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Single crystals of the new transition metal Zintl phase, Cay;Mn,Shys, were prepared by high temperature melt
synthesis. The crystal structure was determined by single crystal X-ray diffraction to be monoclinic in the space
group C2/c. Crystal information was obtained at 90 K, and unit cell parameters were determined (a = 17.100(2)
A b =17.07312) A, ¢ = 16.857(2) A, B = 92.999(2)°, Z = 2, R1 = 0.0540, wR2 = 0.1437). The structure can
be described as containing 4 discreet units per formula unit: 1 linear [Mn,Shyo]??*~ anion, 2 dumbbell-shaped
[Sh;]*~ anions, 4 individual Sb®~ anions, and 21 Ca?* cations. The [Mn,Shy]?*~ anion contains four edge-shared
MnSh, tetrahedra with distances between Mn ions of 3.388(4) A, 2.782(4) A, and 2.760(4) A. Electron counting
suggests that the Mn are 2+. Temperature dependent magnetization shows a ferromagnetic-like transition temperature
at ~52 K which is suppressed with increasing magnetic field. The paramagnetic regime is best fit to a ferrimagnetic
model, providing a total effective moment of 4.04(2) us, significantly less than that expected for 4 Mn?* ions (11.8
us). Temperature dependent resistivity shows that this compound is a semiconductor with an activation energy of
0.159(2) eV (100—300 K).

Introduction unique bonding arrangements but also in their possible
materials applications. Recent reports on the new thermo-

The preparation of intermetallic compounds possessing Aelectric materials, CsBTes and BalngShie, pointed to the

combination of electropositive and electronegative elementsunusual combination of complex electrical, structural, and

has introduced a rich variety of Sql'd state structures due_: © thermal properties as a source for the high thermoelectric
the tendency for the electronegative atoms to form varying figure of merits reported? In addition, the rare-earth gallium

R . _tion atT, = 2.4 K opening up the possibility for other Zintl
Klemm elgctron counting rules with closed-shell electronic compounds with complex bonding arrangements and low
configurations due to complete charge transfer from a non- electronegativity differences between component atoms to
noblg metal (groups 1 and 2) or rare-earth glemenF 10 a post-,, superconductoPsZintl phases also have potential in the
tran§|t|on metal 'e'lement (groups 135)2 With the intro- burgeoning field of molecule-based magnets where the solid
duction of transition metal elements, comparable electro- state structures of these magnets consist of arrays of

nsg_a_tlvmles an(? a V"?‘”ag'onl n OX|_dat|on states mtrodlucz molecular units similar to the typical Zintl pha%é.The
adaitional complexity in the electronic structure that can lead ., |ayity inherent in the electronic and crystal structures

to interesting magnetic and electronic properties in these of Zintl phases has produced much interest and discovery

systems. o ) o ) ) of new compounds with large magnetoresistance effects,
The motivation for investigating new Zintl phases lies not

only in their potential for offering new structure types and (3) ﬁmé 185';3—'5?5“9' S.; Uher, C.; Kanatzidis, M. Ghem. Mater1999

4) Cﬁung, D.-Y.; Hogan, T.; Brazis, P.; Rocci-Lane, M.; Kannewurf, C.;
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most notably in the AMnPn; (A = Ca, Sr, Ba, Eu, Yb; [Sky]*~ Zintl anion, exhibiting a consistency within the
Pn= P, As, Sb, Bi) series of compounds where colossal cationic framework with other Zintl phases possessing this
magnetoresistance has been repotfed’ This potential for anionic unit®¢4° In addition, the structure contains isolated
preparing unique compounds at the mefakulator bound- Sk~ anions that are arranged in an analogous sequence to
ary and the relationship to other correlated electron systemsother Zintl phases containing both of these anionic units in
have motivated our investigations of transition metal contain- relation to both the anionic structure and the cationic
ing ternary systems, specifically manganese containing structure3-4°> Magnetic and electronic properties are also
antimonides. reported and are discussed in light of the reported structure.

A new structure type belonging to the family of Mn
containing transition metal Zintl phases with formulaa
MnsShis has been synthesized by high temperature melt  Synthesis.Single crystals of GaMn,Shis were produced by a
synthesis. This structure complements the recently reportedhigh temperature melt synthesis using Sn as a ffuklemental
Sr;Mn,Shig phase that is compositionally identical but Ca (Alfa, 99.987%), Mn pieces (Alfa, 99.98%), Sh shot (CERAC,
differs substantially in its structuf®Cay;Mn,Shigis a unique ~ 99.999%), and Sn shot (Alfa, 99.99%) were handled inydilkéd

structure type containing noninfinite, discrete linear units of drybox. The mass of each element was scaled to 3.5 g of Sn
Mn-centered, edge sharing tetrahedral units in a2 according to the ratio 21Ca/7Mn/18Sh/64Sn. Approximately half

. - - - N of the Sn was placedhia 2 mLalumina crucible, followed by Ca,
unit. It is also a new Zintl phase retaining the well-known Mn, Sb, and the remaining Sn. The crucible, fit with a small plug

- of quartz wool, was placed in a quartz tube that was flattened on
® Sgcl)igkétsété_'c;:hweﬁggé '1'0‘]7'?501'?)"1%‘;’2"' M. M. Kauzlarich, S. M. e end. A second crucible was tightly filled with quartz wool and
(9) Chan, J. Y.; Kauzlarich, S. M. Klavins, P.; Shelton, R. N.; Webb, D. inverted on top of the first. An additional plug of quartz wool was

J.Chem. Mater1997, 9, 3132-3135. placed on top of the crucibles, and the quartz tube was sealed under
(10) Chan, J. Y.; Olmstead, M. M.; Kauzlarich, S. M.; Webb, DChem. Y5 atm of argon. The reaction vessel was placed upright in a box
11) '\éﬁg" §937 %/E/)éﬁg?ﬁ/l_.séfséehr, A.: Kauzlarich, S. M.: Webb, D, J. furnace and heated at°&/hr to 950°C, maintained at 956C for

Chem. Mater1997, 9, 2131-2138. 1 h, and then cooled at€/hr to 800°C where it remained for 7
(12) Chan, J. Y.; Kauzlarich, S. M.; Klavins, P.; Shelton, R. N.; Webb, D.  days. It was removed at 80C, inverted, and immediately placed

J.Phys. Re. B 1998 57, 8103-8106. , . in a centrifuge and spun for one minute at 7500 rpm. The reaction
(13) Chan, J. Y.; Kauzlarich, S. M.; Klavins, P.; Liu, J.-Z.; Shelton, R. N.; . ) . . ;

Webb, D. J.Phys. Re. B 200Q 61, 459-463. was opened in a Nilled drybox equipped with a microscope and
(14) Del Castillo, J.; Webb, D. J.; Kauzlarich, S. M.; Kuromoto, T. Y. at moisture levels<l ppm. The crucible initially containing the
(15) llz?syhséer'FE-l\?/?gngz' {‘:?i?_‘éﬁg?k-o S L: Canfield P. C.: Chan. 5. €lements was filled with a mixture of large amounts of multifaceted,

Y.: Kauzlarich, S. M.’Phys. Re. B 1999 59, 13829-13834. ' highly reflective crystals of GaMn,;Shig and a small amount of
(16) Fisher, I. R.; Budko, S. L.; Song, C.; Canfield, P. C.; Ozawa, T. C.; Sn powder. The second crucible contained a solid block of Sn

Kauzlarich, S. MPhys. Re. Lett. 200Q 85, 1120-1123. separated from the crystalline material during the centrifuge process.
an fl"’gl_ufig' F.i Fong, C. Y.; Kauzlarich, S. Mhorg. Chem1992 31, Initial attempts to synthesize this material resulted in mixtures of
(18) Holm, A. P.; Kauzlarich, S. M.; Morton, S. A.; Waddill, G. D.; Pickett, ~Ca@:iMn,Shigand Ca,MnShy; crystals, but after extensive synthetic

W. E; Tobin, J. GJ. Am. Chem. So@002, 124, 9894-9898. optimization, a pure phase of G&In,Shig was obtained according
(19) gggzllggghllsl l\éloﬁijé%rzgto T.Y.; Olmstead, M. M. Am. Chem. to the parameters gi.ven. B .
(20) Kauzlarich, S. M.; Kuromoto, T. YCroat. Chem. Actd991, 64, 343~ Elemental Analysis. Quantitative elemental analysis of £a

352. Mn,Shis was performed using a Cameca SX50 electron microprobe
(21) fa:zlarcichh, S. S’V'-(?l-'g'gonﬁz %io“é}?gé”k' D.A; Olmstead, M. M. ith a wavelength dispersive spectrometer. The microprobe was
22) Kau;‘}érich?g‘; M_(;)payﬁe’ A. C.. Webb, D. JNiagnetism: Molecules ~ ©OPerated at 15 keV accelerating potential and 10 nA beam current.

to Materials IIl; Miler, J. S., Drillon, M., Eds.; Wiley-VCH: Weinham, The elemental analysis was based on 17 spots (spot siza)l

from three crystals. The Ca, Mn, Sh, and Sn content were

Experimental Section

2002; pp 37-62.
(23) Kim, H.; Chan, J. Y.; Olmstead, M. M.; Klavins, P.; Webb, D. J.;

Kauzlarich, S. M.Chem. Mater2002 14, 206-216.

(24) Kuromoto, T. Y.; Kauzlarich, S. M.; Webb, D. Mol. Cryst. Lig.
Cryst. 1989 181, 349-357.

(25) Kuromoto, T.Y.; Kauzlarich, S. M.; Webb, D.Ghem. Mater1992
4, 435-440.

(26) Payne, A. C.; Olmstead, M. M.; Kauzlarich, S. M.; Webb, BClem.
Mater. 2001, 13, 1398-1406.

(27) Rehr, A.; Kauzlarich, S. MJ. Alloys Compd1994 207, 424—426.

(28) Rehr, A.; Kuromoto, T. Y.; Kauzlarich, S. M.; Del Castillo, J.; Webb,

D. J.Chem. Mater1994 6, 93—99.

(29) Sachez-Portal, D.; Martin, R. M.; Kauzlarich, S. M.; Pickett, W. E.

Phys. Re. B 2002 65, 144411-144415. (See p 144414.))

(30) Siemens, D. P.; Del Castillo, J.; Potter, W.; Webb, D. J.; Kuromoto,

T. Y.; Kauzlarich, S. MSolid State Commuii992 84, 1029-1031.
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New Ferrimagnetic Semiconductor: GaVinsShig

Single Crystal X-ray Diffraction. The reaction produced a high  Table 1. Synthesis Optimization for GaVinsShg
yield of reflective, dark, multifacetted single crystals with crystal

element ratio

faces ranging in approximate dimension from 0.054twrl.0 mn?. reaction (Ca/Mn/Sh/Sn) reaction scheme products
A suitable crystal was coated with Paratone N oil and subsequently 3°ch .
mounted on a glass fiber under a nitrogen cold stream. The single + ~ 20/7/18/64  RT 800°C, dewll 1 day C@ég”:/lsn%%l
crystal diffraction data was collected at 90 K using a Bruker Calisbm '
SMART 1000 CCD diffractometer employing graphite monochro- 2 20/7/18/64 RT 2N 800°C, dwell 3 days Ca;Mn,Shys,
matized Mo K radiation ¢ = 0.71069 A). The SMART software CaaMnShy,
was used for data acquisition, the SAINT software for data ach CauShio
extraction and reduction, and the SADABS software for the 3 20/7718/64  RT 800°C, dwell 7 days Cazégmsn%al
empirical absorption correction. Initial atomic positions were found 4 2071864 RT-M g50°C (1 hr) CanMn.Shis,
by direct methods using XS followed by subsequent difference 3 go0ec dwell 3 days CauMnShy,
Fourier syntheses. The refinement was performed by least-squares ' Caushy '
. . o 1: 0
metholtljs u3|rr‘1_g _SfHELXIT-97. Data _((:jollde(_:tlop tg)largmgter_s_ an;j 5  20/7/18/64 RT—2%950°C (1 hr) CaMnaShys,
crystallographic information are provided in Table 2. Positiona 3°Clh
. . . . — ° CaaMnS
parameters and isotropic thermal parameters are provided in Table 3.,38 0 C'odwe" 8 days aMnShi
3. Complete crystallographic information in the form of a CIF 6 20/7/18/64  RT 950°C (1 hn) CaMnsShis
L . . . 3°Ch o
formatted file is available as Supporting Information. ——800°C, dwell 7 days
Magnetic Susceptibility Measurements.Direct current mag- 7 21/7/18/64 RT- 950°C (1 hr) CaiMn,Shyg,
netization dat.a were obtalned utilizing a Q.uantum Design MPMS 3°CM 200°Cm dwell 3 days CauMnShyy,
superconducting quantum interference device (SQUID) magnetom- CauiSho
eter with a 7.0 T superconducting magnet. Temperature dependent 3°Chh R
and field dependent magnetization measurements of the title 8 21/718le4 F::I’c/h 950°C (1 hr) CaMnaShs,
compound were measured using a single crystal sample (0.00045 —'30380%, dwell 1 days CaaMnShyy
g) coated with N type Apiezon grease and placed in a straw. The 9  21/7/18/64 ~ RT——950°C (1 hr) CaiMn,Shig
temperature dependent data were obtained by measuring zero-field- 2 800°C, dwell 7 days

cooled (ZFC) magnetization from 2 to 300 K and field-cooled (FC)
magnetization from 30®t2 K in magnetic fields from 100 to 50000
Oe. Field dependent magnetization data were tak&rikeand 150K

by sweeping through fields fromO0to 7 T, 7o/ T, and—7to 7

T.

°C, and furnace cool to room temperature. The crystals
produced using this method were not of high enough quality
to obtain an accurate crystal structure; therefore, an alterna-

Resistivity Measurements.Temperature dependent resistivity tive was employeq in the Sn flux method. Table 1 prOVId_es
measurements were obtained on a crystal (k1508 x 0.72 mnd) the_ re_levant react|_on scher_nes emplo_yed to obtain the final
using an in-line four-probe method. A Keithley Model 224 current OPtimized synthesis. The final dwell time proved to be the
source and a Keithley 181 nanovoltmeter were used to measureMOst important aspect in eliminating any impurity phases
resistivity from 2 to 300 K. A constant current ) was applied and producing the highest quality crystals. This scheme is
to the sample through the two outer leads, and the voltage wasreported in detail in the Experimental Section, and all
measured across the two inner leads. Thermal voltages werestructural analysis and properties measurements were per-
minimized by reversal of the current bias. Resistivity data were formed on crystals produced following this scheme.
obtained on a s_lngle cr)_/stal with Pt leads att_a(?hed by Ag paint gnd Structure. A view of the structure of GaMn,Shys is
curgd by resistive hegtlng. The sample exhibited ohmic behawgr. shown in a projection down theaxis in Figure 1. This new
Resistivity as a function of temperature was also measured with . . .

compound displays a complex structure possessing 4 discreet

an applied field 61 T to test for magnetoresistive effects. A L oo
negligible change was observed, and it was concluded that theunits: 1 [Mn:Shy] anion, 2 dumbbell shaped [gfy

sample was not magnetoresistive. anions, 4 isolated Sbanions, and 21 Ca cations. Charges
are assigned by considering a simple Zintl model. Figure 1
Results and Discussion shows how these units form an elaborate array of one-

Synthesis.The title compound was first discovered while dimensional [MaSbio ?2” rows, and extended channels of
attempting to synthesize the Mn containing analogue of the &ltérnating St anions and [S§*" dumbbells. The structure
CaMShs structuré”” by a sealed niobium tube vapor develops from extended columns of isolated [, 2z
transport synthesis. A mixture of crystals of @A4nShy, units that alterrjate with a similar anionic column consisting
CauSho, and the title compound were identified. The ©f the alternating Sb and [Sk]*" units. Columns stack
stoichiometry of the title compound was incorrectly identified directly above one another in both ttee and ¢ axial
initially as CaoMnsShys, and this incorrect identification led ~ directions. _ _ o
to further attempts to isolate the compound by using the What is remarkable about this system is how the initially
element ratio 20:5:18 and varying the heating scheme of theUnyielding complexity of this solid state structure can be
reaction. The best results employing this synthetic method resolved into the stacking of one basic geometric shape along
were obtained with the same elemental ratio and the the same axial direction. The large numbers of Ca atoms (a
following reaction scheme: heat from room temperature at total of 42 per unit cell) are conveniently arranged into

60 °C/h to 1300°C, dwell for 72 h, cool at 3C/ h to 850 alternating rows of interwoven columns of bicapped trigonal
prisms, and an Sb atom from either the dumbbell or the

(47) Young, D. M.; Kauzlarich, S. MChem. Mater1995 7, 206—209. isolated anion centers all of these Ca polyhedra. This

Inorganic Chemistry, Vol. 42, No. 6, 2003 1975



Table 2. Crystal Data and Structure Refinement for,Bén,Shig

empirical formula
fw

T

cryst syst

space group

unit cell dimension®

\Y

z

D(calcd)

abs coeff

F(000)

cryst size

6 range for data collection
index ranges

reflns collected
indep reflns
completeness to

6 =31.50
abs correction
max and min transm
refinement method

data/restraints/params
GOF onF?

final Rindices | > 20(1)]P
Rindices (all datd)
largest diff peak and hole

a2 Room-temperature lattice parameters obtained from Guinier powder
diffraction: a = 17.0472(64) Ab = 17.1159(68) Ac = 16.8169(73) A.
PR1=3||Fo| — [Fcll/ ¥ |Fol. WR2=[F[W(Fo? — F2)Z/ 3 [W(FoH)?]] M2, w?
= [ 0¥(Fo?) + (0.030%)2 + 28.3P ], whereP = [max(F.?,0) + 2F7/3.

C@an4Sb18
3252.94
90(2) K
monoclinic
C2lc
a=17.1001(15) A
b=17.0734(15) A
c=16.8574(15) A

a=90°

B =92.999(23
y =90°
4914.9(8) B

2

4.396 Mg/
12.886 mmi
5752

0.10< 0.10x 0.07 mn?

1.68B1.50
—25<h=< 25,
—25< k =< 25,
—24<1<24
47825

7846R(int) = 0.0383]

95.9%

empirical

0.4657 and 0.3590

full-matrix least-squares

onF2
7846/0/197
1.194

R1= 0.0540, wR2= 0.1437
R1=0.0598, wR2= 0.1462
12.427 an@.789 eA 3

10°) for CaMnShyg?

Table 3. Atomic Coordinates % 10% and Equivalent Isotropic
Displacement parameters /A

X y z Ueq)
Sh(1) —59(1) —4405(1) 6047(1) 8(1)
Sb(2) 1275(1) —2570(1) 7588(1) 8(1)
Sh(3) —50(1) —755(1) 6029(1) 10(1)
Sb(4) 1428(1) 770(1) 7522(1) 8(1)
Sh(s) -97(1) 2628(1) 6224(1) 7(1)
Sh(6) 3243(1) —2492(1) 9645(1) 6(1)
Sb(7) 2120(1) —2506(1) 5747(1) 7(1)
Sh(8) 2416(1) —-12(1) 5000(1) 6(1)
Sh(9) 6766(1) —665(1) 7456(1) 9(1)
Mn(1) 0 —3602(1) 7500 8(1)
Mn(2) 0 -1618(2) 7500 11(1)
Mn(3) 0 11(2) 7500 12(1)
Mn(4) 0 1628(2) 7500 9(1)
ca(l) 3315(1) —2434(1) 7597(1) 10(1)
ca(2) 4020(1) —866(1) 9351(1) 7(1)
ca(3) 57(1) —2587(1) 5766(1) 10(1)
Ca(4) 3178(1) 885(1) 8450(1) 8(1)
ca(5) 3077(1) 1158(1) 6224(1) 12(1)
ca(6) 1711(1) —895(1) 6579(1) 9(1)
ca(7) 1877(1) 1266(1) 3815(1) 9(1)
ca(8) 3627(1) —1174(1) 5677(1) 10(1)
ca(9) 1323(1) —1330(1) 4364(1) 10(1)
Ca(10) 880(1) 912(1) 5703(1) 8(1)
Ca(11) 5000 —732(2) 7500 11(1)

aU(eq) is defined as one-third of the trace of the orthogonalizéd
tensor.

geometric shape, and its preference to form interconnected

Holm et al.

Figure 1. Structure of CaiMn4Sh;; viewed in a perspective projection
down theb-axis. The lightly colored gray spheres are Ca atoms, the black
spheres are Sb atoms, and the dark gray polyhedra represent #Sh{ijiA-
linear units. The bonds between atoms of the[Sbdumbbells are
represented by a gray bar between the Sb atoms.

structure is formed by silicon centered uranium trigonal
prisms that share the square face to form rhombic prisms
and share the trigonal faces to produce edge sharing
columns?® Similarly, square face sharing, cobalt centered,
trigonal prisms of gallium atoms form the Cog3sructure,
but instead of forming face sharing columns, a corner sharing
network is formed® However, these materials are not made
up of complex anionic units that occupy the prisms, but are
made up of isolated atoms that occupy these sites. The
structure of EpSh; and CaAs; is an example of compounds
with a complex anionic network that occupy a prismatic
cation environmentt They share a common trigonal pris-
matic AX, type defect structure that also links the arrange-
ment of prisms of the AlBtype and then-ThSi, type 051
Their anionic network, though, contains longer chains of
either [SB]®~ or [Asy]®~ and [As]*® anions.

The unique [MaShig]?2~ linear unit is the first example
of a linear anionic unit containing four Mn-centered, edge-
sharing tetrahedral components and is shown in Figure 2.
The relevant Mr-Sb bond lengths, and SiMn—Sb and
Mn—Sh—Mn bond angles, are listed in Table 4. The ¥n
-Mn distances are provided in the figure. Interestingly, the
spatial arrangement of the Mn tetrahedral unit is completely
different from the newly reported 8Mn,Shig compound®
In the Sr analogue, a large anionic cluster is made up of
eight edge and corner sharing MnSétrahedral units with
a total of six different types of pnicogen anions in the cluster.
There are many examples of compounds containing edge
sharing chains of two and three tetrahedra including the
[IN,Se]®~ anion in RRIN,Ss and RRIN,Ss,52 the [AlSks]4~

(48) Nyman, H.J. Solid State Cheni976 17, 75-78.

(49) Wyckoff, R. W. G. InCrystal Structures2nd ed.; Interscience: New
York, 1968; p 344.

(50) Schubert, K. IrKristallstrukturen zweikomponentigen phasspringer-
Verlag: Berlin, 1964; p 301.
Nesper, R.; von Schnering, H. GMPM, Tschermaks Mineral.

_ . . - (51)
networks, is seen in many pnicogen containing systems and™™ pei'oc vitt 1983 32, 195-208.

in some non-pnictide containing systeffisThe WsSi,

1976 Inorganic Chemistry, Vol. 42, No. 6, 2003

(52) Deiseroth, H.-JZ. Naturforsch.198Q 35h, 953-958.
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antimonide phases of ZaMnogsSb (2.736 A¥’ EuMn,-

Sk, (2.758 A)%8 BaMnSh (2.804 A)5° CaMnShy; (2.759

A),28 and SpiMn,Shyg (2.763-3.007 A)35 Deviations from

the ideal tetrahedral angle of 109&re observed throughout

the unit with the maximum angle of 124.3ccurring

between Sh(3)Mn(3)—Sb(3), and the minimum angle of

102.0 occurring between Sb(2Mn(1)—Sb(2). In addition,

the differences in angle between the extreme ends of the

linear unit are quite pronounced with the Sb{Mn(1)—

Sb(1) angle being 121°%nd the Sb(5yMn(4)—Sb(5) angle

being 103.1. The Mn+-Mn distances are 3.388(4) A Ml

Mn2, 2.782(4) A Mn2-Mn3, and 2.760(4) A Mn3Mn4.
Figure 2. [Mn4Shig?? linear unit showing labels for each of the The distances between ne'_ghbonng Mn atoms approach _the
constituent atoms. The MnMn distances are shown at the bottom of the ~€lemental Mn metal bond distance of 2.54 A. However, it is

figure. striking that one distance, Mn(t)Mn(2), is ~18% longer
Table 4. Selected Bond Lengths [A] and Angles [deg] for thqn the other distances. As mentioned prew_ously, 'the linear
Ca:Mn,Shig units form columns that extend along theaxis. A single
Sb(1)-Mn(1)x 2 2.803(1) Sb(8)Ca(9) 3.081(2) Ca atom, Iyi_ng directly above _aII four Mn atoms, separates
Sb(2-Mn(2) x 2 2.717(2)  Sb(8YCa(10) 3.333(2) each unit with the Ca atom lying closer to the larger angle
ggg)ﬁmngg Xg %-gg%gg §E§3§8aﬁg gggg% end as shown in Figure 3. This atom appears to influence
n X . a . .
Sb(E-Mn(2) x 2 2.882(2)  Sh(9yCa(4) 3.059(2) the angles of the two gnds by repelling the Sb atoms of the
Sb(4-Mn(3) x 2 2.762(1)  Sh(9)Ca(5) 3.828(3) larger angle and drawing those of the smaller angle closer.
SE(4%MH(4) x2  2.845(1) SE(%Ca(G) 3.023(2) The distances from the Ca atom to the Mn atom in the
gbg)):'\sﬂ&(é) x2 22'_2%%((21)) SSb((%})ng; g:ggggg tetramers are not the same. The l\/_ln(@a(lll) distance is
Sh(6)-Ca(1) 3.462(2)  Sh(9)Ca(1l) 3.0270(8) 4.507 A, and the Mn(3)-Ca(11) distance is 3.636 A. In
gg(g)‘gag) g-éég(g) SHOMAL-Sb(L)  12148(0 addition, this Ca atom serves to bridge the trigonal prisms
Sbée)):cggsg 3:4948 SbEgMEB:Sbgzg 110j248 that make up the rows of alternating Sb dumbbells and lone
Sh(6)-Ca(5 3.527(3)  Sh(BHMn(1)-Sb(2)  105.61(2) Sb anions. It is also interesting to note that the distance
gg(g)‘ga(;) g-ggg(g) gg(zﬁmn(?:gg(g) 182@2(8) between clusters along theaxis is much longer than the
SbEG);nglé) 3 18022)) Sb((ngQEZg,Sb&; 105:748 distance between clusters of adjacent columns. The ctuster
Sh(7)-Sh(7 2.895(1) Sb(®Mn(2)-Sb(3)  109.88(2) cluster distances are 5.075 and 4.087 A, respectively, as
Sb(7y-Ca(l) 3.640(2)  Sb(3Mn(2)—-Sb(3)  118.54(9) measured through the SiSb interactions and are also shown
Sh(7)-Ca(3) 3.531(2) Sb(3)Mn(3)-Sh(3)  124.29(10) .
Sb(7)-Ca(4) 3.116(2) Sb(#4)Mn(3)-Sb(3)  102.54(2) in Figure 3. S
Sh(7)-Ca(6) 3.182(2) Sb(HMn(3)-Sb(3)  102.78(2) Ca atoms surround each anionic unit with edge and face
Sh(7)-Ca(8) 3.443(2)  Sb(4Mn(3)-Sb(4)  124.07(10) sharing polyhedral cages as shown in Figure 4. A rhombic
Sb(7)-Ca(8) 3.486(2) Sb(4)Mn(4)—Sb(4)  118.04(9) . : o
Sb(7)-Ca(9) 3.316(2) Sb(5)Mn(4)-Sb(4)  110.30(2) prism environment encapsulates each Sb dumbbell unit, with
Sh(7)-Ca(9 3.337(2) Sb(5)Mn(4)-Sb(4)  107.06(2) each Sb of each dumbbell unit surrounded by Ca atoms in a
Sh(8)-Ca(2) 3.359(2)  Sb(5)Mn(4)-Sb(5)  103.09(9) i i i i
Sh(8)-Ca(d) 3333(2)  Sh(mMn(4)—Sh(d)  107.06(2) b|capped, skew, tr_|gonal prism ge(_)metry. The |solate(_j Sb
Sb(8)-Ca(5) 3.046(2) Mn(2}Sb(2-Mn(l)  75.73(6) ions also occupy bicapped, skew, trigonal prism Ca environ-
Sh(8)-Ca(6) 3.338(2) Mn(3)Sb(3-Mn(2) 58.58(6) ments, but they occupy a more distorted trigonal prism than
gg(g*gz(g) g-gig(g) Mn(3)Sb(4)-Mn(4)  58.95(6) the Sb atoms of the dumbbells. The uncapped, square face
(8)-Ca(8) 046(2) of the prism shows the most distortion from the ideal square
anion in BaAlShs,>® the [R.Se]?> anion in AP,Ss (A = K, geometry, with the complementary angles being°18ad

Cs)>* and the [SgSe]*™ anion in K;SnSe.>® In addition, 72°. The isolated Sb(6) atoms lie between the Sh(8) and the
there are many examples of structures containing infinite Sb(4) dumbbells that run along ttieaxis in the repeating
chains of edge sharing tetrahedra, most notabiFé, pattern: [Sb(8)* —[Sb(6)F"—[Sb(4}].*~ Because of this
which contains infinite chains of edge sharing Lebtra- arrangement, the uncapped face from two of the Ca prisms
hedra, i,[FeN4/23*].56 However, CaMn,Shs is the first for Sh(6) also serve as the parallel face of the rhombic prism
example reported to date of a discrete four-membered chainPlanar to the Sb(8) dumbbell bond axis. The peak atoms of
containing edge shared MnSietrahedra. The MaSb bond ~ the trigonal prism and the two capping Ca atoms from two
distances range from 2.717 to 2.854 A providing good Prisms form the related faces of the Sb(4) dumbbell rhombic

agreement with the previously reported ternary manganesePrism. This alternating arrangement of Ca prisms stacks along
the b-axis in combination with the repeating Sb motif, and

(53) éﬁordi;ébG-; Savelsberg, G.; Sébi H. Z. Naturforsch.1982 37h, the Sb(6) prisms are shown to makéranslations between

(54) Biikner' W.: Becker, R.; Eisenmann, B.; SeiiaH. Z. Anorg. Allg. consecutive units forcing consecutive dumbbells to rotate
Chem.1985 520, 51—-58.

(55) Sheldrick, W. SZ. Naturforsch.1988 43b, 249-252. (57) Johnson, V.; Jeitschko, W. Solid State Chenl.977, 22, 71-75.

(56) Gudat, A.; Kniep, R.; Rabenau, A.; Bronger, W.; Ruschewitz].U. (58) Ruehl, R.; Jeitschko, WMater. Res. Bull1979 14, 513-517.
Less-Common Me.989 161, 31—-36. (59) Cordier, G.; ScHar, H. Z. Naturforsch.1977 32h, 383—-386.
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Figure 3. View of the separation between the [MBino]?2~ linear units. A single Ca atom lies directly between all four Mn atoms, separating each unit,
and lies closer to the larger angle end of the linear unit. The-Sb separations between Malusters are also shown.

~30° with each translation. The isolated Sb(9) anions in KBa;SksO. These structural changes amount to a replace-
translate in a zigzag pattern along t@xis forming a row ment of one of the dumbbell units with the respective
that alternates with the Sb dumbbell rows along ¢keexis. quasicube or tetrahedral void in the stacking pattern.
Each Sb anion lies part way between the dumbbell and the The most closely related structure to,@4n,Shysin both
isolated anion of the next row as a result of sharing of Ca the cation environment and stacking pattern of the anions is
atoms from both the Sb(6) and both of the Sb dumbbells’ the Ca;MShy structure!” 62 The Ga, Al, and In analogues
Ca environment to form bicapped, skew, trigonal prisms. This share the structural features of alternating rows of]fSb
sharing of Ca atoms results in the zigzag pattern of Sb anionsdumbbell anion and Sb anions propagating along a
because of the rotation of the dumbbells, and the mirror planecommon crystallographic axiscaxis in this case). The
symmetry between consecutive Ca prisms of Sh(6). In closest cation environment is also the same bicapped trigonal
addition, this zigzag row lays directly above the row prism environment that is observed in £Mn;Shis. The
containing the [MgShy]??~ linear unit. major difference is the GaMShy structure contains isolated

A more direct structural comparison to our system is found [MSh,]®" tetrahedra that form rows along tbeaxis parallel
in the Zintl phases of the &, type (A = rare earth or  to the Sb rows as opposed to the rows of j@c|**". An
alkaline earth metals; Z P, As, Si, Gep?43606lthe related unusual feature in this row of anions is that a lone Ca atom
ternary A'AE3"X4 (A' = Na, K; AE" = Ba, Sr, Eu; X= P, alternates with each anion in the same way in each structure
As, Sb) phase®4*445 KBa,Sh0,¢ CaMShy (M In, and lies directly above the central atom(s) of the tetrahedra.
Ga)3"47and the A;,MPny; (A = Ca, Sr, Ba, Eu, Yb; M= Even with this considerable structural difference, the two
Mn, Zn, Al, Ga, In; Pn= P, As, Sb, Bi) phase&® 3462 A|| structures remain remarkably similar. A Mn analogue of the
systems, aside from the ;MPny; compounds, contain Ca;1MShy structure has not been reported in the literature to
dumbbell anions of the [SP~ type with each atom of the ~ date. This may indicate that the Mn analogue of the;Ca
dumbbells occupying a bicapped skew trigonal prism of MShy system is not thermodynamically stable in the tem-
cations. The AMPny; compounds contain a [Bf~ trimer perature and compositional region that both &®Sh; and
instead of the dimer, but each atom of the anion remains CaiMnsShys form.
consistent in occupying a bicapped skew trigonal prismatic ~ Properties Measurements.Figure 5 shows the magne-
environment. In fact, the most electronegative element in tization as a function of temperature measurements with
all of these systems occupies the same cationic environmentvarious applied fields. The data show a dramatic increase in
In addition, aside from the compounds with thg AE5"X, magnetization at-52 K indicative of ferromagnetic ordering.
structure, all of these systems contain a similar alternating The overall shape of the magnetization curves and the
pattern between the single atom anion and the dumbbellsharpness of the transition at 52 K become less well defined
anion that produces a related stacking motif to that of the With increasing applied field. At a high enough applied field,
CanMn,Shig system. The stacking pattern of thesZA the ferromagnetic behavior is suppressed and the magnetiza-
compounds differs slightly in that there is an inclusion of tion data display Curie-like paramagnetic behavior. The data
an alkaline earth or rare earth centered quasicube in theat low applied fields show a significant difference between
stacking pattern. In a similar fashion, ar?Ocentered  zero field cooled (ZFC) and field cooled (FC) data that
tetrahedral void disrupts the stacking pattern of Sb anions becomes less pronounced abéle- 500 Oe. Figure 6 shows

the susceptibility as a function of temperature daté at

(60) Brechtel, E.; Cordier, G.; Scfa, H. Z. Naturforsch.1981, 86 b,
1341-1342.

(61) Smith, G. S.; Johnson, Q.; Tharp, A.Atta Crystallogr.1967, 22,
269-272.
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1000 Oe, with an inset of the inverse susceptibility data. The

(62) Cordier, G.; ScHar, H.; Stelter, MZ. Anorg. Allg. Chem1984 519,
183-188.
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Figure 5. Temperature dependent magnetization curves (emu/g) af Ca
MnsShig at Ha = 100, 500, and 1000 Oe. Zero field-cooled (ZFC) and
field-cooled (FC) data are shown.
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Figure 6. Temperature dependent magnetic susceptibility data (emu/mol)
of Ca1MnsShig at Ha = 1000 Oe for both ZFC and FC measurements.
The inset shows a plot of the inverse susceptibility for the same data. A fit
of the susceptibility data from 54 to 300 K is shown for both a ferrimagnetic
model (=) and a modified CurieWeiss model (- - -) in the inset.
separate magnetic sites as a first approximatios, [(Ca

+ Cg)T — 2uCaCg)/(T? — Tc?) + yo, and yield aT; = 51.85-

(6) K. The fit of the susceptibility data is shown in the inset
with a solid line in Figure 6, and the parameters are provided

Figure 4. The top portion shows the stacking of the Ca polyhedra that '" Table S. For comparison, .the data in 'the paramggnenc
surround each anionic unit with edge and face sharing polyhedral cages.region has also been fit using a modified Cuti&/eiss
The lighter gray polyhedra represent the rhombic prisms that encapsulatemodeLX = (C/T — Tc), and yie|d a similaiT, = 48.0(9) K.

each Sb dumbbell unit, the black polyhedra represent the bicapped, skew, - _— . .
trigonal prisms that surround the isolated®Shnions, and the dark gray The parameters obtained for this fit are also provided in Table

polyhedra represent the [MBhyc|?~ linear units. The bottom portion shows 5. Comparingy, from the two fits, they, obtained from the
the constituent Ca atoms that form the polyhedral cages around each of theferrimagnetic model is more reasonable with fh@btained

Sb atoms. Light gray bars are drawn between the Ca atoms as a guide t . . . .

show how the polyhedra are formed and do not represent real bonds betweeﬁrom the_Curl&Welss fit b(?lng too large to_ be reas_onable'

Ca atoms. The Curie constants provided by the ferrimagnetic model

. fibility d rat distinci wre th tprovide an effective moment that is most consistent with one
inverse susceptibility demonstrates a distinctive curvature thaty, s+ o ment and the experimental value fag (4.04(2)

s most pronounced near the ordering temperature andﬂB) is much smaller than the calculated value for four?Mn

appears to be a combination of two curves. A similar type ions (11.&s). The Curie constant from the CuriéVeiss

of behavior in the inverse susceptibility has been attributed model is also not consistent with four Mn ions in any state
to ferrimagnetic ordering as described by L.dNim reference but is equivalent to a singletanoment or a Mf-like ion

to the magnetic oxide ferrites, MBe;0, (M = Zn, Cd, Fe, (st = 1.43(9)1s)

Ni, Cu, Co, Mg)% The high temperature data (5800 K) o : He).

o . : ) . The simplest models to describe this system are if the four
can be fit using a ferrimagnetic Curie model assuming two M

n moments are not coupled, giving rise to 1L8Mn,

(63) Kittel, C. InIntroduction to Solid State Physicgth ed.; John Wiley C.IUSter’ or !f the four Mn mo_mems couple'sFroneg giving
and Sons: New York, 1996; pp 45862. rise to antiferromagnetic alignment, providing {3/Mn,
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Table 5. Magnetic and Resistivity Data

Magnetic Data

ferrimagnetic Curie-Weiss fit ferromagnetic CurieWeiss fit
Ca? 0.853(7) ce 0.25(3)
Cg? 1.18(2) T (K) 48.0(9)
U2 48.50(2) o€ (emu/mol) 0.0113(5)
T2 (K) 51.85(6) tet® (up) 1.43(9)
%o (emu/mol) 0.0043(2)
tett® (uB) 4.04(2)
Resistivity Data
ES (eV) 0.159(2)
P (R-cm) 4.11(7)

a Obtained from fitting the inverse susceptibility data Fiy= 1000 Oe
from 54 to 300 K with the equatiop = [(Ca + Cg)T — 2uCaCg)/(T? —
@ + xo. PCalculated from the equationer = 4/7.99C,+Cg). The
theoretical value for 4 VAT ions is 11.8ug from the equatiomes? = 4umn?+.
¢ Obtained from fitting the inverse susceptibility data féx = 1000 Oe
from 54 to 300 K with the equatiop = (C/T — T¢) + yo. ¢ Calculated
from the equationer® = +/7.99C. € Obtained from fitting Inp data from
100 to 300 K with the equation Ip = (E/2kgT) — po.
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Figure 7. Hysteresis loop of GaMn,Shg at 2 and 150 K.

cluster. The antiferromagnetic alignment would be the
most probable if the Mit ions were equally spaced with
similar Mn—Sb—Mn angles. The Mn-Mn distances in the
[Mn,Shi]?2 unit are 3.388(4), 2.782(4), and 2.760(4) A.
In addition, the MAR-Sb—Mn angle of about 75between
Mn(1) and Mn(2) differs significantly from the angle of about
58° observed for the MRSb—Mn angle between Mn(2),
Mn(3), and Mn(4). This configuration gives rise to a situation
where three of the Mif moments might be antiferromag-
netically aligned, and the fourth Mhmoment is only weakly

Holm et al.
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Figure 8. Temperature dependent resistivity data of a single crystal of
CaiMn,Shis. The top inset shows a plot of mvs 1/T for the entire data
set, and the bottom inset shows a plot of just the region from 100 to 300
K with the dark line representing the fit using the equatiBg2ksT) — po.

(expectedisar= 20 ug). Long range ferromagnetic ordering
must be between Mnclusters. This model suggests that
partial cancellation of spin in a ferrimagnetic model results
in a total spin of 4ug/Mn, cluster in the ordered regime.
The cluster can couple to the next by means of short-Sh
Sh intercluster interactions as shown in Figure 3 or by
conduction electrons. With recent calculations ondaBi;
and Ba4MnBi1;, and XMCD results on YAMnSh;; showing
spin density on both Mn and Pn in the MnRuuster, it is
possible that a much more complex spin situation is present
in this unusual structuré:?

Measurements of resistivity as a function of temperature
were carried out to further investigate the mechanism for
ordering in this system. A plot of resistivity as a function of
temperature for a single crystal is shown in Figure 8. The
data show saturation effects at low temperature, typical of
semiconductors. A plot of Ip versus 1T is nearly linear
over the temperature range 10800 K, and an activation
energy of 0.159(2) eV is calculated from the equatiomp In
= (Ed2keT) — po.

Semiconducting behavior is expected for traditional Zintl
phases as they are generally regarded as closed-shell
compounds following traditional ZinttKlemm electron
counting rules, but it is unexpected to observe semiconduct-
ing and ferromagnetic properties coexisting since, for most
compounds, the exchange of spins leads to antiferromagnetic
coupling. The simultaneous occurrence of ferrimagnetic and

coupled. Therefore, although aligned anti to its nearest semiconducting behavior is well-known among many transi-
neighbor, the magnetic ordering of the cluster is presumedtion metal oxide and non-oxide perovskite systéf& and

to be ferrimagnetic. This would be consistent with using a

has been observed in the ternary chromium chalcogenides

two magnetic site model already described for the paramag-ACr,X, (A = C, Hg, Cu, Zn, Fe, Co, Mn; X= S, Se)/+-73

netic regime as well.

Figure 7 shows hysteresis loops at 2 and 150 K showing
no measurable hysteresis. Saturation magnetization has nott

Goodenough, Kanamori, and Anderson have explained this

Mizokawa, T.; Khomskii, D. |.; Sawatzky, G. hys. Re. B 2000
63, 1-5.

been reached even at 7 T. The fact that saturation is not(5) Koo, H.-J.; Whangbo, M.-HJ. Solid State Chen200Q 151, 96—

achieved may be due to the fact that these measurement:
are on a single crystal and anisotropy may be important. The

maximum magnetization valugay) of a little more than 4
uelformula unit is much lower than what would be expected
for complete ferromagnetic ordering of four K o® ions

1980 Inorganic Chemistry, Vol. 42, No. 6, 2003

101.

?66) Grant, J. B.; McMahan, A. KPhys. Re. Lett. 1991, 66, 488-491.

(67) Tokura, Y.; Nagaosa, Nscience200Q 288 462-468.

(68) Weht, R.; Pickett, W. EPhys. Re. B 2001, 65, 1-6.

(69) Feldkemper, S.; Weber, W.; Schulenburg, J.; Richté?hys. Re. B
1995 52, 313-323.

(70) Kuang, X.-Y.; Zhou, K.-WPhysica B2001, 307, 34—39.
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type of ferromagnetism as occurring by exchange coupling chains’” It is likely that the mechanism describing the
of symmetry appropriate ground- and excited-state orbitals magnetic interactions is complicated, and a detailed theoreti-
of the magnetic ion$* 7% They also describe this type of cal study is necessary to understand the interaction of the
ferromagnetic coupling as occurring simultaneously with the local moments.
cooperative JahnTeller effect as is described for the in-
plane ferromagnetic coupling of KuF;.%°

Ferromagnetic ordering of discrete clusters is rare, but the A new addition to the family of Mn containing transition
small band gap and possible spin polarization of the Sh may metal Zintl phases has been synthesized. The structure of
provide a mechanism. Each of the MnSetrahedra in the ~ Ca:Mn4Shis complements the recently reported§m,Shis
[Mn4Shig]22~ linear unit of Ca;Mn,Shig show deviations in phase that is compositionally identical but differs substan-
the Sb-Mn—Sb angles away from the ideal tetrahedral angle tially in its structure. This new structure contains noninfinite,
of 109.4. This type of distortion has also been observed in discrete linear units of Mn-centered, edge sharing tetrahedral
the MPn tetrahedra of the related,MPny; compounds and ~ Units in a [Mn;Shyg]?% unit, and also retains the well-known
is attributed to a JahnTeller distortion?2 In addition, the ~ [Sk,]*~ Zintl anion, exhibiting a consistency within the
Mn—Sb—Mn angles differ significantly from one another cationic framework with other Zintl phases possessing this
as stated previously. It is possible that the magnetic couplinganionic unit. Temperature dependent magnetization shows
of CanMn,Shyg arises from interplay between the spin and @ ferromagnetic transition temperature~a62 K which is
orbital degrees of freedom of Mn and Sb as promoted by a suppressed with increasing magnetic field and is best
Jahn-Teller type distortion of the MnShtetrahedra in an  described with a ferrimagnetic model indicating a more
analogous fashion to that described by Goodenough, Kan-complex type of magnetic interaction. Temperature depend-
amori, and Andersoff-7¢ In addition, the close proximity ~ ent resistivity shows that this compound is a semiconductor
between the Sb atoms bonded to Mn(1) of adjacen; Mn With an activation energy of 0.159(2) eV (16800 K).

clusters as shown in Figure 3 provides a possible pathway ~acknowledgment. The initial investigations of this

for the magnetic interactions to occur along. A similar type system were performed by D. M. Young and E. A. Axtell,
of interaction in BaVg has been described using first | we thank P. Klavins for technical assistance and R.N.
principles and tight-binding electronic structure calculations gpelton for the use of the SQUID magnetometer. This
for the orbital interactions associated with the short$  research is funded by the National Science Foundation Grant
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