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The recently discovered Zintl compound Yb;oMnSbg is a thermoelectric material very close in com-

positional space to high performing thermoelectric materials such as Yby4MnSb;; and Yby1Mn,Sbs.
Here we measure and report electronic and thermal transport data for Yb;gMnSbg up to 825K. Due
to the complicated crystal structure, this material has ultralow thermal conductivity. The ultralow
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lattice thermal conductivity in conjunction with a higher Seebeck coefficient than in other Yb-Mn-Sb
compounds, leads to a moderate zT of about 0.34 at 825K and is likely to peak at a higher value
via material optimization. We approximate a bandgap of about 0.4 €V and expect the zT to be able
to reach values as high as 0.33 at 725K (which is comparable to Ybj4MnSb;; at that temperature)
using a thermoelectric quality factor analysis. This zT has the potential to reach even higher values
by improving the quality factor, B, through grain boundary engineering. Here we provide suggestions
for future studies to improve thermoelectric performance. This work is the first report of thermal
conductivity, bandgap, and zT for this YbjgMnSby compound, and we discuss implications of this
material for future thermoelectric study through comparisons to the leading Yb14MnSb; material.

1 Introduction

Thermoelectrics are materials that take a temperature gradient
and convert it to electricity and vice versa. Thermoelectric materi-
als that operate at high temperatures are essential for applications
such as powering deep space vehicles™. However, the improve-
ment of thermoelectric performance, measured by the dimension-
less figure of merit z7" (zT = ‘f;—g), requires optimization of often
conflicting material properties (electrical conductivity (o), See-
beck coefficient (&), and thermal conductivity (K‘)).

Zintl compounds are a specific type of material first consid-
ered by Eduard Zint|®*®that include many thermoelectric materi-
als such as 14-1-11 compounds@'@, Ca3AISb3, BagGajg_Geszpix
clathrates@, MgSszﬂ, MgZSi, ZnSb@, Zn4Sb3, and
filled skutterudites’Z. These materials exist along the border be-
tween metallic and nonmetallic behavior and have unit cells con-
sisting of electronegative anions with electropositive cations that
donate their valence electrons1819, Some earlier definitions re-
quire polyanionic frameworks, while others consider a broader
definition allowing materials like Mg3Sb, to be considered Zintl.
Zintl compounds follow simple valence counting rules?%. Many
different Zintl compounds have complicated unit cells resulting in
intrinsically low lattice thermal conductivity?Y. This along with
their interesting electronic properties, makes many Zintl com-
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pounds desirable as thermoelectric materials16/22

The Zintl compound Yb14MnSb11[Z§], has been the topic of nu-
merous studies®8P2#126 que to its high thermoelectric perfor-
mance at high temperatures making it a desirable candidate for
space applications. This compound exists in the complicated Yb-
Mn-Sb phase diagram which includes many binary and ternary
compounds, with multiple Zintl compounds displaying thermo-
electricity. This Yb-Mn-Sb phase diagram is shown in Figure
Yb,4MnSby;, Yb21Mn4Sb18[z], and the newly discovered28
Yb1oMnSbg phases are all p-type Zintl thermoelectric materials
very close to each other in compositional space.

Yb;oMnSby was recently discovered and has been shown in
an introductory study to have a Seebeck coefficient higher than
that of other phases in the Yb-Mn-Sb system®. It was hypoth-
esized to have a low lattice thermal conductivity, x;, due to its
complicated unit cell. The crystal structure as determined by
Baranets et al. is tetragonal in the P4,/mnm space group and
is related to the Ca;gLiMgSbg crystal structure but with addi-
tional structural disorder?8. Other materials in this crystal struc-
ture are Ca;oMSby (M= Ga, In, Mn, Zn), and A,CaqoSbg (A
= Li, Mg)®%, While the phase is discussed using the stoichiome-
try Yb,oMnSbyg, the actual composition may be more complex as
previous single crystal XRD analysis has suggested that the stoi-
chiometry is Ybjg.goMng 48 Sbg, resulting from partial occupan-
cies on some of the Yb and Mn sites. Note that this crystal struc-
ture is different from the orthorhombic Iba2 spacegroup structure
observed in other Zintl antimonides including YquaSbgm,
YblllnSbg, YbllAISbglﬂ, and Eulllnsbgm. In this work, we
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confirm the hypothesized low thermal conductivity and report
higher temperature transport data in order to consider the po-
tential of this material as a high temperature thermoelectric and
consider how this relates to Yb;4MnSb;4 and future optimization
studies.

2  Methods

2.1 Synthesis

Polycrystalline pellets were synthesized through a high energy
ball-milling and hot pressing synthesis route. To start, elemen-
tal Mn was purified by annealing in a sealed quartz ampule with
quartz wool at 1000 °C for 12 hours, in order to remove oxide
from the Mn pieces. Then, a MnSb precursor compound was syn-
thesized by combining equal mole ratios of purified Mn and Sb
shot (99.999%, 5N Plus) and then annealing in a quartz tube by
ramping to 950°C at a rate of 100°C/min followed by a two hour
dwell before bringing the temperature down to 675°C and hold-
ing the temperature there for 48 hours before quenching. The
Mn and Sb were confirmed to have fully reacted forming MnSb
using powder x-ray diffraction (XRD). This precursor step was
conducted to better allow for a complete reaction and to mini-
mize the presence of secondary phases in the final product. The
use of MnSb as a precursor material has been used in multiple
Yb4MnSby; studies©4 to allow for phase pure synthesis and the
use of multiple binaries in synthesizing 14-1-11 compounds has
been thoroughly investigated as a means of encouraging complete
chemical reactions#?, Yb shavings were obtained by using a steel
rasp to file a large Yb ingot in an Ar glovebox. Then, the synthe-
sized MnSb, Sb shot and Yb shavings were combined in the molar
ratio Yb:Mn:Sb = 10.5:1.125:9 for a total of 6.5 grams.

The powder was then ballmilled in a stainless steel jar sealed in
an Argon glovebox with an O-ring in a SPEX high energy ball mill
for a total of 270 minutes, with the ball mill jar taken out every
90 minutes to scrape the powder off the sides of the wall using
steel spatulas and tools.

In order to make a dense polycrystalline pellet, the powder
was then loaded into a half inch diameter graphite die and was
pressed in a rapid RF induction heating hot press instrument42
for 30 min at 45 MPa and 900°C. A single pressed pellet con-
tained approximately 2.3 grams of powder. The pellets were then
polished using polishing papers of various grit sizes. The den-
sity was measured using isopropyl alcohol and the Archimedes
method and was determined to be 8.21 g/cm’.

2.2 X-Ray Diffraction (XRD) Measurements

X-Ray Diffraction (XRD) measurements on bulk polycrystalline
samples were conducted using a Stoe STADI-MP instrument. Pure
Cu Ka1 radiation was used in reflection mode. A scan in 26 from
20° to 84° was conducted with a scan time of about 20 minutes
in total.

2.3 Transport Measurements

The electrical resistivity and conductivity was measured up to
825K using a home-built Hall instrument using the Van der Pauw
method with details of the instrument set-up described else-
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where#4, Similarly, the Seebeck coefficient was measured using
Chromel-Nb thermocouples up to 825K using a home-built instru-
ment described in Iwanaga et al#2.

The thermal diffusivity was measured using a commercial laser
flash analysis (LFA) instrument (Netzsch LFA 457 MicroFlash.)
The thermal conductivity was then calculated from the thermal
diffusivity using the measured density and the Dulong-Petit ap-
proximation for heat capacity.

3 Results and Discussion

After synthesizing polycrystalline pellets, the crystal structure was
confirmed using XRD. The X-ray diffraction patterns for both the
experimental diffraction peaks and the calculated diffraction pat-
tern using crystallographic information from Baranets et al.28 and
a basic Rietveld refinement“® are shown in Figure [2] and show
overall good agreement. Rietveld refinement steps were taken
using the GSAS-II software*Z. Here we received a final R,, value
of 13%. The refined lattice parameters were a=11.80443 A and
¢=17.11809 A , which is very similar to those reported previ-
ously?8 (¢=11.8336(17) A and ¢=17.043(3) A ). Slight discrep-
ancies in these lattice parameters could be due to slightly different
atomic site occupancies or due to thermal differences.

It should be noted that the stoichiometry used in synthesis was
not the same as suggested by the single crystal XRD analysis by
Baranets et al.“8, When samples were made using the refined sto-
ichiometry of Yb:Mb:Sb=10.9:0.48:9, the x-ray diffraction pat-
terns did not match the expected crystal structure and many sec-
ondary phases were present (see Figure S1 in the supplemen-
tal information). Thus, here our reported data corresponds to
a sample made by synthesis with the following ratio of the ele-
ments, Yb:Mn:Sb = 10.5:1.125:9. This is close to the experimen-
tal nominal composition from Baranets et al.28 of Yb:Mn:Sb=
10.75:0.75:9 with slightly more Mn. This excess Mn used in syn-
thesis may be necessary for reaction, as it may be easy to system-
atically lose Mn during synthesis. This may be similar to the case
of Ybj4MnSby; where a slight excess of Mn is frequently used
as it improves thermoelectric performance®. Additionally there
may be more Mn in the composition of this phase than what was
previously reported which could be contributing to these slightly
differing lattice parameters. Thus far, the role of the excess Mn
in synthesizing Yb;oMnSbg has not been completely uncovered,
yet it is apparent that both this and the previous report required
some excess Mn in synthesis of bulk samples in comparison to the
stoichiometry determined via single crystal XRD.

Measurements of both the electronic and thermal properties
of Yb;oMnSby from room temperature up to about 825K are re-
ported here in Figured3|and

The key strength of Yb;gMnSbg as a thermoelectric material
is the thermal properties which are shown in Figure 3| Figure
depicts the total thermal conductivity as determined from LFA dif-
fusivity measurements, whereas Figure , shows the lattice ther-
mal conductivity which was determined by subtracting the elec-
tronic contribution to the total thermal conductivity determined
using the electrical resistivity and the Lorenz number.

Here it is observed that Yb;oMnSby has an ultralow thermal
conductivity, even lower than that of Yb;4MnSby;, which has one
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Fig. 1 (a) Ternary phase diagram for the Yb-Mn-Sb system. The inset (b) shows a zoomed in portion of the phase diagram consisting of the
thermoelectric Zintl phases Yb;,MnSb;123, Yby;Mn,Sbyg2%, and Yb;gMnSbg28. Other reported ternary phases in this system are YboMng,Sho32,
YbMnSb,39, and YbMn,Sb,3%.  Stable binary phases have been reported by Materials Project® and the Open Quantum Materials Database

(OQMD)39‘40.

of the lowest thermal conductivities of practical thermoelectric
materials. However, when considering the only the lattice con-
tributions to the total thermal conductivity, the lattice thermal
conductivity of Yb;4MnSby; is lower than that of Yb;oMnSby, al-
though the x of Ybj4MnSb;; appears to be affected by multiple
electronic bands making it less clear how to extract a lattice con-
tribution?®. The total thermal conductivity of Yb;oMnSbg appears
to be completely dominated by the lattice thermal conductivity
term and thus the values for total thermal conductivity and lat-
tice thermal conductivity are nearly identical. This is because this
material has a very high electrical resistivity, and as such very lit-
tle heat is carried by the electronic charge carriers. The low lattice
thermal conductivity is attributed to the complicated crystal struc-
ture with partial occupancies. The complex, disordered structure
is expected to have thermal conductivity dominated by diffuson as
opposed to propagating phonon which give a nearly temperature
independent k as observed even in crystalline Yb;4;MnSb;“%.

The measured electronic transport data in the form of the
electrical resistivity and Seebeck coefficient are shown here in
Figure We compare the data here with data both previ-
ously reported for this material®®, as well as data from the well-
studied high temperature thermoelectric Yb;4MnSb;24. In gen-
eral, YbjoMnSby has both a higher Seebeck coefficient and a
higher electrical resistivity than Ybj4MnSb;;. The Seebeck coef-
ficient for Yb;(MnSbg demonstrates the onset of bipolar conduc-
tion around 750K which is shown by the turnover in the Seebeck.
Additionally, it should be noted that while the Yb;oMnSby sample

reported here follows the same general trend with temperature
as that reported previously28, it demonstrated both a higher elec-
trical resistivity and a higher Seebeck coefficient. This can likely
be attributed to these samples having a different charge carrier
concentration. That is, there is likely a lower concentration of
charge carriers in the sample reported here than the sample re-
ported previously. Additionally, the difference in charge carrier
concentration between the sample measured here and the work
of Baranets et al.28 (as suggested by the higher electrical con-
ductivity and Seebeck coefficient values exhibited by our sam-
ple) suggests that the addition of excess Mn may be changing the
phase equilibria, thus impacting charge carrier concentration.

This phase equilibria dependent carrier concentration has been
found in numerous phase boundary mapping studies4?. In short,
by changing the phase equilibria, the chemical potentials of ther-
moelectric samples can be set, which can have profound impacts
on defect energies and thus charge carrier concentrations22%22,
For instance, it has been shown that in the Zintl compound
CagZny ,Sby, the carrier concentration can be changed by more
than an order of magnitude just through very small changes in
the Zn content®?, Future work on this compound could utilize
a complete phase boundary mapping approach to optimize this
material. This would involve purposefully synthesizing samples
off-stoichiometry to sample the thermoelectric properties that are
present for samples synthesized in different three phase regions
on the ternary phase diagram.

The electronic band structure of this material has not yet been
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good agreement throughout and minimal secondary phases (although there does appear to be an unidentifiable extra peak around 43.75°). The black
vertical lines indicate all of the angles with expected peaks from the crystal structure.

reported, however the bandgap can be approximated from the
peak in the Seebeck coefficient and the corresponding tempera-
ture using the Goldsmid-Sharp approximation=°.

€3]

Using the peak in Seebeck determined experimentally (Fig-
ure |4), this bandgap was approximated to be about 0.4 €V. This
bandgap value is comparable to bandgaps of other thermoelec-
tric materials in this Yb-Mn-Sb system, such as YbgMny »Sbg (0.4
V)22 Yb 4MnSb;; (0.5 eV)2% and Yb,;Mn,Sbyg (0.4 V)22,

The thermoelectric quality factor, B, is a way to consider the
maximum z7 a material can achieve given appropriate doping.
This quality factor is useful in comparing unoptimized materials
and is proportional to the weighted mobility divided by the lattice
thermal conductivity (B ~ u,/x; )2822. The weighted mobility
can be calculated from Seebeck coefficient and electrical conduc-
tivity measurements®®, If we consider the temperature where the
weighted mobility peaks before the onset of bipolar conduction
(725K as shown in Figure ), we can calculate the correspond-
ing thermoelectric quality factor B to approximate the theoretical
maximum z7 for that temperature®?. A B value of about 0.10 was
calculated for the experimental Yb;yMnSbg at 723K using the fol-
lowing equation, where kg is the Boltzmann constant, x; is the
lattice thermal conductivity, T is the temperature, and og, is the
transport coefficient?,

Eg ~ 2e|Smax ‘ Tnax

kp > Opo
(6) K1,

B= T 2)
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The transport coefficient can be calculated for a material at a
given temperature using measurements of the Seebeck coefficient
and the electrical conductivity with the following analytic equa-
tion which is accurate within 5% when the absolute value of the
Seebeck coefficient is greater than 120uV/K®2,

S|

exp[k / 3)

OEo =

Using this calculated B value, the relationship between 77" and
the reduced chemical potential, 1 = Er /kgT can be determined
using the following equation® which is plotted in Figure .

$*(n)

(ks /e)*

-2
Bin(1+e") +L(n)

4

From this it can be determined that given optimized doping,
Yb,oMnSbg should be able to reach a zT of 0.33 at 725K. This is
approaching the zT of Ybj4MnSb; at this temperature which as
measured by Brown et al.2% is about 0.36.

Thus, further doping may be necessary to optimize the charge
carrier concentration and overall performance. The Seebeck co-
efficient for this material is quite high, indicating that this sample
is underdoped and that future optimization would require a de-
crease in the charge carrier concentration. This stands in contrast
to Yby4MnSb;; where the pure compound has too high of a carrier
concentration and optimization efforts generally involve attempts
to decrease the carrier concentration®41e1%62 (although this ap-
proach may have been flawed as recent studies on the multi-band
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effect in 14-1-11 compounds suggests that a reduction in n may
not be necessary2%). While this material has been shown to have
multiple sites with partial occupancies?®, with the right dopants
attempts could still be made to decrease the carrier concentra-
tion sufficiently to reach optimal performance. Doping on the Yb
site would likely be the best option because there are fraction-
ally less Yb sites with partial occupancies. Doping this site with a
+1 cation such as Nat! could allow for the tuning of the carrier
concentration.

In Figure [5] it can also be seen that the weighted mobility for
this material is quite low compared to high performing materials
in this system. One way that this could be improved is through a
reduction of spin-disorder scattering through partial substitution
of Zn on the Mn site. Since Mn and Zn cations are isoelectronic,
while Mn has magnetic properties and Zn does not, substituting
some of the Mn atoms with Zn can allow for a reduction in spin
disorder scattering without changing the carrier concentration or
other electronic properties very much. This has been a successful
route in improving thermoelectric performance in Yb;,MnSb, %3
and has been shown to improve carrier mobility in YboMny » Sbg0%
and thus would be a good starting point to potentially improve
the weighted mobility of this material.

The zT of the experimental Yb;oMnSbyg reported here is com-
pared to that of reported Yb;4MnSb; ;2% is shown in Figure[6| The
ZT at 825K is about 0.34, and it may peak at an even high temper-
ature, similar to Ybj4,MnSb;;. Due to the possibly lower bandgap
an earlier onset of bipolar conduction in Yb;yMnSbg suggests that
the zT will not peak at as high of a temperature as Ybj4MnSby;
given its current level of doping. However, when optimally doped,
Yb19MnSbg will likely exhibit a turnover in the Seebeck coefficient
at a higher temperature, closer to that which is seen in the 14-1-
11 compound. While the z7 of Ybj4MnSb; is higher than the
ones reported here for Yb;(MnSby, this material has not yet been
optimized in any way so there is potential for further increases in
ZT with a deeper materials study. We have shown that in the mid-
temperature range (~725K), Yb;oMnSbg has the potential given
appropriate doping to reach 7T values close to that of experimen-
tal values for Ybi4MnSb;;. Additionally, our transport data for
this material has a very high thermally activated electrical resis-
tivity while having a Seebeck coefficient trend that appears metal-
lic at low temperatures. This suggests substantial grain boundary
resistance in these samples®2. This means that the quality factor
for YbioMnSbg has the potential to reach even higher values of
B thus increasing the maximum zT through grain growth©2:%l or
other grain boundary engineering techniques®7%?, This suggests
that the optimized z7T of Yb;oMnSby has the potential to surpass
Yb4MnSb,, making it one of the best materials in this tempera-
ture range.

Additionally, Yb;yMnSbg is an important material for us
to study and be aware of, particularly in future studies of
Yb,4MnSby;. In Baranets et al.28, they show that the XRD pat-
tern for YbgMnSby is incredibly similar to Yby;Sby, and thus it
is likely that researchers have misidentified secondary phases of
Yb,oMnSbg as Yby;Sbo. Because Yb;oMnSby is so close in com-
positional space to Yb14MnSby;, it is likely that secondary phases
of Yb;oMnSbg may be present in Yb;4,MnSbq; samples, depending

Journal of Materials Chemistry A

on synthesis route. A greater understanding and awareness of this
phase will be essential in future improvements of Yb4MnSb;
performance.

To date, this Yb;oMnSbg phase is the only reported compound
with the 10-1-9 crystal structure containing Yb. However, we
have found evidence for other existing compounds in this fam-
ily, namely Yb;yMgSbg. In previous work studying interstitial Na
as a donor in Yb14MgSb, there was an unexplained crystal struc-
ture that formed upon doping with NaZ%, The XRD pattern did
not match closely with the target 14-1-11 phase, and thus it was
concluded that the Na lead to the synthesis of a different com-
pound. In comparing this unidentifiable XRD crystal structure
pattern to that of YbjyMnSbg, a high degree of agreement was
observed. This suggests that there is likely an Mg analog to this
10-1-9 structure that could be further explored.

4  Conclusions

In this work we synthesized Yb;oMnSby and measured and re-
ported the thermal and electronic transport properties up to
825K. This material has an ultralow lattice thermal conductiv-
ity as a result of the complicated unit cell with partial occupancy
sites, with a total thermal conductivity even lower than that of
Yb14MnSb;4. Additionally, in consideration of the thermoelectric
quality factor, B, given the quality factor, B, reported here it is
unlikely that the thermoelectric figure of merit z7' of Yb;oMnSbg
will surpass that of Yb;4,MnSb;; with doping alone due to the low
weighted mobility, u,,. However, there is evidence for some grain
boundary resistance, and such further material improvements
could be made through grain boundary engineering and doping,
giving Yb;oMnSby the potential to surpass the z7 of Ybi4MnSby;
This material is also important to consider when studying proper-
ties of other Yb-Mn-Sb thermoelectrics and is likely to appear as a
second phase during some synthesis routes of Yb;4,MnSb;;. Addi-
tionally we suggest that there may be other unreported materials
in this structure family, particularly Yb,,MgSbg.
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Fig. 3 Thermal properties of YbjgMnSby as compared with reported data for Yb14MnSb11. (a) The total thermal conductivity as a function
of temperature. Here it is shown that Yb;oMnSby has an ultra-low thermal conductivity, even lower than that of leading thermoelectric material
Yb14MnSb;;. (b) The lattice thermal conductivity as a function of temperature, calculated by subtracting the electronic thermal conductivity from
the total thermal conductivity. While YbjoMnSbg, has a lower total thermal conductivity than Yb4MnSby, it has a slightly higher lattice thermal

conductivity. This can be attributed to the much higher electrical resisitivity in the Yb;gMnSbg sample.
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Fig. 4 Electronic properties of YbjgMnSbg as compared with previously reported values for this compound as well as Yb14MnSb;;2%. For both the
sample reported here as well as previously reported 10-1-9 data, the sample is highly resistive, much more so than 14-1-11 and has a high Seebeck
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different charge carrier concentrations.
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