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The divalent transition metal arsenates with the general for-
mula AAs;Og, where A is Mn, Co, Ni, were prepared. Their
crystal structures were refined wsing the Rietveld profile method
with neutron powder diffraction data in the space group P-31m.
NiAs;Og has the unit cell dimensions (A) @ = 4.7585(7), ¢ =
4.4349(4), Z = 1, and V = 86.97 A3; for CoAs;O5, a = 4.7768(12),
¢ = 4.4968(8), and V = 88.09 A% and for MnAs;Osa = 4.7956(9),
¢ = 4.6923(6), and V = 93.45 A3. Magnetic properties were exam-
ined down to 5 K. Magnetic susceptibility data reveal the presence
of Jong-range order in these materials, while higher temperature
data resemble those of a simple antiferromagnet and no indication
of the presence of any short-range order was observed except in
the case of NiAs;(;, in which rather weak ferromagnetic correla-
tions were detected. The magnetically ordered state was investi-
gated by the use of the low-temperature neutron diffraction.
NiAs;0s and CoAs,O; have the same propagation vector, k =
(00}), while an incommensurate magnetic structure was observed
for MnAs,0q, in which the magnetic superlattice reflections were
indexed with the propagation vector k = (0.055, 0.389, 0.136).
These results are compared with the phase diagrams of Reimers
and Dahn for a triangular lattice with ..AAA.. stacking. o 1995
Academic Press, Inc.

INTRODUCTION

‘For a number of years, the complex oxides of the gen-
eral formula AB,0O,, where A is a divalent transition
metal ion and B is a pentavalent diamagnetic cation such
as Sb'*, Ta’™*, or As’*, have been extensively studied in
our laboratory (1-3). Of particular interest have been
their crystal structures and magnetic properties and the
correlations between them. These oxides are found to
crystallize mainly in two structure types. The trirutile
structure is found for most of the transition metal tanta-
. lates and transition metal antimonates, except for
MnSbyOq and CuTa,O¢. The second structure type is the
lead antimonate, PhSb,0q, structure, which is adopted by
the transition metal arsenates, AAs;O,, in which the cat-
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ions A?* and B** are segregated into different layers.
These two structure types are highly ordered due to the
large difference in the formal charges of the cations A
and B.

Transition metal antimonates and tantalates were stud-
ied extensively in the past few years and were reviewed
by Greedan recently (3). As for the transition metal arse-
nates, little has been published since they were reported
by Magneli in 1941 (4), who synthesized and determined
the cell parameters of cobalt arsenate along with some
alkali earth arsenates. Taylor and Hyde (5) then reported
the synthesis and cell parameters of CoAs;Og and
NiAs;0,, which were in accordance with those reported
previously by Magneli. Later, Kasper (6) investigated the
spectrophotometrical properties of CoAs,O, and
NiAs,O¢ among other oxides of the general formula
AB,0s.

Detailed studies of the crystal structures or the mag-
netic properties of these compounds had not been re-
ported. With respect to their crystal structures, Magneli
had proposed that these arsenates adopted the lead anti-
monate, PbSb,0, structure with the A2* and As®* atoms
assigned to special positions in the space group P312, and
the oxygen atom coordinates were determined from crys-
tal-chemical considerations, Subsequently, Hill (7) has
examined the PbSb,0; structure and has concluded that
the correct space group is P-31m. It is of interest here to
determine which space group is appropriate for the
AAs;0¢ phases.

In this paper the crystal structure and magnetic proper-
ties of the transition metal arsenates AAs;Og, where A is
Ni, Co, Mn, are¢ reported. The preparation of MnAs,04
was attempted for the first time. Often compounds of
Co?* (r = 0.745 A) and Ni?* (r = 0.690 A) are isostruc-
tural (8} while the larger Mn2* (r = 0.830 A) sometimes
adopts a different structure type as in the case of the
transition metal antimonates. The stability range of the
PbSb;0y structure is dependent on the ratio of the ionic
radii of A and B ions. As far as the arsenates are con-
cerned, the upper and lower limits for the radius ratio
(A?*: As®") are 2.6 and 1.5 according to Hill (7), which
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suggests that MnAs,0¢ should also adopt the PbSb.0O,
structure.

The transition metal sublattice in these materials forms
layers of hexagonal nets stacked in an ...AAA... fashion.
Reimers and Dahn (9) have recently studied the magnetic
phase diagrams of this and other stacking sequences for
hexagonal lattices in the mean field approximation and it
is of interest to compare the observed magnetic proper-
ties with these predictions.

EXPERIMENTAL

I. Sample preparation. These arsenates were pre-
pared by a solid state reaction of a 1:1 molar ratio of
arsenic pentoxide and the transition metal oxides, MO.
Due to the high hygroscopicity of the arsenic pentoxide,
careful drying procedures had to be followed. The mois-
ture content of the pentoxide was determined by the use
of thermogravimetric analysis, TGA, for every prepara-
tion, which typically was found to be in the range 14-20
wit%.

A careful drying procedure was necessary for these
preparations to be successful. All the weighing and mix-
ing were done in a dry box, and the mixture was pressed
into pellets and transferred as guickly as possible to a
quartz tube which then was dried under vacuum as fol-
lows: the mixture of MO and As,Os was heated at 100°C
for 24 hr and at 200°C for 30 to 40 hr depending on the
moisture content. The dehydration of the pentoxide can
be represented by the following chemical reaction (10):

A5205 ) xH20 — H5A530|0 — ASgOs.

The tube is then sealed under 1 x 10-7 Torr and soaked
for one week at 650-750°C. The quartz tubes were pro-
tected by a ceramic tube during the firing. In the course of
these preparations, severe attack of the quartz tubes was
observed.

NiO (AESAR, 99.998%) and As;0Os (AESAR, 99.99%)
were heated to 700°C for one week. The yellow color of
the product was consistent with that reported by Taylor
and Hyde (5). It was verified by the use of the powder X-
ray diffraction that the product was single phase. The
reaction of CoO (ALFA Inorganics) and As,O; (AESAR,
99.99%) yielded a purple product which was analyzed to
be a single phase and of the composition CoAs:O¢. This
reaction mixture was heated at 650°C for four days.

Identical procedures were used in the case of the man-
ganese arsenate where a mixture of MnO (AESAR,
99.5%) and As,Os (AESAR, 99.99%) was heated to 700°C
for one week. A pinkish white product was obtained
which has an X-ray powder pattern very similar to that of
the cobalt and nickel counterparts. The cell parameters
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were determined by least-squares fit of the scanned data
from the Guinier film.

2. X-Ray Diffraction

The cell parameters were determined by the use of a
Guinier—-Hagg camera (IRDAB XDC700) with CuKal1 ra-
diation and a Si standard. The Guinier films were read
with a computer-controlled, automated LS-20 type line
scanner (KEJ Instruments, Toby, Sweden). Using the
output of the scanner, the cell parameters were refined
using the LSUDF least-squares program. These cell pa-
rameters were then used in the Rietveld refinement fit-
tings.

3. Neutron Diffraction

Room-temperature and low-temperature neutron data
were collected at the McMaster Nuclear Reactor, MNR,
with 1.39-A neutrons. The detector was a three-tube po-
sition sensitive detector which has been described previ-
ously (11}. The sample holder for the room-temperature
experiments was a thin-walled vanadium can while that
for the low-temperature experiments was an aluminum
can with helium exchange gas which ws sealed with an
indium gasket, Low-temperature neutron diffraction data
for MnAs;Og were collected at the Dualspec diffractome-
ter at Chalk River labs with 1.45-A neutrons.

Nuclear structure refinements were carried out by the
Rietveld profile method using DBWS9006PC by
Sakthivel and Young (12). Magnetic structures were re-
fined using the RIETAN program written by lzumi (13)
which is capable of modeling neutron scattering from
magnetic structures with collinear spin arrangements.
The magnetic moment of each magnetic site and the angle
between the spin direction and the unique axis of the unit
cell can be refined using the equations given by Shirane
(14). Magnetic form factors were taken from Watson and
Freeman (15).

4. Magnetic Susceptibility

Magnetic susceptibility data were collected with a
Quantum Design SQUID magnetometer using a pressed
polycrystalline pellet. The magnetometer was calibrated
with a high-purity palladium sample.

RESULTS AND DISCUSSION

Crystal Structures

In the course of the refinement of these arsenates, the
structure was described, initially, in the space group
P312, i.e., the Magneli model, with the A2* ion fixed at
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TABLE 1

Refinement Conditions for A As;Og Compounds

NiASzoﬁ CoAs; O MHAS206
a(A) 4.4785(7) 4.7768(12) 4.7956(9)
c(f&) 4.4349%(4) 4.4968(8) 4.6923(6)
Volume({A? 86.97 88.09 93.45
Space group P-3lm P-31m P-31m
26 range 10-115 12-113 12-100
No. data points 1070 1030 980
Independent reflec-

tions 93 86 100

No. parameters refined 18 18 18
*Rop? 7.85% 8.51% 8.13%
R, 6.07% 6.59% 5.98%
R, 6.82% 7.11% 4.39%
Ry 2.5% 2.59% 3.10%

a pr = 100[2 wl‘(Yobs -
E‘Yobsl); R = 100 [(Ellobs -
w; Yopsl.

Yt:a.l)z'f2 Wi Yubs]‘; R'p = 100 (Echbs - Y:a||1'
Icall)'llE chs]; chp = 100 [(N - P+ C)/E

the origin, the As’* ion distributed over two special posi-
tions, 1d (3, %, §) and 1f (%, 4, 3), and the O atoms assigned
to the general position &/ with the coordinates (x, 0, z).
The refinement results confirmed the general atomic ar-
rangements proposed by Magneli, but some problems
were noticed such as the instability of the refinement, the
negative temperature factors, and the lack of conver-
gence when the O atom coordinates were released. These
problems were similar to those encountered by Hill (7) in
the refinement of the crystal structure of PbSb,O4 which
was subsequently refined in the space group P-31m. The
results found here confirm the prediction of Hill that the
space group P312 has an unnecessarily low symmetry for
the AB-,Qq arsenates.

Thus, a full-matrix least-squares refinement in P-31m
with 18 variable parameters was performed on the neu-
tron diffraction data for each of the three phases. The

TABLE 2

Atomic Positions for AAs;O; Compounds

Atom  Site x ¥ z B (A2
NiAs;Og Ni la 0.0 0.0 0.0 0.16(6)

As 2d 113 23112 0.62(7)

0 6k 0.3595(6) 0.0  0.2739(5)  0.49(4)
CoAs, 04 Co la 0.0 0.0 0.0 0.48(10)

As 2d 1/3 2/3 1/2 0.30(7)

Q 6k 0.3626(6) 0.0  0.2759(7)  0.53(8)
MnAs;O, Mn la 0.0 0.0 00 0.29(11)

As 2d 1/3 213112 0.81(6)

0] 6k 0.3704(3) 0.0 0.2835(5)  1.20(4)

NAKUA AND GREEDAN

20000 - :
T observed
calcuiated
] — difference
15000 4
E 10000 F
= 3
= 3
S 3
5000 3
01 e
E 1 1 LKt LI I T O O L I A N [ I [N A N)
1 —
0 20 40 60 80 100 120 140
26
FIG. 1. The Rietveld refinement pattern of neutron diffraction data

for NiAs,O. The asterisks represent the observed profile, the solid line
is the calculated profile, the difference is plotted below, and the vertical
bars indicate the Bragg peak positions.

refined variables included a scale factor, cell parameters,
positional parameters, isotropic thermal parameters,
asymmetry, preferred orientation, and background and
profile parameters. Data collection conditions and refine-
ment details of all three phases are summarized in Table
1. Atomic parameters are listed in Table 2 while selected
bond distances and bond angles are tabulated in Table 3.

For NiAs;0s, the Rietveld refinement fit is plotted in
Fig. 1. The NiOg octahedron is very symmetric with a
Ni-0 bond distance of 2.098(6) A, which is in accordance
with the sum of the ionic radii of both ions (2.06 A). Ni2+
appears to be situated in the center of the octahedron as
indicated by the O-Ni-O bond angles. The As—O bond
length is 1.827(2) ;\, which is close to the sum of the ionic
radii of As** and 0%~ (1.86 A).

In the case of CoAs;Og, similar results were obtained.
Figure 2 plots the Rietveld refinement fit. The Co-0O

TABLE 3
Selected Bond Distances and Bond Angles for AAs,Q;

NiAs; Oy COAS;O(, MIIAS;Oﬁ
A-O 2.098(4) 2.131(4) 2.214(4)
As-O 1.827(4) 1.830(3) 1.826(2)
0.-A-0O, 180.0 180.0 180.0
0.-A-0, 8G.84(5) 89.50(6) 89.84(5)
O~A-0Qy 90.16(5) 90.50(6) 90.16(5)
0,-As-0Oy 82.52(6) 82,18(8) 81.39(6)
0.,~As-0, 92.77(11) 92.58(10) 92.07(5)
0,—As-0, 173.23(12) 173.41(12) 170.33(6)
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FIG. 2. The Rietveld refinement pattern of neutron diffraction data
for CoAs,0s. The asterisks represent the observed prefile, the solid line
is the calculated profile, the difference is plotted below, and the bars
indicate the Bragg peak positions.

bond length is 2.131(2) A, which falls within the range of
the reported values for the Co-O bond lengths (1.959-
2.517 A) (8). The As-0O bond length of 1.830(3) A is very
similar to that for the NiAs,;Q¢ compound. In a thorough
study of the CoQOj polyhedra in inorganic compounds,
Wildner (8) surprisingly found that Co®* ions generally
reside in low-symmetry sites and that only 2% of the 112
Co?*0Og octahedra that were included in the study have
the point symmetry —3m.

Regarding MnAs,QOq, the Rietveld refinement fit is plot-
ted in Fig. 3. The Mn-0O bond distance obtained from the
refinement is 2.214(3) A, which compares well with the
sum of the ionic radii with Mn?* having a high spin elec-
tronic configuration {2.18 A).

The framework of this structure type is based on a
hexagonal close packed network of oxygen atoms filled
with alternate layers of octahedral sites that are 2 filled by
As’* ions and % by the A% ions. This leads to sheets of
edge-sharing AsOg octahedra, while the transition metal
ions are located in isolated octahedral sites. This can be
best seen in the (001) projection, Fig. 4. This structure is
then best described as consisting of arsenic sheets formed
by edge-sharing AsQg octahedra, whereas the transition
metal ions are located in isolated octahedral sites with
symmetry —3m positioned above and below the vacant
site, i.e., the centers of the rings in the arsenic layers,
leading to a hexagonal magnetic sublattice with an
...AAA... stacking.

Magnetic Properties
I. Magnetic Susceptibility

Magnetic susceptibility data were measured on poly-
crystalline samples of each of the three compounds. Sim-
ilar behavior was observed in all three phases. In a sharp
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FIG. 3. The Rietveld refinement pattern of neutron diffraction data

for MnAs,05. The circles represent the observed profile, the solid line is
the calculated profile, the difference is plotted below, and the bars
indicate the Bragg peak positions.

contrast to the transition metal antimonates with the
trirutile structure, there was no indication of the presence
of any antiferromagnetic short-range order. This was ap-
parent from the Curie-Weiss fits in which there were no
deviations at lower temperatures except for NiAs,Oq, as
will be discussed, from the predictions of the Curie-
Weiss law. In general, the magnetic susceptibilities of
these compounds resemble those of a simple antiferro-
magnet. All three compounds exhibited what appears to
be a magnetic long-range order transition at low tempera-
tures.

Analysis of the magnetic susceptibility is outlined be-
low. Magnetic long-range order in these compounds was
investigated further with low-temperature neutron dif-

FIG. 4. (001) projection of the 4 As;Oq structure. Polyhedra repre-
sent AsQj octahedra and the transition metal cations are represented as
circles.
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fraction, a discussion of which will be delayed until the
next section.

1. CoAs:0s. Figure 5 shows the magnetic susceptibil-
ity data as a function of temperature of CoAs;0g at an
applied field of 0.1 Tesla. The susceptibility attains a
maximum of 3.63 X 1072 emu/mole at 7 = 20 K and then
drops sharply at lower temperatures. The data above the
ordering temperature, between 50-270 K, were fitted to a
Curie—Weiss law after correcting for core diamagnetism.
The inverse susceptibility is plotted in Fig. 5. The fit
gives an effective moment of 4.98(1) up and a Weiss con-
stant, 9, of ~64.4(4) K. The effective magnetic moment
of Co?* in this compound falls within the acceptable
range of divalent cobalt ions which is 4.4-5.2 ug (17).
Some deviations at high temperatures were apparent,
which result from the contributions of the Van Vleck or
temperature-independent paramagnetism. This contribu-
tion was found to be equal to 3.2 X 10~* emu/mole.

2. NiAs»Q¢. Figure 6 shows the plot of the magnetic
susceptibility data measured at 0.1 Tesla. The maximum
in the susceptibility was 1.35 x 1072 emu/mole and was
observed at 30 K. Figure 6 shows the plot of the Curie—
Weiss fit. The effective magnetic moment is 3.27(7} ug
and 0 is —66.2(8) K. Similar moment values were re-
ported for Ni2t ions as in Ni(NHa.)Cl;, which has an
effective moment of 3.2 up (17). Some TIP contribution
was observed and estimated at 4.0 X 10~* emu/mole,
which seems to be larger than those reported for other
Ni** compounds.

Looking at Fig. 6, it can be seen that there are some
deviations from the expected straight line of the Curie-
Weiss law beginning below about 80 K. These deviations
seem to indicate the presence of weak short-range corre-
lations that are ferromagnetic in origin. This is a unique

NAKUA AND GREEDAN

0.014 5 - 250
0.012 E 200
Zo.010 4, E
3 E 150 ..
g E T
2 0.008 3 F
g 3 M
~5.008 % AN
¢ 3 2
E Soa, o0
0.004 ®a
6.002 Hrerrrr LAtAia i sasanaaazaranaiiiiosy P B Fo
0 50 100 150 200 250 300
T (K)
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(b) the inverse of the magnetic susceptibility versus temperature. Cir-
¢cles represent the observed data and the solid line denotes the predic-
tion of the Curie—Weiss fit.

feature for NiAs,O¢ that is not shared by the other two
phases. Within the planes perpendicular to the c-axis,
neighboring Ni2* atoms are linked through bonds to oxy-
gen atoms at angles of 90°. A ferromagnetic short-range
order within the planes can be anticipated, as the Good-
enough-Kanamori rules predict ferromagnetic interac-
tions for this type of arrangement (19).

3. MnAs;Os. The susceptibility data of MnAs,O¢ are
plotted in Fig. 7 and the maximum value of 0.119 emu/
mole is reached at about 13 K. The susceptibility data in
the range between 20-280 K were fitted to a Curie—-Weiss
law, the results of which are plotted in Fig. 7. The effec-
tive magnetic moment obtained from this fit was 5.90(2)
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FIG. 7. {a) Magnetic susceptibility versus temperature for
MnAs,Og; (b) the inverse of the magnetic susceptibility versus tempera-
ture. Circles represent the observed data and the solid line denotes the
prediction of the Curie—Weiss fit.
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TABLE 4
Magnetic Susceptibility Parameters for AAs,Og
Phase T} med(K) Menlptn) 6(K) TIPemimee R(%)
NiAs,O¢ 30 320N —66.2(8) 4.0 x 10~ 1.56
CoAs, 0 20 4.98(6) —64.4(4) 3.2 x 107 4.18
MnAs,0¢ 13 5.90(2) =20.7(1) 0.0 1.23

¢ R{%) = 100 {Z(Xobs ~ Xea/Z xons?Zh

up and 8 was —20.7(1). The Curie~Weiss law predictions
fit the observed data rather well. This is because the
ground state level of Mn?* is 8§, which is not split by the
octahedral crystal field but gives rise to a 84, term. This
term is an orbital singlet, consequently it has no orbital
angular momentum associated with it and spin-orbit cou-
pling cannot raise the degeneracy of this term, which
leads to a theoretical magnetic moment of 5.92 ug, ie., a
pure spin-only moment, which compares very well with
the experimental moment for MnAs,QO¢.

Table 4 summarizes the experimental values of the sus-
ceptibility parameters for these arsenates.

This structure imposes restrictions on the distances
and bond angles which connect the magnetic ions and
hence dictate the potential superexchange pathways that
can give rise to magnetic correlations. Figure 8 delineates
the possible superexchange pathways in this structure in
the (100) projection. Remarkably, the (100) projection re-
sembles very closely the (001) projection of the trirutile
structure except for the relative positions of the ligands.
The nearest neighbor interaction J, involves the superex-
change pathway A-O-A, with two unequal A—O bonds
of 2.0 and 3.3 A and an angle of 90°, and the next-nearest
neighbor interaction J, involves the path A-O-0-A,
where the angle A-O-0 is 160° with an A-O bond dis-
tance of 2.0 A and O-0 bond distance of 2.4 A. The
absence of a dominating superexchange pathway could
be the reason for the absence of any significant short-
range order correlations in these oxides.

II. Long Range Order

Magnetic ordering in the triangular lattice has been a
subject of many studies in the past (20-22). Antiferro-
magnetic ordering on a single triangular lattice is frus-
trated because at least one antiferromagnetic bond on
each triangle must be broken, However, when triangular
lattices are stacked along the third dimension and inter-
planar interactions are nonzero, long-range ordering can
occur. This ordering is very dependent on the way mag-
netic ions are stacked with respect to each other. In these
oxides, the magnetic ions form layers perpendicular to
the c-axis. These layes are stacked in such a way that the
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sites of the magnetic ions are directly above and below
each other with no offset in the {100} or (010) directions,
which results in what is known as ...AAA... stacking,
Reimers and Dahn (9) studied the effect of this and other
stacking patterns on long-range order in the triangular
spin systems using the mean field theory formalism. They
studied the effect of the relative strength of the in-plane
and interplane interactions in stabilizing a particular or-
dered state. For systems with small interplanar spacings,
as in these arsenates, the interplanar interactions might
be more important than the in-plane interactions. In such
cases, the mean field calculations predicted that the
phase diagram is divided into regions characterized by
the wavevectors (3, §, 0) and (0, 0, $).

To further investigate the magnetically ordered state,
low-temperature neutron diffraction data were coltected
for these compounds. In all cases additional superlattice
reflections were observed to disappear above their re-
spective T.'s, suggesting that.these additional superlat-
tice reflections are magnetic in nature,

1. Magnetic structure of NiAs.Og;. Neutron diffrac-
tion data were collected at 10, 20, 25, 28, and 30 K in the
20 range 6-35°. The results can be summarized by consid-
ering the data at five temperatures as shown in Fig. 9 in

®  merai cation

QID oxygen anion

The possible superexchange pathways in the AAs;Qq com-

FIG. 8.
pounds.



408
50000 -
40000 3 3
E w
) ] o
£ 30000 3 v
% 1 a0k - g S
= i X,
1 ot
Oogopo] 2K T
7 .
q "
7 25 K e e T e
O L G N W Y e
10000 3 .
1 10K ™\ N N B W
] 1 ] 1
0 Frrrrrrr P S W ——
¢ 5 10 15 20 25 30 35 40
20

FIG. 9. Low-temperature neutron scattering data for NiAs,O, col-
lected at various temperatures. The superlattice reflections are indi-
cated by vertical bars.

which two superlattice reflections at 28 angles of 8.88 and
21.48° can observed to gradually decrease in intensity
until they disappear at about 30 K, indicating that they
are magnetic in origin. These magnetic peaks can be in-
dexed on a magnetic cell of a; and 2c. (a. and ¢, are the
chemical cell constants), i.e., a magnetic propagation
vector & = (00%), so that these peaks can be indexed as
(001) and (003) on the magnetic cell.

The refinement was carried out in the space group P-
31m. Figure 10 shows a good fit of this model to the
observed data with R,, = 6.08, R, = 4.50, and R.,, =
4.10. The atomic positions and the cell parameters were
fixed during the refinement. The scale, background, full
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FIG. 10. The Rietveld refinement fit of the magnetic scattering data
for NiAs;O4. The upper set of bars indicates the magnetic Bragg peaks
and the lower set corresponds to the nuclear Bragg peaks.
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width at half-maximum parameters (U, V, W), overall
temperature factor, asymmetry parameter, preferred ori-
entation, magnetic moment, and angle ¢ were refined.
The magnetic moment of Ni** obtained was 2.11(3) usg,
which compares well with the magnetic moments re-
ported in the literature such as the magnetic moment in
Ni?* in KNiF; with g = 2.2 up (23) and in K;NiF, with
u = 1.9 up (24). The angle ¢ was refined to 61(6)°; the
large standard deviation in the angle ¢ would make it not
very reliable. Fixing the angle at 90° gives a worse fit with
Ru, = 8.2.

Based on the above results, the spin arrangements in
this compound can be described as consisting of an alter-
nating sequence of ferromagnetic (001) layers coupled
antiferromagnetically.

In principle, this compound can undergo a meta-
magnetic transition, i.e., a field-induced transition from
the antiferromagnetic state directly to the saturated para-
magnetic phase. Such a possibility was further investi-
gated by measurng the magnetic susceptibility as a func-
tion of temperature at various magnetic field strengths.
These results are summarized in Figure 11, in which the
antiferromagnetic transition persists even at 5 Tesla,
which rules out the presence of the metamagnetic transi-
tion in this field range.

2. Magnetic structure of CoAs,0¢. Similar measure-
ments at low temperatures as those performed on the
NiAs;0s were done on this sample. Low-temperature
neutron diffraction data were collected at 9, 12, 17, I8,
19, and 19.5 K. These superlattice reflections were ob-
served at the 28 angles of 8.75, 21.27, and 35.10°, which
then disappeared above about 20 K. This temperature
corresponds to the ordering temperature as indicated in
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FIG. 11. Variation of the magnetic moment as a function of field for
NiAs;Og. The magnetic moment is shown versus temperature at various
magnetic ficlds.
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FIG. 12. Low-temperature neutron scattering data for CoAs,Oq at
various temperatures. The superlattice reflections are indicated by the
vertical bars.

the magnetic susceptibility data, suggesting that these su-
perlattice reflections are magnetic in origin. The neutron
diffraction results are summarized in Fig. 12, in which the
intensity of the superlattice reflections decreases as the
temperature is increased and finally vanishes at about
19.5 K. As in the case of NiAs,Og, these superlattice
reflections can be represented by a propagation vector
k = (00%) and were indexed as (001), (003), and (111),
respectively.

Likewise, the refinement was carried out in the space
group P-3Im. The atomic positions and the cell parame-
ters were fixed during the refinement. The magnetic mo-
ment of cach magnetic site and the angle between the
spin direction and the unique axis of the lattice, ¢, were
refined. A reasonable fit was obtained with the R factors
Ry = 7.86, R, = 5.85, and R.,, = 4.13. The profile pat-
tern of the fit is plotted in Fig. 13. The refined magnetic
moment of Co?* ion was 2.66(30) wg, which is somewhat
smaller than other reported magnetic moments for Co?*,
for example, RbCoF; with w of 3.0 ug (25} and CoO with
p of 3.5 up (26). The angle between the spin direction and
the c-axis, ¢, is 66(16)°. The standard deviation of ¢ in
this case is even larger than that for NiAs;Og, but it re-
suited in an improvement of the fit which is evident from
the fact that a refinement carried out with the parameter
¢ fixed at 90° gives an Ry, of 9.30.

Since the intensity of the magnetic scattering at zero
field is proportional to the square of the spontaneous
magnetization, the temperature dependence of the inten-
sity of the magnetic peaks yields the behavior of the mag-
netization and thus the critical exponent 8. It was possi-
ble to estimate the critical exponent 8 and the critical
temperature 7. by using the intensity of the magnetic
reflection (001) obtained from the neutron diffraction data
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between 9 and 19.5 K. The values for T. and 8 were
determined from a least-squares refinement of the rela-
tionship

T - T\
Mo ( T, ) ’
where M is the spontaneous magnetization and g is the
magnetization critical exponent. A log-log plot, Fig. 14,
of the spontancous magnetization versus reduced tem-
perature, ¢, gives T, = 19.1(2) and 8 = 0.27(5). The value
of 8 is closest to that of the 3-D Ising system, which
predicts a 8 value of 0.3125 (27).

As in NiAs,Og, the phase transition in the susceptibil-
ity persisted when measured in magnetic fieldsupto 5 T
indicating that no metamagnetic transition is present in
this material as well.

The magnetic ordering in both NiAs;O¢ and CoAs;0Os is
in accordance with those predicted by Reimers’ calcula-
tions for systems with large interplanar interactions, Sim-
ilar behavior was reported for FeCl; and FeBr;, which
also crystallize in the space group P-3m1 and where the
Fe?* sublattice forms a hexagonal lattice with an ...AA...
stacking (28). Davidson also reported an identical mag-
netically ordered state for 1T-Li;NiD; (29).

3. Magnetic scattering of MnAs,0s. Low-tempera-
ture neutron diffraction data for this material were col-
lected on the Dualspec diffractometer with 1.50-A neu-
trons. A difference plot of the 5 K and the
room-temperature data is shown in Fig. 15 in which a
number of superlattice reflections were observed that dis-
appeared at about 12 K.
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FIG. 13, The Rietveld refinement fit of the magnetic scattering data

for CoAs,0s. The upper set of bars indicates the magnetic Bragg peaks
and the lower set corresponds to the nuclear Bragg peaks.
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FIG. 14. Log-log plot of the magnetic moment versus the reduced
temperature for CoAs,0y.

The vanishing of these superlattice reflections is
clearly shown in Fig. 16 in which the intensity of the
magnetic peaks was traced as the temperature was in-
creased. It was obvious that these superlattice reflections
cannot be indexed by the simple propagation vector k =
(00%), as in CoAs;O4 and NiAs;O4. An extensive search
for a commensurate magnetic unit cell was carned out in
which the combinations (24, 2a, 2¢), (2a, a, 2¢), (3a, 3a,
2¢), (3a, 3a, ¢), (V3a, V3a, 2c), and (2V3a, 2V3a, 2c)
were tried in order to index the superlattice reflections
but without success. We were able to fit all of the su-
perlattice reflections with an incommensurate propaga-
tion vector k = (0.055, 0.389, (.136) in r.l.u. The quality
of the solution was judged by the use of the mean square
deviation in the d-spacing.

Adrms = [Z (dea — dans)?]'?,
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FIG. 15. The difference plot of the 5 K neutron scattering data set
and 15 K data set for MnAs,0. The vertical bars underneath represent
the positions of the superlattice reflections.
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FIG. 16. The variation of the intensity of the superlattice reflections
as a function of temperature for MnAs,0s.

which was found to be 0.016 A for all the indexed peaks,
indicating a reasonable fit. Remarkably, in contrast with
those of the isostructural NiAs,OQg and CoAs,Q¢, the
magnetic ordered state in MnAs,Og is very complicated.
Incommensurate magnetic ordering is rarety observed for
systems with ...AAA... stacking and was obtained in the
mean field calculations only if further in-plane interac-
tions were included. Similar behavior was observed for
the isostructural members CsMnBr; and RbMnBr;, in
which the system CsMnBr; (30) was found to order with
the 120° spin structure, & = (3, §, 0), while the material
RbMnBr; (31) adopts an incommensurate magnetic struc-
ture with the wavevector £ = (0.357, 0.357, 0). Attempts
to find solutions in the XY plane for MnAs,Og were not
successful where the z-component of the propagation
vector was fixed at 0, 4, and 4. This is likely to be a result
of the fact that both the in-plane and the interplanar inter-
actions are important in stabilizing the incommensurate
ordered state in this system. This is interesting because
such a behavior is more likely to be expected in systems
with ...ABAB... or ... ABCAB... stackings in which their
phase diagrams are dominated by regions of incommen-
surate wavevectors (9).
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