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MnSb,0, was investigated by neutron diffraction and magnetic susceptibility techniques. The struc-
ture was trigonal, space group P321, a = 8.8011(3) A, ¢ = 4.7241(1) A. Low-temperature neutron data
gave no evidence of structural change down to 14 K. Inverse susceptibility data show a deviation from
Curie-Weiss behavior below 200 K and the magnetization shows a maximum at 12 K associated with
the onset of three-dimensional order. A Curie-Weiss law fit of the susceptibility data above 200 K gave
an Mn?* moment of 5.76(1) us. The ordered magnetic structure as determined by neutron diffraction
was incommensurate with the nuclear lattice and could be described by a propagation vector 7 =
(0.013, 0.013, 0.179) in reciprocal lattice units. Measured magnetic moments below 7, gave an extrapo-
lated zero point moment of 4.6 uy for Mn?* and critical parameters 8 = 0.31(2) and 7. = 11.92(5)

K. © 1989 Academic Press, Inc.

Introduction

The magnetic susceptibility and specific
heat of tantalates of composition MTa,0s
with M = Fe, Co, or Ni show evidence for
important two-dimensional correlations (/,
2). To extend these studies to include com-
pounds with other divalent and pentavalent
ions the material MnSb,0¢ was studied. A
previous report suggested that this material
crystallizes in the columbite structure (3).
More recently a stronger similarity was
noted between the X-ray powder patterns
of MnSb,0¢ and known trirutile phases
FeSb,04, CoSbyQg, and NiSb,0¢, suggest-
ing a trirutile polymorph (4). However,
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Scott (5) has shown that MnSb,04, when
prepared in air between 900 and 1100°C
from MnO and Sb,0,, forms yet another
structure which is trigonal. A detailed crys-
tal structure for this phase was reported
based on refinement of X-ray Guinier pow-
der data. We carried out a further study of
MnSb,0¢ using powder neutron diffraction
to confirm the structure reported in (5).
One implication of the trigonal structure is
that the Mn?* ions are arranged in layers
consisting of distorted hexagonal nets. As
this feature might give rise to some unusual
magnetic properties a detailed magnetic
study including low-temperature neutron
diffraction was also undertaken.
0022-4596/89 $3.00

Copyright © 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved.



264

Experimental Details

The MnSb,0, sample was a yellow pow-
der prepared according to the procedures of
Ref. (5). Time-of-flight neutron diffraction
data were collected at the Intense Pulsed
Neutron Source (IPNS) at Argonne Na-
tional Laboratory using the General Pur-
pose powder diffractometer (GPPD). The
sample was sealed in a thin-walled vana-
dium tube and data were collected at room
temperature for about 12 hr. A general de-
scription of the time-of-flight method in-
cluding principles of operation, resolution,
line shape, background fitting, and specific
information on the GPPD at IPNS including
detector configuration and other details
have been published (6). Data from the 26
= 150° detector bank were used exclusively
in this work to afford the highest possible
resolution. Data preparation and least-
squares profile refinements were carried
out using the programs RUNPLOT,
TOFPRP, TOFLS, and TOFSTAN, re-
spectively, of the IPNS Rietveld Analysis
package (7). These programs are modifica-
tions of the original versions described by
Von Dreele et al. (8).

The background was fit to a five-parame-
ter function written as

Yox = by + Iv{b; + b:D + by(—1 + 2D?)
+ by(—3D + 4D%) + bs(1 — 8D? + 8D%},

where D = {(2 X TOF/DIFC) — 1}. DIFC is
an instrument parameter determined by cal-
ibration, TOF is the time-of-flight of the
data point considered, Iv is incident neu-
tron intensity for a given TOF, and D in-
creases with d-spacing. The peak shape
function is the ‘‘Jorgensen’’ function de-
scribed in (6). The peak width parameter o
= [og + 01d? + 02d*]"? includes contribu-
tions from the neutron pulse width oy, the
instrument geometry o;, and particle size
effects o5, where d is the d-spacing of the
reflection being considered.

In the full-matrix least-squares refine-

REIMERS, GREEDAN, AND SUBRAMANIAN

ment of the crystal structure the function m
= 3{w(Yops — Yecac)?} is minimized. Y, and
Y. are the observed and calculated profile
intensities at a particular time-of-flight
value, respectively, and w is the weight
which is proportional to the reciprocal of
the observed intensity. The starting values
of the positional parameters and cell con-
stants were those determined by Scott (5)
from X-ray powder diffraction, using a
Guinier camera. Neutron scattering lengths
were taken from Koester (9). No correc-
tions for absorption, extinction, or pre-
ferred orientation were applied.

Low-temperature (7-14 and 30 K) and
room-temperature data sets were collected
at the McMaster Nuclear Reactor (MNR)
using 1.3916 A neutrons obtained from a
[200] copper monochromator. Data were
collected using a position sensitive detector
(PSD) which is essentially the same as that
in use at Missouri University Research Re-
actor (MURR) which has been described
previously (10). Soller-type collimators are
not currently used but an oscillating—-rotat-
ing collimator (ORC) is in place between
the sample and the PSD to reduce back-
ground levels. The resolution of the above
system is similar to that of the facility at
MURR but FWHM values for standard ma-
terials are 20-25% greater in the same 26
range for samples of similar diameter. At
the present sample-to-detector distance of
106 cm and the operating wavelength, use-
ful data are collected over a 25° 26 range for
a single detector setting. Thus, a typical
data set requires collection of four or five
such frames.

The raw data are then corrected for de-
tector geometry and refined according to
the procedures of Ref. (/0). Refinement is
carried out with a version of the Rietveld
profile refinement program as modified by
A. W. Hewat and E. Prince with further
modifications added locally by M. Eitel
(11).

For the low-temperature data sets the
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sample was loaded into a thin-walled alumi-
num can with helium carrier gas and the can
was sealed with indium wire. Bragg peaks
from the aluminum sample holder were
subtracted from the data. This resulted in
rather poor counting statistics in some
small regions of the data set where large
aluminum peaks occurred.

Magnetic data were collected on a PAR
vibrating sample magnetometer using a
pressed polycrystalline pellet between 4.2
and 300 K. Temperature was measured us-
ing a calibrated chromel-gold 0.07% iron
thermocouple. The magnetometer was cali-
brated with a sample of high-purity nickel.

Results and Discussion

Structure Data 14 and 298 K

As expected the positions of the metal
atoms are in good agreement with those ob-
tained by Scott and larger discrepancies are
present in the oxygen positional parame-
ters. This is due to the weak X-ray scatter-
ing power of oxygen relative to the heavier
metal atoms. These results are shown in
Table I and the profile fits are shown in
Figs. 1 and 2.

Comparing the room-temperature param-
eters with those observed at 14 K (also Ta-
ble 1) demonstrates that no significant
structural change occurs at temperatures
near the magnetic transition temperature.

As pointed out by Scott (5) the atomic
positions of MnSb,;0q indicate a similarity
with the Na,SiF4 structure (/2) with a
sfightly different distribution of cations
over the available sites.

Results from the refinement of the room-
temperature data set from MNR are not re-
ported as they were not significantly differ-
ent from IPNS results.

However, the room-temperature cell vol-
ume from the MNR data set was 316.96(9)
A3. When both MNR values (to avoid sys-
tematic errors between instruments) are
compared one can see that within three
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standard deviations the cell volume re-
mains unchanged down to 14 K. Aniso-
tropic temperature factors were refined
with the IPNS data but this resulted in non-
positive definite thermal motion tensors for
both Mn and Sb at the 3f site, so isotropic
thermal parameters are reported. For the
same reason only an overal] thermal param-
eter is reported for the 14 K structure.

Nearest-neighbor bond distances from
the 298 K data are listed in Table Ii, and
show no anomalous behavior when com-
pared to values expected from summation
of atomic radii (/3).

The structure can be described as a close-
packed network of edge-sharing oxygen oc-
tahedra, one-third containing Sb>* and one-
sixth containing Mn?* as seen in Fig. 3. The
z = 0 layer consists of finite edge-sharing
clusters of three MnQOg octahedra surround-
ing one SbOg unit. The z = § layer is easily
pictured as an infinite distorted honeycomb
lattice of SbOg octahedra. The two layers
are connected along the z-direction by cor-
ner sharing between MnOg and SbOg octa-
hedra. Of particular interest is the magnetic
sublattice of manganese atoms which con-
sists of distorted triangular sheets (Fig. 4)
stacked along the c-direction. These sheets
can be described in terms of corner-sharing
large and small equilateral triangles, the
large triangles containing antimony in the
center. The Mn atoms form straight chains
along the c-direction.

Magnetic Susceptibility

Magnetization and inverse susceptibility
data at an applied fieid of 3 kOe are shown
in Figs. 5 and 6. The magnetization data
show a maximum at T, =~ 12.5 K indicating
antiferromagnetic ordering. The inverse
susceptibility deviates strongly from Curie—
Weiss-type behavior below 200 K, which is
most likely due to short-range order in one
or two dimensions. The data between 200
and 300 K were corrected for diamagnetism
and fitted to a Curie—~Weiss relationship x !
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= (T — 0)/C giving C = 4.15(1) and 8 = Magnetic Structure

—3.4(6)°. This corresponds to a p.q of

5.76(1) pp which is slightly lower than the Below 14 K numerous magnetic reflec-
spin-only value of 5.92 ug. tions appear at low angles in the diffraction
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TABLE 1

MnSb,0¢ Trigonal P321,
Z=3

Scott (298 K)  IPNS (298 K) MNR (14 K)

a 8.8054(4) 8.8011(3) 8.802(1)
¢ 4.7229(4) 4.7241(1) 4.7210(4)
Vol. 317.13 316.905(6) 316.74(6)
Mn (3e) x 0.632(2) 0.6329(3) 0.6380(9)
y 0
z 0
B (A) 1.42(43) 0.41(3) 0.03(3)
Sbi (1a) x 0
y 0
z 0
B (AY 1.45(15) 0.46(5) 0.03(3)
Sb2 2d) x 3
y H
z 0.509(9) 0.5060(6) 0.507(2)
B (A 1.45(15) 0.27(4) 0.03(3)
Sb3 (30 x 0.305(1) 0.3045(2) 0.3074(7)
y 0
z 3
B (AY) 1.45(15) 0.24(3) 0.03(3)
01 (6g) x 0.095(11) 0.1049(2) 0.1013(7)
y 0.885(6) 0.8930(2) 0.8905(5)
z 0.766(8) 0.7629(2) 0.7644(7)
B (AY) 1.15(63) 0.49(2) 0.03(3)
02 (6g) x 0.474(12) 0.4747(2) 0.4724(9)
y 0.592(10) 0.5892(2) 0.5898(5)
z 0.744(10) 0.7282(3) 0.730(1)
B (AY 1.15(63) 0.44(2) 0.03(3)
03 (6g) x 0.229(9) 0.2247(2) 0.2235(7)
y 0.768(12) 0.7790(2) 0.7736(8)
z 0.279(10) 0.2818(3) 0.2842(8)
B (&) 1.15(63) 0.42(2) 0.03(3)
Ry 5.7% 6.7%
R, 4.0% 5.0%
Ruane 5.1% 4.1%
Rexp 3.0% 1.7%
No. data points 4799 965
Ind. reflections 359 134
d-Space range (A) 0.575-2.873 0.849-5.71

¢ Weighted profile Ry, = 100 X {{Zw(Yops — Yeurc) V[Ew( Yous)*1}?, profile R, = 100
X EI Yobs - Ycalcl/z Yobs; nuclear Rn = 100 x Z|Iobs - Icalcl/ZIobs, expected Rexp =100 x
{(N ~ P)Zw(You) 2.

pattern. Figure 7 shows the magnetic peaks cal unit cell. Attempts were made to index
at 7.7 K; the nuclear peaks have been re- them on a variety of obvious hexagonal su-
moved by subtracting the 30 K data. None per cells 2a, c), (a, 2¢), and (2a, 2¢). The
of these peaks can be indexed on the chemi- orthorhombic cell (a, V3a, ¢) and its obvi-
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ous super cells were also considered, with-
out success. The small feature at 260 = 19.5°
is believed to result from subtracting two
large nuclear peaks (001, 110) on either side

and is probably not magnetic in origin. All
magnetic peaks were fitted to Gaussians in
order to obtain accurate d-spacings; the
results are shown in Table III.
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TABLE I

SELECTED BOND DISTANCES AND ANGLES AT 298 K 1N MnSb,Oq

Bond Distance (A)® Expected [13] Angle (°)¢
Mn-O  2.288(2) Mn-Ol 73.94(10) O1-Mn-01
2.127(2) Mn-02 2.19 82.37(7) 01-Mn-~03
2.1902) Mn-03 85.17(8) 01-Mn-03
93.17(6)  02-Mn-03
94.89(13) 02-Mn-02
95.59(5) 01-Mn-02
97.37(7) 02-Mn-03
Sb-0O 1.966(2) Sb1-01 78.63(8) 02-Sb3-03
1.968(2) Sb2-02 79.93(6) 02-Sb2-03
1.989(2) Sb2-03 1.96 87.02(6) 01-Sb3-02
1.965(2) Sb3-01 88.10(11) 02-Sb3-02
2.018(2) Sb3-02 88.87(7) 01-Sb1-01
1.993(2) Sb3-03 89.65(8) 01-Sb1-01
90.14(8) 02-Sb3-03
90.74(5) 01-Sb1-01
92.17(5) 02-Sb2-03
93.72(6) 01-Sb3-03
94.18(11) 02-Sb2-02
94.29(11)  03-Sb2-03
96.46(8) 01-Sb3-03
98.24(11)  01-Sb3-01

a Atom labels for oxygen and antimony correspond to those in Table 1.
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Fi1G. 3. One unit cell in the basal plane of MnSb,0x
showing MnQ; (lined) and SbQg (shaded) edge-shared
octahedra at z = 0 (left) and z = } (right).

Incommensurate magnetic structures are
usually described as a spiral with a propa-
gation vector 7. Neutron scattering from
such a magnetic structure occurs at satellite
points in reciprocal space (14),

Q=K=xn,

where K is a reciprocal lattice vector, 7 is
the spiral propagation vector, and Q is the
neutron scattering vector. For a single crys-
tal, locating one satellite in reciprocal space

FiG. 4. Basal plane Mn?* sublattice showing dis-
torted triangular network. Unit cell is indicated by the
dashed line.
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FiG. 5. Magnetization measured at 3 kOe showing
onset of antiferromagnetic ordering at =~12.5 K.

determines 7, but determining 7 from pow-
der data is much more difficult.

In a general spiral structure the spins lie
on cones about which they rotate. The spin
vector on sublattice v in unit cell » can be
expressed as (/5)

S = u sin B{&; cosQmt - R, + ¢,)
+ @, sinQ77 - Ry + )} + i3 cos By,

where p is the magnetic moment, 8, and ¢,
are, respectively, the cone half angle and

80 T T T T T
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Mcl. -De. /omu. >
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TEMPERATURE (Kelwvirm)

Fi1G. 6. Inverse susceptibility (3 kQOe) data () and
Curie-~Weiss law fit (—) above 200 K for MnSb,0¢.
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TABLE 111

PosITIONS, INTENSITIES AND FWHM'’s oF MnSb,0,
MAGNETIC PEAKS

Peak 26 (9 d(A)  Ref int. FWHM ()
1 1099(1) 7.2  1.500(6) 0.99(1)
2 17.58(1) 4.553(4)  0.309(4) 0.78(1)
3 21.45(1)  3.7393)  0.245(3) 0.74(1)
4 22.8%(1) 3.507%3) 0.177(3) 0.76(1)
5 2547(1) 3.1573)  0.12803) 0.66(1)
6 28.34(1) 28432  0.217(3) 0.74(1)
7 29.40(2) 2.7423)  0.069(1) 0.81(3)
8 3144(1) 2.568(2)  0.1032) 0.81(1)

phase angle for sublattice v. The &; (i = 1, 2,
or 3) are an arbitrary orthonormal basis
with @i; along the cone axis. As shown by
the above expression the cone axis compo-
nent of the spins does not modulate and will
therefore cause some magnetic scattering
to occur at normal reciprocal lattice points.
No such intensity was observed in our data,
thus all three 8’s must be 7/2. As a first
guess the phase angles ¢, were chosen to be
0, 27/3, 4m/3 corresponding to a triangular
spin arrangement.

With this information approximate scat-
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tering intensities can be calculated from the
expression (/5)

1(Q) = {Nf(Q)(0.27u) Z, exp2miK - R,
+ i )1 + (Q - b3)}/4,
Q=K=n,

where N is the number of unit cells in the
scatterer and f(Q) is the magnetic form fac-
tor. One can see that 7 only affects the sat-
ellite intensities in a minor way. For small
Q where the form factor is appreciable the
intensities are strongly dependent on the
structure factor alone. Since the magnetic
sublattice is pseudotriangular many of the
structure factors will be close to zero, and
the corresponding satellite reflections can
be ignored in the determination of 7.

A computer was used to search the first
zone for a vector 7 that can index the ob-
served magnetic reflections as satellites of
r.l. points with magnetic structure factors
Fi > Fo0o/10. Using the variance between
observed and calculated 26 values as a mea-
sure of agreement, a list of possible 7’s was
generated which were then refined by a
least-squares routine. A propagation vector
(0.015, 0.015, 0.183) in r.l.u. gave the best

[qV]
5
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+
© +F
S S
=z +
2 + :
© M 3 »
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FiG. 7. Magnetic diffraction peaks for MnSb,Oq at 7.7 K. Nuclear peaks were removed by subtract-
ing the 30 K data. Positions of the magnetic reflections (top line) along with Bragg angles for the unit
cell and two super cells (orth [a, V3a, ¢] and hex [2a, 2a, 2¢}) from top to bottom are indicated.
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FiG. 8. Observed {+), calculated (), and difference profiles of incommensurate magnetic structure
at 7.7 K. Bragg angles of nuclear reflections (bottom line) and magnetic satellite reflections (top line)

are indicated.

fit with a variance that was a factor of five
less than the next best guess.

A modified curve-fitting program was
used to refine the magnetic structural pa-
rameters by fitting a calculated profile to
the observed powder pattern at 7.7 K. The
nuclear structure, cell constants, and peak
width parameters were held fixed from the
14 K refinement. Eight magnetic parame-
ters (u, ¢2, o3, 7, 7y, 7., U3(6), and u3(0))
and four profile parameters (background,

TABLE IV
PARAMETERS FROM PROFILE FIT oF 7.7 K DATA SET

Effective moment o 3.768(8) up
Propagation vector Tx 0.013(1) r.f.u.
Ty 0.013(1)
T, 0.179(2)
Phase angles b2 102(3)°
¢ 239(5)°
Cone axis u (8) 17(8)°
us (¢) 90(4)°

background slope, overall scale, and zero
angle) were refined. The cone axis u; was
refined in polar coordinates and ¢; was
fixed at 0 as only the relative phases be-
tween the sublattices are important. The
magnetic form factor for Mn?* was taken
from Watson and Freeman’s calculations
(16). Table 1V shows resulting parameters
for the 7.7 K data set and Fig. 8 shows the
profile fit.

Figure 9 depicts the above spin structure
with 13(6) = 0.0 (cone axis normal to the a-
direction) projected onto the basal plane.
Since the cone axis is in the basal plane
many of the spins have components out of
the plane. The spin ordering is also modu-
lated along the c-axis with a turn angle
(about the cone axis) of about 65° between
layers.

A similar analysis was carried out on the
scattering data from 8 to 11.75 K with very
little change in the ordered magnetic struc-
ture. An S = $ Brillouin function fit (Fig. 10)
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F1G. 9. Schematic illustration of a projection of the
magnetic structure onto the basal plane indicating how
it modulates from one unit cell to the next in the (110)
direction. Spins oriented perpendicular to the page are
not shown. The modulation direction is indicated by
the small arrow in the unit cell.

to the magnetic moment data from 8 to
11.75 K gave an extrapolated moment of
4.6 up at 0 K. The magnetic moment is
smaller than the expected value for Mn?*;
however, other workers have also found
very low Mn?* moments in RbMnBr; (17)
and CsMnBr; (18). The reduction in effec-

MAG/B.M.

0. S.

0.
TEMP/K

FiG. 10. Observed magnetic moments, fittoan § = 3
Brillouin function, indicating an extrapolated zero
point moment of =4.6 up.
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Fi1G. 11. Log-log plot of magnetic moment versus
reduced temperature (+ = (7. — T)/T,) giving B8 =
0.31(2) and T, = 11.92(5) K.

tive moment in these compounds is as-
cribed to quantum spin fluctuations.

Critical Region

A log-log plot (Fig. 11) of magnetic mo-
ment versus reduced temperature (¢ = (7.
— T)/T.) with the same data set gives 8 =
0.31(2) and T. = 11.92(5) K. Inspection of
the 11.75 K profile refinement shows evi-
dence of critical scattering about the mag-
netic peak at 20 = 11°, which will cause the
measured moment from the profile fit to be
too large. Removing this data point does
not alter B or T, significantly, giving 0.30(2)
and 11.88(5), respectively. 8 seems to be
slightly lower than the expected Heisen-
berg value of 0.35 but this may be a result of
the very high correlation between 8 and T,
when fitting the data. It is worth pointing
out that if the data are fitted with T fixed at
12.1 K then x? increases by a factor of 1.5
and B increases to 0.34(2).

Conclusions

Scott’s trigonal structure for MnSb,0q4
has been verified. Magnetic ordering is
frustrated by the distorted triangular lattice
resulting in an incommensurate magnetic
structure and anomalous behavior of the
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magnetic susceptibility. The critical expo-
nent B is not inconsistent (within three stan-
dard deviations) with 3-d Heisenberg be-
havior as would be expected for Mn?*,
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