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ABSTRACT: Semiconducting higher manganese silicides (HMS), with a
nominal composition of MnSi1.73, are particularly promising thermoelectric
materials because of their elemental abundance, nontoxicity, and reported
ZT of around 0.4 at 800 K for undoped samples. However, embedded MnSi
impurities naturally form during the melt growth of HMS materials. The
influences of such naturally occurring MnSi impurities within bulk HMS have
yet to be carefully studied. Herein, we report the synthesis of high-purity
MnSi-free single crystals of HMS by chemical vapor transport and the
thermoelectric properties of consolidated HMS samples prepared by spark
plasma sintering (SPS). The high purity of the HMS crystals is verified by
scanning and transmission electron microscopy, electron diffraction, and synchrotron high-resolution X-ray diffraction. Despite
successfully growing high purity HMS single crystals, we find that MnSi will nevertheless precipitate from HMS after SPS
processing. In-situ sychrotron high-resolution X-ray diffraction experiments show that HMS are unstable at high temperatures.
Despite the precipitation of MnSi inclusions within the HMS materials, we show that samples prepared from undoped single
crystals of HMS exhibit higher hole mobilities owing to their higher purity, resulting in an improved maximum ZT of 0.52 ± 0.08
at 750 K.

■ INTRODUCTION

Thermoelectric heat-to-power generation may serve an
important role in renewable energy production by recouping
the heat wasted in many industrial, transportation, commercial,
and residential processes, such as wasted heat as a byproduct of
the combustion of fossil fuels in automobiles and industrial
power plants.1−4 However, thermoelectric materials have yet to
reach wide-scale utilization, due to their typical combination of
low efficiencies and high material cost. The thermoelectric
efficiency is related to the thermoelectric figure of merit ZT,
defined as ZT = σS2T/κtot, where σ is the electrical conductivity,
S is the Seebeck coefficient, T is the operating temperature, and
κtot is the total thermal conductivity. The wide-scale utilization
of thermoelectric materials for waste heat-to-power conversion
will depend both on high ZT as well as materials comprised of
primarily low-cost and preferably nontoxic elements. Many
current state-of-the-art thermoelectric materials contain toxic
(Pb, Tl)5−7 and expensive and rare elements (Te, Ge, and
Sb).8−10 In this regard, semiconducting silicide thermoelectric
materials are attractive because they are low-cost, nontoxic, can
operate at temperatures >1000 K, and are extremely chemically
robust and inert.11

A number of narrow-band gap semiconducting silicides have
been discovered, including Mg2Si,

12 FeSi2,
13 CrSi2,

14 MnSi1.73,
15

ReSi1.75,
16 and Ru2Si3.

17,18 Of these, MnSi1.73, higher manganese
silicides (or HMS), are particularly interesting for thermo-
electric applications owing to their complex crystal structures

and promising thermoelectric properties. HMS are a series of
homologous compounds known as Nowotny Chimney-Ladder
(NCL) phases with the general structure MnnSi2n−m, where n =
4, 7, 11, 15, 19, 23, 26, 27, 39, with the corresponding m = 1, 2,
3, 4, 5, 6, 7, and 10, respectively.19−22 It has been suggested that
the structural complexity of HMS is responsible for its rather
low and nearly constant values of thermal conductivity of
between 2 and 4 W/mK from 300 to 1000 K. This, coupled
with high values of power factor ∼10 μW/(cm K2), results in
reproducible ZT of ∼0.4 at 800 K for undoped HMS, which has
been corroborated by recent reports.23−25 Furthermore, the
enhancement in ZT of HMS has been recently reported for
systems utilizing Re, Cr, Ge, Al, Si, and Fe dopants or
substitutions as a means of enhancing the power factor S2σ and
suppressing the lattice thermal conductivity (κlat) of
HMS.18,26−32 These recent works have reported a maximum
ZT of around 0.6 at around 800 K in doped HMS25,28−30,33

whereas ZT as high as 0.75 at 800 K was claimed in a so-called
complex-doped HMS.18

It is important to note that, in the formation of HMS, either
directly from the homogeneous liquid phase or through solid-
state diffusion at elevated temperatures, MnSi precipitation
occurs due to the peritectic solidification which results in the
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coexistence of solid MnSi and liquid HMS or by the slow solid-
state diffusion of Si which results in inhomogeneous phase
formation and stabilization. It has been suggested that intrinsic
metallic MnSi impurities that become embedded throughout
the HMS matrix as a result of the peritectic phase trans-
formation, as is shown in the Mn−Si phase diagram, could be
responsible for limiting thermoelectric efficiency.15,34 Previous
work has showed that, from the melt, MnSi will naturally phase
segregate in HMS perpendicular to the c-axis.15 MnSi is itself a
technologically intriguing material within the field of
spintronics because of its interesting magnetic properties,35,36

as well as an excellent contact material.11 However, MnSi is
metallically conducting, with a very large carrier concentration,
low Seebeck coefficient, and large thermal conductivity.
Because of this, the MnSi impurities within HMS could
adversely affect the thermoelectric properties of HMS.15,33

However, there have been no detailed studies to adequately
determine the effects of MnSi on the thermoelectric transport
of HMS. What has been lacking is a chemical means to
synthesize high purity HMS without MnSi. The phase purity
has only been confirmed in discrete nanostructured systems,
particularly in HMS nanowires,20,37 but not in bulk HMS
samples.
Herein we report the growth and characterization of high

purity HMS single crystals and the thermoelectric properties of
HMS samples consolidated from HMS single crystals using
spark plasma sintering (SPS). Using a chemical vapor transport
(CVT) approach, we can grow single crystals of HMS without
MnSi impurities. The high phase purity of the HMS crystals is
verified using synchrotron X-ray diffraction as well as scanning
and transmission electron microscopy. However, we find that
the high-purity HMS synthesized in this manner is
thermodynamically unstable at high temperature. In situ high-
temperature synchrotron studies reveal the precipitation of
MnSi around 900 °C, albeit at lower concentrations as
compared to bulk HMS samples prepared by conventional
solid-state reactions (SSRs). The effect of the smaller MnSi
precipitates observed in the CVT samples on the thermo-
electric properties is addressed, showing a slight improvement
in the maximum ZT from 0.45 ± 0.06 to 0.52 ± 0.08 at 750 K.
Our findings suggest that MnSi precipitation is likely difficult or
impossible to avoid in bulk HMS materials but at low
concentrations is perhaps not as damaging to the thermo-
electric properties as previously thought.

■ EXPERIMENTAL SECTION

Growth of HMS Single Crystals. High-purity single crystals of
HMS were synthesized by a chemical vapor transport (CVT) method
adapted from the report by Kojima et al.38,39 The HMS starting
material was synthesized using a solid state reaction (SSR) by reacting
high purity Si (99.999%, Espi Metals) and Mn (99.99%, Kamis) at a
ratio of 1.73:1 at 1200 °C in fused silica ampules sealed under a
residual vacuum of ∼10−3 Torr. We note that at 1200 °C there exists a
solid−liquid equilibrium of the reactants (via a peritectic solid-
ification),40 and that in this work we broadly use the term SSR to
describe a typical high temperature reaction starting from elemental
precursors. To ensure elemental homogeneity, this procedure was
repeated twice. For the CVT reactions, ∼0.4 g of SSR material was
added to a fused silica tube (inner diameter 11 mm and length ∼23
cm) with ∼40 mg of metal halide transport agent, which was sealed
under vacuum and placed in a home-built two-zone furnace. The
combined HMS powder and transport agent were placed in the hot
zone of the furnace at 1000 °C and allowed to transport to the cold
end of the furnace maintained at 800 °C, over the course of 2 weeks. A
schematic of the CVT reaction process is shown in Supporting

Information Figure S1. Nine metal halide transport agents were
assessed for their ability to generate large crystals as well as a large
quantity of crystals, as summarized in Supporting Information Table
S1. Among the transport agents, CuCl2 and FeCl2 were found to be
particularly effective at generating a large quantity of high-quality
crystals as large as ∼2 mm.

Preparation of Bulk HMS Samples. A large number of CVT
reactions yielded sufficient crystalline material (∼5 g) to be
consolidated and pressed into bulk pucks by spark plasma sintering
(SPS) for thermoelectric properties measurements. The HMS crystals
were first hand-ground using a mortar and pestle into a fine powder
and pressed under a pressure of 60 MPa for 5 min at a temperature of
950 °C, using a SPS 10-3 (Thermal Technology LLC).

Thermoelectric Properties Measurements. The resulting
sample pucks were sectioned using a low-speed diamond saw and
polished into parallelpipeds for properties measurements. The
electrical conductivity σ (average sample dimensions of 1 × 1 × 6
mm) and Seebeck coefficient S (average sample dimensions of 3 × 3 ×
0.5 mm) were measured in the temperature range of 10−823 K and
80−823 K, respectively, using a home-built and independently
calibrated apparatus.30 The thermal diffusivity, α, was measured on
samples with dimensions of 6 × 6 × 1 mm using a Netzsch LFA 457.
The specific heat, Cp, was measured using a Netzsch 404 differential
scanning calorimeter (DSC) using a sapphire reference, and the
sample density, ρ, was measured by Archimedes’ method. The total
thermal conductivity, κtot, was then calculated by κtot = Cpαρ. All
transport properties were measured along the direction parallel to the
SPS pressing force. The room temperature Hall coefficient measure-
ments were performed using a Physical Properties Measurement
System (PPMS, Quantum Design) with the magnetic field sweeping
between ±2 T. The resulting carrier concentration p and Hall mobility
μH were calculated by p = −(1/eRH) and μH = σRH, respectively. The
percent uncertainty in the thermoelectric properties are as follows:
electrical conductivity 5%, Seebeck coefficient 5%, thermal con-
ductivity 7%, carrier concentration 6%, mobility 8%, and ZT 15%.

Structural Analysis. The samples were initially characterized by
powder X-ray diffraction (PXRD) using a Siemens STOE diffrac-
tometer using Cu Kα radiation (λ = 1.5418 Å). For high resolution
powder X-ray diffraction (HRPXRD), finely ground samples with
particle size < 40 μm were packed into 0.6 mm quartz capillaries that
were flame-sealed under a residual vacuum of ∼10−3 Torr. HRPXRD
was performed using synchrotron radiation at Argonne National
Laboratory on the Advanced Photon Source (APS), beamline 11-BM
using a 12-analyzer Si detector and calibrated radiation wavelength of
0.412455 Å.41,42 The capillaries were placed in a double-tilt
goniometer in transmission geometry (Debye−Scherrer method)
and rotated at ∼500 rpm. A calibrated hot air blower (operational
from room temperature to 1000 °C accurate to ±5 °C) was situated
approximately 5 mm below the spinning capillary. The microstructure
of finely polished samples was observed using a LEO Supra 55 VP field
emission scanning electron microscope (SEM) with an electron
backscatter detector (EBSD) operating at 10 kV. Transmission
electron microscopy (TEM) of finely ground powder samples
dispersed onto Cu TEM grids was performed using a FEI Titan
aberration-corrected (S)TEM electron microscope operating at 200
kV.

■ RESULTS AND DISCUSSION

Crystal Growth Chemistry and Morphology. CVT is a
well-known vapor−solid crystal growth process that enables the
growth of high-quality crystals within a thermochemical
potential. Typically, a transport agent is added to facilitate in
vaporizing the transported species. The vaporized species
migrate along a temperature gradient in the gaseous phase,
nucleating as crystals at the hot zone (for an exothermic
reaction) or cold zone (for an endothermic reaction).43 CVT
has been used to grow single crystals and nanowires of metal
silicides.43−46 The HMS was synthesized by a modified CVT
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approach that was originally reported by Kojima et al. as an
effective means to generate HMS crystals as large as several
millimeters in size.38,39 We adapted this approach to prepare
single crystalline, high purity HMS samples as well as to avoid
the precipitation of MnSi within the crystals.
In the initial stages of our study, we explored a large number

of metal halide transport agents to grow HMS crystals as
summarized in Supporting Information Table S1. Of the
transport agents investigated, we found that both FeCl2 and
CuCl2 were most effective at producing a pure HMS product
with good yield (∼40−50% by mass). A typical CVT reaction
tube following crystallization is shown in Figure 1A. Following
the CVT growth using FeCl2 and CuCl2, the single crystal
HMS products were mixed with pink crystals of MnCl2
(bottom of Figure 1A), indicating that the chemical
substitution of Mn within the source material helps to facilitate
enhanced vaporization of the reactants during the process.
Furthermore, analysis of the source untransferred material after
the reaction reveals regions that clearly show the incorporation
of the added Cu or Fe transition metals (Figure 1B,C).
For CuCl2, a composite of Cu3Si and Si were observed at the

source (Figure 1C). Assuming total exchange of Cu/Mn, this
implies the net reaction at the source proceeds as

+

→ + +
− −

x

x x

MnSi (s) CuCl (g)

Mn Si (s) MnCl (g) /3Cu Si(s)x 3

1.73 2

1 1.73 (x/ ) 2 3

(1)

As for the excess Si, it is possible it comes from the
dissociation of MnSi1.73 during the vaporization of HMS into a
gaseous phase, i.e.,

→ +MnSi MnSi 0.73Si1.73 (2)

For FeCl2, a mixture of MnSi1.73 and MnSi were observed
doped with some amount of Fe (Figure 1B). Assuming total
exchange of Fe/Mn and generation of a MnSi phase, this
implies the net reaction at the source proceeds as

+

→ + +
− − −

x

x

MnSi (s) FeCl (g)

Mn Si (s) MnCl (g) Mn Fe Si (s)x y z y x z

1.73 2

1 1.73 2

(3)

In each case, the substitution of the transition metal at the
source side contributes to the generation of MnCl2, which in
turn enhances vapor transport of the HMS starting material.
Interestingly, when we used MnCl2 directly as a transport
agent, the transport of the HMS was not as effective, resulting
in low yield and very small crystals (Supporting Information
Table S1). For many vapor and flux crystal growth reactions,
frequently the growth media can become incorporated into the
grown crystals. We therefore conducted inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis of
the crystals dissolved in HF/HNO3 to determine the
concentration of Cu and Fe impurities present in the crystals
relative to Mn concentration. In each case, the concentration of
Cu and Fe in the crystals was essentially negligible (see Tables

Figure 1. (A) Photograph of the sealed fused silica tube for HMS crystal growth using CuCl2 as the transport agent, showing the starting material in
the source zone (top, analysis on left side of figure) and product at the growth zone (bottom, analysis on right side of figure in dark box). The pink
crystals in the growth zone are MnCl2. (B) and (C) are SEM-EBSD micrographs of the source material following transport of the FeCl2 (B) and
CuCl2 (C) CVT reactions, showing the Cu/Fe-rich phases incorporated. (D) is an SEM-EBSD micrograph of the source materials used in the study
prepared by a solid-state reaction (SSR), showing an extended network of MnSi lamellae (light contrast features) throughout the HMS matrix. (E)
shows the SEM images of the HMS single crystal products obtained by CVT, with detail of well-faceted crystals obtained using CuCl2 (F) and FeCl2
(G). (H) shows an SEM-EBSD micrograph of a very minor region of MnSi observed in a CVT crystal synthesized using CuCl2, extending only a few
micrometers within the observed crystal (I, region analyzed circled). No crystals grown using FeCl2 exhibited observable MnSi precipitation (J).
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S2, S3, S4 and S5 in the Supporting Information), indicating
that the vaporization chemistry of the crystals was primarily
dependent on the generation of MnCl2 at the source from the
reaction with Cu/FeCl2, which then facilitated in enhanced
crystal growth during the CVT process.
The well-faceted HMS crystals obtained exhibit a range of

sizes with an average size of 100−200 μm (Figure 1E,F,G), with
some crystals growing as large as a few millimeters in size.
Single crystal cross sections analyzed by SEM-EBSD showed
virtually no visible MnSi incorporation except for only a few
crystals (Figure 1H,I,J). In those crystals, the incorporated
MnSi was very minute, extending only for a few micrometers
within the few crystals that had observable impurities. In
contrast, for a sample prepared by a conventional solid-state
reaction and used as the source material for the CVT reactions,
the MnSi lamellae are much larger, forming interconnected
networks extending hundreds of micrometers throughout the
sample (Figure 1D). The MnSi lamellae were examined by
SEM-EDS as shown in Figure S2 in the Supporting
Information.
Verification of Purity of HMS Crystals by Synchrotron

HRPXRD. To further verify the purity of the HMS crystals with
respect to the incorporation of MnSi impurity inclusions, we
conducted high-resolution PXRD (HRPXRD). Using synchro-
tron radiation, the extremely high (bright) flux of photons and
short wavelength can afford a very sensitive measurement as
directly compared to a typical laboratory PXRD instrument.
The starting SSR source material (as described in the
Experimental Section and SEM shown in Figure 1D) shows
no detectable MnSi impurities when examined using a
conventional Cu Kα laboratory PXRD instrument; however,
synchrotron HRPXRD clearly reveals the characteristic (110),
(111), (210), and (211) reflections associated with the MnSi
impurity phase at 2θ = 27.7, 34.1, 44.4, and 49.0°, respectively
(Figure 2A). In comparing the SSR and CVT samples, the
MnSi impurity peaks are clearly observed in the SSR sample but
not for the HMS single crystal samples grown by CVT (Figure
2B and inset, MnSi reflections marked by asterisks). Addition-
ally, in each sample a series of small reflections are observed
around 2θ = 45° (as shown in the CuCl2 and FeCl2 CVT
diffractograms in the inset of Figure 2B), which can be
attributed to the (0 2 2(m − n)) and (1 2 (m + n)) reflections
that are typically obscured by lower-resolution analysis (see
more details in Supporting Information Figure S3). These
minor reflections can be differentiated from the brightest MnSi
(210) reflection located at 2θ = 44.4° in the HRPXRD.
However, the slight overlap of these peaks means we cannot
conclusively say the samples are completely free of MnSi;
indeed, SEM analysis (Figure 1H) reveals very minor MnSi in
these samples that could be below the resolution limit of the
synchrotron radiation used in this experiment.
Analysis of Phase Purity and Identification Using

TEM. TEM of ground samples revealed no obvious MnSi
impurities, likely arising from their extremely dilute nature.
High resolution TEM images clearly showed the characteristic
superstructure perpendicular to the c-axis of HMS along both
the ⟨110⟩ and ⟨120⟩ directions (Figure 3A,B) whereas the view
down the c-axis of the structure is observed along the ⟨001⟩
direction (Figure 3C). The existence of these features is well-
documented for HMS,20,47 arising from the structural complex-
ity of the HMS crystal structures, i.e., the mismatch in the
periodicity of the interpenetrated Mn and Si sublattices. This
mismatch and the resulting electron diffraction patterns with

satellite peaks (insets of Figure 3A,B) can be used to accurately
identify the specific periodicity of the sublattices (i.e., the
commensurability) and thus deduce the specific commensurate
HMS phase.20,47 We attempted analysis of these structures but
were unable to determine a specific commensurate phase of
HMS (see Figure S4 and additional discussion in the
Supporting Information). Note that the indices used here are
based on the Mn4Si7 phase, though the a and b indices do not
significantly change across the homologous structures of HMS.
It is likely that the CVT process does produce specific HMS
phases as a result of this preparation; in fact, such analysis on
HMS single crystals prepared by zone-refining, HMS prepared
by solid-state synthesis, and also HMS nanostructures has
shown a coexistence of several commensurate and incom-
mensurate HMS phases.20,22,37 Presumably, HMS synthesized
in bulk-like quantities could contain a mixture of different HMS
subphases that arise from local variability or inhomogeneity
during the growth process. This can be especially exacerbated
in the CVT system described here, where the temperature
difference in the CVT tube in the growth zone (see Figure 1A)
can differ by ∼10−20 °C. We suspect that the very slight
differences in the growth temperature and pressure could result
in a mixture of HMS subphases, but at this point only
incommensurate HMS phases have been observed.

Figure 2. (A) Demonstration of the enhanced resolution and
sensitivity of the synchrotron HRPXRD of the same HMS sample
made by solid-state reaction (SSR) shown in Figure 1D. The high
resolution of the synchrotron HRPXRD clearly shows MnSi, whereas
the laboratory Cu Kα source does not. (B) HRPXRD showing CVT
samples synthesized using CuCl2 and FeCl2 as transport agents in
comparison with the HMS prepared by SSR. Asterisks mark reflections
associated with MnSi impurity.
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High-Temperature PXRD Stability Studies. To deter-
mine the stability of the high purity HMS crystals, we
performed in situ high temperature synchrotron HRPXRD
analysis of the crystals (Figure 4). In both the crystal samples
grown using CuCl2 and FeCl2 transport agents, precipitation of
MnSi is observed around 900 °C, as evidenced by the
appearance of clearly defined MnSi reflections. Therefore, the
inherent thermodynamic instability of the HMS phases at high
temperature seem to make the appearance of MnSi impurity
phase unavoidable either during high-temperature sample
preparation (such as the SPS process used in this work) or
for high temperature thermoelectric cycling. Similar effects have
been observed previously in bulk HMS samples,48,49 albeit
using HMS samples prepared by arc melting where likely larger
or more concentrated MnSi precipitates are readily observed
using laboratory Cu Kα PXRD instruments. The SEM-EBSD
micrographs of the SPS-sintered samples reveal the precip-
itation of MnSi impurities in both CVT crystal samples
(Figures 4B,C). Interestingly, the morphology of MnSi
precipitates is different between the two samples. For the
CuCl2 CVT samples, the MnSi precipitates primarily at the
grain boundaries between the HMS crystals as 1−5 μm round
inclusions (Figure 4B). For FeCl2 CVT samples (Figure 4C),
the MnSi precipitates as the characteristic lamellae typically
observed in HMS samples made by SSR (as shown in Figure
1D), but much smaller in size and more sparse in density.
Thermoelectric Properties. The thermoelectric properties

of the HMS crystals grown by CVT and consolidated using SPS
are compared with a SSR sample consolidated by SPS in the
same manner28 in Figure 5. It is important to note that the
sample prepared by solid-state synthesis is not doped but has
been prepared with a very slight excess of Si to minimize MnSi
precipitation. This has been shown to help improve the
thermoelectric performance in these samples, which is coupled
with the optimized SPS procedure to produce a highly dense
(i.e., >95%) sample. Therefore, the SSR sample shown in
Figure 5 represents our highest-performing undoped HMS
sample prepared under the most optimal synthetic conditions
thus far. In directly comparing the samples, both CVT samples
exhibit higher electrical conductivity over the entire temper-
ature range, albeit very slightly, with an enhancement of ∼50−
70 S cm−1 from the SSR to CVT samples (Figure 5A). The
thermopower between samples is quite similar, with virtually no
difference between the CVT samples (Figure 5B). To better
ascertain the origins of the different electronic transport in
these samples, we conducted Hall effect studies of the samples,
to calculate the hole carrier concentration and hole mobilities.
Assuming a single parabolic band, the hole concentration (n)
was calculated from the Hall coefficient (RH) assuming n = 1/

eRH. The hole mobility was then determined from measured
electrical conductivity σ, using σ = neμ, where n = carrier
concentration, e = fundamental electron charge, and μ = hole

Figure 3. HRTEM analysis of HMS samples. Images taken along the (A) ⟨110⟩, (B) ⟨120⟩, and (C) ⟨001⟩ zone axes of an HMS crystal synthesized
using FeCl2 show characteristic microstructural features and electron diffraction (inset).

Figure 4. Analysis of phase stability of HMS crystals at high
temperatures. (A) In situ high temperature studies of the CVT crystals
reveal the appearance of peaks associated with of MnSi (shown by
asterisks) after heating to 900 °C. (B) SEM microstructure of the CVT
CuCl2 crystals prepared by SPS, revealing large inclusions of MnSi
have precipitated (arrows). (C) SEM microstructure of CVT FeCl2
crystals prepared by SPS, revealing small MnSi lamellae have
precipitated throughout the crystallites.
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mobility. The room-temperature physical properties of these
three samples are listed in Supporting Information Table S6.
The carrier concentration data, shown in Figure 5C and

Supporting Information Table S6, reveal that each sample has
virtually the same hole concentration, between 1.54 and 1.81 ×
1021 cm−3, reaffirming that the CVT growth of the crystals
neither affects the doping by potential incorporation of Cu/Fe
impurity atoms nor greatly distorts the electronic band
structure of the HMS. However, the hole mobility data (Figure
5D) show that both CVT samples exhibit enhanced mobilities
(∼10−20%, above the 8% uncertainty in the measurement)
over the entire temperature range. Because these samples are
prepared in a similar manner with similar densities, the CVT
samples show enhanced hole mobilities owing to their higher
purity and likely fewer scattering sites. Furthermore, the very
slight enhancement from the CuCl2 to FeCl2 CVT samples
could arise from the different types of MnSi structures
precipitated. Much previous work has been focused on the
role of microstructures, and particularly nanostructures, on the
electronic and thermal transport of thermoelectric materi-
als.50,51 Of note are recent studies investigating the role of
coherent versus incoherent microstructures in thermoelectric
composites;52,53 in most cases, the smaller the size of the
inclusion, the more accommodating the matrix to the
associated strain, which aids in the formation of coherent
boundaries. As the inclusion grows larger, the strain between
the matrix and precipitate produces increased interfacial energy,
causing incoherent boundaries to form. Incoherent grain
boundaries are more effective in scattering carriers, reducing
carrier mobility. Our findings here suggest that the larger MnSi
inclusions formed within the CuCl2 CVT samples produce
more scattering centers arising from the incoherence between
HMS matrix and MnSi particle caused by the larger size of the
MnSi impurities generated. Conversely, the much smaller, more
coherent lamellae-like MnSi precipitates formed in the HMS

sample made from the FeCl2 CVT crystals exhibit fewer
scattering sites and thus higher mobilities.
The total and lattice thermal conductivities are shown in

Figure 5E. The specific heat and thermal diffusivity data are
presented in Supporting Information Figure S5. The lattice
thermal conductivities in the range of 300 to 850 K were
calculated based on a two-band model following a prior work.30

It can be seen that all samples have comparable values of
thermal conductivity. The very small differences between
samples are within the error range of the measurement.
These results reveal that neither the SPS preparation nor the
differences in the incorporated precipitates has any appreciable
effect on the thermal transport. As a result, the obtained
differences in ZT (Figure 5F) come exclusively from the
mobility enhancements between the CVT synthesized samples
and the SSR sample. Our findings here show that the higher
purity of the CVT samples lends to a small enhancement of ZT
over an optimized sample prepared by SSR, from values of 0.45
± 0.06 to 0.52 ± 0.08 at 750 K. These samples exhibit some of
the highest ZT for an undoped HMS material. Therefore, even
though the appearance of MnSi impurity during high
temperature processing of HMS samples is difficult to avoid,
using high purity crystals of HMS in the preparation of these
samples could enable the possibility to more finely control the
MnSi precipitates and minimize the scattering centers,
enhancing hole mobility and electrical conductivity. Further-
more, our findings suggest that the presence of metallic MnSi
impurities as low concentrations, such as what is observed for
HMS materials made from single crystals, affect only the hole
mobility and electrical conductivity by the scattering of holes
and have little effect on the electronic structure (i.e., doping or
Seebeck coefficient) or phonon transport (i.e., thermal
conductivity).

Figure 5. (A) Electrical conductivity, (B) thermopower, (C) hole concentration, (D) hole mobility, (E) total and lattice thermal conductivity (κtot
and κlat), and (F) ZT of HMS made by SSR28 and CVT. An enhancement in hole mobility produces a higher electrical conductivity in the CVT
samples. The ZT of the CVT samples is slightly enhanced over the SSR sample, resulting from an enhancement in hole mobility.
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■ CONCLUSIONS

In summary, we report the synthesis, structural characterization,
and thermoelectric properties of high-purity undoped HMS
single crystals grown by chemical vapor transport (CVT) and
bulk samples consolidated using spark plasma sintering (SPS).
Despite the CVT crystals initially being free of MnSi impurities,
thermodynamic instability at high temperature naturally causes
the precipitation of dilute MnSi impurities at high temperature.
For HMS single crystals grown using CuCl2 transport agent,
MnSi precipitates as larger particles (∼1−5 μm), whereas the
samples grown using FeCl2 exhibited smaller MnSi precipitates
(<100 nm). The hole mobility of the HMS samples made from
CVT crystals is enhanced over samples synthesized using
traditional solid-state techniques. Our findings show that MnSi
precipitation could be an unfortunate reality in virtually all bulk
HMS TE materials. However, at low concentrations the MnSi
precipitates affect only the electrical conductivity by producing
hole scattering sites, with no observable effects to the carrier
concentration or phonon transport. Owing to their improved
mobilities, the higher-purity HMS samples synthesized from
the CVT crystals produce slightly enhanced ZT, with a
maximum of ∼0.52 ± 0.08 at 750 K.
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