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Reported are structure and property studies on a series of isostructural compounds with general
formulas Yb9Mn4þxSb9 (x ≈ 0.2), A9Mn4þxBi9 (A = Ca and Yb; x ≈ 0), and the Zn-substituted
derivatives Yb9(Mn,Zn)4þxSb9 (0 < x < 0.4). They have been synthesized from the corresponding
elements by high-temperature reactions, and their structures have been established by single-crystal
X-ray diffraction. Despite being nearly stoichiometric phases, whose average crystallographic arrange-
ment can be described with the orthorhombic Ca9Mn4Bi9 type structure (space group Pbam, No. 55),
these ternarymaterials existwithinnarrowhomogeneity ranges,whereuponan interstitial site is partially
occupied by the transition metal. Electronic structure calculations confirm that the “empty”A9Mn4Sb9
orA9Mn4Bi9 structures are electron deficient, making them suitable hosts for small dopant atoms. The
expected poorly metallic behavior is evidenced from temperature-dependent resistivity data gathered
from single-crystals. Magnetic susceptibility measurements in the range 2-350 K reveal complex
antiferromagnetically coupled structures. These experimental results are further corroborated by
theoretical calculations based on the linear muffin-tin orbital (LMTO) and the full potential linearized
augmented plane wave (FP-LAPW) methods.

Introduction

In recent years, there has been a renewed interest in
transition metal Zintl phases1 as promising materials for
thermoelectric applications.2-11 Such compounds contain
electronegative p-block elements and d-metals, which are
bound through strong directional (covalent) interactions to
formpolyanionicnetworks,whereas the cation-anion inter-
actions are more electrostatic than covalent in character.
Therefore, these materials are neither typical valence com-

pounds nor typical intermetallics and exhibit poorlymetallic
or small band gap semiconducting electronic properties.
Such multifaceted structural characteristics provide almost
unlimited potential for alterations on the cation and anion
sites and fine-tuning of the transport properties;an added
benefit for the optimization of the thermoelectric figure of
merit ZT.11 A proof of principle of this concept is the
complex Zintl phase Yb14MnSb14,

4 which can be brought
up as an example of this “class of thermoelectricmaterials.”4

The unique aspects of the chemistry and physics of
the Zintl phases with d-metals have been at the focus
of many previous studies,12-23 including work from
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our laboratory.24-32 From these, it becomes clear that

the correlations between the crystal structures and the

physical properties in such compounds are rather diffi-

cult to interpret. After all, the Zintl reasoning1 has been

developed with main-group elements in mind, and it is

not always suitable for open-shell configurations,

common for the d-metals. This point is illustrated

by the following Mn-containing antimonides and bis-

muthides;Ca21Mn4Sb18,
17 Sr21Mn4Sb18,

18 Sr2MnSb2,
19

Ca14MnBi11,
20 Eu10Mn6Sb13,

21 CaMn2Sb2 and SrMn2-

Sb2,
27 Ca21Mn4Bi18,

28 and BaMn2Sb2
29;all of which

have distinctive magnetic and electronic, properties aris-

ing from the presence of Mn2þ ions (formally d5) in spe-

cial coordination environments. In certain cases, isomor-

phous substitutions of Mn2þ with Zn2þ (or Cd2þ, both
formally d10) are possible, allowing for simpler structure

rationalization.22,29 In some other instances, the same

structures either cannot be realized, or if they can, there

are subtle structural differences.18,28,32 Other impedi-

ments can result from fluctuating valencies or from the

presence of interstitials, a signature of the title com-

pounds A9Mn4þxPn9 (A=Ca and Yb; Pn=Sb, Bi), and

their Zn and Cd analogs A9Zn4þxPn9 and A9Cd4þxPn9
(0 e x e 0.5).23-25,33

Compounds with the nominal “9-4-9” formula can be
dated back to the late 1970s, when Ca9Mn4Bi9 was first
synthesized.33 For many years, the structure type named
after this phase (Pearson’s symbol oP44)34 encompassed
only a few other examples.35 In 2001, the isostructural
Yb9Zn4Bi9 was reported and noted to be one-electron
richer (and therefore electron precise) compared to its
Ca9Zn4Bi9 analog.23 This, together with the 2004 re-
port on the interstitially stabilized Yb9Zn4þxSb9 and
Ca9Zn4þxSb9 (x ≈ 0.5) called into question the originally
proposed Zintl-like electron count and fully ordered
structure.24 Very recently, by a combination of accurate
single-crystal refinements and electronic structure cal-
culations,25 these issues were settled for all Zn- and Cd-
containing containing A9Zn4þxPn9 and A9Cd4þxPn9
(A=Ca, Sr, Yb, Eu; Pn = Sb, Bi; 0 e x e 0.5) phases.

With this paper, we report the synthesis, crystal structure,
electronic structure, and properties of the new com-
pounds Yb9Mn4þxSb9 (x ≈ 0.2) and Yb9Mn4þxBi9 (x ≈
0; Yb9Mn4Bi9 hereafter). The structures and the proper-
ties of the solid solutions Yb9(Mn,Zn)4þxSb9 (0 < x <
0.4) are also presented. In addition, theoretical calcula-
tions based on the density function method are discussed
in the context of the electronic andmagnetic properties of
these compounds.

Experimental Section

Synthesis. The metals were purchased from Alfa or Ames

Laboratory (>99.9%) and were used as received. To avoid

oxidation of the raw materials, we performed all manipulations

inside an argon-filled glovebox with controlled oxygen and

moisture levels below 1 ppm or under a vacuum. Two different

types of reactions were explored: (i) melting stoichiometric

mixtures of the elements; (ii) flux-type reactions using various

low-melting metals as a crystal growth medium. The former

were carried out in welded Nb tubes, which were subsequently

jacketed in fused silica ampules and flame-sealed under a

vacuum. Mixtures containing the starting materials in stoichio-

metric ratios were heated to 1273 or 1373 K (300�/h), equili-
brated for 24 h, and then cooled to room temperature (10�/h
rate). The tubes were brought back in the glovebox and opened.

The reaction products were usually polycrystalline, but under a

microscope, very small crystals with dark-to-black appearance

and with irregular morphology were visible; they were suitable

for single-crystal X-ray diffraction work (vide infra).

In the typical flux-experiments, mixtures of the elements in a

molar ratio A:Mn:Pn = 2:1:2 were loaded in 2 cm3 alumina

crucibles. The crucibles were then topped off with Pb metal

(mp 601 K) in 20-fold excess, placed in 1/2 in. fused silica tubes

and sealed under vacuum. The reactions were heated to 1273 K

(300�/h), equilibrated at this temperature for 20 h, and subse-

quently cooled to 873 K (20�/h). Afterward, the molten flux was

easily removed by decanting it, leaving behind small needle-

shaped crystals in the crucibles. They were brittle and had

distinctive appearance with dark-metallic luster. Small amounts

of A11Pn10
34 (A=Ca, Yb; Pn = Sb, Bi; irregular crystals with

silver luster) were a common side-product, and were mechani-

cally separated from the rest of the sample.

This technique worked best for Yb9Mn4þxSb9, where some of

the crystals were 5-6mm long, but was not advantageous for the

synthesis of the Bi analogs. Other metal fluxes were also tried

using the same temperature profile, but were not found suitable.

For example, the reaction described above ran with Ga or In as a

flux produced crystals of the knownYb11GaSb9
31 andYb11InSb9

phases;30 use of Sn in place of Pb (under the same conditions)

favored the growth of other known phases;YbMn2Sb2
36 and

Yb14MnSb11.
4 Reactions with an excess of Bi as a self-flux were

also tried, but yieldedA11Bi10
34 (A=Ca, Yb). Employing Zn or

Zn/Pb mixture as a flux afforded the synthesis of the solid

solutions Yb9(Mn,Zn)4þxSb9 (0 < x < 0.4).

We also note that all attempts to extend this series were

unsuccessful. Because both Yb9Mn4Bi9 and Ca9Mn4-

Bi9 exist, and since the ionic radii of Ca2þ and Yb2þ are almost

the same,37 it was logical to consider the synthesis of Ca9-

Mn4þxSb9-an alkaline-earth metal analog of Yb9Mn4þxSb9.
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Many reactions were set up with the goal to synthesize

this compound; however, they yielded either CaMn2Sb2
27 or

the new phase Ca8Mn7Sb6.
38 As the listed unit-cell parameters

suggest, its structure is related to the structure under consi-

deration, but it is significantly more complex and not devoid

of disorder (see the Supporting Information). The reac-

tions aimed at the corresponding Sr-, Ba- and Eu-analogs also

failed (using both stoichiometric and flux methods). The main

products of these syntheses were Sr2MnSb2,
19 SrMn2Sb2,

27

Sr2MnBi2,
39 BaMn2Sb2,

29 Ba32Mn15Bi32,
40 EuMn2Sb2,

41 and

Eu10Mn6Sb13.
21

Powder X-ray Diffraction. X-ray powder diffraction patterns

were taken at room temperature on a Rigaku MiniFlex powder

diffractometer using Cu KR radiation. The JADE 6.5 software

package was used for the phase analysis. Powder patterns of the

as-synthesized products from stoichiometric reactions revealed

multicomponent mixtures with A11Pn10 and A14MnPn11 (A=

Ca, Sr, Yb, Eu; Pn=Sb, Bi)34 as the most common impurity

phases. For flux reactions, portions of the isolated crystals were

ground to powders and checked for uniformity; for experiments

yielding crystals with different morphologies, they were segre-

gated (whenever possible) on the basis of their physical appear-

ance and ran separately. The intensities and the positions of the

experimentally observed peaks and those calculated from the

crystal structures matched very well. According to the powder

diffraction patterns, the title compounds are stable in air for

months.

Single-Crystal X-ray Diffraction. Crystals suitable for data

collection were picked under a microscope in the glovebox, cut

to the desired dimensions, and then mounted on glass fibers

using Paratone N oil. The crystals of Yb9Mn4þxSb9, Yb9-

Zn4þxSb9 and Yb9(Mn,Zn)4þxSb9 were chosen from the corre-

sponding Pb-flux or Pb/Zn-flux reactions, crystals of Yb9Mn4-
Bi9 and Ca9Mn4Bi9 had better quality from stoichiometric

reactions. In all cases, multiple crystals were checked for singu-

larity before selecting the best ones. Diffraction data (full

spheres) were collected at 90 K on a Bruker SMART CCD-

based diffractometer using monochromatized Mo KR radia-

tion. SMART software42 was used to manage the data acquisi-

tion, done in batch runs at different ω and φ angles with frame

width of 0.3-0.4� in ω and θ and exposure time of 10-20 s/

frame. SAINTplus43 was employed for the data integration and

global unit-cell parameters refinements (all reflections). Semi-

empirical absorption correction based on equivalents was

applied using SADABS.44 Initial atomic coordinates were taken

from the structures ofA9Zn4þxPn9 andA9Cd4þxPn9 (A=Ca, Sr,

Yb, Eu; Pn = Sb, Bi; 0 e x e 0.5),25 and the subsequent

refinement cycles (full matrix least-squares on F2) were per-

formed using SHELXL.45 The extra electron density (ca. 12-
14 e-/Å3, located approximately 2.6-2.7 Å away from Sb2 and

Sb4) was modeled as Mn or Zn with fractional occupancy.

Discernable residual peaks were present in the structures of all

animonides, whereas the bismuthides appeared devoid of dis-

order. In all cases, site occupation factors were checked by

freeing the site occupancy of an individual site, whereas the

remaining parameters were kept fixed. Such trial refinements

confirmed themixing ofMn and Zn in the structures of the solid

solutions Yb9Mn2.8Zn1.6(1)Sb9 and Yb9Mn0.5Zn3.9(1)Sb9. De-

tailed description of the latter refinements is provided as Sup-

porting Information.

Selected data collection and structure refinements parameters

for representative six crystals are given in Table 1. Atomic

coordinates, equivalent isotropic displacement parameters

for Yb9Mn4.18(2)Sb9 and Yb9Mn4Bi9 are presented in Table 2;

important distances are listed in Table 3. Further information

Table 1. Selected Single-Crystal Data Collection and Refinement Parameters for A9Mn4þxPn9 (A = Ca or Yb; Pn = Sb or Bi) and the Solid Solutions

Yb9(Mn,Zn)4þxSb9 (0 < x < 0.4); For the Sake of Better Comparison, Refinement Parameters for Yb9Zn4þxSb9 Are Also Included

Yb9Mn4.18(2)Sb9 Yb9Zn4.18(2)Sb9 Yb9Mn2.8Zn1.6(1)Sb9 Yb9Mn0.5Zn3.9(1)Sb9 Yb9Mn4Bi9 Ca9Mn4Bi9

fw, Z = 2 2882.76 2926.36 2911.79 2932.78 3657.94 2461.30
radiation type, wavelength Mo KR, 0.71073 Å
temperature (K) 90(2)
space group Pbam (No. 55)
a (Å) 22.014(2) 21.668(2) 21.874(3) 21.739(2) 22.265(2) 22.367(5)
b (Å) 12.2313(10) 12.3168(12) 12.2929(14) 12.3474(11) 12.4098(13) 12.499(3)
c (Å) 4.6081(4) 4.5234(4) 4.5796(5) 4.5384(4) 4.7070(5) 4.7060(10)
unit cell volume (Å3) 1240.8(2) 1207.2(2) 1231.4(2) 1218.20(19) 1300.6(2) 1315.7(5)
Fcalcd (g cm-3) 7.716 8.051 7.853 7.995 9.341 6.213
abs coeff (mm-1) 45.150 48.373 46.349 47.889 94.449 63.525
extinction coeff 0.00060(3) 0.00074(4) 0.00062(3) 0.00078(6) 0.00057(4) 0.00009(1)
GOF on F2 1.067 1.277 1.095 1.046 1.098 1.078
data/params 1544/74 1498/74 1522/76 1515/76 1604/70 1618/70
R1 (I > 2σ(I))

* 0.0241 0.0243 0.0276 0.0311 0.0260 0.0231
wR2 (I > 2σ(I))

* 0.0525 0.0587 0.0565 0.0740 0.0680 0.0509
R1 (all data) 0.0299 0.0280 0.0385 0.0395 0.0278 0.0275
wR2 (all data) 0.0549 0.0599 0.0606 0.0781 0.0687 0.0520
largest peak/hole (e- Å-3) 2.76/-2.21 1.98/-1.75 2.09/-2.42 2.57/-1.86 2.40/-2.61 3.04/-2.27

*R1 =
P

)Fo| - |Fc )/
P

|Fo|; wR2 = [
P

[w(Fo
2 - Fc

2)2]/
P

[w(Fo
2)2]]1/2, and w = 1/[σ2Fo

2 þ (AP)2 þ BP], P = (Fo
2 þ 2Fc

2)/3; A and B are weight
coefficients.

(38) Xia, S.-Q.; Bobev, S. Unpublished results. Ca8Mn7Sb9 is a new
ternary phase, space group Pnma, a = 12.467(3) Å, b = 4.6227(9)
Å, c=44.067(8) Å. This structure is not fully established; preliminary
structure refinements and a schematic drawing are provided in the
Supporting Information.

(39) Saparov, B.; Bobev, S. Unpublished results. Sr2MnBi2 is iso-
structural and isoelectronic with Sr2MnSb2 (see ref 19). Crystal
data: space group Pnma, a = 16.200(9) Å, b = 14.768(5) Å, c =
8.438(5) Å.

(40) Xia, S.-Q.; Bobev, S. Unpublished results. Ba32Mn15Bi32 is a new
ternary phase, space group Imma, a= 25.620(3) Å, b= 25.691(4)
Å, c=17.156(2) Å. This structure has extensive disorder and is not
fully established; preliminary structure refinements and a sche-
matic drawing are provided in the Supporting Information.

(41) Ruehl, R.; Jeitschko, W. Mater. Res. Bull. 1979, 14, 513–517.

(42) SMART NT, version 5.63; Bruker Analytical X-ray Systems, Inc.:
Madison, WI, 2003.

(43) SAINT NT, version 6.45; Bruker Analytical X-ray Systems, Inc.:
Madison, WI, 2003.

(44) SADABS NT, version 2.10; Bruker Analytical X-ray Systems, Inc.:
Madison, WI, 2001.

(45) SHELXTL, version 6.12; Bruker Analytical X-ray Systems, Inc.:
Madison, WI, 2001.
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in the formof crystallographic information files (CIF) have been

deposited with Fachinformationszentrum Karlsruhe, 76344

Eggenstein-Leopoldshafen, Germany, (fax: (49) 7247-808-666;

e-mail: crysdata@fiz.karlsruhe.de) - depository numbers CSD-

420756 for Yb9Mn4.18(2)Sb9; CSD-420757 for Yb9Zn4.18(2)Sb9;

CSD-420761 for Yb9Mn2.8Zn1.6(1)Sb9; CSD-420758 for Yb9-

Mn0.5Zn3.9(1)Sb9; CSD-420759 for Yb9Mn4Bi9; and CSD-

420760 forCa9Mn4Bi9. The combinedCIF is providedas Support-

ing Information as well.

Magnetic Susceptibility Measurements. Field-cooled dc mag-

netization (M) measurements were performed using a Quantum

Design MPMS2 SQUID magnetometer in the tempera-

ture interval 2-350 K and applied field of 1000 Oe (H). The

measurements were done for different batches to ensure repro-

ducibility. In all cases, polycrystalline samples were used, en-

closed within gel-capsules. Several flux-grown Yb9Mn4.18(2)Sb9
crystals were sufficiently large to afford measurements with

the needles aligned both perpendicular and parallel to the

direction of the applied magnetic field (needle direction

presumed to be collinear with the shortest cell edge, i.e.,

the c axis). The raw magnetization data were corrected for

the holder contribution and converted to molar susceptibility

(χm = M/H).

Resistivity Measurements. Four-probe resistivity measure-

ments were carried out for a single crystal of Yb9Mn4.18(2)Sb9
using a custom built system. Four Platinum wires (0.002 in.)

were attached to the samples using EPO-TEKH2O silver epoxy.

A constant current of 1 mA was applied through the two outer

leads and the voltages were measured between the inner two

leads. At each temperature, the voltage was measured twice

(with reversed current directions) in order to subtract any

thermoelectric voltages formed at the junctions of dissimilar

materials.

Computational Details.Electronic structure calculations were

performed on Yb9Mn4þxSb9 using the linear muffin-tin orbital

(LMTO) method46 by the program “LMTO 4.7”.47 The Mn

interstitial sites were not included. Exchange and correlation

were treated in a local density approximation (LDA).48 All

relativistic effects except for spin-orbit coupling were taken

into account by a scalar relativistic approximation.49 Interstitial

spheres had been inserted to achieve the space filling automa-

tically.50 The basis set included 5d, 6s, 6p for Yb; 3d, 4s, 4p for

Mn; and 5s, 5p, 5d for Sb. The Yb 6p and Sb 5d orbitals were

treated with the downfolding techniques.51 The k-space integra-

tions (512 k-points in the Brillouin zone) were performed by the

tetrahedron method.52 The energy at the Fermi level was

selected as a reference.

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (Ueq
a) for Yb9Mn4þxSb9 (x ≈ 0.2) and Yb9Mn4Bi9

atom Wyckoff x y z Ueq (Å)2

Yb9Mn4.18(2)Sb9
Yb1 2b 0 0 1/2 0.016(1)
Yb2 4g 0.13681(3) 0.13877(4) 0 0.015(1)
Yb3 4g 0.09172(2) 0.44414(4) 0 0.014(1)
Yb4 4g 0.26186(3) 0.38253(4) 0 0.016(1)
Yb5 4h 0.39790(3) 0.21899(5) 1/2 0.020(1)
Sb1 2d 0 1/2 1/2 0.013(1)
Sb2 4g 0.49792(4) 0.30629(7) 0 0.015(1)
Sb3 4g 0.30843(4) 0.12977(7) 0 0.016(1)
Sb4 4h 0.35132(4) 0.46537(6) 1/2 0.013(1)
Sb5 4h 0.16774(4) 0.31429(6) 1/2 0.013(1)
Mn1 4h 0.04483(9) 0.2821(2) 1/2 0.014(1)
Mn2 4h 0.24175(9) 0.1224(2) 1/2 0.014(1)
Mn3b 4g 0.3856(9) 0.363(2) 0 0.013(5)

Yb9Mn4Bi9
Yb1 2b 0 0 1/2 0.020(1)
Yb2 4g 0.13809(3) 0.13676(5) 0 0.020(1)
Yb3 4g 0.09044(3) 0.43773(5) 0 0.019(1)
Yb4 4g 0.26494(3) 0.37891(5) 0 0.017(1)
Yb5 4h 0.39928(3) 0.21435(5) 1/2 0.020(1)
Bi1 2d 0 1/2 1/2 0.016(1)
Bi2 4g 0.49557(3) 0.30829(5) 0 0.017(1)
Bi3 4g 0.30995(3) 0.12493(4) 0 0.017(1)
Bi4 4h 0.35363(3) 0.46173(4) 1/2 0.016(1)
Bi5 4h 0.17080(3) 0.31542(4) 1/2 0.015(1)
Mn1 4h 0.0469(1) 0.2756(2) 1/2 0.021(1)
Mn2 4h 0.2425(1) 0.1138(2) 1/2 0.024(1)

aUeq is defined as one-third of the trace of the orthogonalized Uij

tensor. bRefined as a partially occupied position. The final refined
occupancy is 18(2)%.

Table 3. Selected Interatomic Distances in Yb9Mn4þxSb9 (x ≈ 0.2) and
Yb9Mn4Bi9

atom pair distance (Å) atom pair distance (Å)

Yb9Mn4.18(2)Sb9
Yb1- 4 � Sb2 3.3065(6) Sb1- 2 � Mn1 2.844(2)

2 � Sb4 3.3023(8) Sb2- 2 � Mn1 2.747(1)
Yb2- Sb2 3.132(1) Mn3 2.57(2)

Sb3 3.782(1) Sb3- 2 � Mn2 2.734(1)
2 � Sb4 3.1436(7) Mn3 3.32(2)
2 � Sb5 3.2232(7) Sb4- 2 � Mn3 2.73(1)

Yb3- 2 � Sb1 3.1398(4) Mn2 2.810(2)
Sb2 3.696(1) Sb5- Mn1 2.736(2)
Sb3 3.162(1) Mn2 2.859(2)
2 � Sb5 3.2619(7) Mn1- Sb1 2.844(2)

Yb4- Sb3 3.259(1) 2 � Sb2 2.747(1)
Sb3 3.399(1) Sb5 2.736(2)
2 � Sb4 3.1969(7) Mn2- 2 � Sb3 2.734(1)
2 � Sb5 3.2102(7) Sb4 2.810(2)

Yb5- Sb1 3.4987(6) Sb5 2.859(2)
2 � Sb2 3.3623(8) Mn3- Sb2 2.57(2)
2 � Sb3 3.2227(8) Sb3 3.32(2)
Sb4 3.185(1) 2 � Sb4 2.73(1)

Yb9Mn4Bi9
Yb1- 4 � Bi2 3.3480(5) Bi1- 2 � Mn1 2.974(3)

2 � Bi4 3.2933(7) Bi2- 2 � Mn1 2.815(1)
Yb2- Bi2 3.246(1) Bi3- 2 � Mn2 2.796(2)

Bi3 3.829(1) Bi4- Mn2 2.853(3)
2 � Bi4 3.2080(6) Bi5- Mn1 2.803(3)
2 � Bi5 3.3143(6) Mn2 2.968(3)

Yb3- 2 � Bi1 3.1924(5) Mn1- Bi1 2.974(3)
Bi2 3.7124(9) 2 � Bi2 2.815(1)
Bi3 3.2118(9) Bi5 2.803(3)
2 � Bi5 3.3232(7) Mn2- 2 � Bi3 2.796(2)

Yb4- Bi3 3.3074(9) Bi4 2.853(3)
Bi3 3.4787(9) Bi5 2.968(3)
2 � Bi4 3.2396(6)
2 � Bi5 3.2485(6)

Yb5- Bi1 3.4792(7)
2 � Bi2 3.3904(7)
2 � Bi3 3.2750(7)
Bi4 3.2339(9)

(46) (a) Andersen,O.K.Phys. Rev. B 1975, 12, 3060–3083. (b) Andersen,
O. K.; Jepsen, O.Phys. Rev. Lett. 1984, 53, 2571–2574. (c) Andersen,
O. K.; Jepsen O.; Gl::otzel, D. In Highlights of Condensed Matter
Theory; Bassani, F., Fumi, F., Tosi, M. P., Eds.; North Holland: New
York, 1985. (d) Skriver, H. L. The LMTOMethod; Springer: Berlin,
1984.

(47) Jepsen, O.; Andersen, O. K. The Stuttgart TB-LMTO Program,
Version 4.7.

(48) Von Barth, U.; Hedin, L. J. Phys. C 1972, 5, 1629–1642.
(49) Koelling, D. D.; Harmon, B. N. J. Phys. C 1977, 10, 3107–3114.
(50) Jepsen, O.; Andersen, O. K. Z. Phys. B 1995, 97, 35–47.
(51) Lambrecht,W.R. L.; Andersen,O.K.Phys. Rev. B 1986, 34, 2439–

2449.
(52) Bl

::
ochl, P. E.; Jepsen, O.; Andersen, O. K. Phys. Rev. B. 1994, 49,

16223–16233.



844 Chem. Mater., Vol. 22, No. 3, 2010 Xia and Bobev

In order to consider various Mn-Mn interactions for possi-

blemagnetic structures of Yb9Mn4Sb9, a lower symmetry super-

cell was constructed by doubling the c-axis. Because this system

contains 868 valence electrons for the 1� 1� 2 supercell, it was

necessary to treat the 4f-orbitals of Yb as core states when

performing the spin-polarized calculations. A total of six differ-

ent antiferromagnetic coupling schemes were chosen along the

¥
1 [Mn4Sb9] chain direction, considering only the nearest-neigh-

bor interactions (Figure 1).

The full potential linearized augmented plane wave method

(FP-LAPW),53 as implemented in theWIEN2k code54 was used

to gain better understanding of the magnetic order in the

structure. In this method, the unit cell is divided into nonover-

lapping muffin-tin (MT) spheres and an interstitial region. The

wave functions in the interstitial regions are expanded in plane

waves up to RMTKmax = 7, where RMT is the smallest radius of

all MT spheres and Kmax is the plane wave cutoff. The valence

wave functions inside the MT spheres were expanded up to

lmax=10, while the charge density was Fourier expanded up to

Gmax=12 (au)-1. The MT radii were chosen to be 2.8 Bohr-

units for the Yb atoms and 2.55 Bohr-units for the Mn and Sb

atoms. The exchange correlation potential was calculated using

the Perdew-Burke-Ernzerhof generalized gradient approxi-

mation (GGA).55 Self-consistency was achieved using 2400

k-points in the irreducible Brillouin zone. The Brillouin zone

integration was performed using the tetrahedron method, and

the self-consistent calculations were considered to have con-

verged if total energy and the charge of the system were stable

within 1 � 10-4 Ry and 1 � 10-3 e-, respectively.

Results and Discussion

Because a recent report has already discussed the
subtleties of the bonding in the A9Zn4þxPn9 and
A9Cd4þxPn9 (A = Ca, Sr, Yb, Eu; Pn = Sb, Bi; 0 e
x e 0.5) phases,25 only a brief account, focused on the
differences between the Mn and the Zn analogs, is
provided herein. These considerations are illustrated in
the following paragraphs by comparing the structures of
Yb9Mn4þxSb9 and Yb9Zn4þxSb9, both with virtually
identical percent filling of the interstitial positions.56

The refined atomic coordinates, equivalent isotropic
displacement parameters and selected interatomic dis-
tances for Yb9Mn4þxSb9 and for Yb9Mn4Bi9 are given
in Tables 2 and 3, respectively. The Yb9Mn4Bi9 structure
is briefly compared to that of Ca9Mn4Bi9, but not dis-
cussed at length, as the bismuthides follow the same
trends established for the antimonides. Further andmore
elaborate discussion can be found in previous reports for
Yb9Zn4þxSb9 and Yb9Zn4Bi9.

23,24

Structure and Bonding. A structural representation of
Yb9Mn4þxSb9 and Yb9Zn4þxSb9 (x ≈ 0.2) is shown in
Figure 1. The structure is orthorhombic, with space group
Pbam (No. 55), and without the interstitial position is a
direct analog of the Ca9Mn4Bi9 type (Pearson’s symbol
oP44).34 In a very simplistic description, the structure canbe
broken down to nine Yb2þ cations and Mn4Sb9 or Zn4Sb9
polyanionic sublattice of corner-shared MnSb4 or ZnSb4
tetrahedra. The latter are arranged into infinite chains
running parallel to the c-axis, which are conjoined in an
orthogonal direction to form tetrameric ¥

1 [Mn4Sb9] and

¥
1 [Zn4Sb9] units. There are no direct Sb-Sb interactions in
the structure, and all Mn-Sb (Table 3) and Zn-Sb
distances match very well with those reported for other
tetrahedrally based arrangements, such as those in
Ca21Mn4Sb18,

17 Sr2MnSb2,
19 CaMn2Sb2,

27 YbMn2Sb2,
36

and CaZn2Sb2,
57 to name just a few. The corresponding

angles deviate somewhat from the ideal tetrahedral value of
109.5�, ranging from 102.04(6) to 115.44(5)� in Yb9Mn4þx-
Sb9, and from 101.17(5) to 117.30(4)� in Yb9Zn4þxSb9,
respectively, but nothing out of the ordinary.
A particular point with regard to the distances and

angles deserves a closer examination-the fact that the

Figure 1. (a) Projectionof the crystal structure ofYb9Mn4þxSb9 (x≈0.2),
viewed down the c-axis. Unit cell is outlined. Bonds are drawn between the
nearestMnandSbneighbors; the interstitialMn sites are shownas isolated
spheres. Yb,Mn, and Sb atoms were shown in purple, green, blue spheres,
respectively; (b) polyhedral and ball-and-stick representation of the
[Mn4Sb9] chains. Selected Mn-Mn interactions are indicated.

(53) (a) Madsen, G. K. H.; Blaha, P.; Schwarz, K.; Sj
::
ostedt, E.;

Nordstr
::
om, L. Phys. Rev. B 2001, 64, 195134. (b) Schwarz, K.;

Blaha, P.; Madsen, G. K. H. Comput. Phys. Commun. 2002, 147,
71–76.

(54) Blaha, P.; Schwarz, K.;Madsen, G.K. H.; Kvasnicka, D.; Luitz, J.
WIEN2k, AnAugmented PlaneWaveþLocalOrbitals Program for
Calculating Crystal Properties; Technische Universit::at Wien: Wien,
Austria, 2001.

(55) Perdew, J. P.; Burke, S.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865–3868.

(56) The structure ofYb9Zn4þxSb9 is known (see ref 24), but the percent
filling of the interstitial position in the previous report was higher,
making the direct comparison of the metrics difficult.

(57) Mewis, A. Z. Naturforsch. 1978, 33B, 382–384.
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MnSb4 tetrahedra in Yb9Mn4þxSb9 are less distorted
than the ZnSb4 tetrahedra in Yb9Zn4þxSb9. This is evi-
denced both from the angles mentioned above and from
the distances, which show narrower distribution in
Yb9Mn4þxSb9 compared to Yb9Zn4þxSb9. An inspection
of the unit-cell metrics presented in Table 1 also points at
some irregularities-the cell volume for Yb9Mn4þxSb9 is
larger, as expected by comparing the sizes of Mn and
Zn;58 however, not all of the cell edges scale proportion-
ally. The elongation of the a- and the c-axess on going
from Yb9Zn4þxSb9 to Yb9Mn4þxSb9 is clear, 1.6 and
1.9%, respectively, whereas the b-axis is shortened by
about 1% (Table 1). In terms of bonding, the net result is
shorter Zn-Sb than Mn-Sb distances, with the excep-
tion of those in reference to Sb1 (Table 2). This Sb
position (Wyckoff letter 2d) is the only one that does
not have variable parameters and its coordination is
strongly interrelated with the lattice parameters. Indeed,
the Mn1-Sb1 distance (2.844(2) Å) is much shorter
than the corresponding Zn1-Sb1 pair (2.950(2) Å).
Similar in magnitude contraction of Mn1-Bi1 vs
Zn1-Bi1 distances can also be inferred by comparing
the b-axis of Yb9Mn4Bi9 (b=12.4098(13) Å) andYb9Zn4-
Bi9 (b=12.5243(14) Å),25 or Ca9Mn4Bi9 (b=12.499(3) Å)
and Ca9Zn4Bi9 (b= 12.5898(6) Å),25 respectively. The
same phenomenology pertains to the solid solutions
Yb9Mn4þxSb9/Yb9Zn4þxSb9 (Table 1)-notice how the
cell volume monotonically increases as the Mn content
is increased from about 12 at% to about 64 at%,whereas
the changes in the b-axis are opposite to this trend.
Analysis of the other Mn-Sb, Mn-Bi, Zn-Sb, and
Zn-Bi distances across the whole Yb9Mn4þxSb9 (x ≈
0.2), A9Mn4þxBi9 (A=Ca and Yb; x ≈ 0) series reveals
normal variations with the decreasing size of the transi-
tion metal. The dependence of the distances as a function
of the phase width, as discussed in detail elsewhere,25 is
minimal.
Except for the partially occupiedMn or Zn sites, which

explain the narrow homogeneity range, there are two
crystallographically independent positions occupied by
the d-metals in the structure. The mirror symmetry along
the c-axis and the inversion symmetry at the Sb1 site will
account for three unique Mn-Mn contacts. The longest
Mn-Mn separation, which exists between the two Mn1
atoms connected to Sb1 is about 5.688(1) Å long. The
other two Mn-Mn interactions are relatively stronger,
as judged from the shorter distances: 4.6081(4) Å for
Mn1-Mn1 along the direction of the c-axis, and 4.757(1)
Å for Mn1-Mn2, respectively. These interactions are
shown in Figure 1b. It should be pointed out here, that
such Mn-Mn distances are much longer compared to
those observed in related Mn-antimonides, such as
BaMn2Sb2,

29 Sr2MnSb2,
19 CaMn2Sb2,

27 Ca21Mn4Sb18,
17

Sr21Mn4Sb18,
18 etc.

Properties. Reliable resisitivity measurements as a
function of the temperature were possible only for

Yb9Mn4þxSb9, for which sufficiently long and thick
crystals could be synthesized. As the data shown in
Figure 2 suggest, the sample is metallic in nature. The
resistivity varies almost linearly with the temperature
above 100 K, and shows a slight concave dependence
at very low temperatures according to F(T)= F0þAT2.59

The value of the room-temperature resistivity is on the
order of 2 mΩ cm, which together with the high residual
resistance indicates poor metallic behavior. The value at
300 K is comparable to the resistivity of Yb9Zn4þxSb9
(F300=10 mΩ cm),24 albeit slightly lower. This is some-
what unusual given that interactions of the “electron gas”
with the spins are expected to decrease the conductivity,
i.e., Yb9Mn4þxSb9 should be a poorer conductor than
Yb9Zn4þxSb9. However, the higher resistivity of the latter
could be an artifact of the lower density of states at the
Fermi level in Yb9Zn4þxSb9 (x ≈ 0.4), compared to
Yb9Mn4þxSb9 (x ≈ 0.2).
Plots of the temperature dependence of the magnetic

susceptibility, χ = M/H, of samples of Yb9Mn4þxSb9
(x ≈ 0.2), Yb9Mn4Bi9, and two different solid solutions
Yb9(Mn,Zn)4þxSb9 are shown in Figure 3. The data for
Yb9Mn4þxSb9 (x ≈ 0.2) are gathered for single crystals;
for the remaining three samples, only polycrystalline
material was available. In analogy with Ca9Zn4Bi9 and
Yb9Zn4Bi9, the behavior of Ca9Mn4Bi9 is presumed to be
similar to Yb9Mn4Bi9, but theM vsTmeasurements were
hampered because of small amounts of ferromagnetic
Ca14MnBi11 impurity (with Tc of 55 K).20

The single-crystal dc magnetic susceptibility of
Yb9Mn4þxSb9 measured with the applied field H paral-
lel to the c-axis (the needle-direction) and for applied
field parallel to the ab plane are quite similar (see the
Supporting Information), and the former is plotted in
Figure 3. The susceptibility gradually increases until
about 100 K, where it shows a broad maximum
(55-120 K), suggestive of short-range magnetic order.
Above ca. 150K, themagnetic behavior of Yb9Mn4þxSb9

Figure 2. Four-probe electrical resistivity as a function of the tempera-
ture for a single-crystal ofYb9Mn4þxSb9 (x≈ 0.2).Dataarenormalized to
the value at 300 K (F300 ≈ 2 mΩ cm).

(58) Taking the Shannon’s ionic radii (see ref 37) of tetra-coordinate
Mn2þ and Zn2þ as a reference point, 0.80 Å vs 0.74 Å, respectively.

(59) (a) Smart, J. S. Effective Theories of Magnetism; Saunders: Phila-
delphia, PA, 1966. (b) Kittel, C. Introduction to Solid State Physics,
7th ed.; John Wiley and Sons: Hoboken, NJ, 1996.
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appears to be paramagnetic, which is evidenced by the
plot of the inverse susceptibility vs the temperature,
shown in the inset. As seen from the graph, χ-1(T) fol-
lows the Curie-Weiss law χ(T)=C/(T - θp), where C=
NAμeff

2/3kB is the Curie constant and θp is the Weiss
temperature. The calculated effective moment from the
linear fit is about 12 μB/f.u., and the corresponding θp is
-240K. Because all previouslymeasuredYb-compounds
with this structure25 had divalentYb2þ (μeff=0 μB

59), it is
reasonable to expect the observed moment to be due
solely to the Mn. Assuming that all Mn atoms contribute
evenly to the susceptibility, the calculated moment is
almost equal to the effective moment predicted by the
Hund’s rule for 4 Mn2þ ions (3d5, μeff=5.9 μB

59). The
deeply negative θp value suggests strong antiferromag-
netic coupling between the Mn spins, a hypothesis which
is corroborated by the minimum at 50 K in d(χT)/dT.
These facts could indicate the onset of long-range anti-
ferromagnetic order.
The magnetic behavior of the Mn-rich Yb9Mn2.8-

Zn1.6(1)Sb9 is very similar to that of the undoped
Yb9Mn4þxSb9, clearly showing the same characteristics
(Figure 3). The calculated effective moment from the
linear fit of χ-1(T) is about 6.0 μB/f.u., and the corre-
sponding θp is -220 K. The moment is 40% lower
than what is expected for 2.8 Mn2þ ions, which can be
a signature of increased counterbalancing coupling

between Mn atoms on nonequivalent sites. In contrary,
the calculated moment for the more “Mn-dilute” Yb9-
Mn0.5Zn3.9(1)Sb9 sample is 4.0 μB/f.u., a good match with
the Hund’s rule predictions. Here, one also encounters
great difficulties with the rationalization of the tempera-
ture dependence of the susceptibility (Figure 3);two very
broad humps in χ(T), which can be attributed to either
short-range magnetic order or reorientation of
the Mn moments, and abrupt changes in d(χT)/dT at
ca. 210K and ca. 20K, suggestive of long-rangemagnetic
order. It is also possible that small amount of unrecog-
nized impurity (at levels below the detection limits of the
X-ray powder diffraction, used to establish the sample
quality) are present and interfere with the measurement.
A similar explanation can be suggested for the last
measured sample;Yb9Mn4Bi9 (Figure 3). In this case,
the slightly larger than expected calculated effective mo-
ment of about 13.2 μB/f.u. (θp is-130 K) and the sudden
change of slope in χ-1(T) at around 60 K are likely due to
contribution of tiny amounts of Yb14MnBi11.

60

All of the above brings us to the last point here-the
agreement or the disagreement between the calculated
and the expected spin-only moments. We argue that
the experimental values should be taken with caution,

Figure 3. Temperature dependence of the magnetic susceptibility χ(T) for Yb9Mn4þxPn9 (Pn=Sb, Bi) and the solid solutions Yb9(Mn,Zn)4þxSb9 (0 <
x < 0.4). The insets show the inverse magnetic susceptibility χ-1(T) and the linear fits to the Curie-Weiss law (where applicable).

(60) Chan, J. Y.; Olmstead, M. M.; Kauzlarich, S. M.; Webb, D. J.
Chem. Mater. 1998, 10, 3583–3588.
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because prior experience shows that it is highly unlikely
for a d-orbital magnetism in such condensed phases to
be interpreted as if in a local-moment system.26-29 Exam-
ples in the literature abound, particularly among the “14-
1-11” phases,61 where the electronic state ofMn had been
erroneously assigned asMn3þ (3d4,μeff=4.9 μB

59) in order
to abide by the measured moments. In many cases, the
origin of the magnetic interactions remains unclear even
after neutron diffraction studies, underlying the difficul-
ties in interpreting the magnetic behavior in such com-
pounds.62 Therefore, in the remaining part of this paper,
we will turn our attention to theory, in an attempt to
explain the magnetic interactions in this structure with
Yb9Mn4þxSb9 as a lead example.
Electronic Structure. To fully understand the magne-

tizm in these new Mn-bearing antimonides, we carried
out first-principle calculations using the local density
approximation (LDA) with the aid of the Stuttgart

LMTO program. A hypothetical 1� 1� 2 superstructure
based on Yb9Mn4Sb9 with the space group Pmc21 was
built to configure six readily conceivable models with
antiferromagnetically (AFM) coupled spins.63 A sche-
matic representation of these interactions and the naming
of the Mn atoms is presented in Figure 4. It should be
mentioned here that since such a supercell contains a very
large number of atoms, theYb 4f orbitals had to be treated
as core states in order for the self-consistent iterations to
converge. This simplification, although justified given the
expected Yb2þ closed-shell configuration ([Xe]4f14) could
possibly miss some subtle magnetic contributions. Thus,
we also performed the all-electron spin polarization calcu-
lations implemented in the programWIEN2k.54

Figure 4. Schematic representations of six differentmodels for antiferromagnetic couplingwithin the [Mn4Sb9] anionic units. Themodelswere constructed
with the interstitialMn sites removed and the c-axis doubled.Mn-Mnseparations are indicated in Figure 1b; calculatedmoments are tabulated inTable 4.
Mn1/Mn10, Mn2/Mn20, Mn3/Mn30, and Mn4/Mn40 are mirror images along cB in the actual structure.

Table 4. Local Magnetic Moments (μB) for the Mn atoms for Several

Plausible AFM Models, Calculated Using the LMTO Code; Relative

Total Energies (eV), with Respect to Total Energy of the Corresponding

Non-Magenetic Ground State Are Also Showna

model Mn1/Mn10 Mn2/Mn20 Mn3/Mn30 Mn4/Mn40 ΔETOT

FM 4.14/4.18 4.24/4.24 4.17/4.13 4.23/4.23 -18.012

AFM1 4.06/4.11 -4.13/-4.13 4.11/4.06 -4.13/-4.13 -19.120

AFM2 3.96/-4.00 4.08/-4.08 3.99/-3.95 4.08/-4.08 -18.988

AFM3 3.93/-3.98 -4.07/4.07 3.97/-3.93 -4.07/4.07 -19.275

AFM4 4.05/4.10 4.17/4.16 -4.09/ -4.04 -4.15/-4.15 -19.040

AFM5 4.01/4.05 -4.11/-4.11 4.05/4.01 -4.10/-4.10 -19.632

AFM6 3.91/-3.95 -4.04/4.04 3.94/-3.90 -4.05/4.04 -19.602

aThe atoms denoted with the prime-symbols are symmetry equiva-
lent in the real structure (Table 2), but become independent in the model
structure with a 2-fold super-cell. See text and Figure 4 for details.

(61) 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.

(62) Brock, S. L.; Greedan, J. E.; Kauzlarich, S.M. J. Solid State Chem.
1994, 113, 303–311.

(63) For the sake of simplicity, all calculations and comparisons of the
total energy are carried out using a supercell with a doubled c-axis
and reduced symmetry. This was done to treat crystallographically
equivalent Mn sites as independent, although some magnetic
structures;for example, models AFM1 and AFM5;could also
be calculated using the actual cell parameters in appropriate space
groups.
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Relevant calculation results, including the total ener-
gies and the calculatedmagneticmoments on the different
Mn sites, are provided in Table 4. From the tabulated
data, it is clear that all AFM models are lower in energy
compared to the FM structure, which supports the anti-
ferromagnetic order inferred from the magnetization
measurements (vide supra). Among the six models,
the most stable one is AFM5 (Figure 5), which is about
100 meV/Mn lower in energy compared to the ferromag-
netic (FM) arrangement. This energy difference is sig-
nificant; however, it is much smaller than the 260meV per
Mn energy separation between the AFM and the FM
structures of CaMn2Sb2, also calculated using the LDA
approach.27 These results indicate that the Mn-Mn
antiferromagnetic coupling is weaker in Yb9Mn4Sb9 than
in CaMn2Sb2. Such conclusion is not surprising given
that the Mn-Mn separation in the studied structure
is larger than in CaMn2Sb2 (dMn-Mn=3.178(2) Å).27 In
retrospect, the strength of the spin interactions could also
be deduced from the much lower experimental magnetic
moment inCaMn2Sb2 (0.2μB/Mn) compared to 5.9μB/Mn
in Yb9Mn4.18(2)Sb9.
The total DOS and selected partial DOS curves are

plotted in Figure 5. Shown are the results obtained for
model AFM5 by the LMTO code (excluding Yb 4f

orbitals) and by the WIEN2k program (including Yb 4f
orbitals). Both calculations suggest a pseudogap right
above the Fermi level, indicating a slight electron
deficiency for the hypothetical “empty” Yb9Mn4Sb9
structure. This finding is consistent with our previous
work on the interstitially stabilized Sr9Cd4.5Sb9 (electron-
precise phase), compared to the one-electron short
Sr9Cd4Sb9.

25 This analogy is helpful for understanding
the electronic reasonwhy extraMn (up to 1/2 atom/f.u.) is
found in tetrahedral voids of the Yb9Mn4þxSb9 struc-
ture;its polyanionic skeleton requires an additional
electron but can tolerate small deviations from the
optimal electron count. In parallel, a competition of the
above-mentioned electronic factors and simple geometric
considerations can be brought up as an explanation of the
lack of interstitial atoms in both A9Zn4þxBi9 and
A9Mn4þxBi9 (A =Ca and Yb; x ≈ 0).
The DOS plots are also important for the following

reasons: first, they confirm that for Yb9Mn4.18(2)Sb9 and
for any other A9Mn4þxSb9 or A9Mn4þxBi9 with “x”
smaller than 0.5, the bonding should not be fully opti-
mized, as the Fermi level cuts through a number of bands.
Thereby, the metallic resistivity of Yb9Mn4.18(2)Sb9
(Figure 2) can be understood. Second, the calculations
show that despite the small electron deficiency, the Yb 4f

Figure 5. Calculated total DOS and partial DOS for the hypothetical 1 � 1 � 2 supercell. The results calculated by the (a) TB-LMTO-ASA and (b) FP-
LAPWGGAmethods are compared side by side. The right and left sides show theDOS for themajority (R) andminority (β) spins, respectively; the Fermi
level has been set at zero energy (dashed line).
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states are basically localized and do not contribute to the
overall electron count, corroborating the interpretation
of the magnetic properties for the series of compounds
(Figure 3). Third, both calculations (with or without the
4f states of Yb) support the antiferromagnetic ground
state, which is also consistent with the magnetization
measurements.
Within the context of this line of thoughts, it is worth-

while to briefly discuss the local magnetic moments of the
Mn atoms. For this purpose, we refer to Figure 6, which
presents the splitting of Mn 3d orbitals obtained from the
spin-polarized treatment. It is evident that the Mn 3d
states are separated into two parts;one is virtually filled
and localized at relatively low energy (from 0 to -4 eV),
whereas the other is basically empty in this region, but
occupied right above the Fermi level. The latter states are
contributing predominantly to the conduction bands.
These characteristics support high spin (H.S.) configura-
tion for the Mn atoms, in agreement with the proposed
H.S. Mn2þ from earlier from neutron diffraction experi-
ments.36,62 GGA calculations resulted in very similar re-
sults, except that a small splitting appears right below the
Fermi level, due to the existing of Yb 4f orbitals. However,
the calculatedmoments are virtually identical, almost 4 μB/
Mn, coinciding with the LMTO calculations. These results
further support the arguments that Yb should have negli-

gible contribution to the magnetic properties, which origi-
nate only from interactions between the transition metal
atoms.

Conclusions

The new ternary antimonide Yb9Mn4þxSb9 (x ≈ 0.2)
and the bismuthide Yb9Mn4þxBi9 (x ≈ 0), as well as the
solid solutions Yb9(Mn,Zn)4þxSb9 (x < 0.4) have been
synthesized and structurally characterized by single-
crystal X-ray diffraction. They crystallize with the orthor-
hombic space group Pbam and can be viewed as filled-
variants of the Ca9Mn4Bi9 type. All antimonide phases
were found to exist in a narrow homogeneity range, while
the bismuthides appear to be line compounds. Magnetic
susceptibility measurements show that these materials
have complex antiferromagnetically ordered structures.
Spin-polarized LDA- and GGA-calculations provide
further evidence for a structure, in which there is an
antiferromagnetic coupling between the Mn spins and
no contribution from the Yb atoms. Resistivity measure-
ments indicate poor-metallic character, which is con-
firmed by the calculations as well.
The inherent nonstoichiometry in the whole

A9M4þxPn9 series (A=Ca, Sr, Eu, Yb; M=Zn, Cd,
Mn; Pn=Sb, Bi), and the ability of their structure to
adapt to small variation in the electron count, make them

Figure 6. Projected DOS of 3d orbitals for different Mn atoms in the Yb36Mn8Sb18 superstructure. The black curves represent the sum of all 3d states.
(a) LMTO 4.7 calculation, and (b) WIEN2k calculations. The right and left sides show the DOS for the majority (R) and minority (β) spins, respectively;
the Fermi level has been set at zero energy (dashed line).
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suitable candidates for transport property optimiza-
tions. In the light of the recent resurgence in studies
on thermoelectric properties of some related phases,2-10

this family of compounds might prove valuable for the
identification of new high ZT materials. Based on the
experimental results presented herein (F300≈ 2 mΩ 3 cm
for Yb9Mn4þxSb9) and in earlier reports (F300 ≈ 10 mΩ
cm for Yb9Zn4þxSb9), we believe that the electronic
properties of the latter materials are on a par with the
properties of Yb14MnSb11.

4 Preliminary thermopower
measurements on unoptimized Yb9Mn4þxSb9 sample
show S ≈ -20 μV/K at 300 K. Although only a crude
estimate from a sample that might contain traces of Pb
(from the flux), the value is also comparable with that of
Yb14MnSb11.

4

Given that this study also demonstrates the ability
to form homogeneous solid solutions Yb9(Mn,Zn)4þx-
Sb9, much like in Yb14MnxZn1-xSb11,

6 we speculate
that by virtue of replacing Mn with Zn, spin-disorder
scattering could be lowered, while maintaining optimal
carrier concentration. Additionally, in analogy with the

Ca1-xYbxZn2Sb2 system,8 it appears that the transport
properties can also be altered through isoelectronic
Yb-Ca substitutions. Both approaches show great pro-
mise for this system and call for further studies to
accurately determine and tune the potentially useful
properties of these materials.
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