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A transition metal-containing Zintl phase, Sr,MnSh,, was prepared from a stoichiometric combination reaction of
the elements in Sn flux, and its structure was determined by single-crystal X-ray diffraction methods. The compound
crystallizes in the orthorhombic space group Pnma with a = 15.936(3) A, b = 14.498(3) A, ¢ = 8.2646(17) A, and
Z = 12. The structure of Sr,MnSh, is composed of corrugated layers of corner- and edge-shared MnSh, tetrahedra.
The basic building unit of the layer is a [MnsShg]'?~ cluster composed of three edge-shared MnSh, tetrahedra.
These trinuclear clusters share four Sh vertexes to form a layer with cavities. Sr?* cations are located at the inter-
and intralayer space. Magnetic susceptibility measurements indicate an effective magnetic moment of 4.85 ug, a
value smaller than what would be expected from Mn?* ions.

Introduction

Although there is a large number of ternary main group

Zintl phases, there are relatively few with transition

metals! Interest in ternary manganese pnictides derives from

= Ca, Sr, Eu, YD) or the ThCsSi,-type (A = Ba)3
Isostructural analogues such as Sghand EuMnP, ex-
hibit antiferromagnetic transitions because of the high-spin
d®> Mn?* cations* The A MnShy; family of compounds

the novel anionic frameworks and unusual magnetic proper- (A = €&, Sr, Ba, Eu, Yb) has been studied extensively and
ties that can be observed from the interactions among the"V@S Shown to possess interesting magnetic behavior and

partially filled d orbitals of manganese. AMBk, (A = Ca,
Sr, Ba, Eu, Yb) crystallizes as either the Czg84-type (A

GMR (giant magnetoresistance) or CMR (colossal magne-
toresistance) properti@$.One formula unit of A;MnShy;
consists of 14 A' cations, 4 Sb monomers, a [MnSf°~
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ferromagnetic properties, and the Mn cations have been
claimed to be trivalent with a high-spirf state?9 REsMnSh;s
(RE = La, Ce) has a nonclassical Sb sublattice network, a
three-dimensional Sk a one-dimensional Sbstrip, and
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isolated SB~ species. The magnetic susceptibility data of Table 1. Selected Data from the Single-Crystal Structure Refinement
REsMnShsindicate that the rare earth elements are trivalent °f SEMNSk:

and that Mn is divalent. SpMn,Shis showed a single empirical formula SMnSh,
anionic framework consisting of Sb monomers, SB- fw 473.68
di d [MeShy7%- isolated tetrahedral clustetsTh oD 17

imers, and [MgSh,2]*®~ isolated tetrahedral clus e wavelength { = K, A) 0.71073
recently reported BgMngsShi; has a distinctive structure cryst syst orthO(rhombit):

i “ i space group Pnma(No. 62

for.me.d by a condensation of .Mn$btetrahed_ra. The unit cell dimensions (A) a—15.945(3)
anionic framework of EMneShys is assembled with edge- b= 14.498(3)
and corner-sharing of the Mn-centered tetrahedra forming , c=8.2646(17)
cavities. These cavities are occupied by $bdumbbells ‘éO' A9 1310'7(7)
and E@" cations, where all of the Mn atoms are divalé&nt. peaic (glen) 4.940

Our ongoing efforts to prepare new Zintl compoutdlg absorption coefficient (mmf) 26.792
with transition metals resulted in the discovery of\&nSh; refins collectediunique 11288/2222

. . . . L. ata/restraints/parameters 2222/0/77
which features a unique two-dimensional corrugated anionic  final R indices Fo? > 20(F2)]2 Ry = 0.0290, WR = 0.0568
framework. Here, we report the synthesis, crystal structure, R indices £*> 0) Ry = 0.0422, wR = 0.0595
: ; largest diff. peak and hole (ePf 1.567 and-1.222
and magnetic properties of SMnSh,.
- . 3Ry = [Y|Fol — IFcll/3IFol and wR = {[Sw[(Fo)* — (F)3%/

Experimental Section [SW(Fed)2} 2 for Fe? >°20(F023 andw = [02(Fo)? + (0.05423)2]—1 where

— 2 2
Synthesis. SLMnSh, was synthesized from the elements Sr P=(Fo* + 2F)3.

(Aldrich, chips, 99.9%), Mn (Aldrich, powder, 99.9%), and Sh ) _ o

(high purity, powder, 99.999%) using the Sn (Junsei, drops, 99.9%) Magnetic Property. Magnetu_: susceptibility measurement_s for
flux method. All manipulations were performed in a-filled SrMnSk, were performed using a MPMS quantum designed
glovebox. The mixture of elements (Sr/Mn/Sb/Sn10:6:13:30) SQUID magnetometer. The measurements on the crystal samples
was placed into a graphite tube which was then vacuum sealedVere done under increasing temperature380 K) with a 5000 G
inside of a silica tube. The mixture was heated to 100@t arate  apPplied field.

of 10 °C/h. held at 100GC for 24 h. cooled to 556C at 5°C/h Crystallographic Studies. A black crystal with dimensions of
' ’ re at 0-01x 0.01x 0.004 mm was mounted on a glass fiber at 173 K.

held at 550°C for 4 days, and then cooled to room temperature a ) :
5 °C/h. After reaction, the excess Sn flux was removed from the A Bruker AXS SMART Platform CCD diffractometer equipped

product as follows. Si@wool was inserted into the tube and rested With & low-temperature apparatus was used to collect intensity data
over the graphite tube that contained product. Then the silica tube USiNg graphite monochromatized Maukradiation. The data set

was again evacuated and sealed. The tube was inverted, placed iff/as collected over a half sphere of reciprocal space up drb6

a box furnace and heated to 500 at a rate of 100C/h and kept 20 at 173.1(2) K. The individual frames were measured with a

at that temperature for 2 h, after which the tube was transferred rotation of 0.3 and an acquisition time of 45 s. The initial 50 frames
quickly from the furnace to a centrifuge and spun immediately. of data were measured again at the end of the data collection

The excess Sn flux passed through the,Si@ol and gathered in procedure and compared to the initial readings to check the stability
the bottom of the tube, leaving an abundance of black chuck single f the crystal. No crystal decay was detected. The SMART software

crystals of SMnSh, behind. Interestingly, when we attempted to  WaS used for data acquisition, and SAINT was used for data
synthesize this compound without Sn flux, we obtained S8t extraction and reductiohThe absorption correction was performed

as the majority phase. The sampleMnSh; is sensitive to moist empirically using SADABS. With the low-temperature data, the
air and must be handled under an inert atmosphere. unit cell parameters were obtained from least-squares refinements

Electron Microscopy. Semiquantitative microprobe analysis of USing 600 randomly chosen reflections from a full sphere of
the compounds was performed with a JEOL JSM-35C scanning "€CiProcal space up to 36n 20, see Table 1. The observed Laue
electron microscope (SEM) equipped with a Tracor Northern energy symmetry and systematic extinctions were .|nd|cat|ve of the space
dispersive spectroscopy (EDS) detector. Data were acquired usingd"™0UPSPnmaandPn2;a. The centrosymmetric space groBpma
an accelerating voltage of 20 kV and a 30 s accumulation time. WaS chosen, and the subsequent refinements confirmed the choice
Semiquantitative microprobe analysis on single crystals gave the ©f this space group. The initial positions of all of the atoms were
formula Sk seMn; oShiee (average of three data acquisitions). obtal_ned from direct methoo_ls, and the structure was refined by full-
The slightly lower Sr content (1.52 vs 2.0) is a symptom of the matrix least-squares techniques with the use of the SHELXL-97
EDS technique which is only semiquantitative. The refinement of Program packagé.Once all of the atoms were located, the

the X-ray data does not support a deficiency of Sr on its site as its occupancies of the successive atoms were allowed to vary, but the
occupancy refined to a 100%. refinements did not lead to any significant change in the occupation
factor. The final cycle of refinement performed &g with 77
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Sr,MnSb,

Table 2. Atomic Coordinates x10% and Equivalent Isotropic
Displacement Parameters 103 A2) for SLMnSh,

Wyckoff

atom position X y z Ueqp

Sr(1) 4c 6274(1) 7500 9100(1) 9(1)
Sr(2) 8d 6138(1) 5988(1) 4127(1) 8(1)
Sr(3) 8d 3910(1)  5593(1)  1265(1) 8(1)
Sr(4) 4c 3757(1) 7500 5027(1) 7(2)
Sh(1) 4c 4988(1) 7500 2074(1) 6(1)
Sh(2) 8d 4755(1)  5959(1)  7409(1) 6(1)
Sh(3) 4c 7505(1) 7500 5827(1) 7(2)
Sb(4) 8d 7487(1) 5704(1) 680(1) 6(1)
Mn(1) 8d 2966(1)  5877(1)  7588(1) 7(1)
Mn(2) 4c 4218(1) 7500 9040(1) 7(1)

aU(eq) is defined ad/; of the trace of the orthogonalized}; tensor.

Table 3. Selected Bond Distances (A) and Angles (deg) isVBISh;

Mn(1)—Sb(2) 2.8584(13) Mn(2)Sb(1) 2.7922(17)

Mn(1)—Sb(3) 2.7920(12) Mn(2)Sb(2) x2 2.7456(11)

Mn(1)—Sb(4) 2.7969(12) Mn(2)Sb(3) 2.7340(17)

Mn(1)—Sb(4) 2.8177(13)

Sr(1)-Sh(1) 3.2006(12) Sr(3)Sh(1) 3.3236(9)

Sr(1y-Sh(2)x2 3.5791(10) Sr(3ySb(2) 3.2861(9)

Sr(1)-Sh(3) 3.3419(13) Sr(3)Sh(2) 3.5005(10)

Sr(1y-Sh(4)x2 3.4970(9) Sr(3)Sh(4) 3.3285(9)

g:g)):gggg 213153?82)) 2‘;((22383 gi’g?gg)z) Figure 1. Representation of @vinSh, crystal structure down the axis
Sr(2)-Sb(2) 3:4959(10) Sr(#)Sb(2) x2 3.'3759(9) showing the unit cell o_utline. The Srz Mn, and Sb atoms are indicated as
Sr(2)-Sh(3) 4.3057(12) SH(4)Sh(4) x 2 3.3509(9) blue, green, and red circles, respectively.

Sr(2)-Sh(4) 3.5320(9) Mn(EyMn(2) 3.311(2)

Sr(2)-Sh(4) 3.5939(10) Mn(EyMn(1) 5.074(2)

Sb(3-Mn(1)-Sh(4) 112.48(4) Sb(3Mn(2)—Sb(2)  109.34(4)
Sb(3-Mn(1)~Sb(4) 116.95(4) Sh(2Mn(2)-Sh(2)  108.89(6)
Sb(4-Mn(1)-Sh(4) 110.34(4) Sb(3)Mn(2)-Sb(1)  113.79(6)
Sb(3-Mn(1)-Sh(2) 104.59(4) Sb(ZMn(2)—Sb(1)  107.68(4)
Sb(4)-Mn(1)-Sb(2) 108.56(4) Mn(1Sb(3)-Mn(1) 114.89(5)
Sb(4-Mn(1)-Sbh(2) 103.00(4) Mn(1ySh(3-Mn(2)  73.61(3)
Sr(2)-Sr(1)-Sr(2) 5557(1) Mn(1}Sb(4-Mn(1) 129.32(3)
Sr(1)-Sr(2)-Sr(2) 62.22(1) Mn(Mn(2)-Mn(1)  90.59(3)
Sr(3)-Sr(4)-Sr(3) 83.13(1)

Sr(4)-Sr(3)-Sr(3) 48.44(1)

temperatures are given in Table 1. Final atomic positions, isotropic
thermal parameters, and selected bond distances are given in Tables
2 and 3.

Results and Discussion

Structural Description. SLMnSh, appears to have a new
type of structure. The structure is composed of layers of
[MnS_bﬂ“ with SE* cations sepa_ratlng the layers (Figure Figure 2. View down thea axis of the SiMnSk,. The Sr, Mn, and Sb
1). Figure 2 shows a representation of the crystal structure aioms are indicated as blue, green, and red circles, respectively.
down thea axis and a corrugated layer. The layers formed
by the edge- and corner-sharing of Mn-centered tetrahedra The anionic framework has four crystallographically
have 12-membered rings and present well-defined groovesdifferent Sb atoms coordinated by two nonequivalent Mn
on both sides of their surface. The whole structure seems toatoms. Atoms Sbh(2) and Sb(3) are shared by the Mn(1)-
be well packed with half of the 8r cations residing in the  and Mn(2)-centered tetrahedra, forming the edge-shared
grooves and the rest between the corrugated layers. Figurébasic building block. Sb(1) is a terminal atom coordinated
3 shows a fragment of [MnS}d~ anionic cluster layers and  only to Mn(2). The Sb(4) acts as a connector of two Mn
local Mn environments. The basic building unit of the layer atoms. The shortest SISb distance is 4.442(1) A between
is the [MnsSks]*? cluster assembled from three edge-shared Sb(2)-Sh(4).
tetrahedra. These units are connected by sharing of four Sb The Mn—Sb bond lengths range from 2.7340(17) to
atoms along thebc plane. In the basic building unit, a 2.8584(13) A. These bond distances are similar to those
crystallographically imposed mirror plane perpendicular to in SkiMn,Shig (2.763-3.007 A)k Sr,MnShy; (2.838
the b direction runs through the Mn(2) site which is A),69 SrMn,Sh, (2.756-2.782 A)22 and EyoMneShis
positioned on a 24 symmetry site. (2.679~2.858 A)Y The tetrahedral angles around the
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Figure 3. Fragment of a corrugated layer with atomic and bond distance
(A) labeling.
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Figure 4. Magnetic susceptibility and inverse susceptibility as a function
of temperature for SMnSh, at 5000 G.

Mn(1) and Mn(2) atoms range from 103.00(4) to 116.95-
(4)° and 108.89(6) to 113.79(®)respectively. The two Mn-
(1)- and Mn(2)-centered tetrahedra share two Sh&(3)
edges to make a trimer with a Mn{ZMn(2) distance of
3.311(2) A and a Mn(EyMn(2)—Mn(1) angle of 90.59(3)
To our knowledge, this Mn trimer is unprecedented.

The SgMnSh, structure has four crystallographically
distinct Sr atoms. Sr(1) and Sr(2), placed in grooves of the
corrugated layer, are surrounded by six Sb atoms with

distorted octahedral geometries. Sr(3) and Sr(4) are sur-

Park et al.

moment of 5.92ug and that of MA"t (d¥) is 4.90 ug;
therefore, the Mn atoms in $inSh, could be considered

to be trivalent. This would suggest that®nSh, is a Zintl
compound with an extra electron. However the valence
assignment for M# appears to be charge balanced as
(S”H),[Mn2H(SIB),].4~ A recent report on AMnShy; (A

= Ca, Yb) suggests that Mn is in a high-spin stafe eden
though the experimental magnetic moment is more consistent
with Mn3*. This may be the result of a hole in the ;Sb
tetrahedron aligning parallel to the Mn moméha similar
situation could be present in MnSh,. Bond valence sum
calculations indicate a positive charge of 2.1 on Mn(1) and
2.5 on Mn(2)!! We note that the existence of Nmions in

the presence of Sb species has never been documented.
Arguably, the MAt/SB*~ pair is not considered to be
thermodynamically compatible given the high oxidizing
power of Mr#* and the strong reducing character of Sk

This comes from the relative energy of the empty Mn d
orbitals and the filled Sb p orbitals. The same situation exists
in MnSbh which is not a M&™ compound® A Mn3*
configuration would place the energy of d orbitals below
that of the filled Sb p orbitals. Therefore, a-3oxidation
state for Mn is not expected to be stable in antimonides in
particular and pnictides in general. Consequently, despite the
lower than expected value of the magnetic moment in
SpLMnSh,, we still prefer a formal 2 state for Mn%4
Obviously, the mechanisms responsible for depressing the
effective magnetic moment on the metal in,N8nSh, and
Ca4sMnShy; (they may or may not be the same in the two
phases) need to be further investigated.
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rounded by five Sb atoms with square pyramidal geometries (10) (a) Holm, A. P.; Kauzlarich, S. M.; Morton, S. A.; Waddill, G. D.;

and nested in grooves on the layer surfaces (Figure 1).
Magnetic Properties. Figure 4 shows the magnetic
susceptibility and inverse susceptibility taken with an applied
field of 5000 G. The overall shape of the magnetic
susceptibility curve from 5 to 300 K indicates paramagnetic
behavior. The inverse susceptibility above 100 K obeys the
Curie—Weiss law with a Weiss temperature ©809.38 K,
but below 100 K, a deviation from the Curi&Veiss law is
observed. The rather large negative Weiss const@nt,

suggests strong antiferromagnetic exchange interactions at

low temperatures. The effective moment per formula unit
of SLMnShy is 4.85up. A free Mr?™ (d°) has an effective
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