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The ordered perovskite Ba,MnReOg has beenreported to be ferrimagnetic with a Curie temperature
of 105°K and a saturation moment of 3.9 ug, consistent with antiparallelcoupling of spin-only mom-
ents of the combination Mn?*-Re®*. Neutron diffraction studies on polycrystalline material have
confirmed that the Mn and Re ions are completely ordered chemically. At 4.6°K, two sets of mag-
netic peaks were observed, the stronger consistent with the ferrimagnetic model, and the weaker
characteristic of antiferromagnetic ordering of the first kind, indicative of some canting of the
moments in adjacent (001) planes. The moment on the Mn ion was found to be 4.8u5, but that on
the Reion wasfound to beless than 0.2 up if alocalized free-ion form factor is assumed. These results
can be interpreted in terms of an extended spin density distribution due to covalent bonding in the

ReOg clusters.

Introduction

Simple perovskites have the general formula
ABOQ; where the large A cation is in twelvefold
coordination with oxygen and the smaller B
cation has sixfold coordination. If equiatomic
proportions of two types of B cations are
introduced, mixed perovskites, A,BB'Og¢ are
formed, and, if the two types of B cations
have sufficiently large differences in charge or
size, an ordered structure results in which
alternate (111) layers are occupied by B and
B’ cations, respectively (Fig. 1). In such a case
the unit cell is doubled along all three axes
as compared to the simple perovskite, and the

* A brief account of this work was given at the
International Conference on Magnetism, Moscow
(1973).
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structure of the material has face-centered
cubic symmetry. There is a slight shift in the
oxygen positions, but the octahedral sym-
metry of the B and B’ cations is retained.
Magnetic measurements have revealed that
many of these compounds in which B is a
paramagnetic ion and B’ is diamagnetic order
antiferromagnetically at low temperatures
(D). In the case of Ba,CoWOg and Ba,NiWO,
there is ordering of the second kind, in which
next-nearest-neighbor moments are coupled
antiparallel (2). However, when B’ is also
paramagnetic a spontaneous moment is
often observed (3-5). This may be interpreted
in terms of a ferrimagnetic structure in which
there is antiparallel coupling of the unequa
B and B’ moments, analogous to the anti-
ferromagnetic G type of structure found in
the simple perovskites where B and B’ are
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Fi6. 1. Ordered perovskite structure A,BB'Og4. The
displacement of the anions towards the more highly
charged B’ ion has been exaggerated for illustrative
purposes.

identical. It should be noted, however, that
in many cases the magnitude of the observed
moment appears to be much too low to be
accounted for in this way, and more complex
structures may in fact exist. For example,
Ba,CoReQyg has been found to have a spiral
arrangement which is a modulation of the
ferrimagnetic structure (6).

The present paper describes a neutron
diffraction study on polycrystalline Ba,Mn-
ReOgin which a spontaneous moment of about
4 ug has been reported at 4.2°K (7). This has
been explained in terms of a ferrimagnetic
structure in which there is antiparallel coupling
of Mn?* and Re®* moments of 5 and 1 uj,
respectively. The latter would correspond to
the spin-only value for a Sd' configuration,
although one might have expected spin-orbit
coupling to have modified this considerably
in an octahedral field (8). The neutron data
show that the Mn moments are coupled parallel
with the expected value of about 5 ug, but that
no magnetic scattering from the Re ion can be
detected. This is interpreted in terms of an
extended spin density distribution due to
covalent bonding in the ReOq clusters.

Sample Preparation and Magnetic Measure-
ments

Polycrystalline samples of Ba,MnReOg4
were prepared by heating *‘Baker analyzed”

grade carbonates and Re metal at 975°C
in a nitrogen atmosphere. The compound
thus obtained was ground and heated to
1000°C in a sealed evacuated quartz capsule,
and then annealed at 800°C for three days.
An X-ray powder pattern of the material
was obtained in an IRD-Guinier camera
using CuKa, radiation. The material was
found to be face-centered cubic with a
lattice parameter of 8.16¢ A, slightly smaller
than the reported value of 8.181 A (7). There
was no evidence of distortion from cubic
symmetry. One weak impurity line was also
observed which could not be identified.
Magnetic susceptibility measurements were
made on a PAR vibrating sample magneto-
meter in the temperature region between 4.2
and 300°K. The compound was found to
develop a spontaneous moment below a Curie
temperature of 109 + 3°K. A plot of the mag-
netization data as a function of field at 4.2°K
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is given in Fig. 2a, and shows that the material
is not saturated at 16 kOe. The magnetization
vs temperature plot is shown in Fig. 2b, and
the moment extrapolated to infinite field and
0°Kis4.1 £ 0.1 pg. Inthe paramagnetic region,
the inverse susceptibility shows a non-linear
behavior characteristic of a ferrimagnet.
These results agree very closely with those of
Sleight and Weiher (7).

Magnetic Structure Determination

Neutron diffraction data were obtained at
room temperature on a powder sample of Ba,-
MnReOg in the form of a pressed pellet using
long wavelength neutrons (1 =2.369 A) for
high resolution. These data revealed the
presence of small traces of MnO and Re
impurities. The relative amounts of MnO,
Re, and Ba,MnReQg4 were estimated from the
intensities of their stronger peaks according
to the relationship
p/ . NCZ FZ
p]sinOSinZB’
where K is an instrumental scale constant, V'
is the volume fraction, p’/p is the packing
density ratio and is assumed to be constant
for all three phases, and the remaining
quantities have their usual crystallographic
significance. In this way, the atomic ratios
were determined to be 0.003:0.005:1.000 for
MnO:Re:Ba,MnReO4. This could indicate
either a small departure from stoichiometry
in the perovskite or a slight compositional
uncertainty in the starting materials.

The intensity data for Ba,MnReOg were
used for refinement of the crystal structure,
which can be described by the space group
Fm 3m (0,%), with Ba in the 8(c) positions at
1/4,1/4,1/4; Mn in 4(a) at 0,0, 0; Re in 4(b) at
1/2, 1/2, 1/2; and 0 in 24(e) at x, 0, 0. The
“ideal” value of the oxygen parameter, x,
is 0.25 as realized in the simple perovskite
structure. A least-squares refinement was
carried out with the ordering parameter, S
(defined as the fraction of Mn ions on B, or
4(a) sites), the oxygen parameter, x, and the
instrumental scale factor. Corrections were
made for absorption, with a calculated linear
absorption coefficient of 0.1 cm™!. Within

I=KV

error limits of 0.01, S was found to be unity,
corresponding to complete order, as was found
in Ba,CoReOg (6). The assumption of a
slightly cation-defect composition Ba,Mng _g--
Reg 00506, based upon the impurity contents
determined above, did not produce any
appreciable improvement, nor did the incor-
poration of an overall temperature factor.
However, significantly better agreement (at
the 959 confidence level) was obtained when
the oxygen content was permitted to vary.
The final value obtained was 5.89 + 0.04
atoms per formula unit. Only a small part
of this can be accounted for by a cation de-
ficiency of the magnitude mentioned above,
and there is thus some indication of an oxygen-
defect lattice with some Re ions presumably
in a valence state formally less than six. This
could account for the discrepancy in lattice
parameters mentioned earlier. It must be
emphasized, however, that there was a strong
correlation between the oxygen content and
the instrumental scale factor, and this con-
clusion must be regarded as rather speculative.
The oxygen parameter x was found to be
0.2648 + 0.0005, and the displacement of
roughly 0.1 A towards the more highly charged
Re ion is similar to that observed in the com-
pounds, Ba,CoReO¢ (6), Ba,NiWO¢, and
Ba,CoWOyg (2). The observed and calculated
intensities of the nuclear peaks are shown in
Table I, and give an R factor

(Z ‘Iobsd - Icalcd[/ Z chsd)
and weighted R factor

([Zw(]obsd - Icalcd)2 /Zw(lobsd)z]*; w= 1/02)

of 0.008 and 0.011, respectively.

Neutron data were collected at 120 and
4.62°K from powdered material contained
in an aluminum sample holder. The data are
shown in Fig. 3, and also as a difference pat-
tern in Fig. 4. Additional scatteringis observed
in the same positions as the original nuclear
peaks, as would be expected for a simple ferri-
magnetic arrangement. The extra intensity in
the (111) and (200) positions was found to
disappear at about 106°K, and the temperature
dependence is very similar to that of the
spontaneous moment, confirming that this
scattering is magnetic in origin (Fig. 5).
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TABLE I

OBSERVED AND CALCULATED NUCLEAR
INTENSITIES FROM Ba,MnReQs 39 AT
298°K (SCATTERING AMPLITUDES 0.512,
—0.387, 0.92, 0.5803 x 10~*2 ¢cm FOR
Ba, Mn, Re, aND O, RESPECTIVELY (9))

h kl Iobsd Icalcd
111 51.3 51.2
(200) 5.3 4.9
220 2.5 24
(311) 259 25.8
222 81.1 81.9
400) 80.3 79.8
331 7.3 7.2
(420) 4.2 4.0

A much weaker set of peaks is also apparent
in Fig. 4. These satisfy the reflection conditions
h+k=2nh(ork)+1=2n"+ 1, where n and
n’ are integers, and are characteristic of anti-
ferromagnetic ordering of the first kind.
The temperature dependence of these peaks
was not studied in detail; however, no trace of
the (001) reflection could be seen in a scan
taken at 88°K, about 20°K below the ferri-
magnetic transition. While these peaks could
conceivably originate from some crystallo-
graphic phase transition, the general decrease
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F1G. 3. Neutron data for Ba,MnReOg at 120°K
(lower curve) and at 4.62°K (upper curve).
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FiG. 5. Variation of reduced magnetic intensity
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ization data in Fig. 2b. Typical error bars for (111)
are shown. Those for (200) are comparable but have
been omitted for the sake of clarity. @ (I,(111))'/?;
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in intensity at higher angles is much more
suggestive of magnetic scattering. Two other
small peaks were also observed at 28 values
of 26.8 and 51.1°. These disappear at about
120°K and were identified as the two principal
magnetic reflections of MnO.

The data at 4.62°K were therefore analyzed
by least squares on the basis of a ferrimagnetic
model with canting between adjacent (001)
planes. The experimentally determined form
factor for Mn?* was used (/0); that for ReS*
was taken from the self-consistent, relativistic
free-ion calculation of Cromer and Waber (11).
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The structure factors for the two sets of peaks
are given as follows:

Fp=4(uf(Mn) — pf(Re)cos 2rf(h + k +1)/2]) x
cosB(h, k,lall=2nor2n+1)

F.ip = 4(uf(Mn) + pf (Re) cos 2[(h +k+1)/2]) x
sin@(h + k =2n, h+1=2n" + 1),

Good agreement between observed and cal-
culated magnetic intensities was obtained with
a moment per Mn ion of 4.8y and a canting
angle 26 between planes of 25°. Rather sur-
prisingly, however, the moment per Re
ion was zero within standard error limits
(Table II, Model A). A fairly sensitive check
on this is also provided by the ratio of the
(111) and (200) magnetic intensities, and from
the observed value, the upper limit on the Re
moment can certainly be no more than 0.2
Uy, if one assumes the free-ion form factor.

TABLE 1I
OBSERVED AND CALCULATED MAGNETIC INTENSITIES
FOR Ba,MnReOso AT 4.62°K (FINAL VALUES OF
PARAMETERS FOR MODELS A, B, AND C DESCRIBED IN
TEXT LISTED AT BOTTOM, WITH STANDARD ERRORS IN

PARENTHESES)
lcalcd
hkl y S A B C
111) 226 21.5 290 220
200 11.2 11.5 7.4 11.0
220 8.8 8.9 6.2 8.8
@11 10.1  10.7 12 10.7
222 <——Overlap with Al (1 1 1)——
400) <«——Overlap with Al 20 0)——>
(331 3.6 3.8 4.2 39
“420) 4.0 3.5 29 35
©o1n 1.3 1.5 0.8 1.4
110 0.6 0.7 0.8 0.7
201 0.7 0.5 0.3 0.5
112 0.6 0.6 0.6 0.6
221,003 0.5 0.3 0.2 0.3
Weighted R factor 0079 030 0078

Model A: jiva=4.77 (6), fire = —0.03 (8), kg = 1.0,
20=25°(1)

Model B: gma=4.7 (2), #re=1.0, kg, =10, 20=
24° (3)

Model C: pin = 4.78 (6), ttge =0.2 (4), k. = 2.4,20 =
24° (1)

For comparison, the calculated intensities if
Ug. is held fixed at 1 ug are also given in Table 11
(Model B).

This result is in apparent conflict with the
magnetization data and indicates that the
spin density distribution around the Re ion
is considerably more delocalized than that
around the free ion, so that the form factor
falls off much more steeply for the latter case.
This would imply a considerable amount of
covalent bonding in the ReOg cluster. A similar
but less pronounced effect is also evident in
K,ReClg (12, 13).

Thus, Ba,MnReOg bears at least a super-
ficial resemblance to the spinel CuCr,Se,,
which has a spontaneous moment of about
5 ug (14). Neutron data have shown each Cr
moment to be 3 ug, consistent with a formal
valence state Cu?*Cr3*Se,, but no moment
could be detected on the Cuion (15). However,
in this case the compound also shows metallic-
type conductivity (14), and the evidence points
towards delocalization of the Cu?* orbitals
and the formation of a partially filled band
(16). The compound Ba,MnReOy is a semi-
conductor (7), and hence the Re electron
must be associated with the ReOg clusters
rather than a conduction band. The related
compound Sr,MgReO¢ is also a semicon-
ductor, and has a temperature dependent
paramagnetism, but ReO;, which may be
viewed as a defect perovskite in which the A
ions are missing and Re®* occupies both B
and B’ sites, shows metallic conductivity
(17). This has been interpreted in terms of a
conduction band originating from covalent
bonding via mixing of the rhenium ¢,, and
oxygen p, orbitals.

In view of the above results, we have also
made a more detailed analysis of our previous-
ly reported neutron data for Ba,CoReOq (6),
in which a small but significant moment was
detected on the Re ion. For the form factor
of Co**, the data obtained in a recent single
crystal study of Ba,CoWQ¢ were used (I8).
This falls off somewhat more slowly than the
theoretical curve (19), such that f$q(sin6/2)
can be approximated by f.,,.4(0.906sin8/2).
A least-squares refinement was made with
Hcos Mg and a scaling parameter &, defined by

R esa =S8 ca(ksind/A) as variables. The other
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parameters were held fixed at the values ob-
tained in the nuclear refinement. Excellent
agreement is obtained with uc, =2.6ug,
Uge = 0.4 ug and k = 2.4 (Table III, Model A).
The latter value corresponds to a curve which
falls off quite steeply compared to the free-
ion value. However, if k is held fixed at unity,
the fit is only slightly and not significantly,
inferior, with puc, =2.5 g and up, = 0.3 ug.!

TABLE 111

OBSERVED AND CALCULATED MAGNETIC INTENSITIES OF

Ba,CoReOg AT 4.55°K.. (FINAL VALUES OF PARAMETERS

FOR MODELS A AND B DESCRIBED IN TEXT LISTED AT
BoTTOM, WITH STANDARD ERRORS IN PARENTHESES)

Icnld
hkl Lpsa A B
(000)™ 23.8 23.8 24.1
(002)~ 34 39 33
(111)- 9.5 9.6 9.8
(200)7, (111)* 10.0 9.8 9.4
02y~ 3.1 3.3 27
©o02)* 1.7 1.1 09
(113)~ 3.5 3.1 3.2
Weighted R factor 0.041 0.049

Model A: pc,=2.54(5); pre = 0.42(11); kn. = 2.6(7)
Model B: gco =2.51(3) itz =0.26(3) kg.=1.0

These results are once again consistent
with a picture in which the Re moment is
delocalized to a very considerable extent,
although not too much quantitative signifi-
cance can be attached to the value of the mom-
ent obtained, since the actual form factor is
likely to be quite a complicated function.
It is nevertheless possible to conclude from
the ratio of the two strongest magnetic peaks
Loooy+ : Lc111y— which occur at sinf/4 values
of 0.034 and 0.092, respectively, that in this
compound, a small moment (at least 0.2 up)
contributes to the observed magnetic intensi-
ties and can be considered as being localized
on the Re ion.

A further refinement of the data for Ba,Mn-
ReOg was carried out with the Re form factor

1The moments reported previously (uc,=2.1
HUp, Hre=0.5 uy) are in error due to an incorrect
derivation of the magnetic interaction vector term g2
for some of the peaks in the computer program for the
intensity calculations.

P4,/nn'm’

OMn at z=0

(a) ©®Mn at 2=0.5 (b)

F1G. 6. Two possible magnetic structures for the anti-
ferromagnetic mode of Ba,MnReOs consistent with
the observed intensities. The ferromagnetic mode is
assumed to be directed perpendicular to the plane of the
page. (@) Tetragonal P4,/nn’m’. (b) Orthorhombic
Pn’n’n, corresponding to:.the canted model described
in text.

scaled by a k of 2.4 (Table II, Model C), but
the results were virtually the same as for
Model A, with k unity.

The existence of a canted structure in
Ba,MnReQOgq is of interest. The canting angle
between successive (001) planes is about 25°,
considerably less than the turn angle of the
spiral in Ba,CoReQg, but nevertheless clearly
indicative of exchange effects extending beyond
negative coupling between adjacent Mn
and Re moments. Ordering of the first
kind would be favored by negative exchange
between near-neighbor Mn—-Mn and Re-Re
moments. This is, in fact, the arrangement
adopted by K,ReCls and K,ReBrg, which
can be viewed as ordered perovskites in which
the B ions are missing (12, 13). It should,
however, be mentioned that collinear ordering
of the first kind is only a special case of a much
more generalized set of noncollinear structures
which are indistinguishable as far as the
neutron data are concerned (20). One of
these is the tetragonal arrangement shown
in Fig. 6a, in which the ferrimagnetic mode
is assumed to lie along the ¢ axis. A reasonable
choice of magnetic space group would be
P4,/nn'm’, and it is of interest that a number of
ordered perovskites containing Re have been
reported to be tetragonally distorted (21),
although the space group does not appear to
have been determined. The canted structure
assumed, on the other hand, would have ortho-
rhombic magnetic symmetry, and a reasonable
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choice of space group in this case would be
Pn'n'n (Fig. 6b).

Further neutron studies of these materials
would clearly be of interest from the view-
point of delocalization effects in 5d ions,
and attempts are now in progress to prepare
single crystals.
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