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Single crystals of the new transition metal Zintl phase, Ca21Mn4Sb18, 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)
Å, b ) 17.073(2) Å, c ) 16.857(2) Å, â ) 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 [Mn4Sb10]22- anion, 2 dumbbell-shaped
[Sb2]4- anions, 4 individual Sb3- anions, and 21 Ca2+ cations. The [Mn4Sb10]22- anion contains four edge-shared
MnSb4 tetrahedra with distances between Mn ions of 3.388(4) Å, 2.782(4) Å, and 2.760(4) Å. 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) µB, significantly less than that expected for 4 Mn2+ ions (11.8
µB). Temperature dependent resistivity shows that this compound is a semiconductor with an activation energy of
0.159(2) eV (100−300 K).

Introduction

The preparation of intermetallic compounds possessing a
combination of electropositive and electronegative elements
has introduced a rich variety of solid state structures due to
the tendency for the electronegative atoms to form varying
degrees of localized, covalently bonding, polyanionic net-
works.1 Generally, these systems obey classical Zintl-
Klemm electron counting rules with closed-shell electronic
configurations due to complete charge transfer from a non-
noble metal (groups 1 and 2) or rare-earth element to a post-
transition metal element (groups 13-15).2 With the intro-
duction of transition metal elements, comparable electro-
negativities and a variation in oxidation states introduce
additional complexity in the electronic structure that can lead
to interesting magnetic and electronic properties in these
systems.

The motivation for investigating new Zintl phases lies not
only in their potential for offering new structure types and

unique bonding arrangements but also in their possible
materials applications. Recent reports on the new thermo-
electric materials, CsBi4Te6 and Ba4In8Sb16, pointed to the
unusual combination of complex electrical, structural, and
thermal properties as a source for the high thermoelectric
figure of merits reported.3,4 In addition, the rare-earth gallium
antimonide, La13Ga8Sb21, displays a superconducting transi-
tion atTc ) 2.4 K opening up the possibility for other Zintl
compounds with complex bonding arrangements and low
electronegativity differences between component atoms to
be superconductors.5 Zintl phases also have potential in the
burgeoning field of molecule-based magnets where the solid
state structures of these magnets consist of arrays of
molecular units similar to the typical Zintl phase.6,7 The
complexity inherent in the electronic and crystal structures
of Zintl phases has produced much interest and discovery
of new compounds with large magnetoresistance effects,
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most notably in the A14MnPn11 (A ) Ca, Sr, Ba, Eu, Yb;
Pn ) P, As, Sb, Bi) series of compounds where colossal
magnetoresistance has been reported.2,8-34 This potential for
preparing unique compounds at the metal-insulator bound-
ary and the relationship to other correlated electron systems
have motivated our investigations of transition metal contain-
ing ternary systems, specifically manganese containing
antimonides.

A new structure type belonging to the family of Mn
containing transition metal Zintl phases with formula Ca21-
Mn4Sb18 has been synthesized by high temperature melt
synthesis. This structure complements the recently reported
Sr21Mn4Sb18 phase that is compositionally identical but
differs substantially in its structure.35 Ca21Mn4Sb18 is a unique
structure type containing noninfinite, discrete linear units of
Mn-centered, edge sharing tetrahedral units in a [Mn4Sb10]22-

unit. It is also a new Zintl phase retaining the well-known

[Sb2]4- Zintl anion, exhibiting a consistency within the
cationic framework with other Zintl phases possessing this
anionic unit.36-45 In addition, the structure contains isolated
Sb3- anions that are arranged in an analogous sequence to
other Zintl phases containing both of these anionic units in
relation to both the anionic structure and the cationic
structure.36-45 Magnetic and electronic properties are also
reported and are discussed in light of the reported structure.

Experimental Section

Synthesis.Single crystals of Ca21Mn4Sb18 were produced by a
high temperature melt synthesis using Sn as a flux.46 Elemental
Ca (Alfa, 99.987%), Mn pieces (Alfa, 99.98%), Sb shot (CERAC,
99.999%), and Sn shot (Alfa, 99.99%) were handled in a N2 filled
drybox. The mass of each element was scaled to 3.5 g of Sn
according to the ratio 21Ca/7Mn/18Sb/64Sn. Approximately half
of the Sn was placed in a 2 mLalumina crucible, followed by Ca,
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
one end. A second crucible was tightly filled with quartz wool and
inverted on top of the first. An additional plug of quartz wool was
placed on top of the crucibles, and the quartz tube was sealed under
1/5 atm of argon. The reaction vessel was placed upright in a box
furnace and heated at 3°C/hr to 950°C, maintained at 950°C for
1 h, and then cooled at 3°C/hr to 800°C where it remained for 7
days. It was removed at 800°C, inverted, and immediately placed
in a centrifuge and spun for one minute at 7500 rpm. The reaction
was opened in a N2 filled drybox equipped with a microscope and
at moisture levels<1 ppm. The crucible initially containing the
elements was filled with a mixture of large amounts of multifaceted,
highly reflective crystals of Ca21Mn4Sb18 and a small amount of
Sn powder. The second crucible contained a solid block of Sn
separated from the crystalline material during the centrifuge process.
Initial attempts to synthesize this material resulted in mixtures of
Ca21Mn4Sb18 and Ca14MnSb11 crystals, but after extensive synthetic
optimization, a pure phase of Ca21Mn4Sb18 was obtained according
to the parameters given.

Elemental Analysis. Quantitative elemental analysis of Ca21-
Mn4Sb18 was performed using a Cameca SX50 electron microprobe
with a wavelength dispersive spectrometer. The microprobe was
operated at 15 keV accelerating potential and 10 nA beam current.
The elemental analysis was based on 17 spots (spot size 1µm)
from three crystals. The Ca, Mn, Sb, and Sn content were
determined using elemental Ca as a standard. The elemental
stoichiometry was quantitatively determined to be Ca21.0(0)Mn4.01(1)-
Sb18.0(1)Sn0.099(13). The negligible amount of Sn is attributed to flux
not completely removed in the centrifuge process.

(8) Brock, S. L.; Weston, L. J.; Olmstead, M. M.; Kauzlarich, S. M.J.
Solid State Chem. 1993, 107, 513-523.

(9) Chan, J. Y.; Kauzlarich, S. M.; Klavins, P.; Shelton, R. N.; Webb, D.
J. Chem. Mater.1997, 9, 3132-3135.

(10) Chan, J. Y.; Olmstead, M. M.; Kauzlarich, S. M.; Webb, D. J.Chem.
Mater. 1997, 10, 3583-3588.

(11) Chan, J. Y.; Wang, M. E.; Rehr, A.; Kauzlarich, S. M.; Webb, D. J.
Chem. Mater.1997, 9, 2131-2138.

(12) Chan, J. Y.; Kauzlarich, S. M.; Klavins, P.; Shelton, R. N.; Webb, D.
J. Phys. ReV. B 1998, 57, 8103-8106.

(13) Chan, J. Y.; Kauzlarich, S. M.; Klavins, P.; Liu, J.-Z.; Shelton, R. N.;
Webb, D. J.Phys. ReV. B 2000, 61, 459-463.

(14) Del Castillo, J.; Webb, D. J.; Kauzlarich, S. M.; Kuromoto, T. Y.
Phys. ReV. B 1993, 47, 4849-4852.

(15) Fisher, I. R.; Wiener, T. A.; Bud’ko, S. L.; Canfield, P. C.; Chan, J.
Y.; Kauzlarich, S. M.Phys. ReV. B 1999, 59, 13829-13834.

(16) Fisher, I. R.; Bud’ko, S. L.; Song, C.; Canfield, P. C.; Ozawa, T. C.;
Kauzlarich, S. M.Phys. ReV. Lett. 2000, 85, 1120-1123.

(17) Gallup, R. F.; Fong, C. Y.; Kauzlarich, S. M.Inorg. Chem.1992, 31,
115-118.

(18) Holm, A. P.; Kauzlarich, S. M.; Morton, S. A.; Waddill, G. D.; Pickett,
W. E.; Tobin, J. G.J. Am. Chem. Soc.2002, 124, 9894-9898.

(19) Kauzlarich, S. M.; Kuromoto, T. Y.; Olmstead, M. M.J. Am. Chem.
Soc.1989, 111, 8041-8042.

(20) Kauzlarich, S. M.; Kuromoto, T. Y.Croat. Chem. Acta1991, 64, 343-
352.

(21) Kauzlarich, S. M.; Thomas, M. M.; Odink, D. A.; Olmstead, M. M.
J. Am. Chem. Soc.1991, 113, 7205-7208.

(22) Kauzlarich, S. M.; Payne, A. C.; Webb, D. J. InMagnetism: Molecules
to Materials III; Miler, J. S., Drillon, M., Eds.; Wiley-VCH: Weinham,
2002; pp 37-62.

(23) Kim, H.; Chan, J. Y.; Olmstead, M. M.; Klavins, P.; Webb, D. J.;
Kauzlarich, S. M.Chem. Mater.2002, 14, 206-216.

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

(25) Kuromoto, T. Y.; Kauzlarich, S. M.; Webb, D. J.Chem. Mater.1992,
4, 435-440.

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

(27) Rehr, A.; Kauzlarich, S. M.J. Alloys Compd.1994, 207, 424-426.
(28) Rehr, A.; Kuromoto, T. Y.; Kauzlarich, S. M.; Del Castillo, J.; Webb,

D. J. Chem. Mater.1994, 6, 93-99.
(29) Sánchez-Portal, D.; Martin, R. M.; Kauzlarich, S. M.; Pickett, W. E.

Phys. ReV. 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. M.Solid State Commun.1992, 84, 1029-1031.
(31) Webb, D. J.; Kuromoto, T. Y.; Kauzlarich, S. M.J. Magn. Magn.

Mater. 1991, 98, 71-75.
(32) Webb, D. J.; Kuromoto, T. Y.; Kauzlarich, S. M.J. Appl. Phys.1991,

69, 4825.
(33) Webb, D. J.; Cohen, R.; Klavins, P.; Shelton, R. N.; Chan, J. Y.;

Kauzlarich, S. M.J. Appl. Phys.1998, 83, 7192-7194.
(34) Young, D. M.; Torardi, C. C.; Olmstead, M. M.; Kauzlarich, S. M.

Chem. Mater.1995, 7, 93-101.
(35) Kim, H.; Condron, C. L.; Holm, A. P.; Kauzlarich, S. M.J. Am. Chem.

Soc. 2000, 122, 10720-10721.

(36) Eisenmann, B.; Gieck, C.; Ro¨bler, U. Z. Anorg. Allg. Chem.1999,
625, 1331-1336.

(37) Cordier, G.; Scha¨fer, H.; Stelter, M.Z. Naturforsch.1985, 40b, 868-
871.

(38) Papoian, G. A.; Hoffman, R.J. Solid State Chem. 1998, 139, 8-21.
(39) Papoian, G. A.; Hoffman, R.Angew. Chem., Int. Ed.2000, 39, 2408-

2448.
(40) von Schnering, H. G.Angew. Chem., Int. Ed. Engl.1981, 20, 33-51.
(41) von Schnering, H. G.; Ho¨nle, W. Chem. ReV. 1988, 88, 243-273.
(42) Scha¨fer, H.; Eisenmann, B.; Mu¨ller, W. Angew. Chem., Int. Ed. Engl.

1973, 12, 694-712.
(43) Wang, B. Y.; Calvert, L. D.; Gabe, E. J.; Taylor, J. B.Acta Crystallogr.

1978, B34, 1962-1965.
(44) Vidyasagar, K.; Ho¨nle, W.; von Schnering, H. G.J. Alloys Compd.

1996, 235, 37-40.
(45) Hönle, W.; Lin, J.; Hartweg, M.; von Schnering, H. G.J. Solid State

Chem.1992, 97, 1-9.
(46) Canfield, P. C.; Fisk, Z.Philos. Mag. B1992, 65, 1117-1123.

Holm et al.

1974 Inorganic Chemistry, Vol. 42, No. 6, 2003



Single Crystal X-ray Diffraction. The reaction produced a high
yield of reflective, dark, multifacetted single crystals with crystal
faces ranging in approximate dimension from 0.05 mm2 to 1.0 mm2.
A suitable crystal was coated with Paratone N oil and subsequently
mounted on a glass fiber under a nitrogen cold stream. The single
crystal diffraction data was collected at 90 K using a Bruker
SMART 1000 CCD diffractometer employing graphite monochro-
matized Mo KR radiation (λ ) 0.71069 Å). The SMART software
was used for data acquisition, the SAINT software for data
extraction and reduction, and the SADABS software for the
empirical absorption correction. Initial atomic positions were found
by direct methods using XS followed by subsequent difference
Fourier syntheses. The refinement was performed by least-squares
methods using SHELXL-97. Data collection parameters and
crystallographic information are provided in Table 2. Positional
parameters and isotropic thermal parameters are provided in Table
3. Complete crystallographic information in the form of a CIF
formatted file is available as Supporting Information.

Magnetic Susceptibility Measurements.Direct current mag-
netization data were obtained utilizing a Quantum Design MPMS
superconducting quantum interference device (SQUID) magnetom-
eter with a 7.0 T superconducting magnet. Temperature dependent
and field dependent magnetization measurements of the title
compound were measured using a single crystal sample (0.00045
g) coated with N type Apiezon grease and placed in a straw. The
temperature dependent data were obtained by measuring zero-field-
cooled (ZFC) magnetization from 2 to 300 K and field-cooled (FC)
magnetization from 300 to 2 K in magnetic fields from 100 to 50000
Oe. Field dependent magnetization data were taken at 2 K and 150K
by sweeping through fields from 0 to 7 T, 7 to-7 T, and-7 to 7
T.

Resistivity Measurements.Temperature dependent resistivity
measurements were obtained on a crystal (1.06× 1.08× 0.72 mm3)
using an in-line four-probe method. A Keithley Model 224 current
source and a Keithley 181 nanovoltmeter were used to measure
resistivity from 2 to 300 K. A constant current (1µA) was applied
to the sample through the two outer leads, and the voltage was
measured across the two inner leads. Thermal voltages were
minimized by reversal of the current bias. Resistivity data were
obtained on a single crystal with Pt leads attached by Ag paint and
cured by resistive heating. The sample exhibited ohmic behavior.
Resistivity as a function of temperature was also measured with
an applied field of 1 T to test for magnetoresistive effects. A
negligible change was observed, and it was concluded that the
sample was not magnetoresistive.

Results and Discussion

Synthesis.The title compound was first discovered while
attempting to synthesize the Mn containing analogue of the
Ca11MSb9 structure37,47 by a sealed niobium tube vapor
transport synthesis. A mixture of crystals of Ca14MnSb11,
Ca11Sb10, and the title compound were identified. The
stoichiometry of the title compound was incorrectly identified
initially as Ca20Mn5Sb18, and this incorrect identification led
to further attempts to isolate the compound by using the
element ratio 20:5:18 and varying the heating scheme of the
reaction. The best results employing this synthetic method
were obtained with the same elemental ratio and the
following reaction scheme: heat from room temperature at
60 °C/h to 1300°C, dwell for 72 h, cool at 5°C/ h to 850

°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-
tive was employed in the Sn flux method. Table 1 provides
the relevant reaction schemes employed to obtain the final
optimized synthesis. The final dwell time proved to be the
most important aspect in eliminating any impurity phases
and producing the highest quality crystals. This scheme is
reported in detail in the Experimental Section, and all
structural analysis and properties measurements were per-
formed on crystals produced following this scheme.

Structure. A view of the structure of Ca21Mn4Sb18 is
shown in a projection down theb-axis in Figure 1. This new
compound displays a complex structure possessing 4 discreet
units: 1 [Mn4Sb10]22- anion, 2 dumbbell shaped [Sb2]4-

anions, 4 isolated Sb3- anions, and 21 Ca2+ cations. Charges
are assigned by considering a simple Zintl model. Figure 1
shows how these units form an elaborate array of one-
dimensional [Mn4Sb10]22- rows, and extended channels of
alternating Sb3- anions and [Sb2]4- dumbbells. The structure
develops from extended columns of isolated [Mn4Sb10]22-

units that alternate with a similar anionic column consisting
of the alternating Sb3- and [Sb2]4- units. Columns stack
directly above one another in both thea and c axial
directions.

What is remarkable about this system is how the initially
unyielding complexity of this solid state structure can be
resolved into the stacking of one basic geometric shape along
the same axial direction. The large numbers of Ca atoms (a
total of 42 per unit cell) are conveniently arranged into
alternating rows of interwoven columns of bicapped trigonal
prisms, and an Sb atom from either the dumbbell or the
isolated anion centers all of these Ca polyhedra. This(47) Young, D. M.; Kauzlarich, S. M.Chem. Mater.1995, 7, 206-209.

Table 1. Synthesis Optimization for Ca21Mn4Sb18

reaction
element ratio

(Ca/Mn/Sb/Sn) reaction scheme products

1 20/7/18/64 RT98
3 °C/h

800°C, dewll 1 day Ca21Mn4Sb18,
Ca14MnSb11,
Ca11Sb10

2 20/7/18/64 RT98
3 °C/h

800°C, dwell 3 days Ca21Mn4Sb18,
Ca14MnSb11,
Ca11Sb10

3 20/7/18/64 RT98
3 °C/h

800°C, dwell 7 days Ca21Mn4Sb18,
Ca14MnSb11

4 20/7/18/64 RT98
3 °C/h

950°C (1 hr)

98
3 °C/h

800°C, dwell 3 days

Ca21Mn4Sb18,

Ca14MnSb11,

Ca11Sb10

5 20/7/18/64 RT98
3 °C/h

950°C (1 hr)

98
3 °C/h

800°C, dwell 3 days

Ca21Mn4Sb18,

Ca14MnSb11

6 20/7/18/64 RT98
3 °C/h

950°C (1 hr)

98
3 °C/h

800°C, dwell 7 days

Ca21Mn4Sb18

7 21/7/18/64 RT98
3 °C/h

950°C (1 hr)

98
3 °C/h

800°Cm dwell 3 days

Ca21Mn4Sb18,

Ca14MnSb11,

Ca11Sb10

8 21/7/18/64 RT98
3 °C/h

950°C (1 hr)

98
3 °C/h

800°C, dwell 1 days

Ca21Mn4Sb18,

Ca14MnSb11

9 21/7/18/64 RT98
3 °C/h

950°C (1 hr)

98
3 °C/h

800°C, dwell 7 days

Ca21Mn4Sb18
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geometric shape, and its preference to form interconnected
networks, is seen in many pnicogen containing systems and
in some non-pnictide containing systems.48 The U3Si2

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.49 Similarly, square face sharing, cobalt centered,
trigonal prisms of gallium atoms form the CoGa3 structure,
but instead of forming face sharing columns, a corner sharing
network is formed.50 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 Eu2Sb3 and Ca2As3 is an example of compounds
with a complex anionic network that occupy a prismatic
cation environment.51 They share a common trigonal pris-
matic AX2 type defect structure that also links the arrange-
ment of prisms of the AlB2 type and theR-ThSi2 type.40,51

Their anionic network, though, contains longer chains of
either [Sb6]8- or [As4]6- and [As8]10- anions.

The unique [Mn4Sb10]22- 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 Mn-Sb bond lengths, and Sb-Mn-Sb and
Mn-Sb-Mn bond angles, are listed in Table 4. The Mn‚‚
‚Mn distances are provided in the figure. Interestingly, the
spatial arrangement of the Mn tetrahedral unit is completely
different from the newly reported Sr21Mn4Sb18 compound.35

In the Sr analogue, a large anionic cluster is made up of
eight edge and corner sharing MnSb4 tetrahedral 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
[In2S6]6- anion in Rb6In2S6 and Rb4In2S5,52 the [Al2Sb6]4-

(48) Nyman, H.J. Solid State Chem. 1976, 17, 75-78.
(49) Wyckoff, R. W. G. InCrystal Structures, 2nd ed.; Interscience: New

York, 1968; p 344.
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Verlag: Berlin, 1964; p 301.
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Table 2. Crystal Data and Structure Refinement for Ca21Mn4Sb18

empirical formula Ca21Mn4Sb18

fw 3252.94
T 90(2) K
cryst syst monoclinic
space group C2/c
unit cell dimensionsa a ) 17.1001(15) Å

b ) 17.0734(15) Å
c ) 16.8574(15) Å
R ) 90°
â ) 92.999(2)°
γ ) 90°

V 4914.9(8) Å3

Z 2
D(calcd) 4.396 Mg/m3

abs coeff 12.886 mm-1

F(000) 5752
cryst size 0.10× 0.10× 0.07 mm3

θ range for data collection 1.69-31.50°
index ranges -25 e h e 25,

-25 e k e 25,
-24 e l e 24

reflns collected 47825
indep reflns 7846 [R(int) ) 0.0383]
completeness to

θ ) 31.50°
95.9%

abs correction empirical
max and min transm 0.4657 and 0.3590
refinement method full-matrix least-squares

onF2

data/restraints/params 7846/0/197
GOF onF2 1.194
final R indices [I > 2σ(I)]b R1 ) 0.0540, wR2) 0.1437
R indices (all data)b R1 ) 0.0598, wR2) 0.1462
largest diff peak and hole 12.427 and-2.789 e‚Å-3

a Room-temperature lattice parameters obtained from Guinier powder
diffraction: a ) 17.0472(64) Å,b ) 17.1159(68) Å,c ) 16.8169(73) Å.
b R1) ∑||Fo| - |Fc||/ ∑|Fo|. wR2) [∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]] 1/2, w-1

) [ σ2(Fo
2) + (0.0305P)2 + 28.39P ], whereP ) [max(Fo

2,0) + 2Fc
2]/3.

Table 3. Atomic Coordinates (×104) and Equivalent Isotropic
Displacement parameters (Å2 × 103) for Ca21Mn4Sb18

a

x y z U(eq)

Sb(1) -59(1) -4405(1) 6047(1) 8(1)
Sb(2) 1275(1) -2570(1) 7588(1) 8(1)
Sb(3) -50(1) -755(1) 6029(1) 10(1)
Sb(4) 1428(1) 770(1) 7522(1) 8(1)
Sb(5) -97(1) 2628(1) 6224(1) 7(1)
Sb(6) 3243(1) -2492(1) 9645(1) 6(1)
Sb(7) 2120(1) -2506(1) 5747(1) 7(1)
Sb(8) 2416(1) -12(1) 5000(1) 6(1)
Sb(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(1) 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)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Figure 1. Structure of Ca21Mn4Sb11 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 the [Mn4Sb10]22-

linear units. The bonds between atoms of the [Sb2]4- dumbbells are
represented by a gray bar between the Sb atoms.
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anion in Ba3AlSb3,53 the [P2S6]2- anion in A2P2S6 (A ) K,
Cs),54 and the [Sn3Se8]4- anion in K4Sn3Se8.55 In addition,
there are many examples of structures containing infinite
chains of edge sharing tetrahedra, most notably Li3FeN2

which contains infinite chains of edge sharing FeN2 tetra-
hedra, ∞

1 [FeN4/2
3-].56 However, Ca21Mn4Sb18 is the first

example reported to date of a discrete four-membered chain
containing edge shared MnSb4 tetrahedra. The Mn-Sb bond
distances range from 2.717 to 2.854 Å providing good
agreement with the previously reported ternary manganese

antimonide phases of Zn0.94Mn0.89Sb (2.736 Å),57 EuMn2-
Sb2 (2.758 Å),58 BaMnSb2 (2.804 Å),59 Ca14MnSb11 (2.759
Å),28 and Sr21Mn4Sb18 (2.763-3.007 Å).35 Deviations from
the ideal tetrahedral angle of 109.5° are observed throughout
the unit with the maximum angle of 124.3° occurring
between Sb(3)-Mn(3)-Sb(3), and the minimum angle of
102.0° occurring between Sb(2)-Mn(1)-Sb(2). In addition,
the differences in angle between the extreme ends of the
linear unit are quite pronounced with the Sb(1)-Mn(1)-
Sb(1) angle being 121.5° and the Sb(5)-Mn(4)-Sb(5) angle
being 103.1°. The Mn‚‚‚Mn distances are 3.388(4) Å Mn1-
Mn2, 2.782(4) Å Mn2-Mn3, and 2.760(4) Å Mn3-Mn4.
The distances between neighboring Mn atoms approach the
elemental Mn metal bond distance of 2.54 Å. However, it is
striking that one distance, Mn(1)‚‚‚Mn(2), is ∼18% longer
than the other distances. As mentioned previously, the linear
units form columns that extend along theb-axis. A single
Ca atom, lying directly above all four Mn atoms, separates
each unit with the Ca atom lying closer to the larger angle
end as shown in Figure 3. This atom appears to influence
the angles of the two ends by repelling the Sb atoms of the
larger angle and drawing those of the smaller angle closer.
The distances from the Ca atom to the Mn atom in the
tetramers are not the same. The Mn(4)‚‚‚Ca(11) distance is
4.507 Å, and the Mn(1)‚‚‚Ca(11) distance is 3.636 Å. In
addition, this Ca atom serves to bridge the trigonal prisms
that make up the rows of alternating Sb dumbbells and lone
Sb anions. It is also interesting to note that the distance
between clusters along theb-axis is much longer than the
distance between clusters of adjacent columns. The cluster-
cluster distances are 5.075 and 4.087 Å, respectively, as
measured through the Sb‚‚‚Sb interactions and are also shown
in Figure 3.

Ca atoms surround each anionic unit with edge and face
sharing polyhedral cages as shown in Figure 4. A rhombic
prism environment encapsulates each Sb dumbbell unit, with
each Sb of each dumbbell unit surrounded by Ca atoms in a
bicapped, skew, trigonal prism geometry. The isolated Sb
ions also occupy bicapped, skew, trigonal prism Ca environ-
ments, but they occupy a more distorted trigonal prism than
the Sb atoms of the dumbbells. The uncapped, square face
of the prism shows the most distortion from the ideal square
geometry, with the complementary angles being 105° and
72°. The isolated Sb(6) atoms lie between the Sb(8) and the
Sb(4) dumbbells that run along theb-axis in the repeating
pattern: [Sb(8)2]4--[Sb(6)]3--[Sb(4)2].4- Because of this
arrangement, the uncapped face from two of the Ca prisms
for Sb(6) also serve as the parallel face of the rhombic prism
planar to the Sb(8) dumbbell bond axis. The peak atoms of
the trigonal prism and the two capping Ca atoms from two
prisms form the related faces of the Sb(4) dumbbell rhombic
prism. This alternating arrangement of Ca prisms stacks along
the b-axis in combination with the repeating Sb motif, and
the Sb(6) prisms are shown to makeσ translations between
consecutive units forcing consecutive dumbbells to rotate

(53) Cordier, G.; Savelsberg, G.; Scha¨fer, H. Z. Naturforsch.1982, 37b,
975-980.

(54) Brockner, W.; Becker, R.; Eisenmann, B.; Scha¨fer, H.Z. Anorg. Allg.
Chem.1985, 520, 51-58.

(55) Sheldrick, W. S.Z. Naturforsch.1988, 43b, 249-252.
(56) Gudat, A.; Kniep, R.; Rabenau, A.; Bronger, W.; Ruschewitz, U.J.

Less-Common Met.1989, 161, 31-36.

(57) Johnson, V.; Jeitschko, W.J. Solid State Chem.1977, 22, 71-75.
(58) Ruehl, R.; Jeitschko, W.Mater. Res. Bull.1979, 14, 513-517.
(59) Cordier, G.; Scha¨fer, H. Z. Naturforsch.1977, 32b, 383-386.

Figure 2. [Mn4Sb10]22- linear unit showing labels for each of the
constituent atoms. The Mn‚‚‚Mn distances are shown at the bottom of the
figure.

Table 4. Selected Bond Lengths [Å] and Angles [deg] for
Ca21Mn4Sb18

Sb(1)-Mn(1) × 2 2.803(1) Sb(8)-Ca(9) 3.081(2)
Sb(2)-Mn(2) × 2 2.717(2) Sb(8)-Ca(10) 3.333(2)
Sb(2)-Mn(1) × 2 2.801(2) Sb(9)-Ca(1) 3.024(2)
Sb(3)-Mn(3) × 2 2.802(1) Sb(9)-Ca(2) 3.282(2)
Sb(3)-Mn(2) × 2 2.882(2) Sb(9)-Ca(4) 3.059(2)
Sb(4)-Mn(3) × 2 2.762(1) Sb(9)-Ca(5) 3.828(3)
Sb(4)-Mn(4) × 2 2.845(1) Sb(9)-Ca(6) 3.023(2)
Sb(5)-Mn(4) × 2 2.745(2) Sb(9)-Ca(7) 3.398(2)
Sb(6)-Sb(6) 2.866(1) Sb(9)-Ca(8) 3.367(2)
Sb(6)-Ca(1) 3.462(2) Sb(9)-Ca(11) 3.0270(8)
Sb(6)-Ca(2) 3.129(2)
Sb(6)-Ca(3) 3.550(2) Sb(1)-Mn(1)-Sb(1) 121.48(9)
Sb(6)-Ca(5) 3.494(2) Sb(1)-Mn(1)-Sb(2) 110.24(2)
Sb(6)-Ca(5 3.527(3) Sb(1)-Mn(1)-Sb(2) 105.61(2)
Sb(6)-Ca(7) 3.367(2) Sb(2)-Mn(1)-Sb(2) 102.03(8)
Sb(6)-Ca(7) 3.385(2) Sb(2)-Mn(2)-Sb(2) 106.52(9)
Sb(6)-Ca(10) 3.180(2) Sb(2)-Mn(2)-Sb(3) 105.74(2)
Sb(7)-Sb(7 2.895(1) Sb(2)-Mn(2)-Sb(3) 109.88(2)
Sb(7)-Ca(1) 3.640(2) Sb(3)-Mn(2)-Sb(3) 118.54(9)
Sb(7)-Ca(3) 3.531(2) Sb(3)-Mn(3)-Sb(3) 124.29(10)
Sb(7)-Ca(4) 3.116(2) Sb(4)-Mn(3)-Sb(3) 102.54(2)
Sb(7)-Ca(6) 3.182(2) Sb(4)-Mn(3)-Sb(3) 102.78(2)
Sb(7)-Ca(8) 3.443(2) Sb(4)-Mn(3)-Sb(4) 124.07(10)
Sb(7)-Ca(8) 3.486(2) Sb(4)-Mn(4)-Sb(4) 118.04(9)
Sb(7)-Ca(9) 3.316(2) Sb(5)-Mn(4)-Sb(4) 110.30(2)
Sb(7)-Ca(9 3.337(2) Sb(5)-Mn(4)-Sb(4) 107.06(2)
Sb(8)-Ca(2) 3.359(2) Sb(5)-Mn(4)-Sb(5) 103.09(9)
Sb(8)-Ca(4) 3.333(2) Sb(5)-Mn(4)-Sb(4) 107.06(2)
Sb(8)-Ca(5) 3.046(2) Mn(2)-Sb(2)-Mn(1) 75.73(6)
Sb(8)-Ca(6) 3.338(2) Mn(3)-Sb(3)-Mn(2) 58.58(6)
Sb(8)-Ca(7) 3.068(2) Mn(3)-Sb(4)-Mn(4) 58.95(6)
Sb(8)-Ca(8) 3.046(2)
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∼30° with each translation. The isolated Sb(9) anions
translate in a zigzag pattern along theb-axis forming a row
that alternates with the Sb dumbbell rows along thec-axis.
Each Sb anion lies part way between the dumbbell and the
isolated anion of the next row as a result of sharing of Ca
atoms from both the Sb(6) and both of the Sb dumbbells’
Ca environment to form bicapped, skew, trigonal prisms. This
sharing of Ca atoms results in the zigzag pattern of Sb anions
because of the rotation of the dumbbells, and the mirror plane
symmetry between consecutive Ca prisms of Sb(6). In
addition, this zigzag row lays directly above the row
containing the [Mn4Sb10]22- linear unit.

A more direct structural comparison to our system is found
in the Zintl phases of the A5Z4 type (A ) rare earth or
alkaline earth metals; Z) P, As, Si, Ge),39,43,60,61the related
ternary A2

IAE3
IIX4 (AI ) Na, K; AEII ) Ba, Sr, Eu; X) P,

As, Sb) phases,36,44,45 KBa4Sb3O,36 Ca11MSb9 (M ) In,
Ga),37,47 and the A14MPn11 (A ) Ca, Sr, Ba, Eu, Yb; M)
Mn, Zn, Al, Ga, In; Pn) P, As, Sb, Bi) phases.2,8-34,62 All
systems, aside from the A14MPn11 compounds, contain
dumbbell anions of the [Sb2]4- type with each atom of the
dumbbells occupying a bicapped skew trigonal prism of
cations. The A14MPn11 compounds contain a [Pn3]7- trimer
instead of the dimer, but each atom of the anion remains
consistent in occupying a bicapped skew trigonal prismatic
environment. In fact, the most electronegative element in
all of these systems occupies the same cationic environment.
In addition, aside from the compounds with the A2

IAE3
IIX4

structure, all of these systems contain a similar alternating
pattern between the single atom anion and the dumbbell
anion that produces a related stacking motif to that of the
Ca21Mn4Sb18 system. The stacking pattern of the A5Z4

compounds differs slightly in that there is an inclusion of
an alkaline earth or rare earth centered quasicube in the
stacking pattern. In a similar fashion, an O2- centered
tetrahedral void disrupts the stacking pattern of Sb anions

in KBa4Sb3O. These structural changes amount to a replace-
ment of one of the dumbbell units with the respective
quasicube or tetrahedral void in the stacking pattern.

The most closely related structure to Ca21Mn4Sb18 in both
the cation environment and stacking pattern of the anions is
the Ca11MSb9 structure.47,62 The Ga, Al, and In analogues
share the structural features of alternating rows of [Sb2]4-

dumbbell anion and Sb3- anions propagating along a
common crystallographic axis (c-axis in this case). The
closest cation environment is also the same bicapped trigonal
prism environment that is observed in Ca21Mn4Sb18. The
major difference is the Ca11MSb9 structure contains isolated
[MSb4]9- tetrahedra that form rows along thec-axis parallel
to the Sb rows as opposed to the rows of [Mn4Sb10]22-. An
unusual feature in this row of anions is that a lone Ca atom
alternates with each anion in the same way in each structure
and lies directly above the central atom(s) of the tetrahedra.
Even with this considerable structural difference, the two
structures remain remarkably similar. A Mn analogue of the
Ca11MSb9 structure has not been reported in the literature to
date. This may indicate that the Mn analogue of the Ca11-
MSb9 system is not thermodynamically stable in the tem-
perature and compositional region that both Ca14MnSb11 and
Ca21Mn4Sb18 form.

Properties Measurements.Figure 5 shows the magne-
tization as a function of temperature measurements with
various applied fields. The data show a dramatic increase in
magnetization at∼52 K indicative of ferromagnetic ordering.
The overall shape of the magnetization curves and the
sharpness of the transition at 52 K become less well defined
with increasing applied field. At a high enough applied field,
the ferromagnetic behavior is suppressed and the magnetiza-
tion data display Curie-like paramagnetic behavior. The data
at low applied fields show a significant difference between
zero field cooled (ZFC) and field cooled (FC) data that
becomes less pronounced aboveH ) 500 Oe. Figure 6 shows
the susceptibility as a function of temperature data atH )
1000 Oe, with an inset of the inverse susceptibility data. The(60) Brechtel, E.; Cordier, G.; Scha¨fer, H. Z. Naturforsch.1981, 86 b,

1341-1342.
(61) Smith, G. S.; Johnson, Q.; Tharp, A. P.Acta Crystallogr.1967, 22,

269-272.
(62) Cordier, G.; Scha¨fer, H.; Stelter, M.Z. Anorg. Allg. Chem.1984, 519,

183-188.

Figure 3. View of the separation between the [Mn4Sb10]22- 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‚‚‚Sb separations between Mn4 clusters are also shown.
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inverse susceptibility demonstrates a distinctive curvature that
is most pronounced near the ordering temperature and
appears to be a combination of two curves. A similar type
of behavior in the inverse susceptibility has been attributed
to ferrimagnetic ordering as described by L. Ne´el in reference
to the magnetic oxide ferrites, MO‚Fe3O4 (M ) Zn, Cd, Fe,
Ni, Cu, Co, Mg).63 The high temperature data (54-300 K)
can be fit using a ferrimagnetic Curie model assuming two

separate magnetic sites as a first approximation,ø ) [(CA

+ CB)T - 2µCACB]/(T2 - TC
2) + ø0, and yield aTc ) 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
in Table 5. For comparison, the data in the paramagnetic
region has also been fit using a modified Curie-Weiss
model,ø ) (C/T - Tc), and yield a similarTc ) 48.0(9) K.
The parameters obtained for this fit are also provided in Table
5. Comparingøo from the two fits, theøo obtained from the
ferrimagnetic model is more reasonable with theøo obtained
from the Curie-Weiss fit being too large to be reasonable.
The Curie constants provided by the ferrimagnetic model
provide an effective moment that is most consistent with one
Mn3+ moment, and the experimental value forµeff (4.04(2)
µB) is much smaller than the calculated value for four Mn2+

ions (11.8µB). The Curie constant from the Curie-Weiss
model is also not consistent with four Mn ions in any state
but is equivalent to a single d1 moment or a Mn6+-like ion
(µeff ) 1.43(9)µB).

The simplest models to describe this system are if the four
Mn moments are not coupled, giving rise to 11.8µB/Mn4

cluster, or if the four Mn moments couple strongly giving
rise to antiferromagnetic alignment, providing 0µB/Mn4

(63) Kittel, C. In Introduction to Solid State Physics, 7th ed.; John Wiley
and Sons: New York, 1996; pp 458-462.

Figure 4. The top portion shows the stacking of the Ca polyhedra that
surround each anionic unit with edge and face sharing polyhedral cages.
The lighter gray polyhedra represent the rhombic prisms that encapsulate
each Sb dumbbell unit, the black polyhedra represent the bicapped, skew,
trigonal prisms that surround the isolated Sb3- anions, and the dark gray
polyhedra represent the [Mn4Sb10]22- linear units. The bottom portion shows
the constituent Ca atoms that form the polyhedral cages around each of the
Sb atoms. Light gray bars are drawn between the Ca atoms as a guide to
show how the polyhedra are formed and do not represent real bonds between
Ca atoms.

Figure 5. Temperature dependent magnetization curves (emu/g) of Ca21-
Mn4Sb18 at Ha ) 100, 500, and 1000 Oe. Zero field-cooled (ZFC) and
field-cooled (FC) data are shown.

Figure 6. Temperature dependent magnetic susceptibility data (emu/mol)
of Ca21Mn4Sb18 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 (s) and a modified Curie-Weiss model (- - -) in the inset.
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cluster. The antiferromagnetic alignment would be the
most probable if the Mn2+ ions were equally spaced with
similar Mn-Sb-Mn angles. The Mn‚‚‚Mn distances in the
[Mn4Sb10]22- unit are 3.388(4), 2.782(4), and 2.760(4) Å.
In addition, the Mn-Sb-Mn angle of about 75° between
Mn(1) and Mn(2) differs significantly from the angle of about
58° observed for the Mn-Sb-Mn angle between Mn(2),
Mn(3), and Mn(4). This configuration gives rise to a situation
where three of the Mn2+ moments might be antiferromag-
netically aligned, and the fourth Mn2+ moment is only weakly
coupled. Therefore, although aligned anti to its nearest
neighbor, the magnetic ordering of the cluster is presumed
to be ferrimagnetic. This would be consistent with using a
two magnetic site model already described for the paramag-
netic regime as well.

Figure 7 shows hysteresis loops at 2 and 150 K showing
no measurable hysteresis. Saturation magnetization has not
been reached even at 7 T. The fact that saturation is not
achieved may be due to the fact that these measurements
are on a single crystal and anisotropy may be important. The
maximum magnetization value (µmax) of a little more than 4
µB/formula unit is much lower than what would be expected
for complete ferromagnetic ordering of four Mn2+, d5 ions

(expectedµsat ) 20 µΒ). Long range ferromagnetic ordering
must be between Mn4 clusters. This model suggests that
partial cancellation of spin in a ferrimagnetic model results
in a total spin of 4µB/Mn4 cluster in the ordered regime.
The cluster can couple to the next by means of short Sb‚‚‚
Sb intercluster interactions as shown in Figure 3 or by
conduction electrons. With recent calculations on Ca14MnBi11

and Ba14MnBi11, and XMCD results on Yb14MnSb11 showing
spin density on both Mn and Pn in the MnPn4 cluster, it is
possible that a much more complex spin situation is present
in this unusual structure.18,29

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 lnF versus 1/T is nearly linear
over the temperature range 100-300 K, and an activation
energy of 0.159(2) eV is calculated from the equation lnF
) (Ea/2kBT) - Fo.

Semiconducting behavior is expected for traditional Zintl
phases as they are generally regarded as closed-shell
compounds following traditional Zintl-Klemm 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
semiconducting behavior is well-known among many transi-
tion metal oxide and non-oxide perovskite systems,64-70 and
has been observed in the ternary chromium chalcogenides
ACr2X4 (A ) C, Hg, Cu, Zn, Fe, Co, Mn; X) S, Se).71-73

Goodenough, Kanamori, and Anderson have explained this

(64) Mizokawa, T.; Khomskii, D. I.; Sawatzky, G. A.Phys. ReV. B 2000,
63, 1-5.

(65) Koo, H.-J.; Whangbo, M.-H.J. Solid State Chem. 2000, 151, 96-
101.

(66) Grant, J. B.; McMahan, A. K.Phys. ReV. Lett. 1991, 66, 488-491.
(67) Tokura, Y.; Nagaosa, N.Science2000, 288, 462-468.
(68) Weht, R.; Pickett, W. E.Phys. ReV. B 2001, 65, 1-6.
(69) Feldkemper, S.; Weber, W.; Schulenburg, J.; Richter, J.Phys. ReV. B

1995, 52, 313-323.
(70) Kuang, X.-Y.; Zhou, K.-W.Physica B2001, 307, 34-39.

Table 5. Magnetic and Resistivity Data

Magnetic Data

ferrimagnetic Curie-Weiss fit ferromagnetic Curie-Weiss fit

CA
a 0.853(7) Cc 0.25(3)

CB
a 1.18(2) Tc

c (K) 48.0(9)
µa 48.50(2) øo

c (emu/mol) 0.0113(5)
Tc

a (K) 51.85(6) µeff
d (µB) 1.43(9)

øo
a (emu/mol) 0.0043(2)

µeff
b (µB) 4.04(2)

Resistivity Data
Ea

e (eV) 0.159(2)
Fï

e (Ω-cm) 4.11(7)

a Obtained from fitting the inverse susceptibility data forHa ) 1000 Oe
from 54 to 300 K with the equationø ) [(CA + CB)T - 2µCACB]/(T2 -
Tc

2) + øo. b Calculated from the equationµeff ) x7.99(CA+CB). The
theoretical value for 4 Mn2+ ions is 11.8µB from the equationµeff

2 ) 4µMn2+.
c Obtained from fitting the inverse susceptibility data forHa ) 1000 Oe
from 54 to 300 K with the equationø ) (C/T - Tc) + øo. d Calculated
from the equationµeff

2 ) x7.99C. e Obtained from fitting lnF data from
100 to 300 K with the equation lnF ) (Ea/2kBT) - Fo.

Figure 7. Hysteresis loop of Ca21Mn4Sb18 at 2 and 150 K.

Figure 8. Temperature dependent resistivity data of a single crystal of
Ca21Mn4Sb18. The top inset shows a plot of lnF vs 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 equation (Ea/2kBT) - Fo.
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type of ferromagnetism as occurring by exchange coupling
of symmetry appropriate ground- and excited-state orbitals
of the magnetic ions.74-76 They also describe this type of
ferromagnetic coupling as occurring simultaneously with the
cooperative Jahn-Teller effect as is described for the in-
plane ferromagnetic coupling of K2CuF4.69

Ferromagnetic ordering of discrete clusters is rare, but the
small band gap and possible spin polarization of the Sb may
provide a mechanism. Each of the MnSb4 tetrahedra in the
[Mn4Sb10]22- linear unit of Ca21Mn4Sb18 show deviations in
the Sb-Mn-Sb angles away from the ideal tetrahedral angle
of 109.4°. This type of distortion has also been observed in
the MPn4 tetrahedra of the related A14MPn11 compounds and
is attributed to a Jahn-Teller distortion.22 In addition, the
Mn-Sb-Mn angles differ significantly from one another
as stated previously. It is possible that the magnetic coupling
of Ca21Mn4Sb18 arises from interplay between the spin and
orbital degrees of freedom of Mn and Sb as promoted by a
Jahn-Teller type distortion of the MnSb4 tetrahedra in an
analogous fashion to that described by Goodenough, Kan-
amori, and Anderson.74-76 In addition, the close proximity
between the Sb atoms bonded to Mn(1) of adjacent Mn4

clusters as shown in Figure 3 provides a possible pathway
for the magnetic interactions to occur along. A similar type
of interaction in BaVS3 has been described using first
principles and tight-binding electronic structure calculations
for the orbital interactions associated with the short S‚‚‚S
interactions within each VS3 chain and between adjacent VS3

chains.77 It is likely that the mechanism describing the
magnetic interactions is complicated, and a detailed theoreti-
cal study is necessary to understand the interaction of the
local moments.

Summary

A new addition to the family of Mn containing transition
metal Zintl phases has been synthesized. The structure of
Ca21Mn4Sb18 complements the recently reported Sr21Mn4Sb18

phase that is compositionally identical but differs substan-
tially in its structure. This new structure contains noninfinite,
discrete linear units of Mn-centered, edge sharing tetrahedral
units in a [Mn4Sb10]22- unit, and also retains the well-known
[Sb2]4- Zintl anion, exhibiting a consistency within the
cationic framework with other Zintl phases possessing this
anionic unit. Temperature dependent magnetization shows
a ferromagnetic transition temperature at∼52 K which is
suppressed with increasing magnetic field and is best
described with a ferrimagnetic model indicating a more
complex type of magnetic interaction. Temperature depend-
ent resistivity shows that this compound is a semiconductor
with an activation energy of 0.159(2) eV (100-300 K).
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