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Abstract

Microstructure, strain, and magnetostructural coupling in intermetallics

by

Emily Elizabeth Levin

There exists a wealth of unexplored functionality in the relationship between strain

and properties, specifically magnetism. While the flexible electronics of today attempt

to preserve functionality during bending, we anticipate technology where bending or

stretching adds utility. To do this, we must examine the coupling between strain/strain

gradients and magnetic properties. We have studied these effects in two-phase ma-

terials, where interfaces between precipitate and matrix phases lead to large, built-in

strain gradients in bulk materials. We show that complex microstructures in bipha-

sic Heuslers may be manipulated through careful processing. Tuning knobs such as

composition and heat treatments allow for systematic variation of the strain gradient

at interfaces. Nanoscale precipitates evolve from fully coherent, and therefore highly

strained, nanoplatelets to semicoherent spheres with misfit dislocations to relieve the

misfit strain, leading to a modulated strain field along the interface. These insights

into phase separation and interface characterization in the Heuslers TiNi1+xSn and

NbCo1+xSn provide the tools to engineering microstructure in (Ti,Zr)CoSb–MnCoSb, a

model system to study the effects of interfacial strain on magnetic structure. This the-

sis will discuss microstructural engineering of advanced thermoelectric, magnetic, and

magnetocaloric materials, which have applications in efficient refrigeration, waste heat

recovery, and eco-friendly power generation, as well as next-generation technology.

Magneto-plastic coupling is examined in the Heusler MnAu2Al, where we observe a

drastic reduction in net magnetization as a result of ambient temperature mechanical

xiv



processing such as hand grinding. Using a combination of magnetic measurements,

X-ray diffraction, electron microscopy, and DFT, we elucidate the mechanism for this

magnetization reduction. This remarkable ordered intermetallic has a particularly low

antiphase boundary formation energy. The change in chemical order present at these

boundaries results in antiferromagnetic exchange interactions across the planar fault.

Thus, the magnetic domains are pinned anti-aligned to each other, and cancel out to

reduce the contribution to the net moment. We expect that this effect is not limited to

MnAu2Al, but present in several other ordered intermetallics.

Finally, a computational parameter termed the magnetic deformation ⌃M , a proxy

for intrinsic magnetostructural coupling, was used to screen magnetic compounds to

identify viable magnetocaloric candidates. Several promising material systems were

found to have a significant magnetocaloric effect and highly tunable temperature

ranges of operation. These materials have potential in magnetic refrigeration and

thermomagnetic power generation. We observe through temperature dependent syn-

chrotron X-ray diffraction that there is anisotropic spontaneous magnetostriction in

orthorhombic (Pnma) Mn2�xCoxP, where the thermal contraction trends from the

paramagnetic state cease to describe the structure below the Curie temperature. This

indicates strong coupling between magnetism and structure. A combination of ex-

perimental and computational techniques reveal the individual site contributions and

ferrimagnetism present in these materials, depending on composition. The trends in

�SM , the figure of merit for magnetocaloric materials, with respect to composition, are

reproduced by the computationally derived ⌃M .
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Chapter 1

Introduction

1.1 Materials science and technology

Discovering new materials and pathways to optimize their properties is fundamen-

tal to advancing technology and therefore society. Our limits are defined by what is

achievable with current state-of-the-art engineered materials. The materials we use

have defined the ages: the stone age, the bronze age, the iron age, and perhaps now

the silicon age. Each time, advances shaped the development of new technology and

changed the course of human history. Engineering advanced materials and further-

ing scientific discovery will help mitigate one of the greatest challenges we are facing

today: climate change. Burning fossil fuels for energy is a main contribution to the

greenhouse gas emissions which warm our atmosphere to unprecedented and danger-

ous levels. Compounding this problem, energy demand is increasing rapidly as pop-

ulations grow and nations become more developed. Critical to making a difference

is reducing energy demand, decreasing waste, and producing electricity in a sustain-

able way. This is possible using devices employing advanced functional materials. It is

therefore imperative that we continue to innovate in this field.
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Roughly 68% of the energy produced in the U.S. is rejected energy, lost due to finite

efficiencies of processes and transfer, and much of that it is waste heat.[1] When this

heat is highly concentrated, heat engines may be used to efficiently recapture the en-

ergy. However, often this energy is too dilute (termed low-grade, < 505 K) to efficiently

harness by conventional means. Low-grade waste heat makes up an estimated 50% of

waste heat, making it an enormous energy reservoir.[2, 3, 4] Devices for thermoelec-

tric or thermomagnetic power generation can exploit such waste heat as a source of

energy, which would otherwise be entirely unused. This thesis will discuss engineering

advanced thermoelectric, magnetic, and magnetocaloric materials, which have applica-

tions in efficient refrigeration, waste heat recovery, and eco-friendly power generation,

as well as next-generation technology.

The materials paradigm stresses the importance of understanding

processing�structure�properties relationships in materials. Chemistry and atomic

structure determine electronic structure, and therefore many intrinsic properties of

materials. Grain size, grain boundary coherence, phase constitution, strain, and

other microstructural features have an impact on the physical properties of materials.

Processing conditions can be used to control microstructure through solidification,

mechanics, diffusion, and phase transformations. A fundamental understanding of

the relationship between processing, structure, and properties is essential to design-

ing more advanced materials. The research described in this thesis explores these

relationships in intermetallics with vastly different properties including thermoelectric

and magnetocaloric behavior, and novel magnetic structures. In particular, this

thesis explores both intrinsic magnetostructural coupling, analyzing its effect on

magnetocaloric properties, and extrinsic magnetostructural coupling where the strain

fields built in through microstructural engineering affects magnetic properties.

2
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1.2 Heusler intermetallics

Much of the following work focuses on materials in the family of Heusler

intermetallics, which are well known for a wide variety of functional proper-

ties including half-metallic ferromagnetism,[5, 6] magnetic shape memory,[7, 8, 9]

thermoelectric,[10, 11, 12, 13] and magnetocaloric behavior.[14, 15, 16, 17, 18]

Heusler discovered this family of compounds in 1903, noting that MnCu2Al and

MnCu2Sn were ferromagnetic, despite containing no ferromagnetic elements.[19] Full

Heusler compounds (Fm3m, L21) have the chemical formula XY2Z, where X and Y

are transition metals, and Z is a main group element.[20] The structure consists of four

interpenetrating fcc sublattices, such that the X and Z atoms form a rock salt lattice,

with the Y atoms occupying the tetrahedral voids. In half Heuslers (F43m, C1b), one

of these Y sublattices is vacant, giving it the stoichiometry XY Z. The Heusler struc-

ture is compositionally flexible, allowing for substitutions on the X, Y , and Z sites.

In addition, one of the the vacant tetrahedral site of the half Heusler may be partially

occupied by an interstitial Yi. Atoms on this site may be stable (solid solution) or kinet-

ically trapped.[13, 18] The crystal structures of the full Heusler, half Heusler, and half

Heusler with a partially occupied tetrahedral site representing an interstitial Y atom

are shown in Figure 1.1.

The half-Heusler can also be visualized as a zinc-blende lattice between the Y and

Z sites, with the X atoms in the octahedral sites. This visualization emphasizes the

structural similarity to III-V semiconductors. Graf et al. discuss simple rules for un-

derstanding Heusler compounds, including rules on valence electron counting.[20]

Heuslers with 24 valence electrons (or half Heuslers with 18 valence electrons) are

valence precise, and so are semiconducting. Many full Heuslers (especially where Y

= Co, Ru, Rh) also tend to follow Slater-Pauling behavior, and the total spin mag-
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Figure 1.1: (a) The Heusler crystal structure with the chemical formula XY2Z in the
space group Fm3m. The structure is made up of four interpenetrating fcc sublattices.
(b) In the half Heusler, one of the Y sublattices is vacant. This leads to a non-cen-
trosymmetric crystal structure with the chemical composition XY Z in the F43m space
group. (c) In Heuslers that form solid solutions between the full and half Heusler, or
if heat treatments are used to trap interstitials in the half Heusler, the excess Y atoms
partially occupy the vacant tetrahedral site in the half Heusler structure.

netic moment per unit cell (M (µB)) can be determined as M = Zt24 (or M = Zt18

for half-Heuslers).[21] This originates from the fact that there are 12 occupied spin

down states, which are compensated by an equal number of spin up states. Additional

electrons are uncompensated spins and fill the majority spin up states.

The fact that compounds in this class of materials tend to exhibit predictable behav-

ior based on valence electron count means that insights into one chemical system are

often relevant to other systems. The flexibility in composition of Heusler phases pro-

vides a vast design space for tuning properties. In addition, Heuslers are amenable to

microstructuring through phase separation, creating (semi)coherent interfaces which

necessarily introduce microscopic strain fields. The ability to manipulate properties

by adjusting chemistry and processing conditions is explored in a series of studies re-

ported in this thesis. Through these studies, a set of techniques is developed to evaluate

Heuslers and their properties, despite their different chemistries and applications. The
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abundance of functional phenomena that occur in Heusler systems is combined with

the ability to control multiscale microstructural design through phase separation pro-

vides the opportunity to further develop emergent properties.

1.3 Understanding phase separation in Heuslers

Control of microstructure through phase separation is often used as a tool to de-

crease the thermal conductivity of Heusler thermoelectrics.[22, 23, 10, 11] This de-

crease is observed despite a potentially larger thermal conductivity of the secondary

phase, provided it does not percolate and offer a more conducting pathway.[24] The

addition of a (semi)coherent second phase increases phonon scattering, decreasing the

lattice thermal conductivity.[25] This improves the thermoelectric figure of merit ZT ,

which contains thermal conductivity in the denominator.

A lattice misfit between the two phases results in a strain field in the vicinity of the

interface. The overarching goal is to use this built-in strain gradient to study the effects

of strain gradients on magnetic properties, as will be discussed later. However, some

Heusler systems form solid solutions rather than phase separate, allowing properties to

be tuned by changing composition. The reasons for phase separation versus miscibil-

ity has not yet been studied in detail. Microstructure and phase separation are highly

dependent on processing conditions. Based on empirical observations and density func-

tional theory (DFT) calculations of several Heusler systems, electronic structure plays

a large role in determining this behavior. Understanding the thermodynamic driving

forces for phase separation or miscibility in these systems allows for the design of com-

positions and processing conditions to engineer complex microstructures for a variety of

applications.

In a solid solution, the crystal structure is unchanged as composition is altered and
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one homogeneous chemical phase is formed. The solid solution may be substitutional,

where one type of atom is replaced by another, or interstitial, where an atom is added

to a vacant interstitial site in the host structure, but does not alter the structure. There

are basic rules to determine when a substitutional solid solution may form, for ex-

ample: ions should have the same charge and be of similar size. However, in these

intermetallics a formal oxidation state cannot necessarily be assigned. In addition, the

size difference between, for example, Ti and Zr is much larger than the difference be-

tween Ti and Mn, yet (Ti,Zr)CoSb may form a solid solution while (Ti,Mn)CoSb will

not. Therefore, these ”rules” that apply to simple solid solutions do not necessarily hold

in Heusler intermetallics.

Page et al. has calculated the energy of formation (�Eform, at 0 K) with respect

to the endmembers at different compositions for several Heusler systems, given for

the x=0.5 composition in Table 1.1.[22, 23] Note that these calculations are at 0 K

and do not include entropic contributions. A positive formation energy for interme-

diate compositions suggests a miscibility gap, as it is lower energy to separate into

the two endmembers than to form a solid solution. While there is almost always a

miscibility gap in these systems, the energy scale varies widely depending on the char-

acteristics of the system. Between semiconducting half Heusler (Ti,Zr,Hf)NiSn (18 va-

lence electrons) and its metallic full Heusler counterpart (Ti,Zr,Hf)Ni2Sn (28 valence

electrons), the formation energy of the composition half way between the two end

members is tens of meV/atom. Phase separation in TiNi1+xSn and ZrNi1+xSn is well

studied.[10, 11, 24] In TiNi1+xSn, small concentrations of nickel may be dissolved in

the half Heusler structure at elevated temperatures and trapped kinetically through

rapid cooling, though phase separation through spinodal decomposition occurs upon

annealing at low temperatures.[13] While at room temperature there is a thermody-

namic driving force for phase separation, at elevated temperatures there is some sol-
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ubility of Ni in the half Heusler. Analogous to TiNi1+xSn, NbCo1+xSn phase separates

into a semiconducting half Heusler and a metallic full Heusler phase.[12, 26]

In contrast, the formation energy of the x= 0.5 compositions for semicon-

ducting half Heuslers Ti1�xZrxNiSn, Ti1�xHfxNiSn, and Zr1�xHfxNiSn are less than

10 meV/atom. In these systems, both phase separation and miscibility are observed

(Table 1.1).[22, 23, 27, 28] Since the energy barrier to form a solid solution can be

overcome during heat treatments, processing affects the final microstructure, leading

to drastic changes in thermoelectric properties. Depending on if processing produced

a solid solution or a multi-phase material, either the mass-contrast due to substitution

or (semi)coherent interfaces due to phase separation contribute to phonon scattering,

thereby decreasing thermal conductivity. However, these two structural features scat-

ter phonons of different length scales and therefore contribute differently. This thesis

explores the effects of length scale: atomic, nanoscale, and microscale, on physical

properties.

1.4 Electronic structure drives phase separation

It may be noted from Table 1.1 that Heusler systems where both end members are

metallic, or both are semiconducting, tend to have much smaller miscibility gaps and

form solid solutions, while the miscibility gap for systems where one end member is

metallic and one is semiconducting tend to be larger and phase separate.

The number of observed and calculated Heusler intermetallics is enormous, and

many tend to follow valence electron counting rules.[20] For example, a half Heusler

with 18 valence electrons (or a full Heusler with 24) will be semiconducting. These
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Table 1.1: DFT calculated formation energy (�Eform) relative to the endmembers of
compositions halfway between the endmembers. It is noted if the the systems here
are known to phase separate (sep.) or form solid solutions (misc.) as well as if each
endmember is metallic (M) or semiconducting (SC). The magnitude of the positive
formation energy relates to how much energy is needed to get the two compounds to
mix, or form a solid solution. For low formation energies, elevated temperatures may
supply enough energy to stabilize the solid solution.

Endmembers Misc. Sep. �Eform Misfit Ref
(meV/atom) (%)

MnRu2Sn (M), FeRu2Sn (M) x 20 0.3 [29]
MnNiSb (M), MnNi2Sb (M) x 16.5 0.9 [18]
HfNiSn (SC), ZrNiSn (SC) x 0 0.6 [23]
TiNiSn (SC), ZrNiSn (SC) x x 8.8 3.4 [23]
TiNiSn (SC), HfNiSn (SC) x x 5.5 2.8 [23]
TiNiSn (SC), TiNi2Sn (M) x 34.3 3.0 [22]
ZrNiSn (SC), ZrNi2Sn (M) x 29.1 2.5 [22]
HfNiSn (SC), HfNi2Sn (M) x 35.7 2.5 [22]
NbCoSn (SC), NbCo2Sn (M) x 3.4 [12]
(Ti,Zr,Hf)CoSb (SC), MnCoSb (M) x 0.2�3.6
TiCoSb (SC), HfCoSb (SC) x x 10.5 2.9
TiCoSb (SC), ZrCoSb (SC) x x 16.4 3.4

compounds are valence precise, consisting of a covalently bonded anionic zinc blende

sublattice [Y Z]n� filled with X
n+ ions on octahedral sites. The bonding in these com-

pounds has been studied by Graf et al.,[20] showing filled bonding and empty anti-

bonding states in 18 electron TiCoSb. Changing the valence electron count empties

bonding states or fills antibonding states, weakening the bonding interaction. For this

reason, 18 electron half Heuslers are stable while changing the number of valence elec-

trons decreases stability. In fact, 19 electron NbCoSb actually forms with Nb vacancies

(and Nb-rich binaries as secondary phases), giving it a composition of Nb0.8+�CoSb (0

 � <0.05) with an electron count closer to 18.[30, 31] A valence electron count of

22 occurs only in half Heuslers containing Mn on the X site, as they are stabilized by

the strong localization of the Mn d electrons.[20] Clearly, the electronic structure has a

strong impact on the stability of Heusler compounds.
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Figure 1.2: DFT calculated energies of formation of the composition halfway between
the endmembers indicated plotted against the lattice misfit between the endmem-
bers. The formation energy for compounds with two metallic or two semiconducting
endmembers is significantly lower than for mixing a semiconductor and a metal.
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The addition of excess Ni (or Co, respectively) to the 18 electron half Heuslers

(Ti,Zr,Hf)NiSn or (Ti,Zr,Hf)CoSb drives the system away from this stable state, and

so phase separation is preferable. Similarly, when Mn is added to TiCoSb, there is a

large driving force for phase separation despite the similar size of Mn and Ti ions (or

small lattice mismatch between MnCoSb and TiCoSb) due to the change in electron

count. Changing the X site isovalently results in an increase in energy only due to

the size of the atom, and therefore the miscibility gap between HfNiSn and ZrNiSn is

almost zero. It can be seen in Figure 1.2 that within one material system, for exam-

ple (Ti,Zr,Hf)NiSn, the formation energy of the solid solution increases with increasing

lattice misfit. In MnNi1+xSb or (Mn,Fe)Ru2Sn, the miscibility gap energy is moderate,

but a solid solution forms at the elevated processing temperature as there is no semi-

conducting valence precise phase that is destabilized. Note that the misfit between

TiNiSn–TiNi2Sn and TiNiSn–ZrNiSn are comparable, but still lead to very different

mixing behavior. This emphasizes that the energy of formation of the solid solution

is strongly dependent on electron count.

1.5 Behavior of Ti1�xZrxCoSb

Here we use the system Ti1�xZrxCoSb to illustrate the phase separation behavior

of two semiconducting half Heusler compounds. Preliminary calculations of forma-

tion energies for the solid solutions between TiCoSb and ZrCoSb or HfCoSb (as well

as between ZrCoSb and HfCoSb), are calculated in density functional theory (DFT) by

replacing atoms in a single conventional Heusler unit cell. Since all X atom positions

are equivalent in this cell, there is only one distinct enumeration possible. CASM may

be used to identify symmetrically distinct configurations using supercells in order to

enumerate all possible orderings at these compositions to form a more accurate pic-
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ture of formation energy as a function of composition. While DFT is a 0 K technique,

Monte Carlo simulations may be used to calculate finite temperature phase diagrams

to identify solubility limits of one phase in the other at high temperatures.[22]

Formation energies (�Eform) for Ti1�xZrxCoSb, Ti1�xHfxCoSb, and Zr1�xHfxCoSb

relative to the endmembers are given in Figure 1.3. The positive formation energy indi-

cates a miscibility gap, meaning at 0 K there is a thermodynamic driving force for phase

separation. However, the energy scale is comparable to that of TiNiSn–(Zr,Hf)NiSn

solid solutions calculated by Page et al.[23] These energy barriers may be possible to

overcome using temperature during processing. We observe that the miscibility gap

between TiCoSb and ZrCoSb is larger than that of Ti1�xHfxCoSb. Zr1�xHfxCoSb is not

found to have any energy penalty to mixing. The curve is also slightly asymmetric, with

a higher energy penalty for substituting Zr, a larger atom, into Ti-rich compositions. Ac-

cording to these calculations, it is slightly more energetically favorable to substitute Ti

onto the Zr site in Zr-rich compositions, which have a larger unit cell.

Samples with compositions Ti1�xZrxCoSb (x = 0, 0.25, 0.50, 0.75, 1.0) were pre-

pared via arc melting stoichiometric amounts of the constituent elements. Samples

were then annealed at 800�C for 6 days and quenched in air. Laboratory XRD using

a Cu source (Empyrean, Panalytical, � = 1.54 Å) shown in Figure 1.4 shows a single

set of half Heusler peaks for each composition, implying a single phase. The enhanced

view of the (220) half Heusler peak reveals asymmetry at intermediate compositions,

but no peak splitting within the resolution of this instrument.

The peaks shift towards lower 2✓ as Zr content increases, consistent with an increas-

ing lattice parameter with the addition of a larger atom. We observe a linear increase in

lattice parameter (Figure 1.5) with composition, in accordance with Vegard’s Law.[32]

Scanning electron microscopy (SEM, Apreo C, FEI), however, tells the full story. We

directly observe phase separation in Ti0.5Zr0.5CoSb after annealing at 800�C for 6 days.
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Figure 1.3: DFT calculated energies of formation of solid solutions between the half
Heusler end members indicate a miscibility gap. For these calculations, atoms were
replaced in the conventional unit cell. DFT calculations by Justin Mayer.
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Figure 1.4: Laboratory X-ray diffraction patterns of Ti1�xZrxCoSb annealed at 800�C
for 6 days. A single phase is observed for each composition. The enhanced view of the
(220) peak shows asymmetry at intermediate compositions.

Figure 1.5: Lattice parameters of Ti1�xZrxCoSb determined through Rietveld refine-
ment of laboratory XRD data.

13



Introduction Chapter 1

Figure 1.6: (a) Scanning electron microscopy image of Ti0.5Zr0.5CoSb after annealing
at 800�C using backscattered electron detection to show Z contrast. Phase separation
is evident. (b) An EDS linescan across regions with different contrast reveals phase
separation into Ti-rich and Ti-poor half Heusler Ti1�xZrxCoSb.

The contrast in the backscattered electron SEM image in Figure 1.6(a) corresponds to

Ti-rich and a Ti-poor regions of the half Heusler. At 800�C, Ti0.5Zr0.5CoSb phase sep-

arates into two distinct half Heuslers with compositions given by the EDS line scan in

Figure 1.6(b) of roughly Ti0.4Zr0.6CoSb and Ti0.6Zr0.4CoSb. These equilibrium composi-

tions at 800�C are too close in lattice parameter to distinguish by laboratory XRD. Since

these compositions are stable at this temperature, up to 40% Zr may be substituted on

the Ti site in TiCoSb (and up to 40% Ti on the Zr site in ZrCoSb). This means at 800�C,

the compositions Ti0.75Zr0.25CoSb and Ti0.25Zr0.75CoSb form solid solutions, explaining

the increasing lattice parameter observed by XRD.

Furthermore, we do not observe phase separation in quenched Ti0.5Zr0.5CoSb, in-

dicating that the compound cooled from the melt quickly enough to kinetically trap

the solid solution. Future experiments could determine the temperature necessary to

overcome the energy barrier to mixing in Ti0.5Zr0.5CoSb such that the entire series

Ti1�xZrxCoSb may be formed. This will be useful for work using Ti1�xZrxCoSb as the
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nonmagnetic matrix phase with a tunable lattice parameter to provide interfacial strain

to an immiscible magnetic phase.

1.6 Design of soluble or immiscible systems

This insight regarding into phase separation in Heuslers is used to design a study to

explore the effect of interfacial strain gradients on magnetic properties. This study will

be discussed in detail in Chapter 4. Briefly, we have conceived a system where phase

separation between magnetic and nonmagnetic Heusler phases creates a semicoherent

interface, where strain can be regulated using the lattice misfit, which is controlled by

the composition of the nonmagnetic phase. Control over microstructure through pro-

cessing conditions, understanding of phase separation in Heuslers, and comprehension

of the construction of the interface between phases is essential to this goal.

1.7 Novel magnetic structure through breaking symme-

try

An antisymmetric exchange interaction known as the Dzyaloshinskii-Moriya (DM)

interaction gives rise to skyrmions[33, 34, 35, 36] and novel magnetic textures in non-

centrosymmetric materials. However, recent first principles calculations suggest the

DM interaction can be realized even in centrosymmetric crystals by breaking symmetry

through the application of a strain gradient.[37] In fact, Kitchaev et al. provide a

road map to controlling the chiral DM interactions via strain (or strain gradients) in

materials of all symmetries. The coupling between magnetism and a strain gradient is

known as flexomagnetism.[38, 39, 40, 41, 42] This greatly expands the material space
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where it is possible to study the DM, and opens the possibility for discovery of novel

complex magnetic order. Instead of looking to preserve functionality during stretching

or bending of flexible electronics, we may design materials with new functionality and

tunable properties under these conditions.

Surfaces and multilayers break symmetry, allowing the study of the interfacial

DM in thin films.[43, 44, 45] Harnessing strain gradients to engineer local symme-

try and magnetic responses in bulk metals is totally unexplored. The misfit strains

at (semi)-coherent interfaces in multi-phase mesostructures can be controlled through

chemistry and phase separation. These strains decay over distances on the order of

nanometers,[26] leading to large elastic strain gradients of 105 m�1 to 107 m�1, orders

of magnitude larger than what is achievable in macroscopic samples subject to external

loads. In order to study the flexomagnetic effects caused by locally breaking symmetry

through interfacial strain, phase separation must be well understood.

1.8 Magnetostructural coupling

The content of chapters 2–4 examine the effect of microstructure on functional

properties, where magnetic properties are tied to local changes in atomic structure

due to strain or deformation. This occurs through symmetry breaking by interfacial

strain gradients giving rise to new magnetic interactions, such as the antisymmet-

ric Dzyaloshinskii-Moriya interaction, which is forbidden in the bulk centrosymmetric

structure. While strain may be built-in to bulk materials through phase separation, this

type of magnetostructural coupling relies on an extrinsic change in the lattice.

Chapters 5 and 6, by contrast, investigate the effects of magnetostructural cou-

pling intrinsic to magnetic materials. It is known that materials with strong magne-

tostructural coupling exhibit a large magnetocaloric effect, quantified by the isother-
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mal change in magnetic entropy �SM . Materials with first order magnetostructural

transitions such as Gd5(Si,Ge)4,[46] (Mn,Fe)2(P,Si,As,Ge),[47, 48, 49, 50, 51] and

La(Fe,Si)13,[52, 53] exhibit a giant magnetocaloric effect due to an easily switchable

magnetic state and sharp magnetic transition. However, these first-order transitions are

associated with thermal hysteresis and volume changes leading to degradation during

cycling. Bocarsly et al. found the magnetic deformation ⌃M , a computational proxy re-

lated to magnetostructural coupling, is a good indicator of magnetocaloric effect even

in materials with second-order magnetic transitions.[54, 55, 18] These chapters con-

sider materials that have been screened using the magnetic deformation parameter,

and examine their magnetic properties for applications in magnetic refrigeration and

thermomagnetic power generation.

1.9 Introduction to the magnetocaloric effect

The magnetocaloric effect (MCE) is the reversible temperature change of a material

in response to a change in applied field. In a typical ferromagnet near its magnetic

transition temperature, the adiabatic application of a magnetic field causes the entropy

of the spin system (�SM) to decrease as spins order in the direction of the applied

field. Because entropy must be conserved in an adiabatic process, the lattice entropy,

and therefore temperature, increases, causing the magnetocaloric effect. By alternat-

ing adiabatic and isothermal magnetization and demagnetization, this phenomenon

can be used to drive a thermodynamic cycle resulting in magnetic refrigeration.[56]

Conversely, a temperature change (�T ), such as above and below the magnetic tran-

sition, produces a change in magnetization that can be used to produce work.[3] This

reverse magnetocaloric effect is the principle behind thermomagnetic power genera-

tors. Kishore and Priya have published a review on the design of thermomagnetic
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devices.[4]

The temperature range over which a material possesses a large �SM , the figure of

merit for the magnetocaloric effect, determines its application. Magnetic refrigeration

requires materials with a large MCE near room temperature, whereas the temperature

range for thermomagnetic power generation is defined by the temperature of the heat

source. For this reason it is advantageous to develop materials with highly tunable

temperature ranges.

Measuring temperature change due to adiabatic application of a large magnetic

field requires specialized custom equipment. However, �SM may be calculated from

standard magnetization vs. temperature measurements at various applied fields. Ac-

cording to the thermodynamic Maxwell relation,[57]

✓
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@H

◆

T

=

✓
@M

@T

◆

H

(1.1)

where S is the total entropy a material and M is the magnetization, the field-driven

isothermal entropy change �SM can be calculated as:

�SM(T,H) =

Z
H

0

✓
@M

@T

◆

H0
dH 0 (1.2)

It is clear from equation 1.2 that the maximum �SM occurs where the slope of the

magnetization vs. temperature curve (@M

@T
) is maximized, which occurs at the Curie

temperature TC . Materials with large �SM and highly tunable TC may be useful in a

range of applications involving the MCE.
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Figure 1.7: (a) �SM compared to the computed magnetic deformation ⌃M and
(b) as a function of Curie temperature for Mn2�xCoxP,[58], MnNi1+xSb,[18] and
Mn1+xSb.[59]

1.10 The magnetic deformation ⌃M

The magnetic deformation ⌃M is a parameter developed by Bocarsly et al. that is a

measure of the difference between density functional theory (DFT) optimized unit cells

of a structure with and without spin polarization.[54] Somewhat näıvely (and, in fact,

initially) one might believe that the difference between nonmagnetic and magnetic

unit cells corresponds to a material above (paramagnetic) and below (ferromagnetic)

its Curie temperature. Therefore this parameter would then quantify the structural

deformation present at the magnetic transition. However, DFT is a 0 K technique, and

the nonmagnetic state does not correspond to the paramagnetic state, nor does the

ferromagnetic configuration represent the ferromagnetic unit cell at finite temperature

(near TC). Instead, ⌃M quantifies the degree to which the unit cell changes due to

magnetism, giving an indication of magnetostructural coupling.
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This simple proxy, which correlates well with �SM (Figure 1.7a), enables screening

of materials in a high throughput manner. Recently Garcia et al. have extended the

framework for exploring materials with nonstoichiometric compositions, for example

Mn(Co1�xFex)Ge),[60] reproducing the qualitative behavior of solid solutions. Several

materials systems screened in this manner have been investigated.[18, 58, 59] We ob-

serve that materials with larger ⌃M generally possess larger �SM , and the effects of

tuning TC by varying composition have predictable effects on �SM . In addition, com-

pounds in certain structure types such as the closely related TiNiSi and NiAs (Pnma)

structure types are identified as interesting systems for study due to their magnetostruc-

tural coupling.

1.11 Overview

The materials presented in this thesis are useful for many applications. Heusler

intermetallics have a broad range of functional properties; Semiconductivity, thermo-

electricity, magnetism, phase miscibility (or lack thereof), magnetocaloric behavior, and

magnetostructural coupling are discussed here.

Chapters 2 & 3 consider phase separation in Heuslers. Phase separation may be used

as a tool to introduce strain fields into a material at semicoherent interfaces, where

phases have mismatched lattice parameters. In this way, incorporating a metallic sec-

ondary phase into a semiconducting matrix (i.e. TiNiSn–TiNi2Sn) will decrease overall

thermal conductivity due to phonon scattering. The phase separation between semi-

conducting and metallic Heuslers can be exploited to engineer complex microstructures

involving coherent nanoprecipitates that are highly strained, or semicoherent nano- to

micron-scale precipitates. The system (Ti,Zr,Hf)CoSb–MnCoSb is chosen to explore the

effects of microstructure and interfacial strain on magnetic structure, where magnetism
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in MnCoSb may be influenced by changing the lattice misfit with the nonmagnetic

(Ti,Zr,Hf)CoSb phase. We leverage our knowledge of microstructure control through

processing in this system to design microstructures advantageous for the study of in-

terfacial effects on magnetic properties.

Magneto-plastic coupling, where magnetism is altered through plastic deformation,

is investigated in Chapter 4. MnAu2Al, an ordered Heusler, has a large change in

magnetism due to plastic deformation. The mechanism for this is elucidated through

DFT and experiment.

Chapters 5 & 6 explore magnetostructural coupling as a driver for the magne-

tocaloric effect in MnNi1+xSb and Mn2�xCoxP. In each material system, the composition

with the largest magnetic deformation parameter ⌃M coincides with the largest mag-

netocaloric effect, given by �SM . These materials hold promise for thermomagnetic

power generation devices, as a large change in magnetization (�M) can be accessed

by varying temperature.
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Chapter 2

Enhancing thermoelectric properties

through control of nickel interstitials

and phase separation in

Heusler/Half-Heusler TiNi1.1Sn

composites

Thermoelectric devices, which allow direct conversion of heat into electrical energy,

require materials with improved figures of merit (zT ) in order to ensure widespread

adoption. Several techniques have been proposed to increase the zT of known ther-

moelectric materials through reduction of thermal conductivity, including heavy atom

substitution, grain size reduction, and inclusion of a semicoherent second phase. The

goal in these approaches is to reduce thermal conductivity through phonon scattering

without modifying electronic properties. In this work we demonstrate that Ni intersti-

tials in the half-Heusler thermoelectric TiNiSn can be created and controlled in order
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to improve physical properties. Ni interstitials in TiNi1.1Sn are not thermodynamically

stable, and instead are kinetically trapped using appropriate heat treatments. The Ni

interstitials, which act as point defect phonon scattering centers and modify the elec-

tronic states near the Fermi level, result in reduced thermal conductivity and enhance

the Seebeck coefficient. The best materials tested here, created from controlled heat

treatments of TiNi1.1Sn samples, display zT = 0.26 at 300 K; the largest value reported

for compounds in the Ti–Ni–Sn family.

2.1 Thermoelectricity

Thermoelectric materials, which convert between thermal and electric energy

through solid state phenomena, have the potential to harvest waste heat, therefore re-

ducing energy consumption and greenhouse gas production.[25] While thermoelectrics

currently have a variety of niche uses such as thermoelectric radioisotope generators

in space probes, the widespread adoption of thermoelectric technology awaits more

efficient devices, whose efficiency depends on the figure of merit (zT ) of the materials

employed.[62, 63] The figure of merit is given by the equation,

zT =
S
2

⇢ 
T (2.1)

where S, ⇢, , and T are the Seebeck coefficient, electrical resistivity, thermal con-

ductivity, and temperature, respectively. These properties are interrelated, frequently

making it difficult to improve overall zT .[25, 64] For example, increasing the electri-

cal conductivity (decreasing ⇢) will increase thermal conductivity due to the electronic

contribution to . However, the lattice contribution to  can be reduced independently

by the insertion of phonon scattering centers.[63, 65, 66]
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Figure 2.1: Crystal structure of half-Heusler TiNiSn in the F43m space group. Excess
Ni occupies vacant tetrahedral sites, as shown by the partially occupied Ni interstitial.
All four of the vacant tetrahedral sites are filled in the full Heusler, in the space group
Fm3m.

2.2 Improving thermoelectric efficiency

Engineering advanced materials through techniques to enhance phonon scattering

across different length scales such as doping and heavy atom substitution,[67, 68, 69,

70, 27] micro/nanostructuring through grain size reduction,[71, 63, 72, 70] and phase

separation[73, 74, 12, 75, 76, 77, 23, 28, 78] have been shown to increase the figure

of merit of known thermoelectric materials. State-of-the-art thermoelectric materials

such as Bi2Te3 and AgSbTe2 exhibit values of zT ⇡ 1 to 1.5 at their optimal operation

temperature.[25, 79, 80, 81, 82]

2.3 Heuslers as thermoelectrics

Half-Heusler materials are promising for middle-to-high temperature range (600 K

to 900 K) thermoelectric applications due to their intrinsically high power factor
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(S2
/�), despite their high thermal conductivity. Douglas et al. have shown that hierar-

chal microstructural engineering through the inclusion of a semicoherent second phase

in TiNiSn decreases thermal conductivity by scattering phonons at multiple length

scales.[11, 74, 63, 70] In this compound, the addition of excess Ni leads to phase

separation between the full and half-Heusler upon solidification. The two phases are

immiscible at moderate temperatures. However, the phase diagram presented by Verma

et al. suggests both regions of phase separation and phase solubility can be accessed at

the composition TiNi1.1Sn.[83] At high temperatures, the excess Ni fills the tetrahedral

voids in the half-Heusler crystal structure, shown in Figure 2.1.[11, 18, 84] Hazama et

al. has shown that TiNi1+xSn follows Vegard’s law, with the lattice parameter expand-

ing linearly with the addition of nickel.[32, 85] In this work, heat treatments are used

to trap these Ni interstitials, and properties are analyzed as a function of the prevalence

of Ni interstitials and microstructure.

Nickel interstitials act as point defect scattering centers for phonons, reducing the

thermal conductivity through alloys scattering.[85, 86, 87] In addition, these intersti-

tials modify the electronic structure near the Fermi energy, providing “in-gap states”

which affect the Seebeck coefficient and electrical resistivity.[88, 89] Miyamoto et al.

observed these “in-gap states” using X-ray photoemission spectroscopy on stoichiomet-

ric TiNiSn, and attributed these states to the atomic disorder present when Ni sits on

the vacant site. The variability in reported zT of the half-Heusler TiNiSn is likely due

to the presence of varying amounts of Ni interstitials, which is highly dependent on

processing conditions.[84, 88, 86] In this contribution, the disorder is built in by us-

ing heat treatments to modify the occupancy of Ni on the vacant site rather than the

use of additional alloying elements. As shown here, the processing conditions and

thermal history of TiNiSn compounds are extremely important to the prevalence of

Ni-interstitials and microstructure, which have large effects on the physical properties.
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Figure 2.2: Nature of heat treatments employed in this study. Four samples were
prepared: H, HQ, HQA8, and HQA32. With the exception of the final anneals for
HQA8 and HQA32, heat treatments were applied to samples simultaneously.

By contributing these insights on the relationship between processing, structure, and

thermoelectric performance of TiNiSn, this work enables both the understanding of

fundamental concepts behind defect-engineering and the development of high perfor-

mance thermoelectric materials.

2.4 Experimental design

Four TiNi1.1Sn samples were melted utilizing a Crystalox MCGS5 levitation melting

system with a water cooled copper crucible under an Ar atmosphere. Charges of ap-

proximately 12 g were formed from a stoichiometric ratio of TiNi1.1Sn from elemental

sources: Ti wire (99.7%, Sigma Aldrich), Ni foil (99.9%, Sigma Aldrich), and Sn shot

(99.8%, Sigma Aldrich). As visualized in Figure 2.2, heat treatments were applied to
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each sample. The Homogenized (H) sample was held at 1173 K for 144 h (6 d), after

which the sample was air-quenched. The Homogenized-Quenched (HQ) sample was ho-

mogenized with H and was subsequently brought to 1423 K for 6 h from which it was

air-quenched. The Homogenized-Quenched-Annealed-8 h (HQA8) sample followed the

same heat treatment as H and HQ, and was then annealed for 8 h at 623 K. Similarly,

Homogenized-Quenched-Annealed-32 h (HQA32) was heat-treated with the other sam-

ples, but annealed for 32 h at 623 K. All heat treatments were conducted by wrapping

the samples in Ta foil and sealing in a fused silica ampoule under vacuum.

2.5 Materials characterization

Samples were sectioned by diamond saw for experiments, including a piece to grind

into powder for synchrotron X-ray diffraction, a piece for scanning electron microscopy,

and a bar for physical property measurements, approximately 8⇥ 3⇥ 3 mm.

Synchrotron X-ray diffraction (XRD) data was acquired at the 11-BM beamline at

the Advanced Photon Source at Argonne National Lab. Measurements were conducted

at 295 K and run at a modified wavelength (�= 0.460461 Å) to reduce Sn absorbance.

Rietveld refinement analysis was completed on diffraction data using TOPAS.[90] Crys-

tal structures were visualized using VESTA.[91]

Samples of H, HQ, and HQA32 were prepared for microstructure evaluation using

scanning electron microscopy by mounting a piece from the bulk sample in epoxy, and

polishing with diamond suspension down to 0.25µm. Studies were conducted on a FEI

XL30 Sirion FEG scanning electron microscope (SEM) equipped with a backscattered-

electron (BSE) detector and energy dispersive X-ray (EDS) spectrometer, enabling

phase observation and composition determination. Values for composition are aver-

aged over several EDS point measurements. Electron transparent lamellae were pre-
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Table 2.1: Heat treatments for each sample are given. Values for goodness of fit (Rwp),
mole percent of the full Heusler phase, and the weighted average lattice parameter of
the half-Heusler phases (hH aav) with Ni interstitials are determined from the Rietveld
refinement of synchrotron XRD data.

Sample Treatment Rwp (%) fH mol% hH aav (Å)
H 1173 K 144 h 9.75 12.7 5.918(2)
HQ 1173 K 144 h 12.0 8.6 5.969(1)

1423 K 6 h + Q

HQA8 1173 K 144 h 13.1 7.8 5.948(3)
1423 K 6 h + Q

623 K 8 h
HQA32 1173 K 144 h 15.4 8.8 5.947(2)

1423 K 6 h + Q

623 K 32 h

pared using a focused ion beam (FIB, Helios, FEI) and characterized using a FEI Tecnai

G2 Sphera transmission electron microscope (TEM).

Electrical transport properties (Seebeck coefficient and electrical resistivity) were

evaluated on an ULVAC ZEM-3 instrument under a partial He atmosphere. Measure-

ments were conducted at 310 K. Thermal conductivity measurements were conducted

on a Quantum Design Physical Property Measurement System (PPMS) utilizing the

Thermal Transport Option (TTO). At elevated temperatures, Ni interstitials that have

been trapped in the half-Heusler structure are able to diffuse, changing the nickel dis-

tribution. Due to the effects of high temperature, measurements were taken between

300 K and 310 K.[83]
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2.6 Structural characterization reveals placement of

excess nickel

The high signal-to-noise ratio of synchrotron X-ray diffraction (SXRD) enables pre-

cise analysis of half-Heusler and Heusler phase fractions using Rietveld refinement,

as well as identification of secondary phases. With regard to secondary phases, small

amounts (< 3%) of Sn and Sn5Ti6 were identified. The fine Q-space resolution of this

technique allows for the evaluation of accurate lattice parameters, and the observation

of the asymmetry in peaks corresponding to different lattice parameters in the half-

Heusler phase due to changing Ni content. Refinements of SXRD are shown in Figure

2.3, including individual contributions from major phases.

The half-Heusler TiNiSn, in the space group F43m, consists of four interpenetrat-

ing fcc sublattices, one of which is vacant (Figure 2.1). The covalent nature of the

[NiSn] sublattice is emphasized by viewing this as a zinc blende sublattice, with Ti oc-

cupying octahedral voids.[20] This structure containing 18 valence electrons is valence

precise, with 4 valence electrons per atom in the [NiSn]4� zinc blende network, mak-

ing this compound semiconducting.[92] Excess Ni incorporated into the structure via

heat treatments occupies the vacant tetrahedral sites, or the unoccupied sublattice.[18]

A peak shift toward lower Q corresponds with a larger lattice parameter, implying a

higher occupancy of Ni interstitials.

2.6.1 Inhomogeneity: Fitting peak asymmetry with multiple

phases

The enhanced view of the half-Heusler (220) peak in Figure 2.3 illustrates that

multiple TiNi1+xSn phases with lattice parameters varying  0.4% are necessary to fit
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Figure 2.3: Rietveld refinement of synchrotron X-ray diffraction data for each sample,
showing the individual contributions from each major phase present. The enhanced
view of the (220) peak (right panel) shows asymmetry that must be fit using multiple
phases with Ni-interstitials. The shifting of these peaks implies a larger lattice param-
eter of the TiNiSn + i phase in the HQ sample, consistent with the theory that there
are more kinetically trapped Ni interstitials due to the heat treatment.

the asymmetric peak shape.[11] This peak corresponds only to the half-Heusler, with

no contributions from other phases. Fitting this asymmetry with multiple half-Heusler

phases with different lattice parameters indicates an inhomogeneous distribution of

Ni interstitials, rather than distinct half-Heusler phases. The occupancy of the second

nickel site could not be fit due to the peak overlap, however a larger lattice parameter

implies a higher nickel content. The asymmetry is present even in the homogenized

(H) sample, meaning there are Ni interstitials present even in what should be pure
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TiNiSn. This is observed in stoichiometric TiNiSn, and likely leads to a wide spread of

properties measured on different samples.[11] The weighted average lattice parameter

of the half-Heusler phases (hH aav) in each sample (see Table 2.1) gives an indication

of the overall amount of Ni interstitials trapped in the half-Heusler structure. This can

be qualitatively observed by the peak shifting in Q space, and is given in Figure 2.4.

The homogenized sample (H) has phase separated, and the lattice parameter of the

half-Heusler phase is low. For the composition TiNi1.1Sn at equilibrium, 10 mol% of the

full Heusler phase is expected, but the homogenized sample has a larger than nominal

percentage of the full Heusler phase. After treatment at high temperature and quench-

ing (HQ), Ni interstitials are trapped and the average lattice parameter is maximized.

In this sample, there is no half-Heusler without Ni interstitials. This treatment is ac-

companied by a decrease in the fraction of full Heusler, given in Table 2.1. The low

temperature anneal (HQA8 and HQA32) drives the system back toward equilibrium,

and the lattice parameter decreases as Ni interstitials diffuse out of the half-Heusler.

The tails on the peaks in the annealed samples are much more pronounced, signify-

ing a wider Ni distribution. The full Heusler peak is also very broad in these samples,

perhaps due to inhomogeneity or strain from the half-Heusler matrix.

2.7 Electron microscopy: Hierarchical microstructure

The evolution of microstructure with heat treatment is evaluated by SEM using

a back-scattered electron (BSE) detector (Figure 2.5). BSE images show Z-contrast,

allowing us to visually distinguish between phases, and to a lesser extent orien-

tation contrast due to electron channeling.[93] Local energy dispersive X-ray spec-

troscopy (EDS) measurements elucidate the chemical composition of each phase.

The homogenized sample, shown in Figure 2.5(a), shows phase separation between
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Figure 2.4: Lattice parameters for each of the half-Heusler phases fit using Rietveld
refinement. The peak asymmetry due to inhomogeneity in nickel distribution must
be fit using several half-Heusler phases, each with a different lattice parameter corre-
sponding to containing more or fewer interstitials. The symbol size of the open circles
corresponds to the mole percent of each contribution. The weighted average lattice
parameter of the half-Heusler phases in each sample is given by the red filled circles,
and is maximized for the HQ sample where the most Ni interstitials are trapped in
the half-Heusler structure. Annealed samples have a large range of lattice parameters,
and the distribution has shifted to a lower lattice parameter than the HQ sample.
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Figure 2.5: BSE SEM micrographs show orientation and phase contrast in samples
(a) H, (b) HQ, and (c),(d) HQA32, enabling analysis of microstructure evolution. (a)
The homogenized sample contains separate TiNiSn and TiNi2Sn regions. (b) After
quenching from high temperature, we do not observe the Heusler phase, but homoge-
neous half-Heusler that, according to EDS, contains excess Ni. In (c), low temperature
annealing reintroduces the Heusler phase, as detailed in (d).
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the full and half-Heusler phases, with the compositions Ti0.98(1)Ni1.78(2)Sn1.00(1) and

Ti0.97(1)Ni1.03(1)Sn1.00(1), respectively. The HQ sample (Figure 2.5(b)), by contrast, con-

tains only one phase with a measured composition Ti0.98(1)Ni1.13(1)Sn1.00(1). This indi-

cates the presence of excess nickel distributed throughout the half-Heusler. While XRD

indicated the presence of some Heusler phase in sample HQ, only one phase is identi-

fied by SEM. The contrast in this image arises due to grain orientation. After annealing,

compositions again indicate regions of full and half Heusler. It is likely that the micron

scale full Heusler precipitates shown in Figure 2.5(d) formed during the initial solidifi-

cation, and never underwent complete dissolution into the half-Heusler matrix during

the high temperature heat treatment.

The TEM micrograph in Figure 2.6(a) confirms the micron-scale phase separation

of the full and half-Heusler after the homogenization treatment. The common orienta-

tion between the two phases combined with the lattice misfit results in a Moiré pattern

where the two phases overlap around the boundary.[83, 26] This is sometimes inter-

preted as a dislocation network, as dislocations necessarily exist to relieve strain at the

semicoherent interface. The 3% lattice mismatch between the full and half-Heusler

phases produces strain fields extending in to each phase, which contribute to phonon

scattering.[11]

Transmission electron microscopy identifies only one phase in the HQ sample (Fig-

ure 2.6(b)), in agreement with SEM. The contrast in this image arises due to bend con-

tours. This heat treatment has successfully dissolved excess Ni into the half-Heusler,

where it is trapped on the second tetrahedral site. Upon low temperature annealing,

the nickel moves back towards thermodynamic equilibrium, forming the full Heusler

nanoprecipitates observed in Figure 2.6(c,d).

Low temperature annealing of the homogeneous TiNi1.1Sn phase forms nanoscale

Heusler precipitates with a high aspect ratio, shown in Figure 2.6(c). This microstruc-
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Figure 2.6: Transmission electron micrographs showing microstructural evolution in
samples (a) H, (b) HQ, and (c),(d) HQA32. (a) The homogenized sample contains
separate TiNiSn and TiNi2Sn regions on the micron scale. (b) Quenching from high
temperature again reveals a single phase with excess Ni. (c), (d) Bright field im-
ages (along the [100] zone axis, shown by the inset in (d)) of HQA32 show the
Heusler phase precipitates out on the nanoscale, forming along h100i directions of
the half-Heusler matrix, with larger precipitates forming along low angle grain bound-
aries. One of these larger precipitates is outlined in red. The mottled texture of (c)
and (d) is due to smaller scale precipitates.
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ture has been observed by Verma et al.[83] These precipitates are semicoherent with

the half-Heusler matrix, forming with a cube-on-cube orientation relationship along

the h100i directions of the half-Heusler. Larger precipitates form along low angle grain

boundaries, likely due to enhanced nucleation and increased diffusion of Ni along the

grain boundary. The light regions around these larger precipitates are depleted of ex-

cess Ni, and so we do not see smaller precipitates in these regions. Heusler precipitates

in the bulk of the half-Heusler grains are < 50 nm. The nanostructuring as a result

of these heat treatments leads to enhanced thermoelectric properties compared to the

homogenized sample due to phonon scattering from a second phase on multiple length

scales.

2.8 Physical properties

The room temperature physical properties for each sample are presented in Figure

2.7. The high temperature quenched sample, HQ, displays an enhanced Seebeck co-

efficient (a) and power factor (c), as well as a decrease in thermal conductivity (d).

This leads to an overall increase in the thermoelectric figure of merit (e), zT . The en-

hancement of these properties decreases with annealing, or decreasing Ni interstitial

abundance, as indicated by the trend line.

Ni-interstitials act as electron donors, decreasing the electrical resistivity of samples

after the high temperature quench [Figure 2.7(b)]. The increase in carrier concen-

tration may be closer to optimal for these compounds, leading to a positive effect on

the Seebeck coefficient.[87] The Seebeck coefficient increases in magnitude after the

high temperature quench, and is maximized where the amount of Ni-interstitials is

maximized [Figure 2.7(a)]. Calculations indicate that Ni-interstitials, or antisite de-

fects where Ni sits on the interstitial site, cause “in-gap states,” leading to an exper-
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Figure 2.7: Thermoelectric physical properties for heat-treated samples with treat-
ment identified on the x-axis. (a) The Seebeck coefficient is greatly enhanced for
sample HQ and reduces with subsequent low temperature annealing. (b) Resistivity
subtly decreases for HQ and limited change with annealing observed. As the (c) pow-
erfactor is enhanced while (d) thermal conductivity is reduced, HQ has an improved
figure of merit, (e) zT that is reduced with low temperature annealing, as shown in
samples HQA8 and HQA32. Dashed lines are guides to the eye. Data taken by Malinda
Buffon.
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imental band gap of 0.12 eV, which is much smaller than the calculated band gap of

0.45 eV.[88, 94, 95, 11] The Ni interstitials modify the density of states at the Fermi

level, improving the Seebeck coefficient.[85, 96, 97, 98] This interpretation follows

the results presented earlier in the structural and microstructure sections of this con-

tribution, as they describe an increase in Ni-interstitials for the quenched sample, and

a decrease upon subsequent annealing. The phase separation present in the annealed

samples could have a carrier filtering effect, selectively scattering low energy carriers

due to the interfacial potential between the full and half-Heusler phases.[97]

The electrical properties of these samples are summarized by the thermoelectric

power factor in Figure 2.7(c). Due to its enhanced Seebeck coefficient, the high temper-

ature quenched sample (HQ) has the largest power factor. While subsequent annealing

decreases the power factor back towards that of the homogenized sample, the decrease

in electrical resistivity due to these heat treatments leads to an overall enhancement of

the power factor compared to the homogenized sample.

Nickel interstitals also have a strong role in determining thermal conductiv-

ity, shown in Figure 2.7(d). As Ni-interstitials are introduced, they act as point

defect phonon scattering centers, decreasing the lattice contribution to thermal

conductivity.[63] The introduction of Ni interstitials due to the high temperature heat

treatment and quench reduced thermal conductivity by almost a factor of two, from

3.86 W m�1 K�1 to 2.00 W m�1K�1. While these measurements were conducted at

300 K, the contribution from point defects should increase with temperature due to

the shortening mean free path of phonons. Low temperature annealing decreases the

abundance of Ni-interstitials, and the thermal conductivity increases. However, the mi-

crostructure, which consisted of micron-scale precipitates in the homogenized sample,

becomes nanostructured due to phase separation after the high temperature quench

and low temperature anneal. This may lead to a permanent decrease in the overall ther-
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mal conductivity, as compared to the homogenized sample. There is ample evidence

in the literature for increases in zT due to nano- and micro-scale phase separation in

half-Heuslers.[27, 78]

The zT of these materials has been calculated, as shown in Figure 2.7(e). Due to the

impact of Ni-interstitials on both the Seebeck coefficient and the thermal conductivity,

the quenched sample (HQ) has the largest room temperature zT = 0.26, over five times

greater than zT of the homogenized sample (zT = 0.05). Further annealing of these

samples decreases the quantity of Ni-interstitials, but leads to nanoscale Heusler pre-

cipitates within the half-Heusler matrix, giving a twofold increase in room temperature

zT after 32 hours of low temperature annealing compared to homogenized TiNi1.1Sn.

2.9 Conclusions

The effect of nickel interstitials and nanoscale precipitates on physical properties

was determined through varying the morphology of TiNi1.1Sn using heat treatments.

All samples were first homogenized in the biphasic regime, phase separating the full

and half-Heusler. Next, samples were quenched from high temperature in the solid

solution regime between TiNiSn and TiNi2Sn, and final samples were annealed at low

temperature for different time scales. The effect of processing on the prevalence of

Ni interstitials was determined using synchrotron XRD and EDS, showing that when

quenched from the solid solution regime, excess Ni was present in the half-Heusler

TiNiSn tetrahedral vacancies. These observations were related to thermoelectric phys-

ical properties, showing that the Ni-interstitials enhance the Seebeck coefficient, while

simultaneously reducing thermal conductivity, resulting in an improved zT by at least a

factor of five. Subsequent annealing reduces the Ni-interstitials and reforms TiNi2Sn on

the nanoscale, which displays enhanced thermoelectric properties compared to the ho-
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mogenized sample due to nanostructuring. While Ni interstitials in TiNi1.1Sn would be

annealed out over time at the operating temperature of this thermoelectric, this study

showed the disorder from interstitial point defects has a positive effect on the thermal

conductivity and Seebeck coefficient, and result in significantly higher figures of merit.

In addition, the heat treatment process to form a solid solution and re-precipitate out

the Heusler phase provides a route to nanostructuring of the bulk half-Heusler with

excess Ni, and increasing the figure of merit with respect to homogenized TiNi1.1Sn.

1. The content of chapter 2 has previously appeared in Materials. E. E. Levin, F.

Long, J. E. Douglas, M. L. C. Buffon, L. K. Lamontagne, T. M. Pollock, and R. Se-

shadri, Enhancing thermoelectric properties through control of nickel interstitials

and phase separation in Heusler/half-Heusler TiNi1.1Sn composites, Materials 11

(2018) 903(1–12). It is reproduced here with the permission of the authors who

retain copyright: http://doi.org/10.3390/ma11060903.
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Chapter 3

Control of microstructure in the

two-phase (Ti,Zr)CoSb-MnCoSb half

Heusler system

3.1 Interfacial strain effects in magnets

The formalism developed by Kitchaev et al. provides a road map for harnessing

strain and strain gradients to control the chiral Dzyaloshinskii-Moriya (DM) interaction,

an antisymmetric exchange interaction, even in centrosymmetric crystal structures.[37]

This type of magnetic exchange interaction can give rise to skyrmions and other novel

magnetic textures which are interesting for applications in spintronics.[33, 34, 35, 36]

Further than preserving properties under strain conditions such as bending, we seek to

exploit strain gradients to add functionality. The linear coupling between magnetism

and strain gradient is known as flexomagnetism.[38, 39, 40] Even in thin films and

multilayers, where large strain gradients due to epitaxial growth are present, this ef-

fect is little-studied.[41, 42, 45, 44, 43] Engineering interfacial strain gradients in bulk
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intermetallics through phase separation to locally break symmetry and control mag-

netic response is entirely unexplored.

When a strained layer grows with a coherent interface, the elastic strain energy in-

creases in proportion to the volume, but can be relieved by the introduction of crystal

dislocations into the interface. They are known as misfit dislocations and enable the

lattice to return to the stress-free state, equilibrium value.[99] The strain field at the

interface, which is geometrically required for the two structures to match up plane-for-

plane, decays into the bulk of the precipitate (and matrix), depicted in the schematic

shown in Figure 3.1. We hope to harness this strain gradient produced by microstruc-

tural design to discover new magnetic functionality through symmetry breaking.

A review by Y. Kimura and Y-W. Chai[100] summarizes how two-phase microstruc-

tures in Heuslers evolve. Their studies suggest that the formation of full Heusler (fH)

precipitates in the half Heusler (hH) matrix may be compared to the well-known for-

mation of Guinier Preston zones in Al-based alloys.[101] The morphology of precipi-

tates is governed by the balance of elastic energy and interfacial energy. Nucleation

of fH nanoprecipitates within the hH matrix occurs through spinodal decomposition.

They evolve from coherent nanoparticles in a sub-10 nm range to coherent nanodisks,

followed by coherent platelets, which continue to evolve into semi-coherent platelets

and ultimately, semi-coherent spheres on the sub-1 micron range. Hence the hH/fH-

interface changes from coherent to semicoherent as precipitates grow larger, and the

stored elastic energy is relieved by interfacial misfit dislocations. We expect similar

behavior in immiscible hH/hH systems due to the continuity of the crystal structure

leading to the distinct cube-on-cube orientation relationship between the phases.

The misfit strains at (semi)coherent interfaces in multi-phase mesostructures can be

controlled through chemistry and processing. These strains decay over distances on the

order of nanometers,[26] leading to large built-in elastic strain gradients of 105 m�1 to
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Figure 3.1: Schematic showing the strained interface between a magnetic precipitate
with a lattice mismatch � with the matrix phase.

107 m�1,[39] orders of magnitude larger than what is achievable in macroscopic sam-

ples subject to external loads. We prepare highly engineered two-phase microstruc-

tures with large built-in strain gradients at interfaces through control of composition

and processing.

3.2 Design of a model system

We have designed a biphasic half Heusler system with the following characteristics

to study the effect of interfacial strain on magnetic properties:

(1) Phase separation occurs between magnetic and nonmagnetic phases such that

a (semi)coherent interface is formed.

(2) The lattice parameter of the nonmagnetic phase is tunable such that the lattice

misfit (0.2% to 3.2%) may be controlled.
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(3) The Curie temperature of the magnetic phase is accessible with standard equip-

ment (2 K < TC < 1000 K).

The (Ti,Zr,Hf)CoSb–MnCoSb system is an ideal candidate fitting these criteria. The

magnetic phase, MnCoSb, is a half Heusler, but forms in a superstructure with the

Fm3m symmetry described in detail by Ksenofontov el al.[102, 103] It has a Curie

temperature of 430 K.[104] It is metallic with 21 valence electrons, and phase separates

with the valence precise matrix phase TiCoSb. The lattice misfit between MnCoSb and

TiCoSb is nominally 0.2%, but incorporation of excess Co into the metallic MnCoSb

phase could increase its lattice parameter to be the same as (or larger than) TiCoSb.

Based on our understanding of phase separation in Heuslers, we expect any excess

cobalt to segregate into the metallic MnCoSb phase rather than the semiconducting

TiCoSb phase.

Zr and Hf are isoelectronic with Ti, thus preserving the 18 valence electron count

and diamagnetic nature of TiCoSb when substituted on the X site. Due to the larger

size of these atoms, the lattice parameter of the solid solution can be tuned between

that of TiCoSb (5.87 Å) and ZrCoSb (6.07 Å) or HfCoSb (6.04 Å), representing 3.4%

and 2.9% increases, respectively. The tunable lattice parameter of the matrix phase

allows us to tune the misfit with the magnetic phase, thereby systematically tuning the

interfacial strain gradient using composition. This method allows us to keep all other

variables constant. The miscibility (or lack thereof) of this solid solution is discussed in

Chapter 1. Briefly, there is a miscibility gap between end members TiCoSb and ZrCoSb

which may be overcome using high processing temperatures. Directly after arc melting

there is no phase separation, as the fast cooling on the water-cooled copper hearth

kinetically traps the solid solution. At room temperature diffusion rates are too slow

for phase separation to occur. Annealing at 800�C allows the Ti0.5Zr0.5CoSb sample to

phase separate into its equilibrium compositions at that temperature: Ti0.6Zr0.4CoSb
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and Ti0.4Zr0.6CoSb. The temperature 800�C is sufficient to overcome the energy barrier

to mixing in Ti1�xZrxCoSb for x = 0.25 and 0.75. In order to access the full solid

solution across the series so that we may systematically tune the lattice parameter

between that of TiCoSb and ZrCoSb (3.4% difference), higher temperatures must be

used. Alternatively, the solid solution Ti1�xHfxCoSb could likely be formed at lower

temperatures than the Ti–Zr analogue because of the lower energy of formation (Table

1.1).

Preliminary calculations of formation energies (�Eform) for the solid solutions are

calculated in density functional theory by replacing atoms in a single conventional

Heusler unit cell. Since all X sites are symmetrically equivalent in the conventional

unit cell, there is only one distinct enumeration possible for each composition. Future

work will use CASM to identify symmetrically distinct configurations using supercells in

order to enumerate all possible orderings at these compositions,[29] and calculations

will be performed including spin polarization. We expect including spin polarization

will further stabilize MnCoSb, but should not significantly affect the energy of the Mn-

poor compositions, where Mn is dilute.

Formation energies relative to the end members for Ti1�xMnxCoSb, Ti1�xZrxCoSb,

Ti1�xHfxCoSb, and Zr1�xHfxCoSb are given in Figure 3.2. A large positive formation en-

ergy suggests immiscibility. The formation energy of the solid solution between TiCoSb

and MnCoSb is much larger than between TiCoSb and (Zr,Hf)CoSb. This implies there

is a strong thermodynamic driving force for phase separation. In addition, the curve is

highly asymmetric, in agreement with Mena et al.[105] There is a large energy penalty

for adding Mn (extra valence electrons) to TiCoSb, destabilizing the valence precise

structure. The energy penalty for incorporating Ti into MnCoSb is smaller, as Mn-

CoSb is not limited by this 18 electron rule. We observe the miscibility gap between

TiCoSb and ZrCoSb is similar to, but larger than that of Ti1�xHfxCoSb. Zr1�xHfxCoSb
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Figure 3.2: DFT calculated energies of formation of solid solutions between the half
Heusler end members. The higher the energy, the less miscible the two phases. For
these calculations, atoms were replaced in the conventional unit cell. DFT calculations
by Justin Mayer.
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is not found to have any energy penalty to mixing. It is remarkable that we can de-

sign a system where, by combining five elements in the correct stoichiometry, we can

achieve a system that assembles into our desired phases during solidification. Further,

we may tailor the microstructure to specific applications through techniques such as

splat quenching and heat treatment.

3.3 Systematically manipulating interfacial strain

In order to manipulate the strain state at the interface between (Ti,Zr)CoSb and

MnCoSb, two main approaches are taken. In the first approach, the lattice misfit is

controlled through the Ti:Zr ratio in the nonmagnetic phase. This should allow us to

systematically vary the strain field without otherwise changing the properties of the

magnetic phase, thereby isolating the effects of interfacial strain on magnetic proper-

ties. However, in bulk systems there is variability between samples (or even within a

sample) due to factors such as the amount of Mn and Sb volatilized during melting.

In addition, precipitate size and shape is likely to affect the strain field in the vicin-

ity of the interface. These variables are controlled through heat treatments and phase

fraction of the MnCoSb phase.

A second approach to manipulating the strain state is to use processing conditions

such as rapid solidification and heat treatment to evolve microstructure in a system-

atic way. Kimura et al. shows the microstructure evolution of Heusler precipitates

in a half Heusler matrix from coherent nanoprecipitates, nanodisks, and platelets to

semicoherent platelets and spheres.[100] A coherent interface is associated with large

strain which is accommodated by misfit dislocations as the precipitates grow and the

interface becomes semicoherent. The length scale at which this misfit accommodation

occurs is dependent on the lattice misfit. In addition to controlling interfacial strain
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through microstructure evolution, the nanoparticles have a large surface area to vol-

ume ratio. If the interface creates a strain field over 5 nm in a precipitate that is only

15 nm thick, a significant portion of the magnetic phase is affected.

Trapping Mn solubilized in the TiCoSb matrix at high temperatures through splat

quenching or solution heat treatments, and allowing MnCoSb nanoparticles to evolve

through further heat treatments, yields systematic changes in microstructure that can

be characterized and related to magnetic properties. This will be executed for sam-

ples with TiCoSb and Ti0.75Zr0.25CoSb as the matrix phase as to examine the effect of

changing the lattice misfit and interfacial strain due to precipitate geometry.

3.4 Varying lattice mismatch

Stoichiometric amounts of elemental starting materials targeting the compositions

(Ti1�xZrxCoSb)0.9(MnCoSb)0.1 where x = 0.0, 0.25, 0.50, 0.75, and 1.0 were weighed

and arc melted together. The ingot, with a mass of roughly 2 g, was melted twice,

flipping between melts. Samples were then annealed at 800�C for 6 d and quenched in

air.

X-ray diffraction (XRD) patterns for the series are shown in Figure 3.3. Rietveld re-

finements of these patterns were performed to obtain lattice parameters of each phase,

but due to large amounts of peak overlap other variables were unreliable. These results

are discussed qualitatively. The peak likely corresponding to MnCoSb in the TiCoSb

sample presents as a shoulder at lower 2✓ compared to the TiCoSb peak. It is possible

that MnCoSb has a larger lattice parameter than TiCoSb if excess Co, present due to

volatilization of Mn and Sb due to melting, incorporates into the MnCoSb phase. This

is supported by EDS measurements of the MnCoSb phase, which found a composition

of MnCo1.35Sb. While the error on this measurement is large, it is clear that excess Co

50



Microstructure engineering in (Ti,Zr)CoSb–MnCoSb Chapter 3

Figure 3.3: Laboratory X-ray diffraction patterns of (Ti1�xZrxCoSb)0.9(MnCoSb)0.1
before and after annealing.

is incorporated.

The MnCoSb and Ti0.75Zr0.25CoSb peaks entirely overlap. It is impossible to distin-

guish if these phases are soluble or not using laboratory XRD. For the x = 0.5 sample,

we have previously observed phase separation in the matrix phase at this temperature.

The x = 0.25 and 1.0 samples show peaks for MnCoSb with lattice parameters that

match the nominal MnCoSb lattice parameter. This is evidence of phase separation be-

tween MnCoSb and the matrix. However, these samples contain other impurity phases.

The lattice parameters of each phase (Figure 3.4) confirm that the Ti1�xZrxCoSb phase

is highly tunable without affecting the lattice parameter of the MnCoSb phase.
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Figure 3.4: Lattice parameters obtain by Rietveld refinement of laboratory XRD data.
The nominal lattice parameter of MnCoSb is given by the dotted line. The lattice
parameter of the Ti1�xZrxCoSb phase is highly tunable without affecting the lattice
parameter of the MnCoSb phase. However, for x  0.5, the peaks overlap too much
to differentiate between the MnCoSb and Ti1�xZrxCoSb phases.
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Figure 3.5: Backscattered electron SEM micrographs of (a) TiCoSb with 10 mol%
MnCoSb and (b) Ti0.75Zr0.25CoSb with 10 mol% MnCoSb after annealing at 800�C for
6 days. Compositions were measured using EDS. Phase separation occurs between the
(Ti,Zr)CoSb and MnCoSb phases, while Ti0.75Zr0.25CoSb forms a solid solution.

3.5 Microstructure of (Ti1�xZrxCoSb)0.9(MnCoSb)0.1

Images of (Ti1�xZrxCoSb)0.9(MnCoSb)0.1 for x = 0.0 and 0.25 taken by scan-

ning electron microscopy (SEM, Apreo C, FEI, 20 keV) are shown in Figure 3.5(a,b).

Backscattered electron (BSE) imaging showing Z contrast reveals phase separation be-

tween the Ti1�xZrxCoSb and MnCoSb phases. Energy dispersive X-ray spectroscopy

(EDS) confirms these phases. The composition determined by EDS of the MnCoSb

phase is Mn0.92Co1.4Sb. This increase in cobalt content could explain the increased lat-

tice parameter observed in XRD. Small amounts of other phases determined by EDS to

be elemental Co (dark) and CoSb (bright) are observed.

The microstructure shown in Figure 3.5 has regions of TiCoSb about 50µm in di-

ameter separated by interconnected MnCoSb channels 5 microns wide. This is in

contrast to TiNi2Sn in a TiNiSn matrix, which forms as isolated grains until a 3D perco-

lation threshold of 20% TiNi2Sn is reached.[24] Including less than 10% of the MnCoSb

phase results in a percolated network in 2D. This is due to the different solidification

behavior of the system. The microstructure implies that MnCoSb has a lower melting
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temperature than TiCoSb, and so liquid with high Mn-content due to solute partitioning

is pushed to grain boundaries and between dendrite arms, solidifying last. The melting

temperature of each phase will be measured using differential scanning calorimetry

(DSC) on endmembers MnCoSb and TiCoSb.

Electron backscattered diffraction (EBSD) is used to generate the inverse pole fig-

ure (IPF) showing grain orientations in (TiCoSb)0.9(MnCoSb)0.1 in Figure 3.6. Many of

the rainbow misindexed correspond to other minor phases (Co, CoSb) that cannot be

indexed with the half Heusler unit cell. Since these phases are found at grain bound-

aries, these usefully serve to denote the boundaries in the IPF map that can be more

clearly seen in the BSE SEM image in Figure 3.5. The 50µm regions of TiCoSb in the

BSE image appear to be part of larger grains on the scale of hundreds of microns, with

MnCoSb interspersed. We observe the that this MnCoSb shares a common orientation

to the TiCoSb grain it is associated with. A three dimensional TriBeam data set detail-

ing the interconnectivity and orientation of the MnCoSb network within and between

TiCoSb grains would be beneficial for fully characterizing the microstructure. This type

of microstructure would be detrimental to thermoelectric materials, as it provides a

thermally conducting pathway, increasing , even for small amounts of MnCoSb.

Figure 3.7 shows an enhanced view of one of the interfaces between TiCoSb and

MnCoSb. The MnCoSb phase shares a common orientation with the TiCoSb grain on

the left. In fact, the secondary electron image is necessary to determine where the

interface lies. The orientation relationship between phases is important for forming

a coherent (or semicoherent) interface that will apply strain to the magnetic phase.

However, we have observed in the NbCo1+xSn system that the strain field due to lattice

misfit at a semicoherent interface decays over 5 nm to 10 nm.[26] At a length scale of

several microns across, only a small volume fraction of the MnCoSb channels will be

subject to a strain gradient.

54



Microstructure engineering in (Ti,Zr)CoSb–MnCoSb Chapter 3

Figure 3.6: EBSD inverse pole figure (IPF) showing grain orientations. Misindexed
points are often from minor phases (Co, CoSb), which cannot be indexed using the
half Heusler unit cell. These minor phases often form at the boundaries between
MnCoSb and TiCoSb phases, and so misindexed points may be used to denote these
boundaries. Comparing secondary electron images and the IPF map illustrates that
MnCoSb channels form within large grains of TiCoSb and have the same crystallo-
graphic orientation of the TiCoSb grain.

Figure 3.7: (a) A secondary electron SEM image of MnCoSb between two TiCoSb
grains. (b) The EBSD inverse pole figure showing that MnCoSb is in the same orien-
tation as the left TiCoSb grain.
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Figure 3.8: Bright field STEM overview image of the FIB lift out of the MnCoSb chan-
nel between TiCoSb grains. This sample has been annealed at 800�C for 6 days. A
cobalt secondary phase is also present, and stacking faults may be seen in this phase.
STEM image acquired by Yolita Eggeler.

To investigate the interface in more detail, a thinned lift out encompassing one

of the MnCoSb channels was prepared using a focused ion beam (FIB, Helios, FEI).

This was then analyzed by scanning transmission electron microscopy (STEM) in the

Talos (200 kV, FEI) microscope. A bright field overview STEM image of the lamellae

is shown in Figure 3.8. Elemental cobalt forms as a secondary phase at part of the

MnCoSb-TiCoSb interface. Stacking faults can be seen in this phase. The interface

between the MnCoSb and TiCoSb consists of a network of dislocations despite the

common orientation and low lattice misfit.

Closer inspection of the TiCoSb phase in the high angle annular dark field (HAADF)

STEM image in Figure 3.9 reveals nanoprecipitates of MnCoSb in the shape of

nanoplatelets that are oriented in specific directions with respect to the TiCoSb. The

long axis of these precipitates measures 40 nm to 300 nm, and they are coaligned or

oriented at 90� to one another within the TiCoSb grain. The short axis (width) ranges

from 4 nm to 16 nm, within the range for coherent precipitates in TiNiSn–TiNi2Sn
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shown by Kimura and Chai.[100] We do not observe misfit dislocations at the inter-

face, suggesting fully coherent precipitates. The shape of these precipitates is also

observed in the TiNi1+xSn system for full Heusler precipitates in a half Heusler matrix,

or for ✓
0 morphologies in Al-Si-Cu alloys.[83, 106] This shape is controlled by both

elastic energy (elastic constants) and interfacial energy anisotropy. Vaithyanathan et

al. has developed a multiscale first principles/phase field model to predict (in 2D) the

microstructure evolution in immiscible Al-Cu alloys, which form coherent and semico-

herent interfaces.

The coherent nanoprecipitates are elastically strained due to the lattice parameter

misfit, although this misfit is small between MnCoSb and TiCoSb. Varying precipi-

tate size will modify the strain field present due to the interface, and large enough

precipitates will become semicoherent, with misfit dislocations to relieve the strain.

While these coherent precipitates have large elastic strains, the length scale may be

too small to observe the changes in magnetic structure that occur due to activating the

Dzyaloshinskii-Moriya (DM) interaction (by breaking symmetry). The DM interaction

often produces features with a wavelength of 70 nm to 200 nm, such as magnetic vor-

tices known as skyrmions.[33, 34] Locally spins are almost completely aligned, with

their direction only rotating over the course of many unit cells. For this reason we may

require larger precipitates, which may be semicoherent, decreasing the magnitude of

the strain field in the vicinity of the interface. Increasing the strain field by increasing

the lattice misfit (substituting Zr to the TiCoSb phase) may further limit the maximum

size of coherent precipitates. We must determine the conditions where precipitates are

large enough to view magnetic textures than may span hundreds of nanometers, and

maximize interfacial strain.

57



Microstructure engineering in (Ti,Zr)CoSb–MnCoSb Chapter 3

Figure 3.9: High angle annular dark field (HAADF) STEM image of MnCoSb nanopre-
cipitates in the TiCoSb matrix. STEM by Yolita Eggeler.
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3.6 Future work

Future work will determine the maximum amount of Mn soluble in the TiCoSb

phase at accessible temperatures (without decomposing into other phases). The phase

diagram calculated by Mena et al. suggests that at elevated temperatures, such as

during initial solidification, there is some small amount of Mn soluble in the TiCoSb

phase.[105] It will be informative to perform STEM on an unannealed sample to elu-

cidate the evolution of MnCoSb nanoprecipitates: if they formed during cooling from

the melt or during the 800�C anneal. The composition and processing conditions deter-

mined by these methods will be used to prepare samples containing only nanoprecip-

itates of MnCoSb in the Ti1�xZrxCoSb matrix such that the effects of interfacial strain

fields on magnetic properties may be deconvoluted from bulk effects. The composition,

and therefore lattice parameter, of the matrix will be varied to adjust the interfacial

strain field due the lattice misfit. Heat treatments will then be used to coarsen precip-

itates. In this system, interfacial strain may be varied both through lattice misfit and

precipitate size. Magnetic properties will then be measured using both bulk probes

(SQUID MPMS, Quantum Design) and local probes such as NV sensing and Lorentz

TEM, and related to the systematically varied changes in interfacial strain.
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Chapter 4

Coupling of magnetic and mechanical

properties in MnAu2Al

Several Heusler intermetallics undergo a drastic change in net magnetization in re-

sponse to plastic deformation or thermal stresses. The proposed mechanism involves

antiferromagnetic interactions that arise due to the change in chemical order that oc-

curs at the antiphase boundaries formed by these stresses. The combination of mechan-

ical properties allowing antiphase boundaries to form, the possible change in chemical

ordering, and the conditions for new magnetic interactions to arise is unique to ordered

intermetallics. These conditions are met in MnAu2Al, which we observe has a strong

magnetic response to plastic deformation. Here we investigate the coupling between

mechanical and magnetic properties in MnAu2Al.

4.1 Introduction

The ability to gain control over magnetism through manipulation of structure or

vice versa is sought after for many applications such as actuation and spintronics. Mag-
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netoelastic and magnetostrictive effects are highly studied, where magnetic structure

is coupled to elastic strain. Often the effects of plastic deformation on magnetic prop-

erties are ignored.

Frequently, the assumption that dislocations produce negligible effects on bulk mag-

netization holds true. After all, magnetic properties are often measured on powders

ground from arc or induction melted ingots. However, in some cases, the specific me-

chanical properties of a material, paired with magnetic interactions that alternate sign

at different crystallographic sites, can lead to drastic changes in magnetization due

to plastic deformation. This unique combination can arise in ordered intermetallics,

where defects place magnetic atoms on new atomic sites, and therefore at new inter-

atomic distances. Here, we detail how magnetic structure, and therefore bulk mag-

netic properties, are strongly influenced by plastic deformation produced defects in the

Heusler MnAu2Al.

Heusler compounds (Fm � 3m, L21) have the chemical formula XY2Z, where X

and Y are transition metals and Z is a main group element. Their structure consists of

four interpenetrating fcc sublattices. Heusler first discovered this family of compounds

in 1903, noting that the ordered structure MnCu2Al had ferromagnetic properties, de-

spite none of the constituent elements being ferromagnetic.[19] Since then, Heuslers

have been found to have a wide array of functional properties ranging from supercon-

ducting to magnetic to semiconducting behavior.[20] Notably, Mn-containing Heusler

ferromagnets generally possess low coercive fields and localized moments on the Mn

site.
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4.2 Magnetic reduction in MnCu2Al

The magnetic Heusler compound MnCu2Al is little studied compared to, for ex-

ample, MnNi2Z where Z = Ga, Sn, In, which are studied for their magnetocaloric

properties.[107, 14, 8, 108] This may be due to the fact that MnCu2Al has a complex

phase diagram and goes through a number of phase transformations as temperature

increases, including a disordering of the X and Z sites to form a B2 structure above

610�C, and then a disordered bcc beta phase above 750�C.[109, 110, 111] Bouchard

found that the partially ordered phase contains a large number of antiphase boundaries

(APBs), and that changes in the Cu:Al ratio had a large effect on magnetic properties.

Lapworth and Jakubovics investigated the magnetic domain structure of MnCu2Al us-

ing Lorentz TEM, and found that domain walls were pinned at thermal and dislocation

induced APBs, with a stronger interaction when some of the aluminum had been re-

placed by copper.[112] They suggested that the pair of atomic layers at the APB could

couple antiferromagnetically, causing magnetization to rotate within one interatomic

distance instead of over hundreds, as in a Bloch or Neel wall. The idea that Mn-Mn

interactions at different interatomic distances (depending on the crystallographic site

occupied) change sign is supported by Tsuboya, who claimed Mn-rich compositions

showed ferrimagnetic behavior, with Mn on its own site coupling antiferromagnetically

to Mn on the Cu site.[113] This oscillatory type nature of the interaction depending

on interatomic distance has been shown previously.[114, 115, 116, 117] Chin et al.

found a decrease in saturation magnetization upon the deformation of single crystals

of MnCu2Al, with the magnitude of the decrease dependent on the crystallographic di-

rection along which deformation occurred.[118] This is attributed to the difference in

activity of slip systems depending on orientation, creating more or less nearest neigh-

bor (NN) or next-nearest neighbor (NNN) Mn-Mn pairs. This behavior is not unique to
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MnCu2Al. A large reduction of magnetization after plastic deformation has also been

found in MnPd2Sn[114, 119, 120] and Ni3Al.[121] The mechanism by which the re-

duction in net magnetization occurs has been described in much the same way. In

ordered Fe70Al30, the disorder present at APBs is thought to give rise to ferromagnetic

ordering.[122] In this contribution, we present MnAu2Al as a material where magnetic

behavior is impacted by plastic deformation due to the magneto-mechanical properties

of the system.

We determine how microstructure in MnAu2Al is affected by plastic deformation

through mechanical means such as grinding and pressing, and establish how magnetic

properties are influenced by the defects produced in these processes. MnAu2Al is little

studied, with the inconsistency in reported saturation magnetization, Curie tempera-

ture, and processing conditions contributing to the uncertainty around the materials

properties.[123, 124, 125, 126, 127, 128] For example, the annealing temperature in

some previous work is 800�C, while Heusler MnAu2Al is not the equilibrium phase at

this temperature. The X-ray diffraction patterns in Figure 4.1 show that after anneal-

ing at 800�C no material in the Heusler structure remains, while annealing at 500�C

results in Heusler peaks. The large effect of mechanical deformation on bulk magnetic

properties likely contributes to the misinformation on MnAu2Al, as well as on other

ordered intermetallics displaying this same effect.

4.3 Experimental methods

Starting materials of cleaned Mn (Alfa Aesar, pieces, 99.99%), Au (Alda Aesar, pow-

der, 99.96%), and Al (Sigma Aldrich, powder, 99.95%) were weighed in a 1.2:2:1 sto-

ichiometry to account for Mn volatilization during melting, and ground for 10 minutes

in a mortar and pestle to ensure homogeneity. The mixed powder was pressed into a
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Figure 4.1: X-ray diffraction patterns of MnAu2Al annealed at 500�C versus 800�C.
The unannealed sample has broad peaks, as will be discussed later, and contains a
secondary phase. This secondary phase persists after the 500�C anneal, however
Heusler MnAu2Al is the majority phase. After annealing at 800�C for 5 days, the
Heusler phase has completely disappeared, replaced with an unidentified phase.
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6 mm pellet using a force of 2 tons. Sample masses were between 300 mg to 600 mg.

Pellets were arc melted twice in an argon atmosphere, flipping the ingot between melts,

with mass losses between 0.7% and 3.2%. The ingots were ground into powder and

sealed in an evacuated fused silica ampule. It should be noted that the ingots are very

difficult to grind into a fine powder, in contrast to many other Heusler intermetallics

we have prepared.[129, 12, 18, 13] The powder was annealed at 500�C for 6 days,

and then slow cooled to room temperature at a rate of 0.5 �C min�1. For samples la-

beled ”annealed,” the powder was not ground any further. Grinding further results

in plastic deformation, and these samples are referred to as ”ground.” Powders were

hand ground in a mortar and pestle for 5 min to 20 min, imparting different degrees

of deformation. In the case of samples that were not analyzed as powders, ingots were

annealed under the same conditions and deformation was obtained by pressing in a

hydraulic press. The change in thickness of the pressed ingots were measured with

calipers and correspond to strains of roughly 6.5%.

X-ray diffraction patterns were collected for 30 min on a laboratory diffractometer

(Panalytical, Empyrean) using a Cu K↵ source (� = 1.5406 Å). Pawley refinements

were performed in TOPAS. The peak shape fit from the annealed sample, measured

under identical conditions to the ground sample, was fit with a Lorentzian function.

This peak shape was used as a basis where additional broadening in the ground sample

is assigned to size broadening. Crystallite size was then calculated using the integral

breadth or full width at half max (FWHM) of diffraction peaks in the ground sample,

resulting in a weighted average of crystallite size.[130] Strain was not included, as

peak shapes were well captured using size broadening and the addition of strain terms

resulted in unphysical parameters.

Powders of the annealed and ground samples were prepared for transmission elec-

tron microscopy (TEM) by dispersing in isopropyl and drop casting onto a carbon
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coated copper grid. The ground powder was analyzed in a Tecnai T20 (FEI, Hills-

boro, OR, 200 keV), and the annealed powder on a Titan (FEI, 200 keV). The size of

crystallites was analyzed using Fiji.

Magnetic measurements were performed on a SQUID magnetic property measure-

ments system (MPMS, Quantum Design) equipped with a vibrating sample magne-

tometer (VSM). Field-cooled and zero-field-cooled magnetization (M) vs. temperature

(T ) measurements were taken upon warming at a field H = 20 mT while sweeping

temperature at 5 K min�1. Magnetization was measured as a function of field at T = 2 K

between H = �7 T and 7 T.

4.3.1 Computational methods

All electronic structure calculations were performed using the Vienna Ab–Initio

Simulation Package (VASP)[131], using the Perdew–Burke–Ernzerhof (PBE) exchange–

correlation functional[132] and the projector–augmented wave (PAW) method[133].

All calculations are converged to 10�6 eV in total energy and relied on a reciprocal space

discretization of 400 k–points per Å�3 (⇡ 6000 k–points per atom). Data processing

and analysis were performed using the pymatgen package[134].

�–surface calculations of the planar fault energy were performed using supercells

with at least 18 Å separation between periodic images of the interface. The interfacial

energy was minimized across possible normal displacement[135] at the interface and

ferromagnetic versus antiferromagnetic alignment across the interface.

The cluster expansion combining chemical and magnetic degrees of freedom was

constructed following the procedures described in previous works[136, 137, 138] so

as to include all symmetrically–allowed interactions on the BCC lattice underlying the

MnAu2Al L21 structure. The resulting Hamiltonian has the form
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where ! represents 2, 3, and 4–body clusters of sites, � are chemical occupation

variables, S are spin unit vectors and J are fitted interaction coefficients. The magnetic

couplings are treated to lowest–order, in Heisenberg model form, as a dot–product

interaction between spin vectors. We include pair–interactions up to 8 Å, while 3 and 4–

body interactions are only treated within the nearest–neighbor shell. The interactions

J are parametrized on the basis of configurational enumeration up to a supercell of

size 4, preserving an overall MnAu2Al stoichiometry, as well as magnetic collinear and

spin–wave enumeration for low–energy chemical orderings.

4.4 X-ray diffraction crystallite size broadening

MnAu2Al forms in the cubic Heusler (Fm�3m) structure, fitting the observed X-ray

diffraction patterns shown in Figure 4.2. The arc melted ingot is ground into powder

and then annealed, revealing sharp peaks at Bragg positions. The Lorentzian peak

shape function determined from the Pawley refinement of the annealed or ”pristine”

material is used as a basis to determine the size broadening parameters for the ground

powder. The broadening of peaks in the ground sample is explained predominantly by

a reduction in coherent crystallite size to the nanoscale. Average crystallite size in this

sample calculated with integral breadth is 10.4(1) nm, or 14.5(2) nm using FWHM,

although these values are highly dependent on the extent of grinding and therefore

differ between samples.
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Figure 4.2: X-ray diffraction patterns and Pawley refinement fits of annealed and
ground MnAu2Al. The annealed sample show much higher intensity and narrower
peak width than after grinding. This peak broadening is due to the nanoscale crystal-
lite size.
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4.5 Electron microscopy of annealed and ground pow-

ders

Transmission electron microscopy of the annealed and ground powders is shown

in Figure 4.3. The annealed powder has a large crystallite size of several hundred

nanometers within one powder particle. The SAED pattern in Figure 4.3c reveals that

this large particle is made of a few grains of MnAu2Al, each measuring hundreds of

nanometers. In contrast, a much smaller particle (note the order of magnitude decrease

in scale) from the ground sample consists of many small crystallites, with an average

grain size of 11.1 nm, in good agreement with average crystallite size calculated from

the peak shape analysis. The SAED pattern for this particle is a ring, indicating many

crystallites in random orientations. The varying contrast between grains is further

evidence of the many randomly oriented crystallites within the powder particle, with a

few in the correct orientation to show lattice fringes.

From this we conclude that the deformation due to grinding results in grain refine-

ment to the nanoscale. Usually this type of grain refinement is only achieved using

severe plastic deformation methods.[139, 140] Furthermore, this damage is recovered

upon annealing at 500� for 5 days, as the unannealed sample was ground into powder

before the heat treatment.

4.6 Reduction in magnetic moment due to deformation

There is a drastic reduction in measured magnetic moment of MnAu2Al after plas-

tic deformation. Magnetization (M) vs. applied field (H) curves obtained at 2 K are

shown for annealed and ground powders in Figure 4.4(a). The annealed powder shows

the characteristic S-shaped curve of a ferromagnet and a saturation magnetization of
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Figure 4.3: Bright field TEM micrographs of (a) annealed and (b) ground powder, as
well as their (c, d) selected area electron diffraction patterns. The annealed powder
particle shown consists of few large grains, while the ground particle consists of many
nanoscale crystallites.
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Figure 4.4: (a) Magnetization vs. applied magnetic field (H) for annealed and ground
powders at 2 K. (b) Magnetization vs. temperature at H = 0.02 T for each. Values of
magnetization of the ground powder are multiplied by a factor of 100 so they may be
viewed on the same axes. Dotted lines indicate zero-field-cooled measurements.

3.2µB f.u.�1. The curve for the ground material is not reminiscent of a ferromagnet.

Magnetization changes almost linearly with applied field, and there is no saturation

magnetization. In addition, while the annealed sample has a clear Curie temperature,

there is no clear magnetic transition after grinding (Figure 4.4(b)). The magnitude of

the magnetization of the ground sample is multiplied by a factor of 100 in order to be

viewed on the same axes.

This effect is not simply due to the grain refinement in the powder, as pressing an

ingot shows a similar decrease in net magnetic moment, although to a lesser extent,

as illustrated in Figure 4.4. In this sample we observe a downturn in the magneti-

zation below 65 K, indicating the presence of antiferromagnetic interactions even in

the pristine sample below this temperature. This downturn could be due to a spiral

magnetic phase forming with a lower magnetization, as proposed by Bacon et al.[123]
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Figure 4.5: (a) M vs. H at 2 K for an annealed piece and a piece that has been pressed
in a hydraulic press after annealing. (b) Magnetization vs. temperature at H = 0.02 T
for each. Dotted lines indicate zero-field-cooled measurements.

They determined using neutron diffraction that part of their sample formed with this

spin-spiral structure, and part remained ferromagnetic. This could be due to chemi-

cal inhomogeneity or disordering of the Mn and Al site, such as what happens at high

temperature in MnCu2Al.

The reduction in magnetization in other Heusler intermetallics displaying this effect

(ex. MnCu2Al) is attributed to thermal and dislocation APBs.[109, 112, 118] Density

functional theory (DFT) is employed to evaluate these defects and inspect their effect

on magnetic interactions in MnAu2Al.
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Figure 4.6: Interfacial energy and magnetic configuration for planar faults in
MnAu2Al, as a function of the Burgers vector in the (010) or (110) planes. (a) Atomic
configuration of the low–energy APBs in the (010) and (110) planes, where the Burg-
ers vector in both cases is a/2[001]. (b) Interfacial energy of general planar faults
(�-surface) in the (010) and (110) planes as a function of the Burgers vector. (c)
Relative energy of antiferromagnetic and ferromagnetic alignments across these in-
terfaces. DFT calculations by Daniil Kitchaev.
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4.7 DFT: low energy planar faults

We find that the most likely impact of plastic deformation is to create APBs in the

(010) and (110) planes which exchange the Mn and Al sublattices of the MnAu2Al

structure. Our approach to resolving the structure and magnetic behavior induced

by the plastic deformation of MnAu2Al is to search for likely defects in the material,

and solve for the magnetic configuration these defects induce. Since the change in

magnetic behavior is observed following plastic deformation, we examine the role of

planar faults, which include APBs associated with stacking faults and edge dislocations.

These planar faults are defined by a displacement of the lattice along a plane by a

Burgers vector, as shown in Figure 4.6a. Of the symmetrically-distinct low-index planes

present in the L21 structure of MnAu2Al, displacement of the (010) and (110) planes

(by Burgers vector b= a

2[110]) can lead to APBs which preserve the lattice but change

chemical order by permuting the Mn, Al, and Au sublattices. The on-lattice APBs that

switch the Mn and Al sublattices are strong local minima, as can be seen in Figure

4.6b, indicating that dislocations induced by plastic deformation are likely to create

these types of planar defects. The full �–surface shown in Figure 4.6b shows that

both the stacking fault energy (0.05 and 0.11 J/m2), and the barrier required to reach

these local minima (0.64 and 0.41 J/m2) for the (010) and (110) planes respectively,

which are well within the regime of mechanically–accessible faults in a plastically–soft

material.

All low–energy APBs, which correspond to the exchange of Mn and Al sublattices

across the (010) or (110) planes, induce a strong antiferromagnetic coupling across

the fault. Figure 4.6c shows the relative energy of an antiferromagnetic configuration

across the planar fault, as compared to preserving the ferromagnetic order of the pris-

tine material. For small displacement vectors (which correspond to very high energy
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Figure 4.7: Mn–Mn magnetic exchange as a function of interaction distance. The cou-
plings present in pristine ordered MnAu2Al are predominantly ferromagnetic out to
long range. At APBs, the change in chemical order results in Mn on the Al sublattice.
While the nearest-neighbor MnMn-MnAl interaction is ferromagnetic, the next-near-
est-neighbor MnMn-MnAl interaction is antiferromagnetic with a larger magnitude and
interaction multiplicity, resulting in a net antiferromagnetic configuration across the
APBs. DFT calculations by Daniil Kitchaev.

states), ferromagnetic order is preserved. For a Burgers vector corresponding to one of

these low energy APBs, the antiferromagnetic configuration becomes stable.

4.8 Mn–Mn exchange interactions

The origin of the antiferromagnetic coupling across the interface is strongly anti-

ferromagnetic Mn–Mn exchange interactions which are present only when one of the

interacting Mn is on the Al or Au sublattice. To resolve these interactions, we com-

pute all magnetic couplings present in this system, both in the pristine material and

at on–lattice defects by constructing a cluster–expansion Hamiltonian which couples
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chemical and magnetic degrees of freedom on the underlying BCC lattice, as described

in the methods. The magnetic component of the cluster expansion reveals that the sign

and magnitude of the Mn–Mn Heisenberg exchange strongly depends on the distance

between the Mn atoms, and correspondingly, the sublattice on which each Mn resides.

In pristine L21 MnAu2Al, the dominant first and second nearest–neighbor interactions

are ferromagnetic. Placing Mn on the Al sublattice results in two new couplings: a fer-

romagnetic nearest–neighbor interaction, and antiferromagnetic next–nearest neigh-

bor interaction which is both larger in magnitude, and has a higher multiplicity. This

pair of interactions determines the magnetic behavior of the low–energy APBs in the

(010) and (110) planes - as the Mn and Al sublattices swap across the interface, the

magnetic interactions are those corresponding to MnMn-MnAl, which sum to give an

antiferromagnetic coupling across the interface. Finally, while any Mn on the Au sub-

lattice also has a strongly antiferromagnetic coupling to the rest of the material, this

configuration is unlikely to be observed as evidenced by both the high energy of an

isolated MnAu defect, and high energy of any stacking fault which permutes the Mn

and Au sublattices.

4.9 Conclusions

We have established that the presence of exchange interactions which are strongly

coupled to chemical order explains the acute sensitivity of the bulk magnetic moment

in MnAu2Al to APB formation: dislocations lead to the formation of low–energy APBs

in the (010) and (110) planes, which in turn force the magnetic moment to reverse

across the dislocation and result in the disappearance of macroscopic magnetization. In

contrast to magnetoelastic phenomena, which are often controlled by weak spin–orbit

interactions[37] and require the presence of large, spatially–extended strain fields, we
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expect that this type of magneto–plastic coupling is likely to be ubiquitous in materials

with multiple equivalent sublattices. Similarly, this coupling between the magnetism

and chemical order implies that the magnetic configuration may be controlled ther-

mally by controlling partial disorder in the material.[141] The relative simplicity and

large magnitude of this mechanism makes the further exploration of plasticity in or-

dered intermetallics a promising direction for obtaining mechanical control over mag-

netic behavior.

1. The content of chapter 6 is the result of a collaboration with Daniil Kitchaev,

Yolita Eggeler, Piush Behera, Dan Gianola, Anton Van der Ven, Tresa Pollock, and

Ram Seshadri.
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Chapter 5

Tuning the magnetocaloric response in

half-Heusler/Heusler MnNi1+xSb solid

solutions

Materials with a large magnetocaloric response are associated with a temperature

change upon the application of a magnetic field, and are of interest for applications

in magnetic refrigeration and thermomagnetic power generation. The usual metric of

this response is the gravimetric isothermal entropy change �SM . The use of a simple

proxy for the �SM that is based on density functional theory (DFT) calculations of the

magnetic electronic structure, suggests that half-Heusler MnNiSb should be a better

magnetocaloric than the corresponding Heusler compound MnNi2Sb. Guided by this

observation, we present a study of MnNi1+xSb (x= 0, 0.25, 0.5, 0.75, 1.0) to evalu-

ate relevant structural and magnetic properties. DFT stability calculations suggest that

the addition of Ni takes place at a symmetrically distinct Ni site in the half-Heusler

structure, and support the observation using synchrotron X-ray diffraction of a homo-

geneous solid solution between the half-Heusler and Heusler endmembers. There is a
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maximum in the saturation magnetization at x= 0.5, and the Curie temperature sys-

tematically decreases with increasing x. �SM for a maximum magnetic field change

of �H = 5 T monotonically decreases in magnitude from �2.93 J kg�1 K�1 in the half-

Heusler to �1.35 J kg�1 K�1 in the Heusler compound. The concurrent broadening of

the magnetic transition results in a maximum in the refrigerant capacity at x= 0.75.

The Curie temperature of this system is highly tunable between 350 K and 750 K, mak-

ing it ideal for low grade waste heat recovery via thermomagnetic power generation.

The increase in �SM with decreasing x may be extendable to other MnNi2Z Heusler

systems that are currently under investigation for use in magnetocaloric refrigeration

applications.

5.1 The magnetocaloric effect

The need for energy-efficient and environmentally-friendly technologies has

prompted research on materials for efficient magnetic refrigeration and thermomag-

netic power generation. These technologies rely on the magnetocaloric effect (MCE),

which is the reversible change in temperature of a material upon a change in applied

magnetic field. In a typical ferromagnet near its magnetic transition temperature,

the adiabatic application of a magnetic field causes the entropy of the spin system

to decrease as spins order in the direction of the applied field. Because entropy must

be conserved in an adiabatic process, the lattice entropy, and therefore temperature,

increases, causing the magnetocaloric effect. By alternating adiabatic and isother-

mal magnetization and demagnetization, this phenomenon can be be used to drive

a thermodynamic cycle.[142] Magnetic refrigeration technology is expected to be very

energy-efficient, and eliminates the need for harmful refrigerants, such as hydrochlo-

rofluorocarbons, further proving to be an environmentally friendly option.
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The magnetic transition temperature of a magnetocaloric material determines its

applicability. Of primary interest are materials with transitions near room temperature,

which can be used for residential and commercial refrigeration.[142, 56] Materials dis-

playing a large magnetocaloric effect at high temperatures may have uses in recovery

of waste heat via thermomagnetic power generation, while low temperature materi-

als may be used for gas liquefaction.[3, 143] There is currently a lack of information

on the magnetocaloric properties of materials with transition temperatures above room

temperature, which is a hindrance to the study of thermomagnetic generators for waste

heat recovery.

The temperature change �Tad(H, T ) in a material upon adiabatic application of a

magnetic field H, and the isothermal change in entropy �SM(H, T ) upon application

of a field, are used to describe the magnetocaloric effect in a specific material. While

measuring �Tad requires specialized equipment, �SM can be calculated from straight-

forward magnetic measurements, discussed later.

�SM is dependent on the slope of the magnetization vs. temperature curve, and so

a peak in �SM will occur at the ferromagnetic to paramagnetic transition, or the Curie

temperature (TC). The magnitude of �SM is dependent both on the magnetization of

the material, and on the breadth of the transition.

5.2 Heuslers with first order magnetostructural transi-

tions

Materials with first-order magnetic phase transitions[144] tend to have a very

sharp transition, and therefore a high �SM over a small temperature range, but ther-

mal and magnetic hysteresis can cause intrinsic irreversibilities which reduce cooling

80



Magnetocaloric response in MnNiSb Chapter 5

Figure 5.1: Crystal structure of the solid solution MnNi1+xSb. The half-Heusler XY Z

with the space group F43m corresponds to one of the Ni sublattices being vacant,
while the Heusler XY2Z in the Fm3m space group corresponds to completely occu-
pied sublattices, with only one symmetrically distinct nickel site. As nickel is added to
the half-Heusler, the second Ni sublattice becomes partially occupied, as shown.

efficiency.[145, 146] Materials with standard second-order magnetic ferromagnetic to

paramagnetic transitions, on the other hand, tend to have lower values of �SM over a

larger temperature range, and are free from these irreversibility losses.

Heusler and half-Heusler compounds, which crystallize in the Fm3m and F43m

structures respectively, as shown in Figure 5.1, are well-known for a wide variety of ex-

otic functional magnetic properties, including half-metallic ferromagnetism,[5, 6] mag-

netic shape memory,[7, 8, 9] and magnetocaloric behavior.[14, 15, 16, 17] Heuslers,

which have the stoichiometry XY2Z, are comprised of four interpenetrating fcc sublat-

tices, such that the X and Z atoms form a rock salt lattice and the Y atoms occupy the

tetrahedral voids in the rock salt lattice. In half-Heuslers, one of the Y sublattices is

vacant, leaving only half of the tetrahedral sites occupied.

The magnetocaloric effect in MnNi2Z (Z = Sb, Sn, In, Ga) Heusler compounds has
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been studied extensively due to the coupled structural and magnetic transitions that

can be found in materials with off-stoichiometric compositions.[17, 147, 148, 149]

These first order magnetostructural transitions lead to a large entropy change, but

face problems with the intrinsic irreversibility and thermal hysteresis. For this rea-

son, much research has focused on narrowing thermal hysteresis and operating within

a minor loop of the hysteresis, where only a partial conversion between phases is

performed.[149, 145, 150, 151] The phase transition involves a significant volume

change, which poses a challenge for engineering a device that must withstand contin-

uous, rapid cycling.[56, 152]

This challenge was acknowledged by Singh et al., who explored the system

Mn1+xNi2In1�x (x < 0.4) aiming to increase �SM by increasing magnetization with-

out driving a first-order transition. As x increases, some of the Z site is replaced by

Mn, increasing the overall moment and leading to an improved �SM .[146] In MnNi2Z

Heusler systems, ferromagnetic exchange between Mn atoms, which provide the most

significant contribution to the magnetization, is mediated by Ni atoms on the Y site.

Substitution of Mn on the Z site will result in ferromagnetic coupling, as both will

have mutual parallel coupling to the Ni. Substitution of Mn on the Y site, on the other

hand, results in antiferromagnetic coupling between Mn atoms, as no Ni is mediating

the exchange, resulting in lowering the magnetization. Substituting Mn on the Z site

or decreasing the nickel occupancy on the Y site, as shown in this contribution, are two

techniques to increase net magnetization and yield larger �SM . However, the Mn:Ni

anti-site disorder present in Heuslers implies a preference of Mn to sit on the Y site,

which will likely not allow both techniques to be used simultaneously.[153, 154]
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5.3 Magnetostructural coupling in MnNi1+xSb

The magnetic deformation ⌃M , a density functional theory (DFT) based proxy de-

veloped by Bocarsly et al., is a measure of the unit cell deformation between relaxed

structures with and without the inclusion of spin polarization.[54] ⌃M is an indication

of the coupling between magnetism and structure, and it correlates well with �SM .

In the solid solution between MnNiSb and MnNi2Sb, the half-Heusler has a larger ⌃M

(1.61%) than the full-Heusler (1.21%), and so we expect to have a larger |�SM | as Ni

content decreases. Experimental results in this study agree, supporting the importance

of the coupling between magnetism and structure to the magnetocaloric effect.

The half-Heusler MnNiSb is well known as the first predicted half metal by de

Groot et al. in 1989.[5] It possesses 100% spin polarization at the Fermi level due

to a gap in the minority spin density of states. Its high Curie temperature (754 K),

large magnetization (3.93µB/f.u.), and spin polarization make it an ideal candidate

for spintronics.[155, 156] However, the Curie temperature is too high to be useful as a

room temperature magnetic refrigeration material, and is above the range needed for

the conversion of low grade waste heat by thermomagnetic generation.

It has been shown in previous studies that a maximum in the saturation magneti-

zation exists at an intermediate composition in MnNi1+xSb (0  x  1), and the Curie

temperature can be varied between 750 K and 350 K.[157, 156] The maximum in MS

suggests that removing nickel from the Heusler could increase |�SM | while allowing

for a tunable transition temperature useful for thermomagnetic power generation us-

ing low ( 505 K) and medium grade (505 K to 923 K) waste heat.[3] In the present

contribution, the magnetocaloric effect in the series MnNi1+xSb is characterized. The

magnitude of �SM decreases with increasing nickel content, while the refrigerant ca-

pacity (RCFWHM), a measure of the heat that may be transferred between the hot and
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cold reservoirs, is maximized for the x = 0.75 composition.[56] Here, we demonstrate

a materials system with significant �SM over a large range of transition temperatures

useful for thermomagnetic power generation. These results may prove useful in other

well-studied Heusler systems which behave similarly.

5.4 Methods

Polycrystalline samples of MnNi1+xSb (x = 0, 0.25, 0.5, 0.75, 1.0) were prepared

via a rapid and energy efficient susceptor-assisted microwave technique.[158, 73] Sto-

ichiometric amounts of elemental powders were ground together (10 min.), pressed

into a pellet, and sealed in an evacuated fused silica ampoule. The ampoule was placed

in a crucible with 7 g activated charcoal (DARCO 12-20 mesh), which was placed in an

alumina foam housing in a 1200 W Panasonic domestic microwave oven (model NN-

SN651B). Samples were reacted at 70% power for 2.5 minutes, and then reground for

10 minutes to ensure homogeneity. The powders were again pressed into a pellet and

then annealed under vacuum at 923 K for 7 days before quenching in air.

Powder synchrotron X-ray diffraction (XRD) patterns of the samples were collected

at the 11-BM beamline at the Advanced Photon Source (APS) at Argonne National

Laboratory using a wavelength � = 0.413742 Å. Rietveld analysis was carried out using

the General Structure Analysis System (GSAS)[159] and EXPGUI[160] for structure

and phase determination. Crystal structures were visualized using VESTA.[91] Energy-

dispersive X-ray spectroscopy (EDS) was performed at 20 keV in an FEI XL30 scanning

electron microscope, and compositions were quantified using EDAX Genesis. Given

compositions are an average over many points across the sample, and error is derived

from the standard deviation of the set of measurements.

Magnetic properties were measured using a Quantum Design PPMS Dynacool
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equipped with a vibrating sample magnetometer (VSM) and an oven attachment for

measurements over 400 K. For the field cooled magnetization (M) versus temperature

(T ) measurements shown, data was taken upon warming at a rate of 5 K/min under

a H = 200 Oe field. Demagnetization factors are ignored due to sample geometry. In

order to determine �SM , magnetization vs. temperature measurements were taken on

cooling at various fields from H = 1000 Oe to H = 5 kOe. According to the thermody-

namic Maxwell relation,[57]

✓
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T

=

✓
@M

@T

◆

H

(5.1)

where S is the total entropy a material and M is the magnetization, the field-driven

isothermal entropy change �SM can be calculated as:

�SM(T,H) =

Z
H

0

✓
@M

@T

◆

H0
dH 0 (5.2)

The smoothed M vs. T data were used to find the derivative (@M/@T ) as a function

of temperature, and then integrated over field to calculate �SM using Eq. 2. The

smoothing is performed using Tikhonov regularization as implemented by Stickel.[161]

The refrigerant capacity (RCFWHM) is calculated by multiplying the peak �SM by

the temperature range of the full width at half maximum. Magnetization versus field

(five branch hysteresis loops) were measured for the samples between +50 kOe and

�50 kOe (±5 T) at 5 K and 305 K with a field sweep rate 200 Oe/s.

Spin polarized density functional theory calculations were carried out using the

Vienna ab initio simulation package (VASP) [131] using projector augmented wave
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(PAW) psuedopotentials [162, 133] within the Perdew-Burke-Ernzerhor (PBE) general-

ized gradient approximation (GGA) [163]. Spin-orbit coupling was not included. The

ground state energies of all of the possible supercell orderings of Ni vacancies on Ni

sites were calculated for the conventional cubic cell (x = 0, 0.25, 0.5, 0.75, and 1; 14

total cells) and for a 2⇥1⇥1 supercell of the conventional cell (x = 0.675, 0.75, and

0.875; 25 total cells). For each cell, the lattice parameters and atom positions were

allowed to relax to their lowest energy state before the final energy was calculated.

The structural relaxations were run iteratively until the volume change between sub-

sequent relaxations was less than 2%. Monkhorst-Pack k-point meshes were used for

all calculations with a 6⇥6⇥6 grid for the single conventional unit cells and a 4⇥6⇥6

grid for the double cells. In each case, a ferromagnetic spin arrangement was assumed,

with each transition metal atom starting with a local moment of 3µB. The Python pack-

ages pymatgen and custodian were used to generate the cells and run the calculations.

[134]

5.5 Structural characterization

Synchrotron powder X-ray diffraction patterns are shown for the samples prepared

in this study in Figure 5.2. In each case, a single half-Heusler (or Heusler) phase is

present. No peak splitting or broadening is observed across the entire series, implying

that there is no phase separation between the full and half-Heusler, in agreement with

prior studies.[157, 155, 156] The full width at half maximum (FWHM) of the (220)

peak (Figure 5.3(c)) varies negligibly across the series (± 0.0002 Å�1), with no trend

with respect to nickel content and no instrumental correction for broadening. The lack

of a peak shoulder indicates a homogeneous distribution of nickel. This is in contrast,

for example, to the case of Ni-rich TiNiSn, where a shoulder indicates an additional
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Figure 5.2: Synchrotron X-ray diffraction and Rietveld refinement fits for MnNi1+xSb
compositions (x = 0, 0.25, 0.5, 0.75, 1.0). The enhanced view of the (220) peak
shows peak shifting and a lack of peak broadening, splitting, or shouldering indicating
a homogeneous addition of nickel to the unit cell rather than clustering or phase
separation.
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Figure 5.3: (a) The lattice parameter, obtained by Rietveld refinement of synchrotron
XRD, increases as nickel is added until it plateaus at a composition of x= 0.75. Error
bars are contained within the points. (b) The refined occupancy of the 4d Wyckoff site
(assuming a “half-Heusler like” cell) matches the nominal (dotted line) composition
well for low nickel compositions, and then deviates with increasing nickel. (c) The
full width at half maximum (FWHM) of the (220) peak shows very little variation
across samples.

phase with a shifted lattice parameter corresponding to nickel interstitials.[11] The

high Q-space resolution of synchrotron data can reveal peak asymmetry for a difference

in lattice parameter even as small as 0.1%. There are no ferromagnetic impurities in

the samples, however < 2 wt% MnO is present in all samples, and <6 wt% of the

impurity NiSb is present for the x = 0 and 0.25 samples (Table 6.1).

In agreement with these previous studies, the lattice parameter of MnNi1+xSb in-

creases with increasing x up until the x= 0.75 sample, after which there is a slight

decrease (Figure 5.3(a)). The increase in lattice parameter is consistent with the ad-
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dition of nickel to the unit cell. Since this process is not a substitution, but rather a

stuffing of atoms, it need not obey Vegard’s Law. The leveling off of the lattice param-

eter at high nickel content, which is consistent across all previous studies,[157, 156]

could be due to increased disorder and non-optimal bonding.

The diffraction patterns were refined using the symmetry of the half-Heusler space

group F43m, with the unit cell containing two symmetrically distinct nickel sublattices

at Wyckoff positions 4c (1
4 ,14 ,14) and 4d (1

4 ,14 ,34). This unit cell allows for the half-Heusler,

the full Heusler, and intermediate structures where the excess nickel can either sit on

the vacant sublattice (“half-Heusler like” with nickel interstitials), or be uniformly dis-

tributed on both nickel sublattices (“Heusler like”). For the “half-Heusler like” struc-

ture, one nickel sublattice is held at 100% occupancy, and the other’s occupancy is

allowed to refine. These occupancies are given in Figure 5.3(b). For the “Heusler like”

structure, the two nickel sublattices are constrained to the same occupancy, mimicking

a full Heusler unit cell with vacancies randomly distributed on the one symmetrically

distinct nickel site in the Fm3m space group. Rietveld refinement of all of the syn-

chrotron XRD patterns confirms the incorporation of nickel on the 4d Wyckoff site (1
4 ,

1
4 , 3

4), or second tetrahedral site, for compositions x 0.5. For these compositions,

Rwp is smaller when the occupancy of one nickel site is held at 100%, and the other

is allowed to refine, as shown in Figure 5.4(a). For compositions x� 0.75, there is

no difference (or Rwp is lower) when both nickel sites are constrained to the same

occupancy.

5.6 DFT clarifies ordering of the solid solution

To investigate this trend, and to explain why a solid solution forms in this

Heusler/half-Heusler system (as opposed to, for example, TiNi1+xSn,[10] which phase

89



Magnetocaloric response in MnNiSb Chapter 5

Figure 5.4: (a) Rwp values for Rietveld refinements showing a preference for
“half-Heusler like” ordering with nickel interstitials in the 4d Wyckoff site over the
a “Heusler like” ordering with randomly distributed vacancies for low nickel compo-
sitions. For higher nickel compositions the two are indistinguishable. (b) Energies
of formation relative to the phase separated mixture, from DFT, of possible config-
urations of Ni vacancies on the Ni sites. Orange symbols represent cells with all of
the Ni vacancies on only one of the two FCC sublattices (“half-Heusler like”), while
blue symbols represent cells with Ni vacancies on both sublattices (“Heusler like”).
In each case, the filled round symbols indicate orderings within a single conventional
cell, while the empty diamond symbols indicate orderings within a 2⇥1⇥1 super-
cell (only calculated for x > ). These calculations suggest a small miscibility gap of
less than 16.5 meV/atom, with a preference for half-Heusler like symmetry (complete
occupation of one Ni sublattice) for x 0.5 only. DFT calculations by Josh Bocarsly.
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separates), density functional theory calculations were performed. The results of cal-

culating the energy of all of the possible orderings of the Ni vacancies on the two Ni fcc

sublattices in a 1⇥1⇥1 conventional cell (12-16 atoms) are shown as filled circles in

Figure 5.4(b). For each composition, the energies are shown relative to an interfaceless

mixture of the pure Heusler and half-Heusler. The lowest energy cells form a miscibility

gap with a maximum energy of 16.5 meV/atom (⇡190 K) for the x=0.5 sample. This

gap should be viewed as an upper limit, since enumeration of larger unit cells with

more degrees of freedom would almost certainly reveal lower energy configurations of

the Ni vacancies. Even considering this upper limit, the energy benefit to phase segre-

gation is small compared to the thermal energy present during the preparation of these

samples, explaining why a homogeneous solid solution is found.

For the x= 0, 0.25, and 0.5 cells, the orderings with one Ni sublattice completely

filled and one partially empty (“half-Heusler like”) are far lower in energy than order-

ings with vacancies spread across both sublattices (“Heusler like”). This is consistent

with the Rietveld refinement preference for the half-Heusler symmetry with one filled

and one partially filled Ni sublattice. The energy difference between these states is

highest for the x= 0 case, and steadily decreases as x is increased to 0.5. For the

x= 0.75 case, there is only one 1⇥1⇥1 ordering (half-Heusler like), so the 2⇥1⇥1

orderings were calculated for x= 0.625, 0.75, and 0.875. Again, the half-Heusler like

cells tend to be the lowest in energy, but the gap between these cells and the Heusler

like cells has dropped to <5 meV/atom. Therefore, in samples prepared at finite tem-

perature, both types of symmetries are expected to be present, consistent with the

synchrotron X-ray diffraction refinements.

Rietveld refinement also reveals a less-than-nominal site occupancy for nickel at

higher nickel compositions. The refined occupancy of the second tetrahedral nickel site

is given in Figure 5.3(b), assuming a “half-Heusler like” ordering. While the refined
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Table 5.1: Relevant physical properties obtained from Rietveld refinement of syn-
chrotron powder XRD. Occupancy refers to the fractional occupancy of the 4d Wyckoff
site, or second tetrahedral nickel site.

x a (Å) Occ. (4d) Rwp (%) Impurities (wt%)
0.00 5.9234(1) 0.0 13.78 MnO [0.6(1)]

NiSb [5.0(1)]
0.25 5.9634(1) 0.229(1) 11.16 MnO [1.60(2)]

NiSb [4.30(2)]
0.50 5.9895(1) 0.466(2) 10.15 MnO [1.5(2)]
0.75 6.0130(1) 0.618(2) 13.57 MnO [1.7(4)]
1.00 6.0106(1) 0.792(3) 16.29 MnO [3.1(8)]

occupancy matches the nominal occupancy well for low nickel contents, it starts to

deviate for x= 0.5, and then deviates more severely for x= 0.75 and 1.0 samples.

This can be explained by anti-site defects, where some Ni occupies the Mn site due to

an Mn deficiency from processing. Anti-site defects between the X and Y atoms of

Heuslers are very common, and the formation energy of these defects in the Mn-Ni-Sb

compounds is low.[154]

While, to the best of our knowledge, no ternary phase diagram is available for this

compound, deviations from the nominal composition are expected to be accomodated

by the formation of other intermetallic phases, as is observed in many other systems. In

the half-Heusler, the loss of Mn to the MnO impurity and during processing is compen-

sated by the formation of NiSb. The phase fraction of NiSb reveals that about 15 at%

of Mn is lost during processing. As x increases, NiSb no longer forms to compensate

the loss of Mn. Instead, the excess nickel occupies the empty Mn site rather than the 4d

Wyckoff site, leading to a lower occupancy of Ni sites than expected from the nominal

composition. For this reason, we obtain a Heusler structure with some Ni on the Mn

site, and no NiSb impurity phase. It is difficult to distinguish Ni on the Mn site and vice

versa due to their similar X-ray scattering cross sections. Elemental analysis of the full

92



Magnetocaloric response in MnNiSb Chapter 5

Figure 5.5: (a) Magnetization vs. temperature showing the ferromagnetic to param-
agnetic transition of each sample under a 200 Oe field (b) Magnetization vs. applied
field at 305 K shows a decreasing saturation magnetization as more nickel is incorpo-
rated into the structure. (c) M vs. H at 5 K reveals a maximum magnetization per
formula unit for intermediate compositions.

Heusler by EDS gives a composition of Mn0.88(1)Ni2.01(1)Sb, indicating an overall loss of

manganese in close agreement with the Rietveld analysis. This analysis also confirms

that the nickel is incorporated into the sample, and so it must sit on these empty man-

ganese sites if the nickel sites are less than fully occupied. This will in turn influence

the magnetic properties, since manganese holds the moment.[146, 164, 154]

93



Magnetocaloric response in MnNiSb Chapter 5

5.7 Magnetic characterization

5.7.1 Tuning TC through composition

The decrease in transition temperature with increasing nickel can be seen from Fig-

ure 5.5(a), which shows magnetization as a function of temperature for each composi-

tion. This trend in TC is further illustrated in Figure 5.6(b). Values for magnetization

data are listed in Table 5.2. Tunable magnetic transition temperatures are important

for engineering magnetic refrigeration and thermomagnetic power generation devices.

Varying Ni content has a much stronger effect on the Curie temperature than varying

the Mn:Z ratio.[17, 165, 108, 146]

5.7.2 Saturation magnetization behavior

The Heusler and half-Heusler endmembers are expected to be soft ferromagnets,

which is consistent with the lack of hysteresis in the magnetization data (Figure 5.5(b)

and (c)). The intermediate compositions also show no hysteresis despite a changing

magnetic interaction, from RKKY-like interactions in the Heusler to localized interac-

tions in the half-Heusler.[155] This data was used to extract the saturation magnetiza-

tion at 5 K.

The saturation magnetization per formula unit reaches a maximum at x= 0.5 (Fig-

ure 5.6(a)), in agreement with previous reports.[157, 156] The moment in these sam-

ples is carried by the manganese, and so the addition of nickel changes the atomic

weight, and therefore overall moment, without having a large effect on the local Mn

moment.[164] The addition of nickel affects the interactions between magnetic Mn

atoms by modifying interatomic distance and electronic structure, as described by Rusz

et al.[164, 155] However, both the gravimetric moment and �SM decrease monotoni-
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Figure 5.6: (a) Saturation magnetization at 5 K per formula unit (f.u.) and in gravi-
metric units. The moment per formula unit reaches a maximum at x= 0.5. (b) The
Curie temperature decreases significantly with the addition of nickel, and is tunable
over a wide range by adjusting x.
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Table 5.2: Magnetic properties across the series. RC refers to RCFWHM , the refriger-
ant capacity calculated by multiplying peak �SM by the full width at half maximum.
�SM is given for �H= 2 T and 5 T, and refrigerant capacity is calculated for �H =
5 T.

x MS (5 K) TC (K) �SM (J/kg K) RC (J/kg)
(µB/f.u.) (emu/g) 2 T 5 T

0 3.93 91.75 754 �1.49 �2.93 196
0.25 4.00 87.95 586 �1.25 �2.40 220
0.5 4.12 85.57 481 �1.12 �2.29 245
0.75 3.99 78.71 388 �0.68 �1.48 262
1.0 3.70 69.35 352 �0.58 �1.35 235

cally as x increases.

5.7.3 Magnetocaloric effect in MnNi1+xSb

The magnitude of the magnetocaloric effect can be described by the entropy change

induced by the isothermal application of a magnetic field, �SM(H, T ). Since this is

dependent on (@M/@T ), the peak value will occur at the Curie temperature, where

magnetization changes rapidly with temperature. Experimentally, magnetization is

measured as a function of temperature at a variety of fields, shown in Figure 5.7(a).

�SM(H, T ) is calculated according to Eq. 2 by taking the derivative, (@M/@T ), and

integrating with respect to field, shown in Figure 5.7(b) and (c).

�SM as a function of temperature is given for several magnetic field strengths in

Figure 5.8. The absolute value of �SM decreases and the curve broadens as x increases.

For intermediate compositions, specifically increasing nickel content from x= 0.25 to

x= 0.5, there is a 90 K change in transition temperature, while �SM decreases less

than 5%, from 2.40 J kg�1 K�1 to 2.29 J kg�1 K�1 at H = 5 T. This is accompanied by a

broadening of the �SM curve, which increases the usable temperature range, or full

width at half maximum (FWHM), of the material. The product of the FWHM and
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Figure 5.7: Measurements of MnNiSb are shown. (a) Magnetization vs. temperature
measurements are taken at various fields. These curves are fitted, and the derivative
is shown in (b). The derivative is integrated over field according to Eq. 2, which is
derived from Maxwell relations, to give the isothermal entropy change �SM shown
in (c).
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Figure 5.8: The absolute value of �SM decreases and broadens with increasing nickel
concentration. However, for x= 0.25 to x= 0.5 there is a large shift in transition
temperature (90 K) without a significant decrease in �SM .

the peak �SM yields the refrigerant capacity (RC).[56] While the magnitude of �SM

decreases as x increases, the broadening of the transition leads to an increase in the

refrigerant capacity with a maximum at x= 0.75. The structure in the �SM curve for

x= 1 is likely an artifact associated with fitting the derivatives of a the very broad

magnetic transition, or may be due to small amounts of inhomogeneity in that sample.

While MS is often used as an indicator for the magnetocaloric effect, in this case

it is misleading to compare the moment per formula unit to the gravimetric �SM .

Rusz et al. reports that the half-Heusler displays localized (exponentially damped)

exchange interactions, while the full Heusler displays longer range oscillatory RKKY-

like interactions.[155] The localized interactions in the half-Heusler are more strongly

coupled to the structure, such that there is a more abrupt change in magnetization at

TC . The extension of magnetic interactions to longer range corresponds to lessened
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magnetostructural coupling and a broader magnetic transition, leading to a smaller

|�SM | as x increases. This is consistent with our prior work,[54] which suggests the

coupling between magnetism and structure is important to �SM , as evidenced by the

correlation with the magnetic deformation (⌃M) parameter.

5.8 Conclusions

The increase in magnitude of �SM with decreasing x in MnNi1+xSb was successfully

predicted using a DFT-based proxy, the magnetic deformation ⌃M . This suggests the

magnetovolume coupling, which is stronger in the half-Heusler due to localized mag-

netic interactions, plays a large role in determining �SM . Decreasing nickel content

increases magnetization, reduces broadening of the magnetization with temperature,

and overall increases |�SM | in these compounds. This is useful to further study off-

stoichiometric Heuslers (Mn1+xNi2Z1�x), which vary the Mn-Z ratio while keeping the

full Heusler structure. We have demonstrated versatile tuning of Curie temperature,

and values for |�SM | are comparable to or smaller than similar MnNi2Z Heuslers with

second-order transitions such as MnNi2Sn, with a �SM = �2.1 J/Kg K, or Mn1.4Ni2In0.6

with �SM = �6.3 J/Kg K for �H = 5 T.[54, 146] While the operation temperature

of the MnNi1+xSb solid solution is high for applications in magnetic refrigeration, this

study provides a materials system with a range of transition temperatures for ther-

momagnetic energy generation. These materials may be useful in converting low and

medium grade waste heat to electricity.[3]

1. The content of chapter 7 has previously appeared in Physical Review Materials.

E. E. Levin, J. D. Bocarsly, K. E. Wyckoff, T. M. Pollock, and R. Seshadri, Tuning

the magnetocaloric response in half-Heusler/Heusler MnNi1+xSb solid solutions,

Phys. Rev. Mater. 1 (2017) 075003. It is reproduced here with the permission
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of the American Physical Society: https://journals.aps.org/prmaterials/

abstract/10.1103/PhysRevMaterials.1.075003.
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Chapter 6

Structural coupling and magnetic

tuning in MnCoP: Magnetocalorics for

thermomagnetic power generation

Promising materials for magnetic refrigeration and thermomagnetic power generation

often display strong coupling between magnetism and structure. It has been previ-

ously proposed that MnCoP exhibits this strong coupling, contributing to its substan-

tial magnetocaloric effect near TC = 578 K. Here we show from temperature-dependent

synchrotron X-ray diffraction that MnCoP displays a discontinuity in the thermal expan-

sion at TC , with spontaneous magnetostriction that is positive in the a direction and

negative in the b direction, highlighting the anisotropic nature of the magnetostruc-

tural coupling. Varying the Mn:Co ratio of Mn2�xCoxP within the range 0.6  x  1.4

allows magnetic properties to be tuned. The TC decreases as the composition deviates

from stoichiometric MnCoP, as does the saturation magnetization. The magnitude of

the magnetocaloric effect, |�SM |, decreases as well, due to broadening of the magnetic

transition. The large reversible change in magnetization �M accessible over a small

101



Magnetostructural coupling in MnCoP Chapter 6

temperature range under moderate magnetic fields makes these materials promising

for thermomagnetic power generation from waste heat.

6.1 Waste heat as a viable resource

By several estimates, over 60% of all energy produced is rejected as waste

heat.[2, 1, 3, 4] Low grade waste heat (below 500 K) is usually difficult to recover

because other inefficiencies besides the Carnot limit (eg. friction) result in heat engines

performing very poorly when the temperature difference is small. However, low-grade

waste heat constitutes more than 50% of rejected heat; more than 104 TWh in the

United States alone. If even a small percentage of this energy could be harnessed

using economically and environmentally-friendly technologies, this would represent a

tremendous new source of green energy. To this end, thermomagnetic power gener-

ation has emerged as a promising avenue for the conversion of waste heat into me-

chanical or electrical power, including for the conversion of very low-grade waste heat,

where other technologies such as thermoelectrics are ineffective.[166]

6.2 Thermomagnetic power generation for waste heat

recovery

The concept of thermomagnetic generation is closely related to the magnetocaloric

effect, which provides a path to energy-efficient and environmentally-friendly refriger-

ation. In magnetocaloric cooling, a magnetized ferromagnetic material near its Curie

temperature is demagnetized adiabatically, leading to an increase in the magnetic en-

tropy (spins are randomized) that is countered by a decrease in the lattice entropy
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and therefore, the temperature.[56] A thermodynamic cycle for cooling can be imple-

mented by alternating adiabatic and isothermal magnetization and demagnetization,

analogous to conventional gas compression cooling.

Conversely, using a temperature difference to traverse the ferromagnetic order-

ing temperature of a material results in a change in magnetization (�M) that can

be used to produce useful work.[167] This reverse magnetocaloric effect or thermo-

magnetic effect is the principle behind thermomagnetic power generators, proposed

since the nineteenth century by Tesla[168, 169] and Edison.[170, 171] Interest in

these has recently increased as a variety of promising prototype devices have been

built.[172, 173, 174, 175, 176, 177] These devices function by cycling the temperature

of a magnetic material above and below its transition temperature, leading to changes

in magnetization, which are converted into mechanical or electrical energy achieving

realistic device efficiencies of around 1% to 3%.[4] Even with these low efficiencies,

the ability to recapture abundant and currently un-utilized waste heat could result in

an enormous new reserve of useful energy. Numerous contributions have described

design strategies aimed at higher efficiencies.[178, 179, 175, 176, 180, 3, 4]

It is advantageous to design materials whose transition temperatures can be con-

trolled around and above room temperature through compositional tuning. While

the common figure of merit used for the initial evaluation of a magnetocaloric is

�SM(T,H), the magnetic entropy change experienced by the material upon isothermal

magnetization to a certain magnetic field H and at a certain temperature T , for ther-

momagnetic generators, the reversible change in magnetization �M(�T,H) may be a

better metric. As �T and H are determined by the specific application (i.e. the temper-

atures of the hot and cold reservoirs available, and the magnetic field achievable), in

this contribution we characterize �M at a range of temperatures, temperature gradi-

ents, and magnetic fields in order to provide a map of the conditions under which the
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reported materials may be useful. We also note that �SM and �M are in fact closely

related, as each of these parameters relies on having a sharp magnetic transition.

For magnetocaloric applications, attention has been paid to materials with first-

order magnetostructural phase transitions, due to the large (or “giant”) magne-

tocaloric effects possible at these phase transitions, as seen in Gd5(Si,Ge)4,[46]

(Mn,Fe)2(P,Si,As,Ge),[47, 48, 49, 50, 51] La(Fe,Si)13,[52, 53] and a few other systems.

This enhanced magnetocaloric effect arises from magnetostructural coupling, leading

to an easily switchable magnetic state and a sharp magnetic transition. However, a first-

order transition involves thermal hysteresis and a volume change during the transition,

which are especially detrimental to the performance of thermomagnetic generator. In-

terestingly, magnetostructural coupling can lead to an enhanced magnetocaloric effect

even in materials without first-order magnetostructural transitions, [55, 54, 18] which

is promising for high-performance materials for themomagnetic power generation.

6.3 MnCoP as a candidate material

We initially identified MnCoP as a promising material to show strong magne-

tocaloric effects on the basis of a high-throughput computational search for ferromag-

nets with strong magnetostructural coupling.[54] This search introduced a simple den-

sity functional theory (DFT)-based proxy called the magnetic deformation ⌃M , which is

a quantification of the difference of the DFT-optimized unit cells with and without the

inclusion of spin polarization in the calculation. This parameter correlates well with

experimentally determined values of peak �SM . ⌃M for MnCoP was calculated to be

large (3.03%), suggesting the potential for a large magnetocaloric effect near its mag-

netic Curie temperature of 578 K. Indeed, we measured an experimental peak �SM to

be �6.0 J kg�1K�1 for an applied field of 5 T, which is large for a material without a
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first-order magnetostructural transition.

Here, we investigate the magnetostructural coupling in stoichiometric MnCoP by

monitoring the structure through its magnetic transition temperature using variable-

temperature high-resolution synchrotron powder X-ray diffraction. We find pro-

nounced effects on the lattice at the magnetic ordering temperature, helping to explain

the notable magnetocaloric effect. In order to establish the application of MnCoP as

a material for thermomagnetic power generation, we characterize the solid solution

Mn2�xCoxP (0.6 < x < 1.4) with respect to structural and magnetic properties, find-

ing good agreement with previous observations by Fruchart et al.[181, 182] We find

that this system allows for the tuning of magnetic transition between 334 K and 578 K

while maintaining substantial �SM and �M values, which makes this system a good

candidate for thermomagnetic power generators. Mn2�xCoxP with x ¡ 1.6 forms in the

orthorhombic Co2P structure, while x ¿ 1.6 forms in the hexagonal Mn2P (Fe2P-type)

structure. The maximum saturation magnetization and Curie temperature is found in

the stoichiometric MnCoP compound, with both quantities falling off as composition is

varied. For 0.68 ¡ x ¡ 0.88, a metamagnetic transition exists at decreasing temperature

for increasing x. The composition Mn1.3Co0.7P was found to have helical magnetic or-

der at low temperatures.[183] Sun et al. explored the magnetocaloric response of this

composition, finding �SM = 2.3 J kg�1K�1 for the second order ferro- to paramagnetic

transition near room temperature.[184] Density functional theory calculations across

the solid solution, along with the observed structural and magnetic properties across

the series, explain how the magnetic and magnetostructural behavior of the system

arises from the behavior of the two transition metal sites in the MnCoP structure.
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6.4 Materials preparation and characterization meth-

ods

Polycrystalline samples of Mn2�xCoxP (x = 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.4) were

prepared from stochiometric mixtures of Mn3P2, Co, and red phosphorus via assisted-

microwave preparation,[61] followed by a furnace anneal. Stoichiometric amounts

of precursor powders Mn3P2 (Alfa Aesar, 99%), Co (Sigma-Aldrich, 99.8%), and red

phosphorous (Spectrum/Aldrich, 99.99%) are hand ground together in an agate mor-

tar and pestle for 10 min. Well mixed powders are essential due to the short reaction

times in the microwave. 300 mg of powder is pressed into a 6 mm pellet using 2 tons

of force. Each pellet is sealed in a vitreous silica ampoule under vacuum after flushing

3 times with argon to ensure no oxygen is present. The ampoule is placed in a 20 mL

alumina crucible containing 6.5 g activated charcoal (DARCO 12-20 mesh), which is

used as a microwave susceptor to initially heat the reactants, such that the sample is

buried in the charcoal. The charcoal is first preheated in the microwave for 25 sec. This

is to make sure that all reactions start at the same temperature. The crucible is placed

in an alumina foam housing off-center on the turntable in the microwave (Panasonic,

model NN-SN651B, 1200 W), such that it will rotate through local maxima and min-

ima of electromagnetic radiation within the cavity. Samples are heated at 70% power

(840 W) for 2.5 min, and then quenched in air, resulting in a sintered pellet.

The sealed ampoule is annealed in a conventional furnace at 1100�C for 48 h and

then air quenched. After the first anneal, the sample is ground again in a mortar and

pestle, re-pressed into a 6 mm pellet, and re-sealed in a vitreous silica ampoule before

performing this same heat treatment again. This re-grinding and annealing step is

found to have a significant influence on magnetic properties, specifically the sharpness
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of the magnetic transition.

Synchrotron X-ray diffraction data were collected at the 11-BM beamline at the Ad-

vanced Photon Source (APS) at Argonne National Laboratory. Room temperature XRD

scans using a wavelength of � = 0.412781 Å were performed on all samples with a col-

lection time of 1 hour for 2✓ 0.5� to 50�. The acquired patterns are analyzed using the

Rietveld method in TOPAS Academic to determine crystallographic parameters such as

lattice parameters and site occupancy, as well as to identify any secondary phases.[90]

Temperature dependent X-ray diffraction data on stoichiometric MnCoP were collected

between 2✓ of 0.5� and 34� (� = 0.414581 Å), leading to a collection time of 10 min

per pattern. Temperature was swept at a rate of 0.3�C/minute such that each pattern is

collected over approximately �T = 3�C. Temperature was controlled using a calibrated

Cyberstar Hot Gas Blower. For data taken while sweeping temperature, patterns were

refined sequentially. Crystal structures are visualized using VESTA.[91]

Microstructure is analyzed using scanning electron microscopy (SEM, Apreo C, FEI,

Hillsboro, OR, USA) at 15 keV. Samples are prepared by mounting in epoxy, grinding

using SiC paper, and then polishing using diamond suspension down to 1µm. Backscat-

tered electron (BSE) imaging is employed to show phase contrast, and energy disper-

sive X-ray spectroscopy (EDS) to determine local chemical composition. The ratio of

Mn to Co is measured using wavelength dispersive X-ray fluorescence spectrometry

(XRF, ZSX PrimusIV, Rigaku).

Some samples are found, by X-ray diffraction and SEM with EDS, to contain trace

amounts (< 1%) of quartz SiO2 or Mn2SiO4, which may be the result of reaction with

the silica ampules. Pieces of the vitreous silica ampule may have become incorporated

when the ampule was broken and the sample was reground before the second heat

treatment.

Magnetic measurements were performed using a magnetic property measurement
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system (MPMS3, Quantum Design, San Diego, CA, USA) equipped with a vibrating

sample magnetometer (VSM/VSM oven). Magnetization (M) versus field (H) hys-

teresis loops were collected at stabilized field set points between �5 T and 5 T. Field

cooled magnetization versus temperature (T ) measurements were performed by col-

lecting continuously while sweeping temperature at a rate of 5 K/min under a magnetic

field of H = 20 mT. Measurements above 400 K were performed using an oven attach-

ment. An approximately 3 mg flat piece of sample is attached using alumina cement

to a resistively heated sample holder. �SM(T,H) was determined from series of M vs

T measurements through the ferromagnetic to paramagnetic transitions at fixed mag-

netic fields between H = 0.1 T and 5 T, with data taken continuously while cooking

at a rate of 7 K min�1. The isothermal magnetic entropy change �SM(T,H) for each

sample was obtained using the magentro.py package[55] from magnetization vs. tem-

perature sweeps collected at fixed fields between 0.1 T and 5 T. This method relies on

the Maxwell relation (@M/@T )H = (@S/@H)T . The necessary derivatives are calculated

using Tikhonov regularization,[161] and then integrated to give �SM(T,H):

�SM(T,H) =

Z
H

0

✓
@M

@T

◆

H0
dH 0 (6.1)

which is derived from the suitable thermodynamic Maxwell relation. The same

magnetization vs. temperature data was used also used to obtain �M , the change in

net magnetic moment, as a function of temperature span �T , central temperature, and

magnetic field.

In addition, the magnetic and magnetostructural coupling behavior of the solid

solution Mn2�xCoxP was investigated using density functional theory (DFT) as imple-

mented in the Vienna ab-initio Simulation Package (VASP) code [131, 132, 185] using
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a recently described method[60] which involves calculating the magnetic deformation

⌃M on enumerated ordered supercells of the random alloy. ⌃M is a computational

proxy that correlates with the strength of magnetostructural coupling, and has been

shown to correlate as well with experimental peak �SM . [55] Supercells up to size

24 atoms (two times the primitive TiNiSi-structure cell) were enumerated using the

CASM code,[186, 187, 188] by either substituting Mn atoms onto the Co site in MnCoP

(x < 1) or by substituting Mn atoms onto the Co site (x > 1). Structural relaxations

with and without spin-polarization were then performed on each structure using the Vi-

enna ab initio simulation package (VASP)[131] using the generalized gradient approxi-

mation (GGA) exchange-correlation functional as parameterized by Perdew, Burke and

Ernzerhof.[132, 185] All relaxations were performed starting from the orthorhombic

structure of MnCoP, with the magnetic calculations initialized with ferromagnetic mo-

ments of 3.0µB on all the Mn and Co atoms. k-point meshes for the calculations were

automatically generated with the number of k-points set to 2500 divided by the num-

ber of atoms in the cell. Structural optimizations were performed using the conjugate

gradient algorithm with an energy convergence criterion of 10�3 eV. The structural re-

laxations were run iteratively until the volume change between subsequent relaxations

was less than 2%. Once this convergence parameter was met, a final electronic opti-

mization was performed for each enumeration while keeping the structure fixed. The

Python packages pymatgen and custodian [134] were used to automate, monitor, and

analyze the VASP calculations.

The magnetic deformation was obtained from the difference in relaxed structures

as described in Ref. [54]. Then, for each composition x, an ensemble ⌃M value was
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obtained by a Boltzmann factor-weighted average of the individual cell calculations:

wi = ⌦i exp

✓
Ei � E0

kBT

◆
(6.2)

⌃M,Boltzmann =

P
i

wi⌃M,i

P
i

wi

. (6.3)

Here, Ei is the spin-polarized energy of supercell i, expressed per 24 atom cell. E0

is the energy of the lowest-energy enumeration for the composition x, and kB is the

Boltzmann constant. The temperature T was set to 300 K.

In addition, the Boltzmann factor-weighted averages for the values of the local

magnetic moments on the Mn and Co atoms on the Mn and Co sites as a function of x

were calculated in a similar manner.

6.5 Structure of stoichiometric MnCoP

Rietveld refinement of synchrotron X-ray diffraction data for stoichiometric MnCoP

is shown in Figure 6.1. At room temperature MnCoP adopts the orthorhombic Pnma

space group (TiNiSi-type) shown in the inset. This structure is isomorphous with Co2P,

while Mn2P forms in the hexagonal Fe2P-type structure.[182] In MnCoP, the cobalt-

phosphorous network forms layers of corrugated edge-sharing six-membered rings in

the bc plane with close bond distances (<2.24 Å). These rings are distorted into the

half-chair shape described by Landrum, Hoffmann, and co-workers.[189] Each cobalt

is tetrahedrally coordinated by phosphorous, while manganese is pyramidally coordi-

nated with bond distances to phosphorous of >2.44 Å. The manganese forms zig-zag

chains along the b direction with a Mn-Mn nearest neighbor distance of 2.89 Å.
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Figure 6.1: Synchrotron powder X-ray diffraction of stoichiometric MnCoP. The inset
shows the MnCoP crystal structure in the Pnma space group highlighting the Co-P
network in the bc plane and the zig-zag manganese chains in the b direction.

6.6 Anisotropic magnetostriction

The temperature evolution of the lattice parameters of MnCoP (Figure 6.3), deter-

mined by Rietveld refinement of synchrotron diffraction patterns (Figure 6.2) at tem-

peratures between 628 K and 538 K reveal highly anisotropic thermal expansion as well

as clear anomalies at the magnetic transition (TC = 578 K). Above TC , the coefficient

of thermal expansion in each direction is linear across the data set (r is > 0.995), and

is an order of magnitude larger in b direction (↵b = 151 ppm K�1) than in the a or c

directions (↵a = 76 ppm K�1, ↵c = 84 ppm K�1).

Upon cooling through the magnetic transition, the evolution of the a and b lattice

parameters deviate from this linear trend at TC , indicating the presence of magne-
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Figure 6.2: A portion of the synchrotron diffraction patterns of MnCoP as temperature
is swept through the magnetic transition from 628 K to 538 K. The temperature sweep
rate is 0.31 K min�1 and patterns are collected for 10 min such that each scan is over
around 3 K. The different thermal evolution of different Bragg peaks highlights the
anisotropic thermal expansion and magnetostriction in this material.

tostructural coupling modifying the nonmagnetic (phonon-driven) thermal expansion

of the material, a phenomenon known as spontaneous magnetostriction. Interestingly,

the influence of magnetic order is to expand the a lattice parameter (positive magne-

tostriction) while contracting the b lattice parameter (negative magnetostriction) and

leaving the c lattice parameter virtually unchanged. Because the negative effect in

the b direction is much larger than the positive effect in the a direction, the material

shows overall a sizable negative spontaneous volume magnetostriction. This is shown

in Figure 6.3(c), quantified as !V (T ) = (V (T )�VP (T ))/VP (T ), where V (T ) represents

the experimentally observed volume and VP (T ) is the volume extrapolated from the

paramagnetic regime (i.e., the dotted lines in Figure 6.3).

Anisotropic coupling between magnetism and structure is also observed in sev-

eral other promising magnetocalorics, including the Mn,Fe(P,Si) family [190, 191] and
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Figure 6.3: (a) and (b) show lattice parameters as a function of temperature for Mn-
CoP. Lattice parameters change linearly with temperature above TC for the range sam-
pled. There is a kink visible in a and b near TC attributed to magnetoelastic coupling.
(c) This coupling is quantified by !V , the spontaneous volume magnetostriction.
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MnB.[55] In these systems, the anisotropic coupling arises from competition between

magnetic and structural degrees of freedom in the structure. After discussing the struc-

tural evolution of this system with compositional tuning, we will return to this point in

order to provide an explanation for the anisotropic coupling in MnCoP.

6.7 Compositional tuning in Mn2�xCoxP

Wavelength dispersive X-ray fluorescence spectroscopy (XRF) confirms that the

manganese to cobalt ratio in all samples in the series Mn2�xCoxP (0.6<x< 1.4) is the

same as the nominal composition, with the exception of x= 1.4 which has a composi-

tion closer to Mn0.5Co1.5P. Rietveld refinement of X-ray diffraction determines that all

compositions within the sampled range form in the same orthorhombic Pnma structure

as stoichiometric MnCoP, in agreement with previous studies.[181, 182] Some samples

have minor amounts of MnO, which is antiferromagnetic below TN = 118 K, as a sec-

ondary phase. Properties determined from Rietveld refinement may be found in Table

6.1.

Lattice parameters refined from the diffraction data are shown as a function of

composition in Figure 6.4. The unit cell volume is found to linearly decrease as Co

content is increased, as expected by the smaller atomic radius of Co compared to Mn.

However, as with the magnetostriction properties, the development of the individual

lattice parameters is highly anisotropic. On the Mn-rich side, where Mn atoms are

substituted onto the Co site, a large change in the b lattice parameter with composition

is seen, while there is almost no change in a. On the Co-rich side, the a parameter

is highly dependent on composition, while b barely changes or even slightly increases

despite the addition of a smaller atom. Meanwhile, the c lattice parameter uniformly

decreases across the full series. Representative SEM images from two samples are
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Figure 6.4: Lattice parameters of Mn2�xCoxP as a function of composition. The left
side is Mn-rich, and shows a large change in the b lattice parameter with composition,
while there is almost no change in a. On the Co-rich side, the a parameter is highly
dependent on composition, while b barely changes or even slightly increases despite
the addition of a smaller atom. Volume decreases linearly with the addition of cobalt.

115



Magnetostructural coupling in MnCoP Chapter 6

Table 6.1: Selected crystallographic properties obtained from Rietveld refinement of
synchrotron powder XRD of Mn2�xCoxP.

x a (Å) b (Å) c (Å) V (Å3) Rwp (%) MnO (wt%)
1.4 5.8473 3.5056 6.6641 136.60 12.10 1.34(6)
1.2 5.9002 3.5049 6.6911 138.37 9.96 3.17(5)
1.1 5.9227 3.5047 6.7050 139.18 8.54 –
1.0 5.9489 3.5032 6.7266 140.18 7.08 0.36(1)
0.9 5.9527 3.5104 6.7370 140.78 12.25 1.24(4)
0.8 5.9547 3.526 6.7497 141.72 9.83 3.75(4)
0.7 5.9599 3.5426 6.7614 142.76 8.34 3.09(3)
0.6 5.9668 3.5558 6.7736 143.71 8.80 2.73(3)

shown in Figure 6.5.

6.8 Roles of individual sites

For x < 1, manganese atoms are being introduced into the CoP bonding network

of corrugated hexagonal rings in the bc plane. As a result, Mn atoms cause the lattice

to expand in the b and c directions (expansions of 3.75% (mol Mn)�1 and 1.75% (mol

Mn)�1, respectively). The a parameter, by comparison, experiences a much smaller

expansion of 0.75% (mol Mn)�1. In contrast, in the cobalt-rich compounds (x > 1)

the a parameter decreases much faster than b or c parameters as cobalt is substituted

onto the Mn site. Therefore, we can conclude that the intra-layer spacing is controlled

primarily by the Mn site, while the in-layer spacing is controlled primarily by the Co

site.

This finding allows us to interpret the observed anisotropic magnetostriction in sto-

ichiometric MnCoP. Below TC we expect the manganese to occupy a larger volume due

the magnetoculume effect, which is based on the theory of itinerant magnetism and

therefore occurs in metallic magnets with (at least partly) itinerant character of the
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Figure 6.5: Scanning electron micrographs comparing representative areas of two
samples with compositions (left) Mn1.2Co0.8P and (right) Mn0.9Co1.1P. Some particles
have pulled out during the grinding and polishing process. These samples are sintered
powders. MnO inclusions can be seen at grain boundaries.

magnetism.[192, 193, 194] The magnetovolume effect may be thought of as arising

from the localization of dispersive electrons into magnetic moments as temperature

is cooled. The expanded volume of the Mn site causes the observed positive magne-

tostriction in the a direction, but has little effect on the in-layer b and c directions. At

the same time, there is negative magnetostriction in the b direction, which indicates

the presence of an exchange-volume coupling [195] within the Mn-Mn chains that run

in the b direction (i.e. the Mn-Mn atoms move towards each other in order to optimize

magnetic exchange energy, rather than packing considerations based on ion size).

6.9 Magnetic behavior of the solid solution

Magnetization versus temperature measurements on this series, shown in Fig-

ure 6.6(a), reveal that all of the samples are ferromagnetic at room temperature except

for Mn1.4Co0.6P, which is antiferromagnetic with Neél temperature of 213 K. The high-

est TC is found for MnCoP (578 K), and compositional tuning in either direction allows
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Table 6.2: Key magnetic properties of Mn2�xCoxP. ��SM,max is the peak value for
�SM for a field change �H = 0 T to 5 T. Values for �Mmax are given for a 0.5 T
field and a temperature interval of �T = 50 K. Tcenter is the center of the temperature
interval for peak �M for these same conditions.

x Msat TC (K) ��SM,max �Mmax Tcenter (K)
(µB f.u.�1) (J kg�1 K�1) (A m2 kg�1)

1.4 1.20 334 1.98 27.98 329
1.2 1.74 460 3.38 36.22 453
1.1 1.94 505 3.92 39.82 499
1.0 2.63 578 5.89 47.87 566
0.9 2.33 550 5.18 49.06 541
0.8 1.90 463 3.57 38.66 458
0.7 1.27 364 2.07 23.35 346

for the Curie temperature to be brought down to nearly room temperature. In addition,

the composition Mn1.3Co0.7P has a metamagnetic transition at 205 K where it becomes

antiferromagnetic below this temperature, as seen by the sudden decrease in magneti-

zation with decreasing temperature. This behavior has been seen previously,[181] and

this transition has been investigated for its inverse magnetocaloric effect.[196]

Magnetization versus applied field measurements (Figure 6.6b) reveal that stoichio-

metric MnCoP possesses the largest total moment at room temperature, and saturation

magnetization decreases as composition is changed in either direction. No visible hys-

teresis is observed for these samples, indicating soft ferromagnetic behavior. Values for

TC and Msat may be found in Table 6.2.

�SM is calculated for the ferro- to paramagnetic transition. �SM for a magnetic

field change of 0 T to 5 T is given as a function of temperature for each composition.

The �SM peak is narrow for MnCoP, and broadens as composition is varied. Tran-

sition temperatures are widely tunable while maintaining significant �SM by varying

composition.
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Figure 6.6: (a) Magnetization versus temperature and (b) magnetization versus ap-
plied field show ferromagnetic behavior in all compositions except for Mn1.4Co0.6P,
which is antiferromagnetic. Mn1.3Co0.7P is metamagnetic, becoming antiferromag-
netic at low temperatures. (c) �SM as a function of temperature for all ferromagnetic
compositions.
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6.10 �M as a metric for thermomagnetic power gener-

ation

�M may be considered a more important metric for thermomagnetic generators

than �SM , as the power that can be generated is directly a function of the change in

magnetization that can be produced by alternating between two temperatures. Fig-

ure 6.7(a,c) show the maximum �M as a function of the temperature difference at

different fixed fields, and (b,d) show maps of �M for �T = 50 K as a function of tem-

perature and field for two compositions. MnCoP compares favorably to other non-rare-

earth containing second-order intermetallics, which range from �M = 12 A m2 kg�1 to

40 A m2 kg�1 for �T = 30 K.[197]

The temperature interval over which we calculate �M is determined by the appli-

cation. The operation temperature of a device, as well as the temperature difference

between hot and cold reservoirs, must be matched to the material. �M increases

as the temperature difference is increased, but with diminishing returns for materi-

als with a sharp magnetic transition, such as MnCoP. The transition in Mn0.6Co1.4P is

much broader (as seen in the �SM curve in Figure 6.6c), and so �T must be larger to

encompass the minimum and maximum moment states at a given magnetic field.

While �SM increases with increasing field, this is not the case for �M in a material

with a continuous magnetic transition. When the thermal gradient is low (i.e. in

applications for thermomagnetic generators), a larger �M may be accessed at a smaller

fixed field, where the magnetic transition is sharper. In practical applications, it is

advantageous for the necessary applied field to be below 1 T because this is readily

accessible with permanent magnets.
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Figure 6.7: Maximum �M as a function of the temperature difference at several
magnetic fields for (a) MnCoP and (c) Mn0.6Co1.4P. A larger magnetic field will yield a
larger �M if the temperature difference is large, but for small temperature differences
a large field does not give an advantage. (b, d) Color maps of �M for �T = 50 K as
a function of temperature and field for the same compositions. The maximum value
of �M for �T = 50 K is at low field. Center T refers to the center of the temperature
interval, or when the hot and cold reservoirs are ± 25 K from center T .
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Figure 6.8: Comparison between (a) experimental values for maximum ��SM

(H = 5 T) and peak �M (�T = 50 K) and (b) calculated values of the magnetic de-
formation ⌃M . In (b), each grey circle represents a single enumerated cell, with the
area of each circle proportional to its Boltzmann weight as calculated in equation 6.3,
and the Boltzmann-averaged ⌃M is overlaid. (c) shows the formation energies of the
individual ordered unit cells, with the convex hull outlined. In the hatched region, the
system is experimentally known to adopt a Fe2P structure type, so these calculations
(TiNiSi structure) are not expected to be physical. DFT calculations by Josh Bocarsly.
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6.11 Trends in ⌃M , �SM , and �M

The magnetic deformation ⌃M was previously calculated for stoichiometric

MnCoP,[54] suggesting the presence of strong magnetostructural coupling. Here, we

extend these calculations to study the magnetostructural coupling across the solid so-

lution Mn2�xCoxP using calculations on enumerated supercells (Figure 6.8), as has

been recently performed for MnCoGe-based solid solutions.[60] For this study, all enu-

merated supercells were based on the orthorhombic TiNiSi-type structure of MnCoP.

Therefore, the calculations for the very Mn-rich side of the phase diagram, where ex-

perimentally a Fe2P-type structure is observed, is not expected to be physical.

Several cells are found to have negative formation energies with respect to Mn2P,

MnCoP, and Co2P (Figure 6.8c), with most other cells within about 20 meV atom�1 of

the convex hull, supporting the experimentally observed formation of a homogenous

solid solution. The maximum ⌃M is found for MnCoP, with the predicted magne-

tostructural coupling strength smoothly decreasing as the composition is changed in

either direction. This calculation corresponds well with the observed peak �SM values

(Figure 6.8a), while the maximum �M value for a field of 0.5 T and �T of 50 K actu-

ally falls slightly on the Mn-rich side of the solid solution, at Mn1.1Co0.9P. However, the

difference in �M between the Mn1.1Co0.9P and MnCoP is very small, and therefore ⌃M

performs as a reasonable predictor for �M .

At the Co-rich side of the phase diagram, ⌃M falls to 0% for Co2P as the DFT mag-

netic moment falls to nearly zero, consistent with the experimental observation that

Co2P is paramagnetic and does not show ordered ferromagnetism.[198] On the other

hand, at x= 0, a hypothetical ferromagnetic Mn2P compound with the TiNiSi structure

shows stable magnetic moments and a finite ⌃M of 1.5%.
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Figure 6.9: (a) The Boltzmann-averaged DFT moment as a function of composition.
(b) Individual contributions to the moment from each Mn and Co on either atomic
site. Each small colored circle represent the moment on each a single atom within one
of the enumerated supercells, with the area of the circle proportional to the Boltzmann
factor (equation S2) of that supercell. The colored diamonds represent the Boltzman-
n-averaged moments. In the hatched region, the system is experimentally known to
adopt a Fe2P structure type, so these calculations (TiNiSi structure) are not expected
to be physical. DFT calculations by Josh Bocarsly.
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6.12 Local moment evolution with composition

Figure 6.9 shows the behavior of the local magnetic moments extracted from the

enumerated DFT calculations. As expected, the behavior of the local Mn and Co mo-

ments depends greatly on the atom identity as well as the site on which it sits. Mn on

the Mn site has a nearly constant moment of 2.7 µB across the full solid solution, while

Co on the Co site shows only a small moment of between 0.1µB and 0.3µB. This large

difference in local moment is expected based on the larger size of the Mn site and the

presence of strong bonding between the Co-site and P atoms, which competes with the

formation of local moments. Indeed, when Co is substituted onto the Mn site it holds

an increased moment of up to 1.1µB. However, the local moment of each Co atom on

the Mn site decreases as more and more Co is added, eventually yielding the almost

nonmagnetic Co2P composition.

On the other side of the series, as Mn is added onto the Co site, it is found to hold

a moment of about �0.4µB, with a strong preference for antiparallel orientation to

the moments of the Mn site. Analogous behavior has been observed using neutron

diffraction in the compound Mn1+xSb, which has the same structure of MnCoP except

with vacancies at the Co positions. At finite values of x, Mn interstitials sit on the vacant

Co site, and hold moments antiparallel to the larger ferromagnetic Mn atoms on the

main site.[199] These calculations explain why the experimentally observed magnetic

moment decreases as the composition is varied from MnCoP in either direction. On

the Co-rich side, the decrease is caused by replacement of high-moment Mn atoms

with lower moment Co-atoms. On the Mn-rich side, conversely, low-moment Co atoms

are replaced with higher-moment Mn atoms which orient themselves counter to the

ferromagnetic moment and therefore decrease the net moment.
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6.13 Conclusions

MnCoP has previously been predicted to have strong magnetostructural coupling

(and therefore large |�SM |), and is indeed found to display characteristic discontinu-

ities in the thermal expansion coinciding with the magnetic transition temperature TC

suggestive of such coupling. This is despite the absence of any first-order phase tran-

sition. Mn2�xCoxP forms a solid solution within the sampled range (0.6  x  1.4),

allowing magnetic properties to be tuned by varying x. Substitution on the Co site

controls the b and c lattice parameters, while substitution on the Mn site controls the

a lattice parameter. This is consistent with the positive spontaneous magnetostriction

in a observed when MnCoP is cooled through its magnetic transition. TC , saturation

magnetization, and �SM are all largest for stoichiometric MnCoP, but the transition

temperature is widely tunable down to nearly room-temperature by varying composi-

tion. Changes in |�SM | trace computed changes of the ensemble-averaged values of

⌃M for the solid solution, underpinnining the utility of this proxy. We find �M to be

large across a range of compositions for �T = 50 K, and increasing the temperature dif-

ferential has a larger effect on the off-stoichiometric materials with broader transitions.

The results point to the potential uses of this materials system for for thermomagnetic

power generation.

1. The content of chapter 8 has been submitted to APL Materials. E. E. Levin, J.

D. Bocarsly, J. H. Grebenkemper, R. Issa, S. D. Wilson, T. M. Pollock, and R. Se-

shadri, Structural coupling and magnetic tuning in Mn2�xCoxP magnetocalorics

for thermomagnetic power generation.

126



Chapter 7

Conclusion

7.1 Summary

This research effort has developed techniques and insights for microstructure de-

velopment through phase separation in Heusler intermetallics. In thermoelectric

TiNi1.1Sn, processing evolves the microstructure from micron-scale metallic TiNi2Sn

precipitates to a solid solution, and then to nanoprecipitates that improve the ther-

moelectric figure of merit by five fold and two fold, respectively. This insight

into microstructural evolution in biphasic Heuslers is extended to NbCo1+xSn and

(Ti,Zr)CoSb–MnCoSb systems, where the lattice misfit at the interface is used to build

in strain gradients orders of magnitude larger than can be applied externally. We have

designed complex microstructures in this system in order to study the effect of interfa-

cial strain gradients on bulk magnetic properties of intermetallics.

Next, we examine the effects of mechanical properties of materials on magnetic

properties. We have developed a set of rules to determine how a material’s ability to

form antiphase boundaries affects net magnetic properties in an ordered intermetallic.

This type of magneto-plastic coupling necessitates the presence of exchange interac-
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tions which are strongly coupled to chemical order. Specifically, a reversal in the sign

of the exchange interaction between an atom on its own atomic site and substituted on

another site. In addition, mechanical properties must allow for low energy antiphase

boundaries that change the chemical order locally. In MnAu2Al, the new chemical or-

der at the low energy (accessible through deformation) antiphase boundaries forces

the magnetic moment to reverse across the fault and results in the disappearance of

macroscopic magnetization. This effect has been seen in other ordered intermetallics

such as MnPd2Sn and MnCu2Al. This opens an avenue for designing new materials

with tailored APB energy in order to control magnetic response to certain loads.

Finally, we assess the importance of magnetostructural coupling to the magne-

tocaloric effect in materials with second order ferro- to paramagnetic transitions. This

coupling, described by a computational proxy known as the magnetic deformation ⌃M ,

is known to correlate well with �SM , the figure of merit for the magnetocaloric effect.

Promising compounds MnNi1+xSb and Mn2�xCoxP identified by this proxy are char-

acterized and found to have a significant magnetocaloric effect with highly tunable

temperature ranges of operation, which is advantageous to applications in magnetic

refrigeration or thermomagnetic power generation. The atomic structure of MnCoP is

monitored through the magnetic transition, revealing a discontinuity in the thermal

expansion at the advent of magnetic order (TC) and anisotropic spontaneous magne-

tostriction.

7.2 Future directions

We have laid the groundwork for studying the effect of interfacial strain gradients

on magnetic properties. Microstructure in multiphase (Ti,Zr)CoSb–MnCoSb has been

designed using insights from the TiNi1+xSn and NbCo1+xSn biphasic Heusler systems.
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Future work may include further tailoring of this microstructure through processing

to systematically vary interfacial strain such that magnetic effects may become evi-

dent in bulk magnetic measurements. Three avenues will be used to tailor microstruc-

turally induced strain: (1) Varying the lattice misfit through control of the matrix phase

composition, (2) evolving microstructure of MnCoSb nanoprecipitates in Ti1�xZrxCoSb

from coherent to semicoherent through heat treatments, and (3) using rapid solidifica-

tion techniques such as splat quenching to nanostructure MnCoSb in the nonmagnetic

matrix. Local magnetic probes such as Lorentz TEM and NV-sensing may be used to

determine if new magnetic textures originate at the interface due to strain. We hope to

realize this unexplored flexomagnetic phenomena in bulk multiphase intermetallics.

The microstructure of deformed and annealed MnAu2Al will be compared using

TEM of FIB lamellae of pressed or pristine samples. Experimental observation by STEM

of (100) and (110) antiphase boundaries (which are calculated to be the low energy

APBs) in a deformed sample would support this theory. However, Au is very heavy

and therefore samples must be prepared extremely thin to view with this technique.

Attempts at electropolishing have been unsuccessful. Additionally, a downturn in the

magnetization has been observed at low temperature. This is in line with the ”spiral” or

low moment phase proposed by Bacon et al. that occurs at low temperature.[123] This

magnetization reduction is accompanied by an increase in coercivity. However, this is

not observed in all of our samples, and only in a fraction of the sample that Bacon

measured. Likely, Mn on the Au or Al site, which we have determined has an antiferro-

magnetic interaction with Mn on its own site, causes competing interactions leading to

a change in magnetic structure. This effect of reducing magnetism at low temperature

may be related to overall composition and compositional fluctuations. Careful study of

the effect of varying composition (Mn1+xAu2�xAl or Mn1+xAu2Al1�x) may give insight

to the origin of this effect.
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Appendix A

Protocols for assisted-microwave

preparation of inorganic compounds

Assisted microwave heating involves the use of a susceptor to initially heat up reactants

in a microwave reaction. Once hot, the reactants themselves become directly suscep-

tible to microwave heating, and interdiffuse to form products. Assisted-microwave

methods are appealing for a wide variety of high-temperature solid-state reactions,

reaching reaction temperatures of 1500�C and more. Among the many advantages are

that the direct volumetric heating associated with microwaves allows for rapid reac-

tion times while employing significantly less energy than conventional furnace-based

preparation. Shorter reaction times and selective heating permit volatile reactants to

be incorporated stoichiometrically in the product. Undesirable reactions with contain-

ers or enclosures are also minimized. The morphology of powders obtained through

microwave reactions are also more uniform and comprise smaller particles than ob-

tained conventionally. This Methods/Protocols article is presented as a user manual for

carrying out assisted-microwave preparation of bulk complex oxides in air or reducing

atmospheres, sol-gel based processing of complex oxides, air sensitive intermetallics,
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and transition metal chalcogenides.

A.1 Historical precedent for microwave preparation

Over the past few decades, microwave-based methods have been extensively

employed for solution chemistry including organic synthesis,[200] polymerization

reactions,[201] and hydrothermal processing.[202, 203, 204] Interest in microwave-

based solution processing has led to the widespread development of sophisticated

laboratory-scale microwave reactors that can control temperature and pressure dur-

ing reaction. The enhancement in reaction time provoked questions on whether an

athermal ‘microwave effect’ was causing the extreme increase in reaction rates. The

fast reaction rates have since been attributed to the rapid temperature increase, ther-

mal gradients, selective heating, and ability to superheat solvents without boiling in

the microwave.[205, 206, 207]

In regard to the solid state there is a relatively long history of microwaves being em-

ployed for the processing of ceramics,[208, 209] where they are understood to display

distinct advantages over conventional heating for annealing (homogenization) and sin-

tering (densification) due to the way heat is delivered, as will be discussed below.[210]

In a similar vein, Roy et al. demonstrated fully dense sintered metallic parts in just 10

to 30 minutes using microwaves.[211]

The use of microwave ovens for the preparation of inorganic solids was given

widespread currency by Baghurst and Mingos in 1988, when they discovered certain

oxides coupled well to microwaves and could exceed temperatures of 700�C in less than

a minute using a 500 W domestic microwave oven.[212] They prepared ternary ox-

ides and the superconductor YBa2Cu3O7�x using the higher-absorbing reactant species

to heat reactants that did not couple well to microwaves.[212, 213] An early report

131



Protocols for assisted-microwave preparation of materials Chapter A

of microwave methods involving metal powders was in 1992, when Whittaker and

Mingos prepared metal chalcogenides from elemental starting materials.[214] While

continuous metal films and solid metal lead to large electric discharges, small metal

powders do not allow for large potential differences between particles, and no spark-

ing occurs.[215]

Increased understanding of the interaction between microwaves and materials, es-

pecially metal powders, as well as the factors in experimental setups that affect re-

actions, has allowed the use microwave ovens for high temperature reactions.[216,

217, 218, 219] Building on this, microwave reactions have been used to prepare

inorganic materials including battery materials,[220, 221] chalcogenides,[222, 223]

intermetallics,[224, 225] and oxides.[226] An assortment of techniques such as

solvothermal synthesis of metal-organic frameworks[227] and sol-gel synthesis of

nanoparticles[228, 229] have been adapted for microwave preparation.

Assisted-microwave preparation refers to the use of a susceptor — a material that

couples strongly to microwaves at room temperature and therefore heats rapidly —

to initially heat reactants. Once hot, the reactants couple directly to the microwaves

(ie. they become susceptors) and heat quickly and evenly as discussed below. Assisted-

microwave reactions have the advantages of rapid reaction times, energy savings, and

even the potential to form metastable phases by circumventing reversible thermody-

namic processes.[158] New chemistries that were difficult to access with conventional

methods become possible with assisted microwave heating. The speed at which known

and new compounds are prepared on the laboratory scale helps accelerate materials

discovery.

Microwaves are electromagnetic waves with frequencies between 300 MHz and

300 GHz, corresponding to wavelengths from 1 m to 1 mm. Domestic microwave ovens

use a frequency band centered around 2.45 GHz, with a wavelength of 12.4 cm, de-
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signed to efficiently heat water with reasonable penetration depth into foodstuffs, with-

out interfering with wavelengths used for communications.[158] The methods outlined

in this contribution are based around the use of 2.45 GHz multi-mode microwave ovens

with a maximum output of 1.2 kW (Panasonic model NN-SN651B) but other similar

ovens are potentially as effective. Ovens that allow control of power levels, as opposed

to control of the duty cycle, are preferred. This allows, for example, the ability to

heat at 60% power (720 W) rather than employing a 60% duty cycle corresponding to

heating 60% of the time at 100% power.

The manner in which microwaves heat materials is fundamentally different from

conventional heating in a furnace, which can potentially result in different reaction

pathways, structural differences, or metastable products.[210] In comparison to con-

ventional methods which rely on heat transfer and therefore thermal conduction in the

sample, microwave heating relies on a material directly converting microwave energy

into thermal energy through interaction with the electromagnetic field. This results in

even heating across the sample volume and rapidly rising temperatures, in contrast to

conventional heating which is limited by thermal conductivity. The energy input goes

only to heating the sample and (ideally) not to the surrounding environment or con-

tainment material, reducing energy consumption. In samples where some reactants are

susceptors while others are not, selective heating can occur resulting in large thermal

gradients, which sometimes can be employed to stabilize metastable phases.

A.2 Microwave heating mechanisms

Two major heating mechanisms in microwaves are relevant here: dipolar polariza-

tion and conduction loss. These are respectively due to the electric component of the

alternating microwave field interacting with charge fluctuations and charge carriers in
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the material they are interacting with. Heating due to the alternating magnetic field

can also result in eddy currents, which resistively heat the sample. Reviews by Rao

et al.,[158] Bhattacharya and Basak,[230] and Kitchen et al.[210] provide detailed

discussions on microwave heating mechanisms.

A materials response to an electric field is measured by its permittivity (✏0) and

dielectric loss (✏00), which determine its ability to store electric energy and convert elec-

tric energy to heat, respectively. Energy is stored in the polarization of dipoles, while

conversion of electric energy to heat results from the dipolar relaxation and conduc-

tion of free electrons. The reorientation dynamics of electric dipoles is on the same

timescale as the alternating microwave electric field, and the phase lag between the

materials polarization and applied electric field is given by �. The dielectric loss tan-

gent, tan(�)= ✏
00
/✏

0, describes the efficiency with which a material converts electro-

magnetic energy to heat due to this dipolar reorientation. This mechanism dominates

in liquids and dielectric insulators, while conduction losses dominate in metals and

semiconductors. The interaction of charge carriers with the applied electric field leads

to conduction losses from ohmic heating due to the intrinsic resistance of a material.

High conductivity materials will also heat by significant eddy current losses due to the

alternating magnetic field.

The penetration depth, or distance into the sample at which the microwave radi-

ation becomes attenuated to 1/e of its initial intensity, is determined by how strongly

the material interacts with the electromagnetic field, i.e. tan(�). Materials with a small

penetration depth on the order of micrometers, known as skin depth, are reflecting.

Bulk metals are microwave reflectors. Metal powders, in contrast, will interact with

microwaves. While this is not fully understood, Mondal et al. describes mechanisms

for this interaction.[231] Smaller particle sizes will heat more strongly as they have

more surface to volume ratio. Despite skin depths of less than 5µm at room tempera-
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ture, particles over 100µm are able to be heated in the microwave.

Materials with a intermediate penetration depths on the order of centimeters are

highly absorbing, and have large tan(�). These microwave absorbers act as good sus-

ceptors, and are easily heated.

Longer penetration depths (> 10 m), corresponding materials with low tan(�) are

transparent to microwaves at the length scale of a laboratory experiment. These ma-

terials are suitable for insulation and containing reactants since they will not couple

to microwaves and heat up. Materials such as SiO2 and BN have a very small tan(�)

over a large range of temperatures. For materials that must be reacted in an inert envi-

ronment, samples are sealed in fused silica ampoules, which will not interact with the

microwaves, under vacuum or 1/4 atm of Ar. Penetration depth and loss tangents for

a variety of common microwave absorbing, transparent, and reflecting materials has

been provided in a review by Bhattacharya and Basak.[230]

Microwave tan(�) of most materials can change significantly with temperature.

While some materials couple well at room temperature (eg. graphitic carbon, SiC,

water), many materials will not, and so a susceptor is used to first heat the material

until it reaches a temperature where it is directly activated by microwaves (Tcrit). A

good example of such a reactant materials is alumina, which has a small tan(�) at

room temperature, but the microwave heating efficiency increases by over 3000% at

1473 K.[232] A schematic of temperature as a function of microwave time for different

materials is given in Figure A.1, inspired by data presented across a number of different

figures in the review of Rao et al.[158]

It is important to note that any material in the chamber that absorbs microwaves

will partition power from the reaction. Using a larger amount of susceptor material will

take longer to heat up and may not allow the sample to reach as high a temperature

because less power is available for the reaction. Once the sample is directly heated, its
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Figure A.1: Schematic of temperature as a function of microwave time for different
types of materials. Susceptor materials are highly absorbing and heat rapidly. Samples
are generally low absorbing at room temperature, but heat via the susceptor until they
reach a critical temperature, above which they absorb microwaves. Insulation and
housing is transparent to microwaves at room temperature, although some materials
(i.e. alumina) couple to microwaves at elevated temperatures.
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temperature will rise rapidly, causing coupling to increase, which increases temperature

further, a phenomenon known as thermal runaway. Often power cycles are used to

combat this, where initial heating is performed at high power, and once an appropriate

temperature is reached the power is reduced so the temperature is maintained.

A.3 Materials

Assisted-microwave preparations have been demonstrated to produce high quality,

crystalline, phase pure products. The ability to heat rapidly, selectively, and evenly

across the sample volume provides advantages over conventional heating methods, as

illustrated by the following example systems. The types of reactions described below

rely on microwaves first heating a highly absorbing carbon susceptor, which heats reac-

tants until they couple to microwaves. While not discussed in detail in this contribution,

microwave preparation of carbides involves heating the carbon present in the reactant

mixture. Carbides can be prepared more rapidly, at a lower temperature, and using

less energy in a microwave than by conventional methods.[233, 234, 235, 236, 237]

A.4 Complex oxides

The preparation of complex oxide phosphors for solid state lighting is often energy

intensive and time consuming. Conventional heating for hours or days at tempera-

tures above 1500�C in environments with low O2 partial pressures is necessary for the

preparation of the Ce- substituted garnet Y3Al5O12:Ce (YAG:Ce), the canonical phos-

phor material for solid state white lighting. Assisted-microwave preparation of YAG

and other phosphors from oxide precursors requires only 20 to 45 minutes, reducing

the preparation time and energy consumption by more than 90%.[238, 239] These re-
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actions may be performed with reducing environment obtained by placing a lid on the

crucible to form a reducing CO atmosphere due to the carbon susceptor, or by placing

the microwave oven in a nitrogen glovebag. Reaction conditions and relevant informa-

tion for microwave preparation of select phosphors and complex oxides may be found

in Table A.1.

In the conventional preparation of phosphors for white lighting applications, the

combination of the extremely high temperatures necessary to react refractory starting

materials and the flowing H2/N2 gas needed to reduce the rare earth limits possible

compositions due to reduction of metal oxides such as germanium and sodium oxide,

as well as volatilization of starting materials. Assisted-microwave preparation circum-

vents these issues, allowing for new phosphor materials discovery. Brgoch et al. have

presented the assisted-microwave preparation of two cerium substituted sodium rare

earth silicates, NaY9Si6O26:Ce3+ and Na3YSi2O7:Ce3+, from a stoichiometric ratio of

starting materials.[240] Conventional preparation in furnaces would have required ex-

cess of the Na precursors to compensate for volatilization.

The assisted-microwave method offers a degree of morphological control of com-

plex oxides when combined with a sol-gel approach. The dried gel (process is described

by Birkel et al.[241] and Misch et al.[242]), may be ground and microwave-heated to

obtain a final product in just a few minutes of heating, rather than hours or days by

conventional methods. In conventional preparation of orthosilicate phosphors, the high

temperatures and long heating steps allow for sintering and growth of particles, limit-

ing morphological control. By exploiting the rapid reaction time afforded by microwave

preparation, size and surface area may be tuned through microwave power and time

settings. The combined sol-gel assisted-microwave method has been demonstrated in

rare-earth doped phosphors Eu2+-doped M2SiO4 (M = Ca, Ba)[241] and substituted

oxide catalysts Pd-substituted LnFeO3 (Ln = Y, La)[242], where surface area plays an
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important role. The phase evolution of the gel, for which details of the preparation are

provided in the reference, is evaluated using X-ray diffraction at different intervals. The

initial dried gel is mostly amorphous, and phase formation, crystallinity, and particle

size have been monitored as functions of time in the microwave oven and estimated

reaction temperature.

The rapid reaction time leads to significant time and energy savings in materials

systems with sluggish diffusion kinetics, such as complex noble metal oxides. In the

preparation of La2Ba(Pd,Pt)O5, the use of elevated temperature to overcome the slow

diffusion kinetics is complicated by an autoreduction of (Pt,Pd)O, even under flow-

ing O2.[243] Conventional furnace methods take days or weeks to prepare a phase

pure product.[244] Misch et al. demonstrated preparation of these complex oxides in

a microwave oven in just 5 min, with an additional 15 min to 20 min yielding more

crystalline and phase pure products.[245]

A.5 Intermetallics

While bulk metals are microwave reflectors, intermetallics may be prepared from

pure elemental powder starting materials. The metallic powders couple to microwaves

at elevated temperature, as skin depth increases. The heating mechanism in metals

is dominated by conduction losses and eddy current losses. The studies mentioned

below use powders with particle sizes between 3µm and 45µm. Some powders are

hand ground in a mortar and pestle from bulk pieces of starting materials, such as

manganese. In these cases, the particle size is not known. Due to oxidation at ele-

vated temperatures, starting materials are sealed in evacuated fused silica ampoules,

allowing for rapid, air-free preparation in the microwave oven.

Thermoelectric semiconducting half-Heuslers TiNiSn and TiCoSb have been pre-
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Table A.1: Relevant information for microwave preparation of selected phosphors
and complex oxides in air. Microwave power is based on power setting and total
output power of the microwave used. Tmax is estimated from IR pyrometer readings
aimed at the center of the inner crucible holding the sample. The following starting
materials were used as sources for metals in each of these reactions with the exception
of sol-gel syntheses (*): Na2CO3, CaCO3, BaCO3, SrCO3, MgO, Al2O3, Eu2O3, SiO2,
Y2O3, Lu2O3, CeO2, Pt,Pd(II) acetylacetonate.

Composition Sample Microwave Tmax (oC) ref.
mass (g) conditions

Ca2MgSi2O7:Eu2+ – – 1200 [238]

Y3Al5O12:Ce3+ 0.5 to 1.0 750 to 850 W – [239]
Lu3Al5O12:Ce3+ for 18 min

NaY9Si6O26:Ce3+ – 1000 W – [240]
for 5 min
375 W
for 90 min

Na3YSi2O7:Ce3+ – 675 W for – [240]
8 min
325 W for
15 min

*(Ca,Ba)SiO4:Eu2+ 0.25 to 0.5 1300 W for 1150 [241]
10 min +
10 – 12 min

*LaFeO3 0.25 1250 W 800 [242]
for 150 s

*YFeO3 0.25 1250 W 800 [242]
for 2 min

La2Ba(Pd,Pt)O5 0.25 to 0.5 1300 W for 1050 [245]
15 – 20 min

(Ba1�xSrx)Al2 – 1000 W 1250 [246]
Si2O8:Eu2+ for 10 min

375 W for
30 – 90 min

BaMgAl10O17:Eu2+ 0.5 720 W for – [247]
25 min
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pared by assisted-microwave techniques from elemental starting materials.[248] Mi-

crowave processing decreased preparation time from over 1 week to less than 1 minute,

while maintaining thermoelectric physical properties of TiNiSn. The addition of excess

nickel to the half-Heusler TiNiSn results in a secondary TiNi2Sn full Heusler phase that

improves thermoelectric properties. This two-phase material may be achieved in just

4 minutes in the microwave.[73] In contrast, excess nickel added to the half-Heusler

MnNiSb sits on the empty tetrahedral site, forming a solid solution with the full Heusler

MnNi2Sb. While a miscibility gap is predicted in these compounds at low temperature,

the practical microwave preparation temperature results in the solid solution. [18] In

addition to MnNiSb, several other magnetic intermetallic compounds including Mn-

CoP, MnB, FeB, MnFe2Si, MnNi2Sn, and (Mn,Fe)2(P,Si) have been prepared using the

assisted-microwave method.[54, 55, 51] Reaction conditions for selected intermetallics

and transition metal chalcogenides are provided in Table A.2.

A.6 Transition metal chalcogenides

Transition metal chalcogenides, which have diverse applications from electrochem-

ical energy storage to spintronics, require slow heating rates in conventional syntheses

to prevent ampoule explosions due to the volatility of chalcogens. Conventional prepa-

rations of these materials consist of a series of steps at elevated temperature (973 K),

resulting in several days or weeks of heating with grinding and re-pelletization between

heat treatments.[249, 250, 251] Lower temperature (500 K to 650 K) metathesis reac-

tions have allowed some pyrites to synthesized in just days by circumventing kinetic

barriers.[252, 253] Butala et al. demonstrated microwave preparation of Fe1�xCoxS2

and CuTi2S4, accelerating reaction times to less than 40 minutes.[254] The microwave

electromagnetic field interacts strongly with the transition metal, selectively heating
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the metal powder and allowing the reaction to occur rapidly at metal sites before sig-

nificant sublimation of the chalcogen.[214, 210] Since chalcogens are usually weakly

absorbing, they do not heat up as quickly, which is advantageous because of issues

of pressure build-up in the ampoule. Due to the selective nature of microwave heat-

ing and rapid heating of the metal powder, reaction times are reduced from weeks to

minutes, resulting in time and energy savings.

A.7 Detailed Experimental Procedure

This section details the general procedure followed for assisted-microwave mate-

rials preparation with insights gained from processing the aforementioned materials.

Stoichiometric amounts of reactants are ground and then pressed into a pellet, usually

6 mm in diameter to avoid microwave absorption issues. For assisted-microwave solid

state reactions, the use of well ground powder of the starting materials is essential.

In bulk metals, there is small penetration depth of the microwaves and large electric

field gradients give rise to electric discharges. In powders, there is no electric discharge

and rapid heating can occur due to eddy currents.[158] Surface defects, charge, and

polarization in powders can enhance the dielectric loss, leading to rapid heating. Pow-

ders may be hand-ground with an agate mortar and pestle, or ball-milled to ensure a

homogeneous product. As reaction times are short, diffusion is limited and so small

particle sizes are desirable. Smaller particle size also increases the surface to volume

ratio, and therefore the volume which may interact with microwaves as penetration

depth in metals is small. Particle sizes for metal precursors ranged between 3µm to

45µm. Pelletization, while not a necessary step in all reactions, increases contact be-

tween powder particles, and pellets may be sintered in the microwave oven. The use

of pellets also minimizes the potential for contamination due to contact with the con-
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Table A.2: Relevant information for microwave preparation of intermetallics and tran-
sition metal chalcogenides. All samples were prepared from stoichiometric amounts
of elemental precursors, with the exception of MnCoP, which used Mn3P2 as well as el-
emental cobalt and red phosphorous. Samples were reacted in evacuated fused silica
ampoules to avoid oxidation.

Composition Sample Microwave Susceptor ref.
mass (g) conditions mass (g)

TiCoSb – 700 W for 3.6 [248]
1 min

TiNi1+xSn 5.0 700 W for 3.6 [73]
4 min

MnNi1+xSb 1.0 840 W for 7.0 [18]
2.5 min

MnCoP 0.3 840 W for 7.0 [54]
2.5 min

MnFe2Si 1.0 840 W for 7.0 [54]
2.5 min,
1080 W for
3 min

MnNi2Sn 1.0 1200 W for 6.5 [54]
3 min

MnB, FeB 0.3 840 W for 6.5 [54], [55]
3 min

(Mn,Fe)2(P,Si) 5.0 360 W for 6.0 [51]
20 min

FeS2, CoS2 0.2 360 W for 75 to 80 [254]
20 min ⇥2

CuTi2S4 0.2 600 W for 75 to 80 [254]
20 min ⇥2
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Figure A.2: The steps for this experimental procedure are shown here. (a) A pellet is
sealed in an evacuated fused silica ampoule and (b) nested in a crucible containing
roughly 6 g of activated charcoal. (c) The crucible is placed in an alumina foam
housing (d) off center in the microwave cavity and heated using an appropriate power
cycle.

tainer. Volatile reactants may require a slight excess to ensure the final product has the

desired composition. Microwave methods are well suited for sample masses 200 mg to

5 g, though reaction conditions must be optimized for the mass used.

For reactions in an inert atmosphere, the pellet is then sealed in a fused silica am-

poule under vacuum or partial pressure of argon, shown in Figure A.2(a). The ampoule

is evacuated and flushed with argon three times before sealing to ensure no oxygen is

present. Fused silica is used due to its transparency to microwaves, even at elevated

temperatures. However, for long high temperature reactions the sample will conduc-

tively heat the ampoule, which could cause softening. In these cases a crucible (for
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example, of BN) should be used to contain the sample inside the ampoule. Similarly,

crucibles should be used when reactants may react with the silica ampoule. The vol-

ume of the ampoule should be considered when working with volatile reactants, which

could build pressure and explode the ampoule. The microwave ovens are kept in a fume

hood and reactions are run with the sash down in case of ampoules breaking. How-

ever, for ampoules not fully submersed in the susceptor, the far end of the ampoule will

be much cooler, and volatile reactants may condense on this side, preventing pressure

build up.[215]

Samples may also be reacted in air by placing the pellet/powder in a crucible.[238,

247] If a more reducing atmosphere is needed, the entire microwave oven may be

placed inside a glovebag (Atmosbag L, Sigma Aldrich) with flowing nitrogen or argon

mixed with 5% hydrogen.[238, 239] The flow rate must be adjusted such that the bag

does not inflate as the air inside it heats up. A slightly reducing atmosphere can also be

achieved with a carbon susceptor by covering the crucible such that a CO atmosphere

is trapped.

As the dielectric loss tangent is both material and temperature dependent, many

materials do not couple to microwaves in a domestic microwave oven (2.45 GHz) at

room temperature. For this reason, a susceptor that is highly absorbing is used to ini-

tially heat the material until it reaches a critical temperature and begins to be directly

activated by the microwaves. The sealed evacuated ampoule or small crucible is placed

in a larger alumina crucible filled with the susceptor (Figure A.2(b)), activated char-

coal (DARCO c� 12�20 mesh, Sigma-Aldrich). Other susceptors may be used as well,

and a temperature versus time plot for the susceptor at different microwave powers

is useful in designing power cycles for a reaction. This is discussed in depth in the

troubleshooting section below.

The amount of material absorbing microwaves strongly affects the temperature that
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the reactants will reach, since it determines how much microwave power is available

for the reaction. While the susceptor is used to initially heat the reactants, some power

goes towards heating the susceptor even once the reactants are absorbing. The use

of excess susceptor material therefore decreases the heating rate and the overall tem-

perature that may be reached. For high temperature experiments, typically 3 g to 7 g

of activated charcoal is used as susceptor. Lower temperature experiments involve

samples in an evacuated fused silica ampoule fully immersed in 75 g to 80 g activated

charcoal. Fully immersing an ampoule in charcoal can help keep volatile reactants in

the vapor phase, rather than condensing at the top of the ampoule, by ensuring a more

uniform temperature throughout the ampoule.

The crucible containing the susceptor and sample ampoule/crucible is placed in-

side thermal insulation made from alumina fiberboard or low density foam as shown

in Figure A.2(c) and illustrated schematically in Figure A.3(b).[238] Good insulation

material will have a long penetration depth of microwaves even at high temperatures,

meaning it will neither reflect nor absorb the microwave energy. The insulating hous-

ing is placed off center in the microwave cavity, as shown in Figure A.3(a). When a

microwave rotation plate is used, this off-centering averages out local maxima and min-

ima as it spins due to the inhomogeneous distribution of the electromagnetic radiation

within the cavity. In cases where spinning is not used, for example in Figure A.2(d),

care is taken to place the sample at the same position each time to minimize inconsis-

tencies. An overview of the experimental setup is illustrated in Figure A.3.

Power settings, power cycles, and reaction times are chosen depending on the ma-

terial (and how it couples to microwaves) and the quantity of absorbing species in the

microwave oven. A lower power setting should be used when there is a known de-

composition temperature of the desired material at an easily reachable temperature.

Melting is not necessary for a successful reaction and can even be contraindicated, as
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Figure A.3: (a) Schematic illustration of the microwave chamber for a typical air-free
reaction, showing placement of the insulation in the microwave cavity. (b) The cross
sectional view shows the pellet sealed in a fused silica ampoule nested in the charcoal
susceptor, and then placed in the insulation. In the case of complex oxides, the fused
silica ampoule is replaced by a small crucible containing reactants, which is then
nested in the larger crucible containing activated charcoal.
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many reactions occur in the solid state. In the case where a reaction is partially com-

plete but a longer dwell time is needed, power cycle control can be used to maintain

the temperature without raising it. The power level can be lowered to supply enough

energy to continue the reaction without causing runaway heating. Parameters for some

different reaction conditions are provided in Table A.1 and Table A.2. For the chalco-

genides, shaking the ampoule between heating segments redistributes the chalcogen

that has deposited on the colder end of the ampoule.[215]

An estimate of maximum temperature can be obtained using an infrared pyrometer

or by immediately inserting a thermocouple into the charcoal near the sample. Interest-

ingly, samples microwaved for longer may actually be colder. While this could be due to

placement, susceptor, or other differences in the procedure, it may be that the product

is not a microwave absorber. In this case, once the reaction is complete and starting

materials used up, the product does not continue to heat. Depending on the properties

of the material and microwave conditions, reactants may melt together which can be

determined afterwards because they take the geometric form of the ampoule.

Ampoules may be air or water quenched out of the microwave oven, or allowed to

cool in the charcoal bath. Due to the rapid heating and cooling possible in assisted-

microwave preparation, phase formation and evolution may be studied using a series

of samples reacted for different lengths of time. This has been successfully applied in

previous studies,[245, 242] and helps to determine the actual reaction time needed to

form the product. Additional annealing time in the microwave oven or in a conven-

tional furnace may increase crystallinity, atomic order, and homogeneity.
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A.8 Troubleshooting

The goal of this section is to identify factors having a significant impact on reactions,

and aid users in setting up reaction conditions for new systems. Parameters such as

susceptor choice and mass, sample mass, insulation, and atmosphere are discussed

here.

Susceptor. The choice of susceptor plays a large role in microwave reactions. The

purpose of a susceptor is to heat quickly and transfer this heat to the sample such

that the sample reaches a temperature where it will begin to couple to microwaves.

Once this coupling occurs and the material begins to heat itself, it will often reach a

much higher temperature than the susceptor. Microwave absorbers such as graphitic

carbon or SiC make good susceptors due to their ability to heat rapidly. However, the

penetration depth of microwaves into SiC is small, and using this material may shield

the sample.

Parameters such as particle size and water adsorbed also play a role in heating.

With each use, some charcoal is burned, and so fresh charcoal should be used each

time for the most consistent results. It is useful to make calibration curves using a

particular carbon source to estimate the temperatures that will be reached for differ-

ent times at a specific microwave power, and for a given mass of susceptor. One such

calibration is shown in Figure A.4. It is best to create calibration curves using a ther-

mocouple inserted into the hot charcoal immediately after the power is turned off and

the housing removed from the microwave, rather than by using an IR pyrometer. How-

ever, this will only give a lower estimate of the temperature since cooling will begin

immediately when the power is shut off. The thermocouple is more reliable because

an IR pyrometer depends on the emissivity of the susceptor, which can vary widely. In

addition, the surface temperature measured by the pyrometer is much lower than deep
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Figure A.4: Temperature of 78 g of activated charcoal as a function of microwave time
at power 4 (40% of 1200 W). Values are measured by inserting a thermocouple into
the center of the charcoal immediately after microwaving.

within the susceptor. These calibration curves can be used to target a specific reaction

temperature, while recognizing that the actual sample temperature could vary from

that of the susceptor. Once an acceptable temperature is reached, power cycle control

may be used to maintain the reaction temperature. This is only estimated as we do not

measure temperature in-situ.

For reactions with volatile precursors, fully immersing the ampoule in charcoal

keeps these reactants from condensing at cold spots in the ampoules. Even so, a slight

excess may be necessary to produce a stoichiometric product. The use of so much sus-

ceptor limits the heating rates and maximum temperature that will be reached because

more power is partitioned to heat the susceptor. Since the amount of power available

for the reaction depends closely on the susceptor and sample mass, the entire set of

reaction conditions must be re-optimized when scaling up a synthetic procedure.
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Insulation. The insulating housing containing the crucible with the susceptor and

sample protects the microwave oven and helps to keep in the heat produced by the

susceptor and sample. The material should be non-absorbing (i.e. high penetration

depth), so that all of microwave electromagnetic energy goes towards heating the re-

actants, and the insulation does not shield the inner crucible from microwaves. For

this, a low density alumina foam or fiberboard is used. One inch thick high tempera-

ture ceramic fiberboard (Skyline Components LLC, Tuscon, AZ) is bonded using a high

temperature adhesive cement to form a block three inches tall, and a hole is cut in

the center to accommodate the crucible. Another piece of fiberboard may be used as a

cover.

Atmosphere. Intermetallics require inert atmosphere to prevent oxidation at ele-

vated temperatures, which is obtained by sealing in an evacuated fused silica ampoule.

Fused silica has very low absorption even at elevated temperatures. For this reason,

the ampoule will usually not soften even when the sample reaches temperatures well

over the softening temperature. However, if a sample maintains this temperature for

an extended time it may conductively soften the ampoule, exposing the sample to air

and resulting in oxidation. Similarly, if the sample reacts with silica it may cause the

ampoule to break. In these cases, the sample should be placed in an alumina or boron

nitride crucible before sealing into the ampoule to prevent contact with the silica. A

comparison of fused silica ampoules after a reaction in a furnace and in a microwave

oven is of interest. In the furnace, the significant time at high temperature frequently

results in crystallization (devitrification) of the silica and some reaction between the

silica and starting materials. Because silica is such a poor microwave susceptor, it does

not attain high temperatures and neither devitrification, nor interactions with reactants

occurs in the case of microwave heating.

Oxides, on the other hand, are reacted in air or a reducing atmosphere. To prevent
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reaction of the oxides with the alumina crucible pellets are placed on a sacrificial layer

of powder with the same composition as the sample, between the crucible and sample

pellet. The reducing atmosphere can be achieved by placing a lid on the large alumina

crucible containing the carbon susceptor and sample crucible. The lid traps some of the

reducing carbon monoxide (CO) atmosphere. However, the air inside the microwave

cavity is cycled through, and so it is more effective when required, to place the entire

microwave in a glovebag with flowing 5% H2/N2 gas.

Hazards. To date, we have had no safety issues with microwave ovens in the lab.

The microwaves ovens are operated in a fume hood in case of ampoules breaking dur-

ing reactions, as is standard for conventional syntheses. Heating carbon powder or

granular charcoal can lead to inhalation hazards, and the top insulation cover should

be removed in the fume hood after heating. Insulated gloves and tongs should be

employed when handling the insulating housing and the crucible after heating. Inade-

quate insulation can lead to damage to the microwave including ignition of combustible

components. Ensuring that the outside of the insulation does not reach excessive tem-

peratures, and keeping flammable material away from the microwave during operation

and cool down is essential. The microwave oven should not be operated with no ab-

sorbing material within.

A.9 Characterization of Products

Materials prepared by assisted-microwave methods are subject to standard inor-

ganic materials characterization. Synchrotron powder X-ray diffraction (XRD) is effec-

tive for evaluating phase purity, identifying secondary phases, and determining crystal-

lographic parameters. It has been shown that highly crystalline, phase pure materials

can be produced using microwave methods provided conditions are optimized. Lab
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Figure A.5: (a) The phase evolution during microwave preparation is observed
through ex-situ laboratory X-ray diffraction. The formation of La2BaPdO5 occurs in
less than 225 seconds, with the yield increasing with additional microwave time. (b)
Phase fractions at each time interval are determined by Rietveld refinement of the
resulting XRD pattern. (c) Final products are scrutinized using synchrotron XRD at
Argonne National Lab using the 11-BM beamline, allowing precise analysis due to
the higher quality data. (d) Particle size, homogeneity, morphology are observed us-
ing scanning electron microscopy equipped with instruments for compositional analy-
sis. Reproduced with modifications, with permission from ref. [245]. Copyright 2014
American Chemical Society.
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X-ray diffraction allows products to be measured ex-situ after reactions are stopped

at regular intervals to determine intermediate phases. This can be useful in opti-

mizing reaction conditions to ensure a completed reaction, improve crystallinity, or

maximize surface area. Figure A.5(a) depicts the phase evolution monitored via lab-

oratory X-ray diffraction of La2BaPdO5 starting from precursors palladium acetyl ace-

tonate, BaCO3, and La2O3.[245] Rietveld refinement of the diffraction pattern allows

the phases present at different instants of time, and their phase fractions, to be tracked

as shown in A.5(b). Initially, BaCO3 and an amorphous background are present after

75 secs. This amorphous background was also seen by Misch et al. when preparing

La2BaPdO5 using a combined sol-gel microwave method.[242] La2BaPdO5 starts to

form in less than 4 minutes, and the secondary phases decrease with additional mi-

crowave heating time. Additional heating leads to a more crystalline product with

a larger particle size. The final product is analyzed using synchrotron powder X-ray

diffraction (SPXRD) at the 11-BM beamline at Argonne National Laboratory, shown in

Figure A.5(c). The high Q space resolution and intensity of X-rays at the Advanced

Photon Source allow precise determination through Rietveld refinement of crystallo-

graphic parameters, secondary phases even when present in miniscule amounts, and

phase fractions.

Scanning electron microscopy (SEM) equipped with energy dispersive X-ray spec-

troscopy (EDS) or electron probe microanalysis (EPMA) is a powerful tool to analyze

the difference in morphology between microwave and conventionally prepared ma-

terials, and to establish the composition. The rapid heating and reaction in the mi-

crowave as compared to conventional methods limits the time allowed for particles

to sinter. In this way, much finer particle sizes can be produced by the microwave

method. Scanning electron microscopy comparing Ba2SiO4:Eu2+ prepared by conven-

tional heating and by the assisted-microwave sol-gel combined method suggest that the
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particle size produced by the microwave method is 0.5µm to 2.0µm, which is much

smaller than the particles produced conventionally (which are of the order of 10.0µm

or larger.[241] The greater morphological control of materials prepared using a com-

bined sol-gel assisted-microwave method due to shorter heating times is advantageous

for catalysts, where large surface area is desired, and for phosphors where scattering

between particles can occur and control is desirable.

In addition to the suite of detectors in electron microscopes to detect local chemical

composition, X-ray fluorescence spectroscopy (XRF) is a useful tool to determine accu-

rate compositions. Variations from nominal composition could occur due to volatiliza-

tion of precursors, or reaction with the silica ampoule. These can be appropriately

remedied by using the feedback to adjust starting compositions.

A.10 Final Notes on Assisted-Microwave Preparation

Assisted-microwave preparation presents many advantages for obtaining solid in-

organic compounds, but the technique is not yet being used to its full potential. The

procedures detailed in this contribution are rapid, low-cost, and readily carried out, and

highly energy-efficient as well. Crystalline products can be obtained with distinct and

beneficial morphological control. The direct volumetric heating results in extremely

rapid temperature increases, and the varying interaction of microwaves with different

materials allows for selective heating, allowing products to be obtained that may oth-

erwise be difficult to prepare. It is hoped that this Methods and Protocols article will

reduce the barriers to adopting the necessary best practices to enable more widespread

use of assisted microwave preparation.

1. The content of this appendix has previously appeared in Chemistry of Materi-

als. E. E. Levin, J. H. Grebenkemper, T. M. Pollock, and R. Seshadri, Protocols
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Chem. Mater. 31 (2019) 7151–7159. It is reproduced here with the permission

from American Chemical Society (2019). https://pubs.acs.org/doi/10.1021/

acs.chemmater.9b02594.
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the gold hyperfine field in the Heusler alloy Au2MnAl, J. Phys. F: Met. Phys. 6
(1976) 2191.

[125] D. Morris, R. Preston, and I. Williams, Search for new Heusler alloys, Proc. Phys.
Soc. 73 (1959) 520–523.

[126] D. Oxley, R. Tebble, and K. Williams, Heusler alloys, J. Appl. Phys. 34 (1963)
1362–1364.

[127] D. M. C. Price, The ferromagnetism of the Heusler alloy Au2MnAl, Proc. Phys. Soc.
81 (1963) 1074–1078.

[128] K. Shirikawa, T. Kanomata, and T. Kaneko, Effect of hydrostatic pressure on the
Curie temperature of the Heusler alloys Au2MnA and Pd2MnZ (Z = Sn and Sb), J.
Magn. Magn. Mater. 70 (1987) 421–422.

[129] J. Douglas, E. Levin, J. Castillo, P. Adler, S. Krämer, K. Page, C. Felser,
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