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  1.     Introduction 

 Thermoelectric (TE) materials, which can convert temperature 
gradients directly into electricity and vice versa, have received 
renewed interest for waste heat recovery and refrigeration 
applications. [ 1,2 ]  The conversion effi ciency of a TE material is 
determined by the dimensionless fi gure of merit  ZT  = S  2  σT /( κ  E  
+  κ  L ), where  S ,  σ ,  κ  E ,  κ  L , and  T  represent the Seebeck coeffi -
cient, electrical conductivity, electronic thermal conductivity, 

 Higher manganese silicides (HMS) made of earth-abundant and non-toxic 

elements are regarded as promising p-type thermoelectric materials because 

their complex crystal structure results in low lattice thermal conductivity. It is 

shown here that the already low thermal conductivity of HMS can be reduced 

further to approach the minimum thermal conductivity via partial substitu-

tion of Mn with heavier rhenium (Re) to increase point defect scattering. The 

solubility limit of Re in the obtained Re  x  Mn 1− x  Si 1.8  is determined to be about 

 x  = 0.18. Elemental inhomogeneity and the formation of ReSi 1.75  inclusions 

with 50−200 nm size are found within the HMS matrix. It is found that the 

power factor does not change markedly at low Re content of  x  ≤ 0.04 before 

it drops considerably at higher Re contents. Compared to pure HMS, the 

reduced lattice thermal conductivity in Re  x  Mn 1− x  Si 1.8  results in a 25% increase 

of the peak fi gure of merit  ZT  to reach 0.57 ± 0.08 at 800 K for  x  = 0.04. The 

suppressed thermal conductivity in the pure Re  x  Mn 1− x  Si 1.8  can enable further 

investigations of the  ZT  limit of this system by exploring different impurity 

doping strategies to optimize the carrier concentration and power factor. 
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lattice thermal conductivity, and abso-
lute temperature, respectively. Recent 
efforts to raise the  ZT  of TE materials 
have relied on several strategies: reduc-
tion of the lattice thermal conductivity 
by nanostructuring [ 3–7 ]  and alloy scat-
tering, [ 8,9 ]  optimization of the power factor 
( PF  =  S  2   σ ) by tuning the carrier concen-
tration, [ 10–12 ]  enhancement of the Seebeck 
coeffi cient by band engineering, [ 13–15 ]  and 
employment of complex crystal structures 
that possess intrinsically lower lattice 
thermal conductivity. [ 16,17 ]  

 Higher manganese silicides (HMS, 
or MnSi ≈1.75 ) are regarded as promising 
p-type TE materials because they are 
comprised of inexpensive and nontoxic 
elements and exhibit good chemical sta-
bility at high temperatures. The complex 
crystal structure of these homologous 
HMS compounds consists of a Mn sub-
lattice and an interpenetrating helical Si 

sublattice, characteristic of the Nowotny chimney ladder (NCL) 
phases. Single-crystal structures of several closely related HMS 
phases, e.g., Mn 4 Si 7 , [ 18 ]  Mn 11 Si 19 , [ 19 ]  Mn 15 Si 26 , [ 20 ]  Mn 19 Si 33 , [ 21 ]  
and Mn 27 Si 47 , [ 22 ]  have been reported. These phases have similar 
 a  and  b  lattice parameters arising from the Mn sublattice, but 
a large  c  lattice parameter that varies from 17.5 Å for Mn 4 Si 7  
to 117.9 Å for Mn 27 Si 47  and is dependent on the Si sublattice. 
The complexity of the NCL structure gives rise to anisotropic 
TE properties and intrinsically low thermal conductivity. The 
thermal conductivity along the  c  axis and  a  axis of HMS crystals 
are reported to be about 2 W m −1  K −1  and 4 W m −1  K −1  at 300 K, 
respectively. [ 23 ]  

 To date, most of the investigations of HMS and related 
compounds have been focused on optimizing the electrical 
transport properties of HMS by chemical substitution [ 24–30 ]  
and suppressing the lattice thermal conductivity by nanostruc-
turing. [ 21,31–34 ]  Relatively high  ZT  values of 0.6–0.7 have been 
achieved in HMS synthesized by various methods, [ 23,25,27,28,31 ]  
such as Ge-doped HMS prepared by induction melting and 
hot-pressing, [ 25 ]  undoped HMS with in situ nanoscale MnSi 
prepared by spin-melting and spark plasma sintering (SPS), [ 31 ]  
and complex doped HMS single crystals prepared by the 
Bridgman method. [ 23,35 ]  Previously, we have investigated the 
effects of Al and Ge co-doping on the TE properties of HMS. [ 36 ]  
The peak power factor was found at a hole concentration 
between 1.8 × 10 21  and 2.2 × 10 21  cm −3 , and the maximum 

Adv. Energy Mater. 2014, 4, 1400452



www.MaterialsViews.com
www.advenergymat.de

F
U
L
L
 
P
A
P
E
R

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1400452 (2 of 10) wileyonlinelibrary.com

 ZT  value of 0.57 was achieved at 823 K for the compositions 
Mn(Al 0.0045 Si 0.9955 ) 1.8  and Mn(Al 0.0035 Ge 0.015 Si 0.9815 ) 1.8 . 

 Partial substitution of elements with heavy atoms can reduce 
the lattice thermal conductivity due to increased alloy scat-
tering resulting from the mass and strain fl uctuations. [ 9,37 ]  This 
approach has been explored in several recent experimental 
works on Mn 1− x − y  Cr  x  Ru  y  Si 1.74,  [ 27 ]  Mn 0.9 Ru 0.1 Si  y  , [ 30 ]  and an rhe-
nium (Re)-substituted HMS sample with an unspecifi ed Re 
content. [ 38 ]  Despite the observed reduced thermal conductivity 
in the reported Re-substituted HMS sample, [ 38 ]  critical ques-
tions remain on the solubility limit of Re in HMS, the corre-
lations between the Re content, the power factor, and lattice 
thermal conductivity, and most importantly, the extent that the 
lattice thermal conductivity can be reduced in comparison to 
the theoretical minimum thermal conductivity of HMS. 

 Here, we report the fi ndings from a systematic study 
of the structure−TE property relationship of Re  x  Mn 1− x  Si 1.8  
( x  = 0−0.24), which were prepared by solid-state reaction (SSR) 
followed by ball-milling (BM) and spark plasma sintering 
(SPS). In conjunction with the experimental results, theoret-
ical analysis is used to develop a better understanding of the 
effects of heavy-element substitution on the TE properties. It 
is found that the solubility of Re in HMS is less than  x  = 0.18. 
The lattice thermal conductivity for Re 0.12 Mn 0.88 Si 1.8  is effec-
tively suppressed due to increased alloy scattering of phonons 
to be about 30% lower at 723 K than that of pure HMS sam-
ples prepared by the same method. The minimum thermal con-
ductivity model [ 39 ]  is used to determine that the reduced lattice 
thermal conductivity has approached the theoretical minimum 
of Re-substituted HMS. In comparison, the power factor is not 
affected by the Re substitution at  x  ≤ 0.04. These results already 
lead to a 25%  ZT  increase in pure Re  x  Mn 1− x  Si 1.8  with  x  = 0.04 
compared to pure HMS, and may enable further efforts to 
increase the  ZT  of Re-substituted HMS by exploring additional 
impurity doping to optimize the carrier concentration.  

  2.     Results and Discussion 

  2.1.     Phase and Microstructures 

  Figure    1  a shows the X-ray diffraction (XRD) patterns of the 
bulk samples obtained after SPS. It can be seen that Re readily 
substitutes for Mn to obtain Re  x  Mn 1− x  Si 1.8  for  x  ≤ 0.12. Diffrac-
tion peaks from Si and ReSi 1.75  can be discerned in the samples 
with higher Re concentrations ( x  ≥ 0.18). However, high-resolu-
tion synchrotron XRD performed on the sample with  x  = 0.06 
(Figure  1 b) reveals that the second phase ReSi 1.75  is formed even 
in the samples with low Re concentrations. With increasing 
Re concentration, the diffraction peaks from HMS become 
increasingly broad. As discussed below, such broadening is 
attributed to locally inhomogeneous compositions in the mate-
rial. In addition, the intensity of the (11γ) peak at 2 θ  = 42.8° 
decreases with increasing Re content, where γ is the number of 
Si atoms in the formula of different HMS phases. It has simi-
larly been reported that the intensity and position of this peak 
are sensitive to the doping concentration in Ge-doped HMS. [ 25 ]  
The HMS powders synthesized are usually a mixture of several 
HMS phases with different  c  lattice parameters rather than a 

pure single HMS phase. [ 40 ]  Because of this, the lattice param-
eters of all samples were calculated from the XRD peak posi-
tions on the premise that the material was an average phase of 
Mn 15 Si 26 . It should be noted that the as-obtained lattice para-
meters are the mean values of a locally inhomogeneous mate-
rial. [ 29 ]  Both  a  and  c  lattice parameters increase monotonically 
up to  x  = 0.18 as shown in Figure  1 c, which is due to the larger 
metallic radius of Re ( r  Re  = 1.37 Å) as compared to that of Mn 
( r  Mn  = 1.27 Å). [ 41 ]  Since the mean lattice parameters no longer 
change as the Re concentration is increased beyond  x  = 0.18, 
as is shown in Figure  1 c, it can be concluded that the solubility 
limit of Re in HMS is reached according to Vegard’s law.  

  Figure    2   shows the microstructure of the bulk samples 
prepared by SPS. In Figure  2 a,b, the comparison of scan-
ning electron microscope (SEM) images of pure HMS with 
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 Figure 1.    a) The XRD patterns of various Re  x  Mn 1− x  Si 1.8  samples after 
SPS. b) High resolution synchrotron XRD of the Re 0.06 Mn 0.94 Si 1.8  sample. 
c) The measured mean lattice parameters of Re  x  Mn 1− x  Si 1.8  as a function of  x .
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Re-substituted HMS ( x  = 0.04) reveals an increased composi-
tional inhomogeneity in the Re-substituted HMS samples as 
evidenced by differences in contrast resulting primarily from 
the incorporation of Re. Energy-dispersive X-ray spectroscopy 
(EDS) analysis reveals that the contrast differences are related 
to a compositional variation. The atomic ratio in region 1 
(bright area) of Figure  2 b contains a higher concentration of Re, 
with the atomic ratio between Re, Mn, and Si being Re:Mn:Si = 
7:22:71, whereas the composition of the region 2 (dark area) of 
Figure  2 b is relatively Re defi cient, Re:Mn:Si = 2:31:67. Analysis 
of multiple grains reveals that the Re substitution is essentially 
the same within a grain, but that the Re concentration can vary 
considerably between grains. As a result, the observed broad-
ening of the XRD peaks with increasing Re incorporation 
(Figure  1 a) has been attributed to the inhomogeneous distribu-
tion of Re within the collection of HMS grains in the SPS sam-
ples. It should be noted that such inhomogeneous distribution 
of substitution elements has also been observed in several other 
doped NCL phases, such as Ru 1− x  Re  x  Si  y  , [ 42 ]  Mn 1− x  Cr  x  Si 1.7 , [ 29 ]  
and Ru 1− x  Mn  x  Si  y  . [ 30 ]   

 To better understand the microstructure, the Re-substituted 
sample with x = 0.04 was examined with transmission elec-
tron microscopy (TEM), Figure  2 c–f. Figure  2 c is a typical low-
magnifi cation TEM image of the sample. The sample exhibits 

a broad particle size distribution, ranging from about 50 nm to 
about 5 µm. The highly energetic process of ball milling and 
SPS introduces considerable strain on the surface of the HMS 
grains, which become randomly distributed throughout the 
sample (Figure  2 c). Strain is alleviated at the interfaces between 
HMS grains by regularly spaced dislocations, as shown in the 
strain fi elds around the particle in Figure  2 d,e. Figure  2 e shows 
the interface between two HMS grains and strain dislocations 
at higher resolution. The top portion of the sample is along the 
[443] zone axis of HMS, shown in the selected-area electron dif-
fraction (SAED) in Figure  2 f. The total thickness of the interfa-
cial strain-fi eld region between HMS grains is observed to be 
about 25 nm. The adjacent HMS grain, shown at the bottom of 
the image in Figure  2 e, lies on a different crystallographic zone 
axis, resulting in a loss of lattice contrast at the bottom of the 
image. 

 ReSi 1.75  particles with size generally in the range 
of 50–200 nm can be observed to be dispersed within the 
matrix of samples with x as low as 0.04 ( Figure    3  ), in agreement 
with high-resolution XRD results indicating that while Re does 
alloy with HMS, there also exists some phase immiscibility that 
produces small inclusions of ReSi 1.75 . The larger ReSi 1.75  parti-
cles observed in Figure  3 a,b are randomly oriented with respect 
to each other and the HMS matrix. Smaller ReSi 1.75  particles 
with size less than about 50 nm show improved alignment 
within the HMS matrix, evidenced by lattice contrast observed 
along the same zone in the ReSi 1.75  particle as in the HMS 
matrix, Figure  3 c,d. The coherency and epitaxy of the ReSi 1.75  
cannot be determined, resulting from the completely random 
orientations of the grains from sample preparation and the 
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 Figure 2.    SEM images of a) the pure HMS and b) the Re 0.04 Mn 0.96 Si 1.8  
sample after SPS. The blue arrows in (b) point to the regions where the 
EDS analysis was performed. c,d) Zero-beam bright-fi eld TEM images of 
the Re 0.04 Mn 0.96 Si 1.8  sample. The white arrow in (d) points to the strain 
locations. e) High-resolution TEM of the Re 0.04 Mn 0.96 Si 1.8  sample. f) The 
selected area electron diffraction of (e) obtained along the [443] zone 
axis (ZA). The SAED pattern was indexed based on the structure of the 
simplest HMS phase, Mn 4 Si 7 .

 Figure 3.    a) TEM image of Re 0.04 Mn 0.96 Si 1.8  showing the embedded 
ReSi 1.75  nanoparticles. b) The high-resolution TEM of the interface 
between ReSi 1.75  and HMS. c) TEM image of an embedded ReSi 1.75  nano-
particle. d) The high-resolution TEM of the interface between ReSi 1.75  and 
HMS. e) Elemental maps of ReSi 1.75  nanoparticle.
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relatively small area afforded by the focused ion beam (FIB) 
preparation of the TEM sample. EDS spectra confi rm that the 
small inclusions are rich in Re and defi cient in Mn, according 
to Figure  3 e.   

  2.2.     Electronic Transport Properties 

 Hall coeffi cient measurements were carried out for the Re-
substituted samples. As shown in  Figure    4  a, the measured 
room-temperature hole concentration ( p ) appears to increase 
slightly with Re substitution, although the difference is com-
parable to the measurement uncertainty. Since Re is iso-
electronic with Mn, the increase of  p  is unexpected. Several 
fi rst-principles calculations [ 43 ]  indicate that the band struc-
ture of HMS strongly depends on the atomic arrangement 
and the existence of stacking faults. Recently, Allam et al. [ 44 ]  
found that the density of states (DOS) of HMS changes by Re 
substitution according to a fi rst-principles calculation. More-
over, Zhou et al. [ 25 ]  reported that the hole concentration was 
increased in Ge-doped HMS even though Ge is isoelectronic 
with Si. They found that Ge substitution can disturb the 
arrangement of the Si subcells and possibly form stacking 
faults in the HMS. Thus, Re substitution is likely to alter the 
band structure and possibly the Fermi level or DOS near the 
Fermi level, potentially increasing the hole concentration. It 
should also be noted that the formation of defects at a higher 
concentration of Re could also change the hole concentra-
tion of HMS. However, detailed fi rst-principles calculation 

is needed to better understand the cause of the increased 
hole concentration in Re-substituted HMS. In addition, 
Figure  4 c shows that the hole concentration is essentially 
independent of temperature for the samples with  x  = 0, 0.04 
and 0.12. This feature is characteristic of a degenerate p-type 
semiconductor.  

 As shown in Figure  4 b, the room-temperature mobility ( µ  H ) 
of Re-substituted samples decreases with the increase of Re 
content, which can be attributed to enhanced alloy scattering. 
In comparison, carrier scattering by ReSi 1.75  particles is not 
considered to be important here because the carrier mean free 
path of HMS is reported to be about several nm, [ 32 ]  which is 
much smaller than the size or interparticle spacing of ReSi 1.75  
particles. Alloy scattering adds a neutral impurity scattering 
term ( µ  alloy ) to the ionized impurity and phonon scattering. 
Thus, the total mobility ( µ ) is given by [ 45 ] 

    

1 1 1
,

o alloyµ µ µ
= +

  (1) 

 where  µ  o  is the mobility in pure HMS with  x  = 0 due to scat-
tering by phonons, grain boundary, and ionized impurities, 
and  µ  alloy  is the additional alloy scattering in Re  x  Mn 1− x  Si 1.8 , 
and is proportional to [ f (1 –  f )] −1  or [( x /2.8)(1 –  x /2.8)] −1  for 
Re  x  Mn 1− x  Si 1.8 , where  f  is the mole fraction of the substitution 
element in the alloy. [ 46 ]  By fi tting the composition dependence 
of mobility at room temperature (Figure  4 b) with Equation  ( 1)  , 
the alloy scattering mobility term at room temperature is deter-
mined to be about  µ  alloy  = 0.55/[ x (1 –  x /2.8)] cm 2  V −1  s −1 . 
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 Figure 4.    a) Carrier concentration and b) mobility of Re  x  Mn 1− x  Si 1.8  as a function of  x  at room temperature. c) Carrier concentration and d) mobility 
of Re  x  Mn 1− x  Si 1.8  with  x  = 0, 0.04 and 0.12 as a function of temperature. The red dashed line in (b) is the fi tting of the measured mobility according to 
Equation  ( 1)  .



www.MaterialsViews.com
www.advenergymat.de

F
U
L
L
 
P
A
P
E
R

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (5 of 10) 1400452wileyonlinelibrary.com

 Figure  4 d shows the mobility of the Re-substituted samples 
as a function of temperature. For pure HMS, the mobility  µ  H  
varies approximately as 3/2T −  for temperatures above 50 K. This 
result indicates that acoustic phonon scattering [ 47 ]  is the domi-
nant carrier scattering mechanism in HMS above 50 K com-
pared to alloy scattering and ionized impurity scattering, which 
yield H

1/2Tµ ∝ −  [ 45 ]  and H
3/2Tµ ∝ , [ 11,43,45,48 ]  respectively. For the 

Re-substituted sample with  x  = 0.12, the mobility varies approx-
imately as 1/2T −  for temperatures below 100 K, suggesting that 
both phonon scattering and alloy scattering are important in 
this temperature range. Nevertheless, the mobility of all sam-
ples follows the relationship of H

3/2Tµ ∝ −  above 200 K, which 
suggests that acoustic phonon scattering is dominant at high 
temperatures. 

 The temperature dependence of electrical conductivity ( σ ) 
and Seebeck coeffi cient ( S ) for Re  x  Mn 1− x  Si 1.8  are plotted in 
 Figure    5  a,b, respectively. The room-temperature electrical con-
ductivity increases with the Re content from 475 Ω −1  cm −1  in 
pure HMS to 524 Ω −1  cm −1  in the sample with  x  = 0.02. As the 
Re content increases further, the room-temperature electrical 
conductivity decreases. The initial increase of the room-temper-
ature electrical conductivity is caused by the increased carrier 
concentration (Figure  4 a); whereas the decrease of the room-
temperature electrical conductivity at higher Re contents can be 
attributed to the reduced mobility (Figure  4 b). In addition, the 
electrical conductivity at temperatures below 100 K decreases 
with Re substitution, which results from enhanced alloy scat-
tering (Figure  4 d). The  S  of all samples decreases monotoni-
cally with an increase in the Re content, in agreement with the 
measured increase in the hole concentration. The power factor 
( PF ) of Re  x  Mn 1− x  Si 1.8  is calculated by using polynomial fi ts to 
the measured  σ  and  S  and is displayed in Figure  5 c. For the 
samples with  x  ≤ 0.04, the  PF  does not change signifi cantly 
as compared to the pure HMS, which is a consequence of the 
improved  σ  and reduced  S . However, the samples with higher 
Re content ( x  = 0.06 and 0.12) show lower  PF  than other sam-
ples, which is due to the much reduced  S .  

 In order to better understand the carrier transport features 
in Re-substituted HMS, the room-temperature Fermi level ( E  F ), 
hole density of states effective mass ( *mh ), and Lorenz number 
( L ) are extracted from the measured electrical conductivity, 
the Seebeck coeffi cient, and Hall coeffi cient. These are listed 
together with other room-temperature properties in  Table    1  . 
This analysis is based on a two-band model, where charge car-
rier scattering is assumed to be dominated by acoustic phonon 
scattering and grain-boundary scattering. The Lorenz number 
is calculated from the model as  L  =  κ  E / σT  at room tempera-
ture. The two-band model has been reported in a recent publi-
cation. [ 36 ]  Here, the extracted *mh  of pure HMS is 9.6 m o  , where 
 m o   is the free electron mass. This *mh  value is comparable to 
the literature values of 12 m o   reported by Nishida. [ 48 ]  In addition, 
the extracted hole effective mass decreases with the increase of 
Re content, with the smallest *mh  = 8.7 m o   found in the sample 
with  x  = 0.12. The Fermi level is measured from the conduc-
tion band edge and is negative when it is in the band gap or 
valence band. The Fermi level of pure HMS is 0.81 eV, which is 
0.04 eV below the valence band edge as the band gap of HMS 
is 0.77 eV. [ 43 ]  The extracted Fermi level decreases slightly as the 
Re content increases because the measured hole concentration 

increases with increasing Re content. The  L  values were calcu-
lated to be in the range from 1.3 to 1.7 × 10 −8  V 2  K −2 , which is 
lower than the Sommerfeld value of 2.45 × 10 −8  V 2  K −2  for the 
metallic limit.   

  2.3.     Thermal Properties and Thermoelectric Figure of Merit 

 The heat capacity ( C  p ), thermal diffusivity ( α ), and total thermal 
conductivity ( κ ) for Re  x  Mn 1-x Si 1.8  are shown in  Figure    6  . The  C  p  
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 Figure 5.    Temperature dependence of transport properties of various 
Re x Mn 1−x Si 1.8  samples: a) electrical conductivity with 5% uncertainty, 
b) Seebeck coeffi cient with 5% uncertainty, and c) power factor with 
11% uncertainty. The inset of (a) is the electrical conductivity in the 
temperature range of 300 to 850 K.
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at 800 K decreases from 0.69 J g −1  K −1  in the pure HMS to 0.60 
J g −1  K −1  in the sample with  x  = 0.12. According to the Dulong-
Petit Law, the high-temperature limit of heat capacity is 3 Nk  B / M , 
where  N ,  k  B  and  M  are the number of atoms per mole, the Boltz-
mann constant, and the molar mass of the compound, respec-
tively. Since the atomic mass of Re (186.2 g mol −1 ) is larger than 
that of Mn (54.9 g mol −1 ), the Dulong-Petit limit of Re-substi-
tuted HMS should be lower than that of pure HMS, which is 
consistent with the experimental results. The  α  of all the sam-
ples decreases with increasing Re content. The total thermal 
conductivity is obtained as  κ  =  αC  p    ρ , where  ρ  is the density 
of the as-prepared samples as shown in Table  1 . Although  ρ  
increases with the Re content, the total thermal conductivity 
was suppressed by Re substitution due to both decreased  C  p  
and  α . A low  κ  of 1.7 W m −1  K −1  at 320 K was achieved in the 
sample with  x  = 0.12, which is about 30% lower than that of 
pure HMS prepared with the same method. It is noted that 
the  κ  at around 300 K measured by the steady-state method is 
slightly higher than that obtained by the laser fl ash diffusivity 
method. This discrepancy is due to the measurement errors of 
these two methods. The uncertainties of the steady-state method 
and the laser fl ash method are about 15% and 7%, respectively. 
The larger uncertainty for the steady-state method is caused by 
radiation losses and heat loss into the thermocouples, which 
can result in an overestimated thermal conductivity, [ 11 ]  in addi-
tion to the uncertainty in measuring the distance between dif-
ferential thermocouples used in the measurements.  

 The lattice thermal conductivity ( κ  L ) can be obtained by sub-
tracting the electronic thermal conductivity ( κ  E ) from the total 
thermal conductivity. For temperatures higher than 300 K,  κ  E  
is calculated following ref.  [ 36 ]  with the hole, electron, and 
bi-polar contributions included. For temperatures lower than 
300 K, the room-temperature  L  values listed in Table  1  have 
been used to calculate  κ  E  via Wiedemann-Franz Law  κ  E  =  LσT . 
The  κ  L  at 723 K as a function of the Re concentration and  κ  L  
for Re  x  Mn 1- x  Si 1.8  at all measured temperatures are shown in 
 Figure    7  a,b, respectively. It is clear that the  κ  L  is dominant in 
the HMS samples as compared to  κ  E  at temperatures up to 
800 K. The  κ  L  decreases considerably with increasing Re con-
tent over the measured temperature range, indicating that 
alloying of Re at Mn sites is an effective approach to reducing 
the  κ  L  in HMS compounds. The lowest  κ  L  is obtained for 
Re 0.12 Mn 0.88 Si 1.8 , yielding the value of 1.6 W m −1  K −1  at 723 
K, which is about 30% lower than that of pure HMS synthe-
sized with the same method. The reduction of  κ  L  is mainly due 
to the point defect scattering for phonons as a result of mass 

fl uctuations and associated perturbation in the interatomic 
force constant. In addition, the reduction of  κ  L  may also have 
a contribution from the formation of ReSi 1.75  nanoparticles and 
the many nanoscale interfaces that can scatter low to mid-fre-
quency phonons because the low-frequency phonons can make 
an appreciable contribution to the thermal conductivity of the 
HMS samples and can have a mean free path comparable to 
the size and separation between ReSi 1.75  nanoparticles.  

 To understand better the effect of Re substitution on the lat-
tice thermal conductivity, the experimental result is compared 
with a calculation based on a model by Callaway et al. [ 49 ]  At tem-
peratures higher than the Debye temperature ( θ  D ), phonon grain 
boundary scattering may be ignored in polycrystalline materials 
with grain sizes larger than the phonon-phonon scattering mean 
free path. If only Umklapp scattering and point defect scattering 
are considered, the ratio of  κ  L  of the crystal with disorder to that 
without disorder ( κ  L0 ) can be expressed as [ 8,50 ] 

    

tan ( )
, ,L

L0

1
2

2

a
2 L0

u

u
u

hv

Dκ
κ

π θ
κ= =

Ω
Γ

−

  (2) 

 where  u ,  v  a  ,  Ω,  h , and Γ are the disorder scaling parameter, 
the average sound velocity, the average volume per atom, the 
Plank’s constant, and the disorder scattering parameter, respec-
tively. The disorder scattering parameter  Γ  can be calculated 
as  Γ  calc  =  Γ  M  +  Γ  S , where  Γ  M  and  Γ  S  are scattering parameters 
due to mass and strain-fi eld fl uctuations, respectively. For 
Re  x  Mn 1- x  Si 1.8 ,  Γ  M  and  Γ  S  are given by [ 8,9 ] 
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   (1 )1 2M M x M x= + −   (5)  
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3M M M= +
  (6)   

 and

    (1 )1 2r r x r x= + −   (7) 
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  Table 1.  Density and room temperature physical properties of various Re  x  Mn 1− x  Si 1.8  samples. The uncertainties of the measured transport properties 
are given in the caption of Figure  5 .     

Nominal 
composition

Density 
[g cm −3 ]

 σ  
[Ω −1  cm −1 ]

 S  
[µV K −1 ]

 R  H  
[10 −9  m 3  C −1 ]

 p  
[10 21  cm −3 ]

 µ  H  
[cm 2  V −1  s −1 ]

 m * h / m  o  E  F  
[eV]

 L  
[10 −8  V 2  K −2 ]

 x  = 0 4.87 475 122 4.05 1.54 1.92 9.6 0.81 1.54

 x  = 0.01 4.90 480 115 3.81 1.64 1.83 9.2 0.82 1.43

 x  = 0.02 4.95 524 114 3.69 1.70 1.93 9.4 0.82 1.35

 x  = 0.04 4.97 482 108 3.72 1.68 1.79 8.9 0.82 1.35

 x  = 0.06 4.98 430 106 3.56 1.76 1.53 8.8 0.83 1.50

 x  = 0.12 5.15 378 104 3.50 1.79 1.32 8.7 0.83 1.67
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 where  M  1 ,  M  2 , and  M  3  are the atomic mass values of Re, Mn, 
and Si, respectively,  r  1  and  r  2  are the atomic radius of Re and 
Mn, respectively,  x  is the Re content, and  ε  is a function of the 
Grüneisen parameter  γ , as given below. 

 In order to determine the Debye temperature, the sound 
velocity and the parameter  ε , the elastic properties of HMS were 
measured and listed in  Table    2  . The average sound velocity  v  a  
can be calculated from the measured longitudinal ( v  l ) and shear 
( v  s ) sound velocities by [ 51 ] 
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 The Debye temperature  θ  D  can be obtained as: [ 50 ] 
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 where  n  is the number density of atoms. The parameter  ε  is 
given by [ 50 ] 
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 where pυ is the Poisson ratio, and  γ  can be obtained from [ 52 ] 
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 Figure 6.    Temperature dependence of a) specifi c heat with 6% uncer-
tainty, b) thermal diffusivity with 3% uncertainty, and c) total thermal 
conductivity, with 7% uncertainty for the laser fl ash method and 15% 
uncertainly for the steady-state method, of various Re  x  Mn 1− x  Si 1.8  samples.

 Figure 7.    a) Lattice thermal conductivity of various Re  x  Mn 1− x  Si 1.8  samples 
at 723 K as a function of  x . The red line is the calculated lattice thermal 
conductivity based on the Callaway model. b) Temperature dependence of 
lattice thermal conductivity of Re  x  Mn 1− x  Si 1.8 . The dashed line and dotted 
lines are the calculated minimum lattice thermal conductivity of pure 
HMS and Re 0.12 Mn 0.88 Si 1.8 , respectively.
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 As listed in  Table    3  ,  Γ  calc  increases with Re substitution. In 
addition, the calculated  Γ  M  is much larger than  Γ  S , suggesting 
that the mass fl uctuation contribution dominates the contribu-
tion resulting from the strain-fi eld fl uctuation. Using the meas-
ured  κ  L  of pure HMS, which is  κ  L0  = 2.3 W m −1  K −1 , and  Γ  calc , 
the lattice thermal conductivity due to point defect scattering 
can be calculated from Equation  ( 2)  . The calculated result 
(Figure  7 a) indicates that the  κ  L  value at 723 K can be reduced 
to about 1.2 W m −1  K −1  when  x  = 0.18, which is about half of 
the value for pure HMS prepared with the synthesis method 
reported here. The experimental data follow the same trend as 
the model prediction, although the experimental data are some-
what higher than the calculated results. If the measured  κ  L  are 
used to extract  u , the experimental  Γ  ( Γ  expt ) values can be esti-
mated from Equation  ( 2)  . The obtained  Γ  expt  is about a factor 
of two smaller than  Γ  calc , as shown in Table  3 . The discrepancy 
could be due to the Debye approximation used in this model, 
which is only valid when the temperature is much lower than 
 θ  D . In addition, this model does not accurately account for the 
contribution of the optical phonon modes to the thermal con-
ductivity, which can be important in the complex HMS struc-
ture at high temperatures. Nevertheless, the reduction of  κ  L  by 
Re substitution is confi rmed by both experimental results and 
theoretical analysis.  

 We have further evaluated the minimum  κ  L  of HMS using 
the model of Cahill et al. [ 39 ] 

   
6 1

dmin

1/3

B
2/3

2 3

2

0

/

k n v
T x e

e
xi

ii

x

x

Ti

∑ ∫κ
π

θ ( )
= ⎛

⎝⎜
⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ −

θ

 
 (12) 

 where the summation is over two transverse and one lon-
gitudinal polarizations, the cutoff frequency  θ i   is expressed 
as ( / )(3 / 4 )B

1/3v h k ni iθ π= , and  v i   is the sound velocity for 

each polarization. This equation is developed based on the 
Einstein model to calculate the minimum lattice thermal con-
ductivity of highly disordered solids, where thermal transport 
is characterized by random walk of energy between localized 
oscillators of varying frequencies and the dominant energy 
transport is between nearest neighbours. The model is also 
based on the Debye approximation of the phonon dispersion. 
Although this model relies on overly simplifi ed assumptions 
of the relaxation process, it has obtained thermal conductivity 
values consistent with measurement results of amorphous 
materials. [ 39 ]  

 With  θ  D  = 660 K and  v  a  = 5095 m s −1 , the  κ  min  for pure HMS 
is calculated to be about 1.6 W m −1  K −1  above 700 K as shown in 
Figure  7 b (dashed line). For Re 0.12 Mn 0.88 Si 1.8 , we have evaluated 
 θ  D  as [ 53 ] 
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 According to Equations  ( 9)   and  ( 13)  , the  θ  D  and  v  a  for 
Re 0.12 Mn 0.88 Si 1.8  are calculated to be 593 K and 4578 m s −1 , 
respectively. Therefore, the  κ  min  for Re 0.12 Mn 0.88 Si 1.8  yields 
about 1.4 W m −1  K −1  above 700 K as shown in Figure  7 b (dotted 
line). This value is comparable to those of amorphous glass. 
Moreover, it is noted that the measured  κ  L  of Re 0.12 Mn 0.88 Si 1.8  
approaches the calculated  κ  min . 

 Finally, the fi gure of merit ( ZT ) of Re  x  Mn 1- x  Si 1.8  is displayed 
in  Figure    8  . Re substitution suppresses the lattice thermal con-
ductivity of HMS considerably and has relatively little infl u-
ence on the power factor when the Re concentration is  x  = 0.04 
and smaller. The  ZT  value is improved to 0.57 ± 0.08 at about 
800 K for  x  = 0.04. This  ZT  value of the pure Re  x  Mn 1− x  Si 1.8  is 
≈25% higher than that of pure HMS. The  ZT  value decreases 
with further increase of the Re content ( x  ≥ 0.06) because of 
a reduction in the power factors. Because the primary role of 
Re substitution is to reduce the lattice thermal conductivity 
instead of optimizing the carrier concentration for enhanced 
power factor, the maximum power factor of Re  x  Mn 1− x  Si 1.8  is 
still lower than that of (Al,Ge)-doped HMS. [ 36 ]  Since the hole 
concentration of Re 0.04 Mn 0.96 Si 1.8 , 1.68 × 10 21  cm −3 , is lower 
than the optimized value found in (Al,Ge)-doped HMS, 1.8–
2.2 × 10 21  cm −3 , [ 36 ]  further improvement in  ZT  in Re-substi-
tuted HMS may be possible via rational choice of impurity 
doping elements to optimize the carrier concentration of the 
Re  x  Mn 1− x  Si 1.8  system.    

  Table 3.    Calculated disorder parameter ( u ) and the scattering parameters of Re  x  Mn 1− x  Si 1.8 .  

Nominal composition  u Γ expt Γ calc Γ M Γ S

 x  = 0.01 0.47 0.022 0.044 0.042 0.002

 x  = 0.02 0.59 0.034 0.084 0.081 0.003

 x  = 0.04 0.78 0.060 0.158 0.151 0.007

 x  = 0.06 1.05 0.108 0.222 0.212 0.010

 x  = 0.12 1.22 0.145 0.367 0.347 0.020

Adv. Energy Mater. 2014, 4, 1400452

  Table 2.    Elastic properties of HMS at room temperature.  

Parameters Units Value

Longitudinal sound velocity ( v  l ) m s −1 7545

Shear sound velocity ( v  s ) m s −1 4615

Average sound velocity ( v  a ) m s −1 5095

Young’s modulus ( E ) Gpa 245

Debye temperature ( θ  D ) K 660

Poisson ratio ( υ  p ) / 0.2

Grüneisen parameter ( γ ) / 1.29
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  3.     Conclusion 

 It is found in this experiment that the solubility limit of Re 
is about  x  = 0.18 in Re  x  Mn 1− x  Si 1.8  that were synthesized by 
solid-state reaction followed by ball-milling and spark plasma 
sintering. Inhomogeneous distribution of Re and a secondary 
phase of ReSi 1.75  nanoparticles were observed in the Re-sub-
stituted HMS samples. It is further observed that the electrical 
transport properties are modifi ed by isoelectronic alloying 
of Re at Mn sites. With increasing Re content, the hole con-
centration increases slightly and the extracted effective hole 
mass and the mobility decrease. As a consequence, the power 
factor does not change signifi cantly at low Re concentration of 
 x  ≤ 0.04, but it decreases with further increase of the Re con-
tent. The lattice thermal conductivity of Re-substituted HMS is 
considerably suppressed owing to enhanced alloy scattering, in 
agreement with the theoretical model. The  κ  L  value at  x  = 0.04 
and  T  = 723 K is suppressed to be about 1.8 W m −1  K −1 , while 
the lowest  κ  L  is achieved in the sample with  x  = 0.12, which is 
about 1.6 W m −1  K −1  at 723 K. These values approach the calcu-
lated minimum  κ  L  value of 1.4 W m −1  K −1  for  T  ≥ 700 K. Com-
pared to pure HMS polycrystalline samples synthesized with 
the same method, the maximum  ZT  is increased by about 25% 
to 0.57 ± 0.08 at about 800 K in the sample with  x  = 0.04, which 
is due to a nearly unchanged power factor and a suppressed 
thermal conductivity. It is worth noting that the primary goal of 
Re substitution is to replace Mn with a heavier and isoelectronic 
element to reduce the lattice thermal conductivity, instead of 
serving as an impurity dopants to optimize the carrier concen-
tration. Now that this goal has been achieved, the fi nding may 
enable further theoretical designs and experimental investiga-
tions of impurity doping strategies to optimize the carrier con-
centration and power factor of Re-substituted HMS.  

  4.     Experimental Section 

  Synthesis : Re-substituted HMS, Re  x  Mn 1− x  Si 1.8  ( x  = 0–0.24), were 
synthesized by solid-state reaction (SSR) with subsequent ball milling (BM) 
and densifi cation by spark plasma sintering (SPS). The starting materials, Mn 
(99.95%), Si (99.999%) and Re (99.99%) powders, were purchased from Alfa 

Aesar. In a typical sample preparation, the powders with nominal chemical 
composition were sealed in a quartz tube under a vacuum of ≈10 −4  Torr. 
The quartz tube was placed in a furnace and sintered at 1173 K for 48 h. 
The as-sintered HMS powder was then loaded in a tungsten-carbide jar 
and ball milled for 60 min under argon in a SPEX 8000M Mixer/Mill (SPEX 
SamplePrep). Subsequently, the ball-milled powders were consolidated into 
dense bulk samples by SPS at 1123 K for 5 min under 60 MPa. 

  Phase Identifi cation and Microstructure Characterization : The phase 
purity and crystal structure of the samples were studied by powder 
X-ray diffraction (PXRD) with a Phillip X’pert diffractometer with Cu 
K α  radiation  (λ  = 1.54184 Å). Several samples were ground to particle 
size <20 µm and analysed by high-resolution synchrotron PXRD at 
Argonne National Laboratory on the Advanced Photon Source (APS), 
beamline 11-BM, having a 12-analyzer Si detector and calibrated 
radiation wavelength of 0.412455 Å. The morphology and chemical 
compositions of fi nely-polished HMS samples were analysed with a 
Quanta 650 environmental SEM with an energy-dispersive X-ray (EDX) 
spectrometer. A Zeiss Crossbeam focused ion beam (FIB)/SEM was 
used to prepare samples that were analyzed by transmission electron 
microscopy (TEM) in a FEI Titan aberration-corrected (S)TEM electron 
microscope, operating at 200 kV. 

  Thermoelectric Transport Property Measurements : The electrical 
resistivity and Seebeck coeffi cient of samples with average dimensions 
of 1 × 1 × 6 mm and 4 × 4 × 0.5 mm, respectively, were measured in the 
temperature range of 10−823 K and 80−823 K, respectively, with home-
built setups that have been independently calibrated. [ 36 ]  The thermal 
diffusivity,  α , was measured on disc-shaped samples with dimensions 
of 6 × 6 × 1 mm by using the laser fl ash diffusivity method in a Netzsch 
LFA 457 instrument. The specifi c heat, C p , was obtained with a Netzsch 
404 differential scanning calorimeter (DSC) with a sapphire standard. 
The density,  ρ , was measured by Archimedes’ method. The total thermal 
conductivity in the range of 320 K to 850 K was calculated as  κ  =  αC  p  ρ . 
The thermal conductivity below 300 K was measured by a steady-state 
method on rectangular specimens (0.5 mm × 0.5 mm × 3 mm). All 
three transport properties were measured along the direction parallel 
to the SPS pressing direction. The room temperature Hall coeffi cient 
measurements were performed with a Physical Properties Measurement 
System (PPMS, Quantum Design) with the magnetic fi eld sweeping 
between ±2 T. Because of the high carrier concentration of the 
degenerately doped HMS samples, the carrier concentration  p  and Hall 
mobility were calculated as  p  = –(1/e R  H ) and  µ  H  =  σR  H , respectively, 
without accounting for the minority carriers. The sound velocities and 
elastic modulus were measured by resonant ultrasound spectroscopy at 
Oak Ridge National Laboratory (ORNL).  
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 Figure 8.    The dimensionless fi gure of merit ( ZT ) of various Re  x  Mn 1− x  Si 1.8  
samples with 13% uncertainty.
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