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ABSTRACT: B-site ordered A,B'B”Og4 double perovskites have a variety of applications as
magnetic materials. Here, we show that diamagnetic d'® and d° B” cations have a significant
effect on the magnetic interactions in these materials. We present a neutron scattering and
theoretical study of the Mn** double perovskite Ba,MnTeOg with a 4d'® Te®" cation on the

)

B”-site. It is found to be a Type I antiferromagnet with a dominant nearest-neighbor J, o om0
interaction. In contrast, the 5d° W®" analogue Ba,MnWOj is a Type II antiferromagnet with P PN
a significant next-nearest-neighbor J, interaction. This is due to a d'°/d° effect, where the ooy B e
different orbital hybridization with oxygen 2p results in different superexchange pathways. Type 1 antiferfomagnet  Type 2 antiferromagnet

We show that d'° B” cations promote nearest neighbor and d° cations promote next-nearest-
neighbor interactions. The d'°/d° effect could be used to tune magnetic interactions in double perovskites.

1. INTRODUCTION

The B-site ordered A,B'B”O¢ double perovskite family of oxides
has been widely investigated for their varied functional
properties. In terms of magnetic materials, double perovskites
have potential applications as ferro- and ferrimagnets with high
Curie temperatures, as half-metallic ferromagnets in spintronics
and as multiferroic materials." The magnetic ground state and
transition temperature of a material are determined by the
interactions between its magnetic cations. In oxides, the main
interactions are usually superexchange interactions mediated by
oxygen 2p orbitals. The semiempirical Goodenough—Kanamori
rules’™* predict superexchange interactions in materials, where
two transition metal cations are separated by an oxygen anion in
either a 90° or a 180° bond angle.

The situation is more complicated in compounds where the
magnetic cations are further apart. This occurs in double
perovskites with one magnetic and one diamagnetic B-site cation
alternating over the sites of the structure giving rock-salt order.
Diamagnetic d'° and d° cations can act as linkers between
magnetic cations in extended superexchange pathways and can
lead to very different magnetic interactions. This is due to an
orbital hybridization mechanism, where the empty d° orbitals
can readily hybridize with O 2p orbitals whereas the full d'°
states tend to be significantly below the Fermi level.” This d'°/d"
effect has been firmly established in B-site ordered Cu** double
perovskites Sr,Cu(Te,W)Og and Ba,Cu(Te,W)Og, where Te®*
is a 4d' cation and W®" is a 5d° cation on the B”-site linking the
CuOy octahedra.®™"* Despite being isostructural, interactions in
the Te* and the W compounds are completely different: both
Sr,CuTeOg4 and Ba,CuTeOg4 have dominant nearest-neighbor J;
interactions, whereas Sr,CuWOQO, and Ba,CuWOQOg have domi-
nant next-nearest-neighbor J, interactions.”'® Furthermore, a
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novel spin-liquid-like state has been reported for the solid
solution Sr,CuTe,_W,04 "'

These Cu** compounds are not representative of double
perovskites in general for a number of reasons. The Cu** double
perovskites are tetragonally distorted by the Jahn—Teller activity
of this cation resulting in more complicated interactions.
Octahedral tilts are closely linked to the overall strength of
magnetic interactions in these materials.'” Most importantly,
due to orbital ordering of the 3d° Cu®* cations, the magnetism in
these materials is highly two-dimensional unlike in other double
perovskites.”' " The interactions only involve the unoccupied
3d,>_, orbitals of the copper cations. Finally, quantum effects
such as quantum fluctuations are significant because of the S =
1/2 nature of the Cu* cation. Therefore, it remains an open
question of whether the d'%/d° effect is specific to these Cu*"
compounds or whether it is more widely applicable.

The change in the dominant magnetic interaction observed in
the copper double perovskites does not occur in 4d* Ru** and
5d* Os®" double perovskites, which all have a dominant J,
interaction.'® " A theoretical study of magnetic interactions in
the monoclinic Os** double perovskites Sr,InOsOy4 (d'°) and
S1,8c0sO4 and Sr,YOsO4 (d°) found a strong connection
between the B” cation and overall strength of magnetic
interactions.”" While these compounds all have the same Type
I antiferromagnetic structure, magnetic interactions are the
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strongest in Sr,ScOsOj due to significant hybridization of Sc 3d°
states with O 2p and Os Sd states. Interactions in the d'
Sr,InOsOg4 were found to be the weakest, as the hybridization of
the filled In 4d'° states with O 2p states were found to be very
weak.”" Differences between materials with d'® or d° linking
cations have also been reported for 5d* Os®* compounds.” In
general, interpretation of the d'’/d’ effect in these 4d and 5d
double perovskites is complicated by the strong spin—orbit
coupling of the magnetic cations."®

The Mn?* double perovskites Ba,MnTeO4 and Ba,MnWO,
are ideal materials for testing the d'°/d° effect in the simplest
possible system. Both crystallize in the cubic Fm3m space group,
where the magnetic Mn** cations form an undistorted face-
centered cubic (fcc) lattice. The lattice parameters and bond
distances are almost identical due to the similar ionic radii of the
4d" Te®" and 5d° W®* cations.”” Magnetic interactions in these
perovskites are three-dimensional unlike in the copper
compounds, and there are no quantum effects due to the
large, classical-like spin-5/2 on 3d® Mn?" cations. Moreover,
there is no spin—orbit coupling nor an orbital moment. As a
result, magnetism in both compounds can be described using a
simple fcc Heisenberg model with only two interactions as
shown in Figure 1: nearest-neighbor ], and next-nearest-

Figure 1. B-site ordered double perovskite structure of Ba,MnTeOq
and Ba,MnWOy. The A, B’, B”, and O sites are represented by blue,
violet, gray, and red spheres, respectively. The main magnetic
interactions are shown: nearest-neighbor J; (corner to face center)
and next-nearest neighbor J, (corner to corner).

neighbor J, interaction. We have recently reported the full
magnetic characterization of Ba,MnWOg.** The material is
cubic with the full ordering of the Mn** and W** cations on the
B-sites. The space group is Fm3m with a = 8.18730(2) at 2 K.
The Néel temperature of Ba,MnWOQy is 8 K, and it has a Type II
antiferromagnetic structure. The ], interaction is slightly
stronger than the J, with J; = —0.080 meV and J, = —0.076
meV, respectively.

In this article, we present the magnetic properties of the Mn®*
double perovskite Ba,MnTeOy for the first time. Ba,MnTeOq
has been synthesized before and a structure was proposed, but its
physical properties have not been investigated.” It is a 4d'* Te®*
analogue of Ba,MnWOj; and allows us to study the effect of d'°
and d’ diamagnetic cations on the superexchange interactions in
double perovskites. Ba,MnTeOy is isostructural with
Ba,MnWOg and crystallizes in the space group Fm3m with a
= 8.2066(3) at 2 K. Despite minimal differences in crystal
structure including bond distances and angles (<0.5%), the
magnetic properties of Ba,MnTeOg4 and Ba,MnWOy are very
different. Neutron diffraction experiments reveal a Type I
antiferromagnetic structure in Ba,MnTeOg4 below Ty = 20 K,
whereas Ba,MnWOjq has a Type Il magnetic structure. The main
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superexchange interaction in Ba,MnTeOy is found to be ],
—0.34 meV, while the J, interaction is very weak with J, = 0.03
meV.

The significant differences in exchange interactions and
magnetic structures between these two isostructural compounds
can be understood in terms of differences in orbital hybrid-
ization between the d'° and d° cations. We conclude that d'°
cations on the B” site in 3d transition metal double perovskites
favor antiferromagnetic ], interactions, whereas d° cations
enhance antiferromagnetic J, interactions. This is supported by a
survey of known ordered double perovskites with either d'° Te®*
or d® W /Mo®" cations on the B”-site. This d'°/d° effect could
be used to tune magnetic interactions and ground states in
double perovskites in general as has been demonstrated for
Sr,CuTe,_ W,04 "> "' Finally, as in Ba,MnWO, we also
observe a short-range correlated magnetic state in Ba,MnTeOq
that survives up to T = 5Ty.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Polycrystalline powder samples of Ba,MnTeOq4
were prepared using a conventional solid-state chemistry method.
Stoichiometric quantities of BaCO; (99.997%), MnO, (99.999%), and
TeO, (99.9995%) were mixed in an agate mortar, pelletized and
calcined at 900 °C in air. The synthesis was carried out in air at 1100 °C
for 96 h with intermittent grindings. Phase purity was investigated using
X-ray diffraction (Rigaku Miniflex, Cu Ka).

2.2. Physical Characterization. Magnetic properties were
measured on a Quantum Design MPMS3 magnetometer. 111.94 mg
of sample powder was enclosed in a gelatin capsule, immobilized with
polytetrafluoroethylene (PTFE) tape and then placed in a straw sample
holder. The measurements were performed in SQUID-VSM mode in
the temperature range 2—300 K in an applied field of y1oH = 0.1 T. Both
zero-field and field-cooled (FC) measurements were taken. Specific
heat was measured with a Quantum Design PPMS instrument using a
thermal relaxation method. A 6.84 mg pellet piece was used for the
measurements, which were carried out between 2 and 60 K.

2.3. Neutron Powder Diffraction. The nuclear and magnetic
structure of Ba,MnTeO,4 was investigated using neutron diffraction.
The measurements were performed on the GEM time-of-flight
diffractometer at the ISIS Neutron and Muon Source.”® Typically,
7.9 g of sample powder was enclosed in a vanadium can. The collected
data is available online.”’” Rietveld refinement was carried out using
FULLPROEF.*® The crystal structures were visualized using VESTA.”

2.4. Inelastic Neutron Scattering. Magnetic excitations in
Ba,MnTeO4 were measured using time-of-flight inelastic neutron
scattering (INS) at the MERLIN instrument’” at the ISIS Neutron and
Muon Source. The same 7.9 g of powder sample was used for both the
INS and diffraction experiments. The sample powder was enclosed in
an aluminum foil sachet to form an annulus inside a cylindrical
aluminum can, which was inserted into a closed-cycle refrigerator to
measure between 7 and 200 K. Measurements were performed using a
Gd chopper and rep-rate multiplication®' "> to allow S(Q,E) dynamical
structure maps as a function of momentum and energy transfer to be
recorded simultaneously with incident energies of 10, 20, and 53 meV.
The data were reduced using the MantidPlot software package.** The
raw data were corrected for detector efficiency and time-independent
background following standard procedures. The data sets are available
online at ref 35.

2.5. Computational Details. The electronic structures of
Ba,MnTeOg and 5d° W analogue Ba,MnWO, were calculated
using density functional theory (DFT). The calculations were carried
out using the full-potential linearized plane-wave (FPLAPW) code
ELK.* The calculations were performed with generalized gradient
approximation functionals by Perdew, Burke, and Ernzerhof®” (GGA-
PBE) with a plane-wave cutoff of |G + kl = 8/ Ry au™, where Ry is the
average muffin-tin radius. Electron correlation effects of the localized
Mn 3d orbitals were included in a DFT + U approach with the Hubbard
U and Hund coupling ] as parameters.”® The calculations were
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performed with U = 5 and 7 eV with ] = 0.9 eV. We used the
experimental crystal structures in the calculations with a Type I
antiferromagnetic structure, which can be calculated without creating a
supercell. While this is not the correct magnetic structure for
Ba,MnWOy, it has little effect on the density of states, which is our
main interest.

3. RESULTS

3.1. Magnetic Properties and Specific Heat. Magnetic
properties of Ba,MnTeOg were investigated using DC magneto-
metry (Figure 2). Two transitions are observed in the zero-field-
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Figure 2. Magnetic susceptibility of Ba,MnTeOj. The zero-field-cooled
and the field-cooled curves are shown in gray and black, respectively. An
antiferromagnetic transition is observed at Ty 20 K, and a
ferrimagnetic transition due to Mn;O, impurity is observed at 45 K.
Inset: Inverse magnetic susceptibility and a fit to the Curie—Weiss law
yielding O¢y = —157(1) K and p.¢ = 6.30(1) ptg.

cooled (ZFC) curve: an antiferromagnetic transition at ~20 K
and a ferro- or ferrimagnetic transition at 45 K. The field-
cooled (FC) curve diverges from the ZFC curve at the latter
transition. The antiferromagnetic transition is inherent to
Ba,MnTeOg, whereas the latter transition is from a minute
Mn;0, impurity not detectable by X-ray diffraction. Mn;0,
impurities are common when Mn perovskites are prepared in
oxidizing conditions, which for Ba,MnTeOg are needed to
oxidize Te*" to Te®". The Néel temperature of Ba,MnTeOg was
determined from the first derivative of y,,, T vs T curve as T =
20.3(2) K

The inverse magnetic susceptibility was fitted to the Curie—
Weiss law y,,0 = C/(T — Ocy) in the temperature range 200—
295 K. The Curie—Weiss constant Oy gives an estimate of the
overall strength of magnetic interactions in a material. For
Ba,MnTeQy, we obtained @, = —157(1) K indicating strong
antiferromagnetic interactions between the 3d®> Mn”* cations.
The Curie constant was found to be C = 4.96(1) leading to an
effective paramagnetic moment of y.g = 6.30(1) pg. This is
slightly larger than the expected spin-only value of jigq = 5.93 i
for S = 5/2 Mn?* but is similar to other reported Mn?** double
perovskites.””*" The degree of magnetic frustration in
Ba,MnTeO4 was estimated with the frustration factor f =
Ocw/ Ty & 8, which indicates that the compound is moderately
but not strongly frustrated.”'

The specific heat of Ba,MnTeOg4 was measured to clarify the
magnetic transitions (Figure 3). A single 4 anomaly is observed
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Figure 3. Specific heat of Ba,MnTeOy4 between 2 and 60 K. The 4
anomaly observed at Ty = 20 K is the only magnetic transition in
Ba,MnTeOg in this temperature range.

at 20 K indicating a second-order magnetic transition at Ty = 20
K. This confirms that the second feature observed in magnetic
susceptibility at 45 Kis from a Mn;O, impurity and not intrinsic
to Ba,MnTeOg. While a small ferrimagnetic impurity can result
in a large signal in the magnetic susceptibility, it will not be
observed in the specific heat due to the very small change in the
overall entropy of the sample.

3.2. Crystal Structure. Crystal structures of perovskites can
be predicted using the Goldschmidt tolerance factor calculated
from the ionic radii of the different cations and the oxygen
anion." The tolerance factor for Ba,MnTeOg is t = 1.00
corresponding to the cubic Fm3m structure also observed for
Ba,MnWOq. Te® double perovskites are generally known to
follow the tolerance factor, although they are more likely to form
hexagonal perovskite phases than their W analogues.”” Wulff
et al.”> reported the crystal structure of Ba,MnTeOg4 to be
rhombohedrally distorted R3m and attributed the distortion to
the different sizes of the MnOg and TeOg octahedra. However,
their reported structure is cubic within one standard deviation
for both the lattice parameters and atomic positions. To resolve
this discrepancy, we performed neutron diffraction measure-
ments at the GEM instrument at the ISIS Neutron and Muon
Source.

We found the crystal structure of Ba,MnTeOg to be cubic
based on both room-temperature X-ray diffraction and low-
temperature (100 K) neutron powder diffraction measurements.
All reflections could be indexed in the cubic Fm3m space group,
and no peak splitting nor anisotropic line broadening expected
for a small rhombohedral distortion was observed. The
refinement of the 100 K neutron data on the high-resolution
bank 6 of GEM is presented in Figure 4. The sample was found
to be of high quality with a minor 1.0(1) wt % BaMnO, impurity,
while the trace Mn;O, impurity found in magnetometry could
not be observed. The Mn** and Te®" cations were found to be
fully ordered on the two B-sites, and no antisite disorder was
observed. This is expected as the B-site cations in Ba,MnTeO
have a large charge difference, which drives the ordering.1

For comparison, the refined Fm3m structure was transformed
to R3m using the WYCKSPLIT™ and TRANSTRU tools
provided by the Bilbao Crystallographic Server.**~** This space
group allows for one additional degree of freedom in the lattice
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Figure 4. Rietveld refinement of the 100 K neutron diffraction data for
Ba,MnTeOy from the high-resolution bank 6 on GEM. The cubic
Fm3m structure fits very well, and no features suggesting a lower
symmetry structure are observed.

parameters, one in the position of barium and one in the position
of oxygen. Rietveld refinement in R3m leads to only a negligible
improvement with the additional positional and lattice
parameters remaining within the standard error of their cubic
values. This confirms that the structure is indeed cubic (Table

1).

Table 1. Refined Structure of Ba,MnTeOq at 2.1 and 100 K.
Space Group Fm3m with Ba on (1/4, 1/4, 1/4) Site, Mn on
(0, 0, 0) Site, Te on (0, 0, 1/2) Site, and O on (x, 0, 0) Site”

21K 100 K

a (A) 8.2066(3) 8.2106(4)
Ba 100 X Uy (A%) 0.01(4) 0.13(4)
Mn 100 X U (A?) 0.00(4) 0.03(4)
Te 100 X Uygo (A%) 0.03(3) 0.07(3)
O 0.2646(1) 0.2647(1)
0 100 X Uygg (A%) 0.22(2) 0.32(2)
BaMnOj; (%) 1.0(1) 1.0(1)

k (0,0,1)

My (Mp) 4.34(3)

R, (%) 6.61 7.44

R,, (%) 6.47 6.84

Rey (%) 1.89 3.50

Ve 11.7 3.82

“R-factors are reported for the high-resolution backscatter bank 6 (26
= 153.90°).

3.3. Magnetic Structure. Magnetic Bragg peaks were
observed in the neutron diffraction patterns below 220 K. These
were found to correspond to the propagation vector k = (0,0,1),
which is equivalent to k = (1,0,0) = (0,1,0) in Fm3m. This
indicates Type I antiferromagnetic order in Ba,MnTeOg. The
symmetry-allowed magnetic structures were evaluated using
representation analysis with BASIREPS™® and SARAh.*” Two
irreducible representations were found for the Mn (0,0,0) site in
Ba,MnTeOg: Iy = I'; + I'jp. The correct solution I'y,
corresponds to ferromagnetic layers of Mn** cations with in-
plane moments stacked antiferromagnetically along c. The other
solution I'; has the Mn moment out of plane along ¢ but grossly
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fails to reproduce the main magnetic peak intensity. The
direction of the magnetic moment within the ab plane cannot be
determined from powder data. We chose to set it arbitrarily
along a. The combined nuclear and magnetic refinementat 2.1 K
is shown in Figure Sa. The Type I magnetic structure fits the
experimental data well. The higher y” for the 2.1 K refinement is
due4§o an extended counting time compared to the 100 K data
set.
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Figure 5. Magnetic refinement. (a) Rietveld refinement of the 2.1 K
neutron diffraction data for Ba,MnTeO4 The upper bar symbols
represent the nuclear phase, while the lower bar symbols mark the
positions of the magnetic Bragg reflections. Ba,MnTeOgq has the Type I
antiferromagnetic structure with a moment of 4.34(3) pp at 2.1 K. (b)
Thermal evolution of the refined magnetic moment (left) and the
square root of the integrated intensity of the main magnetic peak
(right). Inset: Magnetic structure of Ba,MnTeO.

The refined magnetic moment of Mn at 2.1 K of 4.34(3) pip is
as expected for S = 5/2 Mn>*. We have plotted the refined
moment as a function of temperature in Figure Sb. At low
temperatures, the moment is reduced by spin waves, whereas the
reduction in the moment is governed by critical behavior near
Tx- The refined moment does not decrease as fast as expected in
the critical region. This is likely due to significant diffuse
magnetic scattering, which is also observed above Ty. We have
plotted the thermal evolution of the square root of the integrated
intensity of the main magnetic (110) peak for comparison.
Above 22 K, the peak becomes indistinguishable from
background, but broad diffuse magnetic scattering remains up
to at least 40 K. The magnetic diffuse scattering suggests that a

https://dx.doi.org/10.1021/acs.chemmater.0c02971
Chem. Mater. 2020, 32, 7070—-7079


https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02971?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02971?ref=pdf

Chemistry of Materials pubs.acs.org/cm

_.8 8 — 250
° o 5
%]
Esf Es £
— -}
Q QL o
|2 2} 200 =
5° 54 5
- = 2
&2 &2 S
— (@)
2 c ©
0
2 4 6 8
Energy Transfer (meV)
_ _ 400
> > 100 __ (f) I 6K
£ £ 2 E | Do
el el 5 300 I 44K
% % 5 I 109K
c c 5 200 Fa
© © 50 & o3
= = 2 T3
> > c £
o o 353100 =
Pt el o) =
2 e © 3
T w =
0 0
0 2 4

Ql (A QI (A QI (A

Figure 6. Inelastic neutron scattering from Ba,MnTeOg. (a) 7 K data showing clear spin-wave excitations. (b) Spin-wave simulation with J; = —0.34
and J, = 0.03 meV. (c) Vertical cuts through the 7 K data summed over different |Q| intervals (squares) and the simulated spectra (black line)
confirming that the simulation fits the data well. (d) Data collected at 44 K still show magnetic excitations indicating a short-range correlated magnetic
state. (e) Magnetic excitations are observed even at 109 K. (f) Horizontal cuts through the S(Q,E) data summed over E = 1—2 meV at different
temperatures show that the magnetic excitations observed above Ty = 20 K occur at the same positions in |Ql, where the maxima in intensity are
observed in the spin-wave spectrum at 7 K.

short-range correlated magnetic state forms above Ty similar to netic structure. To conclude, ], is the main magnetic interaction
BazMnW06.24 in Ba,MnTeOy.

3.4. Inelastic Neutron Scattering. Magnetic excitations in Magnetic excitations in Ba,MnTeOj persist far above Ty, as
materials can be investigated using inelastic neutron scattering. they are observed in the spectra collected at 44 (Figure 6d) and
For magnetically ordered materials, these excitations are spin 109 K (Figure 6e). The excitations get weaker with increased
waves. Magnetic exchange interactions can then be extracted temperature and 1Ql, which confirms their magnetic origin. The
from the spin-wave spectra using linear spin-wave theory." presence of magnetic excitations above Ty indicates that a short-
Inelastic neutron scattering results for Ba,MnTeOg are range correlated state forms in Ba,MnTeOy. This is consistent
presented in Figure 6. The data collected at 7 K show clear with the significant diffuse magnetic scattering observed in the
spin-wave excitations as expected in the magnetically ordfgred neutron diffraction experiments. This state survives up to at least
state. The spin-wave spectra were simulated with SpinW.™ A 109 K, which is over S times Ty = 20 K. High-temperature short-
simple Heisenberg model was sufficient to describe the data range correlated magnetic states have also been reported in the

H=-] Z 8-S — Z S.S. double perovskites Ba,YRuOg4 and Sr,CuWO4.**" In Figure 6f,

1 b 717 2 hd T we present horizontal cuts through the data at different
@) ) (1) temperatures. The cuts show that the magnetic excitations
where J, is the nearest-neighbor interaction, J, is the next- above Ty occur in the same positions in momentum transfer |Ql
nearest-neighbor interaction, S; is spin on site i, and the sums are as the spin waves in the ordered state. This suggests that the
taken over their respective bonds. The spin-wave simulation in short-range correlated state up to STy is closely related to the
Figure 6b reproduces the experimental spectra very well. This is ordered magnetic state below Ty = 20 K.
also further supported by the vertical cuts shown in Figure 6¢, in 3.5. Electronic Structure. Density functional theory
which the model closely follows the experimental data. We calculations in the DFT + U framework were used to investigate
obtained J; = —0.34 and ], = 0.03 meV from the SpinW the electronic structures of Ba,MnTeOg; and Ba,MnWOq.
simulations consistent with the observed Type I antiferromag- Ba,MnTeOy is an antiferromagnetic insulator as expected with
7074 https://dx.doi.org/10.1021/acs.chemmater.0c02971
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an indirect band gap of E, = 1.75 eV. The partial density of states
for Ba,MnTeO4 with U = 7 eV is shown in Figure 7a. The
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Figure 7. Total and partial density of states of Ba,MnTeOq (a) and
Ba,MnWOj (b) calculated within the DFT + U framework with U = 7
eV. The tellurium Ss and Sp states do not significantly hybridize with
Mn 3d and O 2p states, whereas W 5d states strongly hybridize with O
2p. This hybridization allows the empty W Sd states to participate in the
magnetic interactions.

valence band below the Fermi level consists of hybridized Mn 3d
and O 2p states. Similarly, in the conduction band, the empty 3d
Mn states hybridize with O 2p states. There is only weak
hybridization of the empty Te Ss and Sp states with O 2p or Mn
3d states. The Te 4d'° states are located significantly below Ej
and are not shown. This suggests that tellurium does not
participate in the extended superexchange interactions between
the Mn*" cations.

Ba,MnWOg is also an antiferromagnetic insulator with E, =
1.98 eV. The partial density of states, shown in Figure 7b, is
different from Ba,MnTeOg in important ways. The conduction
band forms from unoccupied W 5d° states, which hybridize
strongly with O 2p and, to a lesser degree, Mn 3d states. The
valence band is formed of hybridized Mn 3d and O 2p states as in
Ba,MnTeOg. The strong W 5d°—O 2p hybridization indicates
that the empty tungsten Sd orbitals participate in the
superexchange.
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4. DISCUSSION

The typical magnetic structures for B-site ordered double
perovskites are the Type I, Type II, and Type III
antiferromagnetic order derived from the ground states of the
fcc Heisenberg model.">" The Type I structure consists of
alternating ferromagnetic layers stacked along [001]. This
structure occurs when the antiferromagnetic ], interaction
dominates, but it is frustrated as only 8 of the 12 nearest-
neighbor spins can couple antiferromagnetically. In the Type II
structure, alternating ferromagnetic layers are stacked along
[111]. In this structure, all of the next-nearest-neighbor spins
couple antiferromagnetically, and as such it requires a significant
antiferromagnetic J, interaction. The type III structure is rare
and a mixture of the first two."”" Finally, Néel antiferromagnetic
order is observed in some copper double perovskites. In these
tetragonal compounds, interactions are strong in the ab plane
while out-of-plane interactions are negligible. In the Neéel
structure, all of the nearest-neighbor in-plane spins couple
antiferromagnetically lifting the frustration found in the Type I
structure. As such, it requires a dominant J; interaction.”> All of
these magnetic structures are visualized in Figure 8.

"0 os =0+
=0 os

*0= o o=

=0+

-0+ -_‘-'Q‘.f
—o=

"O-‘o_a.o..

Figure 8. Magnetic structures in double perovskites. (a) Type I
antiferromagnetic structure. (b) Type II antiferromagnetic structure.
(c) Type III antiferromagnetic structure. (d) Néel antiferromagnetic
structure observed in some tetragonal Cu* double perovskites.

The cubic perovskites Ba,MnTeOg and Ba,MnWOq are
isostructural with nearly identical lattice parameters and bond
lengths. The only difference in the compounds is the presence of
either 4d'® Te®* or 5d° W on the B”-site, which links the
extended superexchange pathways between the Mn®* cations.
However, this minor difference is enough to result in completely
different magnetic interactions and structures: Ba,MnTeOg has
the Type I structure with J; = —0.34 and ], = 0.03 meV, whereas
Ba,MnWOy has the Type II structure with J; = —0.080 and ], =
—0.076. Since there are no structural differences, the large
change in exchange interactions must be related to a d'°/d°
effect as has been reported for related copper double
perovskites."'~'* This d'°/d° effect is supported by the density
of states plots, where major differences are observed. The Te Ss
and Sp states do not significantly hybridize with O 2p states,
while 4d'® orbitals are far below the Fermi level, indicating
limited participation of Te in the extended superexchange
interactions between Mn cations. In contrast, empty W 5d°

https://dx.doi.org/10.1021/acs.chemmater.0c02971
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Table 2. Ordered II-VI Double Perovskites with d'° (Te®*) or d° (W®*) B” Cations and Their Magnetic Properties

compound space group (low T) Ty (K) magnetic structure

Ba,MnTeOg¢ Fm3m 20 type I
Sr,MnTeOyg P2,/n 20 type I
Sr,CoTeOq P2,/n 18 type I
Sr,NiTeOq4 P2,/n 35 type I
Ba,CuTeOq 4/m Neel

Sr,CuTeOq 4/m 29 Neéel

Ba,MnWOy Fm3m 8 type I
Sr,MnWOjq P2,/n 14 type II
Sr,CoWOyq P2,/n 24 type II
Sr,NiWOq 4/m 54 type 1L
Ba,CuWOyq I4/m 28 type II
Sr,CuWOg4 I4/m 24 type 11

“This paper.

BOcw (K) Ji (meV) > (meV) L/ ref

—-157 -0.34 0.03 —0.09 @

—-136 40

—140 53

—225 54, 58S

—400 —-20.22 023 —0.01 12,17
—-80 -7.18 -0.21 0.03 9, 10, 14
—63 —0.080 —0.076 0.95 24
=71 56, 57
—62 58

-175 -0.02 —1.81 90 55, 59, 60

—249 -1.17 —11.94 10.18 12,17, 61

—165 -12 -9.5 7.92 6-8, 14

orbitals strongly hybridize with O 2p orbitals and can therefore
participate in the superexchange interactions.

The magnetic ground state of the fcc model is determined by
the J,/J; ratio.”" We will first consider the J, interaction, which
drives magnetic structure selection as J; is antiferromagnetic in
both Ba,MnTeO4 and Ba,MnWOg. ], is a 180° Mn—O—B"—
O—Mn superexchange interaction. This interaction occurs via
the bridging B” cation, since the O anions are on the opposite
sides of the B” cation and their 2p orbitals are too far away to
directly overlap. Since the Te cations do not participate in the
superexchange, this interaction is relatively weak in Ba,MnTeOq
with J, = 0.03 meV. The W 5d° orbitals of Ba,MnWOQOg hybridize
with O 2p resulting in a stronger antiferromagnetic J, = —0.076
meV. The weak ferromagnetic ], in Ba,MnTeOgq leads to the
observed Type I magnetic structure. In Ba,MnWOy, the
dominant antiferromagnetic J, interaction stabilizes the Type
II magnetic structure.

The nearest-neighbor J; interaction has a 90° Mn—O—B"—
O—Mn superexchange pathway. This interaction can occur via
overlapping 2p orbitals of the two neighboring oxygens without
the participation of the B” cation and could also be considered as
a Mn—O—O-—Mn pathway. This is the dominant magnetic
interaction in Ba,MnTeOg with J; = —0.34 meV as Te does not
participate in the superexchange. Unexpectedly, the hybridized
W 5d° states strongly suppress this interaction in Ba,MnWOy
leading to J; = —0.080 meV, whereas naively one would expect
increased hybridization to enhance all exchange interactions.
This is not a structural effect as Ba,MnWO has a slightly smaller
lattice parameter, where one would expect slightly stronger
magnetic interactions as a result of increased orbital overlap. The
J1 interaction is also strongly suppressed in the related double
perovskites Sr,CuWOg and Ba,CuWO. '™ A thorough
analysis of the exchange pathways in Sr,CuWOg revealed that
the W 5d° orbitals introduce some ferromagnetic J; exchange,
which has the overall effect of reducing the antiferromagnetic J,
exchange mainly occurring via the overlapping O 2p orbitals."”
This is the likely origin of the suppression of J; in Ba,MnWOQg as
well, although confirmation would require more advanced ab
initio calculations. The strong suppression of J; naturally
explains why Ba,MnTeOgq has a higher Ty and more negative
Ocw than Ba,MnWOq as J; is suppressed more than J, is
enhanced.

For comparison, in Table 2, we have collected crystallographic
and magnetic data for Ay)MB" O double perovskites, where M is
a divalent 3d transition metal cation and B” is Te®* or W®*. We
have only included compounds where both the Te®" and W®*
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analogues form an ordered double perovskite. The monoclinic
P2,/n Sr,MnTeOq4 and Sr,MnWOg behave similarly to the
barium analogues such that the former has the Type I structure
while the latter has Type IL.*****7 All of the compounds with a
d'® Te* linking B” cation have either Type I or Néel
antiferromagnetic structures, revealing dominant antiferromag-
netic J, interactions. In contrast, all of the d W* analogues have
Type II antiferromagnetic order indicating significant anti-
ferromagnetic ], interactions. While we have limited our
discussion here to Te®" and W®" double perovskites due to
their near-identical ionic radii, the same Type II antiferromag-
netic structure observed in 5d° W®* compounds is also found in
the correspondin§ 4d° Mo®* materials including
Ba,MnMoO.**”**~% This further supports that the differences
in magnetic structures and interactions are driven by a d'°/d°
effect.

We can make two main conclusions based on the observed
magnetic structures. (1) d'® cations on the B”-site promote
strong antiferromagnetic ], interactions leading to Type I or
Néel magnetic structures. The Type I antiferromagnetic
structure is only possible when ], is antiferromagnetic and J, is
ferromagnetic. Since the Curie—Weiss constant, Ocy, is
negative for all listed Teb* compounds, the antiferromagnetic
J1 is much stronger than the ferromagnetic J, in these
compounds. (2) d° cations on the B’-site promote anti-
ferromagnetic J, interactions leading to Type II magnetic
structures such that J,/J; > 0.5, while ], also remains
antiferromagnetic. For some Type II compounds where the
interactions are known, the antiferromagnetic J, is dominant;
but for Ba,MnWOy, it is of the same order as J;. These rules open
up the possibility of tuning magnetic interactions in double
perovskites by making substitutions on the B”-site. This effect
has already been demonstrated in the Cu** double perovskite
series Sr,CuTe;_ W,Oq where the ground state can be tuned
from Néel order to a spin-liquid-like state to Type II order as a
function of x.'*'

It is not presently known how widely the d'°/d° rules
established here are applicable to other B-site ordered transition
metal double perovskites with d'® and d° B” cations. It should be
noted that other factors such as the degree of cation ordering
and octahedral tilting also affect the magnetism in double
perovskites. Sr,FeSbO, with partial cation ordering of Fe** and
the d° Sb*, for instance, does have the expected Type I
structure, but the B-sites are disordered in the Nb** and Ta>* d°
analogues leading to spin glass states.*>%” Similarly, Sr,CrSbOg
is a Type I antiferromagnet while the more distorted Ca,CrSbOgq

https://dx.doi.org/10.1021/acs.chemmater.0c02971
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with larger octahedral tilting becomes ferromagnetic.68

SrLaNiSbOg4 and BaLaCuSbOg have the expected Type I and
Néel magnetic structures, respectively.®””

The d'°/d° effect explains the observed magnetic structures in
a large number of 3d transition metal double perovskites. This
does not appear to be the case for 4d and 5d double perovskites,
which have significant spin—orbit coupling and reduced on-site
Coulombic repulsion compared to 3d transition metals. A
number of 4d* Ru*" and 5d* Os** double perovskites with d° B”
cations including Ba,YRuOg, Ba,YOsOg, and Sr,YOsOg4 have
Type I magnetic order instead of the expected Type II
order."* ™!

A computational study comparing the d'° double perovskite
Sr,In0sOg to its d° analogues Sr,ScOsO4 and Sr,YOsOy found a
connection between d° orbital hybridization and the overall
strength of magnetic interactions and Tyx.”" All three of these
compounds have the Type I antiferromagnetic structure, but
calculated J values show that each of these interactions in the d'°
S1,Sc0sOy is much weaker than in its d° analogues. We note that
the calculations of the Sr,MOsOg system do not reproduce the
observed magnetic ground state without the inclusion of spin—
orbit coupling. This confirms the crucial role of spin—orbit
coupling in the electronic properties of these Sd materials. The
difference in the behavior of the 3d transition metal double
perovskites is likely related to the absence of significant spin—
orbit coupling.'®

The d'°/d° effect in the osmates is the opposite of
observations in the 3d transition metal double perovskites
investigated here, where Te®" d'° compounds tend to have
stronger magnetic interactions than the W** d° compounds. In
these tungstates, ], is strongly suppressed while ], is increased
leading to a decrease in the overall strength of interactions.
Hence, in the 3d transition metal compounds, the d'°/d° effect
changes the dominant antiferromagnetic interaction from J, to

Ja-

5. CONCLUSIONS

We have characterized the magnetic properties of the B-site
ordered double perovskite Ba,MnTeOQg. It has a cubic Fm3m
structure with a = 8.2066(3) A at 2 K. The compound orders
magnetically at Ty = 20 K in the Type I antiferromagnetic
structure and has a Curie—Weiss temperature of —157(1) K
indicating significant antiferromagnetic interactions. The
exchange constants were extracted from inelastic neutron
scattering data. Magnetism in Ba,MnTeOy is well described
by a fcc Heisenberg model with two interactions: nearest-
neighbor J; = —0.34 meV and next-nearest-neighbor J, = 0.03
meV. A short-range correlated magnetic state was observed at
high temperatures up to T = 5T\

Ba,MnTeOg and its tungsten analogue Ba,MnWOg are
excellent materials for testing the effects of filled shell d'°
(Te®) and empty shell d° (W®*) bridging B”-site cations on
magnetic interactions in perovskites. The compounds are
isostructural with very similar lattice parameters due to the
similar ionic radii of Te®* and W®*. The magnetic structures and
interactions in these compounds are very different: Ba,MnTeOgq
has the Type I structure with a dominant J; interaction, while
Ba,MnWOg has the Type II structure with a significant
antiferromagnetic J, interaction. This arises due to differences
in the orbital hybridization with oxygen. The empty W d° states
hybridize strongly with oxygen 2p states, and consequently
tungsten participates in the next-nearest-neighbor extended
superexchange pathway enabling a significant ], interaction. In
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contrast, the filled d*° Te states are far below the Fermi level,
while the empty s and p orbitals hybridize only weakly with O 2p.
This leads to a very weak J, interaction, while J; dominates. This
d'°/d° effect, where d'° cations in the bridging B” sites promote
J, interactions and d’ B” cations promote J, interactions, is also
observed in other B-site ordered double perovskites with 3d
transition metals as the magnetic cation. Magnetic interactions
in 3d double perovskites could be tuned by substituting d'°/d°
cations on the B”-site. Magnetic 4d and 5d systems do not follow
these trends due to significant spin—orbit coupling.
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fce, face-centered cubic; MPMS, magnetic property measure-
ment system; SQUID, superconducting quantum interference
device; VSM, vibrating sample magnetometer; PPMS, physical
property measurement system; PTFE, polytetrafluoroethylene;
INS, inelastic neutron scattering; DFT, density functional
theory; FPLAPW, full-potential linearized plane-wave; GGA,
generalized gradient approximation; PBE, functionals by
Perdew, Burke, and Ernzerhof; ZFC, zero-field-cooled; FC,
field-cooled
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