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Abstract

Electronic Functionality in Complex Palladium Oxides

by

Leo Kennedy Lamontagne

The study of the electronic and magnetic properties of 4d transition metal

oxides is crucial in developing new functional materials while also informing

the origins of favorable properties in the highly studied 3d transition metal ox-

ides. In particular, complex palladium oxides represent one subset of 4d transi-

tion metal oxides which have received comparatively little attention in regards

to their electronic functionality despite reports of interesting electronic proper-

ties in the form of compositionally driven insulator-metal transitions. Several

semiconducting complex palladium oxides have been shown to be driven metal-

lic upon hole-doping with alkali metals prompting the study of their functional

properties for applications such as thermoelectrics. In addition, there exists

opportunities for bettering the fundamental understandings of insulator-metal

transitions and, more generally, hole-doping in oxides as these complex pal-

ladium oxides are diamagnetic with comparatively small amounts of electron-
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electron correlation and spin orbit coupling. We present here detailed structural

studies of several complex palladium oxides and their resulting electronic prop-

erties upon hole-doping. We report that some do show favorable thermoelec-

tric performance and remark on how structural changes imparted by aliovalent

hole-dopants can influence functional properties.

First, we discuss the thermoelectric performance of Li-substituted PbPdO2.

Upon Li substitution, a decrease in electrical resistivity by over an order of mag-

nitude is observed without a precipitous drop in the Seebeck coefficient leading

to a zT of 0.12 at 600 K. The electronic properties of Li-substituted PbPdO2

are near identical to those of the high performing cobaltate thermoelectrics de-

spite the lack of a high degree of spin degeneracy which is believed to be the

origin of the favorable properties in the cobaltates. Electronic structure calcula-

tions support experimental measurements and conclude that aspects of the band

structure derived from the palladium square planar coordination contribute to

the performance.

Following this work, we report on a structurally similar material, LiBiPd2O4.

Hole-doping was achieved through Li substitution for Pd as before and through

Pb substitution for Bi. Both methods of hole-doping decreased the electrical

resistivity by over three orders of magnitude. Despite this decrease, the resis-

tivity remains too high for thermoelectric applications. Owing to a differing
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connectivity of the Pd square planes, LiBiPd2O4 possesses a much higher band

gap, leading to the higher resistivity. 7Li solid state nuclear magnetic resonance

(NMR) reveals many distinct Li environments arise with Pb substitution. This

implies an asymmetric distribution of hole-dopants and may be related to for-

mations of more conductive regions of the material in an insulating matrix.

Next, we study the impact of hole-doping in two isostructural compounds,

SrPd3O4 and CaPd3O4. Both semiconducting materials have been shown pre-

viously to be driven metallic with substitution onto the Sr/Ca site, though re-

ports of the doping level necessary vary widely. Under our preparation and

processing condtions, Ca1−xNaxPd3O4 is driven metallic above x = 0.10, while

Sr1−xNaxPd3O4 remains semiconducting up to x = 0.20. Nearly identical elec-

tronic structures imply that there are local structural differences which affect the

bulk properties. We observe through sensitive probes including, synchrotron X-

ray diffraction (XRD), pair distribution function analysis of total neutron scatter-

ing data, and 23Na NMR that indeed there exists larger amounts of local disorder

in the Sr compounds. 23Na NMR further reveals the presence of two distinct Na

environments one of which aligns with the Na environment in metallic NaPd3O4

providing evidence of the presence of a percolative insulator-metal transition

mechanism.

To further understand the role local disorder and dopant distributions have
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on the observed electrical properties, we used Li, and K as dopants in addition to

Na. While Li appears to distribute evenly throughout SrPd3O4, a distinct second

phase emerges in Sr0.8K0.2Pd3O4. Density functional theory calculations (DFT)

support our experiments in that it predicts differing behavior when K is used as

a dopant versus Li or Na. DFT suggests that K will order when substituted into

SrPd3O4 though the presence of an ordered phase or of clustered KPd3O4 can

not be determined through synchrotron XRD. The electrical resistivity decreases

slightly with increasing size of the hole dopant, but is not drastically affected.

There is no evidence of a second phase emerging in Ca0.8K0.2Pd3O4.
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Chapter 1

Introduction: Complex Palladium

Oxides

1.1 Introduction to 4d transition metal oxides

Transition metal oxides are among the most studied classes of materials in

solid state chemistry and condensed matter physics. Displaying a wide array

of structural, electronic and magnetic properties[1], transition metal oxides are

some of the highest performing materials for a wide array of applications. To

name a few well known examples, LiCoO2 is the prototypical battery material

for almost all portable devices, Pb1−xZrxTiO3 is the state of the art piezoelectric

1



for applications in many electronics, and the copper oxide superconductors are

at the heart of high Tc superconductivity research. Despite the large volume of

literature relating to transition metal oxides, the bulk of it has been primarily

focused toward those containing 3d transition metals. The more localized 3d

orbitals lead to a high degree of electron-electron correlation which can give

rise to interesting physical phenomena. This is related to the lower crystal field

splitting of the 3d orbitals which can lead to unpaired spins and partially filled

bands, resulting in interesting magnetic and electronic properties. A compara-

tively smaller body of work has examined the 4d and 5d transition metal oxides.

The heavy 5d transition metals exhibit significant amounts of spin-orbit cou-

pling (SOC) which is attractive to many condensed matter physicists looking to

explore new fundamental physics and their resulting electronic and magnetic

properties. [2–4]

4d transition metal oxides lie in between with smaller electron-electron

correlations than the 3d metals due to their more dispersive 4d orbitals, yet

weaker SOC than the 5d metals due to their lower atomic mass. In spite

of this, a host of interesting properties are also found in 4d transition metal

oxides. SrMoO3 is among the most conducting transition metal oxides, [5]

while rare earth molybdenum pyrochlores exhibit unusual magnetotransport

properties.[6] SrRuO2 was the first transition metal oxide not containing Cu
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to exhibit superconductivity.[7] In regard to magnetic properties, 4d transition

metal oxides may have much higher magnetic transition temperatures than their

3d structural analogues owing to the increased orbital overlap driven by their

more dispersive d orbitals. SrTcO3 is an extreme example of this with a Néel

temperature of 1023 K. [8] In addition to impressive functional properties in

their own right, research into 4d structural analogues of important 3d transition

metal oxides can provide insight into understanding and improving their func-

tional properties. For example, the structural chemistries of LiRuO2 and LiRhO2

as battery cathodes have been studied to better understand those of LiCoO2

derivatives.[9, 10]

Among the 4d transition metals, the later ones are perhaps the least stud-

ied (barring Tc). Not only are these metals rather expensive (Rh, Pd, and Ag),

they are also comparatively more electronegative than earlier transition metals.

This oxophobic nature, which while favorable for catalysis, makes the prepara-

tion of oxides containing these metals difficult as the high temperatures neces-

sary for solid state reactions frequently leads to reduction of the metal oxide

precursors.[11] Nevertheless, oxides of these elements span a diverse range of

structure types and functional properties. Detailed studies of these materials can

inform fundamental relationships between structure and properties, while also

potentially realizing new functionality for material applications. The focus here

3



is on the electronic functionality of complex palladium oxides. In particular, we

study the nature of hole-doping in these materials which has been demonstrated

to drive insulator-metal transitions. Deeper understandings of the mechanisms

of these transitions is of fundamental interest and may also present the possibil-

ity of new materials for thermoelectric applications.

1.2 Overview of Complex Palladium Oxides

As a 4d transition metal with 8 d–electrons, the vast majority of complex

palladium oxides exist in a diamagnetic, 2+ oxidation state with square planar

coordination. This tendency can be explained by examining palladium’s position

in the periodic table. Nickel, the 3d metal directly above palladium, possesses

smaller crystal field splitting owing to its less disperse 3d orbitals. Small crystal

field splitting leads to coordination environments that maximize the number of

unpaired electrons. As a result, NiO crystallizes in a rock-salt structure with Ni

atoms at the center of octahedra. Below palladium, platinum is a heavy 5d tran-

sition metal. Relativistic contraction of the 6s orbital destabilizes the 5d orbitals

leading to higher oxidation states being more favored.[12, 13] Thus, PtO2 with

octahedrally coordinated d6 Pt4+ is the most common simple oxide of platinum.

Palladium, as a 4d metal, has large crystal field splitting, yet does not experi-
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ence significant relativistic effects. These properties lead to an overwhelming

propensity toward square planar configuration.

Octahedral crystal field splitting and square planar splitting are closely re-

lated. The relationship between the two, as well as the crystal structure of PdO,

is demonstrated in Figure 1.1. Starting from an octahedral coordination, the

two bonds pointing in the z-direction are elongated until they are effectively

removed, leaving a square planar coordination. d–orbitals with a z component

are thus more stabilized as less electron–electron repulsion is present. The dz2

orbital which points directly along the z–axis is greatly stabilized in square pla-

nar configuration. Likewise, the dxy and dx2−y2 which primarily point along the

xy plane are destabilized as electron-electron repulsion increases in those direc-

tions. For an atom with 8d electrons like Pd2+, this configuration maximizes the

crystal field stabilization.

Generally, PdO is the only stable simple oxide of palladium. The crystal

structure and connectivity of the Pd square planes is shown in Figure 1.1. PdO

exhibits both corner connected and edge connected square planes. The connec-

tivity of the square planar units in reported complex palladium oxides varies and

affects the observed catalytic and electronic properties. Most reported complex

palladium oxides consist of a rather electropositive cation which helps stabilize

the material against reduction. The electropositive cation serves to “soften” the

5



Figure 1.1: d-splitting of square planar coordination related to an octahedral

crystal field. Orbitals with a z component are stabilized as the ligands along

those directions are removed. The crystal structure of PdO with Pd in green,

and O in orange is given as an example of this square planar coordination.
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oxygen, destabilizing the O-p states, and resulting in increased covalency in the

Pd-O bonds.[11, 14]This increased covalency serves to further increase the crys-

tal field splitting resulting in an even greater propensity for Pd2+ to remain in a

square planar coordination.

Reports of complex palladium oxides with Pd in oxidation states other than

+2 or in coordinations other than square planar are few. The most common ex-

ample of Pd+ is the delafossite PdCoO2 which possesses an extraordinarily high

electrical conductivity. [15] High pressures are typically required to stabilize Pd

in higher oxidation states higher than 2+. [16–18] Pd4+ coordinates in an oc-

tahedral arrangement with neighboring oxygen which results in filled t2g levels

and diamagnetism. Pd3+ is even more rare with the perovskite LaPdO3 being

the only existing example.[19] At this oxidation state, there exists an unpaired

electron and paramagnetic behavior is observed.

There exist a handful of examples in which Pd2+ is octahedrally coordinated

in an oxide. This is remarkable as it leaves two unpaired electrons on each Pd

atom providing opportunities for studies of 4dmagnetism. PdAs2O6 is an antifer-

romagnet with a Néel temperature of 140 K.[20] Isostructural compounds with

3d metals, MnAs2O6, CoAs2O6, and NiAs2O6, have Néel temperatures of 13 K,

20 K, and 30 K, respectively[21]. Further evidence of higher magnetic transition

temperatures with 4d metals is seen in PdF2 with a Néel temperature of 217 K,
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[22] much higher than that of NiF2 at 73 K. [23] A final example of octahe-

dral Pd2+ is Pd(S2O7) with a ferromagnetic transition at 12 K. [24] It is evident

that more electronegative counter-ions are necessary to weaken the crystal field

splitting of the 4d orbitals and promote octahedrally coordinated Pd2+. This

creates a great challenge in the preparation of these materials because, as previ-

ously mentioned, more electropositive cations are generally necessary to provide

stability in complex palladium oxides. Thus, the known examples of magnetic

palladium oxides are rather unstable and extremely air and moisture sensitive.

An attractive property of many complex palladium oxides, and the primary

focus of this work, is their ability to be readily hole-doped. As discussed, the

square planar crystal field splitting leads most complex palladium oxides to be

diamagnetic, band semiconductors. The band gaps can be rather small based

on the connectivity of the square planes, and the Pd 4d states make up a sig-

nificant fraction of the states proximal to the Fermi level. These factors prompt

holes doped into the valence band to be mobile and drive metallic behavior in

many complex palladium oxides. PdO is the most simple example of this effect

in which only 1% Li substitution onto the Pd site results in a transition from

semiconducting behavior (increasing electrical resistivity with decreasing tem-

perature) to metallic behavior (decreasing electrical resistivity with decreasing

temperature). [25] Complex palladium oxides are an ideal playground in which
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to study the fundamental phenomena and mechanisms of these transitions as

the effects of electron-electron correlations, spin-orbit coupling, and magnetism

are limited.

1.3 Insulator-Metal Transitions and Hole-Doping

in Oxides

The study of insulator-metal transitions has attracted a considerable amount

of attention from solid-state chemists and condensed matter physicists and con-

tinues to be a fruitful research area for both fundamental science and functional

applications.[26–28] The diverse natures of these transitions are a subject of

intense discussions in a search for more complete understandings. Indeed, this

is clearly evident in the simple vanadium oxides. Since the 1950’s, it has been

known that a temperature driven insulator-metal transition in various vanadium

oxides can result in an extreme changes of electrical resistivity by over 5 orders

of magnitude at a range of temperatures.[29] However, the driving force behind

these transitions, whether its caused by a structural Pierels distortion, driven by

electron-electron correlation, or some combination of the two is still a matter of

debate even today. [30–33]

9



A compilation of many materials systems that undergo similar temperature

driven insulator-metal transitions is given in Figure 1.2 from Professor James

Rondinelli at Northwestern. The location of the bar corresponds to the insulator-

metal transition temperature (TMIT) and the height and location represents the

magnitude of the resistivity before and after the transition. Understanding these

transitions and how to control their transition temperature and electrical re-

sistivity change is crucial for their use in a number of electronic applications.

Beyond temperature driven transitions, other mechanisms include, pressure,

photo-induced, and compositionally driven insulator-metal transitions. [27, 28]

Compositionally driven insulator-metal transitions, like in many complex

palladium oxides, involve the doping of carriers into a material in order to drive

it from an insulating or semiconducting state, into a metallic one. This can be

accomplished through electron or n-type doping which inserts electrons into the

conduction band of a material, or through hole or p-type doping which involves

the removal of electrons from the valence band, or equivalently the insertion of

holes into the valence band. Understanding how these transitions progress and

controlling the extent of the transition is important for a number of applications

such as increasing the superconducting transition temperature in the high Tc

cuprates, [34], or optimizing the power factor in thermoelectric materials. [35]

Compositionally driven insulator-metal transitions in complex palladium ox-
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Figure 1.2: Resistivity versus temperature of various materials undergoing tem-

perature driven insulator-metal transitions. The bar location is the temperature

of the transition while the bar height describes the change in resistivity across

the transition.
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ides are rather rare examples of non-magnetic oxides that can be successfully

hole-doped. It is common for hole-doping attempts in oxides to result in im-

mobile, localized holes on the oxygen atoms. This problem is clearly illustrated

in the field of transparent conducting oxides (TCOs) in which n-type tin doped

indium oxide possess great carrier mobility, while the search for comparable

p-type materials remains ongoing. [36, 37] Thus, from a fundamental perspec-

tive, understanding hole-doping in complex palladium oxides and the related

insulator-metal transition mechanisms is a fruitful endeavor. In addition, the

high thermoelectric performance in many degenerately doped semiconductors

further prompts the study of these transitions in complex palladium oxides for

functional applications.

1.4 Oxide Thermoelectrics

As about half of all energy produced in the United States is lost as waste heat,

[38], utilizing thermoelectric materials, which convert a heat gradient into elec-

tricity, to recapture this lost energy is an appealing notion. Oxide materials in

particular are ideal for certain thermoelectric applications due to their high tem-

perature air stability. [39, 40] The performance of a material as a thermoelectric

is governed by its dimensionless figure of merit, ZT , given below
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ZT =
S2

κρ
T (1.1)

in which S is the Seebeck coefficient, κ is the thermal conductivity, ρ is the

electrical resistivity, and T is the temperature.

A high Seebeck coefficient corresponds to a larger voltage created across a

given temperature gradient over a material. Thermal conductivity should be

as low as possible to ensure a strong temperature gradient, and electrical re-

sistivity should be minimized to promote charge flow. The Seebeck coefficient

and electrical resistivity can be thought of as contraindicated properties as the

Seebeck coefficient is increased with increasing effective carrier mass and low

carrier concentrations, while the electrical resistivity is lowered with lower ef-

fective masses and higher carrier concentrations. Correspondingly, insulators

have larger Seebeck coefficients, typically hundreds of µV/K, with prohibitively

high electrical resistivities. Conversely, metals have low electrical resistivities

and also near zero Seebeck coefficients. Thus, it is of no surprise that high ther-

moelectric performance is found in many doped semiconductors or semimetals

in which the electrical resistivity is sufficiently low without a precipitous drop in

the Seebeck coefficient. The electronic properties of a given thermoelectric ma-

terial can be optimized through doping, but both can rarely be simultaneously
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improved, and thus large improvements in the figure of merit of electronically

optimized materials are primarily achieved by lowering the thermal conductiv-

ity.

It is of interest to explore new materials for thermoelectric applications

which may have intrinsically favorable electronic properties. The discovery of

a high Seebeck coeffcient with metallic resistivities in NaxCoO2 has prompted

an increased effort in the field of oxide thermoelectrics.[41] Research has since

attributed this high performance to a high degree of spin degeneracy on the

mixed 3+/4+ cobalt ions. [42] Most of the state of the art oxide thermoelectrics

are cobalt based and structurally analogous to NaxCoO2. Still, a promising n-

type oxide thermoelectric remains elusive, prompting the study of new materials

systems to better understand design principals and search for high performance.
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Chapter 2

High Thermopower with Metallic

Conductivity in p-Type

Li-Substituted PbPdO2

PbPdO2 is a band semiconductor with a band gap arising from the filled

d8 nature of square-planar Pd2+. We establish that hole doping through Li

substitution for Pd in PbPdO2 results in a p-type metallic oxide with a posi-

tive temperature coefficient of resistance for substitution amounts as small as

1The contents of this chapter have substantially appeared in Reference[43]. Reproduced with
permission from : L. K. Lamontagne, G. Laurita, M. W. Gaultois, M. Knight, L. Ghadbeigi, T. D.
Sparks, M. E. Gruner, R. Pentcheva, C. M. Brown, R. Seshadri, High Thermopower with Metallic
Conductivity in p-Type Li-Substituted PbPdO2, Chem. Mater. 28 (2016) 3367–3373. Copyright
2016 American Chemical Society.
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2 mol % of Li for Pd. Furthermore, PbPd1−xLixO2 demonstrates a high Seebeck

coefficient, and is therefore an oxide thermoelectric material with high ther-

mopower despite the metallic conductivity. Up to 4 mol % Li is found to sub-

stitute for Pd as verified by Rietveld refinement of neutron diffraction data. At

this maximum Li-substitution, the resistivity is driven below the Mott metallic

maximum to 3.5×10−3 Ω cm with a Seebeck coefficient of 115µV/K at room

temperature which increases to 175µV/K at 600 K. These electrical properties

are almost identical to the well-known p-type oxide thermoelectric NaxCoO2.

Non-magnetic Li-substituted PbPdO2 does not possess a correlated, magnetic

state with high spin degeneracy as found in some complex cobalt oxides. This

suggests that there are other avenues to achieving high Seebeck coefficients with

metallic conductivities in oxide thermoelectrics. The electrical properties cou-

pled with the moderately low lattice thermal conductivities allow for a zT =

0.12 at 600 K; the maximum temperature measured here. The trend suggests

yet higher values at elevated temperatures. First-principles calculations of the

electronic structure and electrical transport provide insight into the observed

properties.
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2.1 Introduction

Thermoelectric materials develop an electrical potential when subject to a

temperature gradient owing to the Seebeck effect, and conversely develop a

thermal gradient when subject to an electrical potential through the Peltier

effect. Devices made from such thermoelectric materials are currently used

for refrigeration and heating, and are being widely explored for waste heat

recovery.[35] To be effective, these materials must have low electrical resis-

tivities to conduct the charge carriers with minimal loss, and a high Seebeck

coefficient to produce sufficient voltages. Additionally they should have mini-

mal lattice thermal conductivity, since the thermal gradient must be maintained.

These properties combine in a dimensionless thermoelectric figure of merit zT

given by the formula zT = S2T/(ρκ), where S is the Seebeck coefficient, ρ is

the electrical resistivity, and κ the total thermal conductivity, measured at tem-

perature T . In addition to their utility, thermoelectric measurements provide

deep insights into the electrical and thermal transport properties of materials,

including insight into the underlying band structure.

Oxide materials possess many attractive qualities for waste heat recovery as

they are generally light weight materials with the potential for high tempera-

ture air stability.[39, 40] However, oxide materials have not reached the level

17



of performance of current state-of-the-art main group thermoelectrics. This is

in part due to higher thermal conductivities compared to other material fami-

lies, but is additionally a result of low power factors (S2/ρ). While many oxides

possess favorable Seebeck coefficients, finding oxides with the necessary metal-

lic conductivities while retaining these high Seebeck coefficients has proved

difficult.[44] Currently, the highest performing oxide materials are p-type com-

plex cobalt oxides which sprung from the discovery of high thermopower in

metallic NaxCoO2.[41] These compounds possess metallic resistivities yet retain

high Seebeck coefficients. A key feature in all of the promising cobalt oxides

are CoO2 layers comprising mixed valent Co3+ and Co4+. The highly correlated,

mixed valent cobalt ions provide the necessary electrical properties, and the lay-

ered structure results in a low thermal conductivity, giving rise to a modestly

high thermoelectric performance.

With the promising performance of the complex cobalt oxides, research into

the thermoelectric properties of other oxide materials has been of interest. Misfit

rhodium oxides have been explored as the 4d analogues of the cobalt oxides and

have shown comparable room temperature Seebeck coefficients with metallic

conductivities.[45–47] However, the exploration of other 4d metal compounds

has been relatively sparse.

Complex oxides of palladium are particularly interesting as many are
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Figure 2.1: Depictions of the orthorhombic Imma (space group #74) crystal

structure of PbPdO2. (a) Shows the corrugated layers of corner-connected PdO4

square planes, arranged in a checkerboard pattern as seen in the top view in

(b). Pb atoms (large spheres) are 4-coordinate with O, capping PbO4 square

pyramids between the Pd–O layers.

19



known to undergo compositionally driven metal-insulator transitions with hole

doping,[48, 49] and the transitional regime is often a fertile playground for

thermoelectric research. PdO itself is driven metallic with as little as 1 mol % Li

substitution.[25] p-type oxide metals starting from non-magnetic parent com-

pounds are relatively uncommon, prompting the investigation of their thermo-

electric properties. PbPdO2 is an attractive material for thermoelectric investi-

gation due to its layered nature of Pd square planar units (suggesting poten-

tially lower thermal conductivity) and the possibility for hole doping (suggest-

ing control of electrical properties). PbPdO2, like many other complex palla-

dium oxides, is a small band gap semiconductor. Below 100 K, the resistiv-

ity has been reported to display semiconducting behavior ie. it increases with

decreasing temperature. Above 100 K, the material behaves like a metal with

resistivity increasing with temperature.[50] The structure shown in Figure 4.1

consists of layers of Pb atoms, with the lone pairs pointing in the plane, alter-

nating with layers of square planar PdO4 units. These PdO4 square planes form

a two dimensional tilted checkerboard pattern.[51] PbPdO2 has attracted at-

tention following suggestions from preliminary electronic structure calculations

that it could behave potentially as a spin gapless semiconductor with appropri-

ate substitution.[52, 53] More recent calculations using hybrid functionals have

pointed to the existence of a small band gap.[54] PbPdO2 has been shown pre-
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viously to incorporate Co[55, 56] and Cu[57] onto the Pd site. The small band

gap and potential to control electrical properties through aliovalent substitution,

coupled with an interesting layered structure, makes it attractive for exploring

thermoelectric properties.

Here we report the thermoelectric performance of polycrystalline Li-

substituted PbPdO2 at elevated temperatures. Rietveld refinements of neutron

diffraction patterns confirm the Li substitution onto the Pd site, with a solubility

limit of approximately 4 mol % Li. With Li-substitution, we observe a 10-fold

decrease in the resistivity to below the Mott metallic limit without a precipitous

drop in the Seebeck coefficient. Metallic conductivities with Seebeck coefficients

nearing 200µV/K at 600 K are remarkable in a non-magnetic oxide material,

and points to the need to explore other oxide systems for thermoelectric perfor-

mance. The experimental results are backed up with density functional theory

electronic structure calculations, including calculations of the Seebeck coeffi-

cient within Boltzmann transport theory, which suggest that the unusually high

power factor is likely to have its origins in the unusual band structure, rather

than as a result of spin or charge correlation.
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2.2 Methods

Polycrystalline samples of PbPdO2 without and with Li substituting for Pd

were prepared by heating stoichiometric amounts of PbCO3, PdO, and Li2CO3

powders. The precursors were finely ground using an agate mortar and pestle

and pressed into pellets at 100 MPa. The pellets were placed on beds of powder

of the same composition to prevent contamination from the alumina crucible.

Reactions were carried out at 700 ◦C for 12 hours. Samples were reground and

reheated several times (typically three times) to ensure a complete reaction of

the precursors.

Laboratory X-ray diffraction studies were carried out on samples mixed with

a silicon standard on a Panalytical Empyrean diffractometer with Cu-Kα ra-

diation. Neutron diffraction studies on samples loaded in vanadium cans at

room temperature employed a constant λ = 2.078 Å wavelength from a Ge-

(311) monochromator of the BT-1 neutron powder diffractometer at the Na-

tional Institute for Standards and Technology (NIST). Neutron powder diffrac-

tion was carried out on the stoichiometric and the highest Li-substituted sam-

ple. Rietveld[58] refinement was performed using the TOPAS academic soft-

ware suite.[59] Crystal structures were visualized using VESTA.[60] Prior to the

0Certain commercial equipment, instruments, or materials are identified in this document.
Such identification does not imply recommendation or endorsement by the National Institute of
Standards and Technology nor does it imply that the products identified are necessarily the best.
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measurement of physical properties, the resulting powders were compacted into

dense pellets using Spark Plasma Sintering (SPS), following details described

previously.[61] Densification was carried out at T = 950 K, as measured by a

pyrometer, for 15 minutes under vacuum, with residual Ar flow. Neutron diffrac-

tion measurements carried out before and after the SPS treatment did not reveal

any significant changes in the structure and composition. Pycnometry measure-

ments conducted on a Micromeritics AccuPyc 1340 Pycnometer confirm sample

densities greater than 95% of the theoretical density for all samples. Elemental

analysis was performed on the stoichiometric and highest substituted samples

by Galbraith Laboratories, Knoxville TN. For the nominal composition PbPdO2,

the analysis gave Pb:Pd weight ratio of 60.9%:28.0 (expected 59.9%:30.8%)

and for the nominal 8 mol % Li-substituted sample, the analysis gave a Pb:Pd:Li

ratio of 59.7%:26.5%:0.168% (expected 61.3%29.0%:0.164%). The Seebeck

coefficient and electrical resistivity were measured in a He atmosphere under-

pressure using an ULVAC Technologies ZEM-3 instrument. Hall coefficients were

measured at 11 K using a 4 probe configuration on a Quantum Design Dynacool

PPMS. Thermal diffusivity was measured using the laser flash technique be-

tween room temperature and 973 K under an air atmosphere on a Netzsch LFA

457 system. Pellets for the measurement, approximately 8 mm in diameter and

2 mm thick, were sprayed with a layer of carbon paint in order to minimize er-
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rors in the emissivity. The thermal conductivity was calculated using κ = αCpρ,

where α, Cp, and ρ are thermal diffusivity, heat capacity, and density, respec-

tively. The Cowan model[62] for determining diffusivity, and the Dulong-Petit

molar heat capacity, Cp = 3R, were employed.

The electronic structure of unsubstituted PbPdO2 was calculated us-

ing density functional theory (DFT) as implemented in the Vienna ab ini-

tio Simulation Package VASP[63, 64] with projector-augmented wave (PAW)

pseudopotentials.[65, 66] A cut-off energy of 500 eV was employed, which is

substantially above the requirements for the potentials and scalar-relativistic

corrections. For structure optimization and band structure calculations, the

Perdew-Burke-Ernzerhof exchange-correlation functional within the generalized

gradient approximation (GGA-PBE) was employed.[67] The standard primitive

unit cell of the conventional body-centered orthorhombic cell was obtained us-

ing AFLOW.[68] A Γ centered k-mesh of 8×8×8 was used for structure optimiza-

tion. The Brillouin zone paths for band structure calculations were adapted from

Setyawan and Curtarolo.[69] Additional calculations of the density of states

(DOS) employed the HSE06 screened hybrid functional.[70] Spin-orbit coupling

(SOC) can be important for empty Pb2+ 6p states.[71] Calculations of the band

structure with and without spin-orbit coupling verified that valence band states,

which are the important consideration here, are not impacted by the exclusion
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of SOC. Transport properties were calculated at constant carrier concentration

using Boltzmann transport theory in the constant relaxation time approxima-

tion. We employed the BOLTZTRAP code[72] based on k-dependent eigenvalues

obtained from DFT calculations performed with VASP. Further details of how

such calculations were carried out are provided alongside the results of the cal-

culations.

2.3 Results and discussion

2.3.1 Preparation and characterization

Various amounts of Li were substituted into PbPdO2 to study the change in

electronic properties. Li+ was expected to substitute for Pd2+ rather than Pb2+

because of their similar Shannon-Prewitt ionic radii: 0.590 Å for 4-coordinate

Li+, 0.64 Å for 4-coordinate square planar Pd2+, and 0.98 Å for 4-coordinate

Pb2+.[73] Rietveld refinement of neutron diffraction patterns was performed to

confirm the location and amount of Li substitution into the structure as Li poorly

scatters X-rays. The samples studied here are post-SPS, and represent the ma-

terials whose physical properties were measured. Figure 2.2 shows the Rietveld

refinements of both (a) the stoichiometric PbPdO2, and (b) the nominally sub-

25



Figure 2.2: Rietveld refinements of neutron diffraction data of (a) pristine

PbPdO2 and (b) the nominally 8 mol %-substituted PbPd0.92Li0.08O2, showing the

quality of the fits. The top panel indicates the Bragg reflection marks for PbPdO2.

Asterisks mark the positions of reflections from the vanadium sample can.
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stituted PbPd0.92Li0.08O2; the results of which are summarized in Table 2.1. The

Li occupancy on the Pd site for the nominally 8 mol %-substituted sample was

determined to be 4.2(9)%. The Pd and Li occupancy was constrained to sum

to 1. The excess Li is not observed in neutron diffraction, though elemental

analysis matches the nominal Li content. The Li impurity phase is most likely

too small to see in diffraction data. Refinements with the Li on the Pb site were

conducted, but did not improve the fits, supporting the Li substitution on the Pd

site.

In further support for Li substitution for the Pd, the bond valence sums (BVS)

for Li on both the Pd and Pb sites were calculated.[74] Li on the Pd site with

a Li–O bond distance of 2.029 Å gives a BVS = 0.87. On the Pb site, the Li–O

distance is 2.339 Å, giving a BVS = 0.38. While both sites leave Li underbonded,

Li on the Pd site is more favored as the BVS is closer to the ideal value of BVS = 1

for Li+.

For the nominally 8 mol % Li substitution, PbO impurities were observed by

diffraction prior to SPS. No PbO phase is observed after SPS possibly due to the

reducing atmosphere of the SPS process which can result in Pb being reduced

and melted into the graphite die. In addition to densifying the material, SPS

appears to introduce approximately 6 % Pb vacancies in the samples, while no

oxygen vacancies were observed.
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Table 2.1: Structural parameters of PbPdO2 at room temperature, as determined

by Rietveld refinement of neutron diffraction data. Orthorhombic space group:

Imma (#74) The sites are Pb 4e (0, 1
4
, z); Pd 4c (1

4
, 1
4
, 1
4
), and O 8f(x, 0, 0).

Nominal Composition PbPdO2 PbPd0.92Li0.08O2

a (Å) 9.4394(4) 9.4358(6)

b (Å) 5.4508(2) 5.4487(3)

c (Å) 4.6514(2) 4.6470(3)

Pb Occupancy 0.94(1) 0.927(9)

Li Occupancy – 0.042(9)

Pb z Position 0.7751(6) 0.780(7)

O x Position 0.3488(4) 0.3498(5)

Pb Uiso (Å2) 0.010(1) 0.012(1)

Pd/Li Uiso (Å2) 0.005(2) 0.004(2)

O Uiso (Å2) 0.010(1) 0.014(1)

O–O–O (◦) 102.5(2) 101.9(3)

Rwp (%) 3.9 3.5
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The change of the lattice parameters with Li substitution was monitored to

further understand structural and compositional changes. Figure 2.3 shows the

room temperature resistivity, lattice parameters and unit cell volume as a func-

tion of substitution. The room temperature resistivity drops below the Mott

metallic limit of 10−2 Ω cm with as little 2 % Li substitution and only decreases

slightly with further substitution. Upon substitution, the a and b lattice parame-

ters remain relatively constant, while the c axis contracts with Li content up to

4 mol % Li. A lattice contraction is expected due to the smaller Li ion as well

as the necessary oxidation of Pd2+ to Pd3+ to maintain neutrality. The c lattice

parameter remains constant after 4 % Li substitution, which suggests a solubility

limit of Li into the structure further supporting the refined Li occupancy values

from neutron diffraction of the nominal 8 mol % sample. This also explains the

PbO impurity phase in the higher-substituted samples. The small solubility limit

of Li potentially arises from steric resistance to further lattice contraction from

the Pb lone pairs, and resistance of Pd to further oxidize.

Ozawa et al. have reported that the angle of the Pd square planes can affect

the electrical properties.[57] The difference in this angle with Li substitution

(O–O–O()inTable2.1)isonly0.6 . Thus, a slight change in orbital overlap is not

likely to significantly affect the electrical properties relative to the increased

charge carriers from hole-doping.
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Figure 2.3: Room temperature resistivity, lattice parameter and unit cell volume

changes as a function of Li substitution in PbPdO2. Only the c parameter changes

significantly up to 4 mol % Li. The constant values above 4 mol % suggest a

solubility limit of Li in the structure. Error bars indicate one standard deviation.

2.3.2 Electrical transport and Seebeck coefficient

The electrical properties of PbPdO2 with substitution are shown in Figure

2.4. Stoichiometric PbPdO2 shows a room temperature resistivity of 0.037 Ω cm,

which is considerably lower than the 0.75 Ω cm reported by Ozawa and co-

workers.[50] The difference can be attributed to the densification of the ma-

terial through SPS. Upon substitution with 4 mol % Li, the room temperature

resistivity drops to 3.5×10−3 Ω cm. The Seebeck coefficient is 215µV/K at room

temperature for PbPdO2. This is also substantially higher than previous reports,
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possibly due to densification from SPS. It is unusual for both the resistivity and

Seebeck coefficient to change favorably, highlighting the importance of dense

pellets not only for their robustness, but also for optimal performance. Upon

substitution with Li, the Seebeck coefficient drops, but the room temperature

value is still greater than 100µV/K for all substitutions and increases with tem-

perature. Because of instrumental constraints requiring a He atmosphere for

sample measurements, it was not possible to reliably measure samples at higher

temperatures due to surface reduction. Therefore, peak Seebeck coefficients are

not reached for the temperatures measured and approach 200µV/K at 600 K.

However, the materials are stable in air to temperatures of 1000 K at which

even higher Seebeck coefficients would be expected.

Hall measurements on the stoichiometric and 8 mol % Li substituted sam-

ples suggested carrier concentrations of 1.88×1018 cm−3 and 3.72×1018 cm−3

respectively. These concentrations are an order of magnitude higher than the

the value of 1.8×1017 cm−3 reported by Ozawa and co-workers[50] which in

turn explains why we observe an order of magnitude difference in resistivity

(lower in the samples measured here). It is expected, that given an order of

magnitude decrease in the resistivity with Li substitution, we would see a corre-

sponding increase in the carrier concentration. We see only a slight increase.

The resistivity and Seebeck coefficient values obtained for the polycrys-
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Figure 2.4: (a) Resistivity and (b) Seebeck coefficients for PbPd1−xLixO2. The

resistivity drops by an order of magnitude with 2 mol % substitution while the

Seebeck coefficient drops by 100 µV/K. The Seebeck coefficients of the Li-

substituted samples increase with temperature and approach 200µV/K at 600 K.
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talline Li-substituted PbPdO2 materials are almost identical to those of poly-

crystalline NaxCoO2−δ, which has a Seebeck coefficient of 100µV/K and re-

sistivity of 2×10−3 Ω cm at 300 K.[75] Single crystals of some complex cobalt

oxides are the highest performing oxide thermoelectric materials and many

different compositions have been explored since the discovery of high ther-

mopower in NaCoO2. [76, 77] Central to the thermoelectric performance of

these cobaltate compounds is the high Seebeck coefficient with metallic resis-

tivities. When first observed, the Heikes formula[78] was unable to explain

the unexpected thermopower at high temperatures. Koshibae and co-workers

proposed a generalized Heikes formula for these compounds which explained

the high thermopower at elevated temperatures,[79, 80] by accounting for the

spin and orbital degeneracies associated with Co3+ and Co4+ in various spin

states, supported by the observed reduction in the Seebeck with applied mag-

netic fields.[42] Other explanations point to unique band structures for this class

of materials. [81–83]

Interestingly, Li-substituted PbPdO2 consists of almost entirely diamagnetic

square-planar, Pd2+ except for the small number of holes that dope into the Pd–O

conduction band. This implies that the relatively high Seebeck coefficient must

arise for reasons distinct from what is observed in the complex cobalt oxides.
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2.3.3 Electronic structure and Boltzmann transport analysis

The electronic structure of PbPdO2 was calculated to better understand the

electronic properties and is shown in Figure 2.5. The GGA-PBE band structure

suggests a semi-metal with the valence band maximum at the Z point and the

conduction band minimum at the Γ point. On either side of the valence band

maximum are flat regions that then disperse towards peaks at the T and Y

points. The presence of both flat and disperse bands just under the Fermi level

may explain the high Seebeck coefficient, in conjunction with moderately high

mobility in the hole-doped compound. GGA-PBE is known to underestimate the

band gap in PbPbO2,[54] and leads to the semimetal prediction. In order to

more reliably obtain the expected band gap of the material, hybrid functionals

(HSE06) were employed to calculate the DOS.

Hybrid functionals such as HSE06[70], which usually yield more realistic

band gaps, were employed to obtain the densities of state of PbPdO2, as shown

in Figure 2.6(a). The calculations employed 25% Hartree-Fock exchange. It

is seen that the valence band comprises mostly Pd d states and the filled O p

states, while the conduction band has components of Pd d and Pb s and p states.

Since a dense mesh of k-points are necessary to obtain acceptable accuracy for

Boltzmann transport calculations, we did not continue with the computation-
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Figure 2.5: Band structure PbPdO2 using the GGA-PBE functional, which pre-

dicts a semimetal with regions of flat and disperse bands below the Fermi level.
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Figure 2.6: Element-resolved electronic density of states of PbPdO2 from (a)

HSE06 hybrid functional calculations and (b) GGA + U calculations with Ueff

= 3 eV. The two bottom panels, (c) and (d) respectively display the chemical

potential µ and the trace of the Seebeck coefficient tensor S as a function of

doping, as obtained from Boltzmann transport calculations.
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ally expensive HSE06 calculations, which were limited to a comparatively small

k-point mesh of 83 in the full Brillouin zone. Instead, we used the GGA + U

scheme in the rotationally invariant scheme of Dudarev et al.,[84] where we

invoked a Hubbard U term on the Pd-d states to correct for static correlations,

using a value of U between 2.65 eV and 5.65 eV. J was fixed to 0.65 eV in both

cases. Calculations of the band structure were carried out with and without

SOC (which is computationally expensive) and it was verified that the valence

band structure, which is of relevance to the hole-doping studied here, is largely

unchanged upon ignoring SOC effects, and SOC was not employed for the trans-

port calculations. The computationally simpler scheme allowed us to employ

313 k-points (ie. 29791 k-points) in the full Brillouin zone which, in combina-

tion with the standard settings for BOLTZTRAP, provided sufficiently converged

transport properties in the prior, similar case of PtCoO2.[85] Starting approxi-

mately from Ueff = U − J = 3 eV, a band gap opens that is significantly smaller

than the gap obtained with the hybrid functional as seen in Figure 2.6(b). How-

ever, the absolute position of the peaks, the overall shape of the DOS, and char-

acter and hybridization of states are rather similar for the valence band, for the

HSE06 calculation and for the Ueff = U − J = 3 eV, calculation.

Panels (c) and (d) of Figure 2.6 respectively display the chemical potential µ

and the trace of the Seebeck coefficient tensor, as a function of filling in terms of
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doping of holes or electrons per formula unit, as obtained from the Boltzmann

transport calculations. As one removes electrons from PbPdO2 and dopes holes

into the valence band, it is seen that the chemical potential does not change very

much, even for quite substantial doping [Figure 2.6(c)]. The Seebeck coefficient

was seen to be somewhat isotropic, and therefore only the trace of the Seebeck

tensor S is displayed here. S is seen to rapidly drop just as one introduces holes

into PbPdO2, with the values ranging between 150µV K−1 to 30µV K−1 at 300 K

for small hole doping levels. In addition, as seen in the experimental data, that

values at 600 K are substantially larger than those at 300 K. The trend and the

magnitude of the values encourage the comparison with experiment, and sug-

gest that even simple Boltzmann transport theory captures some of the physics

in this system. To ensure that the results presented here are not excessively

sensitive to the value of the Hubbard U that was selected, we also performed

calculations using Ueff = 5 eV, and found substantially similar results to the ones

found for Ueff = 3 eV.

2.3.4 Thermal conductivity and thermoelectric figure of merit

The thermal conductivities of stoichiometric PbPdO2 and PbPd0.96Li0.04O2

were measured from room temperature to 973 K. At the highest measured tem-
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Figure 2.7: (a) Thermal conductivity and (b) zT of PbPd1−xLixO2 samples ob-

tained from the electrical and thermal transport measurements. The thermal

conductivity of 4 W m−1 K−1 gives Li-substituted PbPdO2 a zT = 0.12 at 600 K.

Higher zT values are anticipated as the temperature is further increased.
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perature of 973 K, the values for both samples approach 2.5 W m−1 K−1. Low

thermal conductivity is expected from the crystal structure, which consists of a

layered arrangement of heavy Pb atoms, and potentially, lattice anharmonicity

due to the lone pairs in an asymmetric coordination environment.[86] However,

the measured values of the thermal conductivity are somewhat high for an ef-

fective thermoelectric. Applying the Wiedemann-Franz law, κel = LT/ρ, where

κel is the electronic contribution to thermal conductivity and L is 2.44×10−8

W Ω K−2, we obtain a κel of about 0.36 W m−1 K−1 for the Li-substituted sample

at the highest temperature, leading to lattice thermal conductivities just greater

than 2 W m−1 K−1. For example, at temperatures near 700 K, widely used ther-

moelectrics have values of lattice thermal conductivity below 1 W m−1 K−1.[44]

The thermal conductivity can be combined with the electrical properties to give

the thermoelectric figure of merit, zT = S2T/(ρκ). Figure 2.7 shows the mea-

sured thermal conductivity and the resulting zT . The Li-substituted sample of

PbPdO2 has a zT = 0.12 at 600 K. It is clear that the peak zT has not been

reached and electrical measurements to higher temperature would yield even

higher zT values due to smaller thermal conductivities and larger Seebeck coeffi-

cients. In addition, single crystals of Li-substituted PbPdO2 could show markedly

decreased resistivities similar to what is seen in NaxCoO2 in which the resistiv-

ity at 800 K drops from 3.6×10−3 Ω cm to 5.2×10−4 Ω cm [75], without signifi-
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cant effects on the Seebeck coefficient or thermal conductivity, and therefore yet

higher values of zT .

2.4 Conclusion

Li has been substituted for Pd in PbPdO2, corresponding to hole doping. The

Li substitution site and level of substitution have been established through Ri-

etveld refinement of neutron diffraction data. The substitution limit appears to

be close to 4 mol % Li substitution, beyond which evidence for further substi-

tution is not observed. Metallic resistivities are reached with as little as 2 % Li

substitution for Pd. The Seebeck coefficient of the substituted samples remains

high, at >100µV/K at room temperature and approaches 200µV/K at 600 K.

Despite the relatively high lattice thermal conductivity of the compound, a zT

= 0.12 is measured at 600 K. Similar electrical properties are observed in the

high performing complex cobalt oxide compounds, arising from spin and orbital

degeneracy, which are not present in Li-substituted PbPdO2. Our findings sug-

gest potentially new avenues to achieving high performing oxide thermoelectric

materials, and encourage the search for such properties in oxides of more earth-

abundant metals than the ones studied here.
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Chapter 3

Hole Doping in LiBiPd2O4 through

Li1+ and Pb2+ Substitution

LiBiPd2O4 is a band semiconductor structurally analogous to PbPdO2 with

half of the Pb2+ replaced by Li1+ and half by Bi3+. We establish that as in

PbPdO2, LiBiPd2O4 can successfully be hole-doped through Li substitution for

Pd and also through Pb substitution for Bi. Both avenues of hole doping are

observed to decrease the electrical resistivity by over three orders of magnitude,

decreasing from 105 Ωcm to 100 Ωcm. The electrical resistivity of hole-doped

LiBiPd2O4 is four orders of magnitude higher than that of hole-doped PbPdO2

precluding its study of further thermoelectric properties. Electronic structure

1Michael Knight and Ram Seshadri have contributed to the contents of this chapter.
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calculations show that a larger band gap caused by the change in connectivity

of the Pd square planar units is the reason for the increased resistivity. 7Li NMR

has been used to study the successive hole doping in LiBi1−xPbxPd2O4 0 ≤ x ≤

0.2. One Li environment is observed in LiBiPd2O4 as expected due to the one

crystallographic Li site. Upon Pb substitution, up to 5 distinct Li environments

are observed. These new environments may imply an asymmetric distribution

of Pb atoms or the emergence of small, more metallic, regions in a matrix of

insulating material.

3.1 Introduction

In light of the favorable thermoelectric performance of Li-substituted PbPdO2

discussed in the prior Chapter, an effort was conducted to explore other com-

plex palladium oxides for high temperature thermoelectric applications. Li-

substituted PbPdO2 possessed a 2D layered arrangement of the corner connected

Pd square planes. Pb atoms separated the Pd layers. The electrical resistivity

and Seebeck coefficient matched almost identically to NaCoO2 which is the pro-

totypical oxide thermoelectric material. The origin of this high performance in

NaCoO2 is believed to arise from the spin degeneracy of the Co atoms. Con-

sisting almost entirely of diamagnetic Pd2+, the electrical performance of Li-
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substituted PbPdO2 likely arises from other mechanisms.

LiBiPd2O4, first prepared by Laligant et al., [87] was identified as a struc-

turally similar material to PbPdO2 and thus likely to exhibit similar thermoelec-

tric properties. The crystal structure of LiBiPd2O4 and its relation to PbPdO2

is given in Figure 3.1. LiBiPd2O4 can be related to PbPdO2 by replacing half

of the Pb2+ ions with Li1+ and half with Bi3+. Like PbPdO2, LiBiPd2O4 consists

of 2D layers of corner connected Pd square planes. However, they are canted

differently due to the differing ionic radii of the Li and Bi atoms which reside

between the layers. The presence of layered Pd square planes and a heavy atom

with a lone pair of s-electrons suggest that the thermoelectric performance of

these two materials may be similar.

LiBiPd2O4 is also attractive to study due to the multiple possible avenues to

achieve hole-doping and the presence of Li, a preferable nucleus for NMR, in

large quantities. In this study, hole-doping has been achieved though Pb2+ sub-

stitution onto the Bi3+ site which has been shown to decrease the resistivity in

Bi2PdO4. [88] As in PbPdO2, hole-doping has also been achieved by Li+ substi-

tution onto the Pd2+ site. 7Li solid state NMR shows only one Li environment

in LiBiPd2O4 as expected, but many distinct Li environments arise with Pb sub-

stitution. Both Li and Pb substitution decrease the electrical resistivity by over

3 orders of magnitude, but it does not go through an insulator-metal transition,
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remaining too resistive for thermoelectric applications. Calculations of the elec-

tronic structure reveal a large indirect band gap which prevents the transition.

Changes in orbital overlap of the palladium square planes are likely the cause of

the increased resistivity in LiBiPd2O4 compared to PbPdO2.

3.2 Experimental and Computational Methods

Polycrystalline samples of LiBiPd2O4, Li1.1BiPd1.9O4 and LiBi1−xPbxPd2O4 0 ≤

x ≤ 0.2, were prepared by heating stoichiometric amounts of Li2CO3, Bi2O3,

PdO, and PbCO3 powders. The precursors were ground in an agate mortar and

pestle and pressed into a pellet at 100 MPa. The pellets were placed onto beds

of powder of the same composition to prevent contamination from the alumina

crucible. The samples were heated at 700 ◦C for 12 hours in a box furnace. This

procedure was repeated twice to ensure a complete reaction of the precursors.

The crystal structures were characterized by X-ray powder diffrac-

tion on a Panalytical Empyrean powder diffractometer with Cu-Kα radia-

tion. Rietveld[58] refinement was performed using the TOPAS academic

software.[89] Crystal structures were visualized using VESTA.[60] For electri-

cal resistivity measurements, the materials were sintered as bar pellets approxi-

mately 9 mm in length and four copper wires were attached with a silver paste
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Figure 3.1: Crystal Structure of (top) PbPdO2 compared to (bottom) LiBiPd2O4

Pb, Pd, O, Li, and Bi are colored silver, blue, orange, purple, and red respectively.

In both structures, the PdO square planes corner connect in 2D layers. The

differing size of the Li and Bi in LiBiPd2O4 cause the layers to cant slightly.
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before running them in a He refrigerator from 300 K to 25 K. Single pulse 7Li

solid-state magic angle spinning (MAS) NMR experiments were performed at

300 K on a Bruker500 MHz spectrometer. Samples were packed into a 4 mm

zirconia rotor with Kel-F caps and spun at a rate of 10 kHz. The electronic struc-

ture was calculated using density functional theory (DFT) as implemented in the

Vienna ab initio Simulation Package (VASP)[63, 64] with projector-augmented

wave (PAW) pseudopotentials.[66] For structure optimization, the exchange-

correlation was described by Perdew-Burke-Ernzerhof within the generalized

gradient approximation (GGA-PBE)[67] using a Γ center k-mesh of 8×8×8 and

a tetrahedron smearing method.

3.3 Results and discussion

LiBiPd2O4 crystallizes in the tetragonal space group P4/nmm (129). The

layered arrangement of the Pd square planes are canted to allow the lone pair

of the Bi atoms to point along the c axis towards the Pd square planes. This is in

contrast to PbPdO2 in which the lone pair of the Pb atom are directed between

the layers. Polycrystalline LiBiPd2O4 was prepared through a solid state reaction

at 700 ◦C. Up to 20 mol% Pb was found to substitute onto the Bi site before

impurities were observed in the XRD patterns. Excess Li substitution onto the Pd
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site corresponding to a formula of Li1.1BiPd1.9O4 was also confirmed to be phase

pure through XRD. A representative Rietveld refinement of LiBi0.9Pb0.10Pd2O4 is

shown in Figure 3.2. Due to the near identical scattering strength of Pb and Bi

for X-rays, site occupancy refinements could not confirm substitution.

The change in lattice parameters with increasing Pb substitution is presented

in Figure 3.3. The a lattice parameter decreases slightly with increasing Pb

substitution from 6.9034 Å to 6.9022 Å. The c parameter decreases by a larger

amount, from 4.3552 Å to 4.3500 Å. The decrease is expected due to the slightly

smaller ionic radius of Pb2+ compared to Bi3+ as well as the necessary oxidation

of Pd2+ to Pd3+ to maintain charge neutrality. It is of note that the c lattice pa-

rameter decreases by a greater amount compared to the a lattice parameter. The

decreasing c lattice parameter corresponds to lowering the distance between the

Pd square plane layers. The substitution does little to change the orientation or

configuration of the square planes themselves. The successive decrease in lat-

tice parameter and phase purity is strong, albeit indirect, evidence that the Pb

substitution is successfully substituting onto the Bi site in the lattice.

As mentioned in the introduction, 7Li represents an ideal NMR nucleus to

monitor any potential insulator-metal transition in these materials. 7Li is a

quadrupolar spin 3/2 nucleus, though the symmetrical tetrahedral coordina-

tion of the Li atoms should minimize quadrupolar splitting. Li is present in

48



Figure 3.2: Rietveld refinement of laboratory X-ray diffraction data of

LiBi0.9Pb0.1Pd2O4.
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Figure 3.3: Variation of lattice parameters in LiBi1−xPbxPd2O4.
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high abundance before any substitution occurs and successive changes in the

NMR spectrum can be observed with hole doping with the aim to better under-

stand any potential metallic transition in these and related materials. Figure

3.4 shows representative spectra of the Li2CO3 precursor, pristine LiBiPd2O4,

LiB0.9Pb0.1Pd2O4, and Li1.10BiPd1.9O4.

As expected, LiBiPd2O4 shows one distinct Li environment at -2.6ppm,

slightly shifted upfield from the Li2CO3 precursor. The peak does not show any

evidence of a quadrupolar lineshape owing to the tetrahedral coordination of

the Li ion. Differences in peak shape between LiBiPd2O4 and Li2CO3 may be

due to varying relaxation rates between the two materials. Of particular note is

the observed spectrum of LiB0.9Pb0.1Pd2O4. With Pb substitution, at least 5 new,

distinct Li environments are observed. The details and evolution of these peaks

will be discussed in detail.

Finally, the 7Li spectrum of Li1.10BiPd1.9O4 does not show any appreciable

difference from LiBiPd2O4. There is a slight tail to higher ppm which may be

from a new Li environment or a slight amount of Li2CO3 precursor. One would

expect a significant fraction of at least one new Li environment to be observed

in this spectrum which would arise from Li in a square planar coordination. As

evidenced in the resistivity measurements to be discussed, Li substitution for Pd

results in a drastic drop in the electrical resistivity. If small regions in the ma-
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Figure 3.4: 7Li solid state MAS NMR of Li2CO3, LiBiPd2O4, LiBi0.9Pb0.1Pd2O4, and

Li1.1BiPd1.9O4. Numerous new Li environments are evident in LiBi0.9Pb0.1Pd2O4,

while only one Li environment is observed in Li1.1BiPd1.9O4.
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terial begin to exhibit metallic behavior, as believed to happen in CaPd3O4 and

SrPd3O4, [90] the lack of an observable, new Li environment can be explained.

It is likely, a combination of the Knight shift as well has the lower symmetry of

the square planar coordination has significantly broadened and/or shifted the

Li signal. Extended frequency ranges were explored with increased collection

times, but a broad signal was not observed.

The evolution of the NMR spectra with increasing Pb substitution is given in

Figure 3.5. All peaks are scaled by the intensity of the main signal in LiBiPd2O4.

With Pb substitution, 5 new Li environments are evident. These new Li environ-

ments are surprising as the materials are phase pure according to XRD, and thus

suggest there are structural complexities with hole doping. From peak integra-

tion, we see the most intense peak that emerges with Pb substitution comprises

25% of the Li environments at the highest level of Pb substitution. Thus, we

do not believe its origin is that of a Li2O impurity, which also possesses a shift

around 3 ppm. XRD diffraction may not reveal small amounts of impurities

composed of light elements like Li and O, but would certainly show an impurity

phase if 25% of the Bi/Pb had not reacted with the Li precursor. It is of note

that the 3 environments upfield from the main signal (shoulder at -7 ppm, small

peak at -32 ppm, and slightly larger peak at -38ppm) all saturate at a x=0.15

and do not grow relatively larger when x=0.20. The 2 environments downfield
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Figure 3.5: 7Li solid state MAS NMR of LiBi1−xPbxPd2O4. At least 5 new Li

environments are observed with Pb substitution that grow relative to the signal

from pristine LiBiPd2O4. Asterisk denotes spinning sidebands from the 10 kHz

spinning speed.
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(large peak at 3 ppm, smaller peak at 8 pmm) continue to grow relative to the

main signal up through x=0.20.

The Knight shift in Li based metals has been reported to shift the signal up

to 250 ppm for Li metal, [91, 92] though materials with fewer Li-s states near

the Fermi level can show much less of a shift. Li-Sn alloys can have Li chemical

shifts ranging from 6 ppm to 80 ppm.[93] As will be shown through electrical

transport measurements, LiBiPd2O2 is insulating, though the resistivity drops by

three orders of magnitude with Pb substitution. It may be then that the new

Li environments correspond to more conductive regions of material through the

Knight shift or hyperfine splitting from the necessary Pd3+ atoms. An asymmet-

ric distribution of the Pb atoms, through for example dopant clustering, may

also give rise to the multiple signals observed.

The electrical resistivity of pristine and hole-doped LiBiPd2O4 is given in

Figure 3.6. Pristine LiBiPd2O4 is insulating with a resistivity on the order of

105Ω cm. The resistivity does not appreciably change with 10 mol% Pb substitu-

tion. With successive substitution the resistivity drops by 3 orders of magnitude

to 100Ω cm. Interestingly, when excess Li is used to substitute onto the Pd site in

Li1.05BiPd1.95O4, the resistivity is even lower than LiBi0.8Pb0.2Pd2O4. Nominally,

this Pd substitution levels corresponds to 4 times as many holes doped into the

material over the Li substitution. This is consistent with our previous works in
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Figure 3.6: Electrical resistivity of pristine LiBiPd2O4 and hole-doped through

Li or Pb substitution. A larger amount of Pb substitution is needed to get a

comparable drop in resistivity as Li substitution.
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which Li substitution for Pd in PbPdO2 drove an insulator-metal transition with

as little as 2 mol% substitution,[43] where as roughly 15 mol% Na substitution

for Ca was needed to drive a transition in CaPd3O4.[90] Substituting onto the

Pd site likely results in more mobile carriers as the top of the valence band in

these complex palladium oxides consists mostly of Pd-d and O-p states.

Despite the large decrease in resistivity with hole-doping, the materials re-

main much too resistive for thermoelectric applications in which resistivities

<0.01Ω cm are necessary. It is prudent then to discuss the physical and elec-

tronic structure differences between LiBiPd2O4 and PbPdO2 which we have

shown to exhibit favorable electrical properties for thermoelectric applications.

[43] Figure 3.7 shows the electronic band structure calculated through DFT.

LiBiPd2O4 is an indirect band gap semiconductor, like PbPdO2, though it pos-

sesses a much larger band gap. The PBE functional, which is known to under-

estimate band gaps in these materials, predicts a band gap of 1 eV. PbPdO2 is

predicted to be a semimetal using the PBE functional. As the DOS show the

states at the top of the valence band to be comprised of Pd-d and O-p states, it

can be concluded that the differing angles of the Pd square planes result in the

increased electrical resistivity. Decreased orbital overlap, particularly of the dz2

orbital which has been predicted to lead to good conductivity, [94] leads to the

larger band gap and makes conduction more difficult. Hole-doping is success-
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Figure 3.7: Electronic band structure of LiBiPd2O4.
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ful in LiBiPd2O4 as seen through the decrease in resistivity, and 7Li NMR shows

features that are similar to materials that do undergo an insulator-metal transi-

tion. Structural modifications that increase the orbital overlap of the Pd square

planes would likely lead to increased conduction and a complete insulator-metal

transition as seen in PbPdO2.

3.4 Conclusions

LiBiPd2O4 has been prepared and successfully hole-doped through Li sub-

stitution onto the Pd site or through Pb substitution for Bi. Despite only one

crystallographic Li site, 7Li NMR of LiBi1−xPbxPd2O4 displays at least 5 unique

Li environments. Differing distributions of the Pb dopant along with a Knight

shift- like effect, may account for these observations. Despite a decrease in

resistivity of over three orders of magnitude, the hole-doped material remains

insulating and does not transition to a metal as seen in other complex palladium

oxides. A large band gap owing to decreased orbital overlap of the Pd-d orbitals

and O-p orbitals likely lead to more insulating behavior. This work highlights

the importance of structural considerations when exploring new functionality

in materials, and the potential for local probes such as NMR in understanding

transition mechanisms with chemical substitutions.
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Chapter 4

The Role of Structural and

Compositional Heterogeneities in

the Insulator-to-Metal Transition in

Hole-Doped APd3O4 (A = Ca, Sr)

The cubic semiconducting compounds APd3O4 (A = Ca, Sr) can be hole-

doped by Na substitution on the A site and driven towards more conducting

1The contents of this chapter have substantially appeared in Reference [90]. Reproduced
with permission from: L. K. Lamontagne, G. Laurita, M. Knight, H. Yusuf, J. Hu, R. Seshadri,
K. Page, The Role of Structural and Compositional Heterogeneities in the Insulator-to-Metal
Transition in Hole-Doped APd3O4 (A = Ca, Sr) Inorg. Chem. 56 (2017) 5158–5164. Copyright
2017 American Chemical Society.
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states. This process has been followed here by a number of experimental tech-

niques in order to understand the evolution of electronic properties. While an

insulator-to-metal transition is observed in Ca1−xNaxPd3O4 for x ≥ 0.15, bulk

metallic behavior is not observed for Sr1−xNaxPd3O4 up to x = 0.20. Given

the very similar crystal and (calculated) electronic structures of the two mate-

rials, the distinct behavior is a matter of interest. We present evidence of local

disorder in the A = Sr materials through the analysis of the neutron pair distri-

bution function which is potentially at the heart of the distinct behavior. Solid-

state 23Na nuclear magnetic resonance studies additionally suggest a percolative

insulator-to-metal transition mechanism wherein presumably small regions with

a signal resembling metallic NaPd3O4 form almost immediately upon Na substi-

tution, and this signal grows monotonically with substitution. Some signatures

of increased local disorder and a propensity for Na clustering are seen in the A

= Sr compounds.

4.1 Introduction

The study of insulator-to-metal transitions is an important topic in the fields

of materials chemistry and condensed-matter physics. The profound change

in properties associated with the transition are of great fundamental interest,
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even at the level of separating the elements into metals and non-metals.[26]

In addition, a huge range of useful materials functionalities are often found

associated with materials that display such transitions.[27, 28] In particular,

understanding compositionally driven insulator-to-metal transitions in which

carriers are doped into a material can lead to tuned carrier concentrations for

optimal electrical properties in thermoelectric materials[35] or elevated Tc in

superconductors.[34] An important question regarding the nature of the transi-

tion driven by charge carrier doping into semiconducting or insulating hosts is

whether the transition is percolative (in the sense of forming as puddles of metal

in the insulating background that coalesce at some concentration and drive the

entire system metallic), or whether it occurs suddenly across the entirety of the

material. Percolation of metallic regions is believed to lead to the colossal mag-

netoresistance observed in LaMnO3, [95–97] and leads to interesting magnetic

and electronic properties in Sr substituted La1−xSrxCoO3. [98–101] While the

change in carrier concentration can be estimated based on the amount of dop-

ing, there are other considerations that can affect the onset of an insulator-to-

metal transition. The size of the dopant ion relative to the crystallographic site,

as well as complimentary changes in valence to maintain neutrality can impart

local distortions that can also affect an insulator-to-metal transition.[102]

Many complex palladium oxides have been previously shown to un-
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dergo compositional insulator-to-metal transitions.[25, 48–50, 103] The small

bandgaps and significant Pd-d states just below the Fermi level in complex pal-

ladium oxides allows for the ease of hole-doping. Previous studies have sug-

gested that some palladium oxides may have unique gapless electronic struc-

tures that can lead to interesting physics[52, 104], though these results may be

influenced by the tendency of some DFT functionals to underestimate bandgaps

in small bandgap semiconductors. [54] Furthermore, complex palladium oxides

are typically diamagnetic, allowing for more detailed studies of local structural

changes throughout insulator-to-metal transitions with the use of solid-state

NMR, which, while useful in examining local phase separation, is difficult to uti-

lize in magnetic oxide materials. [105, 106] Recently, we have observed a high

Seebeck coefficient with metallic conductivity in the complex palladium oxide

PbPdO2 when it undergoes an insulator-to-metal transition with Li-substitution.

[43]. A better understanding of the insulator-to-metal transitions can lead to

improvements in the functional properties of these and other oxide materials.

CaPd3O4 and SrPd3O4 both crystallize in the cubic NaPt3O4 structure type,

highlighted in Figure 4.1. The alkaline-earth cation resides in an 8-coordinate

cubic site, while the d8 palladium is in its preferred square-planar coordina-

tion. The palladium square planes are corner-connected and form a 3D net-

work throughout the crystal.[107] Given the identical crystal structures, one
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Figure 4.1: Crystal structure of APd3O4 (A = Ca, Sr) in cubic Pm3n (#223).

Ca/Sr, Pd, and O are colored silver, blue, and orange respectively. The PdO4

square planes in APd3O4 exhibit 3D corner connectivity. The alkaline-earth ele-

ment sits in a symmetric, 8-coordinate, cubic site. The Wyckoff positions are A

in 2a (0, 0, 0,); Pd in 6c (1
4
, 0, 1

2
); and O in 8e (1

4
, 1
4
,1
4
).
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would expect that a compositionally driven insulator-to-metal transition in both

CaPd3O4 and SrPd3O4 would occur around the same dopant level assuming

the electronic structures were also similar. However, insulator-to-metal tran-

sitions in these compounds have been reported to occur under a wide range of

hole-dopant levels. Ichikawa and co-workers reported a transition in CaPd3O4

around 10 mol % Li doping onto the Ca site.[48]. However, when Na was used

as a dopant, Itoh, Yano and Tsuda reported 30 mol % was necessary to drive

the transition and remarked how processing can affect the observed electronic

properties. [103, 108] In the system Sr1−xNaxPd3O4, Taniguchi and co-workers

reported a transition around 10 mol % Na.[49]

To better understand the nature of the insulator-to-metal transitions in these

compounds and account for the reported differences, we have prepared and

processed Ca1−xNaxPd3O4 and Sr1−xNaxPd3O4 with 0 ≤ x ≤ 0.2 under identical

conditions. The metallic end-member compound NaPd3O4 has also been pre-

pared and studied as a reference. We find that while the electronic structures of

CaPd3O4 and SrPd3O4 are nearly identical, CaPd3O4 is driven metallic above 10

mol % Na substitution, while SrPd3O4 remains a semiconductor with a negative

dρ/dT (slope of resistivity as a function of temperature) up to 20 mol % Na sub-

stitution. X-ray diffraction studies suggests Na clustering or a distribution gra-

dient in both compounds at high doping levels and, along with solid-state 23Na
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NMR, suggests a percolative insulator-to-metal transition in CaPd3O4. However,

increased local disorder observed in both NMR and analysis of total scattering

data using the pair distribution function suggest disorder as a barrier to bulk

metallicity in SrPd3O4.

4.2 Experimental and Computational Methods

Polycrystalline samples of A1−xNaxPd3O4 (A = Ca, Sr), 0 ≤ x ≤ 0.2, were

prepared by heating stoichiometric amounts of CaCO3, SrCO3, PdO, and Na2CO3

powders. The precursors were ground in an agate mortar and pestle and pressed

into a pellet at 100 MPa. The pellets were placed onto beds of powder of the

same composition to prevent contamination from the alumina crucible. The

samples were heated at 600 ◦C for 12 hours in a flowing O2 tube furnace. This

procedure was repeated twice to ensure a complete reaction of the precursors.

The end-member NaPd3O4 was prepared in a similar manner at 700 ◦C.

The crystal structures were characterized by X-ray powder diffraction on a

Panalytical Empyrean powder diffractometer with Cu-Kα radiation. Lattice pa-

rameters were determined by mixing the prepared materials with a silicon stan-

dard and recording from 10◦ 2θ to 120◦ 2θ. The x = 0.05 and x = 0.20 sam-

ples were additionally studied through synchrotron X-ray diffraction at the 11-
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BM beam line at the Advanced Photon Source at Argonne National Laboratory

with wavelength λ = 0.414159 Å. Rietveld[58] refinement was performed us-

ing the TOPAS academic software.[89] Crystal structures were visualized using

VESTA.[60] Neutron scattering data for pair distribution function (PDF) anal-

ysis was collected at the NOMAD diffractometer[109] at the Spallation Neu-

tron Source, Oak Ridge National Laboratory. Least-squares refinement of the

reduced PDF was performed using the PDFgui program.[110] Single pulse 23Na

solid-state magic angle spinning (MAS) NMR experiments were performed at

300 K on a Bruker ASCEND III HD 400 MHz (9.4 T) spectrometer. Samples were

packed into a 4 mm zirconia rotor with Kel-F caps and spun at a rate of 8 kHz.

The single pulse experiment used a pulse length of 0.83µs corresponding to a

π/12 tip angle. The 23Na shifts were referenced to 1 M NaCl. For electrical re-

sistivity measurements, the materials were sintered as bar pellets approximately

9 mm in length and four copper wires were attached with a silver paste before

running them in a He refrigerator from 300 K to 25 K. The electronic structure

was calculated using density functional theory (DFT) as implemented in the

Vienna ab initio Simulation Package (VASP)[63, 64] with projector-augmented

wave (PAW) pseudopotentials.[66] For structure optimization, the exchange-

correlation was described by Perdew-Burke-Ernzerhof within the generalized

gradient approximation (GGA-PBE)[67] using a Γ center k-mesh of 8×8×8 and
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Figure 4.2: Single phase refinements of nominal (a) Ca0.8Na0.2Pd3O4 and (b)

Sr0.8Na0.2Pd3O4 from synchrotron X-ray data.

a tetrahedron smearing method. A screened hybrid functional (HSE06)[70] was

used to calculate the density of states (DOS).

4.3 Results and discussion

4.3.1 Average Structure from Diffraction

Polycrystalline samples of APd3O4 (A = Ca, Sr) were prepared phase pure

with up to 20 mol % Na substitution onto the A site. The reactions were done
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Figure 4.3: Changes in lattice parameters for (a) Ca1−xNaxPd3O4 and (b)

Sr1−xNaxPd3O4 with Na substitution. Blue circles represent stoichiometric Na

substitution levels and lattice parameters refined on a laboratory Cu-Kα diffrac-

tometer with a Si standard. Red squares represent refined Na occupancy values

and lattice parameters from synchrotron X-ray diffraction data for the nominal

x = 0.05 and x = 0.20 substitution levels. The green plus represents the refined

Na occupancy value and lattice parameter using neutron diffraction data.

in a flowing O2 atmosphere at 600 ◦C to prevent the reduction of the PdO to

Pd metal. Rietveld refinements of synchrotron XRD data confirmed the phase

purity, shown in Figure 4.2 for the highest Na substitution levels.

The lattice parameters for the samples were determined through Rietveld

refinement of laboratory Cu Kα radiation with a Si standard. The lattice pa-
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rameters for both the Ca and Sr materials generally decrease with increasing Na

doping, as shown in Figure 4.3. The lattice parameter for CaPd3O4 decreases

from 5.743 Å to 5.740 Å and the lattice parameter of SrPd3O4 decreases by an

identical amount, from 5.823 Å to 5.820 Å. This is surprising as the ionic radii

of Na1+ in an 8-coordinate site (1.18 Å) is slightly larger than Ca2+ (1.12 Å) and

smaller than Sr2+ (1.26 Å). [73] This suggests that the decreasing lattice param-

eter does not primarily arise from the size difference of the dopant ion, but by

the necessary oxidation of the Pd2+ to Pd3+ to maintain charge neutrality. The

slight increase in the lattice parameter with small Na substitution in CaPd3O4

may be attributed to the larger ionic size of the Na1+ ion dominating at smaller

substitution levels. Refined Na occupancy values and lattice parameters from

the synchrotron X-ray data are shown in Figure 4.3. For the nominal x = 0.05

substitution level, the refined Na occupancies are in good agreement with ex-

pectations. Peak tails, which are only seen in the high resolution synchrotron

X-ray diffraction data for the x = 0.20 materials lead to an underestimation of

the Na occupancy and a slight discrepancy in the refined lattice parameters, the

details of which will be discussed presently. Refined values from neutron time

of flight (TOF) diffraction data are used in Figure 4.3 for the x = 0.20 Sr sample

as the significant peak tails in the X-ray data prevented reliable refinements.
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Figure 4.4: Resistivities of APd3O4 (A = Ca, Sr) with Na doping. CaPd3O4 un-

dergoes an insulator-to-metal transition above x = 0.10 as seen through the

decrease in resistivity with temperature at these levels. Despite similar room

temperature resistivity values, SrPd3O4 does not undergo an insulator-to-metal

transition even up to x = 0.20.

4.3.2 Electrical Properties and Electronic Structure

In order to study the insulator-to-metal transitions in these materials, the

electrical resistivity was measured with successive doping. Pristine CaPd3O4

displays semiconducting behavior with a room temperature resistivity of 0.1

Ω cm. An insulator-to-metal transition occurs beyond 10 % Na doping as seen

through the positive dρ/dT for the x = 0.15 and x = 0.20 compositions, similar
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Figure 4.5: Density of states calculated using a hybrid functional for (a) CaPd3O4

and (b) SrPd3O4. The calculated bandgaps are 0.25 eV and 0.22 eV, respectively.

to the substitution amount Ichikawa and co-workers reported upon Li doping in

CaPd3O4.[48] Unsubstituted SrPd3O4 exhibits a room temperature resistivity al-

most identical to CaPd3O4. However, even up to x = 0.20, the material remains

semiconducting with a negative dρ/dT , though the resistivity values are near

identical to those reported by Taniguchi and co-workers. [49]. This result is

surprising as both materials were prepared and processed identically and from

the lattice parameter changes appear to be incorporating the Na dopants up to

20 mol %.

To explore the differing electronic behavior in these compounds, DFT calcu-

lations were carried out to investigate any differences in the electronic structure.
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The density of states (DOS) for both of the pristine materials are shown in Fig-

ure 4.5. It is important to note that the DOS calculations were carried out using

a hybrid functional in order to obtain a more accurate band gap value. The HSE

calculations predict very small, nearly identical bandgaps of 0.25 eV for CaPd3O4

and 0.22 eV for SrPd3O4. Both compounds show significant Pd-d states just be-

low the Fermi level. The DOS for both compounds possess similar features both

below and above the Fermi level, and the band structures for both compounds

are almost indistinguishable near the Fermi level. The extreme similarities in

the electronic structures of these compounds implies that the differences in the

onset of the insulator-to-metal transition are not due to any fundamental differ-

ences in the physics of the materials, but may be due to deviations in the local

structure imparted through hole-doping.

4.3.3 Deviations from Average Structure: Structural Hetero-

geneities

Close inspection of the synchrotron diffraction data reveals that the nomi-

nal Ca0.80Na0.20Pd3O4 and Sr0.80Na0.20Pd3O4 samples have peak tails to higher Q

on all Bragg peaks, highlighted in the (enlarged) difference curves presented

in Figure 4.6. The tails are more pronounced in Sr0.80Na0.20Pd3O4. For both

73



the Ca and Sr compounds substituted with only 5 mol % Na, the peaks appear

symmetric and the difference curves do not reveal any features. The tails in

the highly substituted samples suggest a deviation from the average crystallo-

graphic structure. This may be attributed to either a gradient or clustering of

the Na dopants as the dopant concentration increases, as a uniform distribution

of dopant ions should produce symmetric peaks with a corresponding shift in

the lattice parameters.

Two different models were applied to better capture the peak tails in the

20 % substituted samples. To simulate a concentration gradient of Na dopants

across the material, a model was created with 8 Pm3n phases with the lat-

tice parameter and Na occupancy shifted by a constant amount between each

phase. To simulate Na clustering, the second model was constructed of 2 phases

where the Na concentration, lattice parameter, and size/strain contributions to

the peak shapes were allowed to refine independently. These methods have

been used in many material systems to examine phase separation and structural

heterogeneity. [111, 112] Figure 4.7 illustrates the fit of each model to the main

reflection (021) of Sr0.80Na0.20Pd3O4. The total Na occupancy was not fixed in

either of the models and refined to between 12 % and 16 % total occupancy.

While both models are able to capture the peak tails, there is no substantial dif-

ference between the two, and the nature of the Na substitution is still unclear
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from analysis of the diffraction data.

The peak tails in synchrotron X-ray diffraction data of the highly substituted

samples prompt a close study of the local structure in these materials in order

to both explore the nature of the insulator-to-metal transition and to explain

differences in the observed electronic properties. Neutron PDF data was utilized

to investigate local deviations from the average crystallographic structure. Least

squares fits of the PDFs are shown in Figure 4.8. The data was fit against the

crystallographic structure with nominal site occupancies over a fit range of 1.5 Å

to 5 Å. The results of the fits are given in Table 4.1.

By comparing the resulting fits against the average models, relative degrees

of local disorder can be ascertained. As demonstrated by the goodness of fit pa-

rameters, Rw, (Table 4.1) the 5% substituted CaPd3O4 and SrPd3O4 are locally

fit well with the average structure. Interestingly, the 20% substituted SrPd3O4

results in a poorer fit to the average model than the 20% substituted CaPd3O4,

evidenced by a large increase in the resulting Rw value. This is indicative of

a more locally disordered structure, and by examining the features of the PDF

that are not being captured by the average model, the nature of the distortion

may be qualitatively inferred. A significant peak shoulder occurring around 3 Å

is present only in the highest substituted SrPd3O4. This correlation distance cor-

responds to the Pd–Pd and O–O interactions of proximal Pd square planar units.
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Figure 4.6: Diffraction patterns and Rietveld fits for the 5% Na-substituted (a)

CaPd3O4 and (b) SrPd3O4 and (c,d) 20 % Na-substituted materials.While the 5

% substituted compounds have symmetric peak shapes, the peaks of the 20 %

Na-substituted compounds have a tail to higher Q. This is clearly evident in the

difference curves (enlarged for clarity) which possess a broad feature after every

peak.
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Figure 4.7: Fits of the primary (021) reflections of nominal Sr0.80Na0.20Pd3O4

using (a) an Na-gradient model and (b) a 2-phase Na-cluster model result in a

similar quality fit.
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Figure 4.8: PDF fits against the crystallographic structures. Both of the lightly

Na-substituted (x = 0.05) samples (a,c) and the highly Na-substituted (x = 0.20

b,d) CaPd3O4 are well fit with the average structure. The highly Na-subsituted

SrPd3O4 is comparatively more poorly fit, indicating that the local environment

is more disordered.
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Table 4.1: Results of fits of the neutron PDF data against the Pm3n models for

A1−xNaxPd3O4 with x = 0.05 and 0.20 and A = Ca and Sr.

A = Ca A = Sr

x = 0.05 x = 0.20 x = 0.05 x = 0.20

a (Å) 5.759(4) 5.748(3) 5.829(3) 5.821(3)

A/Na Uiso (Å2) 0.0078(18) 0.0077(15) 0.0040(7) 0.0028(7)

Pd Uiso (Å2) 0.0042(6) 0.0034(4) 0.0034(4) 0.0044(4)

O Uiso (Å2) 0.0070(8) 0.0064(6) 0.0055(5) 0.0058(6)

Rw (%) 12.7 11.0 9.0 17.7

Thus, slight distortions of the Pd square planar network around Na dopants

may be present, which is reasonable given the greater size difference between

the Sr2+ and Na1+ ions. In addition to local distortions, any potential Na cluster-

ing may result in poorer fits to the local structure. A two phase fit including the

possibility of a Na2CO3 impurity was attempted, as some amount of Na2CO3 was

observed in solid state 23 Na NMR (see next section), though it did not improve

the fit or capture the observed peak shoulder.
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4.3.4 Deviations from Average Structure: Compositional Het-

erogeneities

In addition to PDF, solid-state 23Na NMR was conducted to study the re-

solved local environment of the Na dopants in these materials. 23Na is a spin

3/2 quadrupolar nucleus in 100% abundance, making it an attractive nucleus

to study in the materials before and after an insulator-to-metal transition as

well as to examine differences between the Ca and Sr compounds. As a ref-

erence, we prepared metallic NaPd3O4, which possesses the same structure as

CaPd3O4 and SrPd3O4 and can be thought of as a Na substitution level of x =

1.00. The structure of NaPd3O4 has been reported previously,[18, 113] and re-

ported electric properties are in agreement with our measurements. [103, 108]

A higher preparation temperature than was used for Na substitution in CaPd3O4

and SrPd3O4 was needed for phase purity. The different panels of Figure 4.9

summarize the results on this interesting metallic oxide. Figure 4.9(a) displays

a Rietveld refinement of X-ray diffraction data of NaPd3O4 displaying a single

cubic phase with a =5.638 Å. Figure 4.9(b) displays a dominant peak observed

at −6 ppm, as is expected due to the single Na site in the structure. This peak is

narrow due to the symmetric environment of the crystallographic site, despite

the quadrupolar nature of the 23Na nucleus. A small amount of a potential im-
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Figure 4.9: Results on the pure end-member (x = 1) compound NaPd3O4. (a)

X-ray diffraction Rietveld refinement showing the phase pure nature of this com-

position. (b) 23Na solid-state single pulse magic angle spinning NMR spectra

(9.4 T, MAS at 8 kHz) showing a principle single peak corresponding to the sin-

gle site in the crystal structure with a potential minor impurity on the right edge

of the peak marked by (*). (c) Resistivity vs. temperature for a pressed pellet of

NaPd3O3 showing the highly metallic nature of this hole-doped oxide.
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purity marked by * in Figure 4.9 may also be present. Note that despite the

metallic nature of the sample, established from the resistivity vs. temperature

data shown in Figure 4.9(c), that the peak is not strongly Knight-shifted by the

conduction electrons.[114] The 23Na Knight shift can vary widely in magnitude

and direction between various types of Na-substituted compounds,[115–117]

but is generally expected to be small in a system like NaPd3O4 where the con-

duction states are derived from other atoms, namely Pd.

Figure 4.10 shows magic angle spinning (MAS) spectra of various Na sub-

stitution levels in CaPd3O4 and SrPd3O4. All of the spectra display two distinct

Na environments which is surprising as the Na substitutes onto only one crys-

tallographic site in these materials. A sharp peak centered at 7 ppm and a broad

peak around −10 ppm are present at all levels of Na substitution in both series.

The broad peak grows in intensity relative to the sharp peak with increasing

Na substitution. A small amount of Na2CO3 was detected in the SrPd3O4 sam-

ples, denoted with a star in Figure 4.10. Based on the peak shape and chemical

shift of the NaPd3O4 spectrum, we conclude the sharp peaks in the Ca and Sr

compounds arise from Na in an undistorted environment, i.e. an isolated Na

in the APd3O4 matrix. The insulating Ca/Sr matrix surrounding the isolated Na

explains the differing chemical shifts in regards to the pure Na compound. The

broad signal(s) appear at chemical shifts similar to the sharp peak of NaPd3O4,
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Figure 4.10: Single-pulse solid-state 23Na MAS NMR spectra (9.4 T, MAS at

8 kHz) of Na-substituted CaPd3O4 and SrPd3O4. All of the Ca and Sr samples

show 2 distinct Na environments represented by a sharp peak at 7 ppm and a

broad signal centered around −10 ppm which grows relative to the sharp peak

with increasing Na substitution. Metallic NaPd3O4 (x = 1.00) shows a single

sharp peak at −6 ppm. The asterisk represents a small amount of Na2CO3 pre-

cursor.
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and thus we propose the origin of the broad peaks as arising from Na in metallic,

Na-rich environments. The broadness may arise from a distribution in chemical

shifts due to a distribution of the number of proximal Na atoms and/or a dis-

torted Na coordination environment, leading to quadrupolar effects. In SrPd3O4,

this peak is broader and more asymmetric in nature, further supporting a higher

degree of disorder in comparison to the Ca sample at the same Na substitution

level. Additionally, SrPd3O4 clearly shows a greater tendency for a clustering

of the Na dopants at x = 0.15, as the broad peak begins to coalesce towards

the NaPd3O4 (x = 1.00) peak. The CaPd3O4 samples do not show as clear a

clustering at the Na substitution levels studied through NMR. The greater ionic

size difference of Na and Sr most likely leads to the increased propensity for

Na clustering. For both samples, the relative intensity of the broad peak grows

with increasing Na concentration, suggesting a percolative insulator-to-metal

transition mechanism. Even at small Na-substitution levels, there is evidence of

metallic domains most likely arising from Na atoms in nearby proximity. How-

ever, the local disorder present in the Sr compounds limits the domain growth,

thus preventing bulk metallicity.

23Na NMR evidence suggests the formation of what appear to be metallic

regions immediately upon Na substitution, despite bulk electrical transport sug-

gesting that the samples remain in the insulating regime.This points to metallic
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and insulating regions in the sample that are phase-separated. This phenomena

is well known in alkali-metal liquid NH3 solutions, where the phase separa-

tion between more metallic, high alkali-content liquid from the insulating, less

concentrated liquid can be physically observed, and has also been followed by

NMR.[118] The phenomena of such microscopic phase separation was predicted

by Mott,[119] who pointed out that the insulator and the metal must lie in sep-

arate minima of the free energy characteristic of first-order phase transitions.

Similar local heterogeneity has been observed in Li-NMR of 7Li-deintercalated

LiCoO2,[120] and in a study of Li-ordering in Li1−xSn2+As2.[121]

In conclusion, Na has been substituted into both CaPd3O4 and SrPd3O4 un-

der identical conditions and subtle differences in the local structure of these

materials have been studied. Despite identical crystal and electronic structures,

CaPd3O4 is more easily driven metallic with hole doping through Na substitu-

tion. Neutron pair distribution function data reveal SrPd3O4 is more locally

disordered with high Na substitution. 23Na NMR reveals an apparent percola-

tive insulator-to-metal transition mechanism as metallic domains in the mate-

rials grow with increasing Na substitution. Increased disorder and a tendency

for the Na to cluster when substituted into SrPd3O4 are believed to act against

metallicity by limiting metallic domain growth. This work highlights the need

for detailed local probes to elucidate differences in observed material properties
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that are not easily explained by average structure techniques such as diffraction.
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Chapter 5

Dopant Size Influences on the

Structure and Electronic Properties

of APd3O4 (A = Ca, Sr)

The choice of dopant in materials systems can play an important role on the

observed functional properties. The cubic, semiconducting compounds APd3O4

(A = Ca, Sr) are hole-doped with either Li, Na, or K onto the A site in order

to observe any change in the structure or electrical resistivity imparted by vary-

ing the size of the hole-dopant. A small, yet distinct second phase is observed

1Shahryar Mooraj, Joshua Bocarsly and Ram Seshadri have contributed to the contents of this
chapter.
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through synchrotron X-ray diffraction in Sr0.8K0.2Pd3O4 that is not present when

Li or Na is used as the dopant. This phase can be fit identically to the pristine

SrPd3O4 crystal structure with a smaller lattice parameter suggesting that the K

dopant is phase separating into local regions of KPd3O4. Density functional the-

ory calculations support the observation that K behaves differently when used

as a hole-dopant compared to Li or Na. These calculations predict an ordering

of the K dopant in the SrPd3O4 matrix. Electronic transport measurements show

a slight decrease in resistivity with increasing size of the hole-dopant for the

A = Sr materials.

5.1 Introduction

As discussed in the previous chapter, the degree of structural disorder

induced by a Na hole-dopant varies between semiconducting SrPd3O4 and

CaPd3O4 despite both of these materials possessing the same crystal struc-

ture. The impact of this disorder has profound effects on the observed elec-

tronic transport properties. As observed through solid state 23Na NMR, the Na

dopant in Sr1−xNaxPd3O4 showed a tendency at high x values to form local re-

gions of metallic NaPd3O4. This apparent Na “clustering”’ was not as evident in

Ca1−xNaxPd3O4, suggesting that the Na dopant was distributing more evenly in
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this material. This difference may be attributed to the differing ionic sizes of the

involved elements. 8 coordinate Na1+ possesses an ionic radius of 1.18 Å which

is closer to 8 coordinate Ca2+ (1.12 Å) than Sr2+ (1.26 Å).[73]

Na is not the only potential hole-dopant in these complex palladium oxide

systems. Li has also been shown to drive these semiconducting materials metal-

lic, though there is a great discrepancy in the amount of dopant needed to drive

the insulator-metal transition which may also depend on preparation and pro-

cessing conditions. Between 10 % and 30 % of alkali metal substitution has been

reported as necessary to drive the transition. [48, 49, 103, 108] Naively, one

would expect the choice of alkali metal dopant to make no difference on the

observed structure and electronic properties of these APd3O4 systems as they

should all contribute one hole. Observed differences may be attributed to the

size and distribution of the chosen dopant atom and are crucial to understand

for these and other systems.

For example, in a thermoelectric material, the dopant choice may impact

the thermal conductivity in addition to the electrical properties. Evenly dis-

tributed dopants may act as point defects and efficiently scatter short wave-

length phonons, whereas dopant clusters appearing phase separated would af-

fect phonon scattering and thus thermal conductivity differently. This influence

has been studied in Heusler and half-Heulser materials. Half-Heuslers of for-
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mula XY Z consist of a rocksalt arrangement of the X and Z atoms with the

Y atoms ordering on half of the tetrahedral sites. Corresponding Heusler com-

pounds of formula XY2Z have Y atoms completely filling the 8 tetrahedral sites.

Incorporating excess Y atoms into the half-Heusler may cause the full Heusler to

phase separate out or may lead to the formation of a solid solution based on the

constituent elements and processing conditions. The resulting microstructure

can greatly impact the observed thermoelectric properties.[112, 122, 123]

In particular for these APd3O4 materials and others undergoing composition-

ally driven insulator-metal transitions, understanding dopant behavior is crucial

in regards to tuning the Fermi level. Recently, SrPd3O4 was predicted to be a

Dirac semimetal with linear band crossings close to the Fermi level.[124] Dirac

semimetals possess unique and attractive transport properties due to the mass-

less nature of the charge carriers. These properties are optimized when the

crossing occurs directly at the Fermi level as in graphene.[125] Thus, an attrac-

tive dopant would not impart much strain or disorder into the crystal, so as to

not change the electronic band structure beyond adjusting the position of the

Fermi level.

In order to observe changes in local disorder with differences in hole doping,

polycrystalline samples of A1−xXxPd3O4 (A = Ca, Sr X = Li, Na, K) have been

prepared. Synchrotron X-ray diffraction conducted on the Sr compounds reveals
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that when K is chosen as a hole dopant, a second phase precipitates out. This is

contrary to Li, and Na dopants in which local disorder is only evident through

peak tailing in the diffraction patterns. DFT calculations correspondingly predict

a different behavior in the K substituted materials. No evidence of phase sepa-

ration is present in the Ca compounds. Along with the differences in the local

structure, the electrical resistivity decreases slightly with increasing ionic radius.

Our results suggest that dopant choice may serve a useful role in tuning struc-

tural properties concurrently wtith electronic properties for applications such as

thermoelectrics.

5.2 Experimental and Computational Methods

Polycrystalline samples of A1−xXxPd3O4 (A = Ca, Sr (X = Li, Na, K, Ag),

0 ≤ x ≤ 0.2, were prepared by heating stoichiometric amounts of CaCO3, SrCO3,

PdO, Li2CO3, Na2CO3, and K2CO3 powders. The precursors were ground in an

agate mortar and pestle and pressed into a pellet at 100 MPa. The pellets were

placed onto beds of powder of the same composition to prevent contamination

from the alumina crucible. The samples were heated at 700 ◦C for 12 hours

in a flowing O2 tube furnace. This procedure was repeated twice to ensure a

complete reaction of the precursors.
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The crystal structures were characterized by X-ray powder diffraction on a

Panalytical Empyrean powder diffractometer with Cu-Kα radiation. Some sam-

ples were additionally studied through synchrotron X-ray diffraction at the 11-

BM beam line at the Advanced Photon Source at Argonne National Laboratory

with wavelength λ = 0.412666 Å. Rietveld[58] refinement was performed us-

ing the TOPAS academic software.[89] Crystal structures were visualized using

VESTA.[60] For electrical resistivity measurements, the materials were sintered

as bar pellets approximately 9 mm in length and four copper wires were at-

tached with a silver paste before running them in a He refrigerator from 300 K

to 25 K.

DFT was used to study the energetics of the solid solutions between SrPd3O4

and APd3O4 (A = K, Na, Li) by enumerating supercells with some Sr atoms

replaced by A atoms. All such symmetrically inequivalent decorations with su-

percells with volume up to 3 times the volume of the primitive cubic SrPd3O4

cell were enumerated using the CASM code. [126–129] The energies of each

cell was calculated using VASP, as described previously. K-mesh densities of

about 3500 points / (number of atoms in cell) were used. Pymatgen was used

to set up and run the VASP calculations. [130]
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5.3 Results and discussion

Polycrystalline samples of APd3O4 (A = Ca, Sr) were prepared with up to

20 mol % Li, Na, or K substitution onto the A site. The reactions were done

in a flowing O2 atmosphere at 700 ◦C to prevent the reduction of the PdO to

Pd metal. Rietveld refinements of synchrotron XRD data confirmed the phase

purity, shown in Figure 5.1 for the highest substitution levels of the dopants in

SrPd3O4. The K substituted Sr compound possessed a second phase of identi-

cal crystal structure with smaller lattice parameters which will be discussed in

detail.

Both SrPd3O4 and CaPd3O4 crystallize in the cubic space group Pm3n (223).

The lattice parameter decreases for both materials regardless of which alkali

metal is used as a hole dopant. Figure 5.2 shows the decrease in lattice param-

eter versus the ionic radii of the alkali metal used to dope. From smallest to

largest, this corresponds to Li, Na, and then K. For reference, the ionic radii of

Ca2+ and Sr2+ are 1.12 Å and 1.26 Å respectively. The dashed lines denote the

lattice parameter of the stoichiometric, unsubstituted materials. There are no

immediately obvious trends in the change of lattice parameter with ionic radii

of the dopant or differences between SrPd3O4 and CaPd3O4. It is important to

note that the lattice parameters decrease with K substitution despite K+ being
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Figure 5.1: X-ray diffraction patterns of Sr0.8Li0.2Pd3O4, Sr0.8Na0.2Pd3O4,

Sr0.8K0.2Pd3O4 fit through a one phase refinement.
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Figure 5.2: Lattice parameter decrease of (a) Sr0.8X0.2Pd3O4 and (b)

Ca0.8X0.2Pd3O4 (X = Li, Na, K) versus the ionic radi of the X dopant. All dopants

decrease the lattice parameter by roughly the same amount implying that the

oxidation of Pd2+ to Pd3+ is the primary driver of the contraction. Dashed lines

represent the lattice parameter of the pristine, unsubstituted compounds.
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considerably bigger than both Ca2+ and Sr2+ which can be explained by the nec-

essary oxidation of Pd2+ to Pd3+ to maintain charge neutrality with hole doping.

A close examination of the synchrotron XRD patterns can explain this and

inform differing behavior amongst the choice of dopant atoms for the Sr com-

pound. The two most intense (021) and (211) diffraction peaks from the syn-

chrotron diffraction patterns are shown in Figure 5.3 with their correspond-

ing fits and difference curves from one-phase Rietveld refinements. As seen in

prior work,[90] the Bragg peaks of the Na substituted material possess peak

tails to high Q that are not accurately capture by a symmetric peak refinement.

Sr0.8Li0.2Pd3O4 also possesses the same peak tailing, though less dramatic. These

tails were previously described as arising from either a gradient distribution of

the Na dopant or a tendency for the Na dopants to cluster forming regions of

NaPd3O4 like material in an SrPd3O4 matrix. 23Na solid state NMR data further

showed some evidence of some clustered regions amongst a large degree of lo-

cal disorder suggesting that it is probably a combination of both leading to the

peak tailing.

The diffraction pattern of Sr0.8K0.2Pd3O4 differs from those of Sr0.8Li0.2Pd3O4

and Sr0.8Na0.2Pd3O4. Rather than peak tailing, low intensity, but distinct, peaks

are observable after each peak of the main phase. These peaks can be fit very

well with a second phase of the same Pm3n crystal structure with a smaller
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Figure 5.3: Comparison of 1 phase Rietveld refinements focusing on select Bragg

reflections in (a) Sr0.8Li0.2Pd3O4, (b) Sr0.8Na0.2Pd3O4, and (c) Sr0.8K0.2Pd3O4.

Peak tailing is evident in (b) while a distinct second phase shifted to higher

Q is present in (c).
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lattice parameter of 5.692 Å. This is strong evidence that the K dopants have a

much stronger tendency than the Li or Na dopants to cluster together to form

regions of “KPd3O4” like material. While the low intensity of these reflections

make confidant occupancy refinements difficult, the site occupancy of the Sr/K

site refines to almost fully K occupied, further supporting that this second phase

consists of clustered K dopants.

Thus a trend with ionic radii size of the dopant can be described in which the

larger dopants atoms have a greater tendency to substitute nearer each other.

This is seen through the relatively symmetric diffraction peaks of Sr0.8Li0.2Pd3O4,

then the peak tailing in Sr0.8Na0.2Pd3O4 and then a fully distinct second phase

in Sr0.8K0.2Pd3O4. As shown in Figure 5.2, Sr0.8K0.2Pd3O4 has a lattice parameter

that is much closer to the stoichiometric SrPd3O4 material. This observation

can also be explained by the clustering of the K dopant, as the main phase

would have less dopant in its lattice. No evidence of a second phase was seen in

diffraction data of Li,Na, or K doping in CaPd3O4. This is unexpected as the ionic

size difference between Ca2+ and K+ is even greater than that of Sr2+ and K+

suggesting that ionic size differences are not solely responsible for the varying

dopant distributions.

In order to understand the driving forces behind the differing behavior of

the K dopant, density functional theory (DFT) calculations were conducted to
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assess the relative stability of model crystals with varying concentrations and

orderings of the dopants. Figure 5.4 summarizes these calculations for the Li,

Na, and K dopants in SrPd3O4. Each circle represents one calculation with the

given dopant concentration and energy per Sr site relative to the interpolation

of the energies of the two end members. The circle color denotes cell volumes of

either 1, 2 or 3 times the size of the standard SrPd3O4 unit cell. Multiple points

at a given dopant concentrations correspond to the number of symmetrically

distinct orderings of the dopant that are possible. It is clear that the relative

energies for the K substituted SrPd3O4 compounds are much lower than those of

the Na substituted and Li substituted compounds whose energies scatter around

0 meV/Sr site.

The strongly negative relative energies for K substituted SrPd3O4 shown in

Figure 5.4 imply that an ordered arrangement of K dopants is the most stable. A

hull of positive energies would predict that the K is more stable phase separating

into regions of SrPd3O4 and KPd3O4. For the Na and Li substituted compounds,

the small relative energies both above and below zero imply that the dopants do

not tend to either order or phase separate, and will likely randomly substitute

into the SrPd3O4 lattice.

The DFT calculations do not support that the second phase evident in the

preparation of Sr0.8K0.2Pd3O4 is a clustered KPd3O4phase but instead could be
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Figure 5.4: DFT calculations of solid solutions of Li, Na, and K substitution in

SrPd3O4. Each circle represents one possible, unique arrange of the dopant atom

in a cell either 1, 2 or 3 times the size of the standard SrPd3O4 unit cell given my

the color. Strongly negative energies indicate a more stable, ordered arrangment

of the dopant while energies above 0 indicated instability and a drive to phase

separate.
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a phase consisting of K ordered onto the lattice of Sr sites. Due to the struc-

tural similarity of the relatively stable phases shown in Figure 5.4 the expected

diffraction patterns would posses peaks at identical positions. New diffraction

peaks due to the lowering of symmetry would be low intensity. Attempts to re-

fine the second phase with these predicted K orderings have been inconclusive.

Despite the high resolution provided by synchrotron radiation, the small amount

of the second phase results in any potentially identifying diffraction peaks to be

too low intensity for observation. While the second phase is clearly evident only

in the K substituted material, it is not exactly clear whether it consists of K or-

dered on a Sr lattice or a completely K clustered phase. The significantly smaller

lattice parameter of the second phase suggests that it consists of more oxidized

Pd3+ than the main phase. It is also important to note that the second phase

does not appear to be a meta-stable phase resulting from slow diffusion kinet-

ics of K as the phase fraction of the second phase grows slightly with repeated

heatings.

The electrical resistivity of SrPd3O4 substituted with either 15 mol % or

20 mol % Li, Na or K is shown in Figure 5.5. At 15 mol % substitution levels,

all three samples are semiconducting with resistivity increasing with decreasing

temperature. At 20 mol % substitution levels, all samples transition into metallic

behavior with resistivity decreasing with decreasing temperature. It is impor-
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Figure 5.5: Electrical resistivity of Sr1−xXxPd3O4 (X = Li, Na, K) (x = 0.15,

0.20) The change in slope for all dopants indicates the change in electric trans-

port behavior from semiconducting (x = 0.15) to metallic (x= 0.20).
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tant to note that this behavior is different than in our previous study in which a

20 mol% Na substitution did not lead to metallic behavior. This discrepancy can

be explained by the higher preparation temperature of 700 ◦C verses the 600 ◦C

of our prior study. The higher temperature was selected to better ensure the re-

activity of the various precursors and likely removes much of the local disorder

evident in the prior work.

There exists a trend across both substitution levels that the resistivity de-

creases with increasing ionic size. This observation along with the trend for

the larger dopant ions to substitute closer together further suggest that the

insulator-metal transition is driven through a percolation mechanism. Regions

that are richer in the dopant atom behave more metallic and at a significant

dopant concentration analogous to a a percolation threshold, bulk metallic be-

havior is observed. Resistivity measurements of the same substitution levels in

hole-doped CaPd3O4 do not show any clear trend with dopant choice, which is

not unexpected as the structural analysis did not give any evidence of differing

distributions between the three hole dopants.

The distinct phases present in Sr0.8K0.2Pd3O4, but not Sr0.8Li0.2Pd3O4 or

Sr0.8Na0.2Pd3O4 broadly reflect the importance of structural considerations with

regard to functional materials properties. While Li,Na, and K, substitution all

correspond to nominally equivalent hole-doping, the resulting crystal structures
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of the three materials are not completely identical. Local disorder or strain

concurrent with varying dopant distributions may lead to varying, unexpected

behavior. Understanding the structural changes imparted by the dopant atoms

is crucial for the optimization of functional properties.

5.4 Conclusions

We have prepared polycrystalline samples of A1−xXxPd3O4 (A = Ca, Sr X

= Li, Na, K). While all three of the X atoms correspond to hole-doping equal

amounts of carriers into the system, they do not all substitute identically. In

SrPd3O4, the larger hole dopants appear to substitute proximal to each other.

This is seen through peak tailing in the diffraction pattern of Sr0.8Na0.2Pd3O4 and

a crystallographically similar second phase precipitating out in Sr0.8K0.2Pd3O4.

Density functional theory calculations support the observed synchrotron diffrac-

tion data in that K substitution in SrPd3O4 behaves differently than Li, or Na

substitution. While DFT predicts that the observed second phase consists of an

ordered arrangement of the K dopant, Rietveld refinement to confirm the iden-

tity is not possible owing to the low intensity of the reflections. Interestingly,

there is no clear phase separation in Ca0.8K0.2Pd3O4. The electrical resistivity

shows a trend with a decrease in resistivity corresponding to an increase the the
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dopant size, suggesting a kind of percolation insulator-metal transition mech-

anism. This work illustrates the importance of structural considerations when

doping in oxide semiconductors which may impact a wide variety of functional

applications such as thermoelectrics.
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Chapter 6

Outlook and Summary

6.1 The Role of Complex Palladium Oxides for Ad-

vancing Thermoelectrics

Oxides are an attractive class of materials for thermoelectric applications ne-

cessitating high temperature, air stability, though currently only p-type layered

cobaltate compounds have shown sufficient performance. The spin degeneracy

of the mixed valent cobalt atoms is believed to lead to high Seebeck coefficients

with metallic electrical conductivity. It is prudent to explore new oxide materi-

als in order to potentially discover new, varying mechanisms that can also lead

to comparable performance, ideally in n-type oxides. The presence of compo-
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sitionally driven insulator-metal transitions in many complex palladium oxides

naturally prompts their study as thermoelectric materials, as the delicate inter-

play of the Seebeck coefficient and electrical transport is generally optimized in

the middle of such transitions.

We identified PbPdO2 as a potentially interesting thermoelectric material as

its demonstrably small band gap would likely make hole doping successful.[54]

The layered connectivity of the Pd square planes together with the lone pair of

the Pb atoms would potentially allow for favorable electrical properties and a

low thermal conductivity. As discussed in Chapter 2 and in our publication,[43]

when Li was used a hole dopant and substituted onto the Pd site, favorable

electrical properties for thermoelectric applications are observed. The electrical

resistivity drops of PbPdO2 drops by an order of magnitude with Li substitution,

while the Seebeck coefficient remains greater than 100µV/K at room temper-

ature. The Seebeck coefficient continuously increases up to 600 K leading to a

measured zT of 0.12.

A key finding of our work is that the Seebeck coefficient and electrical re-

sistivity of polycrystalline Li-substituted PbPdO2 are near identical to polycrys-

talline NaxCoO2, which prompted the research into the cobaltate compounds

and renewed interest in oxides as thermoelectrics.[41] Consisting of almost

entirely diamagnetic, square planar Pd2+, the electrical performance of Li-
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substituted PbPdO2 is believed to arise from mechanisms distinct from NaxCoO2

which possess a high degree of spin entropy from the mixed valent cobalt

atoms. Electronic structure calculations support experimental measurements

which suggest other complex palladium oxides are worth investigating in or-

der to better understand structural, and compositional motifs which may lead

to high Seebeck coefficients in metallic materials. Indeed, since the publication

of our work, the Wolverton group at Northwestern has computationally exam-

ined Bi2PdO4 for thermoelectric performance and concluded it may also possess

a high Seebeck coefficient with metallic resistivities when hole-doped. They

conclude that having a stacked square planar arrangment can lead to a favor-

able electronic structure.[94] Pb substitution for the Bi atom has been shown to

successfully hole dope Bi2PdO4 though the resistivity remained in the semicon-

ducting regime.[88] Li-substitution for the Pd atom, as in PbPdO2, has not been

carried out so far in the literature.

With the success of Li-substituted PbPdO2, we explored a structurally sim-

ilar material, LiBiPd2O4. As detailed in Chapter 5, both Pb substitution onto

the Bi site, and excess Li substitution onto the Pd site were found to success-

fully hole-dope the material resulting in a decrease in resistivity by over three

orders of magnitude. Only 5% Li substitution was needed to drive this large

decrease, similar to Li substitution in PbPdO2 which saw drastic changes with
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small amounts of substitution. Up to 20% Pb was found to substitute into the

structure before impurities were observed through X-ray diffraction. While the

resistivity of hole-doped LiBiPd2O4 was drastically lowered, it remained too high

for practical thermoelectrical applications. Analysis of the calculated electronic

structure imply that the differing connectivity of the Pd square planes leads to

a larger band gap and thus higher resistivity. The substitution of Pb for Bi was

also studied through 7Li solid state NMR. Despite only one crystallographic Li

site in the material, 5 distinct Li environments are observed upon Li substitu-

tion. While the exact origin of these sites can not be precisely determined, they

suggest possibly an asymmetric distribution of the Pb atoms, and potentially ev-

idence of metallic percolation from a slight Knight shift. Nevertheless, further

studies of hole-doping in related complex oxides may continue to inform the

design of new thermoelectric materials.

6.2 Hole-Doping in SrPd3O4 and CaPd3O4

In addition to exploring the thermoelectric functionality of complex pal-

ladium oxides, there was also fundamental interest in studying the composi-

tionally driven insulator-metal transitions in these materials. As 4d, diamag-

netic oxides, complex palladium oxides are ideal avenues to study these tran-
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sitions owing to their lack of magnetism and comparatively small amounts of

electron-electron correlation and spin-orbit coupling. Isostructural SrPd3O4 and

CaPd3O4 have been reported in the literature to undergo compositionally driven

insulator-metal transitions with either Li or Na substitution, but the reported

level of necessary doping varies widely. A comparative study of Na-substitution

in isostructural SrPd3O4 and CaPd3O4 revealed the influence of local disorder

on the onset of metallic behavior. High degrees of local is disorder as evidenced

through the pair distribution function of neutron scattering data and 23Na NMR

are present in Sr0.8Na0.2Pd3O4 that are much less evident in Ca0.8Na0.2Pd3O4.

This disorder is believed to act as a barrier to bulk metallic behavior.

We have found NMR useful in informing the transition from semiconducting

to insulating behavior in these materials. The use of NMR to study local environ-

ments with carrier doping is generally difficult due to paramagnetic transition

metals, requiring careful and long collection times, and providing spectra that

are difficult to interpret. The diamagnetic palladium oxides allow for compara-

tively simpler MAS experiments. Using 23Na NMR, we observe, upon Na substi-

tution, two distinct Na environments despite one crystallographic site. A sharp

peak decreases in intensity relative to a broader, shifted peak with increasing

Na substitution. The broad peak occurs at the same position as the single Na

environment in metallic NaPd3O4. Thus, we interpret this as evidence of a per-

110



colative insulator-metal transition in which Na in a metallic environment grows

relative to Na in an insulating environment with increasing Na substitution.

To better inform the influence of local disorder and dopant distribution on

observed electrical properties, further studies were conducted on these mate-

rials in which the hole-dopant was varied. Understanding structural changes

imparted through chemical substitutions is important for a wide variety of ma-

terials applications. Li+, Na+, and K+ were used as hole dopants in SrPd3O4 and

CaPd3O4. We find that when K+ is used as a dopant in SrPd3O4, regions of either

phase separated KPd3O4 or some K-ordered phase result. This is not observed

with the smaller hole-dopants or in CaPd3O4. DFT calculations suggest that K+

substitution should lead to an ordered phase whereas Li+, and Na+ do not show

any preference for ordering.

The electrical resistivity of SrPd3O4 decreases slightly with increasing size of

the hole dopant with Sr0.8K0.2Pd3O4 being the least resistive. This is understand-

able if the K is ordering in the SrPd3O4 matrix. The hole-doped CaPd3O4 did not

show any trend with electrical resistivity which is not unexpected as there was

no evidence of preferential ordering amongst the dopants. These works high-

light the importance of structural considerations with chemical substitutions in

oxide materials. Dopant choice may affect local disorder as well as change the

preferential distribution into the primary material which should be considered
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when attempting to improve functional properties.

6.3 Future Directions for Functionality in Complex

Palladium Oxides

We have identified favorable thermoelectric performance in some complex

palladium oxides, while also making efforts to fundamentally understand how

these materials transition from semiconducting to metallic behavior. There ex-

ist still other complex palladium oxides that may also compliment the work

describe here. As mentioned, BiPd2O4 has been identified through DFT as a

potentially high performing thermoelectric.[94] Li substitution in this material

may be expected to successfully drive it metallic and would hopefully confirm

these predictions and inform the role of square planar coordination in supplying

high Seebeck coefficients in metallic materials. Other complex palladium oxides

should be examined for small bandgaps and favorable square planar coordina-

tion for high thermoelectric performance.

The use of solid state NMR is a very promising avenue to study carrier dop-

ing in oxides and diamagnetic complex palladium oxides are ideal for this pur-

pose. Continued work in this area would be beneficial to confirm our current
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explanation of percolation driven insulator-metal transition mechanisms while

informing how to observe and control dopant distributions. While changes in

dopant distribution didn’t drastically impact the observed electrical resistivities

here, there is evidence in Heusler systems, for example, that control of dopant

distribution is important for optimizing the interplay of thermal conductivity,

electrical resistivity, and Seebeck coefficient in thermoelectrics. It would be of

particular interest to explore structurally analogues complex platinum oxides to

see if the same trends hold and the role signficiant spin-orbit coupling would

play.

Beyond electronic functionality, more attention should be paid to the mag-

netic properties of complex palladium oxides and 4d oxides in general. Many 4d

oxides possess magnetic transition temperatures higher than their 3d counter-

parts, one example of which being PdAs2O6 with a transition temperature over

100 K higher than 3d analogues. Preparing magnetic palladium compounds re-

quire unusual coordination for palladium atoms. There are sparse reports of

Pd2+ in an octahedral coordination which allows for 2 unpaired spins. One po-

tential avenue for preparing new complex palladium oxides with this coordina-

tion is through optimizing the tolerance factor in a double perovskite structure.

By choosing counter cations of ideal sizes so that the structure as a whole is fa-

vorable, Pd2+ may be forced into octahedral coordination. There is one report in
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the literature of Ca2PdWO6 prepared through a simple solid state reaction.[131]

No magnetic measurements were reported and our attempts to prepare this ma-

terial and related ones were unsuccessful. Nevertheless, more preparation at-

tempts, potentially using high oxygen pressures, may stabilize these structures.

The work detailed here addressed the electronic functionality of several com-

plex palladium oxides upon hole-doping. Favorable thermoelectric performance

has been observed and local disorder imparted through the doping is related to

the onset of metallic behavior. There still exists a great need to further study

these and related 4d and 5d oxides in the search for improved materials func-

tionality and fundamental understandings.
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Appendix A

Electronic Structure of NaPt3O4

A.1 Introduction

The study of topological materials has emerged as a significant branch of

condensed matter physics.[132] The fundamental physics and potential applica-

tions of these materials make them an attractive topic of research for physicists,

solid-state chemists, and material scientists alike.[133, 134] Dirac semimetals

represent one class of topological materials with exciting potential. The key fea-

ture of Dirac semimetals is a linear band crossing in the band structure. Linear

bands lead to massless charge carriers which in turn provide exceptional elec-

tronic transport properties. Ideally, this band crossing should occur at or near
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the Fermi level and without any other bands at the same energy. Graphene is

a 2D example of such a system. [125] There exists a strong push to find new

3D materials that also possess linear band crossings near the Fermi level. Re-

cently, Na3Bi[135] and Cd3As2[136] have been identified as 3D Dirac semimet-

als. There is a huge push to develop design principals and identify new Dirac

semimetals. [137, 138]

Analyzing and understanding crystallographic and compositional motifs that

lead to linear band crossings proximal to the Fermi level is crucial in identify-

ing new topologically interesting materials and advancing potential technolog-

ical applications. To this end, we present electronic structure calculations on

a series of noble metal oxides, NaA3O4 (A = Pd, Pt). These materials possess

topological features about 200meV above the Fermi energy,[124] though we

further identify a linear band crossing in NaPt3O4 just below the Fermi level.

Highlighting the need for significant spin orbit coupling to achieve topologically

interesting materials, we observe that this crossing is not present in NaPd3O4

owing to the lighter Pd atom. Calculations neglecting spin orbit coupling also

break the crossing. The orbital character of the linear bands is primarily from

the Pt d states with the dz2 orbitals comprising one of the linear bands and dxy

orbitals comprising the other.
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A.2 Computational Methods

The electronic structure was calculated using density functional theory

(DFT) as implemented in the Vienna ab initio Simulation Package (VASP)[63,

64] with projector-augmented wave (PAW) pseudopotentials.[66] For struc-

ture optimization, the exchange-correlation was described by Perdew-Burke-

Ernzerhof within the generalized gradient approximation (GGA-PBE)[67] using

a Γ center k-mesh of 10×10×10.

A.3 Results and Discussion

NaPd3O4 and NaPt3O4 both crystallize in the cubic Pm3n space group (223).

By simple analysis of the valency of the atoms, the Pd/Pt atoms are nominally

2.33+, making them metallic. This is in contrast to the band semiconducting

compounds with Ca or Sr replacing the Na which lead to d8 Pd/Pt 2+ and filled

orbitals in the square planar crystal field splitting. The electronic structure of

NaPt3O4 is given in Figure A.1. The band structure of NaPd3O4 is quite similar,

though as will be discussed possesses a key difference. It is important to note

that this calculation does include spin orbit coupling (SOC). The PBE functional

is used as these materials are metallic and thus the tendency for PBE to under-
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estimate band gaps, particularly in palladium containing compounds[54] is not

relevant. We focus our attention on the bands near the Fermi level from the Γ

to X high symmetry points. These bands are quite linear and cross just below

the Fermi level, two necessary qualities for the realization of Dirac semimetals

for functional applications. While there are clearly other bands crossing at the

Fermi level elsewhere in the Brillouin Zone, the crossing between Γ and X is still

of fundamental interest.

A key feature of many topological materials is the presence of significant

SOC. SOC is the driving force behind many of the band inversions of topolog-

ical insulators. Here we present further evidence that materials with large of

amounts of SOC due to heavy atoms may be fruitful areas to look for new Dirac

semimetal materials. To illustrate the importance of SOC in NaPt3O4, calcula-

tions of NaPt3O4 and NaPd3O4 have been performed with SOC turned off. The

area of interest between Γ to X and near the Fermi level is heavily influenced by

SOC, as shown in Figure A.2

What was a band crossing in NaPt3O4 is very slightly gapped out in NaPd3O4.

The gap is present and more obvious when SOC is removed from the calculation

of NaPt3O4. Both of these band structures highlight the significant effect of

strong SOC. In NaPd3O4 the Pd is not heavy enough for the SOC to lead to a

linear band crossing. Likewise, without any SOC at all, NaPt3O4 does not show
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Figure A.1: Band structure of NaPt3O4 including spin-orbit coupling. A linear

band crossing is observed near the Fermi level between the Γ and X points.
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Figure A.2: Γ to X path in NaPd3O4 (with SOC) and NaPt3O4 (no SOC). The

crossing is gapped out when the spin-orbit coupling is weaker as in NaPd3O4 or

removed from NaPt3O4.

a crossing. Better understanding the character of this crossing will be useful in

furthering understanding of design principals for Dirac semimetals.
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[24] J. Bruns, M. Eul, R. Pöttgen, and M. S. Wickleder. Octahedral Pd2+
coordination and ferromagnetic ordering in Pd(S2O7). Angew. Chemie
Int. Ed., 51(9):2204–2207, 2012.

[25] R.i Uriu, D. Shimada, and N. Tsuda. Metal to insulator transition in Pd1−x

LixO. J. Phys. Soc. Japan, 60(7):2479–2480, 1991.

123



[26] F. Hensel, D. R. Slocombe, and P. P. Edwards. On the occurrence of
metallic character in the periodic table of the chemical elements. Phil.
Trans. R. Soc. A, 373:691–696, 1983.

[27] M. Imada, A. Fujimori, and Y. Tokura. Metal-insulator transitions. Rev.
Mod. Phys., 70(4):1039–1263, 1998.

[28] Z. Yang, C. Ko, and S. Ramanathan. Oxide electronics utilizing ultrafast
metal-insulator transitions. Annu. Rev. Mater. Res., 41(1):337–367, 2011.

[29] F. J. Morin. Oxides which show a metal-to-insulator transition at the Néel
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