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Abstract

Yb1sMnSbi: is a member of a remarkable structural family of compounds that are classified
according to the concept of Zintl. This structure type, of which the prototype is Cai4AlSbii,
provides a flexible framework for tuning structure-property relationships and hence the physical
and chemical properties of compounds. Compounds within this family show exceptional high
temperature thermoelectric performance at temperatures above 300 K and unique magnetic and
transport behavior at temperatures below 300 K. This review provides an overview of the structure
variants, the magnetic properties, and the thermoelectric properties. Suggestions for directions of
future research are provided.

1. Introduction to Zintl Phase Compounds

Named after Eduard Zintl, Zint/ phases are salt-like intermetallic compounds in which
electrons can be considered as completely transferred from cations to anions."? In Zintl phases,
electronic configurations of both cations and anions usually follow valence rules to have stable
electronic configurations. Different from alloys, in which constituent elements have no clear
oxidation states and electrons are shared by all the elements like metals, Zin#/ phase compounds
are composed by elements of which oxidation states can be assigned and electrons are considered
to be transferred from the electropositive element to the more electronegative one. The first Zint!
phases systematically studied were binary compounds and the constituent elements were alkali or
alkaline earth elements as cations, and group 13—15 elements as anions.""? The compositions of
these compounds are simple ratios of their oxidation states, indicating the oxidation states of
composite elements obey the octet rule and Zintl-Klemm concept is strictly followed.!? There are

two different directions of research that have expanded the development of Zint/ phase compounds.



One active research area is to systematically explore more complex compositions such as
Ca11Sbio, K4Pby, NagSise, CaisAlSbi; and KBaxInAs3.>7 The other direction is to replace the
alkaline earth metals with divalent rare earth elements (Sm, Eu and Yb) along with the introduction
of transition metals into structures, typically replacing the less electronegative metalloid in the
anionic framework.%!® Combinations of these two directions led to compounds such as
Yb14MnSbi1, PrsaMnSby, EuioMneSbis, YboZna,Bio and Cs13NbaIneAsio.!'"'¢ The complexity of
compositions can be combined with a small flexibility in electron counting. For example,
Yb14sMnSbi1 and YboZns+Big do not strictly follow the Zintl-Klemm concept. YbisaMnSbi; has
Mn?* instead of a group 13 element such as in Ca;4AlSbi; and therefore is electron deficient,'” and
YboZn4+Sbe has interstitial Zn atoms which can be compositionally varied to achieve specific
properties.'® At the same time, the total number of valence electrons within an identical Zintl phase
structure type with different elements may also vary slightly but the variance can be quite small
and limited for many structure types that can be described by the Zint/ concept. Therefore, with
the introduction of transition elements, new electronic properties are possible, but complete
transfer of electrons and clear counting of valence electrons remains a criterion for describing

transition and rare earth metal containing Zint/ phase compounds.

Binary Zintl phase compounds which have compositions of simple ratios of elements usually
adopt the structures of known oxides or halides, in which anions and cations are isolated in the
structure with no covalent bonding.> ' Both isolated anions, polyanions or clusters in Zint/ phase
compounds can provide complex compositions such as those represented by Ca;1Sbioand K4Pbo.>
4 Polyanions or clusters are formed to compensate for lack of enough electrons from the
electropositive element to satisfy valence to form a simple one atom anion. Sb forms Sb-Sb single
bonds in the Ca1Sbio structure type resulting in Sbo* and Sb4* polyanions in the structure.* The
Zintl electron counting provides the following charge balanced scenario: 11Ca”" + 4Sb?" + 2Sby*
+ Sbs?. Two types of clusters exist in K4Pbg with the same formal oxidation state: a monocapped
square antiprism and a tricapped trigonal prism of Pby*~.* The Zintl electron counting works for
double the formula, KsPbo, providing 8K* + 2Pbo*~. The polyanions or clusters can combine from
infinite units or a framework structure. For example, anionic clathrates such as NagSiss have an
infinite framework of silicon with sodium filling the cages.® Ternary and quaternary Zintl phases
can have even more complex structures. KBaxInAs; has both [In2As7]'3- isolated clusters and one
dimensional infinite chains of [InoAss]”".” All the alkali and alkali earth metals are isolated as

electron donors with no covalent bonding to the anions. The introduction of rare earth elements



and transition metals to Zint/ phases pioneered by the Kauzlarich group lead to more possibilities.
10.20° Rare earth elements that can have a 2+ oxidation state (Sm, Eu, Yb) can replace alkali or
alkaline earth metals, and transition metals can replace the main group metalloid elements in Zint/
structures. For example, Yb11Sbio and Yb1saMnSbi; are iso-structural to known Zint/ phases,
Cai11Sbio and CasAlSby;.'1 2! New structure types were also discovered due to the introduction
of transition elements. For example, PrsaMnSby, CariMnsSbis, EuioMneSbiz, YboZnsBio, and

Cs13NbalneAsio are all new structure types that have no exact main group metalloid analog.'3 4
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Zintl phases containing transition and RE metals have been shown to have unusual and unique

8-10, 20

magnetic properties, and many Zintl phases have found application as thermoelectric

materials.!7- 2327

The first phases defined as Zint/ compounds consisted of main group elements
and were typically diamagnetic or weakly paramagnetic.'®?%2° However, the introduction of rare
earth elements and transition elements are able to change the properties.’® 3! As transition metals
or rare earth ions may have unpaired electrons, Zint/ compounds consisting of such elements can
be magnetic such as ferro-, ferri- or antiferromagnetic. At the same time, these compounds can be
semimetallic or metallic. One reason for that is the flexibility of electron count caused by the
introduction of transition metals. Another reason is the contributions from d- and f-orbitals of the
transition and rare earth metals. They are sometime underestimated by theoretical calculations due
to the presumably small contribution of d-orbitals at the Fermi-level, compared with the p-orbitals
and the difficulty in calculating f-orbitals. However, their presence may be important to the
electronic bands near Fermi-level as Zint/ phase compounds containing these high degeneracy

orbitals have dramatically different properties from the analogs without d- and f-orbitals in the

structures.

2. A1uMPni; Structure Type

As a structure type of Zintl phase compounds, the first analog of A14sMPni; was Cai4AlSbi;
discovered in 1984 and since then more than 30 derivatives have been found.® 32 The structure of
A14MPny; (Figure 1) crystallizes in the space group /4;/acd and there are eight formula units, 208
atoms in total, in one unit cell. The structure can be described by the Zintl concept® 2° as follows:
each formula unit is charge balanced as 14 A?" + [MPn4]> + Pn3s”" + 4 Pn*. Combinations of
different elements lead to gradual changes in structure, e.g. unit cell parameters, bond angles, bond
lengths of the [MPn4]°" tetrahedral clusters and bond length of Pn3”-. All the published A4MPn;

compounds are listed in Table 1 with their structure information, and the volumes as a function of



ionic radii are plotted in Figure 2. It is immediately clear that while the ionic radii of Yb is slightly
larger than Ca, in these structures the volume of the Yb containing compounds are consistently
smaller for the same metal, M, and pnicogen, Pn. This may suggest more covalency in the Yb
containing structure.?® Table 1 is limited to structures of single elements on each site, so none of
the solid solution structures are provided. To date, only the heavier alkaline earth elements, Ca,
Sr and Ba, as well as the normal 2+ rare earth cations, Eu and Yb, have been reported as single
elements on the A site.* Ca" (1.00 A), St** (1.18 A) and Ba®>" (1.36 A) are large alkali earth ions
and Yb?* (1.02 A) and Eu?* (1.17 A) are respectively similar in size to Ca>" and Sr?*.>* The unit
cell parameters are strongly related to the elements, or the size of ions. From Ca to Ba, a, c and V'
linearly increase when Pn is fixed, while the c/a values (Table 1) decrease from Ca to Ba. The
only exception is Ca;4CdSbi; which has an exceptionally large ¢ value and c¢/a value. According
to the trend in the system, the reported unit cell parameters of Ca;4CdSbi; may require an
additional structure solution.>> There may be interstitial Cd or Sb atoms in the structure, altering
the unit cell parameters as has been indicated for Sri4CdSbi1.3¢ For the two rare earth elements,
Eu and YD, unit cell parameters also show similar dependence on the sizes of their ions.** Eu?*
(1.17 A) is similar in size to Sr>* (1.18 A), and therefore the unit cell parameters of Eu analogs are

most similar to but slightly smaller than those of Sr.

Figure 1. Unit cell of A1sMPni; projected along the c-axis. A and Pn atoms are represented by
blue and brown spheres, Pn3’~ ions are shown with brown bonds and the pink tetrahedra are
[MPn4]° clusters.
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Figure 2. Volume vs cation ionic radius for A14sMPnj;.

Table 1. List of published A14sMPn11 compounds with single crystal structure results. Data are for
room temperature, unless otherwise noted.

Compound a(A) c(A) V cla M-Pn | Pn-M-Pnbond | Pn-M-Pn Pn-Pn Ref
(A) bond angles bond bond
length angle length
(A) ratio (A

P

*Cai4GaP1i 15.347 | 20.762 | 4890 | 1.353 | 2.541 107.93/112.59 1.043 2.930 37
*CaisMnPf 15.326 | 20.757 | 4875 | 1.354 | 2.543 108.05/112.36 1.040 2.929 38
*BEuaMnPy 15.930 | 21.213 | 5383 | 1.332 | 2.585 106.60/115.39 1.082 3.059 39
As

*CaGaAs i 15.642 | 21.175 | 5181 | 1.354 | 2.546 107.80/113.00 1.048 2.956 40
*CasMnAsi+ 15.785 | 21.041 | 5243 | 1.333 | 2.603 107.10/114.40 1.068 3.019 4
*BusMnAsi: 16.318 | 21.684 | 5774 | 1.329 | 2.646 106.24/116.14 1.093 3.134 3
*EusONbAsi: | 16.329 | 21.973 | 5859 | 1.346 | 2.511 107.06/114.40 1.069 3.053 2
*Sri3CONDbAsI 16.498 | 22.131 | 6024 | 1.341 | 2.508 107.14/114.23 1.066 3.093 2
#Sr14CdAsy T 16.615 | 22.321 | 6162 | 1.343 | 2.758 107.10/114.38 1.068 3.191 36
*EuisCdAsi; 1+ | 16.306 | 21.860 | 5812 | 1.341 | 2.745 107.08/114.38 1.073 3.162 36
*SraGaAs; i+ 16.513 | 22.140 | 6037 | 1.341 | 2.613 106.90/114.70 1.073 3.108 43
*SraMnAsiE 16.575 | 22.229 | 6107 | 1.341 | 2.683 106.90/114.70 1.073 3.100 4
Sb

Ybi14ZnSby; T 16.562 | 21.859 | 5996 | 1.320 | 2.726 105.60/117.60 1.114 3.175 “
Yb1aMnSb; @ 16.615 | 21.948 | 6059 | 1.321 | 2.750 105.60/117.50 1.113 3.195 1
Ybi1aMgSbi! 16.625 | 22.240 | 6145 | 1.338 | 2.806 106.80/114.97 1.077 3.196 4
CaisAlSb 16.676 | 22.423 | 6236 | 1.345 | 2.718 107.30/114.00 1.062 3.196 6
CasMnShy 16.742 | 22.314 | 6254 | 1.333 | 2.759 106.60/115.30 1.082 3.215 4
Cai4ZnSbii} 16.790 | 22.022 | 6208 | 1.312 | 2.752 105.26/118.96 1.130 3.231 35
Cai4CdSbii* 16.583 | 23.167 | 6371 | 1.397 | 2.882 107.63/110.40 1.026 3.180 33
Ca1aMgSbii 1 16.681 | 22.561 | 6278 | 1.353 | 2.809 107.94/112.58 1.023 3.220 4




EuaMnSbu@ | 17.300 | 22.746 | 6308 | 1.315 | 2.790 | 105.10/118.60 1.128 3.258 | %
EusMgShi, 17344 | 22981 | 6913 | 1.325 | 2.875 | 106.73/115.10 1.078 3342 | @
SriaAlossSbit | 17.542 | 23.330 | 7179 | 1.330 | 2.833 | 107.00/114.60 1071 3302 | 8
Sr1aMnSbyE 17.530 | 23354 | 7177 | 1.332 | 2.838 | 106.40/115.90 1,089 3310 | 4
Sr1aMgSbi* 17.569 | 23399 | 7223 | 1.332 | 2.875 | 106.73/115.10 1.078 3342 | @
*Sr1aZnSbit 17.632 | 23.174 | 7205 | 1.314 | 2.806 | 104.96/118.96 1133 3338 ®
EuaInSb@ 17.289 | 22.770 | 6808 | 1.317 | 2.865 | 107.10/114.40 1.068 3.257 | %
*Sr14CdShr E 17.611 | 23277 | 7219 | 1.322 | 2.909 | 105.00/118.85 1132 3359 |
*Sr14Cd13Sby | 17.616 | 23.203 | 7200 | 1.317 | 2.898 |  105.00/118/00 1132 334 | 3
EuaCdShy P 17403 | 22.862 | 6924 | 1.314 | 2.885 | 104.62/120.56 3.264 | 3
1.152

BaAloocSbit | 18.360 | 24.150 | 8141 | 1.315 | 2.799 | 105.40/117.90 1119 3370 |
*BanMnSbit | 18.395 | 24.266 | 8211 | 1.319 | 2.872 | 105.10/118.70 1129 3418 4
Bi

YbiaMgBin T 16974 | 22399 | 6454 | 1.320 | 2.849 | 105.62/117.48 1112 3345 | ©
YbiMnBi@ | 17.000 | 22.259 | 6433 | 1.309 | 2.803 | 104.70/119.40 1140 3336 |
CanMnBirF 17.066 | 22.498 | 6553 | 1.318 | 2.814 | 105.40/118.00 1120 3297 | %
CasMgBin 17.047 | 22.665 | 6587 | 1.330 | 2.861 | 106.36/115.88 1.090 3358 |
EuaInBin’ 17.672 | 23.110 | 7219 | 1.308 — ~ — %
EuisMnBi ;@ 17.633 | 23.055 | 7168 | 1.307 | 2.862 | 104.69/119.54 1.142 3.397 | %
EusMgBin 17.666 | 23.244 | 7254 | 1316 | 2.858 | 105.46/117.83 1117 3362 |
SriaMnBirE 17.847 | 23.442 | 7460 | 1.314 | 2.889 | 105.00/118.70 1130 3425 %0
Sr1sMgBil| 17.854 | 23580 | 7517 | 1.321 | 2.928 | 105.70/11731 1.110 3445 |
BaaMnBin: 18.665 | 24.429 | 8511 | 1.309 | 2.935 | 104.50/119.90 1147 3498 [ %0

#Average distance from the center for a split site Pn(4).

*Pn(4) atom, the central Pn atom of Pn3’" unit has split sites.

“Pn(3) atom exhibits positional disorder, modelled as a majority and a minority site

IT,K=130
1T, K =90

AT, K =200
@T,K =143

" Lattice parameters from powder diffraction data.

The atom numbering for A14MPni; is provided in Figure 3. This view also shows how the

tetrahedra and the three-atom unit alternate down the ¢ axis. The Pn in the tetrahedra is designated

as Pn2, and the three-atom linear anion is defined as Pn1-Pn4-Pnl. The Pn3* (Pn3) anions are

considered isolated as there are no reasonable distances that might be considered Pn-Pn bonding,

and the anions are six-coordinated by the A" cations. The distance between M atoms in the

[MPn4]° cluster is around 10 A and the [MPn4]’ cluster is compressed along the c-direction and

distorted from an ideal tetrahedral angle of 109°. Bond distances and the Pn3 site will be discussed

in more detail below.




The bonding of Pn3" is considered to be a three-center-four-electron bond, similar to that of
I5-.4%32-3% The tetrahedron and Pn3’- alternate down the c axis as shown in Figure 3. This structural
feature relates to the size of ions is the disorder and order of the central Pn atom (Pn4) in Pn3”
units. The both Pn4 and Pnl of the Pn3’- linear unit may have split sites in some analogs such as
phosphides®”-3%-3>-57 and arsenides.*%4%4!-4> This can manifest in large thermal ellipsoids in single
crystal X-ray diffraction data refinement and typically various disorder models are employed to
account for the electron density. In the P and As containing analogs, the central Pn atom in the
Pn3"" is best modeled as a split site. The central Pn4 atom of the Pn3’- unit deviates from the ideal
fully-occupied 8b sites and is split into the /6f sites with 50% occupancy. The Pn-Pn bond lengths
of Pn3’- are also affected by the A size and unit cell parameters. When Pn-Pn bonds are surrounded
by large A ions and Pn atoms are too small to form stable three-center-four-electron bonding,*® the
Pn4 atom deviates from the original central site to form one strong Pn-Pn bond and one weak Pn-
Pn bond, lowering the total energy and stabilizing the structure. In the case of Bai4GaP11, both the
P4 and P1 sites are best described by split sites. In the As analogs, the central As4 site is described
as split; in the Sb analogs, only the large cations, such as Sr and Ba, lead to the splitting of the Sb4
site. To date, none of the reported Bi compounds show a split site. Figure 4 shows a summary of
the possibilities for structural models of the Pn3” unit.>> Typically, the most common one

employed uses a split site on the central Pn atom (Pn4).



Figure 3. A view of a portion of the A14MPny; structure showing the MPng4 tetrahedra (Pn = Pn2),
the three-atom trimer (Pn1-Pn4-Pnl), the isolated Pn3 has no bonds to it and all the Pn atoms are

indicated in brown. A1 indicated in teal, A2, A3, and A4 in green, blue and yellow, respectively.
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Figure 4. Various models for the P3”~ anion employed in the structure solution for Baj4InP;. The
Ba?" cations surrounding the P3’~ anion in a central tetragonal antiprism sharing quadrangular faces
with two bicapped trigonal prisms (16 Ba cations total) are shown. Various models that were used
to refine the single crystal data are shown in (a)—(e). The final model employed for Baj4InP; was
(d) and distances are provided in (e). Either (c) or (d) models of split sites have been employed in
other Pn = P, As containing A1sMPni; compounds. Image reproduced with permission from
Carrillo-Cabrera, W.; Somer, M.; Peters, K.; Schnering, H. G. v., Synthesis, Structure and
Vibrational Spectra of Bal41nP11. Chem. Ber. 1996, 129, 1015-1023, ref .

There are four A sites and each one is surrounded by six Pn atoms in pseudo octahedral

coordination as shown in Figure 5. These pseudo octahedra are significantly distorted with the



exception of A3 site. From a merely cationic perspective, the crystal structure can be
conceptualized as a combination of four different types of distorted APns octahedra that generate
polyhedral chains along the c-direction (Figure 5). Site preferences are observed in the occupancy
of the cation sites when doping or alloying on the A position.3!: 3% The tendency is for smaller
atoms to prefer the A1 and A3 sites, and for larger atoms to prefer the A2 and A4 sites. This can
be understood through the Hirshfeld surface analysis of chemical bonding. A2 and A4 show the

largest atomic Hirshfeld surface volumes, while A1 and A3 have the smallest.??

Sb2
Sbl Sb3
34.16
Sb4 Sb2
Sb3
Al

Figure S. Representation of the four type of distorted APng octahedra formed by the four different
color-coded cationic sites (Al (pink), A2 (blue), A3 (yellow), A4 (orange)) with the relative
bonding lengths and angles. Each type of octahedron forms a chain that propagates through the
crystal structure along the c-direction, shown below. Therefore, each cationic site is responsible
for a different octahedral pattern (multicolored image on far right). Images adapted and reproduced
with permission from Nam, G.; Jang, E.; Jo, H.; Han, M. K.; Kim, S. J.; Ok, K. M.; You, T. S.,
Cationic Site-Preference in the Ybi4xCaxAlSbi1 (4.81 < x < 10.57) Series: Theoretical and
Experimental Studies. Materials (Basel) 2016, 9, 553. Copyright 2016 by the authors, ref ¢,

The M site has been substituted by the main group 13 elements, Al, Ga and In, and the
transition metals Mn, Zn, Nb and Cd, and the alkaline earth metal Mg.’® Figures 6-8 show the c/a

10



ratio and the M-Pn bond distances for A1sMPni1, M = Mn, Mg, Zn, Cd, Al, Ga. The metal atom
M =Al, Ga and In, can be considered to be formally 3+ in the [MPn4]® tetrahedron and Mg, Mn,
Zn and Cd are considered to be 2+. The Mn in Ybi1sMnSbi; has been shown to be Mn?* by X-ray
Magnetic Circular Dichroism (XMCD) and XPS spectroscopies.** 8 These results are further
supported by neutron diffraction and spectroscopy.®® Mg is a special element for the M site,*
because as an alkaline earth element it was assumed that it might prefer the A site. However, any
attempt to synthesize compounds with A = Mg never succeeded. Instead, Mg was discovered to
occupy the M site in the structure.*> This can be attributed to the small size of Mg?", its preference
for a tetrahedral coordination geometry, and its chemical similarity to Al. The radius of Mg?*
(0.57 A) is similar to those of Mn?* (0.66 A) and Zn*" (0.60 A) and is much smaller than the other
alkaline earth ions that occupy the A sites.’* Figures 6-8 show that the c/a values of Eu and Yb
are respectively smaller than those of Sr and Ca. The difference in unit cell parameters and c/a
values may be caused by ionic polarization of the alkaline earth as compared to the rare earth ion.
From P to Bi, similar trends are also observed, that is c¢/a values decrease with larger ionic radii.
As can be seen from Figures 6-8, bond lengths of M-Pn in MPny4 tetrahedron and Pn-Pn in the Pns”
unit increase with increasing Pn size. Ca;sMgSbi1and Ybi14MgSbi; are the first examples of the
Mg containing compounds in this structure type.*> They have larger unit cells compared to other
(Ca/Yb)1aMSbi1 compounds, although Mg has a smaller ionic radius compared to the other metals
occupying the M position (Cd, Mn, Zn). This can be explained by a reduced distortion of the
MgSbs tetrahedra. Two recent examples of Mg containing compounds are Sri4MgSbi; and
Eu1sMgSb1.47  Although Sr and Eu are similar in charge and size, the two compounds present
some crystallographic differences. They both crystalize in the tetragonal crystal group /4;/acd,
but the Sr analog shows disorder of the Sb3 atom, which results in a long Sb-Sb interaction, similar
what has been described for Srj4ZnSbi1.>3 From the Zintl perspective, the SriaMSbi; M = Mg, Zn
is one electron deficient compared to Ca14AlSbi1, due to the difference between the oxidation states
of Mg?*, Zn** and AI**. This deficiency could be the main reason for the long Sb-Sb distance
between Sb3 atoms in the Sr14MgSbi1 compound, where one can envision a bond order of one half
that would compensate for the loss of one electron.’> 4’ With this scenario, one might expect
Eu1sMgSbi; to show the same structural distortion, but it is not apparent.*’ However, the MgSba
tetrahedra in Eu1sMgSbi are characterized by a larger deviation from the ideal tetrahedral angle
(109.5°). These structural differences deeply affect the electronic conduction with EuisMgSbi;

being more conductive than SrisMgSbi1.#7 Other variants of Mg containing compounds have been

11



recently discovered. A14sMgBii (A = Yb, Ca, Eu, Sr)* 3! are isostructural to CaisAlSb;; and
therefore crystalize in the same space group (/4,/acd). While the Sb analogs present several crystal
distortions, the bismuth compounds appear to be overall more ordered. There is a strict correlation
between the Mg-Bi bond lengths within the MgBi4 tetrahedra and the size of the A cation. Indeed,
similarly to what observed for the Mn containing bismuthates, the Mg-Bi bonding increases with
increasing ionic radius of the A cation. Another trend that can be observed is the distortion of the
MgBiy4 tetrahedra, which increases when the A site is occupied by rare earth elements rather than
alkali earth metals, and this is true for all the Mg containing compounds, independently from the
Pn atom. In a more general sense, Pn are the heavier pnicogen elements such as P, As, Sb and Bi,
which are formally trivalent anions in the structure. Among these four elements of the group 15,
the Sb analogs are the most studied. The phosphorus containing analogs are the least studied to
date.373% 3536 The arsenic analogs are also relatively few in number and are certainly worth
investigation 3% 40:42:43,52,53,57. 70" Although many analogs have been discovered with this structure
type, still more possibilities remain unstudied. The first reason is that not all combinations of the
elements mentioned above have been fully characterized; the second is that more compounds will

be possible if a new element is introduced into this system.

3
] LN o 29§
N N o
- 0 L o 3
R \ = 288
=] A \ a
\ N o
7%
. 5] - 272
N 3
b\ ‘D 269
o =
1.36 25
Mn

w
W

c/a ratio

w
N

5_0!0&@_0(/)5_05_0!01"5_0
§2 3312233932 33|29
© 8§ 8 °|? 6 a|la glow gag Yi> g
Ca Sr Ba Eu Yb

Figure 6. The c/a ratio and corresponding M-Pn bond lengths for A14MnPnj.
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Two compounds containing Nb have been reported: A;3CONbAsi; (A = Eu and Sr, O =
vacancy).*> Here, the substitution of the M3 atoms by Nb>* results in the formation of vacancies
to balance the charge count according to the Zint/ concept. These vacancies occur in the A3
position, hence that site is only half filled. The A3 atoms are in coordination with the Asl, As2,
and As3, and form with As2 an almost linear Nb-As2-A3 chain. Therefore, the Sr3 (Eu3) atoms
are the most strongly affected by the formal charge of the central atom M. So far, only structural
information for these two compounds (Sri3CONbAs; 1, EuisCONbAs;) has been reported.*? The
structure of CajsNbxInixAsi, (x = 0.85) has also been reported, but no properties.”! In order to
expand the number of Nb containing compounds of the A14MPni; structure type, further studies
are required. Synthesizing Eu/Sri300NbAsi; may be difficult as the crystals were discovered
serendipitously by the reaction of the elements with the niobium container at elevated temperatures.
In the publication of the structure of Cai1sNbxInixAsii, (x = 0.85), the authors reported that they
were not able to optimize the synthesis to obtain a high yield for property measurements.”! The
fact that compounds with Nb have been prepared suggests more exotic compositions and as yet
undiscovered compounds with other transition metals might be possible with this structure type.
In addition to other transition metals, Group 14 elements may also be potential substituents in
A14MPny; structures. Sn®" (1.18 A) and Pb*" (1.19 A) are similar in size to Sr27(1.18 A); Ge*"
(0.39 A) and Sn*" (0.55 A) are respectively similar to A** (0.39 A) and Mn?* (0.60 A) in size.>*
The specialty of A14MPni; structure type is its large flexibility and certainly more compositions
will be forthcoming with continuing research.

Pn-M-Pn bond angles are also strongly related to Pn size (angles for Pn = Sb are shown in
Figure 9; angles for Pn = Bi are shown in Figure 10). There is a rough trend between M elements
and c/a, M-Pn bond lengths as well as Pn-M-Pn bond angles. Generally main group M elements
and Mg lead to less distorted [MPn4]’ tetrahedron (angles closer to 109°) and therefore larger c/a
values while transition metals such as Mn, Zn and Cd tend to have a more distorted tetrahedron.
The M-Pn and Pn-Pn bond lengths increase with the size of A atoms, suggesting that the A cation
has an impact on the bonding interactions. Pn-M-Pn bond angles show similar trends with both A
and Pn atoms. This suggests that A atoms not only act as electron donors in the system, but they
also have an effect on the MPny tetrahedra and Pn3”" units, leading to a change in properties. The
A-Pn interactions may be more important than previously assumed, although it is difficult to isolate
the interactions. The studies of Eu and Sr as well as Yb and Ca phases provide some insight.

Although Eu is similar to Sr in size, Eu analogs have smaller unit cell parameters than the Sr
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analogs. Thus, Eu can be considered smaller than Sr in the A14sMPni; analogs. This is consistent
with previous statement that the A ionic size lengthens the Pn-Pn bonds in Pn3;”". Among all the
parameters previously discussed, J and Pn-Pn bond lengths strictly follow the trend that large ionic
size provides larger values, while c¢/a, M-Pn bond lengths and Pn-M-Pn bond angles may have

exceptions due to the effect of M atoms.
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Figure 9. Sb-M-Sb bond angles for the [MSba4]* tetrahedra in A14MSb .
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Figure 10. Bi-M-Bi bond angles for the [MBi4]* tetrahedra in A14sMBi ;.

Solid solutions of the A site were initially studied to investigate the magnetic properties of
Eui4xAxMnSbi; where A = Ca, Sr, Ba.”>7* The solid solution, Yb14xCaxMnSbi; has also been
studied in order to investigate the thermoelectric properties.”>””” More recently, the solid solutions
of the A site have focused on RE (rare earth) substitutions.?!-3%-¢6:7 Ags mentioned above, the rare
earth elements in the 3+ oxidation state (RE) show site preferences that depend upon size. The
identity of the 3+ rare earth element affects the sublimation temperature and melting point with
the lighter rare earths providing higher melting points and lower vapor pressures.”” Additionally,
the lighter rare earths affect the rate of oxidation, forming a protective oxide surface.®? In the case

of A14xRExMSDbi1, the effect of a 3+ rare earth depends upon the RE cation and the element in the
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A site The amount of RE appears to be limited to x ~ 0.5 in the case of Ybi4xREMnSb;;,3! 3964
8 however, in the case of Caj4xREMnSb;; and CajsxRExMnBi;, the amount of x appears to be
closer to 1.9%:%¢ Solid solutions on the M site have focused on Mn-Zn and Mn-Al1.81-%3 The only
reported solid solution study of the Pn site is that of YbisMnSbi1-xBix.3* Dopants on the Pn site

include Ge,® Te,¢ and Sn.%’

3. Properties of AisMPni;1 Compounds
3.1 Magnetic and Electrical Properties

A14sMPn;; analogs compounds behave like either a typical or a heavily-doped p-type
semiconductor, depending on the constituting elements. Generally speaking, the heavier Pn atoms
provide higher conductivity since they will increase mobility in p-type semiconductors and
decrease the band gap. In A14MPnyi, the p-orbitals of the Pn atoms contribute most to the bands
right below the Fermi-level (Figure 11). The antibonding orbitals of Pn3’” units dominate in the
steep DOS peak in conduction band which is 0.5-1 eV above the valence band. The electronic
structure of the series A14sMnBii1 (A = Ca, Sr, Ba) was studied with a local-orbital based method
within the local spin-density approximation in order to better understand the magnetic and
transport properties.>* The calculations show a gap between a bonding valence-band and an
antibonding conduction-band continuum where the bonding bands lack one electron per formula
unit of being filled, thus making them low carrier density p-type metals, as observed
experimentally. The hole resides in the MnBiy tetrahedral cluster, and partially compensates for
the high-spin d> Mn moment, leaving a net spin near 4ug that is consistent with experiment. This
appears to be the case for all of the Mn containing analogs, with the exception of the Ca;sMnP1;
analog where the Mn moment is closer to that expected for Mn?*.38 A view of the molecular units,
the MnBij4 cluster, and the Biz unit is shown in Figure 12. These MnBis clusters are composed of
two independent interpenetrating networks of MnBis clusters with ferromagnetic interactions
within the same network and weaker couplings between the networks whose sign and magnitude
are sensitive to materials parameters. Consistent with experiment, Ca;4sMnBii; is calculated to be
ferromagnetic, while for BajsMnBii; where experiments shown antiferromagnetism, the
ferromagnetic and antiferromagnetic states are calculated to be degenerate. The band structure of
the ferromagnetic states is very close to half metallic, suggesting that this structure type might
show more exotic properties if appropriately doped or with a promising elemental composition.

The majority of conduction bands are from the orbitals of the A atoms. Since the less
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electronegative Pn atoms are larger and the bonding interactions are weaker, the energy difference
between nonbonding and antibonding orbitals is small. Therefore, a smaller band gap and higher
conductivity are achieved with less electronegative Pn atoms. On the aspect of A atoms, more
electropositive A atoms increase the energy of conduction band and increase the band gap.
Orbitals of more electropositive A atoms also hybridize with the antibonding orbitals of Pn3”- and
increase the band gap.>* For example, in AjsMnPn;; (A = Ca, Sr, and Ba, Pn = As, Sb, and Bi),
properties vary depending on the identity of both alkaline earth elements and pnicogen elements.*""
30" A14sMnAs); show typical semiconductor behavior with the activation energy increasing from
0.18 eV for CaisMnAsi; to 0.38 eV for BaisMnAsii. In A1sMPni; compounds, P and As analogs
are all semiconductors with Eui4sCdAsii as an exception. All Bi analogs are metallic while Sb
analogs are either semiconducting or metallic. A14sMSbi1 (A = alkali earth metals, M = Mg and
Al) are semiconductors as well as a few M = Mn, Zn and Cd analogs with very small band gaps.
Carrier concentrations of Sb analogs vary from 10'%cm™ to 10! cm=.* A14sMPn); analogs tend to
be more conductive when M is divalent transition metals. The reason is that divalent metals leave
a hole in the structure and increase carrier concentration.>* Group 13 elements can donate one
more electron than other M elements, therefore their analogs tend to have smaller carrier
concentration and to be semiconducting. Eu and Yb analogs tend to have smaller resistivity

because they have higher electronegativity and their f-orbital may diffuse near the Fermi-level.
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Figure 11. Ca;4AlISbi; density of states (left) showing the Sb contributions and Sb-Sb crystal
orbital Hamilton populations, COHP (right). Sb1 and Sb4 make up the three-atom linear unit. Sb2
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is part of the tetrahedron and Sb3 is an isolated (6 coordinated by cations) atom. The COHP curve
shows that the sharp peak above the Fermi level is an antibonding state from the three-atom linear

unit. Image reproduced with permission from ref 88.

Figure 12. A view of the two interpenetrating sublattices of MnBi4 tetrahedra with Bi3 units of
CaisMnBii1, one shown as white and the other one grey. Reprinted Figure 1 with permission
from [Sanchez-Portal, D.; Martin, R. M.; Kauzlarich, S. M.; Pickett, W. E., Bonding, moment
formation, and magnetic interactions inCa;sMnBi1and BaisMnBi1. Physical Review B 2002, 65,
144414.] Copyright 2002 by the American Physical Society. 34

Magnetic properties of A1sMPni; analogs originates from the composite elements, namely Eu
in A site and Mn in M site. The coupling of magnetic moments are strongly correlated with the
electrical properties.!® In A;4sMnPn;, the interactions between magnetic moments on Mn are
believed to be conducted by carriers via Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions
due to the large distance between Mn atoms (~10 A).'"-4!-5% Higher carrier concentrations cause
stronger interactions and higher transition temperatures. For example, A14sMnSbi; analogs are
ferromagnetic with transition temperature of 65 K for Ca, 45 K for Sr and 20 K for Ba while
A1sMnAs;; have no magnetic order until 5 K.*! In the Eu-containing compounds, Euj4InPn;
compounds are paramagnetic and Euj4CdAs;1 has magnetic transition at ~30 K as Cd is divalent,
leaving a hole in the structure and increasing the carrier concentration.*® ¢ When Eu and Mn are
in the same compound, the magnetic interactions are stronger and the transition temperatures are

higher.3% 46:3° Eu;sMnPni; has a ferromagnetic transition of 52 K for P, 74 K for As and 100 K
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for Sb. 3% 46 The saturation moments and effective moments are almost the same in Euj4MnPn;
(Pn = P, As and Sb) compounds. Ybi1sMnSbi; is one of the most studied compounds of the
A1sMPni; analogs. X-ray magnetic circular dichroism (XMCD) shows that the [MnSb4]*
tetrahedral cluster has an electronic state of & + & (hole) in Yb14aMnSb;1,% consistent with the
theoretical calculations on A1sMnBi;; described above.* A hole on Sb, aligned with the d spins
on Mn?*, polarizes a spin on the Sb in the [MnSb4]’- cluster which screens one d electron leading
to the description of & + h. Therefore, YbisMnSbi; has a saturation moment of 4 ug and an
effective moment of 4.9 ug. XPS supports the model of all the Yb as 2+ in this compound.** The
description of a partially screened electron (&° + h) model is supported by recent neutron
diffraction and spectroscopy on large single crystals.®® This model of a [MnSbs]’- cluster with d°

+ h is also consistent with the carrier concentration of Ybi4sMnSbi;.!”

The Bi analogs have
different magnetic properties from the other Pn atoms in that the Bi analogs have lower transition
temperatures and complex transitions. For example, CaisMnBiii, SrisMnBi11 and BaisMnBi;
respectively have transition temperatures of 55 K, 33 K and 15 K.° Although a decrease of
transition temperatures are observed from Ca to Ba, the Bi compounds have lower transition
temperatures than Sb compounds. Similarly, EuisMnBii; has a transition temperature of 35 K,
lower than those of P-, As- and Sb-containing compounds mentioned above.”® Colossal
magnetoresistance behavior was discovered in A14MPni1 compounds, correlated with the magnetic
ordering temperature. Magnetoresistance (MR) is defined as MR(H) = ((p(H) - p(H =0))/ p(H))
where p(H) represents the resistivities measured with an applied field, H. The term “colossal” is
employed with the MR onset correlated with the magnetic ordering temperature. The MR can be
either negative or positive. While there has been a great deal of study in the detailed mechanism
of other systems, such as the perovskites, the underlying mechanism for the MR observed in these
compounds has not been determined. To date only negative MR has been observed in A1sMPni;
systems. While that is typical for compounds with a ferromagnetic ordering temperature, it is
unusual for an antiferromagnetically ordered compound to show negative MR. This is reported
for Eu14sMnBi;; suggesting that complex magnetic interactions are important in this compound

which has two magnetic ions, Eu?>* and Mn?*.%°

A1sMgSbi1 (A = Ca, Yb) has also been prepared and studied theoretically (Figure 13).°! Mg
forms covalent bonds in the MgSbs cluster, similar to Al and Mn in Cai4AlSby; and Ybi14MnSby;.
Figure 14 shows ELF distribution in the MgSbs tetrahedron with attractors corresponding to the

four covalent Mg-Sb bonds. The Sbs”- unit shows a torus distribution of the ELF around each
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antimony atom consistent with the 3-atom-4-electron bonding description. The ELF torus is
uniform for the central Sb atom (Figures 14 C, F, and G), and has two pronounced maxima for the
terminal Sb atoms (Figures 14 E and G), as expected for the bonding description.*> These results
are consistent with other theoretical descriptions of this structure type.*”> 3134 8 If one assumes a
simple rigid band model and that Yb is 2+ in Yb14sMgSbi1, similar to Yb1sMnSbii, an additional
hole is expected. However, it is possible that Yb may exist in this structure as mixed or
intermediate valence as Yb?>"?*, as discovered in Yb14ZnSbi;.”> Magnetic measurements have
been reported for EuisMgSbi1.#7 The magnetic susceptibility is similar to EujsInBi;;,* with a

moment of 8.13 uB, which is close to the theoretical value of 7.937 uB, expected for the Eu?* ion

with total angular momentum J = 7/2 and the Lande g factor = 2.47 A low temperature magnetic
ordering is observed at about 7 K, consistent with the resulting value of 0 of -9.49 K. Resistivity
was obtained from room temperature to 900 K and gradually increases from 3.93 to 5.08 mQ-cm,
characteristic of a heavily dope semiconductor or semi-metal.*’ The Eu;sMgBi;; magnetic data
are reported®! and are very similar to that of EujsMgSbi;. The compound shows antiferromagnetic
ordering at 8 K, close to the obtained Weiss constant of -11.8 K. The effective moment of 8.1 ug
is in agreement with Eu?*. Resistivity from 300 — 900 K is low, staying between 2- 3 mQ-cm,

suggesting metallic behavior.>!
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Figure 13. Density of states (DOS) diagram for Ca;aMgSbii. (A) Total DOS together with
partial contributions for all atoms. (B) Partial DOS showing the contributions of only Sb atoms,
inset shows enlarged peak at 1.1 eV. (C) Partial DOS showing Mg atoms contributions. Reprinted
with permission from [Hu, Y.; Wang, J.; Kawamura, A.; Kovnir, K.; Kauzlarich, S. M.,
YbisMgSbiiand CaisMgSbii—New Mg-Containing Zintl Compounds and Their Structures,
Bonding, and Thermoelectric Properties. Chemistry of Materials 2015, 27, 343-351.] Copyright
2016 by the American Chemical Society.

21



Figure 14. Coloring and 3D isosurfaces of the electron localization function (7) for MgSbas

tetrahedron (B: 7= 0.708) (A) and (B). Coloring (C, D, E) and 3D isosurfaces (F, G) of the ELF

for Sbs linear unit, (F: 7=0.69; G: n=0.74). Mg: green; Sb: red. Reprinted with permission from

[Hu, Y.; Wang, J.; Kawamura, A.; Kovnir, K.; Kauzlarich, S. M., YbisMgSbiiand Ca1sMgSbi1—
New Mg-Containing Zintl Compounds and Their Structures, Bonding, and Thermoelectric
Properties. Chemistry of Materials 2015, 27,343-351.] Copyright 2016 by the American Chemical

Society.

Table 2. Reported physical properties of reported A14MPni1 compounds

Compound Electrical Band gap (eV) | Magnetism Transition Ref
Temperature (K)

P

CaisMnP1; - - Paramagnetism - 38

EuisMnP1; Semiconductor | 0.31 Ferromagnetism 52 3

As

CaisGaAsii Semiconductor | - - - 40

CaisMnAsii Semiconductor | 0.18 Paramagnetism - 41

EuisMnAsii Semiconductor | 0.03 Ferromagnetism 74 3

Eu1sCdAsi Metallic - Ferromagnetism 30 36

Sr14GaAsii Semiconductor | - - - 43

SrisMnAsii Semiconductor | 0.25 Paramagnetism - 4l

Sb

Yb14MnSbii Metallic - Ferromagnetism 53 11,12, 69,93-97

YbisMgSbi Metallic - - - +
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Yb14ZnSbii Metallic Intermediate 92
valence

Cai4AlSbii Semiconductor | 0.01 - - 48
Ca1sMnSbii Metallic - Ferromagnetism 65 41
Cai4ZnSbii Semiconductor | 0.004 - - 35
Ca14CdSbi; Semiconductor | 0.08 - - i
Ca14MgSb1; Semiconductor | 0.15 - - 4
Eu1sMnSbi; Semiconductor | - Ferromagnetism 100 46,89
Eu14MgSbii Semi-metal - Antiferromagnetism | 7 4
Sr14AlSbii Semiconductor | 0.07 - - 48
Sri4MnSbii Semiconductor | - Ferromagnetism 45 41
Sr14ZnSbii Semiconductor | 0.02 - - 35
Eui4InSbi; - - Complex 15 46
Sr14CdSbii Semiconductor | 0.01 - - 36
Bai4AlSbi; Semiconductor | 0.48 - - 4
Bai4MnSbi Semiconductor | - Ferromagnetism 20 4l

Bi

Ybi1sMgBiri Metallic - - - ¥
Ybi14sMnBi Metallic - Ferromagnetism 60 1
Ca1sMnBir Metallic - Ferromagnetism 55 30,98
Ca1sMgBi1 semiconductor - - 31
EuisInBii - - Antiferromagnetism | 7 46
Eui4sMnBii - - Complex 35 %0
SrisMnBi; Metallic - Ferromagnetism 33 30,99
SriaMgBii Semi-metal - - - 3
BaisMnBii; Metallic - Antiferromagnetism | 15 30,99
Eui4sMgBii Metallic - Antiferromagnetism | 8 31

Rare earth substitutions of Yb show that the specific sites affect the magnetism of
Yb14sMnSb;;.>! Below the ferromagnetic ordering temperature, the saturation moment for Yba.
xREMnSbi1 (RE = La, Ce, Pr, Nd and Sm, 0 <x < 0.7) is the same as Yb14MnSb; while in Ybis-
REMnSbi; (RE = Gd, Tb, Dy, Ho, Er and Tm 0 < x < 0.5) it increases with RE amounts.3! ¢0-62,
8 This indicates that light rare earth elements are not ordered while heavy rare earth elements are
ferromagnetically ordered with Mn moments. The relation between the De Gennes factor and
transition temperature also indicates that RE sublattice may be involved with the magnetic
interactions in Yb14MnSb;.3! A spin re-orientation from ab plane to c-direction appearing below
the transition temperatures is observed in Pr and Nd substituted samples. The spin re-orientation
may explain the abnormal transition in YbisMnBi;; below the transition temperature.*! In any
case, the complex magnetic ordering indicates that ignoring Yb and Sb sites may oversimplify the

mechanism in some cases, although Mn is the only magnetic atom in Yb14sMnSby;.

In the case of Ca;sMnPni; (Pn = Sb, Bi) substituted with rare earths, the magnetic data are
different.®> % The most striking difference for Cai4.RE:MnBiy; is the fact that xmax = 1. This may

be attributed to the fact that they were prepared via Pb flux rather than Sn flux or is a function of
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the solubility of the 3+ RE ion in Ca vs Yb. All of the compounds appear to be small band-gap
semiconductors. Their magnetic properties are similar to the pristine compound Caj4MnPni; as
all show a ferromagnetic ordering, but at lower temperatures, dependent on the nature of the RE
ion. Electrical resistivity is not reported for the Bi containing compounds. The Curie temperatures
for the Ca14xRE:MnBii; series follow the de Gennes scaling for RE = Gd—Ho, while it is proposed
that short-range antiferromagnetic interactions for RE = Ce—Nd reduce the effect of the RE ion on
the magnetic ordering temperature.®> It would be useful to measure resistivity of the Bi series,

along with MR for all of the Ca;3REMnPni; compounds.

3.2 Thermoelectric Properties

Thermoelectric materials, which can convert heat into electricity under a temperature gradient or
vice versa, are a potential solution to the energy problem. Radioisotope Thermoelectric Generators
(RTGs) for space explorations and remote power applications such as oil pipelines and deep sea

detection!0% 101

and are utilized in extreme environment where photovoltaics are not suitable such
as deep space or dusty environments. Compared with traditional combustion engines,
thermoelectric materials have advantages in sustainability, reliability, flexibility and scalability. In
order to evaluate the efficiency of thermoelectric materials, the dimensionless figure of merit (z7)

represented by Equation (1) is employed:
2
zT = % T (1)

where o represents the Seebeck coefficient (AV/AT) which is the voltage difference produced by
temperature difference, o represents the electrical conductivity, 7 represents the average
temperature and x represents thermal conductivity. According to Eqn(1), a high efficiency
thermoelectric material should have three characteristics: a high Seebeck coefficient, a high
electrical conductivity and a low thermal conductivity. The efficiency of thermoelectric devices

can be related to z7T values using equations below:

Ty—T V1i+zT-1
_ C

= 2

N9 = Tn " Varee ®
— TH

_ Tc y 1+ZT—T—C (3)
M= Ty—Tc  V1+ZT+1
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in which 7, s the efficiency of generator mode, 7, is the efficiency of refrigerator mode, 7% is the
temperature of the hot end, and 7¢ is the temperature of the cold end. In Eqn (2), (Tu-Tc)/TH 1s the
ideal efficiency of Carnot cycle of generator mode and in Eqn (3) Tc/(Tu-T¢) is the ideal efficiency
of Carnot cycle of refrigerator mode. According to these equations, the efficiency of a

thermoelectric device is always smaller than the ideal Carnot cycle.

In general, materials with peak z7 values above 1 are considered to be superior for

thermoelectric applications and the maximum z7 values reported to date is 2.6,'%

although great
efforts have been made to optimize existing thermoelectric materials, discover new ones and
improve average zT. The difficulty of improving zT values in thermoelectric materials lies in the
fact that the three variables (Seebeck coefficient, electrical resistivity and thermal conductivity)
are related to each other and more or less dependent on carrier concentration. Electrical resistivity

and Seebeck coefficient (assuming a single parabolic model) can be presented by Equation (2) and

(3):

o =neu (2)
_ 8mPkE . T2
a= 3eh? m'T (371)3 3)

where n presents the carrier concentration, x presents the carriers mobility, m* presents the
effective mass of carriers, ks is the Boltzmann constant and /4 is Planck’s constant. Thus, a high
electrical conductivity relies on a large carrier concentration and a high carrier mobility.
Meanwhile, a high Seebeck coefticient relies on a large effective mass of carriers and a small
carrier concentration. The reverse effect of carrier concentrations on electrical resistivity and
Seebeck coefficient requires a careful control of # to optimize thermoelectric materials and achieve
high zT values. Generally speaking, semiconductors can meet the aforementioned requirements
due to the ability of these materials to obtain an optimal carrier concentration and balance between
Seebeck coefficient and electrical resistivity. Considering thermal conductivity, the effect of
carrier concentrations will be more complex. The total thermal conductivity is the sum of
electronic x., lattice x;, and bipolar x» terms. Among the three terms, electronic term is related to

electrical conductivity:

K= K, + K + K

(4)
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K, = LoT ()

where L is Lorentz number. Therefore, a large carrier concentration will also increase the thermal
conductivity. An optimum z7 value is achieved when the carrier concentration is appropriately
adjusted. The Lorentz number, Eqn(7) may vary at different temperatures and can be calculated

based on Seebeck coefficient Eqn(8) as follows:

[ = (k_B)z 3Fo (N)F (1) =4F1 (1)?

¢ k (F())(n)2 "
_ kg |2E:(m) _
e [Fo(n) ] ®

where # is the reduced Fermi-level and F,(5) 1s the Fermi-Dirac integral. The Lorentz number for
free electrons is 2.45%10* V2/K2. In thermoelectric materials, the Lorentz number is smaller than
the value for free electrons and is around 1.6-1.8x10® V?/K? when the Seebeck coefficient is

higher than 150 pV/K.

Besides adjusting the carrier concentration, another way to improve thermoelectric materials
is to decrease the lattice thermal conductivity. Slack proposed a corresponding concept “Phonon
Glass Electron Crystal” (PGEC),'% which specifies that a good thermoelectric material should
behave like glass to scatter phonons without significant disruption of electrons transportation.
There are three ways to decrease lattice thermal conductivity. Large unit cells with heavy and
numerous atoms and complex structures have intrinsically low thermal conductivity as more atoms
lead to more phonon modes and stronger interactions between phonon modes.?> 3% 1% Point defects
such as vacancies, site disorders and substitutions can effectively decrease lattice thermal
conductivity due to mass difference scattering. Nanostructures in the materials can add grain

boundaries into the structure and scatter phonons.'%

Several systems and structure types have been discovered to be good thermoelectric
materials.'’ For instance, n- and p-type Bi,Tes is a good thermoelectric material near room
temperature. Materials such as SnSe, p-type TAGS, n- and p-type skutterudites and clathrates are
good thermoelectrics in the medium temperature range,'%% 197-119 and n- and p-type Si-Ge alloys,
n-type Las.xTes and p-type Yb14MnSbi; are good thermoelectric materials in the high temperature
range.!''"'13 Ag different materials have peak efficiency in different temperature ranges, materials
can be combined sequentially to achieve an overall high efficiency for a large temperature

differential. YbisMnSbi; has a good compatibility factor for segmentation with other mid-
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temperature high efficiency thermoelectric materials'” leading to an unprecedented 11-15%

efficiency demonstration in a segmented thermoelectric device.!'*

The thermoelectric properties of a variety of Zint/ phases have been recently reviewed.?% 27 32
As a Zintl phase compound, Yb14sMnSby; (Fig. 1) is a typical example of PGEC concept.!'> !5 The
large unit cell, complex structure and large number of atoms in the unit cell lead to intrinsically
low lattice thermal conductivity. It is the best p-type thermoelectric material in the high
temperature region so far (800-1275 K) and has a zT value of ~1.2 at 1275 K, doubling the
efficiency of previous Si-Ge alloys and is currently being developed by NASA for high

temperature radioisotope thermoelectric generators.!!¢

The preparation methodologies of Ybi14MnSbii can significantly affect the thermoelectric
properties. Powder metallurgy method provides Yb14sMnSbi; with a higher z7 value (~1.2 at 1275
K) than the single crystal sample prepared by Sn-flux method (~1.0 at 1275 K).''l 7 The
difference in unit cell parameters provides some clues. There may be Yb or Mn defects (slight
sub-stoichiometry) in the samples prepared by Sn-flux method, leading to a smaller unit cell and
higher p-type carrier concentration for those samples. These defects, while having only a minor
effect on the electrical resistivity and the thermal conductivity, dramatically decrease the Seebeck
coefficient. Standard single crystal X-ray diffraction does not provide evidence for non-
stoichiometry, but the changes in unit cell as a function of preparation method are a good
indication. The net effect is a significant decrease of zT values for samples prepared via Sn flux
or for sub-stoichiometric phases. Other properties of Yb1sMnSbi; have also been measured such

as evaporation and thermal expansion.''8 11

To optimize thermoelectric properties of YbiaMnSby1, several studies have been carried out by
employing solid solutions of various substituents. 63 76 82,85, 86,120 The reported literature data
can be analyzed using the well-established single parabolic band (SPB) model.!?! It is utilized
here to examine the impact of compositional changes (i.e. alloying/doping) on the experimental
density of states effective mass, m*pos and to assess the impact to the electronic transport. The
majority of the reported thermoelectric properties are centered on Yb14sMnSbi analogues with
substitutions on one of the three elemental positions in order to improve upon the already high zT.
For example, rare earth (RE) to tune the carrier concentration or alkaline earth (4F) doping on the
Yb position to reduce the thermal conductivity, Mg/Al/Zn doping on the Mn position to tune the

carrier concentration and reduce the spin disorder scattering, Te/Bi alloying on the Sb site to
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change the carrier concertation and/or band gap. Due to the limited amount of high temperature
data reported in literature, the analysis of the data using the SPB model is limited to 300 K. A
comparison at higher temperatures would have been useful to provide a more general picture, but
we would have lost a significant amount of data. Figure 15 shows Hall mobility (a) and Seebeck
(b) as a function of the Hall carrier concentration for the reported A14sMPni; compounds at 300 K.
The data can be modeled using m*pos ~ 1.8 m. on the lower limit with the upper limit being and
m*pos ~ 3.0 m.. The model assumes that acoustic phonon scattering is the dominant scattering
mechanism, however other scattering mechanisms such as grain boundary'?? and ionized impurity
scattering or impurities in the samples could also contribute and lead to spread in the data set.
After examination of the data with the SPB model, a few trends are apparent: when trivalent rare
earth elements substitute Yb, one electron is donated to the structure which decreases the carrier
(holes) concentration. On the Yb site, trivalent rare earth (RE) elements are found to form limited
solid solutions (less than 5%) whereas alkaline earths such as Ca form a full solid solution.*® 6376
120 Substitution of Ca has a similar effect as the substitution of a RE*" ion in that it lowers the
carrier concentration. While many papers cite the fact that Ca is more electropositive than Yb and
can transfer electrons more completely to the anions, it is more likely that Ca reduces the amount
of defect in the compound since both Yb and Ca are divalent.'?? Yb4..Ca,MnSbi1 (x =1, 2, 4, 6,
8) was found to decrease the density of material effectively and showed slightly larger zT values,
which may help in practical applications where the cost of the rare earth and mass are of concern.
However, substitution of Yb with Ca makes the compound more air-sensitive and the best x value
that gives rise to good transport properties without too much air-sensitivity was found to be 4.7°
When early RE elements such as La, Ce, Pr, Sm dope on the Yb site, they tend to have lower
mobilities and slightly higher Seebeck coefficients when compared to the Yb14MnSbi; system and
the data can be fit using a lower effective mass ~1.8 m.. The changes of properties are not linear
with the substitution amount, indicating that f~levels of RE may have significant effects around
Fermi-level. The changes are likely due to movement of the Fermi level lower into the valence
band due to the influence of the f~electron states in the rare earths and from the bonding states of
the RE-Pn sites. However, when late RE such as Lu is doped, the carrier concentration and mobility
trends are relatively flat and seem to shift to the higher effective mass. This may be attributed to
the filled forbital (f'4) for both Lu** and Yb?*.
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Figure 15. a) Mobility and b) Seebeck as function of carrier concentration for Yb14sMnSb;
analogues at 300 K.

The data on doping on the Pn site are limited to Ge, Te, and Sn which only substitute for a trace
amount of Sb in the structure.®3-37 However, Bi has been shown to make a full isoelectronic solid
solution.?* 2% The doping of the Sb site with Ge, Te, or Bi differently affects the carrier
concentration (higher for Bi and lower for Te, the same for Ge), but in all cases leads to an
increased mobility which correspond to a lower effective mass. This may be attributed to the large
contributions of Sb orbitals to the bands just below the Fermi-level. The Sb3 site has the largest
contribution and it is the isolated Sb*" site, which is the easiest to be substituted. From the density
of states calculations, it is found that the Sb sites contribute to the band gap of the material. Thus,
alloying with heavy elements such as Bi could reduce the band gap and move the Fermi level

deeper in the valence band.
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Alloying on the Mn with 3+ or 2+ metals such as Mg, Zn, or Al has a significant impact on the
thermoelectric transport. Alloying with AI** provides additional electrons to the system moving it
towards the charge balanced Zintl composition. It leads to reduced carrier concentrations, higher
mobilities and higher Seebeck coefficients. The data for Ybi4AISbi can be fit with a higher
effective mass ~2.7-3.0 m., indicating a transition to a heavier band. It should be noted that Al
alloying which was investigated very early on shows significant changes in the doping range as
well as for the effective mass. The fully substituted Yb14sMgSbi1 analogue also seems to track with
a higher effective mass; however, more data are needed to establish trends. The significant change
in the transport properties as a result of alloying/doping on the M site is reasonable, considering
the previously discussed band structure calculations, which shows that the valence band edge is
dominated by the M-Pn sites (Figures 11 & 13). Therefore, it is not surprising that the identity of

the M site would have a significant impact on the thermoelectric transport properties.

It is well established that the thermal conductivity of the Ybi14MnSbi; structure is relatively
low when compared to other state of the art thermoelectric materials such as SiGe, PbTe and
CoSbs.!% This inherently low thermal conductivity is attributed to the structural complexity of the
material, the large unit cell composed of heavy atoms, and due to a significant scattering of the
low lying optical modes in the phonon density of states. The minimum lattice thermal
conductivity, xi, also known as the glassy limit, of the Ybi14aMnSb1; was previously calculated using
the Cahill approximation to be 0.4 W/mK.!?* The lattice thermal conductivity of the reported
Yb14aMPn11 compounds was calculated using the previously defined relations in equation 5 and 6.
The total thermal conductivity, i, was extracted from published data. It should be noted that
different values of heat capacity were utilized in the various literature reports and this variance in
the heat capacity could result in up to 20-30% differences in the x; values. Figure 16 compares the
calculated x| for the YbisMPni; variants with the glassy minimum of 0.4 W/mK at 300 K. All the
materials show similar and low lattice thermal conductivities, with the highest thermal
conductivity attributed to Yb14MnSb1, implying that substitution and alloying with other elements
leads to a reduction in the lattice thermal conductivity. This reduction in x1 may be due to point-
defect scattering/alloy scattering of the phonons. The YbisMPni1 compounds are considerably
higher than the glassy minimum at 300 K. Ybi4ZnSbi; appears to have anomalously low lattice
thermal conductivity, this may be due to a failure of the Wiedemann-Franz limit and over

estimation of L due to the metallic nature of the Zn system.!?
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Figure 17 compares the zTs of the A14MPni1 materials with that of the predicted z7s from the
SPB model at 300 K. For simplicity, the lattice thermal conductivity for the m*pos 2.7 and 3.0
bands is fixed to the lattice thermal conductivity of the Yb1sMnSbi; (0.8 W/mK). The model is in
relatively good agreement with the calculated z7' from experimentally obtained values. The
deviation in the data can be attributed to other scattering mechanisms that are not captured by the
SPB (grain boundary/impurity scattering), or to measurement errors. It is also possible that the
SPB model does not adequately account for changes due to structure distortions, defects, site
preferences, and orbital interactions of the various alloy elements. Another approach often found
in literature is represented by the so-called Jonker’s plot, where logS is plotted against logo. In this
way, the dependence from the charge carrier concentration is eliminated along with the error in the
measurement of » arising from the low Hall signal characteristic of materials with high carrier
density. However, we decided not to show the Jonker’s plot, because at high doping levels and at
low temperatures it is affected by uncertainty caused by impurity conduction,'?® while at high
temperature we could have shown only a limited amount of data, which would have limited the

plot to only a few systems.
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3.3 Summary and Future Directions

This review summarizes much of the current progress in structure —property investigations of
Zintl phases with the Ca4AlISb1; structure type, providing a foundation for future directions. The
potential for significant new discoveries of novel magnetics and thermoelectric properties is great.
Although a number of analogs of Ca14AlSby1 have been investigated, there are many new analogs
to be discovered and studied. In addition, some compositions are not completely characterized by
transport, magnetoresistance and detailed magnetic studies. Further optimization of existing alloy
phases is also possible as the structure type is highly flexible for solid solutions and dopants.
Optimization of the Ybi14aMnSbi; system may require doping on all sites, as all sites play a critical
role in the thermoelectric transport. More high level theoretical calculations could add in focusing
on the most promising systems. The solid solution of Ybi4Mni.xAl,Sbi; has shown the greatest
promise with regard to changes in the band structure whereas alloying with RE may assist in tuning
of the carrier concentration to the optimum level. Alloying with heavier elements such as Bi could
be utilized to reduce the band gap and optimize the z7T for various temperature ranges. As more
analogs of this structure type are discovered and characterized, there is a high likelihood for
significant potential for these compounds and other Zintl phases to provide technologically

relevant properties.
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