mn3 atoms (plus four non-magnetic
Ta atoms) per unit cell. A subcell corresponding to a cubic
fluorite type structure is outlined by dashed lines in Fig. 4.

Conclusions

The refinement of the crystal structure of Mn;Ta,Og,
representing a new type of structure related to that of fluorite,
from NPD data gives an improved determination of the light
O atom positions and, as a result, also of the metal-oxygen
atom distances. The data set contained no reflections from the
superstructure as seen in the electron diffraction patterns.® The
only explanation we have at present is that the superstructure
domains might be too small to give detectable Bragg peaks in
an NPD or XRPD pattern, but of sufficient size to give
relatively sharp, but in comparison broader, electron
diffraction spots.

The ordering of magnetic moments found in Mn;Ta,Og at
10 K is similar to that in the antiferromagnetic structure of
the cubic fluorite UO,,!! where spins in the (001) planes are
antiparallel. Two major differences between the structures are,
however, that the former is not cubic and contains non-
magnetic Ta atoms that occupy 40% of the metal atom sites
in an ordered manner.
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