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BaMnsS, and Ba, ;S (;MnS, were prepared from the binaries
and elements at 1000°C. Ba, ,,Sr,, ,;MnS, represents the limit of
substitution in the Ba,__Sr_MnS, solid solution and was charac-
terized by single-crystal X-ray diffraction (orthorhombic, space
group Pnma, a=7.109(2) A, b = 4.1069(13) A, c = 13.938(4) A,
V'=407.0(2) A%, Z=4), and wavelength dispersive X-ray spec-
troscopy. The compounds are isostructural, possessing a two-
dimensional array of MnS,, tetrahedra with channels of Ba/Sr
atoms separating the layers. BaMnS, is antiferromagnetic with
a suppressed moment at 300 K (7 > 380 K). Ba, ,,Sr, ,,MnS, is
also antiferromagnetic but shows short-range magnetic correla-
tions between 230 and 70 K. M versus H curves at 100 K showed
a small hysteresis. The (Ba/Sr)** ions in Ba,y,Sr,,,MnS, are
shifted to one side of the interlayer channels relative to BaMnS,
and may be responsible for the anomalous magnetic behavior.
© 2000 Academic Press

INTRODUCTION

Following the discovery of colossal magnetoresistance
(CMR) in the manganese oxides, there has been renewed
interest in valence precise and mixed valent manganese
compounds (1-9). Although the CMR manganese oxides are
usually high spin, mixed valent, and ferromagnetic (1), the
CMR pnictides and sulfides have been shown to be anti-
ferromagnetic (4, 5) and valence precise (10), respectively.
Interest in the manganese CMR compounds stems not only
from their potential applications but also from the variety of
compositions and structures where the CMR effect is ob-
served. It is not clear at present whether a single mechanism
or different mechanisms are responsible for the CMR effect
in the various compounds.

In an attempt to survey other mixed valent, potentially
conductive/magnetic materials that are likely to show
a magnetoresistance (MR) effect, we have studied the prop-
erties of the sulfide phases of V, Cr, Mn, and Fe. The mixed
valent iron and manganese sulfides are particularly interest-
ing due to their tendency to form high spin compounds that
are reasonably conductive. The observation of a large CMR
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effect in FeCr,S, is a case in point (10). MR effects in binary
mixed valent chromium sulfides were documented 30 years
ago (11). In addition, we recently described small MR effects
in BaFe,S; at low temperatures due to short-range mag-
netic correlations and spin glass like behavior (12). As an
extension of this study, we have been investigating the
properties of the manganese sulfides. The synthesis and
structures of many of these compounds have been described
by Bronger and others (13-18); however, many of the prop-
erties of these compounds remain unknown. We report here
the properties of the Schmitz and Bronger compound
BaMnS, (16,17) and the isovalently substituted analog
Bay 9351y 07MnS,. Although neither compound is a CMR
material (they are both insulators), the latter shows an
unusual short-range magnetic correlation that appears at
230 K but disappears at 70 K. The interactions appear to be
induced by the isovalent substitution of Sr?* for Ba®™.

EXPERIMENTAL
Synthesis

All reagents were purchased from CERAC and used with-
out further purification.

BaMnS,. The compound was prepared according to
two different procedures. In the first method from Schmitz
and Bronger (16,17) 0.391 g BaCO; (1.98 mmol) and
0.109 g Mn (1.98 mmol) were ground in air, placed in an
alumina boat, and heated at 1000°C under flowing H,S for
3 h. The sample was then cooled to room temperature under
H,S. In our hands, this procedure resulted in the formation
of the title compound along with variable amounts of
Ba,MnS; (19) and MnS.

In an alternate synthesis, BaS (0.330 g, 1.95 mmol), Mn
(0.107 g, 1.95mmol), and S (0.063 g, 1.96 mmol) were
ground and loaded into a silica ampule in a drybox and
sealed under vacuum. The mixture was heated at 600°C for
83h using 1°C/min heating and cooling rates. The product
was then reground and loaded into another silica ampule,
and heated at 800°C for 17 h. The product was again
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reground and loaded into another silica ampule for the final
heating at 1000°C for 50 h. The product was a microcrystal-
line orange powder that appeared to be single phase by
X-ray diffraction (XRD) analysis.

Bag.938rg 07MnS,. BaS (0.303g, 1.79 mmol), SrS
(0.0238 g, 0.199 mmol), Mn (0.109 g, 1.98 mmol), and
S (0.063 g, 1.99 mmol) were used to prepare the title com-
pound according to the alternate synthetic method de-
scribed above.

Characterization

Powder XRD patterns were obtained for both com-
pounds using a Rigaku DMAX B powder X-ray diffrac-
tometer and an MDI software system. The purity of
BaMnS, was assessed by way of Rietveld refinements of the
XRD data according to standard methods used in our
laboratory (20). The unit cell parameters and fractional
coordinates from the single-crystal structure were used as
the initial model. The wunit cell parameters for
Bay ¢3Sry.07MnS, were determined by least-squares analy-
sis of the XRD data.

Single—crystal structure for Bag ¢3Srg.o7MnS,. An or-
ange ellipsoidal crystal with approximate dimensions
0.260 x 0.165 x 0.143mm> was placed and optically
centered on the Bruker SMART CCD system at — 80°C.
The initial unit cell was indexed using a least-squares analy-
sis of a random set of reflections collected from three series
of 0.3° wide w scans (25 frames/series) that were well distrib-
uted in reciprocal space. Data frames were collected
[MoKe] with 0.3° wide w scans, 15 s/frame, 606 frames per
series, 6 complete series, and an additional 60 frames of the
first series for decay purposes, a crystal to detector distance
of 3.95 cm, providing a complete sphere of data to
20« = 65.0°. A total of 8966 reflections were collected and
corrected for Lorentz and polarization effects and absorp-
tion using Blessing’s method as incorporated into the pro-
gram SADABS with 829 unique [R(int) = 0.0333].

System symmetry and systematic absences were consis-
tent with the noncentrosymmetric orthorhombic space
group Pna2; (No. 33) and the centrosymmetric space group
Pnma (No. 62). Intensity statistics clearly favored the centric
space group. The structure was determined by direct
methods with the successful location of nearly all atoms
using the program XS (21). The structure was refined with
XL (22). The occupancies of the mixed Ba/Sr site were
constrained to sum to one, modeling with EADP and
EXYZ, but were freely refined as isotropic ions. Conver-
gence resulted in the populations 95% Ba and 5% Sr.
Subsequently, the occupancies were fixed at 93% Ba and
7% Sr, based on the analytical data, which resulted in no
appreciable change in R factors. In the final cycles of refine-
ment, all atoms were refined anisotropically. The final struc-
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ture was refined to convergence [A/o <0.001] with
R(F) = 1.75%, wR(F?) = 3.58%, and GOF = 1.053 for all
829 unique reflections [R(F) = 1.55%, wR(F?) = 3.63% for
those 759 data with F, > 40(F)]. A final difference-Fourier
map contained a few peaks, |[Ap| < 1.45eA ™3, which, upon
various refinement attempts, proved to be spurious indicat-
ing that the structure is both correct and complete.

Magnetic susceptibilities were measured as a function of
temperature and applied magnetic field using a Quantum
Design (MPMS) superconducting quantum interference de-
vice (SQUID) magnetometer. Samples were weighed,
loaded into gelatin capsules (1 cm long, radius = 0.25 cm),
and inserted into the magnetometer. The samples were
cooled from room temperature to 5 K and a 100-Oe field
was applied. The change in magnetization (M) with temper-
ature is measured as the sample is warmed. This process is
referred to as zero field cooled (ZFC). Subsequently, the
magnetization of samples was recorded as the samples were
cooled back to 5K in the presence of the 100-Oe field
(FC-cooling) and as the samples were warmed back to room
temperature (FC-warming).

Energy dispersive X-ray spectroscopic analysis (EDX)
and wavelength dispersive spectroscopic analysis (WDS)
were performed on a JEOL JXA-8900 microprobe analyzer.
BaMnS, and SrVOj; were used as standards for the WDS
experiments.

RESULTS

BaMnS, and Bag 9351 osMnS, were prepared by heat-
ing stoichiometric amounts of binaries and elements with
intermediate regrindings. Several compositions within the
Ba, _ . Sr,MnS, solid solution were attempted, but only 7%
Sr substitution could be achieved. At higher substitution
levels, biphasic mixtures of Bag 9351y 07MnS,, SrS and MnS
were obtained. In addition, a mixture of composition
“SrMnS,” was fired at ~2500°C in an argon plasma (dc arc
melting), however, XRD analysis of the final product
showed only SrS and MnS.

EDX analysis on the Ba;_,Sr.MnS, compounds
(x <0.1) confirmed that Sr had been incorporated into the
structure. WDS analysis was performed on single crystals of
the Bag 9351y o7 MnS, end member (i.e., maximum Sr substi-
tution) obtained from a synthesis composition containing
10% Sr. The analysis indicated that the limiting composi-
tion was Bag.93Sr(.osMnS,, which was confirmed by single-
crystal X-ray diffraction. The results of the crystallographic
and WDS compositional analyses are given in Table 1 and
are in excellent agreement.

Rietveld analysis of the XRD data for BaMnS, and
Bay 9351y 07MnS, yielded crystallographic parameters in
good agreement with the single-crystal studies of Schmitz
and Bronger (16, 17) and our single-crystal studies described
herein. The data from the different studies are summarized
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TABLE 1
Analytical Data for Bag3;Sr,¢;MnS,

WDS Single crystal®
Ba 0.93 £0.01 0.95
Sr 0.076 + 0.002 0.05
Mn 1.0 + 0.01 1
S 2.0+ 0.01 2

“Occupancies based on free refinement of the single crystal XRD data.
The occupancies were fixed at the WDS values in the final cycles of
refinement of the single crystal structure.

in Table 2. In both compounds, there is a small amount of
an MnS impurity phase (~ 5%). The calculated and ob-
served XRD pattern for Bag 3Srg.0-MnS, is shown in
Fig. 1 as an example. MnS has been shown to be an antifer-
romagnet with Ty = 152 K (23) and does not complicate
the analysis of the magnetic data.

Bag 93S1).07MnS, and BaMnS, are isomorphic with
Pnma crystal symmetry and virtually identical cell para-
meters (see Table 2). A listing of fractional coordinates and
a summary of the crystallographic data for Bag ¢3Srg o5
MnS, are given in Tables 3 and 4, respectively. An ORTEP
drawing of the structure is shown in Fig. 2a. A listing of
bond distances and angles for Bag ¢3Sry o7sMnS, and
Schmitz and Bronger’s BaMnS, (17) is given in Table 5 for
comparison. A ball-and-stick drawing illustrating the differ-
ences between Bag ¢3Srg o-MnS, and BaMnS, is given in
Fig. 2b.

The BaMnS, structure type is characterized by a two-
dimensional array of corner sharing MnS,,, tetrahedra ex-
tending in the a—b plane with Mn-S distances of 2.41 A (av)
for both compounds. The range of S-Mn-S angles (Table 5)
shows that the MnS,,, units are distorted from idealized
tetrahedral geometry but are similar to one another. The
Ba’" ions in BaMnS, are in a seven-coordinate capped
trigonal prismatic geometry (Ba-S contacts in the range
3.15-347A,3.224 av) with an additional long Ba-S contact

TABLE 2
Unit Cell Dimensions of Orthorhombic (Prnma) BaMnS,
and Ba,,,Sr,;MnS,

BaMnS,* BaMnS,” Ba,,,Sr, ,,MnS,” Bag,,Sr, ,,MnS,°
a(A) 7.00(0) 7.109(2) 7.119(2) 7.109(2)
b(A) 4.14(4) 4.124(1) 4.121(1) 4.1069(13)
c(&) 14.00 13.9913)  13.960(3) 13.938(4)
V(A% 4057 410202) 409.5(2) 407.02)
d(g/em®) 419 415 410 413

“Room temperature single crystal data from Ref (17).

®Room temperature data from Rietveld analysis of powder XRD data
(this work).

¢Single crystal data recorded at 193 K (this work).
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FIG. 1. Observed and calculated (Rietveld analysis) XRD patterns for

Ba, 4,51, ,,MnS,. The MnS impurity is indicated with asterisks.

of 3.97A (i.e., 7 + 1 coordination). In the Bay 351 o7 MnS,
compound, the Ba?*/Sr?>" coordination is notably altered
(Fig. 2b). The composite Ba**/Sr?* site is shifted to one side
of the coordination polyhedron which results in little overall
change in the average seven (Ba®*/Sr?*)-S distances
(3.18-3.40 A, 3224 av). However, the eighth long contact is
lengthened to 4.12A and can be considered nonbonding.

Magnetic Properties

The susceptibility of BaMnS, at 100 Oe between 5 and
380 K is shown in Fig. 3. It is essentially temperature inde-
pendent between 200 and 380 K and decreases slightly with
temperature below 220 K. The change in magnetization
with field at 5 and 200 K is shown in Fig. 4. Both plots are
linear and the slope decreases with decreasing temperature.
The linearity and the absence of saturation indicate that the
compound is weakly antiferromagnetic at these temper-
atures. The absence of an apparent transition to the antifer-
romagnetic state in the plot of susceptibility vs temperature
suggests that the Neel temperature is higher than 380 K.
However, higher temperature susceptibility studies are

TABLE 3
Atomic Coordinates ( x 10“) and Equivalent Isotropic
Displacement Parameters (A2 x 10°) for Ba¢;Sro0;MnS,"

X y z Uleq)®
Ba 2027(1) 2500 6299(1) 9(1)
Sr 2027(1) 2500 6299(1) 9(1)
Mn 2791(1) 2500 3662(1) 8(1)
s(1) — 385(1) — 2500 7570(1) 9(1)
s©2) — 2435(1) 2500 5429(1) 12(1)

“ All atoms reside on Wyckoff 4c sites (x, 3, z).
bU(eq) is defined as one-third of the trace of the orthogonalized
UY tensor.
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FIG. 2. (a) ORTEP drawing of the Ba, 4,Sr, ,,MnS, structure. (b) Superposition of the Ba, ,,Sr, ,,MnS, and BaMnS, structures illustrating the
differences in Ba and Ba/Sr coordination in the two phases. The dotted lines and the distances in the boxes correspond to BaMnS,.
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TABLE 4
Crystal Data and Structure Refinement for Ba,,;Sr, (,MnS,

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I > 20(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Bay.93MnS,Sr.07

25292

193(2) K

0.71073 A

Orthorhombic

Pnma

a=7.1092) A

b =4.1069(13) A

¢ =139384)A

407.02) A3

4

4.128 g/cm?

13.743 mm !

829/0/26 [R(int) = 0.0333]
1.072

R1 = 0.0155, wR2 = 0.0358
R1 = 0.0175, wR2 = 0.0363
0.0028(3)

1451 and —0.720 eA "3

Note. R(F) :ZH Fo‘ - |FL”/ZIF0|

with P = (F% + 2F2%)/3.

and WR(F?) = [Y[W(FZ — F2)?)/
Y [W(F2)*T1**. The parameter w = 1/[¢*(F2) + (0.0326 * P)* + 8.5143 x P],

necessary to confirm this proposal. The magnitude of the
molar susceptibility at all temperatures is less than that
expected from a high spin Mn?* system (~ 5.9 uy per
Mn?"). The supressed susceptibility is most likely due to the
weak antiferromagnetic interactions in the compound.
For Bag 9351y 97MnS,, the susceptibility at 100 Oe in the
temperature range 5 to 380 K is dependent on the experi-
mental conditions (Fig. 5). In all cases, the data show the

Comparison of the Selected Bond Angles and Bond Distances

TABLE 5

for Ba,,;Sr,,,MnS, and BaMnS,"

Ba, 4,Sr, ,,MnS, BaMnS§
S(1)’-Mn-S(2) 107.24(2) (2x) 109.29 (2x)
S(1)-Mn-S(2) 114.39(2) (2x%) 114.023 (2x)
S(2)-Mn-S(2) 115.64(4) 113.669
S(1)-Mn-S(1) 95.34(3) 94.766
Mn-S(1)-Mn 174.45(3) 177.865
Mn-S(2)-Mn 115.64(4) 113.669

(Ba/Sr)-S Ba-S
Ba-S(1) 3.1768(8) (2x) 3.18 (2x%)
Ba - S(2) 3.1777(9) (2x) 3.15 (2x%)
Ba-S(1) 3.2082(8) (2x) 3.22 (2%)
Ba-S(2) 3.3959(12) 3.47
Ba-S(2)" 4.120(1) 3.97

Mn-S Mn-S
Mn-S(1) 2.3918(9) 2.38
Mn-S(1) 2.4238(9) 2.39
Mn-S(2) 2.4261(7) (2x) 2.47 (2x)

“Data from Ref. (17).
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FIG. 3. Molar magnetic susceptibility for BaMnS, recorded at 100 Oe.

onset of short-range magnetic interactions at 230 K that
disappear at 70 K. The susceptibility of the sample as it is
warmed is essentially the same whether it is zero field cooled
(ZFC) or field cooled (FC). However, the susceptibility is
enhanced between 70 and 230 K when measured in the
cooling mode (FC—cooling). Above 250 K the magnetiz-
ation is independent of the experimental conditions. The
differences between the FC and ZFC data indicate that the
magnetic interactions are not due to long-range ordering.
The magnetic anomalies in this region are due to local
effects such as local spin canting or uncompensated fer-
romagnetism. At 70 K the compound undergoes a first-
order phase transition back to an antiferromagnetic state
and is quite similar to BaMnS, below this temperature. The
room temperature susceptibility for this compound is very
close to that of BaMnS,.

Magnetization versus field experiments were conducted
for Bag.93S1¢.0-MnS, at three different temperatures: 5, 100,
and 220 K (Fig. 6a). The plots are all linear and do not
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FIG.4. Magnetization versus field plots for BaMnS, recorded at 5 and
200 K.
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FIG. 5. Molar magnetic susceptibility (zero field cooled, field
cooled—cooling, and field cooled—warming) for Ba, ,,Sr, ,,MnS, at
100 Oe.

saturate at high fields, suggesting the presence of an antifer-
romagnetic ordering at these temperatures. The M(H) plot
at 100 K appears to be linear even at negative fields

(Fig. 6b). On the other hand, the local ordering gives rise to
a small hysteresis that is seen at low fields (Fig. 6c).

DISCUSSION

It is interesting to note that, although there are several
Ba-M-S compounds of the 3d metals (M = 3d transition
metal), a search of the Gemelin database shows that very
few ternary Ca-M-S or Sr—M-S phases exist. This phenom-
enon contrasts the solid state chemistry of the oxides and is
surprising in view of the relatively large number of rare
earth R-M-S sulfides (24). The present study showed that
incorporation of Sr into the BaMnS, structure could only
be accomplished to a minimal extent (~ 7%) even under the
forcing conditions of dc arc melting. However, this small
isovalent substitution has a significant effect on the mag-
netic properties of the material.

The short-range magnetic ordering observed for
Bag 9381y 07MnS, is most likely due to subtle changes in
structure resulting from the Sr?*-for-Ba®"* substitution in
the antiferromagnetic BaMnS, compound. Although the
crystal structure and symmetry for Ba, 3Srg o, MnS, at 298

0.18 0.20 p————— ey
0.16 ] Geésé° 015 100K 3
4 °o° F
0.14 ] Pt 0.10f 3
_ 012 e Z 00sf 3
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FIG.6. Magnetization versus field plots of Ba,, ,,Sr
in the field range — 6 to 6 kOe.

0.07MnS, (a) at 5,100, and 220 K, (b) at 100 K in the field range — 50 to 50 kOe, and (c) at 100 K
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and 193 K are the same as those for BaMnS,, the Sr** ion

re
i0

Sr?* in the Ba?*

sides in a position slightly off center from that of the Ba*™
n in BaMnS,. This shift in position is due to the poor fit of
coordination sphere, as was seen in the

Ba, _ . Sr,ZrSe; phases (25), and may be responsible for the
short-range magnetic correlations in the title compound.
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