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Motivated by excellent thermoelectric performance in the well-known Yb-based Zintl compounds

Yb14MnSb11 and YbZn2�xMnxSb2, this study investigates the thermoelectric properties of Yb9Mn4.2Sb9.

Unlike most transition metal containing Zintl phases, Yb9Mn4.2Sb9 contains a partially occupied Mn site

and thus does not have a valence-precise stoichiometry. Samples were synthesized by direct ball milling

of the elements, followed by hot pressing. Consistent with previous reports, X-ray diffraction and

wavelength dispersive spectroscopy confirmed a narrow composition range near Yb9Mn4.2Sb9. High

temperature measurements of the electronic properties of Yb9Mn4.2Sb9 indicate that it is a degenerate

p-type semiconductor with a band gap sufficiently large for high temperature thermoelectric

applications. Hall measurements reveal that Yb9Mn4.2Sb9 has a high extrinsic carrier concentration

(�1020 h+ cm�3), which is due to the deviation from the theoretical “Zintl composition” of Yb9Mn4.5Sb9.

The measured carrier concentration coincides with the optimum concentration predicted using a single

parabolic band model. Measurements of the thermal diffusivity and heat capacity reveal an extremely

low, temperature-independent lattice thermal conductivity in this compound (kL < 0.4 W mK�1), which is

due to both the large unit cell size (44 atoms per primitive cell) and substantial disorder on the Mn site.

This favorable combination of optimized electronic properties and low lattice thermal conductivity leads

to a promising figure of merit at high temperature (zT ¼ 0.7 at 950 K).
1. Introduction

Solid state thermoelectric energy conversion could be an
attractive, environmentally friendly technology for improving
the energy efficiency of various terrestrial applications, such as
in the waste heat recovery of vehicle exhaust and energy inten-
sive high temperature industrial processes. However, thermo-
electric devices are oen unsuitable for wide-scale commercial
applications due to the low conversion efficiency of thermo-
electric materials. The thermoelectric gure of merit (zT) is used
to quantify a material’s thermal-to-electric energy conversion
efficiency:

zT ¼ a2sT

k
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here, a is the Seebeck coefficient, s is the electrical conduc-
tivity, and k is the thermal conductivity, which is the sum of
the electronic thermal conductivity, ke, and the lattice thermal
conductivity, kL. In order for a thermoelectric material to be
successful, in addition to a large Seebeck coefficient, it must
possess both low, glass-like thermal conductivity and high,
metal-like electronic conductivity; two highly conicting
requirements.1 Recent efforts to improve the efficiency of
thermoelectric materials have relied on several strategies:
nanostructuring of traditional heavily-doped semiconductors2

to reduce the thermal conductivity, band engineering to
enhance the Seebeck coefficient,3 and using materials with
complex crystal structures that possess intrinsically low lattice
thermal conductivities.4,5

The search for new, bulk thermoelectric materials with
complex unit cells has led to the discovery of a number of
promising new phases such as lled skutterudites6,7 and clath-
rates.8 In particular, complex Zintl antimonides have emerged as
excellent thermoelectricmaterials:9–11 the Zintl phase Yb14MnSb11
currently stands as the most efficient p-type thermoelectric
material at high temperatures.12Discovered by Kauzlarich et al. in
1998,13 Yb14MnSb11 was shown several years later to be an
excellent thermoelectricmaterial with an initial report of zT¼ 1 at
1275 K.12 Further improvement of synthesis and processing
conditions has led to peak zT values as high as 1.4.14,15
J. Mater. Chem. A, 2014, 2, 215–220 | 215
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The high efficiency of Yb14MnSb11 – a 100% improvement over
state-of-the-art high temperature SiGe alloys16 – is primarily due
to its extremely low lattice thermal conductivity (kL). This stems
from its large, complex unit cell, which gives rise to both attened
optical phononmodes and increased Umklapp scattering.5 While
low kL is the main motivation for investigating additional Zintl
compounds, there are also examples of Zintl antimonides with
relatively high electronic mobility; for example, YbZn2�xMnxSb2
has electronicmobility in excess of 50 cm2 V�1 s�1, which leads to
zT values above unity.17 Inspired by the success of both
Yb14MnSb11 (ref. 12) and YbZn2�xMnxSb2,18 the current study
investigates the thermoelectric properties of a relatively new
member of the Yb-Mn-Sb Zintl family: Yb9Mn4.2Sb9.

Yb9Mn4.2Sb9 was rst reported by Bobev et al. in 2010.19

Yb9Mn4.5�xSb9 forms the same orthorhombic structure type
(space group Pbam no. 55) as A9Zn4+xBi9, and A9Cd4+xBi9 (A ¼
Ca, Sr, Eu, Yb)20 and A9Zn4+xSb9 (A ¼ Yb, Ca)21 where 0 < x < 0.5.
The structure of these compounds, which is related to the
Ca9Mn4Bi9 structure type, is characterized by innite Mn4Sb9
“ribbons” formed from corner sharing MnSb4 tetrahedra.
However, as implied by the chemical formulae, the compounds
listed above are not perfectly stoichiometric – they contain a
partially occupied interstitial transition metal site (white atoms
in Fig. 1), which links the neighbouring Tm4Sb9 ribbons into
pseudo two-dimensional layers (Fig. 1b). Each of the above
compounds is thought to have a narrow homogeneity range.
The initial report on Yb9Mn4.5�xSb9 by Bobev et al. suggests that
there is a narrow stable composition range near Yb9Mn4.2Sb9 –
corresponding to �10% occupancy of the Mn interstitial site.

To date, investigations of Yb9Mn4.5�xSb9 and related
compounds have been conned primarily to crystallographic
studies. Several studies of the transport properties have been
reported, but a thorough investigation of the thermoelectric
Fig. 1 (a) The structure of Yb9Mn4+xSb9 consists of “ribbons” of corner s
Mn interstitial sites, which are�10% occupied. (b) Each individual ribbon is
shown in light blue, Mn atoms in dark blue (100% occupation) or white

216 | J. Mater. Chem. A, 2014, 2, 215–220
properties of these intriguing materials has not yet been made.
The unique structural complexity caused by the Mn defect
structure in Yb9Mn4.5�xSb9 is expected to lead to exceptionally
low lattice thermal conductivity, and thus provides additional
motivation for this study. Here we describe a novel means of
synthesizing Yb9Mn4.5�xSb9 and we report for the rst time on its
high temperature thermoelectric properties and gure of merit.

2. Experimental

Yb9Mn4.2Sb9 was synthesized via direct ball milling and sintering
of elemental precursors. A stoichiometric amount of the
constituent elements were loaded into a 65 ml steel ball mill vial
(Spex industries) with 3–12.7 mm steel ball bearings under an
argon atmosphere and then milled for 1 hour using a Spex
industries mixer-mill to a homogenous powder. The resulting
powder was compacted with hot uniaxial compaction using
graphite dies (POCO HPD-1) under a pressure of 160 MPa and a
temperature of 1100 K. The geometric densities of the pressed
cylindrical pellets were �99% of the theoretical density. For
thermoelectric transport characterization, the pellets were sliced
using a low speed diamond blade saw into 1 � 12.7 mm discs.

The thermoelectric properties were measured on both custom
and commercial apparatuses. The Seebeck coefficient was
measured using the light-pipe method with tungsten–niobium
thermocouples under high vacuum in a custom set up.28

Temperature dependent Hall coefficient and resistivity (Van der
Pauw 4-point probe) were measured using a 0.8 T magnet with
tungsten pressure contact probes.29 Thermal diffusivity was
measured using a Netzsch LFA 404 system. The temperature was
limited to 1000 K to prevent sublimation of the samples during
measurements. All transport measurements were taken during
both heating and cooling (heating rate of 180 K h�1), and showed
haring MnSb4 tetrahedra. Neighboring ribbons are covalently linked by
infinitely long in the c-direction and four tetrahedra wide. Yb atoms are
(10% occupation), and Sb atoms are yellow.

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c3ta14021k


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
9 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
on

 1
9/

12
/2

01
3 

15
:1

8:
13

. 
View Article Online
no hysteresis. The combined measurement uncertainty in the
thermoelectric gure of merit is generally assumed to be �20%.

3. Results and discussion
3.1 Synthesis and characterization

The Yb9Mn4.2Sb9 phase was successfully synthesized using ball
milling and sintering processes similar to that described in ref.
14. Ball milling was used to homogenize the elements and
reduce the diffusion path length, but did not result in the
formation of the desired ternary phase. Instead, the nal phase
was formed and sintered during the hot pressing step.
The resulting samples were fully dense (geometric, 99% theo-
retical), capable of holding a mirror nish, and stable in air.
Powder X-ray diffraction using Cu K alpha radiation was used to
characterize a representative sample. The simulated pattern
Rietveld renement (ESI Table 1†) and diffracted pattern are in
excellent agreement, suggesting that the sample is �99%
Yb9Mn4.2Sb9 phase (Fig. 2a). Electron microprobe analysis
(EPMA) of the samples conrmed the formation of the
Yb9Mn4.2Sb9 phase with less than 1 volume% impurities of
Yb14MnSb11 and YbMn2Sb2 (Fig. 2b) (ESI Table 2†).

Efforts were also made to synthesize samples with compo-
sitions close to Yb9Mn4.5Sb9 (the valence-precise “Zintl
composition”), but the resulting samples contained a large
fraction of impurity phases. This suggests to us that this phase
has a narrow composition range near Yb9Mn4.2Sb9, consistent
with the initial report by Bobev et al.19 For high temperature
transport measurements, two separately prepared samples
(referred to as sample A and B) with compositions of approxi-
mately Yb9Mn4.2Sb9 were used, both of which had similar, low
concentrations of impurity phases (�1%) as veried by EPMA.

3.2 Electronic properties

The composition of the samples in this study (Yb9Mn4.2Sb9)
is Mn-decient relative to the valence-precise “Zintl compo-
sition” of Yb9Mn4.5Sb9. Each “missing” Mn corresponds to
Fig. 2 (a) XRD pattern of Yb9Mn4.2Sb9 confirms the high phase purity o
present as a secondary phase. (b) A representative SEM image shows the s
precipitates.

This journal is © The Royal Society of Chemistry 2014
two “missing” electrons – leading to a Fermi level well below
the valence band maximum. Consistent with this under-
standing, the observed electronic properties of the samples
in this study (described below in detail) are indicative of a
heavily doped, degenerate p-type semiconductor. Hall
measurements reveal a large p-type carrier concentration of
nH � 2 � 1020 h+ cm�3 (shown in Fig. 3a for samples A and B).
The carrier concentration, n, is independent of temperature,
indicative of extrinsic conduction. The resistivity, r,
increases with temperature like a metal due to the decreasing
Hall mobility (Fig. 3b). Above 600 K, the Hall mobility (m ¼ r/
nHe) decreases approximately with a T-1 dependence (red
curve in Fig. 3c) as expected when acoustic phonon scattering
is the dominant scattering mechanism. Below 600 K, addi-
tional scattering mechanisms may be responsible for the
decrease of m from the T-1 dependence.22

As shown in Fig. 3d, the Seebeck coefficient (a) of
Yb9Mn4.2Sb9 increases with increasing temperature up to T ¼
1000 K, indicative of a heavily doped semiconductor with no
noticeable mixed conduction effects. This also conrms that
Yb9Mn4.2Sb9 has a band gap sufficiently large for high
temperature thermoelectric applications. To obtain a lower
limit for the band gap, we employ Eg ¼ 2amaxTmax, which yields
Eg � 0.4 eV. These results are consistent with the initial study
of Yb9Mn4.2Sb9 by Bobev et al., which suggested that the
material was either heavily doped or metallic, and predicted a
pseudogap at the Fermi level. However, the current study is the
rst to show high thermopower in this material, conrming
both the presence of a band gap and the material’s suitability
as a thermoelectric material.

When compared with the well known Zintl phase
Yb14MnSb11, the electronic behavior of Yb9Mn4.2Sb9 is quite
similar; both have large carrier concentrations and behave as
heavily doped semiconductors. While the higher carrier
concentration in Yb14MnSb11 leads to lower resistivity (�2 mU

cm at 300 K) than found in Yb9Mn4.2Sb9, the Seebeck coeffi-
cients of the two compounds are nearly identical. This suggests
f the material, with only 1 percent of the Yb14MnSb11 and YbMn2Sb2
econdary phases as small white (Yb14MnSb11) and dark grey (YbMn2Sb2)

J. Mater. Chem. A, 2014, 2, 215–220 | 217
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Fig. 3 (a) The Hall carrier concentration, (b) resistivity, (c) Hall mobility, and (d) Seebeck coefficient of Yb9Mn4.2Sb9 are all indicative of a
degenerate p-type semiconductor. The maximum value of the Seebeck coefficient suggests that the band gap is 0.4 eV or greater.
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that the density of states effective mass of Yb14MnSb11 is
signicantly larger than that of Yb9Mn4.2Sb9.

3.3 Thermal transport properties

The thermal conductivity, ktotal, was calculated from the measured
thermal diffusivity, D, using ktotal¼ DdCp, where d is the geometric
density, and Cp is simply the Dulong–Petit heat capacity (Cp ¼
0.192 J g�1 K�1). The thermal conductivity of Yb9Mn4.2Sb9, shown
in Fig. 4a for samples A and B, is remarkably low, ranging from 0.7
W mK�1 at room temperature to 0.6 W mK�1 at 1000 K.

To estimate the electronic thermal conductivity (ke ¼ LT/r), the
Lorentz number (L) was calculated assuming a single parabolic
band structure. The experimental Seebeck coefficients were used
to calculate the chemical potential, which, in turn, determined the
Lorentz number values, shown in the inset of Fig. 4b. Subtracting
ke from ktotal yields the lattice thermal conductivity, kL. In both
samples, the lattice thermal conductivity decreases from 0.45 at
300 K to less than 0.4WmK�1 at high temperature. This extremely
low, largely temperature independent, lattice thermal conductivity
is comparable to that of a glass.

An estimate of the lower bound for the lattice thermal
conductivity was made using eqn (2), where V is the average
atomic volume and nT and nL are the transverse and longitudinal
speeds of sound, respectively. This model assumes a minimum
scattering length as a function of phonon frequency, and is
oen described as the glassy limit of the lattice thermal
conductivity.23
218 | J. Mater. Chem. A, 2014, 2, 215–220
kmin ¼ 1

2

�p
6

�1
3
kBV

�2
3ð2nT þ nLÞ (2)

Room temperature ultrasonic measurements of
Yb9Mn4.2Sb9 yielded nL ¼ 3070 m s�1 and nT ¼ 1730 m s�1

respectively. From these, an effective Debye temperature of
189 K was calculated.

In many complex Zintl compounds the lattice thermal
conductivity decreases with the T�1 dependence expected for
Umklapp scattering, approaching kmin only at high tempera-
tures.24–26 In Yb9Mn4.2Sb9 however, the lattice thermal
conductivity reaches kmin near room temperature, and
remains essentially at up to 1000 K, at which point a slight
increase occurs due to the onset of bipolar conduction. To
emphasize the exceptionally low kL of Yb9Mn4.2Sb9, Fig. 5
compares Yb9Mn4.2Sb9 with state-of-the-art thermoelectric
materials (PbTe,27 Si0.8Ge0.222) and complex Zintl phases
(Yb14MnSb11,15 Sr3GaSb324). Note that for the latter three
compounds kL was calculated using the Dulong–Petit heat
capacity and Lorenz numbers calculated using an SPB model,
allowing for an objective comparison.

The low, at kL in Yb9Mn4.2Sb9 likely arises from two main
mechanisms; a large unit cell, and a high degree of disorder on
the interstitial Mn site. With approximately 44 atoms per unit cell,
the phonon dispersion of Yb9Mn4.2Sb9 has a large number of low
velocity optical modes. These optical modes contribute minimally
to the lattice thermal conductivity due to their low group velocity,
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) The thermal conductivity of Yb9Mn4.2Sb9 is nearly temper-
ature independent. (b) Subtracting the electronic contribution (ke ¼
LT/r) yields the lattice thermal conductivity, which is at or below kmin

across the entire temperature range.
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and also lead to additional Umklapp scattering. In Yb9Mn4.2Sb9,
kL is also reduced by point defect scattering by the�10%occupied
Mn interstitial site. This temperature-independent effect likely
Fig. 5 A comparison of the lattice thermal conductivity of state of the art
materials (PbTe,27 Si0.8Ge0.222) and complex Zintl compounds (Sr3GaSb3,24

Yb14MnSb1115) highlights the exceptionally low kL in Yb9Mn4.2Sb9.

This journal is © The Royal Society of Chemistry 2014
plays a signicant role in reducing kL even at low temperatures.
While the small concentration of YbMn2Sb2 and Yb14MnSb11
impurities may also play a role in reducing the lattice thermal
conductivity in Yb9Mn4.2Sb9 samples, this is likely a minor
effect. In addition, most reported Zintl phase thermoelectric
materials contain similar concentrations of impurities without
exhibiting at kL.
3.4 Figure of merit

The gure of merit (zT) of Yb9Mn4.2Sb9, shown in Fig. 6, was
calculated using polynomial ts to the measured r, a, and k.
The zT of both samples reaches 0.7 at 950 K, making this a
promising high temperature p-type material. In contrast to
most recent reports of high zT values in Zintl compounds,
Yb9Mn4.2Sb9 exhibits nearly optimal electronic properties
without the need for chemical doping. A single band model,
described in ref. 26, was used to predict an optimized zT at a
carrier concentration of n ¼ 1 � 1020 h+ cm�3, which is slightly
lower than the naturally occurring hole concentration of nH ¼ 2
� 1020 h+ cm�3. The model assumes T ¼ 970 K, an effective
mass of m* ¼ 1.2 me, intrinsic mobility of mo ¼ 5 cm2 V�1 s�1,
and kL ¼ 0.38 W mK�1. However, the limitations of this model
Fig. 6 (a) The optimal carrier concentration predicted using an SPB
model (T ¼ 973 K,m* ¼ 1.2me, mo ¼ 5 cm2 V�1 s�1) is slightly less than
that of Yb9Mn4.2Sb9 samples. (b) The figure of merit of Yb9Mn4.2Sb9
samples increase linearly with temperature to up to a maximum of 0.7
at 900 K.

J. Mater. Chem. A, 2014, 2, 215–220 | 219
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leave some uncertainty in the optimal value of n, and the ability
to control or reduce n may lead to further optimization of zT.
Since the interstitial Mn content in Yb9Mn4.2Sb9 appears to have
a very narrow range, varying the Mn content is not a likely route
to controlling n. In contrast, in the isostructural Zn-analogue
(Yb9Zn4+xSb9), a wider composition range may be possible,19,21

suggesting that a solid solution between these may be a
potential route to controlling n and increasing the performance
of this system.

Conclusions

Bulk Yb9Mn4.2Sb9 samples were successfully synthesized by ball
milling followed by hot pressing. Attempts to synthesize
samples with varying Mn content were unsuccessful, suggesting
that this phase has a narrow composition range near
Yb9Mn4.2Sb9. Though not intentionally doped, the Yb9Mn4.2Sb9
samples were found to behave as heavily doped semiconductors
with high p-type carrier concentration and metallic resistivity,
due to the samples’Mn-deciency relative to the valence-precise
Zintl composition (Yb9Mn4.5Sb9). The measured Seebeck coef-
cient was found to be large, positive, and increasingly linearly
with temperature, indicating a suitably large band gap (>0.4 eV)
for high temperature thermoelectric applications. Additionally,
the lattice thermal conductivity in Yb9Mn4.2Sb9 is extremely low,
due to both its large unit cell (44 atoms) and the large degree of
disorder on the interstitial Mn site. The observed carrier
concentration in Yb9Mn4.2Sb9 coincides closely with the
optimal concentration predicted using a single parabolic band
model, leading to a peak zT of 0.7 at 950 K, without the need for
additional doping.
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