Journal of

i ALLOYS
o ’J 5 AND COMPOUNDS
ELSEVIE Journal of Alloys and Compounds 237 (1996) 9-19

The magnetic structures of the mixed layer pnictide oxide compounds
Sr,Mn,Pn,O, (Pn=As,Sb)

Stephanie L. Brock®, N.P. Raju®, J.E. Greedan®*, Susan M. Kauzlarich®*

aDepartment of Chemistry, University of California, Davis, CA 95616, USA
®Institute for Materials Research, McMaster University, Hamilton, Ontario L8S 4M1, Canada

Received 16 June 1995; in final form 14 September 1995

Abstract

Neutron powder diffraction results are reported for the compounds Sr,Mn;Pn,0, (Pn= As, Sb), and the magnetic structures
are determined. The chemical structure can be described as a 1:1 intergrowth of Mn,Pn,*” layers of the BaAl, type with
MnO,*” layers isostructural with the CuO, planes found in cuprate superconductors. The Sr*>* cations separate the two layers.
Two independent magnetic sublattices exist, Mn(1) and Mn(2), associated with the MnO,*” and Mn,Pn,>” layers respectively.
Both sublattices have tetragonal symmetry, Mn(2) being primitive and Mn(1) being centered. The interlayer spacing within
each sublattice is about 10 A and between the sublattices it is about 5 A. Owing to the centering of the Mn(1) sublattice,
interactions between the nearest MnO,” layers cancel, as do interactions between the Mn(1) and Mn(2) sublattices. The
Mn(2) sublattice is found to order at the relatively high temperatures of about 340 K (As) and 300K (Sb) in a type G, structure,
k= (000) with a saturation moment of 3.4 u; at 4 K. At low temperatures new reflections of magnetic origin appear which can
be assigned to the Mn(1) sublattice, but the details are different for each compound. The Mn(1) moments for Sr,Mn;Sb,0,
order below 65 K with k= (1/21/20) along (100), i.e. normal to the Mn(2) spins, with a significantly larger moment of 4.2 .
In Sr,Mn,As,O, one sees much weaker reflections below 75K, the most prominent of which shows a Warren line shape
characteristic of two-dimensional correlations only. Thus it appears that the Mn(1) sublattice may not order in the long range
sense down to 4K in Sr,Mn,As,0,. The properties of the individual sublattices of these manganese pnictide oxides are
compared with similar magnetic sublattices of other compounds.
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1. Introduction

Many layered compounds can be grouped into
categories according to the type of building block units
employed in the structure. Properties associated with a
particular building block can be modified by incorpo-
ration of different layers to create a variety of useful
materials. One example is the huge number of perov-
skite-based compounds. These include the aurivillius
phases, which consist of alternating perovskite and
fluorite blocks, and Ruddlesden-Popper phases which
have NaCl-type blocks alternating with the perovskite
units [1]. Another common building block in layered
compounds is the BaAl, unit [2]. The structure con-
sists of two different Al environments: a tetrahedral
site (A1(1)), and an antiprismatic site (Al(2)). This
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unit appears in many different ternary layered struc-
ture types, among them the ThCr,Si, and CeFeSi
structure types [2]. In many cases, the tetrahedral site
is occupied by a transition metal cation and the
antiprismatic site by a larger main group anion. There
is a well-documented versatility with respect to size
and oxidation state of the elemental components,
which results in a huge number of compounds with a
wide variety of properties. Compounds containing
BaAl,-type units which have received a lot of interest
include the superconducting boro-carbides LnNi,B,C
[3] (Ln=rare earth metal) and the rare earth com-
pounds of the ThCr,Si, structure type [4-10].

We have been studying a series of compounds
A,Mn,Pn,0, (A =Sr, Ba; Pn=P, As, Sb, Bi) [11,12]
which couple the BaAl, unit with MO, planar units,
an important structural feature in many layered oxides
and a critical component in the high T, superconduct-
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ing copper oxide compounds. Indeed it is the variety
and interest in the properties of the two independent
units that has prompted our investigation of these
compounds in which they are combined into a single
structure [13,14]. Our interest is in developing an
understanding of structure-property relationships in
these materials and the synthesis of new compounds of
this structure type. Magnetic susceptibility measure-
ments have been reported on the barium analogs and
they suggest the presence of low-dimensional anti-
ferromagnetic coupling. However, it is difficult to
establish the contribution to the magnetism from the
two unique sites in these compounds from magnetic
suscceptibility measurements alone. Thus, neutron
diffraction measurements have been obtained on two
members of the series, Sr,Mn,Sb,0, and
Sr,Mn;As,0,, in an effort to determine the magnetic
structure of these compounds. This paper will describe
magnetic models for the two compounds and compare
them with structurally related materials.

2. Experimental procedure -
2.1. Materials

SrO was prepared from thermal decomposition of
SrCO; (Johnson Matthey, 99.999%) under vacuum
(1000°C, 48h). Mn flake (Johnson Matthey, 99.9% )
was etched with 15 %vol. HNO; in methanol and
rinsed with acetone before use. As and Sb (Johnson
Matthey, 99.9999%) were used as-received without
further purification. All materials were handled in a
drybox under argon and ground, using a mortar and
pestle, before use.

2.2. Synthesis

Sr,Mn;As,0, and Sr,Mn,Sb,0, were prepared by
combining stoichiometric amounts of SrO, Mn, and As
or Sb, grinding the reactants together in a mortar and
pestle and pressing them into a pellet (5000 Ibf in~?).
The pellets were then placed in an alumina boat and
sealed in a fused silica ampoule under 0.5atm of
argon. The samples were heated to 1000°C by
30°Ch™, left for 1 week, then rapidly cooled. Re-
actions were performed on a 1g scale.

2.3. Neutron diffraction measurements

Powder neutron diffraction data were obtained from
the DUALSPEC diffractometer at the Atomic Energy
of Canada Limited facility in Chalk River, Ontario.
Approximately S5g each of Sr,Mn;As,0, and
Sr,Mn;Sb,0, were loaded, under a helium atmos-
phere, into vanadium sample cells and sealed with an

indium gasket. Neutrons of wavelength 2.508 A, ob-
tained from the reactor source using a silicon crystal
(311) monochromator and a take-off angle of 99.5°,
were employed. A top-loading liquid helium cryostat
was used for data collection between 4 and 275K.
High temperature data were obtained, up to 430K,
with a furnace inset. The data were analyzed using the
FULLPROF software system [15].

_ 3. Results

The compounds Sr,Mn,Pn,0O, crystallize in the
tetragonal space group [4/mmm with lattice parame-
ters a =4.1459(2), ¢ =18.856(2) A (Pn=As) and a =
4.2599(4), ¢=20.093(3) A (Pn=Sb) [11,12]. The
structure, illustrated in Fig. 1, consists of alternating
Mn,Pn,*” and MnO,*" layers separated by the Sr**
cations. The Mn,Pn2” layers are of the BaAl, struc-
ture type. They are built of a square planar Mn
network alternatively capped above and below the
plane by Pn atoms to form an edge sharing MnPn,,,-
tetrahedral network. The MnO,”” layers are com-
posed of MnO,,,>” square planes and are isostructural
to CuQ, layers in the high T, superconductors. The Pn
atoms of the Mn,Pn,*” layers point toward the Mn
atoms of the interleaving MnO,*" layers. This Mn-Pn
interplanar distance is on the order of a van der Waals
interaction [16].

There are two different Mn positions in the
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Fig. 1. A view of the structure of Sr,Mn,Pn,0, (Pn = As, Sb) with
the unit cell indicated. The structure is an intergrowth of BaAl,-type
layers (Mn,Pn,7) and CuO,-type layers (MnO,*").
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Sr,Mn,Pn,0, structure. The Mn atoms of the
MnO,”” layers, Mn(1), sit on the 2a sites and those of
the Mn,Pn,”” layers, Mn(2), are on the 4d sites. From
the figure it is clear that both sublattices have the
expected tetragonal symmetry, but the Mn(1) sublat-
tice is centered while that of Mn(2) is primitive. The
interlayer distances within each sublattice are in the
9-10 A range and those between sublattices are in the
4.5-5 A range. Owing to geometric differences, if the
coupling within the two sublattices is antiferromagnet-
ic, Mn(1) will have an equal number of neighbours in
the Mn(2) lattice with spin up as with spin down,
resulting in no net interaction. This will also be the
case for the coupling of one Mn(1) layer to its nearest
Mn(1) layer, due to the centering of the Mn(1) lattice.
Thus, for the Mn(1) sublattice, antiferromagnetic
interactions will cancel in the ¢ dimension to the
nearest Mn(1) layer as well as to the Mn(2) layers. In
contrast, interactions between the Mn(2) layers along
c are not expected to cancel based on symmetry.
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Fig. 2. Neutron diffraction profiles at 4, 65, and 320K for
Sr,Mn,Sb,0,.
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Fig. 3. Neutron diffraction profiles at 4, 100, and 380K for
Sr,Mn;As,0,,.

Neutron diffraction profiles for Sr,Mn,Sb,0, and
Sr,Mn,As,0, are presented in Figs. 2 and 3 respec-
tively. Upon examination of the powder patterns for
both materials over the entire temperature range
investigated, it is apparent that three distinct regions
exist. In region I, 7>300K for Sb or T >340 K for
As, the pattern could be fit very well with a model
including only the crystal structure details, ie. no
magnetic component. In region II, 65K <7 <300K
(Sbh), 75K <T <340K (As), the (101) and (103)
reflections are significantly enhanced, but no new
reflections appear. At low temperature (region III)
new reflections, which cannot be indexed on the
chemical cell, appear for both compounds.

Refinement results for region I are included in
Tables 1 and 2 for Sr,Mn,;Sb,0, and Sr,Mn;AsO,
respectively. Apart from small decreases in cell con-
stants and thermal parameters as the temperature is
lowered, there are no significant changes in the basic
crystal structure of these compounds down to 4 K.

Concerning region II, the enhanced reflections (101)
and (103) follow the rule & + k=odd, /=odd. This
parallels the situation found for BaMn,P, which con-
tains only the Mn(2) sublattice. As with that com-
pound [17,18], the neutron powder pattern could be fit
assuming a type G, magnetic component, ie. both
intra- and interlayer nearest moments antiparallel,
with the preferred moment direction parallel to c,
associated only with the Mn(2) sites. Typical fits for
region II are shown for both compounds in Figs. 4 and
5 and refinement results are summarized in Tables 1
and 2. The temperature dependence of the Mn(2)
moment extracted from these fits is displayed for both
materials in Fig. 6. The data indicates that transitions
to a long range ordered state occur below about 300
and 340K for the Sb and As compounds respectively.

Turning to region III, one sees significant differ-
ences between the two compounds, as indicated in
Figs. 2 and 3. For Sr,Mn,Sb,0, as many as eight
relatively well-defined reflections, labeled A-H, are
seen, whereas the set of reflections for the corre-
sponding As phase, labeled a and b, are much weaker
and very different in appearance.

The new reflections for Sr,Mn,Sb,0, can all be
indexed on a new cell with dlmenswns Ayac =24,
Cpag =C as shown in Table 3, and the reflection
condition is 4 + k = odd. This magnetic cell and the
observed indices are the same as those normally seen
for ordered K,NiF, compounds, which also possess
the centered tetragonal magnetic sublattice of Mn(1).
Trial refinements based on this model were carried out
using the software package FULLPROF [15]. The crystal
and complete magnetic structure, for both Mn(1) and
Mn(2), has space group symmetry Am2'm' and can be
described in P222 where Mn(1) is 1a and 1f (+) and
le and 1g (—) while Mn(2) occupies 4u with coordi-
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Fig. 4. A fit of the G-type magnetic model for the Mn(2) magnetic
sublattice to the neutron diffraction data for Sr,Mn,Sb,0, at 100 K.
The data and fit are plotted on top and the difference plot and peak
positions are indicated below.
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Fig. 5. A fit of the G-type magnetic model for the Mn(2) magnetic

sublattice to the neutron diffraction data for Sr,Mn,As,0, at 100 K.

The data and fit are plotted on top and the difference plot and peak
positions are indicated below.

nates x=y=z=3/4 (+) and x=y=z=1/4 (-).
Refinements with the Mn(1) moment direction along
(001), i.e. parallel to the existing G, Mn(2) sublattice,
or along (110) did not give a satisfactory fit, but a
model with the moments along (100) refined readily.
The magnetic moment and direction of Mn(1) from 4
to 60 K were refined without imposing any constraints.
The refinement gives the moment direction as (100)

with an error of +/—4° in the x—y plane and +/-2°"

out of the plane. This magnetic model for Mn(1) is
illustrated in Fig. 7 along with the G, Mn(2) magnetic
sublattice. Fig. 8 shows the Rietveld fitting result at
4K for Sr,Mn,Sb,0, which incorporates both the
Mn(1) and Mn(2) orderings, and the refinement
details are given in Table 1. The R, values for the
Mn(1) sublattice are large relative to Ry, and R,
for Mn(2). This is due largely to the weakness of the
Mn(1) magnetic reflections. The most intense Mn(1)
peak is only 10% of the strongest structure peak and
only 20% of the strongest Mn(2) line. In this light the

value of 12.3% at 4 K is acceptable. It should be noted

—0— Sr,Mn,Sb,0,, (Mn )

= .4% —0— Sr,Mn,Sb,0,, (Mn Il
gm j —A— 8r,Mn,As,0, (Mn 11|
E é'@:g\&
£ 3 -
0]
£
O
= o i B\g\ _
2
©
c
g ' T
= G5z

0 "0 T y T T

0 100 200 300 400

T(K)

Fig. 6. A plot of the magnetic moment as a function of temperature
for the Mn(2) magnetic sublattice of Sr,Mn,Sb,0, and
Sr,Mn;As,0, and for the Mn(l) magnetic sublattice of
Sr,Mn;Sb,0,.

Table 3

Positions of the magnetic reflections for Sr,Mn,;Sb,0, in region III
Peak 26,,(deg)” 26,,,.(deg)" Indices®
A 23.95(1) 23.98 (100)

B 25.05(2) 25.05 (101)

C 28.00(1) 28.03 (102)

D 32.46(1) 3244 (103)

E 37.84(1) 37.84 (104)

F 43.98(1) 43.95 (105)
G 55.88(7) 55.89 (211)
H 60.06(1) 60.08 (213)

* Observed 26 values have been corrected for the zero point offset
of 1.81°

® Calculated 26 values and indices are based on a magnetic cell
tyac = V20, Cypg = G Byag = 6.026 A, eyg =20.101 A,

that the most prominent Mn(1) reflection, (012), is
overlapped by the (1/21/21/2) magnetic refiection
from an MnO impurity phase (T, =116 K). The data
have been corrected for this overlap in arriving at the
R .., values listed in Table 1. The temperature depen-
dence of the Mn(1) moment is compared with that of
Mn(2) in Fig. 6 and is consistent with an ordering
temperature of 65 K.

Returning to the low temperature results for the
arsenic phase, we have already noted that at the
magnification level of Fig. 3 there are only two
prominent features, in sharp contrast to the case for
Sr,Mn,Sb,0,. However, if this region is expanded, as
in Fig. 9, it is possible to discern four additional very
weak reflections, labeled ¢, 4, e, and f.

The most prominent reflection, a, can be indexed as
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O— Mn(1)

Mn(2)
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biac
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Fig. 7. Illustration of coupling within the Mn(1) (K,NiF, type) and
Mn(2) (G type) sublattices for Sr,Mn,Sb,0, based on the cell

Ayac =V2a, cyag=c. The a dimension of the chemical cell is

indicated.
3000
Sr,Mn.Sh,0, 4K
~ 2WVHigVY a2
=
m- 2000 -
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Fig. 8. Fit of both Mn(1) (K,NiF,-type model) and Mn(2) (G-type
model) magnetic sublattices to the neutron diffraction data for
Sr,Mn,Sb,0, at 4K. The data and fit are plotted on top and the
difference plot and peak positions are indicated below.

(100) on an Ayac =20, Cyag =c magnetic cell,
analogous to the antimony compound. Unlike the
pattern for the latter material, no reflections of the
type (101) can be found for Sr,Mn;As,0,. Further-
more, the lineshape for (100) is of the Warren type

2500
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INTENSITY
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Fig. 9. An expanded view of the 4 K neutron diffraction profile for
Sr,Mn,As,0,. The weak reflections ascribed to the Mn(1) magnetic
sublattice are indicated by the letters a, c—h. The reflection labeled
as b is the MnO (1/21/2 1/2) magnetic reflection.

[19]. Both these observations indicate that the (100)
reflection arises from correlations which are two-di-
mensional. The second most prominent reflection, b,
can be assigned as the (1/21/21/2) magnetic reflec-
tion of MnO, which is present as an impurity phase.
Table 4 lists the positions, indices, relative integrated
intensities and line widths of all reflections which
cannot be assigned to MnO.

From Table 4 it is clear that about 90% of the new
scattered intensity at 4 K arises from the (100) reflec-
tion. Thus, it is reasonable to assume that analysis of
this feature will provide the most important infor-
mation regarding the Mn(1) magnetic correlations in
Sr,Mn,As,O, which are, as noted, two-dimensional
and thus of short range only. A fit of the (100)
reflection to the Warren function is presented in Fig.
10. The parameters suggest a correlation length of
about 540 A at 4K for the coupled spins. Fig. 11 shows
the temperature dependence of the (100) reflection
which is seen to broaden and collapse near 75 K. Note
that the MnO reflection persists in this temperature

Table 4

Characteristics of the new reflections at 4K for Sr,Mn;As,0,
Peak 20,,.(deg)* 26,..(deg)’ Indices’ I° FWHM(deg)
a 17.11(3) 169(57) 0.42(8)

b 24.62(1)  24.65 (100)  8450(200) —

c 3518(1)  35.14 (110) 302(54) 0.43(4)

d 38.55(2) 3852 (112) 181(47)  0.38(5)

e 45.60(4) 115(45)  0.38(8)

* Observed 26 values have been corrected for the zero offset of
1.71°.

® Calculated 26 values and indices are based on a magnetic cell
Gyag = V20, Cyag =€ Ayac = 5863 A, Cyag = 18.810 A
*Determined by computing integrated intensities; for (100) the
range 26.2° <26 <33.2° was used.
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