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The synthesis, structural characterization, and magnetic property studies of SrLaMnSbOg double
perovskite oxide are reported. The crystal structure of SrLaMnSbOg has been solved by powder X-ray
(PXD) and neutron diffraction (NPD) data in the monoclinic space group P2,/n (a = 5.6878(3) A b=
5.6990(2) A, ¢ = 8.0499(4) A and B = 89.98(2)°; 295 K, NPD data). The Mn and Sb atoms are nearly
completely ordered over the B-site of the perovskite structure. The octahedral framework displays
significant tilting distortion according to the Glazer’s tilt system a a ¢'. X-ray absorption near-edge
spectroscopic (XAS) studies show the presence of Mn?* and Sb>* formal oxidation states. The magnetic
susceptibility data of SrLaMnSbOs indicate the presence of ferromagnetic correlations; the calculated
effective paramagnetic moment, Ucucqa = 5.92 ug (for HS Mn2+(3d5 ), S = 5/2; as evidenced by XAS
data) is in good agreement with the value obtained experimentally (#ep, = 5.70 ug). Variable temperature
neutron diffraction data show no evidence of structural transition down to 3.7 K. A long-range
antiferromagnetic ordering is established at 7Ty = 8 K as evidenced by the magnetic susceptibility and
specific heat measurements. The magnetic structure at 3.7 K is characterized by k = 0 propagation vector
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and mi, = —moy, myy = myy, = 0, my; = —my, (m, = 1.26(7) ug, m; = 1.82(6) ug) coupling of magnetic
moments on the Mn; (1/2,0,0) and Mn; (0,1/2,1/2) atoms with the ordered magnetic moment of 2.21(4)
Ug.

1. Introduction

Double perovskite oxides (A>BB'Og) with a 1:1 rock-salt
type of ordering' of the B-site cations are of paramount
interest in solid state chemistry research, because of their
interesting metallic/half-metallic ferromagnetic (FM) and
magnetoresistive properties as observed in A;FeMoOg” and
A,FeReOg’ (A = Ca, Sr, Ba). Ordering of the transition metal
ions (B and B') at the B-site of the perovskite structure plays
a crucial role in determining their properties. Although it
has been established that significant size and charge differ-
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ences between the B and B’ cations facilitate ordering at the
B-site, other factors, such as, specific bonding interactions
(e.g., Jahn—Teller distortions and polarization properties),
synthesis condition, and formation temperature may affect
the degree of order.”

Rock-salt type ordering is common among double per-
ovskites and gives rise to diverse materials properties. For
example, A,FeMoOg and A,FeReOg (A = Ca, Sr, Ba) are
known to be ferri/ferromagnetic with critical temperatures
(T¢’s) in the range ~330—420 K.’ Room-temperature
magnetoresistance has been observed for Sr,FeMoOg and
Sr,FeReOg because of intergrain tunneling.>**® The double
perovskite family has been extensively revisited since the
discovery of room-temperature half-metallicity and tunneling
type magnetoresistance effect in SroFeMoOg and SroFeReOg.
Moreover, the recent discovery of magnetocapacitance and
magnetoresistance (magnetodielectric effect) near room tem-
perature in a FM semiconductor, La,NiMnOg,° has driven
the field in search for new materials with exotic and useful
properties.

Apart from the previous examples with two magnetic
B-site cations, there exists another class of double perovskites
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where one of the B-site cation is nonmagnetic. For example,
the synthesis and lattice parameters of the double perovskites
S12CrSbOg and Sr,FeSbOg were reported in 1964 by Sleight
and Ward.” Later, their detailed crystal structure and
magnetic properties have been studied.® In their initial work,
Battle et al.®® indicated establishment of a magnetically
frustrated state for Sr,FeSbOs at 36 K from magnetic
susceptibility data® and subsequently concluded the coexist-
ence of magnetically ordered state with type I structure and
a spin-glass system by neutron diffraction studies.® Interest-
ingly, in the analogous Sr,FeBiOg with Bi°t as the non-
magnetic B-cation, Byeon et al.” have demonstrated antifer-
romagnetic (AFM) ordering at a relatively high temperature
(Txn = 91 K) by magnetic susceptibility and Mossbauer
investigations.

The introduction of nonmagnetic cations at the B-site often
leads to insulating and antiferromagnetic (AFM) materials.®
For example, in Mn-containing SrMnMoOg,'® where Mo(VI)
is the nonmagnetic B-site cation, insulating behavior with a
Néel temperature (Tx) of 12 K is observed. Similarly, in
AMnWOg (A = Ca, Sr)'*!" with Mn**(d°) and nonmag-
netic W°*(d") at the B-sites, low-temperature AFM ordering
has been confirmed by sequential NPD analysis. In
Ca,MnWOyg, Azad et al.'! has substantiated the AFM state
by magnetization studies as well. Moreover, it has been
recognized that the magnetic sublattice of a 1:1 rock salt
ordered double perovskite resembles a classical face centered
cubic (fcc) lattice based on edge-shared tetrahedral network
and such an AFM fcc lattice is geometrically frustrated.'?
Systems with geometrically frustrated exchange interactions
are known to result in reduced magnetic ordering tempera-
tures and moments as observed in Sr,BReOg (B = Ca, Mg)"?
and (LaA)CoNbOg (A = Ca, Sr, Ba).14 Furthermore, it must
be mentioned that differing degrees of structural disorder
on the B-sublattice could significantly alter the properties of
double perovskites from those discussed above.

Recently, there has been renewed interest in Sr,MnSbOg

because of the report (Cheah et al.)'” of cation ordering in
this material when prepared at lower temperatures than that
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employed earlier by Lufaso et al.,'® who reported a com-

pletely disordered structure for this material. In a subsequent
study,'” we have shown that Sr,MnSbOg can be only partially
ordered by careful control of its synthesis conditions.
Interestingly, the chromium analogues, Ca,CrSbOgs and
S12CrSbOg, form with an almost completely ordered array
of CrOg¢ and SbOg octahedra and exhibit FM and AFM
orderings at low temperatures, respectively.'® To increase
the size and charge difference between Mn and Sb to force
ordering and concurrent change in the physical properties,
we have investigated the substitution of one Sr by La in
Sro;MnSbOg. We expect that the heterovalent replacement
of Sr** by La** must reduce the formal valence of the Mn
cations (from 3+ to 2+) rather than that of the Sb ones,
thus promoting B-site ordering. Indeed, the coexistence of
Mn?* and Sb>" is common and was found before in a series
of complex oxides: MnSb,06,'° Mn,Sb,0-,2° PbsSb,-
MnO,;,*' (Sb;_Pb,),(Mn;—,Sb,)0,.>* Moreover, an analo-
gous Ta-series, ALaMnTaOg (A = Sr, Ba)23 of the envisaged
Sb compound has been reported to be formed in the ordered
double perovskite structure. The details of synthesis, crystal
and magnetic structure and magnetic properties of Sr-
LaMnSbOg¢ double perovskite are reported in this paper.

2. Experimental Section

Polycrystalline samples of SrLaMnSbOg were synthesized by
solid state reactions from high purity (=99.9% Aldrich, or Alfa
Aesar) stoichiometric quantities of SrCOs;, La,O3, MnC,0,°2H,0,
and Sb,0;. SrCO; and La,O; were dried at 200 and 950 °C,
respectively, prior to use. The starting materials were intimately
ground, placed in an alumina boat, and heated under a controlled
argon atmosphere in a tube furnace over a period of several days.
The reaction mixture was first heated at 900 °C for 24 h, and the
temperature was then raised in 100 °C steps to 1200 °C for 24—48
h each; finally, at 1250 °C, it was heated for 48 h until no further
change was observed in the powder X-ray diffraction (PXD)
patterns. The sample was thoroughly reground at each intermediate
step and slow cooled to room temperature.

The PXD patterns were recorded at room temperature on a
Bruker D8-Advance diffractometer (in Bragg—Brentano geometry
with Cu Ka radiation, 1 = 1.5418 A) equipped with a SOL-X solid-
state detector. For the structure refinements, the PXD data were
collected in the angular range 10—120° in steps of 0.02° and with
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a step time of 9 s. The refinement of crystal structure from PXD
data was performed by the Rietveld method with the FULLPROF
program.>*

Neutron powder diffraction (NPD) data were collected with the
high-resolution BT-1 32 detector neutron powder diffractometer
at the NIST Center for Neutron Research (NCNR), NBSR. A
Cu(311) monochromator with a 90° takeoff angle, 1 = 1.5403(2)
A, and in-pile collimation of 15 min of arc were used. Data were
collected over the range of 3—168° 260 with a step size of 0.05°.
The data collection time was approximately 8 h for each temperature
and collected after equilibration for 0.5 h. The sample was contained
in a 0.375 in. diameter vanadium can, which was slightly more
than half-full. The instrument is described in the NCNR WWW
site (http://www.ncnr.nist.gov/). The refinement of crystal and
magnetic structure from NPD data was performed by the Rietveld
method with the GSAS/EXPGUI program.>’

Thermogravimetric analyses (TGA) were carried out with a TA
Instruments 2050 thermal analyzer. Samples were heated at a rate
of 5 °C/min under ambient air and 10% H,—Ar mixture to a final
temperature of 900 °C and cooled to room temperature under the
same reaction atmosphere that was used during heating.

Magnetization data were collected with a Quantum Design
MPMS-XL superconducting quantum interference device (SQUID)
magnetometer. Temperature-dependent magnetization data were
recorded at various applied magnetic fields (H) in the temperature
range 2 < T (K) < 400 after cooling the sample in zero magnetic
field (zero-field-cooled, ZFC) and while cooling in the presence of
the field (field-cooled, FC). Measurements of magnetization (M)
as a function of H were made at 5, 90, 200, and 300 K over the
magnetic field ranges —50 = H (kOe) = 50.

The Mn—K XAS measurement was performed in the fluores-
cence and transmission mode on a powdered sample on beam line
X-19A at the Brookhaven National Synchrotron Light Source with
methods discussed in the literature.?>’ Briefly, the procedure that
was used is the following. The incident and transmitted beam
intensities were measured with ionization chambers and the
fluorescence intensities with Canberra PIPS detectors. The absolute
energy calibration was set to the elemental edge (first inflection
point). The relative energy scale was maintained to better than
£0.05 eV with the simultaneously run standards.

In view of the low energy and strong “white line” s-to-p transition
feature, the Sb—L,; edge was measured in the total electron yield
mode.?® Here the “white line” (WL) terminology is conventional
and refers to an atomic-like dipole transition into empty states,
which typically manifests a sharply peaked near edge structure,
which in prior years would leave a white-line-streak on photographic
film. Such total-electron-yield measurements prevent finite sample
thickness rounding out the white line feature; while still provide a
bulk XAS spectrum.?® Because a simultaneous standard was not
possible in the total-electron-yield mode, an elemental standard,
run before and after the sample, was used and the relative energy
was 0.1 eV or better.

As is routinely done, the spectra had a linear background
subtracted (determined over ~80 eV interval below the edge), and
were normalized to unity absorption step height across the edge.
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Figure 1. Rietveld refinement of SrLaMnSbOg from the PXD data. Observed
(+), calculated (line), and difference (bottom) profiles are shown. The Bragg
reflection positions are marked with vertical bars.

Here, an average of the data in ~50—200 eV range above the edge
was used to set the normalization value.

The specific heat measurement was carried out in a Quantum
Design PPMS. The data were collected upon warming after zero-
field cooling.

3. Results and Discussion

3.1. Synthesis and Preliminary X-ray Characteriza-
tion. SrLaMnSbO¢ was obtained as a black polycrystalline
powder. The PXD pattern was characteristic of a double
perovskite structure. A close analysis of the PXD pattern
however indicated a small amount of La;SbO; (JCPDS PDF
#23—1138) as an impurity phase. The observed (by TGA
analysis) and calculated weight losses are in fairly good
agreement with the composition as derived from NPD (see
later).

Rietveld refinement (Figure 1) of the structure of Sr-
LaMnSbOg with the laboratory powder X-ray diffraction
(PXD) data was carried out in the monoclinic space group
P2,/n. The refinement indicated nearly complete ordering
(with ~2% disorder) of Mn and Sb at the B-site. The most
intense peak regions due to La;SbO; were excluded from
the refinement (Figure 1). The refinement resulted the cell
parameters of a = 5.6849(5) A, b =569344) A, ¢ =
8.0400(7) A, and 8 = 90.02(1)°.

3.2. X-ray Absorption Spectra. The Mn—K edge of
SrLaMnSbOg along with other standard compounds is shown
in Figure 2a. The Mn—K edge of SrLaMnSbOs has been
compared with other octahedrally coordinated standards,
including MnO with the NaCl structure and a series of Mn-
containing compounds with simple and double perovskite
structures. The chemical shift of the K-edge for StTLaMnSbOg
is highly consistent with the assignment of a Mn”>" formal
valence state. As will be noted later in the magnetic results
section, there is a high energy shoulder (see “S” in Figure
2a) on the main peak of the SrLaMnSbOg spectrum. The
position of this broad S-feature would be consistent with
some small fraction of Mn®" admixture in the material. It
should be noted, however, that the solid-state 4p orbital
splittings could also cause this effect.
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Figure 2. XAS data for StLaMnSbOg along with other materials used as
standards at the (a) Mn—K and (b) Sb—L; edge.

As a p-block element the frontier bonding orbital of Sb
are the 5p states with the 5s states being involved in the
higher valence state. The Sb—L, near-edge spectra of
SrLaMnSbOg along with some standards and previously
studied compounds are shown in Figure 2b. The elemental
Sb—L; spectrum manifests a broad peak due to 2s core
transitions into the three empty Sp states (as always, a step
feature due to the onset of 2s to continuum transitions is
also present). The Sb>" standard Sb,Os; spectrum shows a
dramatic chemical shift to higher energy, an increase in the
intensity and narrowing (in energy) of the WL 5p feature.
The increase in intensity is consistent with the greater number
of 5p holes, and the narrowing is consistent with the more
localized atomic character in the higher valance state (which
also enhances the transition matrix element). The centrum
of the WL peak feature of the Sb>* standard, Sb,Os spectrum
exhibits a clear shift to higher energy and the development
of a higher energy second peak. The Sb—L; spectrum of
SrLaMnSbOg is remarkable in that the WL-feature is quite
narrow and strongly shifted to higher energy. Indeed, it
compares very well with Sr,MnSbOg, which constitutes a
better Sb>" XAS standard than does the binary oxide.'” The
Sb>" valence state in SrLaMnSbOg is abundantly clear from
the Sb—L, edge measurements.
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3.3. Magnetic Properties. The thermal evolution of the
susceptibility (M/H) and inverse susceptibility (H/M) data
are shown in Figure 3. The susceptibility (Figure 3a) exhibits
a steady rise below 250 K, followed by a plateaulike region
at ~50—100 K, and finally, a cusp at ~10 K. The
magnetization has strong field dependence and shows
significant differences between the FC and ZFC data at low
field strengths. The inverse susceptibility data (Figure 3b)
show substantial nonlinearity over the entire temperature
range. The high temperature (300—400 K region) region of
the 1000 Oe data can be fitted with a Curie—Weiss (CW)
law with positive Weiss constant (0w = 62 K), which
indicates the dominance of ferromagnetic correlations in the
system. The effective paramagnetic moment of 5.70 ug is
slightly lower than that calculated, 5.92 ug (assuming Mn*",
&d, 8= 5/2) and very close to the value obtained for divalent
Mn in MnO.*

The magnetic behavior below 300 K (especially, the
nonlinear magnetization, Figure 4) indicates the presence of
FM clusters. However, no ordered magnetic moment is found
by analysis of the NPD data for all data sets above 3.7 K
(see below): the observed intensities can be adequately fitted
with only the crystallographic model (as described below),
so the observed FM correlations should be short-range only.
It is possible that the origin of the observed FM correlations
is related to the antisite defects (approximately 5% of Mn at
Sb site is found by NPD, see below). The low magnitude of
the nonlinear rise without any hysteresis (superparamagnetic-
like) in the magnetization (see Figure 4) below 1000 Oe
clearly supports such a low concentration scenario.

According to the NPD refinement, the composition is
SrLaMn, ¢sSbo 9506, which corresponds to the formal Mn
valence +2.14. The Mn atoms in an antisite (at Sb site)
would probably have Mn’** admixtures. Indeed, in the
discussion of Mn—K edge XAS (see Figure 2a), the
S-shoulder feature was noted to be consistent with some
Mn’" admixture in this material. This Mn®" admixture could
give rise to a local double exchange Mn®*"—O—Mn’"
interaction with all of the sites surrounding the antisite
leading to a FM cluster. Such a stabilized local cluster could
have canted AFM interactions in the next more distant cell
which could further enhance the cluster stability correlations.

In this respect, the striking similarity of the inverse
susceptibility (H/M) curves (see Figure 3b) to those observed
in a ferromagnetic material should be noted. Here, the FM
core of the cluster with an AFM correlated shell would have
a local ferromagnetic character. The canting in such cor-
related regions, however, if present, would enhance the FM
response.

On the other hand, if at T ~ 300 K, AFM 180°
Mn—O—Mn superexchange correlations set in, then local
AFM domains could possess a net FM component from
canting of AFM sublattices. The symmetry analysis of the
magnetic configurations for the P2;/n space group (see
below) does allow for such an AFM canting. However, this
possibility would result in a very low magnitude of the FM
contribution and furthermore is not supported by evidence
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Figure 3. Temperature dependence of field-cooled (filled symbols) and zero-field-cooled (open symbols) (a) molar susceptibility (M/H) and (b) inverse
molar susceptibility (H/M) data measured at 0.1, 1.0, 10, and 50 kOe for SrLaMnSbQg. In (c), the M/H curves across the onset of magnetic order below 20
K are shown on an expanded scale. The inset in (a) shows the temperature dependence of molar magnetization.
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Figure 4. Magnetization versus field data of SrLaMnSbOg measured at 5,
90, 200, and 300 K. Inset shows the magnetization (on an expanded y-scale)
up to 4000 Oe for the 90 and 200 K data.

for substantial AFM canting in the NPD data analysis of the
ordered state.

Considering the inherent geometric frustration operating
in the magnetic Mn>" sublattice and some percent of disorder
present in this system, a more rigorous explanation about
the magnetic properties is in order. The calculated frustration
factor,'>!3 f(f = 101/Tx), of 7.5 for SrLaMnSbOg indicates
a fairly strong degree of geometric frustration. However, the
small disorder present because of antisite defects (see NPD
refinement) would disrupt the geometric frustration signifi-
cantly. The low AFM ordering temperature (below 10 K)
away from Oy, (62 K) and a much lower value for the ordered

Intensity (a.u.)

2 Theta (degree)

Figure 5. NPD patterns of SrLaMnSbOs at 3.7, 25, 90, 200, and 295 K.
The appearance of magnetic reflections (indicated by arrows)/enhancement
due to magnetic contributions is observed for the data at 3.7 K.

magnetic moment (as obtained from NPD analysis at 3.7 K,
see later) than expected for Mn®" (d°) is attributed to the
complex interplay between geometric frustration and disor-
der. It has also been mentioned previously'* in the (LaA)-
CoNDbOg (A = Ca, Sr, Ba) system, where a decrease in Ty
and reduction in saturation moment were attributed to
magnetic frustration, which increases with the unit-cell
symmetry. As the unit-cell symmetry increases, the competi-
tion between 90° superexchange pathways becomes dominant
as the exchange strengths become comparable. However, the
monoclinic distortion (see NPD data) in SrLaMnSbOg would
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Table 1. Selected Parameters of the Rietveld Refinement for the
SrLaMny ¢sSbg 9506 Structure from NPD data at 7 = 3.7 and 295 K

T (K)

3.7 295
space group P2i/n P2i/n
aA) 5.6777(2) 5.6878(3)
b (A) 5.6968(2) 5.6990(2)
c(A) 8.0374(3) 8.0499(4)
p (deg) 89.989(8) 89.98(1)
cell volume (A%) 259.97(2) 260.94(2)
VA 2 2
caled density (g/cm?) 6.335 6.311

20 range, step (deg) 8.35 < 260 =< 152.5, 0.05 8.35 < 260 =< 152.5, 0.05
%% Rp, Ryp 1.395, 0.044, 0.056 1.33, 0.047, 0.059

lead to anisotropic exchange interactions and disrupt the ideal
frustrated environment resulting in weaker glassiness. This
is consistent with the disappearance of a well defined peak
in susceptibility with higher magnetic fields and a broad
anomaly in the heat capacity data (see below).

In Figure 3c, the M/H curves at temperatures below 20 K
(spanning the onset of magnetic order) are displayed at
various fields. The H = 0.1 and 1 kOe curves clearly manifest
maxima near 10 K. The ZFC results have convex curvature
below 10 K, whereas the FC curves (at these two lowest
fields) manifest inflection points near 8 K. As will be
revisited later, mean field theory predicts a peak in the low-
field susceptibility, y (M/H), at an AFM Néel temperature,
whereas the inclusion of fluctuation effects in modeling (and
real systems) places the transition temperature at the inflec-
tion point on the low-energy side of the peak. In many cases
this difference can be small; however, in cases like the one
at hand, where fluctuations are important (e.g., for ~2D
systems, or where frustration, or other local disordering
effects are relevant), it can be appreciable or even large. The
low-field FC inflection points at 8 K are therefore here
associated with the ordering temperature, a conclusion that
will be supported below by the heat capacity measurements.

A couple of additional points should be noted. The ZFC
measurements (in the ordered phase) involve a more
complicated mix of initially randomly oriented domains,
which will reorganize irreversibly as the ordering temperature
is approached from below. The FC process allows for
preferred magnetic domain growth through the transition and
yields a clearer picture of the order parameter growth with
decreasing temperature. In the higher-field H = 10 kOe curve
(Figure 3c), the peak in M/H has been depressed to 8 K,
indicating the presence of AFM correlations. Finally, at 50
kOe (Figure 3c), the maximum in the M/H curve is below
the range of measurement. This could indicate the suppres-
sion of the AFM order or the presence of a spin-flopped state,
in which the transition signature would be more difficult to
analyze.

3.4. Neutron Powder Diffraction: Crystallographic
and Magnetic Structure. The NPD pattern of the Sr-
LaMnSbOg phase can be indexed based on a primitive cubic
unit cell with @ = 8.0506(3) A. However, the detailed profile
analysis revealed significantly inadequate description of the
peak shapes in both cubic and suitable tetragonal unit cells,
which indicates that the actual symmetry is lower. When
the data was indexed in an orthorhombic unit cell with the
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a ~ a2, b ~ a2, ¢ ~ 2a,, the observed extinction
conditions correspond to the space group Pbnm that is
characteristic for the B-site disordered double perovskite with
the a a ¢ Glazer’s tilt system. Attempt of the Rietveld
refinement in the Pbnm model revealed large deviations
between the observed and calculated intensities, which were
completely eliminated by lowering the symmetry down to
P2,/n with the ordered Mn and Sb cations maintaining the
same tilt system. Two of the most intense admixture peaks
were excluded from the refinement. The possibilities of
deviations in chemical composition and antisite Mn/Sb
disorder was verified by the refinement of the La/Sr ratio at
the A-position and the Mn/Sb ratio at the 2d and 2a
B-positions. The refined occupancy factors for the A-position
and 2d B-position do not deviate in the range of one standard
deviation from g = 50% La + 50% Sr and g = 100% Mn,
respectively. A small amount of Mn was found together with
the Sb atoms at the 2a position corresponding to g = 95%
Sb + 5% Mn. Thus the chemical composition is slightly Mn-
enriched corresponding to the formula, SrLaMn; 95sSbg 95Os.
Final refinement was performed with an isotropic ap-
proximation for the atomic displacement parameters (ADPs)
and resulted in a good agreement between the experimental
and calculated profiles.

The development of long-range magnetic ordering was
monitored by comparing the NPD patterns taken at 3.7, 25,
90, 200, and 295 K (Figure 5). No noticeable changes in
intensity of nuclear reflections and/or appearance of extra
reflections was observed down to 7' = 25 K (Figure 5).
Although our diffraction experiment was not optimized for
small-angle neutron scattering (SANS), we examined the
difference plots, i.e., the 295 K data were subtracted from
that at 25 K (corrected for thermal expansion). We actually
observed diffuse scattering around the positions of AFM
reflections evidencing short-range AFM ordering when
approaching 7. However, the analysis of the low-Q region
(minimum Q = 0.21 A™') revealed no magnetic SANS
features. From our NPD experiment, we could not directly
rule out or confirm the presence of FM clusters.

However, a long-range magnetically ordered state is
achieved only at 3.7 K, which is consistent with the
observation of a cusp in the magnetic susceptibility at ~10
K (Figure 3). The reflections appearing in the low-angle
region of the NPD pattern at 3.7 K can be indexed with k =
0 propagation vector and correspond to AFM ordering. The
representational analysis for the P2,/n space group and k =
0, as reported in ref*® revealed the symmetry allowed
magnetic structures. An adequate fit for the magnetic
reflections was achieved for the magnetic structure corre-
sponding to the "' irreducible representation (according to
Kovalev’s notation) with the magnetic moment components
my,my,m; for the Mn (1/2,0,0) atom and —m,,m,,—m; for the
Mn (0,1/2,1/2) atom. A nonzero ferromagnetic component
along the b-axis is allowed by symmetry. However, the
refinement of the m, component leads to the value close to
zero with very large standard deviation revealing the
insignificance of this parameter for the refinement. One can

(30) Augsburger, M. S.; Viola, M. C.; Pedregosa, J. C.; Munoz, A.; Alonso,
J. A.; Carbonio, R. E. J. Mater. Chem. 2005, 15, 993.
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Table 2. Structural Parameters for the SrLaMny ¢sSbg.95s0¢ Structure from NPD data at 7 = 3.7 and 295 K

T (K)

3.7

295

LaSrl, occupancy 4g, 0.5La + 0.5Sr

X, Y, 2,

Usso (A%) 0.0056(2)
Mnl, occupancy 2d, Mn
X, ¥, 2, 1/2, 0, 0
Usso (A?) 0.0039(7)

1.26(7), 0, 1.82(6)
2a, 0.95Sb + 0.05Mn

My, m)': mg, (/"B)
Sbl, occupancy

0.5082(2), 0.5312(2), 0.2504(7)

4g, 0.5La + 0.5Sr

0.5055(2), 0.5285(2), 0.2512(9)
0.0127(3)

2d, Mn

172, 0,0

0.0074(8)

2a, 0.95Sb + 0.05Mn

X, ¥, Z, 172, 0, 172 172, 0, 172

Uio (A?) 0.0035(5) 0.0059(6)

O1, occupancy 4g, O 4g, 0

X, ¥, 2, 0.2275(7), 0.2055(9), 0.5376(7) 0.228(1), 0.206(1), 0.538(1)
Ui (A?) 0.007(1) 0.015(1)

02, occupancy 4g, 0 4g, O

X0 % 0.2993(7), 0.721(1), 0.5420(7) 0.2983(9), 0.721(1), 0.540(1)
Usso (A?) 0.013(1) 0.019(2)

03, occupancy 4g, 0 4g, O

X,V 2, 0.4254(6), 0.9826(5), 0.2584(8) 0.4274(8), 0.9844(6), 0.259(1)
Ui (A?) 0.0092(6) 0.0148(8)

Table 3. Main Interatomic Distances (108) and Bond Angles (deg) for
the SrLaMny sSbg9s0¢ Structure at 7 = 3.7 and 295 K

T=37K T=295K
LaSr1—01 2.508(6) x 1 LaSr1—01 2.519(10) x 1
LaSr1—01 2.722(7) x 1 LaSr1—01 2.736(8) x 1
LaSr1—01 2.852(7) x 1 LaSr1—01 2.862(9) x 1
LaSr1—02 2.459(7) x 1 LaSr1—02 2.470(10) x 1
LaSr1—02 2.744(6) x 1 LaSr1—02 2.777(8) x 1
LaSr1—02 2.840(7) x 1 LaSr1—02 2.825(9) x 1
LaSr1—03 2.478(3) x 1 LaSr1—03 2.476(5) x 1
LaSr1—-03 2.615(3) x 1 LaSr1—03 2.637(3) x 1
LaSr1-03 3.161(3) x 1 LaSr1—03 3.133(1) x 1
Mnl—O0l1 2.139(4) x 2 Mnl—0l 2.139(6) x 2
Mnl1—-02 2.142(4) x 2 Mnl—02 2.136(5) x 2
Mnl1—03 2.122(7) x 2 Mnl—03 2.126(9) x 2
Sb1—-01 1.964(5) x 2 Sb1—-01 1.967(6) x 2
Sb1—-02 1.984(5) x 2 Sb1—-02 1.988(7) x 2
Sb1—-03 1.990(7) x 2 Sb1—03 1.986(9) x 2
Mnl1—0O1-Sbl 157.2(3) Mnl1—0O1-Sbl 157.3(4)
Mnl—02-Sbl 154.1(3) Mnl1—02—-Sbl 155.0(4)
Mnl1—03-Sbl 155.5(2) Mnl1—03—-Sbl 156.3(2)

assume that the canting angle is negligibly small and the m,
component was fixed to zero in the final refinement. The
refinement of the m, and m, components resulted in the net
magnetic moment of 2.21(4) up for the Mn?>* cations. The
low value of the ordered magnetic moment reflects a
significant degree of magnetic frustration in the system.
Selected parameters from the Rietveld refinement, atomic
coordinates, occupancies and ADPs and main interatomic
distances are listed in Tables 1, 2, and 3. Observed, calculated
and difference NPD patterns at 3.7 and 295 K are shown
in Figure 6. The crystal and magnetic structures of
SrLaMn; ¢sSbgosOs are shown in Figure 7. The Mn** and
Sb>* cations are located at slightly distorted octahedra with
the average Mn—O and Sb—O distances of 2.134 and 1.980
A, which is in agreement with the ionic radii of these cations
(rMn**) = 0.82 A, H(Sb>") = 0.69 A).3' Corresponding to
the low value of tolerance factor ¢+ = 0.88, the octahedral
framework is strongly distorted as can be seen from the
Mn—O—Sb bond angles (Table 3), which are much lower
than 180 °. The tilt system corresponds to the Glazer’s
notation a_a_¢*.3* The bond valence sum (BVS) values for
the Mn®>" and Sb>" cations of 2.37 and 5.41, respectively,

(31) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B 1969, 35,
745.

substantially exceed the nominal values. This indicates that,
in spite of the large degree of tilting distortion, the octahedral
framework is under compressive strain in order to adopt
reasonably short La—O and Sr—O distances. The global
instability index of 0.142 calculated for the bond valence
optimized SrLaMnSbOg structure with the SPuDS software
is characteristic for a lattice-strained perovskite structure.>~*

The charge difference of 3 and size difference of 0.21 A
between Mn”" and Sb>" satisfy the criteria proposed by
Anderson et al.' and appear to be sufficient to achieve
complete ordering at the B-sublattice. Increasing the oxida-
tion state of the Mn cations on going from SrLLaMnSbOg to
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Figure 6. Observed (dots), calculated, and difference NPD patterns
corresponding to the refinement of the SrLaMn; ¢5sSbg 95Og structure at 7=
295 and 3.7 K.
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Figure 7. Crystal and magnetic structure of SrLaMn; g5SbosO¢. The
magnetic moments on the Mn atoms are shown as blue arrows.
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Figure 8. Temperature dependence of molar heat capacity (Cp) and Cp/T
data for SrLaMnSbOg. Inset shows the low-temperature Cp/T data along
with the field-cooled H = 0.1 kOe M/H data on an expanded scale.

SroMnSbOg reduces both charge and size difference that
results in partial ordering of the Mn** and Sb* cations."”
Further decrease of the charge difference in CaRMn>**tSn*T0Oq
(R = La, Pr, Nd, Sm—Dy) double perovskites is accompanied
by a complete disorder over the B-sublattice even in spite
of Jahn—Teller distortion intrinsic in the Mn>" cations.?
3.5. Heat Capacity. Figure 8 shows the temperature
dependence of the molar heat capacity (Cp) and Cp/T data
for StLaMnSbOs. At temperatures above 20 K, the large rise
in Cp is dominated by the lattice-phonon contributions and
is qualitatively consistent with a Debye type dependence with
the high temperature limit very close to the Dulong—Petit
value of 3R. The quantitatively high-7" Cp variation departs
from a simple Debye form sufficiently that subtraction of
the lattice contribution to extract a subtle magnetic contribu-
tion is not possible. Below 20 K, the lattice contributions
are small enough to discuss the magnetic contributions.
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There is a broad shoulder in Cp at low temperatures, which
is much clearer in the Cp/T plot. The low temperature Cp/T data
is shown on an expanded scale in the inset of Figure 8 along
with the field-cooled H = 0.1 kOe M/H data. There is a clear
peak anomaly (albeit broad compared to a robust magnetic
ordering anomaly) in Cp/T at 8 K. The low-field magnetic
susceptibility, y (M/H), shows a peak at a somewhat higher
temperature of ~10 K. Although within the mean field
approximation the peak in y occurs at the Néel temperature of
an AFM, in real systems (and theories which take proper
account of fluctuations) the value of Ty is known to be the
inflection point on the low temperature side of the y maximum.
Indeed this inflection point in the FC-M/H curve is seen to
coincide, within experimental uncertainties, in temperature with
the peak in Cp/T. The transition temperature for the AFM order
observed at 3.7 K in the NPD is therefore assigned the value
of 8 K.

Integration of the entropy up to 20 K was found to be ~65%
of the § = 5/2 value of RIn(6). Here, the use of a Debye T°
background with a range of reasonable Debye temperatures did
not appreciably alter this integrated value. The broadness of
the specific heat anomaly, as well as the spin-cluster, frustration
and glassy effects render the entropy shortfall expected.

4. Conclusion

A new double perovskite SrL.aMnSbOg has been synthesized
and its structure and magnetic properties have been investigated
with powder X-ray and neutron diffraction, X-ray absorption
spectroscopy, and magnetometry. The crystal structure, as
evidenced by Rietveld refinement of the PXD and NPD data,
is monoclinic (P2,/n) consisting of almost completely ordered
arrays of MnOg and SbOs octahedra. XAS clearly indicates
Mn** and Sb>* formal oxidation states in this material. Variable
temperature NPD studies show no structural transition down
to 3.7 K. While the magnetization data down to 90 K shows
significant ferromagnetic correlations, the magnetic susceptibil-
ity data indicate long-range AFM ordering below Ty = 10 K.
The NPD data at 3.7 K demonstrates an AFM ordered state,
which is further supported by the specific heat anomaly
observed at 8 K. Refinement of the magnetic structure at 3.7 K
results in an ordered magnetic moment of 2.21(4) ug on the
Mn?" sites.
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