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ABSTRACT

New and exotic ground states of magnetic materials are highly sought after and are extensively studied for the insights they provide into the
thermodynamics of disorder and fundamental magnetic interactions. By controlling the crystal structure of an appropriate magnetic lattice, it
is possible to cause the strong magnetic exchange interactions to sum to zero and so be frustrated. Due to the presence of this frustration, the
lowest energy configuration that results may be crucially dependent on the tiniest of energy differences between a multitude of states that have
(almost) the same energy. The keen interest in these materials arises from the fact that these finely balanced systems offer a way of probing
classical or quantum mechanical interactions that are of fundamental importance but are too weak to be observed in non-frustrated systems.
Here, we combine local and crystallographic probes of the cation-ordered double perovskite Ba;MnMoOs that contains a face-centered
cubic lattice of S = 5/2 Mn** cations. Neutron diffraction measurements below 9.27(7) K indicate that a fourfold degenerate non-collinear
antiferromagnetic state exists with almost complete ordering of the Mn®* spins. Muon spin relaxation measurements provide a local probe
of the magnetic fields inside this material over the ti;, = 2.2 us lifetime of a muon, indicating a slightly lower Néel transition temperature of
7.9(1) K. The dc susceptibility data do not show the loss of magnetization that should accompany the onset of the antiferromagnetic order; they
indicate that a strongly antiferromagnetically coupled paramagnetic state [0 = —73(3) K] persists down to 4 K, at which temperature a weak
transition occurs. The behavior of this material differs considerably from the closely related compositions Ba,MnMOg (M = W, Te), which
show collinear ordering arrangements and well defined antiferromagnetic transitions in the bulk susceptibility. This suggests that the Mo®*
cation leads to a fine balance between the nearest and next-nearest neighbor superexchange in these frustrated double perovskite structures.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144719
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INTRODUCTION

Geometric magnetic frustration arises when there are mag-
netic interactions that cannot all be simultaneously satisfied in a
system, and it is most commonly found in lattice systems contain-
ing antiferromagnetic interactions that form triangular motifs." In
order to relieve this frustration, the magnetic moments often order

in a non-collinear arrangement such that there is no net moment
around a particular plaquette or they undergo a structural distor-
tion as’ in MnO to favor conventional ordering. There has been a
significant amount of recent research interest in finding insulating
magnetic materials containing geometrically frustrated antiferro-
magnetic interactions.” " The presence of competing interactions
in such materials can lead to the suppression of the long-range
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order and so allow the emergence of exotic ground states. These
include the spin liquid ground state proposed by Anderson,” " spin
glass,'”” """ spin ice,"”' and valence bond glass ground states,”'”'*
based on triangular, kagome, pyrochlore, and face-centered cubic
(fec) lattices. Of these, the fcc lattice, consisting of edge sharing
tetrahedra, has historically attracted less attention, although it has
enjoyed a recent resurgence in interest'” due to the discovery of a
valence bond glass state in Ba,YMoOg and Ba,LuMoQOg. "% The
B-site cation-ordered double perovskite structure with the general
formula A, BB’ O, where both the B and B’ sites form interpenetrat-
ing fcc lattices, affords a physical realization of this frustrated lattice,
as shown in Fig. 1. Unfortunately, physical examples of undistorted
fec lattices in double perovskites are rare due to the great degree
of structural diversity arising from distortions and tilting of the
octahedra, relieving the frustration by lifting the degeneracy of the
interactions.”!

The current interest in S = 1/2 magnetic systems on the fcc
lattice'””””* has been driven by the combination of low spin val-
ues and frustration leading to unusual quantum magnetic states
such as the valence bond glass in BaYMoOs and BaLuMoQg. "' 71820
As part of a program to investigate the Jahn-Teller activity of
Mo’* in Ba;NdMoOg*® by doping with Mn,”® we have reinves-
tigated the behavior of Mn?* cations forming an undistorted fcc
lattice.”””

High spin Mn®* has long been considered as a model ion for
the study of the magnetic behavior,””” most clearly illustrated in
the rock salt structured fcc lattice of MnO that provided the first
demonstration® of long-range antiferromagnetic type ordering of
spins as predicted by Néel.””"” The behavior of Mn** on fcc lattices
has continued to provide new insights into the complex interplay of
structure and spin ordering to illuminate our understanding of the
magnetic behavior.” Here, we report our study of the same spherical
high spin d°>, Mn?*, wherein we adjust the magnetic interactions by
arranging it within a cation ordered perovskite. Although a chemi-
cally different structure, this provides exactly the same fcc topology

ARTICLE scitation.org/journal/apm

as the archetypal MnO system; in terms of lattice geometry, frustra-
tion, and magnetic moment anisotropy, it is a direct analog of this
prototypical material.

Although Ba,MnMoOg is a well-known material,”* *° the mag-
netic properties are more complex than has hitherto been appre-
ciated. The related compounds Ba,MnTeOs”” and Ba,MnWOg"*
show well-defined transitions in magnetic susceptibility that is co-
incidental with the appearance of magnetic Bragg peaks in the
neutron diffraction profile indicative of long-range antiferromag-
netism of type I and type II orderings, respectively. Here, we show
that in the apparently similar compound Ba;MnMoOs, the tran-
sition temperature shows a more complex behavior that shows a
distinct technique dependence. Ba,MnMoOg shows well defined
magnetic Bragg peaks in the diffracted thermal neutron wave, but
the magnetic susceptibility does not show the well-defined maxima
observed in Ba;MnWOg and Ba,MnTeOs. Muon spin relaxation
measurements in Ba,MnMoOs characterize a sharp magnetic tran-
sition that drastically differs from Ba,MnWOs and Ba;MnTeOg
systems, where correlations persist up to temperatures five times
greater than Tn. These results show that unusual magnetic prop-
erties can still be discovered in classical magnetic systems and that
these double perovskites merit further re-investigation.

METHODS
Sample preparation

Polycrystalline Ba;MnMoOs was prepared by the solid state
reaction of stoichiometric quantities of BaCO3 (99.997%), MnO,
(99.999%), and MoO3 (99.998%). These were intimately ground
together and pressed into pellets. The pellets were heated in air from
500 to 800 °C at 1 °C min~" and held at 800 °C for 8 h to prevent
the volatilization of Mo. After grinding and re-pelleting, the pellets
were heated at 1250 °C in flowing 5% H,/N,. Further regrinding
and reheating were performed until phase purity was confirmed by
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FIG. 1. (a) Face-centered cubic perovskite lattice is formed by cation ordering between Mn®* and Mo®* onto the larger and smaller MOg octahedral sites indicated by
red and yellow octahedra, respectively. An equilateral triangle is formed by the nearest neighboring Mn?* cations, and panel (b) illustrates the geometric frustration of
antiferromagnetic coupling between them. Panel (c) shows the lattice points on the fcc lattice of Mn spins on positions labeled as I, II, and IIl in each diagram. The nearest
neighbor interaction between Mn?* cations, illustrated as gray spheres in (d), has the shortest through-space interaction. However, the superexchange pathway is mediated
by the orbital overlap and the distance between next-nearest spins shown in (e) has the same through-bond distance as the nearest neighbor interaction in (d).
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laboratory powder x-ray diffraction. The same sample was used for
all property measurements reported here. Repeats of x-ray diffrac-
tion and SQUID magnetometry measurements on samples from
repeat syntheses showed no significant variation.

Magnetometry measurements

d.c. susceptibility measurements were performed using Quan-
tum Design MPMS SQUID magnetometers. A polycrystalline sam-
ple (50 mg) was mounted in a gelatin capsule and measured in an
applied field of 1000 G after cooling in both zero applied field (ZFC)
and an applied field of 1000 G (FC). Calculations of the diamag-
netic correction showed that this had a negligible contribution to the
susceptibility, and so this correction was not applied. These mea-
surements were repeated using three different magnetometers and
three different samples. No significant variation was observed for
any of these data.

a.c. susceptibility measurements were performed at frequencies
of 2, 10, and 20 Hz in a RMS field of 1 G in the temperature range
2 <T/K<45.

Neutron powder diffraction

Low temperature neutron powder diffraction measurements
were performed at the Institut Laue-Langevin (ILL) in Grenoble
using the high-resolution diffractometer D2B using an incident
neutron wavelength of 1.5935 A, and variable temperature measure-
ments were performed using the high flux diffractometer D1B (inci-
dent wavelength 2.5214 A). The samples were contained in cylin-
drical vanadium cans, and the temperature was controlled using
an orange cryostat. Rietveld refinements against the data were per-
formed using the GSAS suite of programs,””" using a pseudo-Voigt
peak shape and a shifted Chebyshev background function.

X-ray absorption

Temperature dependent extended x-ray absorption fine struc-
ture (EXAFS) measurements were performed on Ba;MnMoOs at

0.01 - T

'/ em® mol”!
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the Mo K-edge, using the B18 beamline at the Diamond Light
Source and processed and analyzed using the Athena and Artemis
packages.”"’

Muon spin relaxation

uSR measurements were performed using the MuSR instru-
ment at the ISIS Pulsed Neutron and Muon Source, at Ruther-
ford Appleton Laboratories in the UK. The powdered sample was
mounted on a 99.995+% pure silver plate, covered with a kapton foil
and contained in a standard *He cryostat. The calibration constant
for these measurements was determined by the application of a 20 G
transverse magnetic field to determine the relaxation function. Data
were collected in longitudinal configuration and analyzed using the
Mantid software package.”’

RESULTS
Susceptibility measurements
Bulk d.c. magnetization measurements (Fig. 2) on

Ba,MnMoQOg are in agreement with previous reports®™ and
show Curie-Weiss paramagnetism at high temperatures
(T > 150 K). Fits to the data yield a Curie constant,
C = 521(5) emu mol™! K7!, and a Weiss temperature,
0 = -73(3) K, indicating strong antiferromagnetic coupling
between high spin S = 5/2, Mn®* cations. Despite the strong anti-
ferromagnetic interactions, only a small cusp in the susceptibility
is observed at 4 K, and there is minimal divergence of FC and
ZFC susceptibility. This slight downturn in susceptibility would
correspond to a frustration factor f = TiN = 18! but is not indicative
of a bulk cancellation of spins as is seen in conventional antiferro-
magnetic double perovskites.”” Repeat measurements using freshly
prepared Ba;MnMoOs indicated no variation in the magnetization
behavior. a.c. susceptibility data showed no frequency dependence
and showed a similar maximum at 4 K as shown in Fig. 2.
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FIG. 2. (a) d.c. susceptibility of Ba,MnMoOg measured in an applied field of 1000 G after cooling in zero field (A) and in 1000 G (O). The solid line shows a fit to the
Curie-Weiss law for T = 150 K with the parameter C = 5.21(5) emu mol~" K=" and a Weiss temperature, 8 = —73(3) K. The inset shows the low temperature data. (b) The
inverse susceptibility shows the agreement between the Curie-Weiss law and the data. The inset shows that the in-phase component (m’) of the a.c. magnetization with
data collected at 2, 10, and 20 Hz is invariant with frequency and typically are within 1 standard deviation as indicated by the error bars.
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High resolution neutron powder diffraction

The formation of a single phase cation-ordered perovskite was
followed using laboratory x-ray diffraction. This provides a good
estimate of cation ordering due to the large scattering contrast
between Mn (Z = 25) and Mo (Z = 42), and the final crystallo-
graphic analysis used data from the high resolution diffractometer
D2B. This use of neutrons allows reliable assessment of the oxide
ion parameters that are less well determined by x rays in the
presence of dominant x-ray scatterers, such as Ba and Mo. More-
over, it gives excellent contrast between the scattering lengths of
Mn?" (=0.373 fm) and Mo®" (6.715 fm). Rietveld refinement
against the high resolution neutron diffraction data showed com-
plete cation ordering over the two octahedral sites in the structure.
This is in keeping with previous studies of this composition and is
unsurprising, given the difference in cation charge, cation radius
(rmn”* = 0.83 A and ryo® = 0.59 A),”? and the resultant large dif-
ference in the size of the two octahedral sites indicated by the large
difference in bond lengths of 2.157 A and 1.925 A.

High resolution neutron diffraction datasets were collected at
temperatures of 25 and 1.5 K. The 25 K data could be refined in
the cubic space group Fm3m [a = 8:16 470(5) A] with Mn and Mo
fully ordered on the B sites. Multiple test refinements showed full
occupancy of all crystallographic sites; i.e., there is no oxygen defi-
ciency. On cooling to 1.5 K, there was no evidence of a structural

ARTICLE scitation.org/journal/apm

phase transition and the nuclear Bragg reflections are indexed in the
same cubic space group [a = 8:16 305(5) Al Despite this, a number
of additional peaks were observed, which could be indexed using a
cubic magnetic cell with amag = 2anuc, indicative of the long-range
antiferromagnetic order with a propagation vector of k = %, %, % .
Initially, these magnetic peaks were fitted using a collinear model*
(Fig. 3), which gave a reasonable agreement [X* = 4.44, Ry = 7.64,
Mn moment = 4.16(10) ug]. This type II magnetic structure is simi-
lar to that observed in monoclinically distorted MnO” and the cubic
double perovskite Ba,MnWOQs.”* The absence of a maximum in the
susceptibility of Ba,MnMoOg provides a sharp contrast to the obvi-
ous signature of conventional antiferromagnetic ordering observed
in B&;MnWOg. This led us to consider alternative origins for the
magnetic Bragg scattering, and so a number of other models were
tested.

To develop a model, we considered the coupling between the
next nearest neighbor Mn** spins, as although the through-space
distance of the interactions is longer than that for the nearest neigh-
bor interaction, the through-bond (Mn-O-Mo-O-Mn) distance is
identical, as shown in Fig. 1. These interactions are often dominant
in double perovskites where both B-site cations are transition metals,
for example, La,CoRuOg and Sr,Co0s06.”***** The through-bond
interaction is dominant in Sr,CoOsOs, which contains two inter-
penetrating fcc lattices of paramagnetic cations Co, 3d”, and Os, 5d°.

FIG. 3. Rietveld refinement of the nuclear
(upper tick marks) and magnetic (lower
tick marks) structure of Ba;MnMoOsg
against neutron powder diffraction
data collected at 1.5 K on the D2B
diffractometer. Crystal data: Fm3m, a
=8.16305(5) A, Ba(8c), U5, =—0.0005(8),
Mn (4a) Uis, = —0.0004(5), Mo (4b) Ui,
= —0.0004(5), O(24e) x = 0.2642(3),
U1y =0.0028(9), and Upp 33 = 0.0037(6).
The upper plot (a) shows the entire data
range, and the bottom plots show the
low angle data refined against (b) the
type Il magnetic structure and (c) the
non-collinear arrangement of spins.
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Due to the difference in energy between these 3d and 5d orbitals,
there is only very weak coupling via the nearest Co-O-Os interac-
tion and two separate interpenetrating magnetic structures result,
where the strongest coupling occurs via the exchange between cobalt
atoms.””"” Considering these next nearest neighbor interactions
allows the magnetic lattice to be viewed as four interpenetrating
sublattices, as highlighted by Anderson.*® The spins within each of
these sublattices can be coupled forming a G-type antiferromag-
netic structure. If each of these sublattices has spins orientated along
a different one of the four 111 directions, a structure contain-
ing spin-compensated tetrahedra is created, as shown in Fig. 4. The
dominance of the intra-sublattice coupling over the inter-sublattice
coupling leads to a ground state exhibiting macroscopic degener-
acy. This structure is consistent with the undistorted cubic-structure,
and refinement of this structure against the low temperature neutron
powder diffraction data results in a slight improvement in the quality
of fit [X? = 4.19, Ryp = 7.42, Mn moment = 3.87(8) uz].

Temperature dependent magnetic Bragg scattering

To study the evolution of the magnetic structure, the tempera-
ture dependence of these magnetic peaks was investigated using the
DI1B diffractometer, at temperatures spanning both paramagnetic
and antiferromagnetic regimes. The data were fitted using refine-
ment of both the nuclear and magnetic structures. The variation
in the unit cell parameter of the nuclear cell as a function of tem-
perature is plotted in Fig. 5. As expected, the unit cell contracts on
cooling to T » 20 K, but negative thermal expansion is observed
on cooling below this temperature. At 1.5 K, the refined manganese
magnetic moment is in agreement with that expected for a fully anti-
ferromagnetically ordered Mn** moment. On heating toward T,
the refined moment decreases, and in the region of Ty (Fig. 5), this

ARTICLE scitation.org/journal/apm

FIG. 5. Temperature dependence of (a) the nuclear cubic unit cell parameter and
(b) the refined manganese magnetic moment of Ba,MnMoOg measured on the
high flux diffractometer D1B. The red line in the bottom panel shows a fit of the
critical exponent, Ty = 9.37(7) K and p = 0.38(2). The error bars indicate the esti-
mated standard deviation derived from Rietveld refinements. The inset shows the
temperature dependence of the magnetic Bragg peaks in the neutron diffraction
data collected using the D1B diffractometer.

could be fitted using a standard function’ for the critical exponent,

Ty=T

. o B
B, of the sublattice magnetization: ym, = A == . Fits over the
N

temperature range close to Ty (4.75 < T < 9.2 K) yielded the para-
meters Ty = 9.37(7) K and B = 0.38(2). This value of p is consistent

FIG. 4. Proposed magnetic structures
of Ba,MnMoOg using the type Il struc-
ture (left) and spin compensated tetrahe-
dra (right). The lines indicate the mag-
netic exchange pathways between the
moments on the Mn?* cations.
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TABLE |. Parameters obtained from refinements against EXAFS data for
BayMnMoOg. All data were fitted simultaneously using a common, temperature

independent value for Ey.

Parameters 15K 60 K 160 K 300 K

SéMo 0.85(4) 0.85(4) 0.85(4) 0.85(4)
Ey -4.7(8) -4.7(8) -4.7(8) -4.7(8)
RMo-O (N =6) 1.921(9)" 1.919(6) 1.921(6) 1.923(8)

0% Mo-O (N = 6)
R Mo-Ba (N =8)

0.003(1) 0.0024(6) 0.0024(7) 0.003(1)
3.544(5)" 3.547(3) 3.549(5) 3.55(1)
o® Mo-Ba (N = 8) 0.0016(4) 0.0018(3) 0.0030(4) 0.0051(9)
RMo-O-Mn (N=12) 4.09(1)° 4.099(7) 4.11(1) 3.99(3)
o> Mo-O-Mn (N = 12) 0.003(9) 0.0030(6) 0.0039(9) 0.012(7)

*These interatomic distances can be compared with the values derived from Rietveld
refinements against neutron diffraction data collected at 1.5 K: Mo[TID 1.925 A,
MolI1Ba 3.535 A, and Mo[ITIMn 4.082 A.

with that expected for 3D ordering of an Heisenberg antiferro-
magnet,”” supporting the assignment that the magnetic ordering is,
indeed, 3D in nature, rather than the 2D exponent expected for
ordering in sheets. These neutron diffraction data unambiguously
demonstrate that almost all the Mn®* moments are incorporated
into the macroscopically degenerate long-range ordered antiferro-
magnetic structure with a Ty significantly higher than that observed
by d.c. susceptibility. Using the ordering temperature determined
from neutron diffraction gives a frustration factor f of ~8 that is sig-
nificantly lower than the value of 18 inferred from bulk susceptibility
measurements.

Local probe of the structure

Temperature dependent EXAFS measurements were per-
formed at the Mo K-edge in order to investigate the local coordina-
tion environment and oxidation state of the molybdenum ion. The

ARTICLE scitation.org/journal/apm

FIG. 6. Temperature dependence of the magnitude of the Fourier transform of
the EXAFS data measured at four characteristic temperatures: 1.5, 60, 160, and
300 K. Inset: fits against the magnitude (upper) and real component (lower) of the
Fourier transform in real space (R) of the EXAFS spectrum measured at 1.5 K.
The data are shown by the broken lines, and the fits are shown by the solid red
lines. The blue line represents the fitting range of 1-4 A.

position of the K-edge in these measurements confirms that molyb-
denum is present in the diamagnetic Mo(VI) oxidation state, thus
confirming that the only magnetic species is S = 5/2, Mn**. These
findings are in agreement with the result of calculations™ that indi-
cate Ba,MnMoOg is an insulator containing Mo®" and Mn?*. The
EXAFS data measured at 1.5, 60, 160, and 300 K were simultaneously
fitted constraining common values, to calculate the local environ-
ment about the Mo®" cation. An R range of 1-4 A and a k range
of 2.727-15.608 A™" were used. A good fit to all the data could be
obtained using the cubic structure from the low temperature neu-
tron diffraction data as a starting model. The details of the fit are
shown in Table I. The fit to the data measured at 1.5 K is shown in
the inset of Fig. 6. There is no evidence of distortion of the frustrated

FIG. 7. (a) Zero field uSR data measured above (black circles) and below (gray squares) Ty with the lines showing their associated fits to an exponential relaxation. The
temperature dependence of (b) the relaxation rate, \, and (c) the initial asymmetry, from fits of zero field muon spin relaxation data using an exponential relaxation function.
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network of regular edge sharing tetrahedra. On heating, there is no
evidence of any structural phase transition, confirming that the cubic
symmetry is maintained up to room temperature, as shown in Fig. 6.

Muon spin relaxation measurements of local
magnetic fields

In order to further probe the magnetic behavior of
Ba;MnMoOs, pSR measurements were performed. Tempera-
ture dependent, zero field measurements can be fitted with an
exponential function above 9.4 K, indicative of the paramagnetic
behavior. At lower temperatures, there is a significant loss of
asymmetry to a third of its initial value, but no oscillations are
observed. This rapid depolarization of the muons is indicative of
the muons oscillating on a timescale faster than can be detected
at the ISIS pulsed muon source, due to strong local magnetic
fields arising from ordering of moments within the sample. The
data were fitted with a single exponential function over the entire
temperature range. Data measured above and below Ty are shown
in Fig. 6. The relaxation rate, A, increases on cooling, to a sharp
maximum at 7.9 K (Fig. 7), before decreasing to a constant but
finite value of 0.57 ps, indicative of persistent spin dynamics. The
peak in the muon spin relaxation rate occurs at a somewhat lower
temperature than the transition temperatures observed by neutron
diffraction. This effect may be expected for a technique probing an
intermediate timescale, when the long-range ordering of the system
is manifested as a gradual slowing down of the dynamics; as the
dynamics of the system slow down on cooling, the timescale on
which they appear static becomes longer. This is seen as an ordering
transition at successfully lower temperatures as the timescale probed
by the measurement technique increases. As a comparison, the
uSR relaxation in the doped analog Ba;Ndy3Mng;MoQOg was also
measured. It shows a similar loss in the initial asymmetry, but over
a broader temperature range, despite no evidence of the long-range
magnetic order in either d.c. susceptibility or low temperature
neutron powder diffraction measurements.”

DISCUSSION

Ba,MnMoOg shows a magnetic behavior that shares the char-
acteristics of the long-range antiferromagnetic order and the disor-
dered character of a dynamic paramagnetic material. The magnetic
Bragg peaks evident in neutron diffraction experiments indicate a
configuration of magnetic moments that appear static and ordered
to the diffracted neutron wave. Consideration of the lengthscale of
diffraction and the speed of a thermal neutron with a de Broglie
wavelength of ~2 A suggests that the passage of a neutron wave
through ten magnetic unit cells, a distance of ~160 A, at a speed
of 2000 m s~ occurs over picosecond timescales. Under these con-
ditions, all magnetic moments appear fully ordered below Ty of
9.37(7) K. However, at this temperature, muons indicate some disor-
der in the local magnetic field that persists until the sample is cooled
to 7.9 K. Thus, in the range 7.9 < T/K < 9.37, the magnetic Bragg
scattering indicates a static, long range ordered antiferromagnetism,
while the muons indicate spin dynamics that are gradually slow-
ing through the timescale of the muon measurement as the thermal
energy is reduced.

ARTICLE scitation.org/journal/apm

The clear signatures of magnetic transition occur at slightly dif-
ferent temperatures for neutron and muon measurements but are
absent from the bulk d.c. susceptibility measurements. Here, the
magnetization does not have the clear maximum that signifies spin
cancellation due to antiferromagnetic ordering. This provides a stark
contrast to the sharp maxima observed in the isostructural com-
pounds Ba,MnWO4** and Ba,MnTeOs,”” where the susceptibility
maxima clearly indicate the temperatures at which magnetic Bragg
peaks appear. Instead, Ba,MnMoQOg shows a subtle feature at 4 K,
which implies a marginal, partial cancellation of the spins at this
temperature.

The magnetic transition of Ba,MnMoOg is unusual in other
ways. The muon relaxation measurements of B&MnWOg”® show a
sharp loss of asymmetry at the 8.25 K transition temperature fol-
lowed by a gradual increase, indicating the presence of persistent
short-range correlations up to 30 K. Similarly, inelastic neutron scat-
tering measurements on Ba,MnTeOg”” show the presence of short
range magnetic correlations persisting up to at least 109 K, well
above the 20 K Néel temperature. By contrast, the muon relaxation
measurements on Ba,MnMoOg show that the internal magnetic
field arising from ordering of the spins is lost at 7.9 K and there is
no evidence of short range correlations above this transition.

Consideration of the unusual signatures of the magnetic tran-
sition in Ba,MnMoOg led us to consider the exchange pathways
that drive the magnetic ordering. If the antiferromagnetic coupling
between next-nearest neighbors dominates, then it leads to collinear
antiparallel ordering of a sub-lattice of Mn spins that compose one
quarter of the magnetic species in a G-type ordering. The remain-
ing spins are found on interpenetrating G-type ordered sublattices
that form the apices of a tetrahedron. This approach delivers a dis-
tribution of magnetic Bragg scattering that is barely distinguishable
from the type II structure previously suggested for Ba,MnMoOg
and identified in Ba;MnWOg. In the latter, inelastic neutron scatter-
ing measurements identified a finely balanced competition between
nearest neighbor (J = —0.080 meV) and next-nearest neighbor cou-
pling (J = —0.076 meV).”® Given the similarities in the neutron Bragg
scattering between these two models, it is likely that inelastic neutron
scattering measurements are needed to discriminate between these
two possibilities and provide insights into the nature of the ordered
phase.

The magnetic susceptibility indicates that at higher tem-
peratures, in the paramagnetic regime, strong antiferromagnetic
coupling exists between the Mn®* spins. Despite these strong cor-
relations, magnetization measurements show that the spins remain
largely uncompensated down to 2 K. This suggests that the static
spin configuration identified in the neutron measurements may rep-
resent a snapshot of a magnetic state that is readily disrupted and
possibly dynamic, under the conditions and timescale of a magnetic
susceptibility measurement.

This strong technique dependence has some precedent in the
observations of the pyrochlore Tb,Sn,O7.* The coupling of the
Tb>* cations in this structure involves the 4f° centers and so is
weaker than the 3d mediated interactions of Ba;MnMoOg. The
high temperature paramagnetic regime indicates that the weaker
antiferromagnetic coupling in the frustrated lattice of Tb,Sn,0O;
is manifested in a lower Weiss constant, ®, = —12 K. Neutron
diffraction indicates that the magnetic moments become ordered
below 0.87 K. However, the absence of any evidence of a magnetic
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transition in the muon measurements below this temperature was
taken as evidence of a non-static magnetic ground state. Our obser-
vations on Ba;MnMoOs show that this de-coupling of magnetic
transition temperatures can be observed in the frustrated fcc lat-
tice. The stronger coupling lifts these effects into a more accessible
temperature range and suggests that Ba;MnMoOg may be a suitable
system for probing these effects.

SUPPLEMENTARY MATERIAL

See the supplementary material for the crystal structure of
Ba;MnMoOg derived from Rietveld analyses against the D2B neu-
tron diffraction data collected at 2 K, which is described in the
Crystallographic Information File.
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