
UNIVERSITY of CALIFORNIA

Santa Barbara

Correlating long-range order and local structure to the properties of
inorganic solids

A Dissertation submitted in partial satisfaction of the

requirements for the degree

Doctor of Philosophy

in

Chemical Engineering

by

Nathan C. George

Committee in charge:

Professor Ram Seshadri, Chair

Professor Glenn H. Fredrickson

Professor Michael J. Gordon

Professor Bradley F. Chmelka, Committee Co-chair

December 2013



The dissertation of Nathan C. George is approved.

Professor Glenn H. Fredrickson

Professor Michael J. Gordon

Professor Bradley F. Chmelka, Committee Co-chair

Professor Ram Seshadri, Committee Chair

November 2013



Correlating long-range order and local structure to the properties of inorganic

solids

Copyright c© 2013

by

Nathan C. George

iii



for Diamond

iv



Acknowledgements

Of course, I would like to thank Ram for enabling me to work on and learn

about a very interesting and promising new technology. He also enabled me to

travel to many places worldwide for conferences and collaborations, and pushed

me to graduate quickly. Thanks also to Brad, who taught me a thing or two about

being meticulous and being precise with my words. I appreciate deeply the help

from Mike Gordon in the lab and class I TA’d that he taught; we stayed late many

nights setting up the lab the first week. This work would not have been possible

without the help from Alexander Mikhailovsky, the administrative personnel in

the Chemical Engineering Department and the MRL, as well as MRL staff: Joe

Doyle, Amanda Strom, Jaya Nolt, and Jerry Hu. Thanks to the IGERT fellowship

and MC-CAM for funding my PhD work.

I am grateful to the many staff scientists and technicians at national labs

who helped me acquire data: Dr. Kate Page, Joan Siewenie, Dr. Anna Llobet, Dr.

Zhehong Gan, and Dr. Mahal Balasubramanian. Thanks to collaborators around

the globe for helping/doing experiments, discussions, and analyzing data: Andy
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Abstract

Correlating long-range order and local structure to the properties of inorganic

solids

by

Nathan C. George

Relating the structures and compositions of inorganic materials to their func-

tion is at the core of rational design of new materials. Dopant ions are responsi-

ble for function in many inorganic materials, such as zeolites for catalysis, phos-

phor materials, semiconductors, solar materials, and thermoelectrics. Under-

standing the distribution, local structure, and local compositions around dopant

ions is crucial for rational design of new and improved materials. Here, the

focus will be on phosphor materials, but the methodology is applicable to the

other materials mentioned.

The advent of bright-blue LEDs in the mid-1990s following the development

by Nakamura and others of (In,Ga)N devices was a landmark achievement in

solid state lighting.[1] The availability of bright radiation at the high-energy end

of the visible spectrum provided a simple and cost-effective means of generating

white light by the process of using phosphors to partially down-convert some of

x



the blue emission to longer wavelengths corresponding to colors such as green,

yellow, and red. This results in lighting devices that offer greater efficiency,

significantly longer working lives, and a complete absence of toxic elements in

their constituent parts.

Phosphor compounds are an integral part of the white solid-state lighting

design, since currently no efficient green and yellow LEDs exist. Although

many phosphor compounds have been discovered and used in the past, they

have been discovered empirically using basic solid-state chemistry intuition.

New phosphors with greater amounts of red emission and high quantum effi-

ciencies up to 500 K are highly sought after, yet no rational design rules for

finding new phosphors have been proposed. Here, the structure-composition-

property relations of many phosphor compounds are investigated, including

the well-known phosphor Y3−xCexAl5O12 (YAG:Ce3+), a new nitride phosphor

La3−xCexSi6N11 (LSN:Ce3+), the phosphor Ca1−xCexSc2O4 (CSO:Ce3+), and the

oxyfluoride solid-solution phosphor Sr2.975Ce0.025Al1−xSixO4+xF1−x (SASF:Ce3+).

Using a combination of powerful experimental methods, the structural proper-

ties of these phosphors, including the nature of the Ce3+ local environments, are

determined and are correlated with the macroscopic luminescent properties of

the Ce-substituted phosphors. From this, design rules for rational discovery of

new phosphors are presented.
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Chapter 1

Phosphors for solid-state lighting

Much of this chapter has been reproduced with permission from reference

[2] c©2013, Annual Reviews.

The goal of this work is to develop an understanding of structure-property

relations for phosphor materials, and use this understanding to create design

rules for finding new phosphors. This has been accomplished by detailed struc-

tural characterization using synchrotron X-ray and neutron diffraction, total

neutron scattering, X-ray absorption near edge structure (XANES) and extended

X-ray absorption fine structure (EXAFS), solid-state nuclear magnetic resonance

(NMR) spectroscopy, and electron spin resonance (ESR) spectroscopy, in con-

junction with optical measurements to elucidate the relationship between crystal

structure, composition, and macroscopic luminescence properties. The purpose
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of this introductory chapter is to present a review of solid-state lighting and

phosphors, as well as introduce the phosphors examined in more detail in later

chapters.

1.1 Introduction

1.1.1 Light-emitting diodes

Electroluminescence was first discovered by Henry Round in 1907, who

found that passing current through SiC produced light[3]. However, the high-

est efficiency obtained with SiC, even when such devices were optimized and

sold commercially in the 1990s, was only 0.03%. Visible light LEDs took off

in the 1960s, with red-emitting Ga(P,As), demonstrated in 1962 by Holonyak

and Bovacqua[4], of sufficient brightness for indicator applications although

not for lighting. Shortly thereafter, green and red GaP LEDs were produced,[5]

so that most of the visible spectrum could be produced by LED emission; only

blue emission from LEDs remained a challenge. GaN was thought to be able to

produce blue light at the time, but is naturally n-type and is difficult to make

p-type. It was only in the late 1980s and early 1990s that successful p-type dop-

ing of GaN was achieved, but efficiencies were still low, close to 1%.[6] High-

brightness blue LEDs were finally developed in 1995 by Nakamura and cowork-
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ers in the form of double-heterostructure (Ga,In)N LEDs that had efficiencies of

2.7%, bringing LEDs into the “candela” class of lighting.[1] High-efficiency red

(Al,Ga,In)P LEDs were also developed around this time, using multiple quantum

well active regions to achieve high efficiencies.[7] However, the (Al,Ga,In)P sys-

tem rapidly loses efficiency with Al contents greater than x = 0.5 due to an

indirect bandgap.

At this point, III-V semiconducting materials had been developed to cover

the entire visible spectrum. However, while efficient blue and red emitters are

available today, bright green emitters remain an challenge, making efficient

white light production only using LEDs difficult. To overcome this limitation,

down-converting phosphors were used to make white light with highly efficient

(Ga,In)N blue LEDs. Such a device uses a thin coating of phosphor material on

top of a blue (Ga,In)N LED, as depicted in Figure 1.1. The phosphor layer down-

converts blue light from the LED chip to yellow-green, and the two radiations

combine to produce white light. Many of the first white light LEDs involved

blue-emitting (Ga,In)N with a Y3−xCexAl5O12 (abbreviated YAG:Ce) phosphor

coated on top, which is still in widespread use today.[8, 9]
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Figure 1.1: (a) Scheme showing a typical phosphor-converted white LED de-

vice. Some of the blue light from the LED chip is allowed to combine with the

phosphor-converted yellow light. (b) Representative emission spectrum from

such a device, showing the exciting blue radiation from the semiconducting

component, and the yellow phosphor-converted radiation combining to give

white light. Reproduced with permission from [2] c©2013, Annual Reviews.

4



1.1.2 Some general aspects of color in lighting

The human eye response to light spans a region from about 400 nm to

750 nm. Standardization of colorimetry for photopic (bright-light) vision was

carried out in 1931 by the Commission Internationale de l’Eclairage (The Inter-

national Commission for Illumination, CIE) and is represented by the 1931 CIE

diagram as shown in Figure 1.2. Monochromatic wavelengths form the locus

outlining the colored area in Figure 1.2, and any color in the visible spectrum

can be represented by x and y coordinates. Some common LEDs and phosphors

are indicated as examples. White light is in the center of the diagram, with the

equal energy point at the coordinates (1/3,1/3). To find the color of a combi-

nation of two color coordinates, a straight line can be drawn between the two

points, and the final color point will depend on the relative intensity of the two

sources. For example, the emission from a 450 nm LED and yellow YAG:Ce phos-

phor, as depicted in Figure 1.1, produces white light because the point between

the 450 nm LED and YAG:Ce on the CIE diagram in Figure 1.2 lies in the white

portion of the spectrum.

The Planckian locus shown as the trace in the middle of Figure 1.2, repre-

sents the emission color of black-body radiators at different color temperatures

as labeled in the figure. The color of a black-body radiator is characterized

by only the temperature, with higher color temperatures corresponding to a

more blue color and lower temperatures a more red color. For example, diffuse
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Figure 1.2: The 1931 CIE diagram, showing the Planckian locus in black, with

the color coordinates of some common phosphors and LEDs plotted. Repro-

duced with permission from [2] c©2013, Annual Reviews.
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sunlight has a color temperature of between 5700 K and 6500 K, while the CIE

standard candle flame has a color temperature of around 2000 K.[6] Any light

source can be assigned a correlated color temperature (CCT), which is the tem-

perature of an ideal black-body that is closest in hue to the light source. The

common blue LED and YAG:Ce phosphor typically has a CCT between 4000 K to

8000 K.[10]

The standard method of characterizing the quality of light is to use the color-

rendering index (CRI), which specifies how well a light source can illuminate, or

render, the true color of an object. By definition, any black-body radiator has a

CRI of 100 (the maximum value). The CRI is found by comparing the difference

in the color coordinates in the CIE of an object illuminated with the test source,

and a black-body with the same CCT as the test source. Typically, eight different

standard test samples are used. A blue LED and YAG:Ce phosphor device has a

CRI ranging from 70 to 80.[10]

1.1.3 Strategies for solid state white lighting

The three principle strategies for creating white light with a solid state device

are illustrated in Figure 1.3: (a) multiple LED chips emitting at different wave-

lengths in a single device, (b) a UV LED chip and a combination of red, green,

and blue (RGB) down-converting phosphors, and (c) a blue LED chip with a yel-
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low down-converting phosphor that allows some of the exciting blue radiation

to bleed through (ie. partial down-conversion).[11] In principle, the best strat-

egy is the use of three LEDs, since energy is lost in phosphor-converted devices

due to the Stokes shift. However, the current low efficiency of yellow and green

LEDs prevents multi-LED devices from achieving high efficiencies. The color

temperature of a multi-LED device is tunable by varying the power of the indi-

vidual LED components, although this necessitates additional circuitry, adding

cost and complexity. Another drawback of the multi-LED strategy is poor color

rendering, associated with the white light comprising relatively narrow radia-

tion components; such a device would have a low CRI value, potentially in the

mid 70s.[11] Furthermore, dimming such a device proves to be very challeng-

ing, since LED chips that emit at different wavelengths have a different intensity

response to changes in voltage. Differential aging and responses to tempera-

ture of the different colored diodes would also necessitate additional electronic

circuitry.

Another strategy is to use an LED with down-converting phosphors, as shown

in Figure 1.3(b) and (c). To minimize the energy lost due to the Stokes Shift,

also deemed the “quantum deficit”,[12] an LED with as long a wavelength as

possible should be used. This of course must be balanced with the desired color

rendering of the device. If warm white light is desired, such as for residential

applications, a blue LED and single yellow phosphor may not suffice. A device
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Figure 1.3: Schematics of the three principal white lighting strategies are

shown. (a) A 3-LED strategy with red, green, and blue LED chips, (b) a 3-

phosphor strategy with a UV LED and red, green, and blue phosphors, and (c) a

blue LED with a yellow down-converting phosphor. Reproduced with permission

from [2] c©2013, Annual Reviews.
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instead with a UV LED and multiple phosphors can cover a broad range of emis-

sion wavelengths, giving a good color rendering and stable emission color. This

strategy of a UV LED combined with RGB phosphors becomes advantageous if

the efficiency of UV LEDs exceeds that of blue LEDs. The UV LED strategy also

has the advantage of stable color, since changes in the UV emission wavelength

will not effect the color output of a device, whereas with a blue LED this is not

true. However, using multiple phosphors allows for reabsorbtion of the emis-

sion of other phosphors, adding a loss mechanism and decreasing the efficiency

of the system. The single-phosphor-converted blue LED device is currently the

most common solid state white lighting device produced today, due to the high

efficiency of blue LEDs and the yellow emitting YAG:Ce phosphor, despite the

limitations of relatively poor color rendering (CRI <80) high color temperatures

(>4000 K).

1.1.4 Patent history

The concept of a phosphor-converted LED appears to have been introduced

to the public in 1996 by Bando et al.,[8] shortly after candela-class blue LEDs

were first reported.[1] The first US patent was issued in 1999.[13] A later

patent claimed a better method for mass production and homogeneous light

output.[14] Many patents have been issued since this time, including patents

that mention YAG:Ce as well as other phosphors.[15] A recent article in LED
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Magazine describes some of the patent history.[16] As can be expected for a

field with such promise, a number of patents are being contested at the present

time.

1.2 Essentials of solid state lighting phosphors

1.2.1 Energetics of Ce3+ and Eu2+

The energy levels of the activator ions in the phosphor determines the excita-

tion and emission properties of phosphors, and is directly related to the 4f and

5d energy levels. Among the rare earths, there are essentially two types of op-

tical transitions: those between different 4f levels, and those between 4fn−15d1

and 4fn5d0 levels. In the case of transitions between two 4fn levels, the exci-

tation and emission energies are unaffected by the host crystal into which the

activator is substituted, and the Dieke diagram[17] can be used to predict these

energies. This is due to the buried, non-interacting nature of 4f orbitals, which

also results in spectra with narrow line-widths. The 4f energies of rare earth

ions vary systematically, depending on the number of electrons in the atom.

Systematic variation of the 4f levels is understood in terms of the binding en-

ergy of the 4f electrons through the spin pairing theory of Jørgenson.[18] This

energy effectively determines the excitation and emission energies of the tran-
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sitions between 4fn−15d1 and 4fn5d0, since the energy of the lowest of the 5d

levels does not vary much compared to the change in 4f energy levels with the

number of electrons in the atom. The energetic position of the 4f level then

dictates the excitation and emission energies for transitions between 4f and 5d

levels.

As a free ion, Ce3+ or Eu2+ has a large gap between the 4f ground state and

5d excited state; for Ce3+ this is around 6.2 eV (50,000 cm−1).[19] This gap is

decreased substantially by crystal field splitting and a downward shift of the 5d

centroid, leading to a 4f to 5d separation around 4,000 cm−1, which enables

absorption of blue light and emission of yellow light. Since the 5d orbitals are

strongly effected by the surrounding crystal field and the polarizability of the

host crystal,[20, 21] the excitation and emission energies can be tuned through

the host crystal composition and structure.

The transitions between 4fn−15d1 and 4fn levels give rise to a broad range

of excitation and emission wavelengths, compared with the very narrow peaks

from transitions between 4fn levels. The broad range of emission and excita-

tion energies for transitions between 4fn−15d1 and 4fn levels is the result of two

phenomena: the Franck-Condon principle, and breaking the degeneracy of the

4f ground state. The first phenomenon, the Franck-Condon principle, results

in transitions with many different energies due to different vibrational states of

the 4f and 5d levels involved in the transitions. This wide range of transition
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energies is smeared by inhomogeneous broadening in solids. The second phe-

nomenon, breaking of the 4f degeneracy, is the result of a few effects. One

is the spin-orbit coupling of the 4f ground state into multiple levels; for Ce3+

these are the 2F5/2 and 2F7/2 levels, and for Eu2+ there are 8 distinct levels rang-

ing from 8S7/2 to 8S−7/2. For Ce3+ in solids, the splitting between the two 2F

states is typically around 2000 cm−1,[22] so that the state with higher energy

(2F7/2) is only accessed from relaxation from the excited 5d state at reasonable

temperatures. The emission from the lowest energy 5d state (2D3/2) to the two

2F levels produces an emission spectra that can be represented by two Gaus-

sian curves.[23] These ground state 2F levels are further split on the order of

100 cm−1 by the local crystal field splitting,[24] increasing the broad range of

excitation and emission energies.

1.2.2 Crystal fields and nephelauxetic effect

The optical properties of phosphors with the activators Ce3+ and Eu2+ de-

pend both on the activator ion and on the host crystal structure, which influ-

ences the 5d levels. The electronic energy levels of an activator ion in a crystal

differ greatly from those of a free ion. For example, the difference in energy

between the 5d and 4f levels of gaseous Ce3+ ions is in the ultraviolet region,

whereas if Ce3+ ions are in a crystal this energy difference can range from ul-

traviolet across visible wavelengths, depending on the host crystal. When an
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activator ion is placed in a host crystal, there are two major effects that will

dictate the photoluminescent properties: the centroid shift and the crystal field

splitting. Overall these effects lead to a decrease in the energy difference be-

tween the 5d and 4f energy levels, referred to as the red-shift. This effect is

illustrated for Ce3+ in Figure 1.4 with the total red-shift labeled D(A), where

A is the host crystal. Both of these processes affect the 5d electrons of the ac-

tivator ion to a great extent, whereas the well shielded 4f electrons are not

strongly affected. The position of the 5d levels can change by tens of thousands

of wavenumbers from one compound to another. The centroid shift is a low-

ering in energy of the 5d levels of the activator ion due to a decrease of the

inter-electron repulsion. This stabilization has been linked to the polarizabil-

ity of the surrounding anion ligands and covalency of the crystal. The centroid

shift will increase with increasing anion polarizability and decreasing average

cation electronegativity.[20] As the degree of covalency between the activator

ion and surrounding anions increases, the stronger interaction causes the d-

orbitals of the activator ions to shift to be stabilized. This process is similar

to the nephelauxetic effect described by Jørgenson.[25] Nitride compounds in

particular, produce a larger centroid shift than corresponding oxide compounds,

and oxide compounds a larger shift than fluoride compounds.

The second effect, crystal field splitting, refers to the difference in energy

between the highest and lowest 5d levels, and is again an effect of the host
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Figure 1.4: A schematic energy level diagram for Ce3+ shows the effects of the

host crystal A, including the centroid shift and crystal field splitting, that lead

to the overall decrease in the energy difference between the 5d and 4f levels,

known as the red-shift, D(A). Reproduced with permission from [2] c©2013,

Annual Reviews.
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crystal. The magnitude of the crystal field splitting depends on the bond lengths

from the activator ion to the coordinating anions, molecular orbital overlap or

degree of covalency between the activator ion and its ligands, the coordination

environment, and the symmetry of the activator site. Equation 1.1 relates the

effect of bond length on the energy level separation[26], Dq

Dq =
Ze2r4

6R5
(1.1)

where Z is the charge or valence of the anion, e is the charge of an electron, r is

the radius of the d-wavefunction, and R is the bond length. As the bond lengths,

or polyhedral volume, of the activator ion decreases, the crystal field splitting

increases.

The interaction between molecular orbitals of neighboring anions causes the

d-orbitals of the activator ion to hybridize, creating bonding orbitals at lower

energies and antibonding orbitals at higher energies. As the degree of covalency

increases, as in the nephelauxetic effect described above, both the bonding and

antibonding orbitals are displaced to lower energies, but not necessarily by the

same amount. This may cause the crystal field splitting to either increase or

decrease. The coordination geometry also affects the crystal field splitting of

the 5d levels. Comparing five different coordination geometries, Dorenbos has

determined that the crystal field splitting tends to be largest for octahedral co-
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ordination, followed by cubic, and dodecahedral coordinations. The smallest

crystal field splittings are found for tri-capped trigonal prisms and cuboctahe-

dral coordinations.[27]

Furthermore, it has been shown by Wu, Gundiah, and Cheetham,

that distortion of the activator ion site may also affect the crystal field

splitting.[22] In this work, optical and structural data for solid solutions of

the regular garnet Y3Al5−xGaxO12:Ce (0 ≤ x ≤ 5) and the inverse garnet

Mg3Y2−yGdyGe3−zSizO12:Ce (0 ≤ y ≤ 2, z = 0, 1) were compared. Illustrated in

Figure 1.5, the regular garnet solid solution showed a decrease in the maximum

excitation and emission wavelength when the lattice parameter increased, as

expected from Equation 1.1. Conversely, the inverse garnets showed a relatively

constant maximum excitation wavelength and a large increase in the maximum

emission wavelength when the lattice parameter increased. The coordination of

the activator ion site in garnets can be described as a distorted cube with four

longer and four shorter Ce−O distances. Examining this coordination environ-

ment, depicted in Figure 1.5, the ratio d88/d81 can be used to characterize the

degree of distortion from the cubic symmetry of the lanthanide ion site, where

d88 is defined as the O−O distance shared between two adjacent lanthanide

sites and d81 is defined as the edge of a lanthanide site that connects a tetra-

hedral vertex to an octahedral vertex. Analyzing the relationship between this

distortion and the shift in maximum excitation and emission wavelength in Fig-
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ure 1.5, the unexpected increase of the maximum emission wavelength in the

inverse garnets can be attributed to the increasing distortion of the activator ion

site.

Another effect of the host crystal on the energetics of the activator ion can

be seen in the Stokes shift. The energy required to excite an electron from the

4f level to the 5d level in an activator ion is greater than the energy emitted

during the transition from the excited state to the ground state. This difference

in energy is known as the Stokes shift. Once an electron is excited to the 5d level,

the surrounding lattice relaxes to new equilibrium positions due to coupling of

the 5d electron with phonons. This creates an effective lowering of the energy

difference between the 5d and 4f levels in the excited state. Since the Stokes

shift requires interactions with phonons, this is again a property that is dictated

by the host crystal.

1.2.3 Thermal and lifetime effects

Although nearly all rare-earth ions can be used as activators in phosphors,

the relative position of their energies with respect to the host crystal bandgap

will determine whether the activator can down-convert light or if emission is

quenched by transfer to the host crystal conduction band. If the excited state

energy of the rare-earth is near the conduction band of the host material, the
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Figure 1.5: A decrease in the crystal field splitting with increasing lattice param-

eter can be seen by the decrease in the maximum excitation and emission wave-

lengths for the regular garnets (closed points), but not for the inverse garnets

(open points) whose maximum emission wavelength shows a large increase.

This unexpected increase in the crystal field splitting for the inverse garnets can

be attributed to an increased distortion of the activator ion coordination geome-

try, indexed by the bond length ratio d88/d81. The interconnectivity of the garnet

structure is illustrated with Ln3+ ions (black) and tetrahedral (red) and octahe-

dral (blue) Al3+ ions, highlighting the d88 and d81. This figure is adapted from

reference [22] Reproduced with permission from [2] c©2013, Annual Reviews.
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probability of photoionization or charge transfer becomes high, greatly dimin-

ishing the quantum efficiency. This can be avoided by choosing a host material

that has a bandgap in the UV, far from the activator absorption energy, or by

localizing the excited state charge. This can be done with Ce3+, for example,

by stabilizing the 3+ state, or effectively giving Ce a positive charge.[28] Al-

though the energy of the 5d band does not vary as widely with the number of

electrons belonging to the rare earth ion, the 5d energy level changes enough

to significantly alter the probability of non-radiative transitions. One primary

mechanism for non-radiative transitions is thought to be thermal promotion

of the 5d electron to the conduction band of the host crystal,[29] others pur-

port 5d-4f crossover as another mechanism.[30] Regardless of the mechanism,

phonons are needed to bring the excited activator to a point where non-radiative

processes can happen. In most hosts, the 5d levels from La to Gd lie at nearly

the same energy, regardless of the rare earth ion. As the rare earth ion changes

along the Lanthanide series from Gd to Yb, the 5d level increases in energy by

about 0.5 eV,[31] decreasing the required energy to promote an excited electron

in the 5d state to the conduction band. This decreases the probability of radia-

tive transitions greatly, and is likely a reason why Eu2+ is used more frequently

than Yb2+ in phosphor compounds, in addition to the difficulty of stabilizing the

divalent state Yb2+.

The human eye can detect temporal changes in light down to about

20



0.1 s.[32] Anything longer than 0.1 s is typically deemed phosphorescence,

whereas decay constants shorter than 0.1 s are called luminescence. For gen-

eral lighting applications, a short decay time is desirable. Activator ions decay

according to an exponential function, and the number of characteristic decay

times that are needed to model the data typically indicates the number of emit-

ting sites. Transitions between 4f levels have long decay times, on the order

of µs to ms, because they are electric dipole forbidden. Transitions between 4f

and 5d levels are on the order of 10 ns, due to the dipolar allowed (spin and

parity allowed, since both states are doublets)[33] nature of the transition. The

decay from higher-level 5d sites to the lowest-energy 5d site is on the order of

1 ns,[34] much faster than the 5d to 4f relaxation. The fast decay of 5d to 5d

relaxation is due to the strong lattice coupling of the electron, and means that

the emission will always come from relaxation of the lowest 5d state to the 4f

ground state. Of all the rare earth activators, Ce3+ has the fastest radiative

recombination, typically on the order of 10 ns. Eu2+ has decay times that are

20-30 times slower than Ce3+, due to the much larger degeneracy of the excited

4f 6 5d1 state of Eu3+ compared with the 4f 0 5d1 excited state of Ce3+.[35] Al-

lowed transitions such as these typically do not have a temperature dependence.

However, as temperature is increased and non-radiative mechanisms increase in

frequency, the measured decay time shortens. Measurement of the decay time

with temperature is in fact a better way to estimate the intrinsic temperature
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quenching of a phosphor than emission intensity, since the emission intensity is

also affected by lower absorption at increased temperatures.[36]

1.3 Phosphor structures and background

1.3.1 The Y3−xCexAl5O12 (YAG:Ce) phosphor

The oxide garnet Y3Al5O12 (YAG), when substituted with a few percent of

the activator ion Ce3+, is a luminescent material that has nearly ideal photo-

luminescence properties for excitation by a blue solid-state light source. As a

result, Y3−xCexAl5O12 continues to be the canonical phosphor with widespread

use in solid-state lighting. Nevertheless, there is still limited understanding

of how optical properties of doped YAG and other solid-state phopshors de-

pend on the local structures and distributions of activator ions (usually Ce3+

or Eu2+). The composition-structure-property relationships of Y3−xCexAl5O12

are central to those of solid-state phosphors generally, and an understand-

ing of such relationships is expected to provide insights on other phosphors

such as silicates,[37] nitrides,[38–40] and oxynitrides,[41, 42] to name a few.

Moreover, similar issues concerning the local structures near dilute substituent

ions are central to the properties of related solid-state oxides/compounds used

as thermoelectrics,[43] ionic conductors,[44, 45] luminescent upconversion
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materials,[46] quantum cutting phosphors,[47] battery electrodes,[48] struc-

tural cements,[49] photovoltaic materials,[50] and heterogeneous catalysts.[51,

52]

Y3−xCexAl5O12 (henceforth YAG:Ce) was first studied and proposed for use

in displays by Blasse and Bril in 1967.[53] When bright-blue InGaN diode light

sources first became available,[1] YAG:Ce was quickly employed for the gen-

eration of white light via the partial down-conversion of the blue light from

the solid-state device due to the nearly ideal optical characteristics of YAG:Ce.

These characteristics include a high refractive index, high quantum efficiency,

substantial resistance to thermal quenching of the luminescence, appropriate

matching of its excitation spectrum to emission from blue InGaN sources, and

yellow emission in the complementary color region to the blue. The efficiently

emitted green-yellow light from YAG:Ce mixes with the incident blue from the

LED resulting in white emission; the phosphor particles also provide an effective

light-scattering medium for the mixing.

Although YAG:Ce has been the subject of many studies and seen widespread

use, the crystal-chemical reasons for the nearly ideal optical properties of

YAG:Ce are yet to be elucidated. Specifically, effective design rules for new and

efficient phosphors based on the crystal chemistry of YAG:Ce would be tremen-

dously valuable, though these currently do not exist. YAG:Ce is not a typical Ce-

substituted oxide phosphor; whereas most Ce-substituted oxides emit in the blue
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Figure 1.6: Two-dimensional contour plot of fluorimetry of Y2.94Ce0.06Al5O12,

with the maximum excitation/emission spectra shown opposite the axis labels.

The corresponding colors for the wavelength ranges are shown below the ex-

citation axis and to the right of the emission axis. Contour lines are drawn at

intervals of 100 (arbitrary units). Reproduced with permission from reference

[54] c©2013, American Chemical Society.
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or blue-green[55], YAG:Ce efficiently emits in the green-yellow region. It unusu-

ally combines the properties of a large crystal-field splitting, usually associated

with polarizable ligands such as N3− or S2−, and a large band gap, usually associ-

ated with oxides and fluorides, which are difficult to reconcile. The large crystal-

field splitting results in optical absorption of YAG:Ce peaking at around 460 nm,

and emission which peaks around 540 nm as shown in Figure 1.6. These oc-

cur due to electronic transitions within Ce3+ between the [Xe]4f15d0 6s0 (2F5/2,

2F7/2) and [Xe]4f0 5d1 6s0 (2D3/2) states.[53] The energy gap between these two

states is significantly decreased from what is known for an isolated Ce3+ ion

due to the large crystal-field splitting of Ce3+ 5d states, which arises when a

Ce3+ ion replaces a smaller Y3+ ion in the YAG structure.[2, 55] The crystal-field

splitting of Ce3+ in YAG was found to be 2.22 eV,[56] which is unusually large

for an oxide phosphor.[55] In addition to the unusual red-shifted emission of

Ce3+ in YAG, YAG:Ce is known to be extremely bright, with quantum efficien-

cies at room temperature exceeding 85%.[57] The intrinsic quenching temper-

ature of YAG:Ce deduced from decay time measurements was reported to be

above 600 K for low Ce concentrations (<1 wt%) and above 400 K for higher Ce

concentrations (>1%).[36] More recently, Setlur and Srivastava[58] examined

the optical characteristics of YAG:Ce, finding that lower-energy Ce3+ sites be-

come more numerous at relatively high Ce concentrations of around x= 0.09

in Y3−xCexAl5O12. The lower-energy Ce sites lead to a red-shift in emission and
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are thought to be due to either neighboring Ce–Ce ions and/or Ce in perturbed

lattice sites, though the nature of these sites has remained unknown.

Though there have been several studies related to structure-property re-

lationships in YAG:Ce and related compounds, most have sought to correlate

emission color to the local or long-range structures of phosphors. To date, no

studies suggest crystal-chemical guidelines for finding new and efficient phos-

phor compounds. Among the long-range structural studies, Robertson et al.

reported emission spectra of epitaxially-grown YAG:Ce films with various cation

substitutions.[59] It was noted from this study that another effect besides cation

size was responsible for color shifts of the emission spectra. This effect was in-

vestigated by Wu et al.[22] by correlating excitation and emission wavelengths

to the average structural distortion of the active site in garnets. Pan et al.[60]

have correlated the red-shift of emission to long-range crystalline structure in

Gd3+-substituted YAG:Ce, showing a strong dependence of the emission wave-

length on the lattice parameter and strength of the crystal-field splitting of Ce3+.

One local structure study by Furman et al. demonstrated the quantum effi-

ciency of bulk YAG:Ce and YAG:Ce nanoparticles was related to the degrees of

crystallinity found from synchrotron X-ray total scattering.[61] Another recent

study examined the local structure of the Ce3+ ion using Ce K-edge extended

X-ray absorption fine structure (EXAFS) and found that the nearest 8 Ce–O dis-

tances are expanded by about 3% compared to the average Y–O distances in
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Y2.97Ce0.03Al5O12.[62] Using first principles theory methods, Gracia et al.[63]

and Munõz-Garćıa and Seijo[64] have suggested that substitution of Ce3+ for

Y3+ in YAG:Ce results in a small expansion of the coordination environment

around the substituent ion.

In light of the great importance of YAG:Ce and the challenges associated

with the analysis of dilute substituent species in crystalline materials, we have

employed a suite of powerful state-of-the-art structural probes, focusing on the

local structure of Ce ions and their interactions with the YAG host lattice. The

scattering and spectroscopic techniques used yield important new insights re-

garding the optical properties of YAG:Ce. More generally, these techniques

enable precise structural analyses of substituent ions at small concentrations

of approximately 1 mole percent. Such analysis is useful not only when in-

vestigating phosphor materials, but also potentially to other important mate-

rials with small doping amounts, such as heterogeneous catalysts, semicon-

ductors, solar materials, thermoelectrics, and luminescence up-conversion ma-

terials. With recent advances in synchrotron X-ray[65] and neutron powder

diffraction[66] techniques, structural information from inorganic materials can

be obtained with unprecedented accuracy. Recently developed Monte Carlo

simulation techniques enable detailed statistical investigation of total neutron

scattering data,[51, 67, 68] and are employed here for the first time on a phos-

phor material. X-ray absorption near-edge structure (XANES) and EXAFS yield
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crucial complementary information about the oxidation state(s) and local struc-

tural environments of the cerium substituent species. High-resolution solid-state

nuclear magnetic resonance (NMR) spectroscopy can exploit the effects of para-

magnetism of Ce3+ on the NMR parameters associated with nearby atomic sites,

in combination with electron spin resonance (ESR) spectroscopy provide infor-

mation that is complimentary to scattering measurements on the local structures

of Ce3+ ions. The range of techniques employed here enables detailed under-

standing of the local structure of Ce substituent ions in YAG, and provide critical

information for the rational design of new phosphor materials.

1.3.2 The La3−xCexSi6N11 (LSN:Ce) phosphor

Solid-state lighting (SSL) based on bright-blue InGaN LEDs combined with

an efficient down-converting phosphor[2, 69–71] has attracted considerable at-

tention in recent years due to the many advantages it offers. These solid-state

white LEDs possess advantages of high efficiency, a mercury-free design, long

lifetimes, color stability, and physically robust devices.[10, 72] Since the use of

yellow-emitting Y3−xCexAl5O12 (YAG:Ce) in solid-state white lighting devices in

the mid-1990’s,[73] many efforts have been put towards discovering new phos-

phors. Recently, researchers looking for new phosphors have tried materials con-

taining many different anions, resulting in new host structures, such as oxysul-

fides and sulfides,[74] fluorosulfides,[75] oxyhalides,[76–78] oxynitrides,[79]
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and nitrides.[12, 39, 41, 80] Nitrides have been a promising candidate for solid-

state lighting, due to their high quantum efficiencies and good thermal quench-

ing characteristics.[81] This has led to development of highly efficient white

LED devices based on nitride materials.[12]. The smaller electronegativity of N

compared with O increases the covalency of nitride host lattices compared with

oxides. The increase in covalency results in the formation highly rigid bond-

ing networks. Although bond strength is rather arbitrarily defined in extended

solids, using a proxy like the Debye temperature (ΘD) for a highly rigid lattice is

a tractable substitute. A larger ΘD indicates high-energy phonon modes are in-

accessible, thereby decreasing the number of non-radiative relaxation pathways.

Recent work has demonstrated ΘD and the quantum efficiency are directly cor-

related, with a larger ΘD of the host compound usually yielding a high efficiency

of the Ce3+ substituted material.[82]

Additionally, the center of gravity for the rare-earth 5d energy levels is

shifted to lower values (termed the nephelauxetic effect) in compounds with

the softer nitride anion, red-shifting emission.[83] It has also been suggested

that the red-shift in emission of nitrides is strongly correlated with the anion

polarizability,[84] or dielectric constant of the host lattice,[85, 86] rather than

simply the nephelauxetic effect. The higher formal charge of N compared with

O also causes a larger crystal field splitting of the 5d levels of the activator ions

in a nitride lattice, further red-shifting emission.[87]
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Some examples of recently-developed nitride phosphors include

(Ca,Sr,Ba)2Si5N8:Eu2+,[12] (Ca,Sr,Ba)YSi4N7:Eu2+,[88] the Ca3N2–AlN–

Si3N4:Eu2+ system,[89] (Sr,Ba)SiN2:Eu2+/Ce3+,[38] CaSiAlN3:Ce3+,[90] and

LaSi3N5:Ce3+.[91] In phosphors such as (Ca,Sr,Ba)2Si5N8:Eu2+, Eu2+ can be

fully substituted for the Ca/Sr/Ba site. Luminescence with 100% Ce3+ substitu-

tion has also been previously shown for CeF3[92] and CeMgAl11O19[93], which

both emit UV light. Additionally, blue luminescence of Ce4+ in Sr2CeO4 has

been reported with a long 65µs lifetime and poor thermal robustness of the

luminescence.[94, 95] Full Ce3+ substitution has not so far been reported for a

nitride phosphor compound, or a visible-light-emitting phosphor.

Figure 1.7: The crystal structure of La3−xCexSi6N11 looking down the a-axis.

The atoms that compose the layers in the a − b plane have been labeled, with

blue spheres representing N atoms. Reproduced with permission from reference

[96] c©2013, American Chemical Society.

The host lattice structure of La3−xCexSi6N11 was first established in 1983 in

the compound Sm3Si6N11.[97] The structure, shown in Figure 5.1, is tetragonal
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and belongs to space group P4bm (No. 100). It has two rare-earth (RE) sites

and two Si sites; the RE sites have the same coordination number with slightly

different geometries, but the Si sites are nearly identical in their nitrogen coor-

dination. The Si sites, however, have different connectivities to rare-earth sites

through their nitrogen bonds. After its discovery as Sm3Si6N11, the compound

was then extended to many other rare-earth ions in 1995, including Ce3Si6N11,

although the luminescent properties of this material were not studied at that

time.[98] Schlieper et al. reported successful preparation of the Ce3Si6N11 com-

pound, noting that it was yellow, but studied the structure by X-ray diffraction

and the magnetic properties, not the optical properties.[99] La3−xCexSi6N11 was

first studied as a phosphor material in 2009,[100, 101] when it was shown that

doping La3−xCexSi6N11 with small amounts of Ce3+ (on the order of 1 mole%)

results in a compound with excitation in the blue around 450 nm that shows a

bright, broad emission which ranges from nearly 500 nm to 700 nm. The emis-

sion intensity of La3−xCexSi6N11 was shown to be very stable with temperature,

an important characteristic of phosphors for use in practical devices. The emis-

sion intensity stability with temperature of La3−xCexSi6N11 is so extraordinary

that it even exceeds that of one of the most temperature-stable oxide phosphors,

namely (Y,Gd)3Al5O12:Ce3+.[100]

Although the La3−xCexSi6N11 crystal structure offers two La sites on which

Ce can substitute, the emission spectra appear similar to other compounds
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with emission from only one site, such as YAG:Ce3+. Previous studies on

La3−xCexSi6N11 have not elucidated the distribution of Ce substitution on these

two sites. Here, we use the complementary techniques of neutron diffraction,

nuclear magnetic resonance (NMR), and electron spin resonance (ESR), to in-

vestigate the site occupancy of Ce on the two different crystallographic RE sites,

and connect this to the optical properties. Additionally, we use these techniques

to explain the structural reasons for the remarkable thermal stability of emission

intensity of La3−xCexSi6N11. We also, for the first time, investigate the optical

and structural properties of a fully Ce-substituted nitride phosphor, Ce3Si6N11.

Experimental studies are complemented by first-principles electronic structure

calculations on the La3Si6N11 host compound, establishing the large band gap

Eg and high Debye temperature (ΘD) Based on previous work,[82], we pro-

pose that both of these properties contribute to the high quantum efficiency and

excellent robustness of luminescence of the nitride phosphor La3−xCexSi6N11.

1.3.3 The La3−xCexSi6N11 phosphor with Al substitution

There is currently a paucity of red-emitting phosphors, which inhibits cre-

ation of “warm white” solid state lighting devices with low color temperature

emission. This is important for residential and general lighting situations, where

a lower color temperature (i.e. a large proportion of red emission) is important.

One way of achieving efficient red emitting phosphors is to use nitrides or oxyni-
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trides, which red-shift emission via the nephelauxetic effect.[80] A recently dis-

covered nitride phosphor with a high quantum efficiency and no decrease of

quantum yield from 77 K to 500 K is La3−xCexSi6N11.[100] However, the red

emission from this phosphor is insufficient to produce a device with a low color

temperature, limiting its use in warm white lighting.

Another nitride phosphor similar in composition to La3−xCexSi6N11 is

LaSi3N5:Ce3+.[91] The emission of LaSi3N5:Ce3+ is more blue-shifted than

La3−xCexSi6N11, which prompted other investigators to attempt cation substi-

tutions in order to red-shift the emission. This was achieved by Al substitution

for Si in LaSi3N5:Ce3+; the red-shifted emission was attributed to an enhanced

centroid shift of the 5d levels to lower energies and shorter Ce–N bonds.[102]

Takahashi et al. also studied Al substituted La-Si-oxynitrides,[103] but did not

investigate the effect of Al substitution on emission. We achieve a similar red-

shift in the phosphor La3−xCexSi6N11 by substituting small amounts of Al on the

Si sites. The resulting optical properties are investigated, including quantum ef-

ficiency, temperature-dependent emission spectra, and temperature-dependent

decay times. The optical properties are then related to the structure, inves-

tigated using Rietveld refinement of synchrotron X-ray scattering data, solid-

state 27Al and 29Al NMR spectroscopy, and electron spin resonance (ESR) spec-

troscopy.
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1.3.4 The CaSc2O4:Ce3+ (CSO:Ce) phosphor

One recently discovered green-emitting Ce3+-substituted oxide phosphor is

CaSc2O4:Ce3+. Although the host structure CaSc2O4 has been known since

1965,[104] bright green luminescence upon Ce3+ substitution was not discov-

ered until 2007 by Shimomura et al..[105] In that study, the crystal structure

was investigated with Cu-Kα X-ray diffraction (XRD), the dependence of photo-

luminescent properties on the Ce concentration was investigated, and substitu-

tion of Mg and Sr was also attempted. The CaSc2O4:Ce3+ phosphor is excited ef-

ficiently by blue light (peaking around 455 nm), and emits broadly in the green

region with an emission peak around 515 nm as shown in 6.8. Another earlier

study extracted details about the crystal structure of the CaSc2O4 host lattice us-

ing Cu-Kα XRD.[106] Other studies have examined the crystal structure of laser-

heated pedistal growth of CaSc2O4:Ce3+ by XRD,[107] and one study investi-

gated the crystal structure of combustion prepared CaSc2O4:Ce3+ by XRD.[108]

The host material CaSc2O4 has also drawn interest for use with other optically-

active rare-earth dopants, such as Eu3+,[109] Ce3+ co-doped with Nd3+,[110]

and Ce3+ co-doped with Tm3+, La3+, or Tb3+.[111] Chen et al. examined the

temperature dependence of luminescence intensity of CaSc2O4:Ce3+, finding

that the photoluminescence intensity at high temperatures outperforms YAG:Ce

by 10% to 20%.[111]

What is missing in the current literature on this unique Ce3+-activated oxide

34



Figure 1.8: Two-dimensional fluorimetry plot of the CaSc2O4:Ce3+ phosphor.

The most intense excitation and emission spectra are shown above and beside

the plot, respectively.
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is in-depth structural analysis of the host lattice, as well as investigation of the

local structure around Ce substituents. This information can be used to improve

and tune the luminescent properties of CaSc2O4:Ce3+, such as the emission color

and quantum yield at high temperatures. We employ the techniques of syn-

chrotron X-ray and neutron scattering to understand the structure of the host

lattice CaSc2O4, and use nuclear magnetic resonance (NMR) and electron spin

resonance (ESR) to understand the local structure around the Ce substituents.

1.3.5 The Sr2.975Ce0.025Al1−xSixO4+xF1−x (SASF:Ce) phosphor

Recent efforts to develop new LED phosphor hosts include oxide,[105,

112–114] nitride,[115–118] oxynitride,[119–121] sulfide,[122, 123] and

halide[124, 125] hosts. Despite many successes, continued efforts are required

to address issues of higher efficiencies, better color rendition, and better ther-

mal quenching characteristics. Currently, Y3Al5O12:Ce3+ is perhaps the most

frequently used phosphor, but this material lacks thermal stability at elevated

temperatures during white LED operation[126] and suffers a low color render-

ing index when pumped by a blue LED chip.[127]

Recently, we reported a new green-emitting phosphor,

Sr2.975−xCe0.025BaxAlO4F (SBAF:Ce3+), which shows great potential for high

efficacy white LED applications. Although the efficiency is nearly 100 %,
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SBAF:Ce3+ suffers the drawback of degradation upon contact with moisture,

raising questions regarding stability in real-world applications.[128] In this

study, we propose an alternate route to avoid moisture sensitivity without

greatly reducing quantum efficiency of the phosphor. The route involves

making a solid solution between the nearly isostructural compounds Sr3AlO4F

(SAF) and Sr3SiO5 (SSO). The latter end member in the title compound

has been reported to be moisture stable, as well as having high quantum

efficiency.[129, 130]

In this study, we have developed a solid solution phosphor series between

SAF and SSO, Sr2.975Ce0.025Al1−xSixO4+xF1−x (SASF:Ce3+), that exhibits very fa-

vorable features in the optical properties and phase stability under ambient

atmosphere. Two substitutions occur across the solid solution series, both of

anions (F− for O2−) and of cations (Si4+ for Al3+) that result in the phosphor

family Sr2.975Ce0.025Al1−xSixO4+xF1−x. The Ce concentration in this family has

been optimized at 2.5 atom %, from a knowledge of optimal concentrations for

both end-members. Note that the composition as reported here is not charge

balanced, with an excess of 0.025 positive charges per unit cell. There are many

ways in which this excess positive charge can be compensated, viz. a slight in-

crease of the O/F ratio, or the creation of cation vacancies. These compensating

mechanisms would take place to extents not detectable by the techniques used

here.
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The solid solution series has been characterized by using a combination

of powder X-ray diffraction (XRD), solid-state 19F NMR spectroscopy, and syn-

chrotron X-ray total scattering, in addition to uv-vis spectroscopy. Optical prop-

erty measurements show that members of the SASF:Ce3+ phosphor series are

a very bright, broad, emitter under 430 nm excitation. SASF:Ce3+ phosphors

have been incorporated into phosphor-capped white LEDs using an InGaN LED

chip (λmax = 434 nm), and this white LED prototype has been characterized op-

tically. Thermal quenching of the luminescence, and in particular, analysis of

the local structure of SASF:Ce3+ with solid-state 19F NMR and synchrotron X-

ray total scattering, suggest explanations for the unusual brightness of the new

phosphor.
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Chapter 2

Local environments of dilute

activator ions in the solid-state

lighting phosphor Y3−xCexAl5O12

The majority of this chapter has been reproduced with permission from ref-

erence [54] c©2013, American Chemical Society.

The oxide garnet Y3Al5O12 (YAG), when substituted with a few percent of

the activator ion Ce3+, is a luminescent material that has nearly ideal photolu-

minescence properties for excitation by a blue solid-state light source. Although

YAG:Ce has been the subject of many studies and seen widespread use, the

crystal-chemical reasons for the nearly ideal optical properties of YAG:Ce are
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yet to be elucidated. These crystal-chemical reasons are elucidated here, using

a variety of advanced experimental techniques.

2.1 Experimental Details

2.1.1 Sample preparation

Samples of Y3−xCexAl5O12 with x= 0, 0.02, 0.04, 0.06, 0.08, and 0.09

were prepared using conventional solid-state preparation methods.[131, 132]

Starting materials consisting of stoichiometric amounts of Y2O3 (Sigma-Aldrich,

99.9%), Al2O3 (Sumitomo AKP-50, >99.99%), and CeO2 (Cerac, 99.9%), with

5% by mass BaF2 (Sigma-Aldrich, 99.9%), and 0.5% by mass NH4F (Sigma-

Aldrich, 99.99%) as sintering agents (flux), were ground in an agate mortar and

pestle, placed in alumina crucibles, and fired at 1500 ◦C for 5 h in an alumina

tube furnace under 0.2 l/min 5% H2/N2 gas flow. Following standard procedures

for phosphor preparation, we employed a fluoride flux. Samples prepared with-

out flux required longer heating times and higher reaction temperatures, but

were otherwise indistinguishable from samples prepared using the flux, within

the sensitivity limits of diffraction and NMR measurements. The amounts of

flux and Ce were optimized by finding the concentrations that maximized the

absolute emission intensity, resulting in optimum values of 5 mass % BaF2, 0.5
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mass % NH4F, and a Ce concentration of x= 0.06 (Y2.94Ce0.06Al5O12). The quan-

tum efficiency of the optimized sample was determined to be 87%. Samples for

XANES/EXAFS and total neutron scattering (Y2.91Ce0.09Al5O12) were prepared

with stoichiometric amounts of Y2O3 (Sigma-Aldrich, 99.9%), Al2O3 (Sumit-

omo, 99.9%), and CeO2 (Cerac, 99.9%), which was ground in an agate mortar

and pestle, pressed into pellets, placed in alumina crucibles on a bed of sacri-

ficial powder, and fired at 1600 ◦C for 96 h in an alumina tube furnace under

0.2 l/min 5% H2/N2 gas flow. After the starting materials had been reacted, the

phosphor cakes were ground with an agate mortar and pestle into fine powders.

Optical measurements. Photoluminescence and photoluminescence quantum

yield (PLQY) were measured to verify the properties of Y3−xCexAl5O12. The sam-

ples were thoroughly mixed and finely ground with KBr (99%, FT-IR grade,

Sigma-Aldrich) and subsequently pressed into a pellet (diameter = 13 mm,

KBr:sample ratio approximately 10:1 by mass). Photoluminescence spectra were

obtained on a Perkin Elmer LS55 spectrophotometer, scanning a wavelength

range from 300 nm to 800 nm. Two-dimensional spectra were collected for

each excitation wavelength in steps of 1 nm. PLQY was measured with 457 nm

excitation using an argon laser and an experimental protocol as described by

Greenham et al.[133]
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2.1.2 Synchrotron X-ray and neutron scattering

High-resolution synchrotron powder diffraction data were collected using

the 11-BM beamline at the Advanced Photon Source (APS) at Argonne National

Laboratory, using an average wavelength of λ= 0.412154 Å. Other details re-

garding the experimental setup can be found elsewhere.[65]

Neutron powder diffraction was performed on the HIPD and NPDF instru-

ments at the Lujan Neutron Scattering Center at Los Alamos National Labora-

tory. Powder samples were placed in vanadium cans, and time-of-flight neu-

tron data was collected at 295 K on the HIPD instrument from 8 detector banks

at ±45◦, ±90◦, ±119◦ and ±148 ◦ 2θ. For the NPDF measurements, powder

samples were placed in vanadium cans, and time-of-flight neutron data were

collected at 15 K and 295 K from 4 detector banks at 14◦, 40◦, 90◦ and 153◦

2θ.[134]

Crystal structures were refined using the programs XND[135] and the

EXPGUI front end for the refinement program General Structure Analysis Sys-

tem (GSAS).[136] Simultaneous refinements to the X-ray and neutron scatter-

ing data were completed by adjusting the profile shapes and unit cells during

the LeBail fits, refining neutron absorption coefficients, instrument parameters,

and the backgrounds (10-term Chebyshev polynomial function), then refining

the atomic positions, and finally the atomic displacement parameters and Y/Ce
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occupancies. Occupancies and atomic displacement parameters are usually

strongly correlated in Rietveld refinements, so these were refined in alternate

cycles. For joint X-ray and neutron refinements, the neutron data were scaled

by a factor close to 1.2 so that the weighted contributions of the neutron and

X-ray histograms were nearly equal. During the final refinement cycle, all appro-

priate free parameters were allowed to refine simultaneously. Crystal structures

were visualized using the software VESTA.[137]

2.1.3 Neutron total scattering and Reverse Monte Carlo

(RMC) simulation

Time-of-flight (TOF) total neutron scattering on Y2.91Ce0.09Al5O12 was car-

ried out at 295 K on the NPDF instrument at the Los Alamos Neutron Sci-

ence Center at Los Alamos National Laboratory. The data were extracted using

PDFGETN,[138] with Qmax = 31 Å. The uncertainty from the PDF measurement

is around 0.1 Å (∆r= π/Qmax).[139] PDFGUI was used to fit a symmetric model

to the PDF out to 50 Å.[140] Reverse Monte Carlo simulations were run using

RMCPROFILE version 6 and a 4×4×4 supercell with 10240 atoms.[141, 142]

These simulations were simultaneously constrained by the S(Q) Bragg profile

and the G(r). All atom–atom distances were subject to a hard-sphere cutoff at

1.576 Å, since data at smaller distances consisted of termination ripples. RMC
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fits employed a maximum r of 20 Å. Ce and Y atoms were allowed to exchange

positions with a 5% chance of each move being an atom swap. Eight runs were

averaged for better statistics, and simulations were run for a total of approxi-

mately 915 Monte-Carlo sweeps.

2.1.4 X-ray absorption near edge structure (XANES) and ex-

tended X-ray absorption fine structures (EXAFS)

To determine the formal oxidation state of Ce, X-ray absorption near edge

spectroscopy (XANES) experiments were performed in Sector 20, bending mag-

net beamline (PNC/XSD, 20-BM) of the Advanced Photon Source at the Ar-

gonne National Laboratory, IL. The pellet of the pure sample (Y2.94Ce0.06Al5O12

prepared with BaF2 flux) was sandwiched between two layers of Kapton tape.

The measurement was performed at room temperature in fluorescence mode

using a 4-element Vortex R© detector. Monochromatic X-rays were obtained using

a Si (111) double crystal monochromator. The incident beam was focused to a

small spot (500µm×350µm) using a Al2O3/Pt coated toroidal mirror.[143] A

rhodium coated X-ray mirror was utilized to suppress higher order harmonics.

Measurements on a CeO2 standard, prepared by dusting finely ground powders

on Kapton tape and stacking six layers together, were also performed using the

unfocused beam in transmission mode. Measurement of CeO2 were performed
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at low temperatures, but is irrelevant to oxidation state determination.

Ce K-edge XANES studies were carried out at sector 20-ID beamline at the

Advanced Photon source at 295 K.[144] The fifth harmonic of the undulator

was used along with full scanning of the undulator. The incident beam was

monochromatized using a pair of Si (311) crystals. Higher order harmonics

were suppressed by detuning the monochromator to reduce the incident X-ray

intensity by approximately 15%. Argon-filled ion chambers were used for the

Io, It, and Iref detectors. A cold pressed pellet of CeO2 in BN was employed

as an internal calibration for the alignment of edge position. The Ce K-edge in

the x= 0.09 YAG:Ce sample was measured on a pure pellet of the sample in

fluorescence geometry using a 13-element energy dispersive germanium detec-

tor, operated at a total count rate of ≈80 KHz per element. The Y background

fluorescence signal impinging the Ge detector was selectively reduced by using

several layers of thin aluminum foil, and care was taken to account for dead-

time associated with saturation of the detector. The CeO2 absorption edge was

calibrated to 40.473 keV as previously measured.[145] Simulations of the data

were performed using the ARTEMIS code,[146] with fits performed in the k2

regime; fits in other kn regimes gave results in good agreement with the k2

regime. The k-space range was 2.77 Å−1 to 16 Å−1, giving a spacial resolution of

about 0.1 Å. Ten variables were used with an estimated 25 independent points.
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2.1.5 Solid-state 27Al and 89Y Nuclear Magnetic Resonance

(NMR) spectroscopy

High-resolution solid-state 27Al and 89Y magic-angle spinning (MAS) NMR

spectroscopy were used to investigate the local structure of YAG:Ce. Single-

pulse and T1-filtered 27Al NMR experiments were performed at room temper-

ature on a Bruker AVANCE IPSO NMR spectrometer, with an 18.8 T narrow-

bore superconducting magnet, operating at a frequency of 208.52 MHz for 27Al

nuclei, which are 100% naturally abundant. A Bruker 3.2 mm H-X-Y triple-

resonance MAS probehead was used with zirconia rotors and Kel-FTM caps, with

a MAS spinning rate of 24 kHz. The MAS resulted in heating of the sample, so

that the temperature of the sample was somewhat higher than room temper-

ature. The radio frequency (RF) pulse length of 2.7µs and power level were

calibrated to achieve a 15 ◦ (π/12) rotation of the net 27Al magnetization to en-

sure quantitative measurements[147] and were calibrated with respect to the

longitudinal spin-lattice relaxation time (T1) to ensure that the spectra were

fully quantitative (recycle delay of 40 s). An external AlN sample was used as

a spin-counting standard to compare the absolute 27Al signal intensity with re-

sults from elemental analyses, which confirmed 100% visibility of 27Al nuclei in

all samples measured. A total of 192 transients were collected for the single-

pulse 27Al NMR spectra, and chemical shifts were referenced to 1 M Al(NO3)3
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(aq.) at 0 ppm.

27Al spin-lattice relaxation-time behaviors of the YAG:Ce samples were estab-

lished by using complementary 1D saturation-recovery and T1-filtered 27Al MAS

NMR spectra. 1D saturation-recovery 27Al MAS NMR spectra were acquired for

a range of times, τ , between 0.05 s and 70 s on a Bruker AVANCE IPSO NMR

spectrometer, with an 11.7 T wide-bore superconducting magnet, operating at a

frequency of 130.28 MHz for 27Al nuclei. The number of transients was scaled

with the delay times, and ranged from 24 to 1024, with more transients acquired

for shorter delay times. A Bruker 4 mm H-X-Y triple-resonance MAS probehead

was used with zirconia rotors and Kel-FTM caps, with a MAS spinning rate of

14 kHz. A RF pulse length of 2.51µs was calibrated with the power level for

a 90◦ rotation of the net magnetization of 6-coordinate 27Al nuclei, and a 400-

pulse saturation train with 2µs between saturation pulses was used with a 0.1 s

recycle delay. The long saturation train was not rotor-synchronized, leading

to a saturation of the central and satellite transitions, minimizing effects from

population transfer between ±5/2 and ±3/2 to ±1/2 Zeeman levels.[148, 149]

1D T1-filtered 27Al MAS NMR spectra (measured on the 18.8 T NMR spectrom-

eter) were acquired with two consecutive 27Al 90◦ pulses, followed by a time

delay, tT1 = 15 s, and then another 27Al 90◦ pulse before detection to suppress

6-coordinate 27Al signals from species with spin-lattice relaxation times shorter

than the respective tT1 = 15 s values. The 1D T1-filtered 27Al MAS NMR spectra
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were scaled using an appropriate constant c > 1 to account for decreased signal

intensity due to T1 relaxation effects, which allows for the remaining signals to

be normalized for comparison with the single-pulse 27Al spectrum.

High-field solid-state 27Al NMR measurements were recorded on a Bruker

Avance III 1 GHz spectrometer operating at a 27Al Larmor frequency of

260.7 MHz. A 1 M aqueous solution of Al(NO3)3 was used as the chemical shift

reference. Spectra of the YAG:Ce material were acquired with a 1.3 mm HX

probe at 60 kHz MAS. The T1 relaxation time constants were measured using a

saturation-recovery experiment comprising a saturation sequence of 30 pulses

separated by delays of 3 ms, and a recovery delay taking 27 values varying from

0 s to 150 s. The 1D spectra were acquired using a one-pulse sequence with 288

scans, a recycle delay of 35 s (x= 0.09), and 110 s (x= 0.00), and an excitation

pulse of 50 kHz RF field amplitude and 1.67µs duration.

Solid-state 89Y NMR experiments were performed at the U.S. National High

Magnetic Field Laboratory in Tallahassee, Florida, on a narrow-bore Magnex

19.6 T magnet with a Bruker console, operating at a frequency of 40.804 MHz

for 89Y nuclei, which are 100% naturally abundant. Data were collected un-

der MAS conditions of 6 kHz and room temperature using a Samoson 7 mm

H-X triple-resonance MAS probehead with zirconia rotors and Kel-FTM caps. RF

pulses with a 4µs length were used with a recycle delay of 140 s, and 200 tran-

sients were signal averaged. Chemical shifts were referenced to 1 M YCl3 (aq.).
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Solid-state NMR spectra were modeled using the simulation program DM-

FIT;[150] 27Al peaks from octahedrally coordinated AlVI species were fit with

Gaussian lineshapes. Relative populations of 27Al species were found by fitting

the largest signal associated with the +1/2→ −1/2 central transition and the

two nearest spinning sidebands for each signal, then subtracting the average

integrated intensity of the two spinning sidebands from the integrated intensity

of the central peak. The T1 relaxation times of 27AlVI nuclei were found by fixing

the peak widths and peak positions of the fit from the single-pulse 27Al spec-

tra, then fitting the amplitude of the peaks for the spectrum determined at each

delay time.

2.1.6 Electron Spin Resonance (ESR) spectroscopy

ESR spectra were collected on a Bruker X-Band ESR spectrometer

(ν = 9.486 GHz), equipped with a helium flow cryostat. Samples were placed

in quartz tubes, and spectra were acquired at temperatures ranging from 4 K to

40 K. The set of linewidths as a function of temperature of the peak at 2480 G

were fit with the curve fitting tool in MATLAB. Spectral simulations employed

the EASYSPIN code implemented in MATLAB,[151] with a correction included

for field-dependent relaxation effects. The gx peaks were fit with Gaussian line-

shapes by using the program DMFIT.[150]
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2.2 Results and Discussion

2.2.1 Influence of Ce3+ substitution on the average crystal

structure

High-resolution synchrotron X-ray diffraction enables detailed examination

of sample purity as well as investigation of small changes in the average struc-

ture of ordered materials, and has been used here to probe accurately the effect

of the small amount of Ce substitution on the average structure of YAG. The

X-ray scattering data show the materials are phase pure, with small YAlO3 im-

purities of less than 1 mole % in some samples.[152] Rietveld refinements of

synchrotron X-ray data acquired for different YAG:Ce materials with systemati-

cally varied Ce concentrations, Y3−xCexAl5O12 with x= 0, 0.02, 0.04, 0.06, 0.08,

and 0.09 (data shown in Figure 2.1(b)), reveal a small linear increase in the YAG

unit cell (Figure 2.1(a)) lattice parameter with Ce3+ substitution (Figure 2.1(c)).

The linear increase in the unit cell parameter with substitution of the larger Ce

atom (relative to Y) follows the Végard law,[153, 154] suggesting that the ma-

jority of Ce from the starting materials is being substituted into the YAG lattice.

It additionally suggests that the expansion of the lattice around Ce is distributed

over length scales on the order of the unit cell. The change in unit cell parame-

ter with Ce substitution is very small; the unit cell parameter increases by only

0.056% from x= 0 to x= 0.08 Ce substitution in Y3−xCexAl5O12.
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Figure 2.1: (a) The YAG structure looking down the a axis, with red, blue,

grey, and orange spheres representing four-coordinate Al (AlIV), six-coordinate

Al (AlVI), Y, and O atoms, respectively; (b) synchrotron X-ray diffraction pat-

terns of Y3−xCexAl5O12 acquired at 295 K for x as indicated (kcounts denotes

103 counts), and (c) the unit cell parameter from Rietveld refinement [exem-

plary refinement shown in Figure 2.2(a)] as a function of Ce concentration, x

(red open squares). Error bars from the estimated standard deviation are shown

for the data collected here, but are smaller than the symbols. The Végard law is

followed,[153, 154] showing a very small linear expansion of the unit cell with

Ce substitution. “+” symbols represent data from Robbins et al.,[155] and filled

circles represent data from Tien et al.[156] Reproduced with permission from

reference [54] c©2013, American Chemical Society.
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Table 2.1: Crystallographic parameters of Y3−xCexAl5O12 from Rietveld refinement of syn-

chrotron X-ray, HIPD neutron, and NPDF neutron scattering data.a

T (K) 15 15 295 295 295
x = 0 x = 0.08 x = 0 x = 0.06 x = 0.09

Beamline(s) NPDF NPDF 11-BM, HIPD 11-BM, HIPD 11-BM, NPDF
Rp (%) 1.39 1.41 6.17 (X-ray) 5.74 (X-ray) 11.2 (X-ray)

1.11 (neutron) 1.09 (neutron) 1.97 (neutron)
2.27 (overall) 2.19 (overall) 6.07 (overall)

a (Å) 11.99067(2) 11.99795(2) 12.008476(3) 12.013001(5) 12.01558(3)
O x 0.28049(3) 0.28056(3) 0.280598(9) 0.28058(1) 0.28062(2)
O y 0.10103(3) 0.10099(2) 0.10092(1) 0.10099(1) 0.10094(2)
O z 0.19914(3) 0.19922(2) 0.199330(9) 0.19946(1) 0.19942(2)
refined Cex 0.07(2) 0.09(3) 0.10(1)

a Cex refers to the amount of Ce in Y3−xCexAl5O12. All refinements were carried out with the

Ia3̄d space group (#230). Exemplary Rietveld refinements are shown in Figure 2.2. The

estimated standard deviations for the last significant digit are given in parenthesis.
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Figure 2.2: Simultaneous Rietveld refinement of (a) synchrotron X-ray scat-

tering data and (b) time-of-flight neutron scattering data acquired at 295 K of

Y2.94Ce0.06Al5O12, and (c) Rietveld refinement of time-of-flight neutron scatter-

ing data at 15 K of Y2.92Ce0.08Al5O12. The expected reflection positions are shown

above each plot. Reproduced with permission from reference [54] c©2013,

American Chemical Society.

Rietveld refinement of synchrotron X-ray and neutron diffraction data, as

shown in Figure 2.2(a,b,c), yields unit cell parameters, the oxygen atom posi-

tions, and Ce occupancies as given in Table 2.1. As the temperature is decreased

from 295 K to 15 K, a very small contraction of about 0.15% in the unit cell is

observed, along with a decrease in atomic displacement parameters (ADPs). A
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small change in the unit cell parameter with temperature is consistent with pre-

vious measurements of the thermal expansion of YAG, which show the thermal

expansion parameter, α, to be on the order of 1×10−6 K−1.[157] This implies

that the structure is very rigid, which is additionally supported by the unusually

small values of the atomic displacement parameters found here. Since Y and Ce

have sufficiently different neutron scattering lengths (4.03 barn and 7.15 barn

for Ce and Y, respectively), the Ce/Y occupancies can be refined stably. The

Ce occupancies shown in Table 2.1 closely follow the nominal compositions em-

ployed in the preparation. Ascertaining that the majority of the Ce has indeed

been incorporated into the lattice rules out the possibility of impurity phases

that might quench luminescence, and this is further supported by the 27Al NMR

results discussed below.

The trend in the unit cell parameters found from synchrotron X-ray scatter-

ing is much less than a theoretically predicted increase of 0.11% from x = 0

to x = 0.125 in Y3−xCexAl5O12 (slope of 0.17).[64] A single-crystal study by

Robbins et al. also found a linear increase in the YAG lattice parameter with

Ce incorporation.[155] However, as shown in Figure 2.1, the expansion of the

YAG unit cell parameter found by Robbins et al. (slope of 0.0083) is smaller

than that found here, possibly due to less Ce incorporation, resolution limita-

tions/uncertainty in the previous study, or the fact that only two points are used

to make this trend. The trend found here agrees well with another study, which
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found a linear increase in the unit cell of YAG with Ce incorporation of up to

x = 0.18 (slope of 0.1) prepared using co-precipitation.[156]

2.2.2 The local Ce3+ environment from scattering

Rietveld analysis is a powerful tool for investigating the average structure of

materials, but it cannot probe features associated with the local structure, such

as correlated atomic motion that arises from stiff forces of nearest-neighbor

bonds.[139] These stiff forces relate to the interatomic potentials, and hence

the extent to which a lattice will deform when a large substituent ion such as

Ce3+ is incorporated in YAG. The peak width of nearest-neighbor features in the

pair distribution function (PDF) contains information on vibrations associated

with stiff bond-stretching forces, and the resulting correlated atomic motions.

This can be investigated by fitting the PDF with a least-squares method using

a periodic unit cell.[140] The PDFGUI least-squares fit to the 295 K neutron

PDF of Y2.91Ce0.09Al5O12 out to 50 Å, shown in Figure 2.3(a), fits the data well,

and yields the correlated motion parameter δ2 which is related to the width

of nearest-neighbor peaks in the PDF. Essentially the δ2 parameter is larger for

stiffer bonds. The value of δ2 obtained here is 2.3(3) Å2, larger than the value

of 1.8(1) Å2 reported for Al2O3 on the ARCS beamline,[158] which further sup-

ports the hypothesis that the stiff near-neighbor bonds in YAG exhibit a high

degree of rigidity.
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Figure 2.3: Time-of-flight neutron scattering data of Y2.91Ce0.09Al5O12 acquired

at 295 K with (a) PDFGUI least-squares fit of G(r) with a Rwp of 9.1%, and

reverse Monte Carlo fits of (b) S(Q) and (c) G(r). The expected peak positions

for S(Q) are shown above (b). Polyhedra are shown inset above (c), with arrows

denoting the corresponding peaks in the PDF for the (from left to right) AlIV,

AlVI, and 8-coordinate Y sites. Reproduced with permission from reference [54]

c©2013, American Chemical Society.

The local structure near the Ce substituent species in YAG is closely related

to the optical properties of YAG:Ce, because the bond length and orientation of

the Ce–O bonds will determine the 5d energy levels, and hence the excitation
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and emission energies. The symmetry constraints of least-squares refinement

of PDF data using a periodic unit cell prohibit selectively investigating the local

coordination environments of the Ce substituent ions. The Ce local environ-

ments are hypothesized to be distinct from that of Y, but not highly distorted

because of the stiff nearest-neighbor bonds and rigid structure. Reverse Monte

Carlo (RMC) simulations, which simultaneously model the local and long-range

structure of a material,[141, 142, 159, 160] enable selective investigation of

the structure around Ce because its local coordination is no longer constrained

by symmetry to be the same as that of Y. As mentioned previously, Y and Ce

have neutron scattering lengths which allow for Ce to be distinguished from

Y in the simulations. The results of the RMC fits to the neutron data, shown

in Figure 2.3(b),(c) and as the 4×4×4 supercell collapsed onto one unit cell in

Figure 2.4(a), exhibit a distribution of Ce–Ce distances similar to Y–Y distances

as shown in Figure 2.5. This supports a random distribution of Ce in the YAG

lattice, consistent with 27Al NMR and ESR results discussed later.

Comparison of a reverse Monte Carlo simulation of YAG:Ce with Y in place

of Ce shows that the fit is slightly improved by using Ce instead of Y in the

simulation (χ2 of 3.55 compared to 3.57 for simulations with Ce and with only

Y used, respectively), and if the Ce atoms are replaced by Y after the simulation

has been run, the χ2 increases to 3.65.

Examination of the M–O (M = Ce, Y) distance histograms and O–M–O an-
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gle distributions from the RMC simulation of Y2.91Ce0.09Al5O12 in Figure 2.4(b,c)

suggests that the much larger Ce3+ atom adopts effectively the same local envi-

ronment as the smaller Y3+ atom in YAG, with essentially identical M–O distance

and O–M–O angle distributions. The lack of distortion in the O–Ce–O bond an-

gles is consistent with the rigid bonds found from the large δ2 from the PDFGUI

fit and is consistent with a previous ab initio study.[63] Average Ce–O distances

of 2.31 Å and 2.44 Å found here are slightly smaller than the values of 2.40(2) Å

and 2.50(2) Å from the EXAFS results presented later. The nearly imperceptible

distortion of the lattice around Ce3+ is consistent with the small increase in unit

cell parameter found from Rietveld analysis in Figure 2.1(b), since a larger lo-

cal distortion around Ce would be expected to expand the lattice by a greater

amount. It is also consistent with the highly stiff nearest-neighbor bonds deter-

mined from the width of nearest-neighbor peaks in the PDF. The nearly identical

Ce–O and Y–O distance distributions imply that Ce3+ is severely compressed in

the YAG lattice, since the Shannon-Prewitt ionic radius of 8-coordinate Ce3+

(1.143 Å) is larger than the radius of 8-coordinate Y3+ (1.019 Å).[161] The av-

erage bond valence sum[162, 163] from the simulations yields an estimate of

the extent of over-bonding from the short Ce–O bonds. The average Ce bond va-

lence sum was determined to be 4.0±0.1, which is much higher than expected

for the nominal valence state of 3 and the average bond valence sum of Y of

3.1±0.1. Prior work using a point-charge model has shown the d-orbital crystal-
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field splitting (Dq) is related to the Ce3+–O bond length as 1/r5.[164] The com-

pression of the Ce3+ local environment observed here is therefore what leads to

the unusually large crystal-field splitting of the Ce 5d states in YAG.[55, 56]

Table 2.2: Inter-atomic Ce–X distances for

Y2.91Ce0.09Al5O12 determined from Rietveld

refinement and EXAFS data at 295 K.a

X N Ce–X distance (Å)
Rietveldb EXAFSc

O1 4 2.3090(2) 2.40(2)
O2 4 2.4401(2) 2.50(2)
Alt 2 3.00238(2) 3.05(1)
Alo 4 3.35677(2) 3.41(1)
Alt 4 3.67715(2) 3.71(1)
Y 4 3.67715(2) 3.71(1)

a The estimated standard deviations are shown in

parenthesis for the last significant digit.

b The Rietveld values were obtained from simulta-

neous Rietveld refinement of synchrotron X-ray

and time-of-flight neutron scattering data.

c The EXAFS fit also included the next 2 coordi-

nation shells around Ce (Ce–O pairs), but the

distances did not differ significantly from the Ri-

etveld refinement.

The bond valence sum of 4.0 found from RMC simulations does not sup-
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port Ce in the 3+ state, as is required for the optical properties. XANES of-

fers a direct method for measuring oxidation state(s) of Ce, which is critically

important to the optical properties of YAG:Ce since Ce4+ ions can quench Ce3+

luminescence.[165] The shape of the Ce L3 XANES spectra is a strong fingerprint

of the formal oxidation state of cerium. Ce L3-edge XANES data collected on

Y2.94Ce0.06Al5O12 at 295 K, shown in Figure 2.6(a), reveal that the Ce in YAG:Ce

produces a single, strong peak (white line resonance) around 5.726 keV, con-

sistent with Ce3+.[166] Conversely, the spectrum of formally tetravalent Ce

in CeO2 in Figure 2.6(a) shows a double peaked spectrum, characteristic of

Ce4+.[167] This indicates the great majority of the Ce in YAG:Ce materials in-

vestigated here are in the 3+ state. The K-edge XANES in Figure 2.6(b) shows

the absorption edge lies at 40.469 keV, a lower energy than the Ce absorption

edge in CeO2 at 40.473 keV, adding support that the majority of Ce in YAG:Ce is

in the 3+ state.[145] Interestingly, most compounds with Ce3+ have Ce K-edge

XANES absorption edges at least 7 eV lower than CeO2,[168] but the absorption

edge of Ce in YAG is only 4 eV lower in energy. The results here from XANES

are further supported by the solid-state 27Al NMR results below, which show the

vast majority of the Ce atoms in the lattice are reduced to Ce3+.

The short Ce–O bonds found from the RMC simulations can be directly

probed by EXAFS. A fit to the EXAFS data of Y2.91Ce0.09Al5O12 shown in Fig-

ure 2.6(c),(d) (R-factor of 1.55%) reveals that the Ce–O bond distances do ex-
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pand somewhat from the average structure Y–O distances of 2.31 Å and 2.44 Å,

with Ce–O distances of 2.40(2) Å and 2.50(2) Å. The Ce–O distances found here

are slightly larger compared to the values from two theoretical studies of 2.373 Å

and 2.468 Å,[64] and 2.370 Å and 2.441 Å,[63] but agree well with the RMC re-

sults and previous results from lower-resolution (smaller kmax) Ce K-edge EXAFS,

which found Ce–O distances of 2.38(1) Å and 2.52(2) Å.[62] Additionally, the

previous EXAFS study used YAG with a lower Ce concentration (x= 0.03) than

this investigation (x= 0.09), demonstrating that the local structural distortion

around Ce substituent atoms is not strongly dependent on the Ce concentration

in YAG. This means that previous findings of a red-shift in emission with in-

creasing Ce concentration[36] are likely not due to expanding Ce–O bonds with

increasing Ce content (which would decrease the crystal-field splitting), but are

instead probably due to energy transfer from excited Ce3+ ions to a nearby Ce3+

ions with lower 5d energies.

The high resolution obtainable from Ce K-edge EXAFS enables a precise in-

vestigation of the Al and Y atoms near Ce in the structure and reveals that the

Ce–Al and Ce–Y distances in the first few Ce coordination shells do significantly

deviate from the average structure Y–Al and Y–Y distances, shown in Table 2.2.

This shows that the expansion of the lattice around Ce3+ ions in YAG is not lim-

ited to the first few coordination shells of O and Al atoms, but in fact spans five

or more coordination shells. This offers a satisfying explanation as to why the

61



lattice expands with the addition of Ce; the distortions are not contained within

a short distance, but are spread out over the structure. This 3% change in the

first coordination sphere of Ce–O translates to an expansion of the unit cell on

the order of 0.01% seen in the synchrotron X-ray results, due to spreading of

the distortion over the YAG lattice. Past the Ce–Y coordination shell at around

3.7 Å, the distortions become imperceptible to the EXAFS measurement.

The small 3% expansion of the Ce–O bond distances, compared with the av-

erage structure Y–O distances, decreases the Ce bond valence sum[162, 163] of

4.0±0.1 to 3.3±0.1, which indicates that Ce is tightly compressed in the YAG:Ce

lattice. The 3% increase in Ce–O bond length compared to the Y–O bond length

is unusual, since Ce is much larger than Y, with a 12% larger ionic radius for 8-

coordinated Ce3+ compared with Y3+. In the Zn1−xMgxO system, for example, a

5% smaller Mg (by ionic radii) was found to have about 2% shorter bonds than

Zn.[169] The unusually small distortion around Ce in YAG is what causes the

large crystal-field splitting of Ce, since increased orbital overlap of the O anions

with Ce is expected. In fact, the crystal-field splitting of YAG:Ce is one of the

largest of most oxide based phosphors.[170] The short Ce–O bonds are what

makes blue absorption and yellow emission possible in YAG:Ce; whereas other

phosphors with a similar coordination geometry (but purportedly less compres-

sion of Ce–O bonds), such as Sr2LiSiO4F:Ce3+,Li+[171] and Sr3SiO5:Ce3+,[77]

have emission colors that are more blue-shifted than YAG:Ce. The high compres-
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sion of the Ce3+ sites in this structure also suggests a reason for the relatively

small intrinsic limit of Ce substitution, which is usually close to x= 0.09 to 0.12

in Y3−xCexAl5O12 from conventional ceramic solid-state preparation. This is an

important parameter, since it defines the highest value of the optical extinction

coefficient of YAG:Ce, which in turn determines how much phosphor must be

used in a phosphor-converted white lighting LED device.
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Figure 2.4: (a) View down the a-axis of the 4×4×4 RMC supercell of

Y2.91Ce0.09Al5O12 collapsed onto a single unit cell, simulated with 915 MC sweeps

to neutron scattering data collected at 295 K; (b) metal-oxygen distance distri-

butions from the average of 8 reverse Monte Carlo fits of 295 K time-of-flight

neutron scattering data, and (c) oxygen–metal–oxygen bond angle distributions

for Y and Ce in Y2.91Ce0.09Al5O12. The inset shows an 8-coordinate Y–O polyhe-

dron from the average YAG structure. Blue, red, grey, yellow, and orange spheres

in (a) represent AlVI, AlIV, Y, Ce, and O atoms, respectively. Fits to the data from

the simulation are shown in Figure 2.3(b,c). Reproduced with permission from

reference [54] c©2013, American Chemical Society.
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Figure 2.5: Metal-metal distance distributions from the average of 8 reverse

Monte Carlo fits of 295 K NPDF neutron data. Reproduced with permission from

reference [54] c©2013, American Chemical Society.
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Figure 2.6: (a) Ce L-edge XANES spectra of Y2.94Ce0.06Al5O12 and CeO2, and (b)

K-edge XANES spectra of Y2.91Ce0.09Al5O12 and CeO2, (c) EXAFS signal acquired

at 295 K with fit, and (d) corresponding EXAFS Fourier transform and fit. The

vertical dashed lines in (b) indicate the absorption edges for Y2.91Ce0.09Al5O12 at

40.469 keV and CeO2 at 40.473 keV.[145] The vertical dashed lines in (d) indi-

cate the Y/Ce–X (X = O, Al, Y) inter-atomic distances from Rietveld refinement

of 295 K neutron scattering data of the same sample, with I, II, III, IV, and V

corresponding to Y/Ce–O1, Y/Ce–O2, Y/Ce–AlIV, Y/Ce–AlVI, and Y/Ce–AlIV/Y

distances, respectively. A phase shift was applied to the data in (d) after fitting,

based on the first Ce–O coordination shell. Reproduced with permission from

reference [54] c©2013, American Chemical Society.
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Table 2.3: Isotropic atomic displacement parameters of Y3−xCexAl5O12 from Rietveld refinement and least-squares fit

to the PDF fits of neutron and X-ray scattering data.a

T (K) 15 15 295 295 295 295 295
x = 0 x = 0.08 x = 0 x = 0.06 x = 0.09 x = 0.09 x = 0.09

data type NPDF NPDF HIPD neutron HIPD neutron NPDF NPDF
11-BM X-ray 11-BM X-ray (1 Å to 50 Å)

method Rietveld Rietveld Rietveld Rietveld Rietveld PDF EXAFS
Y/Ce Biso (Å2) 0.16(1) 0.20(1) 0.178(3) 0.227(4) 0.36(1) 0.43(6) 0.36(4)
Alo Biso (Å2) 0.12(1) 0.20(1) 0.215(4) 0.250(5) 0.33(1) 0.38(4) 0.2(1)
Alt Biso (Å2) 0.19(3) 0.23(2) 0.21(1) 0.22(1) 0.34(2) 0.39(2) 0.2(1)/0.36(4)b

O Biso (Å2) 0.25(1) 0.30(1) 0.255(5) 0.295(6) 0.43(1) 0.51(6) 0.36(4)
θD (K) 634 506 853 760 628 578 690

a All refinements used the Ia3̄d space group (#230). The numbers reported for the EXAFS fit are mean-square

relative displacement factors. The Debye temperatures shown, θD, are the average of the values calculated from

the isotropic atomic displacement parameters.[172] The full tables of anisotropic displacement parameters can

be found in Table 2.5. Estimated standard deviations for the last digits of parameters are given in parenthesis.

b The two atomic displacement parameters are for the 3rd and 5th coordination shells around Ce, respectively.
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2.2.3 Analysis of the atomic displacement parameters

Vibrational characteristics of a crystalline lattice, which relate to non-

radiative recombination in phosphors, can be accurately probed by Rietveld

refinement of neutron scattering data. Whereas X-ray scattering exhibits form

factors that decay rapidly with increasing Q, neutron scattering intensities es-

sentially remain constant with increasing Q,[173] allowing for precise determi-

nation of atomic displacement parameters (ADPs). The ADPs represent posi-

tional uncertainty of the atoms in a structure, which may result from thermal

motions and static disorder in a crystalline material. Careful investigation of the

ADPs of a phosphor material can therefore yield insights into the crystallinity

and vibrational properties of that material, which relates to the quantum effi-

ciency because defects and phonons play a major role in quenching mechanisms

of phosphors.

The ADPs found here, shown for Y2.94Ce0.06Al5O12 with 99% probabil-

ity in Figure 2.7(a), are notably small. More specifically, the YAG:Ce ADPs

are slightly smaller than those of yttrium-aluminum perovskite[174] and the

spinel MgAl2O4,[175] and only about half the values seen for the perovskite

CeAlO3.[176] It is well-known that ADPs are a catch-all term that include effects

of site and occupancy disorder, which means the values here are an upper bound

on the true ADP values. The mean-square relative displacements (MSRDs) from

the EXAFS fit are smaller than the ADPs found from Rietveld analysis of the same

68



Figure 2.7: (a) View down the a-axis of the Rietveld-refined structure of

Y2.94Ce0.06Al5O12 at 295 K from synchrotron X-ray scattering data and neutron

scattering data, with the inset showing an expanded view of a Y atom with

bonds drawn to the surrounding O atoms. 99% probability atomic displacement

parameters are shown by red, blue, grey, and orange ellipsoids, which represent

AlIV, AlVI, Y, and O atoms, respectively. (b) View down the (111) face of the

YAG unit cell, showing the inter-penetrating networks of Y and Al, which form a

double-gyroid structure. The blue cylinders are drawn between Y atoms, while

the orange cylinders connect AlIV atoms. The AlVI atoms were excluded from (b)

for clarity. Reproduced with permission from reference [54] c©2013, American

Chemical Society.
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sample. However, caution must be taken when comparing ADPs to MSRDs, since

the MSRDs include correlated atomic motions and tend to be smaller than cor-

responding ADPs – especially for the first coordination shell.[177]. The Debye

temperature θD, which provides an estimate of the temperature at which all vi-

brational modes of a crystal are activated, can be calculated from the isotropic

ADPs as shown in Table 2.3.[172] Small average atomic displacement param-

eters imply high Debye temperatures and vice-versa. This suggests that fewer

phonon modes are accessible at a given temperature in a rigid crystal lattice

with small ADPs, compared to a floppy crystal lattice with large ADPs. For ex-

ample, the average isotropic atomic displacement parameter (Uiso) measured

here for YAG at 295 K is approximately 0.0093 Å2, corresponding to the previ-

ously measured θD = 760 K.[178] In another structure where such an analysis

has been carried out, KGd(WO4)2, the smaller θD of 580 K[178] corresponds to

a larger average Uiso measured as 0.020 Å2.[179] The smaller number of acces-

sible phonon modes reflected in the high Debye temperature is believed to play

a key role in the high quantum efficiency of YAG:Ce.

Furthermore, the tight compression of Ce in YAG found from the RMC and

EXAFS results, and the small MSRDs near Ce are possibly at the heart of the low

probability of non-radiative transitions and high quantum efficiency of YAG:Ce.

Non-radiative combination is thought to occur through excitation of the 5d state

to the conduction band[29] or defect states, or from thermal excitation of the
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excited electron to the crossover point of the potential wells of the 5d and 4f

levels.[32] Small ADPs of the average structure and small MSRDs around sub-

stituted Ce ions indicate a smaller number of phonon levels accessible through

thermal activation that aid in quenching excited Ce3+ electrons non-radiatively,

thereby decreasing the probability of non-radiative transitions.[32] This is com-

plemented by the large band gap of YAG of around 6.5 eV,[180] in addition to

the 1.24 eV energy gap between the lowest-energy Ce3+ 5d state and the YAG

conduction band.[181] This indicates materials with rigid bonds, reflected by

small ADPs, a high Debye temperature, and small MSRDs around a substituent

luminescent ion, should be sought after for high-efficiency phosphors. This is

consistent with a study by Brgoch et al., which demonstrated that the Debye

temperature correlates well with phosphor quantum efficiencies.[82]

As shown in Table 2.3, increasing Ce concentration correlates with increas-

ing ADPs and a decreasing θD. This is due to greater static disorder in the

structure from distortions caused by Ce substitution, as well as an increase in

the low-frequency and other phonon modes due to the addition of heavier Ce

atoms into the structure (mass contrast) which increases the low-frequency Ein-

stein modes available to the system. Hitherto, a decrease in quantum efficiency

with increasing activator ion concentration has been attributed to energy trans-

fer between activator ions, but also appears to result from an increased number

of accessible phonon modes at a given temperature for higher Ce concentra-
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tions. The θD temperatures of around 600 K to 700 K for the Ce-substituted YAG

materials correspond well with intrinsic quenching temperatures greater than

600 K for YAG substituted with small amounts of Ce,[36] and the high θD is

also consistent with the observation of a 200 cm−1 dominant phonon mode in

YAG:Ce.[36, 182] This demonstrates that for a phosphor material to have a high

quantum efficiency, it should be a rigid structure, as reflected in a high θD and

small ADPs.

Rietveld fits of only synchrotron X-ray data tended to give smaller atomic

displacement parameters, while fits using only neutron data gave slightly larger

atomic displacement parameters. The joint refinements used here gave atomic

displacement parameters that were approximately the average of the atomic

displacement parameters from either neutron or synchrotron X-ray scattering.

The atomic displacement parameters from the least-squares PDFGUI fit to the

PDF and Rietveld analysis of the reciprocal-space neutron scattering data are

nearly equivalent, providing further evidence of little static disorder in YAG:Ce.

The atomic displacement parameters from Rietveld analysis and mean-square

relative displacements from EXAFS become more similar as the distance from

Ce increases (see the values of Biso in Table 3 for AlIV).

The Debye temperatures calculated from atomic displacement parameters

are typically less than the literature value of 760 K in the low-temperature limit,

and greater than the literature value in the high-temperature limit. The high
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temperature limit involves an assumption that the measurement temperature is

greater than θD, which is not valid in our case and explains the discrepancy. The

low-temperature limit result for x = 0 is much less than the reported value of

760 K, which agrees with the typical trend of results for other crystal structures

in literature,[183] but may also be due to static disorder in the samples and the

substitution of Ce for Y.

The high θD from the rigid lattice and thus the high quantum efficiency ex-

hibited by YAG is of course closely related to its structure. The Y–Y and Al–Al

connectivities form a double-gyroid structure through Y–O–Y and AlIV–O–AlVI–

O–AlIV pathways (AlIV and AlVI represent four- and six-coordinate Al atoms, re-

spectively), shown as a simplified version of Y–Y and AlIV–AlIV connectivities

in Figure 2.7(b). The AlIV and AlVI network is formed by corner sharing of

the Al polyhedra, which would not typically happen with elements that have

a higher charge and similar coordination numbers, such as four-coordinate Si,

following Pauling’s fourth crystal-chemical rule for ionic crystals.[184] The high

connectivity of the YAG lattice decreases the degrees of freedom available for

phonon modes, especially local Einstein-like modes. Furthermore, the tightly-

packed structure results in high energies associated with large displacements of

atoms, requiring high temperatures to activate many of the phonon modes. This

is consistent with the high intrinsic quenching temperature of YAG:Ce of over

600 K,[36] as well as the high Debye temperature of YAG well over 600 K. An-
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other beneficial contribution to the high θD of YAG:Ce is the chemical simplicity

and high structural symmetry of the material; with only four types of atoms and

four crystallographic sites there are fewer phonon modes than would otherwise

be present with more distinct atomic species and/or sites. This chemical simplic-

ity, high structural symmetry, and rigid structure leaves few vibrational modes

to aid in non-radiative transitions of the unpaired Ce3+ electron at ambient con-

ditions, which largely account for the structural origins of the high quantum

efficiencies of YAG:Ce.

2.2.4 Ce3+ paramagnetic effects on proximal 27Al and 89Y nu-

clei

Compositions and structures in the immediate vicinities of the Ce3+ activa-

tor ions are crucial to the photoluminescence properties of YAG:Ce. Such local

structures can be elucidated by solid-state NMR spectroscopy, which is sensitive

to the bonding environments of NMR-active 27Al and 89Y atoms near the Ce3+

substituent ions. Information that can be obtained includes the relative popula-

tions of distinct types of 27Al or 89Y atoms, which can be compared to and corre-

lated with results from scattering. In particular, the unpaired electron in the 4f

shell of Ce3+ alters the local magnetic field of nearby nuclei, enabling a selective

probe of the YAG lattice around the Ce3+ substituent ions. This is analogous to
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to the use of paramagnetic contrast agents that have been used to enhance the

resolution of liquid-state NMR spectra.[185] In the case of liquid-state NMR, the

contrast agents are external and influence most or all of the NMR-active nuclei

under investigation. However, in the case of YAG:Ce, the contrast agent is in-

ternal, i.e. an intrinsic part of the structure of the material under investigation.

This results in effects of the paramagnetic ion on the surrounding lattice that

depend on the proximities of atoms to the rare-earth substituents. Due to the

quadrupolar nature of spin-5/2 27Al nuclei, solid-state 27Al NMR spectra yield

the quadrupolar coupling constant (CQ) and the asymmetry parameter (ηQ).

CQ relates to the magnitude of the quadrupolar interaction and determines the

width of a corresponding NMR signal, while ηQ is related to the symmetry of

the electric field gradient and determines the lineshape.[186] For YAG, these

have previously been determined to be CQ = 6 MHz for AlIV and CQ = 0.6 MHz

for AlVI, with ηQ = 0 for both Al sites.[187, 188] This results in a much broader

peak associated with the AlIV species, due to the lower symmetry of the crys-

tallographic site compared with AlVI species, making analysis of AlIV sites more

challenging. However, the second-order quadrupolar interaction primarily re-

sponsible for broadening of the 27Al NMR peaks can be mitigated by using very

high magnetic fields.[186]

Solid-state 27Al NMR spectra were consequently acquired at 18.8 T, un-

der conditions of magic-angle spinning (MAS), as shown in Figure 4.4(a) for
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Figure 2.8: (a) Solid-state single-pulse 27Al NMR spectra (24 kHz MAS) of

Y3−xCexAl5O12 acquired at room temperature and 18.8 T with varying amounts

of Ce3+ in Y3−xCexAl5O12 as indicated. The small signal near −15 ppm is from

27AlVI nuclei near substituted Ce3+ ions. (b) Solid-state 27Al NMR saturation re-

covery plot (14 kHz MAS) of the 27AlVI signals of Y2.94Ce0.06Al5O12 at room tem-

perature and 11.7 T, showing the spectra from the shortest and longest delay

times at the bottom and top of the plot, respectively. The intensity scale (z-axis)

is linear. Reproduced with permission from reference [54] c©2013, American

Chemical Society.
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Figure 2.9: (a) 1D solid-state single-pulse 27Al MAS NMR spectra acquired at

293 K, 18.8 T, and 24 kHz MAS of Y2.94Ce0.06Al5O12 prepared without and with

BaF2 and NH4F fluxes. (b) Solid-state ESR spectra acquired at 4 K and 9.4 GHz of

Y2.94Ce0.06Al5O12, prepared without and with BaF2 and NH4F fluxes. Reproduced

with permission from reference [54] c©2013, American Chemical Society.
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Y3−xCexAl5O12 with x= 0, 0.02, 0.04, 0.06, and 0.08. The 1D single-pulse

27Al MAS spectra exhibit resolved signals at 77 ppm and 1.3 ppm, associated

with the 27AlIV and 27AlVI sites, respectively. The relative integrated signal in-

tensities of the two types of 27Al species from all samples agree well with the

expected 3:2 ratio for the AlIV : AlVI species in the YAG structure. The well-

defined second-order quadrupolar lineshapes and relative intensities are consis-

tent with crystalline and single-phase materials and are in good agreement with

previous measurements of unsubstituted YAG.[187, 189, 190] As Ce is added,

broadening of both signals is observed, and another 27AlVI signal appears near

−15 ppm, associated with a distinct AlVI species that have been previously re-

garded as an impurity;[191] however, the signal is consistent with 27AlVI nuclei

in the first coordination sphere of paramagnetic Ce3+ in YAG:Ce. The assign-

ment of the −15 ppm signal is supported by a linear increase of its integrated

intensity with increasing Ce concentration. This has not previously been re-

ported in cerium-substituted YAG. Displacement and broadening of 27Al and 89Y

NMR signals due to substitutions of rare-earth ions have been observed in the

past in YAG:Tb,[192] Ln2Sn2O7 compounds (Ln = lanthanides),[193, 194] and

Y2−yLny(Sn,Ti)2O7 compounds.[195] Materials prepared with or without BaF2

and NH4F fluxes yielded nearly identical 1D single-pulse solid-state 27Al MAS

NMR spectra, as shown in Figure 2.9, indicating that the local environment of

Ce is not affected by the use of BaF2 and NH4F flux in the preparation of the
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YAG:Ce materials. This observation suggests Ba does not substitute into the

lattice in substantial amounts, consistent with the large energy (from DFT cal-

culations) associated with Ba substitution on the Y site of around 5 eV.[196]

The relative population of the 27AlVI nuclei corresponding to the −15 ppm

signal also amounts to four times the Ce concentration in the sample. This

is consistent with the first coordination shell of AlVI atoms around Ce, which

contains four AlVI atoms with equivalent site symmetries that are equidistant

to Ce atoms. Calculation of the Ce concentration from the relative integrated

intensities of the −15 ppm signal shown in Figure 2.10(a) reveals a linear in-

crease in the amount of 27AlVI species in the first-coordination sphere around

substituted Ce, which matches the nominal compositions. This indicates that

the vast majority of the Ce in the starting materials has been incorporated into

the YAG lattice, in agreement with the synchrotron X-ray Rietveld refinement

results that showed linear expansion of the unit cell with Ce incorporation. Ce

compositions, x, were found from the fits to each 27Al NMR spectrum (exam-

ple given in Figure 2.11(b)) by taking the integrated intensity of the 27AlVI(1Ce)

peak at −15 ppm, dividing by the total intensity of the fitted 27AlVI peaks, di-

viding further by 4 for the number of symmetrically identical 27AlVI nuclei in

the first-coordination shell around each Ce atom, and finally multiplying by 3 to

normalize for the composition (Y3−xCexAl5O12). The displacement of the 27AlVI

NMR is consistent with the influences of paramagnetic Ce3+ species. Therefore,
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the quantitative results in Figure 2.10(a) also demonstrate that the majority of

the Ce in the lattice are in the 3+ state, corroborating the XANES result. The

full-width-at-half-maximum (FWHM) 27AlVI linewidths in Figure 2.10(b) of the

peak near −15 ppm increase linearly with Ce content, indicating increased het-

erogeneity of the local electronic environments of the 27AlVI nuclei nearest Ce

with increasing Ce substitution. Finally, since the paramagnetic displacement

of the signal from some 27AlVI sites near Ce3+ is additive with the amount of

proximal Ce3+ ions, certain 27Al nuclei with two Ce3+ ions in the first coordi-

nation shell should yield a signal near −30 ppm. Such a signal at −30 ppm is

discernible above the noise in the spectrum of the x= 0.08 material, though the

relative population of this 27AlVI species is very small. Quantification of the 27Al

signals from the x= 0.08 material established that about 0.44% of AlVI species

are near two Ce3+ ions, in good agreement with the 0.40% expected in a ran-

dom distribution of Ce3+ in the lattice (assuming effects of Ce3+ on nearby 27Al

nuclei are additive[195]) and the RMC results.

These results are confirmed by a 27Al NMR spectrum acquired at the very

high magnetic field strength of 23.5 T (1 GHz 1H) in conjunction with 60 kHz

MAS. These extraordinary experimental capabilities enable extremely high spec-

tral resolution, as shown in Figure 2.14 for Y2.91Ce0.09Al5O12. The signal near

−15 ppm from 27AlVI with one Ce3+ ion in its first-coordination shell is still vis-

ible, but two peaks near −30 ppm are now visible, due to the higher resolu-
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Figure 2.10: (a) Cerium composition in Y3−xCexAl5O12 as determined from fits

to the solid-state single-pulse 27Al MAS NMR spectra in Figure 4.4(a) and (b)

accompanying 27Al linewidths (FWHM) from the same fits. The line in (a) is

the y=x line of Ce composition, x. The error bars, shown for x= 0.04, are

representative for the other compositions. Reproduced with permission from

reference [54] c©2013, American Chemical Society.
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tion compared with the spectrum measured at 18.8 T. The 27Al species associ-

ated with these latter signals are hypothesized to be due to two distinct local

environments of 27AlVI nuclei with two Ce3+ in their first coordination shells.

There is also a small shoulder on the low-frequency side of the −15 ppm peak,

which may be due to 27AlVI nuclei with one Ce3+ ion in the first coordination

shell, and another more distant. These distinct local environments are likely

related to the lower-energy Ce sites observed in a previous study[58] and in-

fluence the concentration quenching of YAG:Ce. One or more of the distinct

sites with a lower energy can lead to quenching by means of energy transfer,

provided the two Ce3+ ions are within a few tens of Å from each other. The

ratio of relative integrated intensities of the 27Al signals at 3 ppm, −15 ppm, and

−30 ppm are 1 : 0.1402 : 0.0073, which compare well with the expected ratio of

1 : 0.1237 : 0.0029 from a random distribution of Ce3+ in YAG:Ce.

Furthermore, the 27Al NMR spectrum acquired at 23.5 T sheds new light

on the AlIV species. The 27AlIV signals in Figure 2.14 have considerably smaller

linewidths compared with the 18.8 T measurements shown in Figure 4.4(a) and

no longer have spinning sidebands in the 100 ppm to 120 ppm region as with

the slower spinning speed. Consequently, a signal near 110 ppm is now ob-

served, which is associated with 27AlIV atoms with one Ce3+ ion in their first-

coordination shell. The ratio of relative integrated intensities of the 27Al signals

at 75 ppm and 110 ppm are 1 : 0.0503, close to the expected ratio of 1 : 0.0619
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Figure 2.11: Fits to the (a) AlIV and (b) AlVI components of the 1D solid-state

single-pulse 27Al MAS NMR spectra acquired at 24 kHz MAS, room temperature,

and 18.8 T for Y2.94Ce0.06Al5O12 based on predicted pseudocontact shift direc-

tions from Equation 1. The fits have been offset from the data for clarity. (c)

Normalized integrated intensities of 27Al signals associated with 27Al nuclei in

bulk YAG and in the first-, second-, and third-coordination shells around substi-

tuted Ce3+ in Y2.94Ce0.06Al5O12 from the saturation-recovery experiment shown

in Figure 4.4(b). The solid lines show the exponential fits to the data (integrated

intensity =M0
z (1 − e−t/T1)). The T1 relaxation time decreases with decreasing

27Al–Ce3+ distance, indicating increasing 27Al–Ce3+ interaction strength with

decreasing distance. Reproduced with permission from reference [54] c©2013,

American Chemical Society.
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from a random distribution of Ce3+ in YAG. The displaced 27AlIV peak at 110 ppm

was not observed in the spectrum acquired at 18.8 T, possibly due to nearby

spinning sidebands or the broad powder pattern and small population, which

could broaden the signal into the baseline at lower magnetic field strengths.

The displacement of 27AlVI signals due to proximal Ce3+ ions is a result of

a short-range through-bond sharing of the Ce3+ 4f electron spin density with

the surrounding lattice (the Fermi “contact” shift) and a longer-range through-

space anisotropic dipolar interaction (also referred to as the “pseudocontact”

shift or PCS)[197] between the unpaired Ce3+ 4f electron with the 27Al unpaired

nuclear spins[195, 198, 199]. The PCS depends strongly on the internuclear

distance between Ce3+ and nearby NMR-active nuclei, the crystal-field splitting

acting on Ce3+, and the relative orientation of the NMR-active nuclei chemical

shift tensor to the crystal-field splitting tensor of Ce3+. The nuclear shielding in

a lanthanide complex can be written as the sum of the temperature-independent

orbital component, and a component due to the unpaired electrons:[199]

σ = σorb + σJ , (2.1)

where σJ is given by a modified form of Vaara’s equation:[200]

σJ =
µBgJ
γIkT

〈
Ĵ Ĵ
〉

0
· A. (2.2)
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A is the hyperfine tensor, and the term in angular brackets is a tensor with

zeroth- and second-rank components:

〈
ĴiĴj

〉
=

∑
n

〈
n
∣∣∣ ĴiĴj ∣∣∣n〉 exp(−E(0)/kT )∑
n exp(−E(0)

n /kT )
, (2.3)

where the energies E(0)
n are the eigenvalues of the crystal-field Hamiltonian.

For Ce3+, we can assume that only the lowest-lying J level of 5/2 is occupied.

We assume that the hyperfine interaction comprises only the dipolar interaction

between the nucleus and J (i.e. that there is no contact term), so that A is given

by:

A =
µ0µBgJγI

4πr3
∆. (2.4)

The components of ∆ are:

∆ij = 3eiej − δij, (2.5)

and the ea are the unit vectors in the a direction:

ex =
x

r
, ey =

y

r
, ez =

z

r
. (2.6)

The chemical shift is given by:
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δ = σref − Tr(σ)/3

= δorb + δpc (2.7)

where σref is the nuclear shielding of a reference compound, δorb is the or-

bital component, and δpc is the paramagnetic pseudo-contact shift. In the high-

temperature limit, we can approximate the exponentials in the Boltzmann aver-

age as a Taylor series in 1/T . The lowest-order contribution in the isotropic PCS

is then:

δpc =
P

12πr3
[Dxx(3e

2
x − 1) +Dyy(3e

2
y − 1) +Dzz(3e

2
z − 1)], (2.8)

which can be written as:

δpc =
P

12πr3
[∆Dax(3cos2(θ)− 1) +

3

2
∆Drhsin2(θ)cos(2φ)], (2.9)

where Daa are the principle components of the crystal field splitting tensor and

the axial and rhombic anisotropies are defined as:

∆Dax = Dzz − (Dzz +Dyy)/2, (2.10)

∆Drh = Dxx −Dyy. (2.11)

86



The factor P contains the J- and T -dependence:

P = −µ0µ
2
Bg

2
JJ(J + 1)(2J − 1)(2J + 3)

30(kT )2
. (2.12)

According to Bleaney,[201] the Daa are given by:

Dxx =
〈
r2
〉
〈J ‖α ‖ J〉 (A2

2 − A0
2), (2.13)

Dyy =
〈
r2
〉
〈J ‖α ‖ J〉 (−A2

2 − A0
2), (2.14)

Dzz =
〈
r2
〉
〈J ‖α ‖ J〉 2A0

2, (2.15)

which can be related to the values given by Morrison[202] or Tanner[203] by:

Bkm = fkmA
m
k

〈
rk
〉
, (2.16)

where

f20 = 2, f22 =
√

6. (2.17)

The pseudocontact shifts were calculated using Bkm values from Morrison et al.

are B20 = −380 cm−1 and B22 = 261 cm−1,[202] and from Tanner et al. are

B20 = −465 cm−1 and B22 = 96 cm−1.[203] A temperature of 60◦C was used

to account for the (considerable) frictional heating associated with spinning at
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Figure 2.12: (a) Ellipsoid showing the anisotropy of the crystal-field splitting

tensor, D. (b) PCS hypersurface of a Ce3+ ion in YAG:Ce calculated using

crystal-field parameters from Morrison et al.[202] Blue surfaces indicate pos-

itive PCS (+36.6 ppm and +6.0 ppm), red surfaces are negative (−16.0 ppm and

−5.2 ppm). Reproduced with permission from reference [54] c©2013, American

Chemical Society.

60 kHz. The results are given in Table 2.6, and a depiction of the CFS tensor and

the PCS of Ce in YAG is shown in Figure 2.12.

Both sets of Bkm values were then used to calculate the effect of replacing

a second Y with Ce. The results are shown in Figure 2.13 for the four different

possible pairs of Ce ions, and given in Tables 2.7-2.10. In each case, the first Ce

remains unchanged, and all Ce–Al distances are given relative to this Ce. Differ-

ences between the calculations and experiment are attributable to the contact

interaction, which currently cannot be reliably calculated for lanthanides.

The positions of NMR signals associated with the 27Al species with Ce3+ in
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Figure 2.13: (a)-(d) PCS hypersurfaces for a second Ce3+ ion in YAG:Ce using

crystal-field parameters from Morrison et al.[202] (surfaces plotted at same val-

ues as for Figure 2.12(b)). (e)-(f) PCS hypersurfaces illustrating the combined

effect of the two Ce ions. Blue surfaces plotted at +42.6 ppm and +30.4 ppm.

Red surfaces plotted at −10.5 ppm and −8.5 ppm. Reproduced with permission

from reference [54] c©2013, American Chemical Society.
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Figure 2.14: (a) Solid-state single-pulse 27Al MAS NMR spectrum of

Y2.91Ce0.09Al5O12 acquired at room temperature, 23.5 T, and 60 kHz MAS with

(b) a 40× expansion of the intensity axis. Asterisks indicate small amounts

of impurities. The inset depicts the local structures of AlIV(1Ce) and AlVI(1Ce)

species near one Ce3+ substituent ion (yellow sphere). Reproduced with per-

mission from reference [54] c©2013, American Chemical Society. [Spectrum

acquired by Dr. A. Pell, ENS-Lyon.]
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the first-, second-, and third-coordination shells can be predicted from the cal-

culated PCS, enabling deconvolution of the 27Al NMR spectra. Figure 2.11(a,b)

shows the excellent fits to the single-pulse 27Al MAS NMR spectra acquired at

18.8 T, which were obtained by using the predicted displacement directions for

Y2.94Ce0.06Al5O12 from Equation 1; similar results are obtained for the other

single-pulse 27Al MAS spectra.[204] The PCS calculated from Equation 1 is typ-

ically not enough to account for the spectral position of 27Al near Ce3+, indicat-

ing a large contribution from the Fermi contact shift. The 27Al signal intensity in

Figure 2.11(a) is well described by two overlapping second-order quadrupolar

lineshapes that are associated with 27AlVI species in bulk YAG and second-shell

YAG:Ce environments. The calculated relative population of around 7.4% of

the 27AlVI species with one Ce3+ ion in the second-coordination shell agrees well

with the expected population of 8% of this 27AlVI species expected from a ran-

dom distribution of Ce3+ in Y2.94Ce0.06Al5O12. The 27AlVI region, shown in Fig-

ure 2.11(b), can be fit well with four peaks with positions at 1.3 ppm, −15 ppm,

3.8 ppm, and −1.3 ppm corresponding to the bulk, first-, second-, and third-

coordination shells, respectively. Integration of the signals at 1.3 ppm (bulk),

−15 ppm (first-shell from Ce3+), 3.2 ppm (second-shell), −1.3 ppm (third-shell)

yields relative populations of 75.3 : 8.6 : 8.1 : 8.0 for the different 27AlVI species,

corresponding well with the expected values of 76 : 8 : 8 : 8 for a random dis-

tribution of Ce3+ in YAG:Ce. These paramagnetically displaced signals have
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linewidths that are about 10% to 20% broader than the bulk signal. The broad-

ening of the 27AlVI signals is likely primarily due to the effect of paramagnetic

Ce3+ on the surrounding nuclei,[205] but may also be due to an inhomogeneous

distribution of 27Al environments near Ce3+. The relatively narrow linewidths

indicate a high degree of order and little distortion of the local environment

of 27AlVI nuclei near substituted Ce3+. This supports the Rietveld analyses that

show a high degree of crystalline order of the YAG:Ce materials from small

atomic displacement parameters, and the EXAFS results showing small mean-

squared relative displacement factors of Al atoms near the Ce3+ substituent ions

in YAG:Ce.

Quantification of the 27AlVI NMR signals offers support for a random dis-

tribution of Ce ions in the 3+ state in the YAG lattice in addition to the

multi-component fits in Figure 2.11(a,b). These results are further supported

by analyses of the nuclear spin-lattice relaxation times (T1) of 27Al nuclei in

YAG:Ce. Specifically, 27Al nuclei near substituted Ce3+ are expected to relax

much faster than 27Al nuclei in bulk YAG, due to interactions between param-

agnetic Ce3+ and nearby 27Al nuclei.[195] Signals from faster relaxing nuclear

spins can be enhanced relative to the 27Al signal from bulk YAG by using a

saturation-recovery experiment, as shown in Figure 4.4(b) for 27AlVI species in

Y2.94Ce0.06Al5O12. The paramagnetically displaced 27AlVI signal near −15 ppm

has a significantly shorter T1 and recovers its equilibrium magnetization much
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faster than the other 27AlVI signals near 1 ppm, consistent with the former 27Al

species being nearer to Ce3+ substituent ions in the YAG:Ce structure. Inte-

grated areas from fits to each spectrum result in the build-up curves shown

in Figure 2.11(c), from which T1 relaxation times can be extracted by fitting the

curves of integrated intensity as mono-exponential functions of time.[206] From

Figure 2.11(c) it can be seen that the T1 relaxation time decreases with increas-

ing distance from Ce3+ in the YAG structure, with T1 times of 0.14 s (first-shell),

2.4 s (second-shell), 5.8 s (third-shell), and 6.6 s (bulk). This sequence corrob-

orates weaker interactions between 27Al and Ce3+ substituent as the 27Al–Ce3+

distances increase and supports the fit to the 27AlVI region of the spectra in Fig-

ure 2.11(a). The AlIV region from 50 ppm to 125 ppm in Figure 2.14 shows a

similar trend, with a T1 of 1.9 s associated with 27AlIV in bulk YAG (75 ppm), and

50. ms for 27AlIV with one Ce3+ ion in the first-coordination shell (110 ppm).

The T1 times for the bulk 27Al signals in highly crystalline YAG lattices are rela-

tively long for quadrupolar nuclei. This is related to the purity of the materials,

as well as to the rigidity of the YAG lattice, which is also reflected in the high

Debye temperature, ΘD, as determined from analyses of scattering and EXAFS

data.

The shorter T1 relaxation times of 27Al nuclei near Ce3+ in YAG:Ce are con-

firmed by the measurements at 60 kHz MAS and 23.5 T, with measured T1 times

of 6.5 s for the bulk peak, 138.9 ms for the −15 ppm peak (27AlVI nuclei with one
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Figure 2.15: (a) 1D solid-state single pulse and (b) T1-filtered 27Al MAS NMR

spectra acquired at 293 K, 18.8 T, and 24 kHz MAS for only the region corre-

sponding to 27AlVI of Y2.94Ce0.06Al5O12. (c) The difference of (a) and (b). Fits to

the data are shown, which have identical ppm shifts as the fit in Figure 2.11(b).

The results of the T1-filtered experiment confirm the model in Figure 2.11(b).

Reproduced with permission from reference [54] c©2013, American Chemical

Society.
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Ce3+ in the first coordination shell), and 57.7 ms for the −30 ppm peaks (27AlVI

nuclei with two Ce3+ dopants in the first coordination shell) in Figure 2.11. A

T1-filtered experiment can be used to corroborate the previous assignment of

27AlIV species to specific peaks in the 27Al spectra, by exploiting the different

spin-lattice-relaxation behaviors of 27Al nuclear spins at different distances from

Ce3+ dopant species. For example, an experiment using a T1-filter of 10 s will

suppress signals from 27Al species with a T1 relaxation time of less than 10 s. A

T1-filtered experiment with a T1 filter of 10 s acquired for Y2.94Ce0.06Al5O12 yields

the spectra in Figure 2.15(b), which shows only signals near 1 ppm, and not the

−15 ppm signal associated with the first-coordination shell of 27Al around Ce3+.

The shoulder corresponding to the third-coordination shell peak remains, sup-

porting the fit to the 27Al single-pulse experiment. Subtracting the T1-filtered

27Al experiment from the 27Al single-pulse experiment yields the signals from

species with T1 times of less than 10 s, as shown in Figure 2.15(c). The peaks

associated with the first- and second-coordination shell 27AlVI species near Ce3+

dopants are found in the single-pulse experiment, but not the T1-filtered exper-

iment, further corroborating the fit to the AlVI region of the single-pulse 27Al

shown in Figure 2.11(b).

The paramagnetic effects of Ce3+ substituent ions in Y3−xCexAl5O12 also dis-

place the 89Y NMR signals of yttrium atoms in YAG:Ce materials. For example,

Figure 2.16 displays solid-state single-pulse 89Y MAS NMR spectra for bulk un-
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substituted YAG and for Y2.94Ce0.06Al5O12. The 89Y MAS NMR spectrum of bulk

YAG shown in Figure 2.16(a) exhibits a single signal at 222 ppm, which agrees

well with previous reports.[190, 207] Upon Ce3+ substitution, a separate signal

appears near 237 ppm, the central signal at 222 ppm broadens, and a shoulder

appears on both sides of the bulk 89Y signal at 222 ppm. These features repre-

sent paramagnetically induced displacements of the bulk 89Y signal by Ce3+ ions

and are similar to those observed in the 27Al NMR spectra. From integration of

the fit of the solid-state 89Y MAS NMR of Y2.94Ce0.06Al5O12 in Figure 2.16(b), the

population of 89Y species with one Ce3+ substituent ion in the first-coordination

sphere (237 ppm) is estimated to be approximately 11%, slightly higher than

the expected 8% for a random distribution of Ce3+. This is likely the result of

incomplete relaxation of the bulk 89Y species due to its long T1 relaxation time,

which could overestimate the relative populations of quickly relaxing species

near paramagnetic Ce3+ (237 ppm peak). Using the crystal-field splitting com-

ponents from Morrison et al.[202], Equation 1 predicts a displacement to lower

frequency (negative ppm direction) for the first shell of 89Y nuclei around Ce3+,

while the crystal-field splitting components of Tanner et al.[203] predict a dis-

placement to higher frequency (positive ppm direction), which agrees better

with the experimental data in Figure 2.16(b). Congruent with the 27Al spectra,

the pseudocontact shift from Equation 1 is less than the observed displacement

of the signal of 89Y nuclei with one Ce3+ substituent nearby (237 ppm) from the
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Figure 2.16: Solid-state single-pulse 89Y NMR spectra (6 kHz MAS) of

Y3−xCexAl5O12 with (a) x= 0 and (b) 0.06 acquired at room temperature and

19.6 T. (b) Fits to the 89Y signals for x= 0.06 Ce3+-substituted YAG, with the dif-

ference between the fit and the data shown below the spectrum. The fits have

been offset from the data for clarity. Reproduced with permission from reference

[54] c©2013, American Chemical Society.

bulk 89Y signal (222 ppm), suggesting a significant contribution from the Fermi

contact shift.

The calculated pseudocontact shift for 27Al and 89Y nuclei with one Ce3+ sub-

stituent in the first-coordination shell is much less than the observed displace-

ment of the chemical shift, suggesting the Fermi contact interaction contributes

to the spectral position of these nuclei. The contact interaction cannot reliably
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be calculated at this time for lanthanides, because the electron-nucleus hyper-

fine coupling constant for Ce3+ in YAG:Ce has not been measured. A significant

contribution from the contact interaction suggests considerable sharing of the

Ce 4f electron spin density to distances of nearly 4 Å in YAG, which is consistent

with previous observations of interactions in lanthanide-substituted inorganic

materials.[208, 209] For example, purely dipolar interactions between param-

agnetic lanthanides and 19F were observed in CaF2 with the next-nearest neigh-

bor pairs at 4.53 Å, while the Fermi contact was found to affect the nearest F at

2.63 Å in addition to the PCS.[208, 209] Since the YAG lattice is more covalent

than CaF2 (based on O and F electronegativities), Fermi contacts at larger dis-

tances are not surprising. The sharing of electron spin density through bonds in

YAG reflects its highly connected and compact structure that is also consistent

with the scattering analyses. Such features result in a rigid structure that tightly

holds Ce3+ atoms in YAG:Ce, consistent with the small atomic displacement

parameters from Rietveld analyses and the mean-square relative displacement

parameters from the EXAFS analysis. This leads to the large crystal-field split-

ting of Ce3+ in YAG and a high quantum efficiency. The resistance of the YAG

lattice to deformation, even with such a large substituent ion as Ce3+, is also

reflected in the narrow linewidths (ca. 2.5 ppm in the 27Al spectra and 5.4 ppm

in the 89Y spectrum) of the paramagnetically displaced peaks.
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2.2.5 Monitoring Ce sites from ESR

While solid-state NMR spectroscopy is a sensitive tool for probing the lo-

cal environments of the 27Al and 89Y nuclei in Y3−xCexAl5O12, ESR spectroscopy

can be used to probe directly the local environments of the Ce3+ activator ions

through their unpaired electrons. The ESR spectra acquired at 4 K of Ce3+ in

Y3−xCexAl5O12 (x= 0.02, 0.04, 0.06, 0.08) in Figure 4.5 show the primary Ce3+

signals with g-tensor values of 2.73, 1.86, and 0.908 (from left to right). These

values are in good agreement with values previously measured and calculated

in the literature,[210, 211] and the broad range of g-tensor values indicates a

large anisotropy of the electron spin density. It is noteworthy that all of the ESR

spectra from YAG:Ce materials with different Ce concentrations show the same

features. Double integration (DI) of the ESR spectra in Figure 4.5(a) yields a

linear increase in the DI value with Ce content (Figure 2.18(b)), suggesting that

all Ce is incorporated into the YAG lattice and is reduced to Ce3+ during the

reaction, corroborating the synchrotron X-ray and 27Al NMR results previously

discussed. The linewidths of the main signal in the ESR spectra at Bo = 2480 G

varies linearly with Ce concentration (Figure 2.18(a)), which indicates the pres-

ence of Ce–Ce dipolar couplings.[212] Small satellite signals reside near the

main Ce3+ signals, which have been previously attributed to Ce3+ in slightly dis-

torted (but distinct) lattice sites in both YAG[210] and YAlO3[213] ESR spectra.

There appear to be six distinct Ce sites in the YAG:Ce lattice, manifesting six
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sets of distinct g-tensor values shown in Table 2.4. The small satellite signals are

present near all three major features in the spectra (Figure 2.19). A simulation

using the parameters in Table 2.4 is shown at the bottom of Figure 4.5, which

adds support to the existence of six distinct Ce sites. The six Ce sites are most

apparent in the region spanning 7000 G to 8000 G, shown as an expanded view

of the ESR spectra of Y2.94Ce0.06Al5O12 in Figure 2.19.

To confirm that the satellite signals were from Ce3+ and not another type

of paramagnetic species, temperature-dependent ESR spectra were acquired

for the Y2.94Ce0.06Al5O12 material. The satellite ESR signals remained present

and broadened in a similar manner to the main YAG:Ce signals with in-

creasing temperature, as expected for satellite signals associated with Ce3+ in

YAG:Ce. The linewidths of the ESR signals were found to follow the Orbach

law, and the linewidth (Γ) of the signal at 2480 G was fitted using the equation

Γ = (e∆/kBT )− 1)−1 +C.[214, 215] From the fit shown in Figure 2.18, a value of

14 cm−1 was obtained, which corresponds to the energy difference between the

lowest two 2F5/2 levels of Ce3+. This means thermal energy at room tempera-

ture is easily able to excite the 4f electron from the lowest 2F5/2 level to the next

highest 2F5/2 level, since kT at room temperature is around 200 cm−1. Since the

transition from the second-lowest-energy 4f level to the lowest-energy 5d level

is parity forbidden, the absorption of YAG:Ce will be decreased by populating

the second-lowest-energy 4f level.
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Figure 2.17: (a) Powder ESR spectra of Ce3+ in Y3−xCexAl5O12 acquired at 4 K

and 9.4 GHz with compositions as labeled. (b) Amplified experimental spectrum

and a simulation of the x= 0.06 material with 6 different Ce3+ sites. Repro-

duced with permission from reference [54] c©2013, American Chemical Society.
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Table 2.4: Components of the

g-tensor from the powder ESR

spectra of Y2.94Ce0.06Al5O12 ac-

quired at 4 K and 9.4 GHz.a

gx gy gz
3.03 1.94 0.946
2.88 1.90 0.924
2.73 1.86 0.908
2.69 1.81 0.899
2.55 1.79 0.878
2.52 1.73 0.864

a The rows of g-factor compo-

nents do not necessarily imply

that the each row is from the

same Ce site.
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Figure 2.18: (a) FWHM (Γ) of the peak at 2480 G and (b) double integra-

tion (DI) values from solid-state ESR spectra acquired at 4 K and 9.4 GHz of

Y3−xCexAl5O12. (c) Linewidths of the 2480 G ESR signal of Y2.94Ce0.06Al5O12 for

temperatures from 4 K to 40 K. The line in (c) shows the fit to the data from the

Orbach equation (see text for more details). Reproduced with permission from

reference [54] c©2013, American Chemical Society.
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Figure 2.19: Solid-state ESR spectra acquired at 4 K and 9.4 GHz of

Y2.94Ce0.06Al5O12, showing an expanded view of the (a) gx, (b) gy, and (c) gz

regions. The gx region (a) has been fit with 6 distinct peaks, with the difference

curve shown at the bottom of (a). The small satellite signals are due to Ce3+ ions

in distinct environments in YAG:Ce. Reproduced with permission from reference

[54] c©2013, American Chemical Society.
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A previous ESR study attributed the satellite peaks to Ce in distorted lat-

tice sites, but was unspecific as to the origin of such distortions.[210] A sep-

arate study correlating the concentration of Ce in YAG:Ce to material optical

properties suggested that some lower-energy Ce3+ sites are present in YAG:Ce,

which may be due to distorted lattice sites or to neighboring Ce–Ce ions in the

structure.[58] For the x= 0.06 material measured here, a random distribution

of Ce in the lattice would result in about 8% of neighboring Ce–Ce ions on the

crystallographic Y site. A fit to the gx region (Figure 2.19) reveals the integrated

intensities of the satellite peaks in the ESR spectrum constitutes around 8.8%

of Ce ions, in good agreement with a random distribution of Ce in the YAG lat-

tice. This suggests that the satellite peaks and previously observed lower-energy

Ce3+ sites[58] result from two Ce atoms in neighboring and/or nearby Y sites.

This is also consistent with the reverse Monte Carlo simulations of total neutron

scattering and high-field solid-state 27Al NMR results, which showed a random

distribution of Ce in the YAG:Ce lattice, and multiple local environments of Al

near two Ce3+ substituents.

Similar to the 1D single-pulse solid-state 27Al MAS NMR spectra, the solid-

state ESR spectra of YAG:Ce prepared with and without BaF2 and NH4F fluxes

look nearly identical, as shown in Figure 2.9. This corroborates the 27Al NMR

result that BaF2 and NH4F fluxes do not affect the local environments of Ce3+

substituents in the YAG crystal.
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2.3 Conclusions

This combined spectroscopic and scattering study has revealed detailed in-

sights about the local environments of Ce3+ activator ions in Y3−xCexAl5O12.

From high-resolution synchrotron X-ray scattering, we find that the YAG unit

cell expands slightly with increasing amounts of Ce (a 0.06% increase in unit

cell parameter from x= 0 to x= 0.08), and this expansion potentially limits the

amount of Ce that can be substituted in this crystal using conventional prepar-

ative methods. Both X-ray and neutron refinements reveal that the nominal

stoichiometries are correct as stated in terms of the refined amounts of Ce on

the Y site. An analysis of atomic displacement parameters from X-ray and neu-

tron scattering and mean-square relative displacement parameters from EXAFS

suggests a very rigid lattice with a high Debye temperature (θD). Few phonon

modes would therefore be accessible at room temperature, consistent with the

resistance to thermal quenching of luminescence. The observed decrease in

θD with increasing Ce substitution then provides one reason for the increased

quenching of luminescence at high Ce concentrations. This is further supported

by neutron PDF analysis, which showed narrow nearest-neighbor peaks corre-

sponding to stiff bonds. Ce L-edge XANES suggests an oxidation state of +3

for Ce in YAG:Ce, corroborated by the solid-state 27Al NMR results. Ce K-edge

EXAFS reveals a 3% expansion in the average Ce–O bond distance, compared

to the average Y–O distance in the crystal structure. The distortion of the YAG
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lattice around Ce substitent species decreases with increasing distance from Ce,

and is no longer observed beyond the fifth-coordination shell (corresponding to

a distance of 3.7 Å). High-field solid-state 27Al and 89Y NMR experiments show

that the unpaired 4f electron in Ce3+ causes a displacement in the NMR signal

of nearby nuclei due to paramagnetism, as well as greatly shortened T1 relax-

ation times. Correlating the integrated intensities of the 27Al NMR signals with

Ce composition shows that the vast majority of the incorporated Ce is param-

agnetic Ce3+. Reverse Monte Carlo simulations of total neutron scattering and

27Al NMR spectra are consistent with a random distribution of Ce in the YAG

lattice. Finally, ESR spectra of the YAG:Ce phosphor establish that small satellite

signals, resulting from neighboring Ce–Ce ions, are present around the main

singularities in the amount expected from a random distribution of Ce in the

YAG structure.

The results presented here consistently point to some important design rules

for effective phosphor materials. The most important perhaps, is that a rigid host

lattice is required, as revealed by the atomic or mean-square relative displace-

ment parameters. This can also be probed via the Debye temperature and/or by

examining the peak widths of nearest-neighbor peaks in PDFs from total scatter-

ing. The rigidity of YAG arises from the highly connected structure, and results

in a resistance to local bond length and bond angle distortions upon substitution

of a large substituent such as Ce3+. The rigidity not only results in high quan-
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tum efficiency due to inaccessible phonon modes at operating temperatures, but

also yields the large crystal-field splitting, provided that the substituent ion is

larger than the host lattice ion it replaces. The study points to the importance

of a low a concentration of activator ions, in cases such as in YAG:Ce, where the

size difference between host site and substituent activator ion is large. A higher

concentration of activator ions not only lowers the Debye temperature, making

more phonon modes accessible that aid in quenching luminescence, but also in-

troduces greater structural and compositional inhomogeneity. Distorted Ce sites

due to neighboring Ce atoms seen at higher concentration potentially provide

reduced thermal barriers to non-radiative decay pathways. If the activator ion is

substituted for a host site ion of similar size (such as Ce3+ substituting for La3+)

in a phosphor, larger activator ion concentrations would not be as detrimental

to luminescence properties. However, in oxide hosts, this would imply a signif-

icantly smaller crystal-field splitting, and hence red-shift of the luminescence,

than is seen in YAG:Ce. This study demonstrates the deep understanding that

can be obtained on the composition-structure-property relationships of solid-

state phosphors, which is expected to aid the development of rational design

strategies for syntheses of efficient thermally stable light-emitting compounds

with tunable colors. More generally, the synergistic use of state-of-the-art scat-

tering and spectroscopy techniques can be broadly applied to other technologi-

cally important classes of heterogeneous functional materials in which the local
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environments of dopant atoms confer important macroscopic property benefits.
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2.4 Appendix

Table 2.5: Uxx atomic displacement parameters of Y3−xCexAl5O12 from Rietveld

refinement of 11-BM synchrotron X-ray/HIPD neutron and NPDF neutron scatter-

ing data.a

Temperature 15 K 15 K 295 K 295 K 295 K
Beamline(s) NPDF NPDF 11-BM, HIPD 11-BM, HIPD NPDF
nominal Cex 0 0.08 0 0.06 0.09
Y/Ce U11 × 100 (Å2) 0.24(2) 0.26(2) 0.107(7) 0.162(7) 0.39(1)
Y/Ce U22 × 100 (Å2) 0.20(1) 0.25(1) 0.237(7) 0.349(4) 0.496(9)
Y/Ce U33 × 100 (Å2) 0.20(1) 0.25(1) 0.237(7) 0.349(4) 0.496(9)
Y/Ce U12 × 100 (Å2) 0 0 0 0 0
Y/Ce U13 × 100 (Å2) 0.02(2) 0 0 0 0
Y/Ce U23 × 100 (Å2) 0 0.01(1) 0.069(4) 0.061(5) 0.06(1)
Al(6) U11 × 100 (Å2) 0.15(1) 0.24(1) 0.217(6) 0.317(6) 0.42(1)
Al(6) U22 × 100 (Å2) 0.15(1) 0.24(1) 0.217(6) 0.317(6) 0.42(1)
Al(6) U33 × 100 (Å2) 0.15(1) 0.24(1) 0.217(6) 0.317(6) 0.42(1)
Al(6) U12 × 100 (Å2) 0.03(2) −0.01(2) −0.07(1) −0.07(1) −0.01(2)
Al(6) U13 × 100 (Å2) 0.03(2) −0.01(2) −0.07(1) −0.07(1) −0.01(2)
Al(6) U23 × 100 (Å2) 0.03(2) −0.01(2) −0.07(1) −0.07(1) −0.01(2)
Al(4) U11 × 100 (Å2) 0.30(3) 0.15(4) 0.22(3) 0.11(2) 0.29(3)
Al(4) U22 × 100 (Å2) 0.17(5) 0.37(2) 0.24(1) 0.37(1) 0.49(2)
Al(4) U33 × 100 (Å2) 0.28(3) 0.37(2) 0.24(1) 0.37(1) 0.49(2)
Al(4) U12 × 100 (Å2) 0 0 0 0 0
Al(4) U13 × 100 (Å2) 0 0 0 0 0
Al(4) U23 × 100 (Å2) 0 0 0 0 0
O U11 × 100 (Å2) 0.28(1) 0.35(1) 0.22(2) 0.305(7) 0.506(9)
O U22 × 100 (Å2) 0.28(1) 0.35(1) 0.31(2) 0.352(7) 0.48(1)
O U33 × 100 (Å2) 0.40(1) 0.44(1) 0.24(3) 0.463(7) 0.63(1)
O U12 × 100 (Å2) 0.03(1) 0.041(7) 0.20(2) 0.099(5) 0.057(6)
O U13 × 100 (Å2) 0.03(1) 0.002(7) 0.09(2) −0.063(5) 0.008(6)
O U23 × 100 (Å2) 0.01(1) −0.01(1) 0.05(2) −0.012(5) 0.022(7)

a Cex refers to the amount of Ce in Y3−xCexAl5O12. Estimated standard devia-

tions for the last digit of parameters are given in parenthesis.
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Table 2.6: Calculated values of the PCS from 2.9 for the first three coordination

shells of each crystallographically unique nuclei around a substituted Ce3+ ion

in YAG. A temperature of 60◦C was used to account for the frictional heating

associated with spinning at 60 kHz. Two different sets of values for crystal-field

parameters were used, one from Morrison et al.,[202] and one from Tanner

et al.[203] The associated hypersurfaces of the calculated PCS can be seen in

2.12(b).

Atom Coord. Label No. of Ce-X r (Å) Morrison CFS Tensor Tanner CFS Tensor
type shell nuclei PCS (ppm) δ (ppm) PCS/ppm δ (ppm)

Oct. Al1

1 4 3.36 -7.62 -3.95 -5.24 -1.57
2 4 5.41 4.89 8.56 3.36 7.03

3 a 4 6.88 -2.72 0.95 -3.22 0.45
4 6.88 -1.07 2.6 0.62 4.29

Tet. Al2

1 a 2 3 53.26 129.66 36.58 112.98
2 b 4 3.68 -11.98 64.43 -15.95 60.45

3 4 5.61 4.34 80.74 3.91 80.31
4 5.61 -1.48 74.92 1.77 78.17

Y

1 4 3.68 -2.5 219.5 6.01 228.01

2
a 4 5.61 3.2 225.2 1.27 223.27
b 4 5.61 -4.9 217.1 -6.16 215.84

3 2 6 6.65 228.65 4.57 226.57
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Table 2.7: The PCS of nuclei near two Ce3+ ions in YAG using CFS values

from Morrison et al.[202] T = 60◦C was used due to 60 kHz MAS. Figure 2.13(e)

depicts the same results.

Atom type Coord. shell No. of nuclei Ce-X r (Å) PCS (ppm) δ (ppm)

Oct. Al1

1
1 3.36 -15.23 -11.56
1 3.36 -2.73 0.94
1 3.36 -15.23 -11.56
1 3.36 -10.33 -6.66

2
1 5.41 -2.73 0.94
1 5.41 3.82 7.49
1 5.41 2.17 5.84
1 5.41 4.43 8.1

3

1 6.88 -3.59 0.08
1 6.88 -8.67 -5
1 6.88 -1.35 2.32
1 6.88 2.17 5.84
1 6.88 -3.19 0.48
1 6.88 3.82 7.49
1 6.88 -0.56 3.11
1 6.88 -0.72 2.95

Tet. Al2

1 1 3 50.75 127.15
1 3 48.3 124.7

2
1 3.68 -16.88 59.52
1 3.68 41.22 117.62
1 3.68 -8.77 67.63
1 3.68 -15.31 61.09

3

1 5.61 1.85 78.25
1 5.61 51.72 128.12
1 5.61 5.36 81.76
1 5.61 -0.89 75.51
1 5.61 -3.98 72.42
1 5.61 1.02 77.42
1 5.61 -1.98 74.42
1 5.61 3.25 79.65

Y

1
1 3.68 — —
1 3.68 -14.47 207.53
1 3.68 -2.58 219.42
1 3.68 -3.45 218.55

2

1 5.61 7.55 229.55
1 5.61 1.72 223.72
1 5.61 1.75 223.75
1 5.61 -5.86 216.14
1 5.61 -0.56 221.44
1 5.61 -6.49 215.51
1 5.61 2.25 224.25
1 5.61 1.45 223.45

3 1 6 5.17 227.17
1 6 5.06 227.06
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Table 2.8: The PCS of nuclei near two Ce3+ ions in YAG using CFS values

from Morrison et al.[202] T = 60◦C was used due to 60 kHz MAS. Figure 2.13(f)

depicts the same results.

Atom type Coord. shell No. of nuclei Ce-X r (Å) PCS (ppm) δ (ppm)

Oct. Al1

1
1 3.36 -10.35 -6.68
1 3.36 -15.24 -11.57
1 3.36 -2.72 0.95
1 3.36 -15.21 -11.54

2
1 5.41 4.43 8.1
1 5.41 2.17 5.84
1 5.41 3.82 7.49
1 5.41 -2.73 0.94

3

1 6.88 -3.19 0.48
1 6.88 -0.72 2.95
1 6.88 3.82 7.49
1 6.88 -0.56 3.11
1 6.88 -3.59 0.08
1 6.88 -1.35 2.32
1 6.88 2.17 5.84
1 6.88 -8.67 -5

Tet. Al2

1 1 3 48.35 124.75
1 3 50.7 127.1

2
1 3.68 -15.3 61.1
1 3.68 -8.79 67.62
1 3.68 41.28 117.68
1 3.68 -16.89 59.51

3

1 5.61 3.26 79.66
1 5.61 -1.98 74.42
1 5.61 1.02 77.42
1 5.61 -3.98 72.42
1 5.61 -0.89 75.51
1 5.61 5.36 81.76
1 5.61 51.67 128.07
1 5.61 1.85 78.25

Y

1
1 3.68 -2.59 219.41
1 3.68 -3.45 218.55
1 3.68 — —
1 3.68 -14.48 207.52

2

1 5.61 2.25 224.25
1 5.61 1.45 223.45
1 5.61 -0.56 221.44
1 5.61 -6.49 215.51
1 5.61 1.75 223.75
1 5.61 -5.85 216.15
1 5.61 7.54 229.54
1 5.61 1.72 223.72

3 1 6 5.06 227.06
1 6 5.17 227.17
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Table 2.9: The PCS of nuclei near two Ce3+ ions in YAG using CFS values

from Morrison et al.[202] T=60◦C was used due to 60 kHz MAS. Figure 2.13(g)

depicts the same results.

Atom type Coord. shell No. of nuclei Ce-X r (Å) PCS (ppm) δ (ppm)

Oct. Al1

1
1 3.36 -2.73 0.94
1 3.36 -15.24 -11.57
1 3.36 -8.67 -5
1 3.36 -15.21 -11.54

2
1 5.41 2.17 5.84
1 5.41 -2.72 0.95
1 5.41 5.16 8.83
1 5.41 3.82 7.49

3

1 6.88 2.17 5.84
1 6.88 -1.35 2.32
1 6.88 -8.69 -5.02
1 6.88 -3.59 0.08
1 6.88 -0.56 3.11
1 6.88 -0.47 3.2
1 6.88 -2.45 1.22
1 6.88 3.82 7.49

Tet. Al2

1 1 3 41.28 117.68
1 3 51.72 128.12

2
1 3.68 -7.63 68.77
1 3.68 -15.31 61.09
1 3.68 -13.46 62.94
1 3.68 41.16 117.56

3

1 5.61 4.26 80.66
1 5.61 -0.89 75.51
1 5.61 -7.64 68.76
1 5.61 51.77 128.17
1 5.61 -1.51 74.89
1 5.61 4.12 80.52
1 5.61 -13.47 62.93
1 5.61 1.02 77.42

Y

1
1 3.68 -3.45 218.55
1 3.68 -1.47 220.53
1 3.68 -5 217
1 3.68 — —

2

1 5.61 -1.7 220.3
1 5.61 6.4 228.4
1 5.61 -5.86 216.14
1 5.61 1.75 223.75
1 5.61 -5.64 216.36
1 5.61 -1.7 220.3
1 5.61 2.6 224.6
1 5.61 2.25 224.25

3 1 6 1.75 223.75
1 6 5.91 227.91
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Table 2.10: The PCS of nuclei near two Ce3+ ions in YAG using CFS values

from Morrison et al.[202] T=60◦C was used due to 60 kHz MAS. Figure 2.13(h)

depicts the same results.

Atom type Coord. shell No. of nuclei Ce-X r (Å) PCS (ppm) δ (ppm)

Oct. Al1

1
1 3.36 -15.24 -11.57
1 3.36 -8.69 -5.02
1 3.36 -15.21 -11.54
1 3.36 -2.72 0.95

2
1 5.41 3.82 7.49
1 5.41 5.17 8.84
1 5.41 -2.73 0.94
1 5.41 2.17 5.84

3

1 6.88 -0.56 3.11
1 6.88 3.82 7.49
1 6.88 -0.47 3.2
1 6.88 -2.45 1.22
1 6.88 2.17 5.84
1 6.88 -8.67 -5
1 6.88 -3.59 0.08
1 6.88 -1.35 2.32

Tet. Al2

1 1 3 51.77 128.17
1 3 41.21 117.61

2
1 3.68 41.28 117.68
1 3.68 -13.47 62.93
1 3.68 -15.3 61.1
1 3.68 -7.64 68.76

3

1 5.61 1.02 77.42
1 5.61 -13.46 62.94
1 5.61 4.12 80.52
1 5.61 -1.51 74.89
1 5.61 51.72 128.12
1 5.61 -7.63 68.77
1 5.61 -0.89 75.51
1 5.61 4.26 80.66

Y

1
1 3.68 -5 217
1 3.68 — —
1 3.68 -3.45 218.55
1 3.68 -1.48 220.52

2

1 5.61 2.6 224.6
1 5.61 2.25 224.25
1 5.61 -5.65 216.35
1 5.61 -1.7 220.3
1 5.61 -5.85 216.15
1 5.61 1.75 223.75
1 5.61 -1.7 220.3
1 5.61 6.4 228.4

3 1 6 5.91 227.91
1 6 1.75 223.75
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Chapter 3

Average and local structural origins

of the optical properties of the

nitride phosphor La3−xCexSi6N11

(0< x ≤3)

The majority of this chapter has been reproduced with permission from [96]

c©2013, American Chemical Society.

Structural intricacies of the orange-red nitride phosphor system

La3−xCexSi6N11 (0< x ≤3) have been elucidated using a combination of

state-of-the art tools, in order to understand the origins of the exceptional
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optical properties of this important solid-state lighting material. In addition,

the optical properties of the end-member (x = 3) compound, Ce3Si6N11, are

described for the first time. A combination of synchrotron X-ray powder

diffraction and neutron scattering is employed to establish site preferences

and the rigid nature of the structure, which is characterized by a high Debye

temperature. The high Debye temperature is also corroborated from ab-initio

electronic structure calculations. Solid-state 29Si nuclear magnetic resonance,

including paramagnetic shifts of 29Si spectra, are employed in conjunction with

low-temperature electron spin resonance studies to probes of the local envi-

ronments of Ce ions. Detailed wavelength, time, and temperature-dependent

luminescence properties of the solid solution are presented. Temperature-

dependent quantum yield measurements demonstrate the remarkable thermal

robustness of luminescence of La2.82Ce0.18Si6N11, which shows little sign of

thermal quenching, even at temperatures as high as 500 K. This robustness

is attributed to the highly rigid lattice. Luminescence decay measurements

indicate very short decay time close to 40 ns. The fast decay is suggested to

prevent strong self-quenching of luminescence, allowing even the end-member

compound Ce3Si6N11 to display bright luminescence.
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3.1 Experimental Details

Electronic structure calculations All calculations were carried on the stoi-

chiometric La3Si6N11 using the Vienna ab-initio simulation package (VASP)[216,

217] using the projector augmented wave method (PAW) of Blöchl[218] as

adapted by Kresse and Joubert.[219] Initial relaxation of the atomic positions

were performed to insure the compounds are in their electronic ground state.

The elastic tensors were then determined from the stress-strain relationship

of six finite distortions of the crystal[220] using displacements of ±0.015 Å.

Exchange and correlation were described by the 1996 version of the Perdew-

Burke-Ernzerhof generalized gradient approximation (PBE-GGA).[221] The en-

ergy cut-off of the plane wave basis set was 650 eV and a 6×6×12 Monkhorst-

Pack[222] k-mesh grid was used. The energy convergence criterion was set to

1×10−6 eV per formula unit to ensure accurate electronic convergence. In ad-

dition to the elastic constants, the direct band-gap for La3Si6N11 was calculated

using the more computationally intensive Heyd–Scuseria–Ernzerhof (HSE06)

screened hybrid functional,[223, 224] which is known to accurately reproduce

experimentally measured band-gaps in band insulators. These calculations em-

ployed a cut-off energy of 500 eV and a convergence criteria of 1×10−5 eV per

formula unit.
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Sample preparation La3−xCexSi6N11 was prepared from α-Si3N4 powder, LaN

powder, CeO2 powder, and CeN powder. CeN was prepared by nitridation of Ce

metal under NH3 flow. Two grams of total starting reagents were ground in an

alumina mortar and pestle in a glove box with pure nitrogen gas and oxygen

and water vapor concentrations less than 1 ppm. The ground powders were

then loaded into a BN crucible. The crucible was set in a high-pressure furnace

with carbon heaters, and fired at 1580 ◦C to 2000 ◦C under 0.92 MPa nitrogen

gas with purity greater than 99.9995 %. After the phosphor powders cooled to

room temperature, they were ground into fine powders with an alumina mortar

and pestle.

X-ray and neutron scattering High-resolution synchrotron powder diffrac-

tion data were collected using the 11-BM beamline at the Advanced Photon

Source (APS) at Argonne National Laboratory at 295 K and using an aver-

age wavelength of 0.4121540 Å. Additional details regarding the experimen-

tal setup can be found elsewhere.[65, 225, 226] Neutron powder diffraction

was performed on the HIPD and NPDF instruments at the Los Alamos Neu-

tron Science Center at Los Alamos National Laboratory. Samples were placed

in vanadium sample containers, and time-of-flight neutron data was collected

at 295 K on the HIPD instrument from 8 detector banks at ±45◦, ±90◦, ±119◦

and ±148 ◦ 2Θ. For the NPDF measurements, samples were placed in vana-
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dium cans, and time-of-flight neutron data was collected at 295 K from 4 de-

tector banks at 14◦, 40◦, 90◦ and 153◦ 2Θ. Crystal structures were refined us-

ing the EXPGUI[136] front end for the refinement program General Structure

Analysis System (GSAS).[227] Simultaneous refinements to the X-ray and neu-

tron scattering data were completed by adjusting the profile shapes and back-

grounds (10-term shifted-Chebyshev polynomial functions) during initial LeBail

fits,[228] refining neutron absorption coefficients, instrument parameters, and

the unit cell. These parameters were then kept static, and the neutron data

only was used to refine the atomic positions, the atomic displacement param-

eters, and La/Ce occupancies. Occupancies and atomic displacement parame-

ters are usually strongly correlated in Rietveld refinements, so these were re-

fined in alternate cycles. Crystal structures were visualized using the software

VESTA.[137] Debye temperatures for crystallographically distinct atoms (ΘD,i)

were calculated from isotropic atomic displacement parameters using the high-

temperature approximation[172]:

ΘD,i =

√
3~2TNA

AikBUiso,i
(3.1)

where i represents the atomic species La, Ce, Si, or N, and Ai is the atomic

weight of the atom. The Uiso,i values employed were the average of the individ-

ual atomic species in the unit cell, weighted by their Wyckoff multiplicities. The

Debye temperature (ΘD) for the material as a whole was then found by taking
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the weighted average of the ΘD,i from each atomic species, according to their

stoichiometric coefficients in the formula La3−xCexSi6N11.

Solid-state 29Si NMR and ESR High-resolution solid-state NMR was used to

investigate the local electronic environments of the La3−xCexSi6N11 materials.

The single-pulse 29Si NMR experiments were performed at 300 K on a Bruker

AVANCE IPSO NMR spectrometer, with an 18.8 T narrow-bore superconducting

magnet, operating at a frequency of 158.99 MHz for 29Si nuclei, which are about

5% naturally abundant. A Bruker 3.2 mm H-X-Y triple-resonance magic-angle

spinning (MAS) probe head was used with zirconia rotors and Kel-F R© caps, with

a MAS rate of 20 kHz. Radio frequency (RF) pulse lengths and power levels were

calibrated to achieve a 90 ◦ rotation of the net 29Si magnetization (4µs) and

were calibrated with respect to the longitudinal spin-lattice relaxation time (T1)

to ensure the spectra were fully quantitative (recycle delay ranging from 300 s to

0.25 s depending on the Ce concentration). Due to the extremely fast relaxation

of 29Si in the Ce3Si6N11 material, a Hahn-echo pulse sequence was used. This

pulse sequence was used for all materials, along with 1H decoupling. The pulse

sequence consisted of a π/2 pulse, followed by a delay of 20 rotor periods,

followed by a π pulse, and finally detection. The number of scans ranged from

128 (for samples with long relaxation times) to 16000 (for Ce3Si6N11). The

MAS for the Ce3Si6N11 material had to be initiated outside of the magnet, since
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the strong paramagnetism of the Ce3+ in the structure prevented the rotor from

beginning to spin inside the magnetic field. 29Si chemical shifts were referenced

to tetramethylsilane at −9.81 ppm.

29Si spin-lattice relaxation-time behaviors of the La3−xCexSi6N11 samples

were established by using 1D saturation-recovery MAS NMR spectra. 1D

saturation-recovery 29Si MAS NMR spectra were acquired for a range of times,

τ , between 0.01 s and 1 s for the Ce3Si6N11 material, and 0.01 s and 300 s for the

La2.82Ce0.18Si6N11 material, on the same spectrometer with the 18.8 T narrow-

bore superconducting magnet used for the single-pulse 29Si experiments. A RF

pulse length of 4µs was calibrated with the power level for a 90◦ rotation of

the net magnetization of 29Si nuclei, and a 400-pulse saturation train with 2µs

between saturation pulses with a 0.1 s recycle delay was used. Spectra were

modeled using the simulation program DMFIT.[150] The T1 relaxation times of

octahedral 29Si nuclei were found by subsequently fitting the spectra from each

delay time. The integrated intensity curves were then fitted with the curve fit-

ting tool in MATLAB.

ESR spectra were collected on a Bruker X-band ESR spectrometer using an

average microwave frequency of 9.486 GHz. Samples were placed in quartz

tubes, and data were acquired at a temperature of 10 K.
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Optical Measurements Room temperature photoluminescence (PL) spectra

were obtained on a Perkin Elmer LS55 spectrophotometer, scanning a wave-

length range from 300 nm to 750 nm. The samples were thoroughly ground and

subsequently mixed within a silicone resin. A small drop of the mixture was

administered onto a small piece of glass and cured at 150◦C for 15 minutes.

Photoluminescence quantum yield (PLQY) was measured with 457 nm excita-

tion using an argon laser and an experimental protocol as described by Green-

ham et al.[133] Further details describing the employed setup, as well as the

protocol to determine the temperature-dependence of the photoluminescence

properties can be found elsewhere.[23, 128] Diffuse reflectance UV/vis spectra

were recorded in the wavelength range 350 nm to 600 nm using a Shimadzu

UV-3600 spectrometer equipped with an ISR-3100 integrating sphere. Samples

were mixed with BaSO4. The absorbance spectrum was obtained by applying

the Kubelka-Munk[229] relation F (R) = (1−R)2/(2R).

Approximately 200 fs excitation pulses with a wavelength of 440 nm were

generated by doubling the fundamental frequency of a Ti:Sapphire laser (Co-

herent Mira 900) pulses in a commercial optical harmonic generator (Inrad).

The laser repetition rate was reduced to 200 KHz by a home-made acousto-

optical pulse picker in order to avoid saturation effects. The TCSPC system

is equipped with an ultrafast microchannel plate photomultiplier tube detector

(Hamamatsu R3809U-51) and electronics board (Becker and Hickl SPC-630)
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and has an instrument response time of about 60 ps to 65 ps. A triggering sig-

nal for the TCSPC board was generated by sending a small fraction of the laser

beam onto a fast (400 MHz bandwidth) Si photodiode (Thorlabs Inc.). The flu-

orescence signal was dispersed in an Acton Research SPC-500 monochromator

after passing through a pump blocking, long wavelength-pass, autofluorescence-

free, interference filter (Omega Filters, ALP series). The monochromator is

equipped with a CCD camera (Roper Scientific PIXIS-400) allowing for mon-

itoring of the time-averaged fluorescence spectrum. Luminescence transients

were not deconvolved with the instrument response function since their charac-

teristic time-constants were much longer than the width of the system response

to the excitation pulse.

Luminescence life-time measurements were performed using Time-

Correlated Single Photon Counting (TCSPC) technique.[230] Approximately

200 femtosecond (fs) excitation pulses with wavelength 440 nm were generated

by doubling the fundamental frequency of fs Ti:Sapphire laser (Coherent R©Mira

900) pulses in a commercial optical harmonic generator (Inrad R©). The laser

repetition rate was reduced to 200 KHz by a home-made acousto-optical pulse

picker in order to avoid saturation of the chromophore. The TCSPC system

was equipped with an ultrafast microchannel plate photomultiplier tube de-

tector (Hamamatsu Photonics R©R3809U-51) and electronics board (Becker &

Hickl R©SPC-630) and has instrument response time about 60 ps to 65 ps. The
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triggering signal for the TCSPC board was generated by sending a small fraction

of the laser beam onto a fast (400 MHz bandwidth) Si photodiode (Thorlabs

Inc. R©). The fluorescence signal was dispersed in an Acton Research R©SPC-500

monochromator after passing through a pump blocking, long wavelength-pass,

autofluorescence-free, interference filter (Omega Filters R©, ALP series). The

monochromator is equipped with a CCD camera (Roper Scientific R©PIXIS-400)

allowing for monitoring of the time-averaged fluorescence spectrum. Lumines-

cence transients were not de-convolved with the instrument response function

since their characteristic time constants were much longer than the width of the

system response to the excitation pulse.

To investigate whether or not charge transfer occurs between Ce(1) and

Ce(2), a similar time-decay experiment was done with 400 nm excitation. How-

ever, no change in the decay time behavior was found, suggesting neither Ce

site emits in another range besides the observed emission.

3.2 Results and Discussion

3.2.1 Evolution of crystal structure

The La3−xCexSi6N11 material can be prepared with values of x ranging from

0 to 3, which concurrently modulates the optical and structural properties. The
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symmetry of the compound does not change with composition. La3−xCexSi6N11

is tetragonal, crystallizing in the P4bm space group (No. 100). The struc-

ture consists of layers of eight-coordinate LaN8 polyhedra and SiN4 tetrahe-

dra, as shown in Figure 3.1. The La(1), La(2), and Si(2) sites are in nearly

the same plane parallel to the (001) plane, while the Si(1) sites are in their

own separate plane parallel to the (001) plane. The Si(1)–N tetrahedra are

fully corner-connected parallel to the (001) plane, and the Si(1)–N and Si(2)–

N tetrahedra are corner-connected in the c-direction. This makes for a fully

three-dimensionally corner-connected SiN4 tetrahedral network. Most N atoms

bridge two Si tetrahedra, the only N atom that bridges three Si tetrahedra is

the N(3) site, which lies at the bottom of the Si(2) tetrahedra as shown in Fig-

ure 3.1. The La(2) atoms share four three-sided faces of their polyhedra with

the La(1) sites in the a − b plane, and the La(1) sites share five corners of its

polyhedra with other La(1) sites in the a − b plane. As shown in Figure 3.2,

the two La sites have the same coordination number, but different polyhedral

geometries. This manifests different site symmetries; La(1) has only a mirror

plane (m), while La(2) has four-fold rotational symmetry (4). One site, referred

to herein as La(2)/Ce(2), has 4 N atoms above and 4 below in the a − b plane

in a square antiprism configuration, similar to other phosphor crystal structures

such as CaSc2O4.[112]. The other site, La(1)/Ce(1), has 5 N atoms above and

3 below in the a − b plane, and an average La/Ce–N bond length (2.70 Å) that
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is around 3% larger than the La(2)/Ce(2) site (2.62 Å). The standard deviation

of bond length of the La(1) site is also about 10 to 20 times larger than La(2).

Although the site symmetries are different for the two La sites, the coordination

numbers are identical and bond lengths quite similar. In this case, it appears the

crystal field splitting of the Ce 5d levels is not significantly affected by the site

symmetry, and Ce on either La site yields similar emission properties (see the

optical properties below).

Figure 3.1: The crystal structure of La3−xCexSi6N11 looking down the a-axis.

The atoms that compose the layers in the a − b plane have been labeled, with

blue spheres representing N atoms. Reproduced with permission from reference

[96] c©2013, American Chemical Society.

Rietveld refinement of synchrotron X-ray and neutron scattering from a sin-

gle structural model enables one to probe the crystallographic parameters with

great sensitivity. Synchrotron X-ray scattering is very sensitive to the unit cell

parameters of materials, and the extremely high flux from the radiation source

enables unprecedented sensitivity for detecting impurities and subtleties in the
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Figure 3.2: Simultaneous Rietveld refinement of La2.82Ce0.18Si6N11 scattering

data at 295 K, showing (a) time-of-flight neutron data acquired on the NPDF

instrument, (b) time-of-flight neutron data acquired on HIPD instrument, and

(c) synchrotron X-ray data. A small amount (∼1%) of LaSi3N5 impurity was

included in the fit. The bars at the top of the figure show the expected reflection

positions for the La3Si6N11 phase. The inset polyhedra show the La(1) and La(2)

sites with the 8 coordinating N atoms as ellipsoids representing 99% probability

atomic displacement parameters. The polyhedra shown here are from the re-

finement of the x= 0.18 material. Reproduced with permission from reference

[96] c©2013, American Chemical Society.

unit cell symmetry. Neutron scattering, on the other hand, has form factors that

do not vary with increasingQ, enabling a sensitive probe of atomic displacement

parameters (ADPs). Additionally, neutron scattering intensity does not follow
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Figure 3.3: Unit cell parameters of La3−xCexSi6N11 from Rietveld refinement of

synchrotron powder X-ray diffraction data acquired at 295 K, showing (a) cell

parameter a, (b) cell parameter c, and (c) unit cell volume, V . Best-fit lines have

been added to guide the eye. Reproduced with permission from reference [96]

c©2013, American Chemical Society.

the same periodic trend as in X-ray scattering, but instead non-systematically

varies with atomic number, enabling refinement of site occupancy of elements

adjacent on the periodic table, such as La and Ce used in the materials here.

Rietveld refinement of synchrotron X-ray and neutron scattering of the phos-

phor La3−xCexSi6N11, shown in Figure 3.2, in Table 5.1, Table 3.5, and Table 3.6,

for La2.82Ce0.18Si6N11, can therefore provide us with a sensitive probe to crys-

tallographic parameters, impurities, ADPs, and site occupancy. For example, a

small impurity (around 1 mol %) of LaSi3N5 was observed in samples with low

Ce content, while those with x= 1.2 and 2.1 had around 20 mol % of LaSi3N5
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impurity. The unit cell parameters of La3−xCexSi6N11 analyzed through Rietveld

refinement of synchrotron X-ray scattering, displayed in Figure 3.3, show a lin-

ear decrease in unit cell parameter a and decreasing cell volume with increasing

Ce content, indicating materials in the La3−xCexSi6N11 solid solution obey the

Végard law. This suggests the nominal amount of Ce is indeed incorporated into

the lattice. The c cell parameter in Figure 3.3(b) essentially remains constant

(within standard deviations) throughout the solid-solution series, showing that

the contraction of the unit cell only occurs along the a-b plane.

Figure 3.4: (a) Ce site occupancy of La3−xCexSi6N11 from Rietveld refinement

of synchrotron X-ray and neutron scattering data acquired at 295 K, (b) bond-

valence sums from Rietveld refinement, and (c) average La/Ce–N bond distance.

Error bars represent estimated standard deviation from the refinements. Lines

have been added to guide the eye. Reproduced with permission from reference

[96] c©2013, American Chemical Society.
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The nature of the site preference of Ce3+ was also investigated using Ri-

etveld refinement of neutron data, and shows that Ce3+ prefers to substitute on

the La(2) site for low Ce concentrations. For a La3−xCexSi6N11 material with per-

fectly randomly distributed Ce atoms, the ratio of total Ce(1):Ce(2) would be

2:1 since the Wyckoff multiplicity of La(1) is twice that of La(2). Equivalently,

the site fraction of Ce3+ on both the La(1) and La(2) sites would be equal. The

results from Rietveld refinements in Figure 3.4(a) show that this ratio is found

to be 2:2.3 for the x= 0.18 material, 2:1.6 for the x= 0.3 material, and 2:1.5

for the x= 1.2 material. The refinements demonstrate that the amount of sub-

stituted Ce3+ is slightly larger than was intended in the preparation, especially

for the x= 0.18 material. Preferential occupancy of the La(2) site by Ce3+ is not

surprising, since the La(2) site has a slightly smaller average La–N distance com-

pared to the La(1) site [2.70 Å for La(1) compared to 2.62 Å for La(2)]. The

smaller ionic radii of 8-coordinate Ce3+ (1.143 Å) compared to 8-coordinate La

(1.16 Å)[161] is consistent with Ce3+ favoring substitution on the smaller La

site, La(2).

Calculation of the bond-valence sums (BVS)[231] for both Ce and La on sites

1 and 2, shown in Figure 3.4(b), also support Ce favoring the La(2)/Ce(2) site.

The bond lengths of the two La/Ce sites exhibited in Figure 3.4(c) demonstrate

that the La(1)/Ce(1) site always has a larger bond length than the La(1)/Ce(1)

site, regardless of Ce content. This results in a larger BVS for the La(2)/Ce(2)
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site that is much closer to the ideal value of 3 than for the La(1)/Ce(1) site

as displayed in Figure 3.4(b). This trend only holds up to approximately x= 2,

as demonstrated by the less than ideal BVS values for both La/Ce sites with

x= 3. This indicates La and Ce may be more ideally bonded in the La(2)/Ce(2)

site for lower Ce substitution levels. The BVS of the La(2)/Ce(2) site increases

with Ce content, while the La(1)/Ce(1) site’s BVS remains flat with increasing

Ce substitution, a reflection of the variation in bond distances. The more ideal

bonding environment of the La(2)/Ce(2) site is consistent with the apparent

preference of Ce to substitute on the La(2)/Ce(2) site.

A comparison of the La(1) and La(2) Uiso’s of La2.82Ce0.18Si6N11 shows the

La(1) site has a Uiso of 0.0068(2), twice as large as that of La(2) [0.0034(2)],

which is consistent with the longer La(1)–N8 bond distances and greater vari-

ance in bond lengths compared to La(2)–N8. The refinement results also show

the Uiso of all atoms are on the order of 0.1 Å2, indicating La3−xCexSi6N11 has

a very rigid and well-ordered lattice. ΘD, which is a rough estimate of the

temperature at which the highest-energy phonon mode becomes populated, can

be calculated from the isotropic displacement parameters.[172] Using the high-

temperature approximation for calculation of ΘD, we find ΘD is at least 611 K

for all materials investigated here. The ΘD decreases slightly with increasing

Ce content, going from 708 K (x= 0.18), to 645 K (x= 0.3), to 611 K (x= 1.2).

The measured Debye temperature based on the Uiso’s is in good agreement with
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Table 3.1: Parameters from Rietveld refinement of the La2.82Ce0.18Si6N11 mate-

rials. The space group used in the refinement was P4bm, with unit cell param-

eters of a= 10.190734(4), c= 4.841258(3). The estimated standard deviations

for the last significant digit are given in parenthesis. The Uiso values [in (Å2)]

have been multiplied by 100.

atom Wyckoff x y z F Uiso
symbol

La(1)
4c 0.68080(4) 0.18080(4) 0.0147(1)

0.964(3)
0.68(2)

Ce(1) 0.036(3)
La(2)

2a 0 0 0.9979(8)
0.873(4)

0.34(2)
Ce(2) 0.127(4)
Si(1) 8d 0.20957(6) 0.07750(7) 0.5325(2) 1 0.14(3)
Si(2) 4c 0.11594(8) 0.61595(8) 0.0415(2) 1 0.26(3)
N(1) 8d 0.080348(3) 0.17834(3) 0.63787(2) 1 0.65(2)
N(2) 8d 0.23278(3) 0.07400(3) 0.17799(9) 1 0.54(1)
N(3) 4c 0.15310(3) 0.65310(3) 0.6944(1) 1 0.48(1)
N(4) 2b 0.5 0 0.0691(2) 1 0.78(2)

the (ab-initio) calculated Debye temperature of 660 K, described presently. The

large ΘD is one reason for the high quantum efficiency of the La2.82Ce0.18Si6N11

phosphor.

3.2.2 Electronic band structure of La3Si6N11 host

The experimental crystal structure of La3−xCexSi6N11 with x = 0.18 was used

as a starting model for the crystal strucure of La3Si6N11, which was relaxed using

the PBE-GGA functional in first-principles DFT calculations. The relaxed struc-

ture of La3Si6N11 converged to crystallographic parameters very close to those of
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Figure 3.5: Calculated band structure of La3Si6N11 from DFT calculations, car-

ried out using the PBE-GGA functional (shown as connected lines) and, at spe-

cial k-points, the HSE06 functional (shown as red circles). The inset is a depic-

tion of the first Brillouin zone. The calculation was completed by Dr. Jakoah

Brgoch. Reproduced with permission from reference [96] c©2013, American

Chemical Society.

La3−xCexSi6N11 with x = 0.18. The PBE-GGA relaxed structure was employed to

determine the band structure displayed in Figure 3.5. Since PBE-GGA is known

to underestimate the band gap of band insulators, the more computationally

expensive HSE06 functional, known for attaining computed band gaps that are

close to experimental values, was used to calculate the band structure at the

special k points in the Brillouin zone. The HSE06 calculations suggest that the

host compound has a vertical band gap at the Z point of the Brillouin zone that

is slightly larger than 4 eV. This is not a clear, direct band gap at Γ and poten-
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tially is advantageous in that band-edge absorption is not likely to be associated

with a large extinction coefficient.

DFT calculations were also employed, using techniques described in [82], to

calculate a Debye temperature of 660 K, for La3Si6N11, which is close to what is

observed experimentally.

3.2.3 Local structure near Ce3+ and site preference from

solid-state 29Si NMR

Figure 3.6: Solid-state Hahn-echo 29Si MAS NMR spectra of La3−xCexSi6N11

acquired at 295 K, 20 kHz MAS, and 18.8 T, with x as indicated. The asterisks

denote spinning sidebands. The spectra have been offset for clarity. Reproduced

with permission from reference [96] c©2013, American Chemical Society.
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Table 3.2: Populations, chemical shifts, FWHM, and T1 relaxation times for 29Si

sites in La3−xCexSi6N11, with the different compositions labeled. Some of the

nearest lanthanide ions are given in paranthesis.

La2.82Ce0.18Si6N11

Si Population Chemical FWHM T1

site (%) Shift (ppm)
1(6La) 65.7 −61.2 10.9 20.0
2(3La) 24.6 −48.8 10.6 18.3
1(1Ce(1)) 5.4 −85.1 10.8 0.921
2(1Ce(2)) 4.3 −99.5 11.8 0.997

La2.7Ce0.3Si6N11

Si Population Chemical FWHM T1

site (%) Shift (ppm)
1(6La) 67.6 −60.5 14.6 19.84
2(3La) 21.8 −47.1 11.4 16.76
1(1Ce(1)) 11.2 −84.5 11.7 0.8345
2(1Ce(2)) 8.5 −99.9 12.8 0.9651

Ce3Si6N11

Si Population Chemical FWHM T1

site (%) Shift (ppm)
1(6Ce) 67.6 −200.4 29.8 0.0572
2(3Ce) 32.4 −37.7 29.0 0.105
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Figure 3.7: Solid-state Hahn-echo 29Si MAS NMR spectra and multi-component

fits of La3−xCexSi6N11 acquired at 295 K, 20 kHz MAS, and 18.8 T, with x as

indicated. Asterisks denote spinning sidebands. Peaks are labeled with the

corresponding Si site in Table 3.2, with some of the nearest lanthanide atoms

indicated in parenthesis. The spectra and fits have been offset for clarity. Repro-

duced with permission from reference [96] c©2013, American Chemical Society.

High-resolution solid-state MAS NMR enables investigation of the local struc-

ture around the activator ions in phosphors. The paramagnetic dopant (ac-

tivator) ion, Ce3+ in this case, can be used as a contrast reagent for NMR

experiments, as has been seen before in pyrochlores,[195] stannates,[194]

YAG:Tb3+,[192] and YAG:Ce3+.[54] Here, the paramagnetic effects of the Ce3+

ion on surrounding 29Si nuclei in La3−xCexSi6N11 are used to evaluate the local

structure around Ce3+ and the site preference of its substitution. Since the re-
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laxation time of an electron is very fast, interaction with a nearby paramagnetic

ion causes the nuclear spins to relax quickly, and a Hahn-echo pulse sequence

was used to enable detection of quickly relaxing 29Si species. The spectra of

x= 3 is the most simple to analyze, since there are only two 29Si signals near

−200 ppm and −38 ppm corresponding to the Si(1) and Si(2) sites, respectively,

with the remaining peaks for x= 3 in Figure 3.6 and Figure 3.7 being due to

spinning sidebands. The ratio of 29Si site 1 to site 2 for the x= 3 material is

2.09 : 1, nearly the expected value of 2 : 1. The discrepancy may be due to dif-

ferent relaxation times of the two sites and non-uniform loss of signal intensity

during the Hahn-echo pulse sequence. The high degree of crystallinity in the

samples as seen in the X-ray and neutron scattering patterns should manifest as

narrow peaks in the NMR spectra, but the peaks are somewhat broad. This is

due to the paramagnetic broadening induced by the large amount of Ce3+ in the

lattice.[232]

As the amount of La is increased and the amount of Ce decreased, the Si(1)

signal moves to a higher frequency at around −61 ppm, and the Si(2) signal

moves to −49 ppm for the x= 0.18 material. The 29Si spectra of La2.7Ce0.3Si6N11

and La2.82Ce0.18Si6N11 in Figure 3.6 are both very similar, with two main 29Si

signals at around −61 ppm and −49 ppm corresponding to the crystallographic

Si sites Si(1) and Si(2), respectively. The other small peaks near −85 ppm and

−100 ppm are 29Si nuclei near substituted Ce3+ in the materials. These signals
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are displaced to lower frequencies (more negative ppm values), which is toward

the Si(1) peak for the x= 3 material. Since the Si(2) signal is in the opposite

direction (higher frequency or less negative ppm values), the displaced peaks

near −85 ppm and −100 ppm are associated with the 29Si(1) site nuclei. Taking

this into account, the ratio of the 29Si(1) site to 29Si(2) for the x= 0.18 ma-

terial is 3 : 1, which is much larger than the nominal 2 : 1 from the Wyckoff

multiplicities. An overestimation of the Si(1) population is consistent with what

was seen in the NMR spectra for the x= 3 material. This may be related to

non-uniform signal loss from different 29Si sites, due to the Hahn-echo pulse

sequence. Paramagnetic ions such as Ce3+ are known to displace the signal of

NMR-active nuclei,[195] with the displacement dependent on the orientation

of the nearby 29Si nuclei with regard to a Ce3+ atom in the lattice. To predict

the directions and magnitudes of the paramagnetic displacements, one requires

crystal-field splitting tensors of Ce3+. However, these have not been measured

or calculated for Ce3+ in La3−xCexSi6N11, so as a first approximation cylindri-

cal symmetry of the crystal-field splitting tensors can be assumed. Since the

mirror-plane and four-fold symmetries of the two La/Ce sites are parallel to the

c-axis in the La3−xCexSi6N11 unit cell, we assume the principle magnetic axis of

symmetry for the Ce atoms in both sites lies along the c-direction. With this

assumption, the angular factors that contribute to calculation of the paramag-

netic displacements[201] would be equivalent for the eight Si atoms surround-
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ing a Ce(1) site, and would be equivalent for the eight Si atoms nearest a Ce(2)

site. Assuming the crystal-field splitting tensor values are nearly the same for

Ce on the two sites, the only other parameter that will effect the paramagnetic

displacement is the internuclear Ce3+–Si distance. The magnitude of the para-

magnetic displacement is related to the internuclear Ce3+–29Si distance as 1/r3.

Since the Si(1) distance to La/Ce(1) is 3.61 Å and to La/Ce(2) is 3.32 Å, the

induced shift on Si(1) from a Ce(2) site is expected to be of greater magnitude

than that from a Ce(1) site. The peaks in the fit in Figure 3.7 were assigned

based on this inference, and the ratio of the two Ce sites can be analyzed to

understand the site preference of Ce. Combinatorial analysis with a random dis-

tribution of Ce in the lattice says the ratio of Ce site 1 to site 2 should be 2:1,

since there are twice as many Ce 1 sites in the structure. The ratio from the

NMR spectra here gives a ratio of 2:1.6 for the x= 0.18 material and 2:1.7 for

the x= 0.3 material, showing Ce has a strong preference for site 2. This agrees

with the Rietveld and BVS analysis for x= 0.3 (Ce1:Ce2 of 2:1.6), but is much

less than the 2:2.3 ratio obtained for x= 0.18. Back-calculating the amount of

substituted Ce from integration of the NMR spectra gives a result of 1.6% for

the 6% Ce (x= 0.18) doped material, and 2.4% for the 10% Ce (x= 0.3) doped

material. The very low underestimate of total Ce substitution may be due to sub-

stantial loss of signal intensity from T2 relaxation of 29Si nuclei near substituted

Ce3+ ions.
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Figure 3.8: Solid-state 29Si MAS NMR saturation-recovery spectra of Ce3Si6N11

acquired at 295 K, 20 kHz MAS, and 18.8 T. Asterisks denote spinning sidebands.

The traces at the top and bottom represent spectra from the longest and short-

est delay times, respectively. Reproduced with permission from reference [96]

c©2013, American Chemical Society.

Fits of the x= 1.2 and x= 2.1 materials were infeasible, since a combina-

torial analysis predicts 15 peaks from distinct 29Si sites with different amounts

of Ce ions nearby. These peaks would also have spinning sidebands that would

convolve with the fit, adding another 30 Gaussian peaks to the fit. Although we

can see the gradual trend of the Si(1) signal moving to lower frequency, direct

analysis of the Ce(2)/Ce(1) ratio from these spectra is challenging.

From the x= 0.18 spectra in Figure 3.6, the displacement of the Si(1) chem-

ical shift from a nearby Ce(1) is found to be around −24 ppm, and −38 ppm

from a nearby Ce(2) ion. These shifts are consistent with the −200 ppm posi-
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tion of the Si(1) in the x= 3 material, since there are 2 Ce(2) ions and 4 Ce(1)

ions near each 29Si(1) atom, for a total shift of −172 ppm, which would yield a

signal around −233 ppm. However, because each Ce near a 29Si atom is a dis-

tinct distance away, this generalized approach fails to perfectly predict the total

displacement amount of the 29Si(1) signal, but appears to be a good approxima-

tion. The signal associated with the Si(2) site is not displaced as far as the Si(1)

site as Ce substitution increases from x= 0.18 to 3, and is shifted toward higher

frequency with addition of Ce in the lattice. This is because the Si(2) site is in

the same plane as the 3 nearest Ce sites, which causes the anisotropic magnetic

susceptibility of Ce to interact more weakly with the Si(2) site than the Si(1)

site. In terms of the equation for the dipolar psuedocontact shift[195, 201] this

means the angle between the principle magnetic axis of symmetry of Ce3+ and

the Ce–Si(2) internuclear distance is around 55◦ or 125◦, which makes the para-

magnetic NMR signal displacement nearly zero. In other words, the principle

magnetic axis of symmetry of Ce3+ on site 2 is about 55◦ or 125◦ away from the

ab-plane in the La3−xCexSi6N11 unit cell.

The FWHM of the 29Si peaks also increases with increased Ce content, as

seen in Table 3.2. However, the FWHM of the paramagnetically-displaced peaks

is not significantly greater than the bulk peaks in both the x= 0.18 and x= 0.3

Ce-doped samples, indicating uniform environments and a high amount of crys-

tallinity around the substituted Ce3+ ions. This likely relates to the high quan-
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Figure 3.9: Integrated intensities from the saturation-recovery experiments for

La3−xCexSi6N11 with x as indicated in (a), (b), and (c). The signals from 29Si

nuclei near Ce3+ saturate much faster, indicating a dipolar interaction of the 29Si

nuclei with nearby Ce3+ ions. Reproduced with permission from reference [96]

c©2013, American Chemical Society.

tum efficiencies and resistance to thermal quenching seen in La3−xCexSi6N11, as

well as the high ΘD calculated from the Uiso’s obtained from Rietveld analyses.

To further investigate the properties of the materials, saturation-recovery ex-

periments were performed. These experiments saturate the magnetization of

NMR-active nuclei, then after a delay time perform a normal NMR experiment.

This allows measurement of the T1 relaxation times of the different components

in the spectra (by fitting the integrated areas as a function of time to an expo-

nential function), and can separate the fast-relaxing components from the slow
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relaxing components. Figure 3.8, which shows a set of saturation-recovery ex-

periments performed on Ce3Si6N11, shows that the two Si sites have very fast

relaxation times (around 0.05 s and 0.1 s for Si sites 1 and 2 in the structure,

respectively). The fast T1s are due to the large amount of Ce3+ in the struc-

ture, which has an unpaired electron that interacts with the 29Si nuclear spins

and causes much shorter relaxation times. Figure 3.9(a) and (b) show that

the La2.82Ce0.18Si6N11 bulk 29Si nuclei (around −49 ppm and −61 ppm) saturate

much slower than the other peaks. The bulk 29Si peaks correspondingly have

long relaxation times (around 20 s) compared to the other peaks, which have

relaxation times around 1 s. This further supports that the peaks near −85 ppm

and −100 ppm are from 29Si nuclei near Ce3+.

3.2.4 Local structure of Ce3+ from electron spin resonance

The site occupancy of Ce in La3−xCexSi6N11 can also be explored through

ESR, along with other structural details. The ESR spectra of the solid-solution se-

ries in Figure 4.5 shows that the sharp peaks in low Ce content samples broaden

to nearly flat with increasing Ce content. This is due to Ce–Ce dipolar cou-

pling, which decreases the unpaired electron relaxation time. Each site in the

La3Si6N11 structure has a different symmetry; the La(1)/Ce(1) site has Cs sym-

metry (one mirror plane), and the La(2)/Ce(2) site has C4 symmetry (4-fold

rotational symmetry). From this it is expected that the La site 2 would exhibit a
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Figure 3.10: Electron spin resonance of La3−xCexSi6N11 with x as indicated. The

top plot shows an expanded view of the La2.82Ce0.18Si6N11 material, showing the

gy and gz tensor components of Ce(1). The feature near 3400 G for the x= 2.1

and x= 3 materials is an impurity. The spectra have been offset for clarity.

Reproduced with permission from reference [96] c©2013, American Chemical

Society.

higher-symmetry pattern than La site 1. The different peaks in the low-Ce con-

tent samples have been assigned to the two Ce sites as indicated in Figure 4.5

based on this assumption. The Ce(2) site has a much larger peak area, indi-

cating there is a preference for Ce to substitute on this site, consistent with the

NMR and Rietveld results. Other small satellite peaks reside near the main Ce3+

features, and are satellite peaks from Ce3+ in slightly distorted lattice sites.
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3.2.5 Evolution of optical properties

Since La3−xCexSi6N11 has been found to be an efficient yellow emitting phos-

phor under 450 nm excitation[100, 233], we have investigated the spectroscopic

properties of the various samples. The room-temperature excitation spectra

in Figure 4.6(b) exhibit two strong and broad bands, located at 460 nm and

395 nm with shoulders peaking around 500 nm and 345 nm, corresponding to

the transitions from the ground state (2F5/2) of the Ce3+ ion to the lowest ly-

ing d-states. As the splitting of the ground state due to the spin orbit coupling

(2000 cm−1) is much larger than the thermal energy kBT at room tempera-

ture, absorption from the 2F7/2 state can be neglected. A comparison of the

excitation and absorption properties (obtained from diffuse reflectance mea-

surements) shows that the same features can be found in both types of spectra,

as shown in Figure 4.6(a),(b). Only a slight shift in the absolute positions of

the bands is observed if compared to the absorption data, which is mostly due

to concentration and scattering effects,[234] since the absorption spectra have

been collected from a sample diluted with BaSO4. Regardless of Ce3+ concen-

tration, the band-gap of the unsubstituted La3Si6N11 host is much larger than

the phosphor’s optical transitions. The calculated (HSE06) band-gap is slightly

larger than 4 eV, corresponding to 310 nm. Thus, excitations across the band

gap of bands of La3Si6N11 should not affect the optical properties in the visible

region.
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Figure 3.11: Room-temperature (a) Kubelka-Munk absorption, (b) excitation

spectra collected with the emission wavelength of maximum intensity, and (c)

emission spectra collected with the excitation wavelength of maximum intensity

of La3−xCexSi6N11 materials, with the compositions x as indicated. The spectra

have been offset for clarity. Reproduced with permission from reference [96]

c©2013, American Chemical Society.

With increasing cerium concentration, x in La3−xCexSi6N11, a red shift of the

position of the emission maximum is observed in the samples as shown in Fig-

ure 4.6(c) and Figure 4.2. This can be explained in terms of the strength of the

crystal field splitting (Dq or ∆), which Dorenbos has shown to relate to the Ce-

anion distance by a R−2 relationship.[235] We find that with increasing cerium

concentration the Ce3+–N bond lengths decrease, leading to an increase in the

crystal field splitting. The variance of the (La/Ce)–N bonds also increases with
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increasing x; from x = 0.18 to x = 1.2, the standard deviation of La(1)/Ce(1)–N

bond lengths increases by 5%, and by 21% for La(2)/Ce(2)–N bond lengths.

This increase in distortion of the bond length distribution could also contributes

to an increase in crystal field splitting. A larger Dq or ∆ thus means that the

energy difference between the ground state(s) of cerium and the lowest d-state

is reduced, shifting the emission maximum into the lower energy (i.e. red) part

of the visible spectrum. More evidence for this increase in crystal field split-

ting strength can be found in the excitation/absorption spectra; with increasing

cerium content (i.e. decreasing bond length), there is a significant shift towards

lower energies in the position of the lowest energy excitation/absorption band,

which can be seen in Figure 4.6(a) and (b).

The low-temperature (77 K) emission spectra in Figure 4.10(b) show the

same shift towards lower energies with increasing cerium concentration as ob-

served at room temperature. The splitting of the emission band, partially ob-

served at room temperature, becomes more pronounced at lower temperatures,

and two very distinct bands are observed. These two bands arise from the tran-

sitions of the lowest lying 5d-state to the 2F5/2 and 2F7/2 states of the cerium

ion. To further analyze these transitions, peak deconvolution for all cerium con-

centrations has been carried out. Although four Gaussian peaks can be used

to fit the data, the data are represented well with only two Gaussians, suggest-

ing emission from both sites is very similar. This is not surprising, since both
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Ce sites are eight-coordinate and have bond distances that only differ by about

2%. Other systems with two Ce sites that have similar coordination numbers,

such as previously observed in lanthanum silicon oxynitride phosphors[236]

and Sr2.975Ce0.025Al1−xSixO4+xF1−x,[77] also display an emission that can be fit

well with two Gaussian curves. The fits yield two bands that are separated by

about 1900 cm−1 in all samples, which is a measure of the magnitude of the

spin-orbit coupling of the 4f levels. This result is consistent with the values

of around 2000 cm−1 typically found for Ce3+ in the literature.[53] The peak

deconvolution also shows that with increasing cerium concentration, the emis-

sion band at higher energies decreased in intensity compared to the low-energy

band. The ratio of these two bands drops from 0.35 (x= 0.18) to about 0.23

(x= 3.00). This effect has been explained with more efficient re-absorption at

higher cerium concentrations.[92] Additionally, Dorenbos has shown that the

Stokes shift, determined as the difference between the excitation band with

the lowest energy and emission with the highest energy, can be considered as

a feature of the host once a trivalent lanthanide ion is introduced into a host

lattice.[237] When taking the shoulder at around 495-520 nm as the excitation

band with the lowest energy, we find values of about 2975 cm−1 for all samples,

see Figure 4.2.

To investigate the thermal robustness of the materials, temperature-

dependent emission spectra have been recorded. The right column in Fig-
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Figure 3.12: (a) Temperature-dependent normalized quantum yield for the

x= 0.18 and x= 3 La3−xCexSi6N11 materials, and (b) emission spectra of the

x= 0.18 and x= 3 materials at 77 K and 503 K with the fits to the data shown.

Reproduced with permission from reference [96] c©2013, American Chemical

Society.

ure 4.10(b) displays the emission spectra (under 450 nm excitation) at a tem-

perature of 503 K. It can clearly be seen that in the x= 0.18 material there is

almost no sign of temperature quenching, see also Table 3.4. Materials with

x ≤0.3 show high emission intensities and a high quantum yield over the com-

plete measured temperature range. If x ≥1.2, the quenching effects become

more pronounced, which is also evident in the quenching temperature T1/2 that

has been calculated for the different compounds. T1/2 is usually defined as the
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Table 3.3: Spectroscopic properties of La3−xCexSi6N11 materials.

Composition (x) λex. (cm−1) λem. (cm−1) ∆S (cm−1)
0.18 20120 17161, 19058 2959
0.30 20080 17116, 19015 2964
1.20 19801 16809, 18695 2992
2.10 19531 16552, 18461 2979
3.00 19342 16368, 18246 2974

Table 3.4: Temperature dependent spectroscopic properties (normalized quan-

tum yield and quenching temperature) of the various La3−xCexSi6N11 materials.

Composition (x) QY77 K (%) QY298 K (%) QY503 K (%) T1/2 (K)
0.18 0.94 1.00 0.95 > 503
0.30 0.96 0.98 0.86 > 503
1.20 0.65 0.63 0.38 > 503
2.10 0.71 0.62 0.30 480
3.00 0.77 0.61 0.25 450

temperature at which the emission intensity has dropped to 50% of the value

obtained at low temperatures (4.2 K or 77 K). As can be seen in Table 3.4, for

samples with x up to 1.2, we have not observed temperature quenching in the

measured temperature range. For the samples with x= 2.1 and 3.0, T1/2 has

been found to be 480 K and 450 K respectively. Even with full Ce substitution,

a strong emission is still present. The Ce3Si6N11 material exhibits a quantum

yield of about 1/4 of that of the La2.82Ce0.18Si6N11 material at 503 K, which is

remarkable for a stoichimetric cerium compound.

One very interesting feature of the La3−xCexSi6N11 family of phosphors is the

absence of complete concentration quenching at higher cerium concentrations.
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Usually, once a certain critical concentration is exceeded, non-radiative energy

transfer mechanisms become more efficient (due to the increased probability of

two emission centers being proximal) and the excitation energy is transferred

between the activator ions until it has reached some kind of trap, such as de-

fects or surface states. However, some cerium compounds, such as CeF3[92]

and CeMgAl11O19[93] maintain emission even with 100% Ce substitution on

the rare-earth site. The lack of concentration quenching in these compounds

has been attributed to large Stokes shifts, and possibly to inefficient Ce3+–Ce3+

dipole transfer. These reasons also perhaps contribute to why complete concen-

tration quenching is not observed in La3−xCexSi6N11. In addition, Ce does not

distort the La3−xCexSi6N11 lattice, since 8-coordinate Ce3+ and La have nearly

the same values of ionic radii (1.143 Å and 1.16 Å, respectively)[161]. This

would mean distorted Ce3+ sites, which would act as a trap for excited Ce3+

electrons, should be almost nonexistent. Finally, the short decay times, as pre-

sented below may play a role in avoiding strong concentration quenching. These

short decay times decrease the time available, and hence probability, for non-

radiative transitions to occur. Similarly, in CeF3, a short 20 ns decay time has

been found.[238]

Blasse has proposed a model[129] which allows one to estimate the so-called

critical distance (RC) of energy transfer, which has been described as the dis-

tance for which the transfer probability equals the emission probability of the
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emitting ion, from the concentration quenching. RC can be calculated using:

RC ≈ 2 ·
(

3V

4πxcN

) 1
3

(3.2)

where V is the volume of the unit cell, xc the critical quenching concentration

and N is the sum of Wyckoff multiplicities for the potential substitution sites

in the unit cell. Using the obtained value for V of 502.8 Å3 from the Rietveld

refinement, and xc = 0.06 (the concentration for which the highest emission

intensity was observed) and N = 6, we find a critical distance for energy transfer

of about 13.9 Å. Since even in the stoichiometric cerium compound Ce3Si6N11,

the luminescence is not quenched completely, we can use V of 497.6 Å3 from

the Rietveld refinement, and xc = 1, which leads to a value of 5.4 Å. Typical Ce–

Ce distances within the host lattice are 3.7 Å for Ce(1)–Ce(1) and Ce(1)-Ce(2)

distances, and 4.8 Å for Ce(2)–Ce(2) pairs. Usually, the critical radius is much

larger than typical next-nearest neighbor distances. However, if they are of

the same order of magnitude, concentration quenching might be absent or very

weak, as we find in the case of Ce3Si6N11, thus, even this compound with full Ce

substitution for La does not show complete quenching of the luminescence.

Another way of determining the concentration quenching effect is through

the investigation of the concentration-dependence of the luminescence lifetime,

therefore, the time resolved luminescence properties are displayed in Figure 4.9.
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Figure 3.13: Photoluminescence decay curves for the various La3−xCexSi6N11

samples with different cerium concentrations under 440 nm pulsed laser exci-

tation. Reproduced with permission from reference [96] c©2013, American

Chemical Society.

The samples have been excited with 440 nm light and the emission between 530

and 560 nm was monitored. For all samples, decay times of about 40 ns are

found, with a single exponential fit describing the data well. The single expo-

nential fit suggests both Ce sites emit with a similar decay time. A similar result

was found in an oxyfluoride phosphor with two separate Ce sites,[77] and is

much shorter than the 60 ns to 65 ns decay time found for YAG:Ce3+.[36] Only

a very slight decrease is observed with increasing cerium concentration (from

42 ns in the sample with x= 0.18 to about 37 ns in Ce3Si6N11). The obtained

values are very comparable to typically observed decay times for 5d − 4f tran-
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sitions in Ce3+ and match very well the observations for (La,Ca)3Si6N11:Ce3+ of

Suehiro et al.[233]

3.3 Conclusions

Structural characterization of La3−xCexSi6N11 using a combination of scat-

tering studies and magnetic resonance has shown Ce prefers to substitute on

one of the two La sites in a manner that better satisfies its bond valence.

Rietveld refinements of synchrotron X-ray and neutron scattering data show

La3−xCexSi6N11 to have a very rigid crystal structure, with small Uiso values cor-

responding to high Debye temperatures, which is potentially a reason for the

strong thermal robustness of luminescence observed in these compounds. The

high Debye temperature of the host lattice is corroborated from ab-initio cal-

culations. Optical excitation and emission spectra suggest both Ce sites emit

at very similar energies with decay times of around 40 ns. The time decay of

La3−xCexSi6N11 only slightly decreases from x= 0.18 to x= 3. The absence of

complete concentration quenching in Ce3Si6N11 is likely due to the large Stokes

shift, inefficient Ce3+–Ce3+ dipolar transfer, the fact that Ce does not distort

the lattice, and the short decay times of around 40 ns. These insights into this

important phosphor material suggest guidelines for the development of new

materials.
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3.4 Appendix
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Table 3.5: Crystallographic parameters and Debye temperatures (θD) calculated from atomic displacement parameters

from Rietveld refinement of 295 K 11-BM synchrotron powder X-ray diffraction (SPXD) and HIPD and NPDF powder

neutron diffraction (ND) data of La3−xCexSi6N11. A small (∼1 mol %) amount of LaSi3N5 impurity was included in

the x = 0.18, 0.3, and 3 refinements. About 20 mol % was included in the x = 1.2, 2.1 refinements. The P4bm space

group was used for the La3−xCexSi6N11 phase. Estimated standard deviations are given in parenthesis.

x 0.18 0.3 1.2 2.1 3
SPXD SPXD SPXD SPXD SPXD

data NPDF NPDF NPDF
HIPD

SPXD Rwp (%) 7.38 8.23 9.51 6.89 6.56
ND Rwp (%) 1.77 1.34 2.16
Total Rwp (%) 4.29 6.97 7.73
a (Å) 10.190734(4) 10.187320(5) 10.16845(1) 10.153044(7) 10.138464(6)
c (Å) 4.841258(3) 4.840418(4) 4.840500(7) 4.840329(5) 4.841018(5)
V (Å3) 502.7693(4) 502.3452(5) 500.487(1) 498.9619(7) 497.6008(7)
θD (K) 708 645 611
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x 0.18 0.3 1.2 2.1 3
La(1)/Ce(1)
x 0.68080(4) 0.6812(2) 0.6815(1) 0.68118(2) 0.68112(1)
y 0.18080(4) 0.1812(2) 0.1815(1) 0.18118(2) 0.18112(1)
z 0.0147(1) -0.0022(5) 0.0151(4) 0.0108(2) 0.0095(2)
Uiso (Å2) 0.68(2) 0.63(6) 0.94(4) 0.439(5) 0.401(3)
occupanciesb 0.964(3) / 0.036(3) 0.93(2) / 0.07(2) 0.63(1) / 0.37(1)
La(2)/Ce(2)a

z 0.9979(8) 0.9781(7) 0.5363(4) 0.993694(3) 0.993332(4)
Uiso (Å2) 0.34(2) 0.15(3) 0.43(2) / 0.57(2) 0.297(6) 0.270(5)
occupanciesb 0.873(4) / 0.127(4) 0.87(2) / 0.13(2) 0.43(2) / 0.57(2)
Si(1)
x 0.20957(6) 0.2093(2) 0.0806(1) 0.20954(8) 0.20994(6)
y 0.07750(7) 0.0761(3) 0.17815(9) 0.07795(8) 0.07804(7)
z 0.5325(2) 0.5172(6) 0.64252(2) 0.5312(4) 0.5313(3)
Uiso (Å2) 0.14(3) 0.22(9) 0.77(4) 0.19(2) 0.12(2)
Si(2)
x 0.11594(8) 0.1165(3) 0.23190(8) 0.11687(9) 0.11698(7)
y 0.61595(8) 0.6165(3) 0.07451(9) 0.61688(9) 0.61699(7)
z 0.0415(2) 0.0335(9) 0.1800(3) 0.0408(4) 0.0413(3)
Uiso (Å2) 0.26(3) 0.6(1) 0.67(4) 0.18(3) 0.11(2)

a x = y = 0

b Occupancies are given in the same order as the atomic labels, i.e. for La(1)/Ce(1) the La(1) occupancy

is given first, followed by the Ce(1) occupancy. Occupancies were not refined for x= 2.1 and x= 3. The

Uiso values have been multiplied by 100.
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x 0.18 0.3 1.2 2.1 3
N(1)
x 0.11594(8) 0.0797(1) 0.15315(8) 0.0786(3) 0.0804(2)
y 0.61595(8) 0.1784(1) 0.65315(8) 0.1787(3) 0.1790(2)
z 0.0415(2) 0.62451(3) 0.6954(3) 0.6414(6) 0.6426(4)
Uiso (Å2) 0.26(3) 0.59(5) 0.70(4) 0.13(5) 0.17(4)
N(2)
x 0.080348(3) 0.2324(1) 0.6815(1) 0.2322(3) 0.2309(2)
y 0.17834(3) 0.0752(1) 0.1815(1) 0.0729(3) 0.0737(2)
z 0.63787(2) 0.1628(4) 0.0151(4) 0.1766(5) 0.1764(4)
Uiso (Å2) 0.65(2) 0.52(5) 0.94(4) 0.13(5) 0.17(4)
N(3)
x 0.23278(3) 0.1538(1) 0 0.1531(3) 0.1536(2)
y 0.07400(3) 0.6538(1) 0 0.6531(3) 0.6536(2)
z 0.17799(9) 0.6783(5) 0 0.6898(8) 0.6923(6)
Uiso (Å2) 0.54(1) 0.49(4) 0 0.06(6) 0.19(6)
N(4)a

z 0.6944(1) 0.0578(7) 0 0.061(1) 0.0687(9)
Uiso (Å2) 0.48(1) 0.71(9) 0 0.06(6) 0.36(7)

a x = 0.5, y = 0

b Occupancies are given in the same order as the atomic labels, i.e. for

La(1)/Ce(1) the La(1) occupancy is given first, followed by the Ce(1) occu-

pancy. Occupancies were not refined for x= 2.1 and x= 3.
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Table 3.6: Crystallographic parameters from Rietveld refinement of 295 K 11-

BM synchrotron powder X-ray diffraction (SPXD) and HIPD and NPDF powder

neutron diffraction (ND) data of La3−xCexSi6−yAlyN11. A small (∼1%) amount

of LaSi3N5 impurity was included. The P4bm space group was used for the

La3−xCexSi6N11 phase. Estimated standard deviations are given in parenthesis.

The Uxx values [in (Å2)] have been multiplied by 100.

x 0.18 0.3 1.2
La(1)/Ce(1)
U11 0.58(2) 0.86(6) 0.79(5)
U22 0.58(2) 0.86(6) 0.79(5)
U33 0.90(2) 0.17(8) 1.25(8)
U12 -0.08(2) 0.25(7) -0.05(6)
U13 0.00(2) -0.15(6) -0.13(5)
U23 0.00(2) -0.15(6) -0.13(5)
La(2)/Ce(2)
U11 0.32(2) 0.06(6) 1.08(8)
U22 0.32(2) 0.06(6) 1.08(8)
U33 0.38(4) 0.3(1) 0.0(1)
U12 0 0 0
U13 0 0 0
U23 0 0 0
Si(1)
U11 0.25(3) 0.33(9) 0.56(8)
U22 0.24(3) 0.18(8) 0.12(7)
U33 -0.06(3) 0.2(1) 0.00(7)
U12 -0.10(2) 0.05(8) -0.21(6)
U13 0.03(2) 0.01(8) -0.18(6)
U23 0.01(3) 0.1(1) -0.05(7)
Si(2)
U11 0.17(3) 0.37(8) 0.02(7)
U22 0.17(3) 0.37(8) 0.02(7)
U33 0.46(4) 1.2(2) 1.0(1)
U12 -0.06(3) -0.6(1) -0.07(8)
U13 -0.14(3) 0.45(9) 0.01(7)
U23 -0.14(3) 0.45(9) 0.01(7)
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x 0.18 0.3 1.2
N(1)
U11 0.47(1) 0.40(5) 0.59(4)
U22 0.85(2) 0.32(5) 1.00(4)
U33 0.65(2) 1.05(6) 0.73(4)
U12 0.08(1) -0.10(4) 0.17(3)
U13 -0.04(1) 0.02(5) -0.11(4)
U23 0.00(1) 0.25(5) 0.04(4)
N(2)
U11 0.50(1) 0.51(5) 0.43(4)
U22 0.85(1) 0.56(4) 0.86(4)
U33 0.26(1) 0.50(5) 0.71(4)
U12 -0.15(1) -0.35(4) -0.26(3)
U13 -0.02(1) -0.01(5) -0.17(4)
U23 0.03(2) 0.06(6) 0.10(4)
N(3)
U11 0.58(1) 0.47(4) 0.67(3)
U22 0.58(1) 0.47(4) 0.67(3)
U33 0.29(2) 0.51(7) 0.75(6)
U12 0.17(2) 0.31(5) 0.05(4)
U13 0.04(1) 0.01(5) 0.12(4)
U23 0.04(1) 0.01(5) 0.12(4)
N(4)
U11 0.76(2) 0.36(6) 0.76(6)
U22 0.76(2) 0.36(6) 0.76(6)
U33 0.82(3) 1.4(1) 1.4(1)
U12 0.22(3) -0.39(8) -0.01(7)
U13 0 0 0
U23 0 0 0
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Chapter 4

Red-shifting emission of

La3−xCexSi6N11 with Al substitution

A current challenge in solid state lighting is finding new phosphors with sig-

nificant red emission for improved color rendering properties. Here we present

results of red-shifted La2.82Ce0.18Si6N11, doped with Al on the Si site. Struc-

tural origins of the red-shift are investigated using synchrotron X-ray scattering,

solid-state 27Al and 29Si nuclear magnetic resonance, and electron paramagnetic

resonance. The red-shift is hypothesized to be due to Ce3+ sites that have a

distorted local coordination due to nearby substituted Al atoms. These distorted

sites also slightly decrease the robustness of quantum yield with increases in

temperature, and manifest shorter photoluminescent lifetimes.
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4.1 Experimental Details

Sample Preparation La3−xCexSi6−yAlyN11 (x = 0.18, y = 0, 0.06) materials

were prepared from powders of α-Si3N4, LaN, Al2O3 or AlN, CeO2, and CeN.

The CeN was prepared by nitridation of Ce metal under NH3 flow. Two grams

of total starting reagents were ground with an alumina mortar and pestle in a

glove box with pure nitrogen gas, with oxygen and water vapor concentrations

less than 1 ppm. The ground powders were then loaded into a BN crucible.

The crucible was set in a high-pressure furnace with carbon heaters, and sam-

ples were fired at 1580 ◦C to 2000 ◦C under 0.92 MPa nitrogen gas with purity

greater than 99.9995 %. After the powders cooled to room temperature, they

were ground into fine powders with an alumina mortar and pestle. Some sam-

ples were washed with an acid solution after preparation to remove residual

impurities.

Synchrotron X-ray scattering High-resolution synchrotron powder diffrac-

tion data were collected using the 11-BM beamline at the Advanced Photon

Source (APS) at Argonne National Laboratory at 295 K, using an average wave-

length of 0.4121540 Å. Other details regarding the experimental setup can be

found elsewhere.[65, 225, 226]

Crystal structures were refined using the EXPGUI front end for the refine-

ment program General Structure Analysis System (GSAS).[136] Crystal struc-
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tures were visualized using the software VESTA.[137]

Electron Microscopy Field-emission scanning electron microscopy was per-

formed on a FEI XL40 Sirion FEG microscope with an Oxford Inca X-ray sys-

tem attached for chemical analysis. SEM samples were mounted on aluminum

stubs using double-sided conductive carbon tape and coated with a thin layer of

Au/Pd (Hummer 6.2 sputter system) in order to avoid charging effects during

the imaging process. The images have been recorded with an acceleration volt-

age of 5 kV. Energy-dispersive X-ray spectroscopy was performed on unsputtered

samples with an acceleration voltage of 20 kV.

Solid-state 27Al and 29Si NMR, and ESR High-resolution solid-state NMR

spectroscopy was used to investigate the local electronic environment of the

La2.82Ce0.18Si6N11 materials. The high-resolution solid-state single-pulse 29Si and

27Al NMR experiments were performed at 300 K on a Bruker AVANCE IPSO NMR

spectrometer, with an 18.8 T narrow-bore superconducting magnet, operating

at a frequency of 208.52 MHz for 27Al nuclei and 158.99 MHz for 29Si nuclei. A

Bruker 3.2 mm H-X-Y triple-resonance magic-angle spinning (MAS) probe head

was used with zirconia rotors and Kel-F R© caps, with a MAS rate of 20 kHz. Ra-

dio frequency (RF) pulse lengths and power levels were calibrated to achieve a

90 ◦ rotation of the net 29Si or 27Al magnetization (4µs for 29Si and 2µs for 27Al

experiments) and were calibrated with respect to the longitudinal spin-lattice
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relaxation time (T1) to ensure the spectra were fully quantitative (recycle delay

of 300 s for 29Si and 90 s for 27Al). 29Si chemical shifts were referenced to the

tetramethylsilane peak at−9.81 ppm, and 27Al shifts were referenced to the peak

of aqueous 1 M Al(NO3)3 at 0 ppm. Spectra were modeled using the simulation

program DMFIT.[150]

ESR spectra were collected on a Bruker X-band ESR spectrometer using an

average microwave frequency of 9.486 GHz. Samples were placed in quartz

tubes, and data was acquired at a temperature of 10 K.

Optical Measurements Room temperature photoluminescence (PL) spectra

were obtained on a Perkin Elmer LS55 spectrophotometer, scanning a wave-

length range from 300 nm to 750 nm. The samples were thoroughly ground and

subsequently mixed within a silicone resin. A small drop of the mixture was

administered onto a small piece of glass and cured at 150◦C for 15 minutes.

Photoluminescence quantum yield (PLQY) was measured with 457 nm excita-

tion using an argon laser and an experimental protocol as described by Green-

ham et al.[133] Further details describing the employed setup, as well as the

protocol to determine the temperature-dependence of the photoluminescence

properties can be found elsewhere.[23, 128] Diffuse reflectance UV/vis spectra

were recorded in the wavelength range 350 nm to 600 nm using a Shimadzu

UV-3600 spectrometer equipped with an ISR-3100 integrating sphere. Samples
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were mixed with BaSO4 for dilution. The absorbance spectrum was obtained by

applying the Kubelka-Munk[229] relation F (R) = (1−R)2/(2R).

Luminescence life-time measurements were performed using Time-Correlated

Single Photon Counting (TCSPC) technique, further details can be found

elsewhere.[230]

4.2 Results and Discussion

4.2.1 Crystal structure with Al substitution

The La3−xCexSi6N11 structure is tetragonal, crystallizing in the P4bm space

group (No. 100). The structure consists of layers of eight-coordinate La–N poly-

hedra and Si–N tetrahedra, with two different Si sites and two different La

sites. As shown in Figure 6.3(a), the La3−xCexSi6N11 can be made with only

small amounts (1 wt.%) of impurities. However, as seen in Figure 6.3(b), large

amounts of impurities appear upon 1 mol% Al substitution. Not all of the im-

purities were identified, but a large constituent is the LaSi3N5 phase, which

amounts to about 3 wt.% for the material prepared with Al2O3, and around

22 wt.% for the material prepared with AlN. Similarly, larger amounts of the

unidentified impurities are present in the AlN-prepared material compared to

the Al2O3-prepared material. Upon acid-washing the AlN-prepared material,
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Figure 4.1: Rietveld refinement of synchrotron X-ray scattering collected

at 295 K of (a) La3Si6N11:Ce3+, (b) La3Si6N11:Ce3+, Al3+ prepared using

Al2O3, (c) unwashed La3Si6N11:Ce3+, Al3+ prepared with AlN, and (d) washed

La3Si6N11:Ce3+, Al3+ prepared with AlN. A small amount (∼1 wt.%) of LaSi3N5

impurity was included in the fits. The bars at the top of the figure show the

expected reflection positions for the labeled phases.

these impurities nearly completely disappear as shown in Figure 6.3(c), with

only a small amount (5 wt.%) of LaSi3N5 remaining. The peaks have larger

linewidths compared to the material without Al and the unwashed Al-doped

material, suggesting the washing step may reduce particle size.

Unit cell parameters from the refinements, shown in Table 4.1, indicate that

the unit cell expands very slightly upon Al substitution. This may be due to

the somewhat larger ionic radii of four-coordinate Al (0.39 Å) compared with
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Table 4.1: Fit parameters from Rietveld refinement of synchrotron X-ray scat-

tering of La3Si6N11:Ce3+,Al materials (space group P4bm) prepared without Al,

with Al2O3, with AlN and washed. The corresponding fits can be seen in Fig-

ure 6.3.

Composition a = b (Å) c (Å)
La3Si6N11:Ce3+ 10.1907673(1) 4.8412838(3)
La3Si6N11:Ce3+, Al3+ (Al2O3) 10.193536(2) 4.844613(1)
unwashed La3Si6N11:Ce3+, Al3+ (AlN) 10.19215(2) 4.84373(2)
washed La3Si6N11:Ce3+, Al3+ (AlN) 10.192310(7) 4.844176(6)

four-coordinate Si (0.26 Å) [161]. It could also be due to some six-coordinate

Al atoms which cause distortions in the lattice, observed by solid-state 27Al NMR

discussed below.

4.2.2 Morphology after washing

In order to elucidate the influence of the different Al precursors (AlN and

Al2O3) and the washing step on the morphology of the samples, scanning elec-

tron micrographs of the various phosphors have been recorded and are pre-

sented in Figure 4.2. The micrographs reveal that using Al2O3 as the aluminum

source (Figure 4.2(a)) leads to particles that are much smaller (sizes in the range

of 1µm to 10µm) than in the case of AlN (Figure 4.2(b), around 50µm parti-

cles). The shape of the samples is rather irregular, with some cubic and spherical

particles present, but also smaller agglomerates of ill-defined particles. Wash-
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ing of the samples prepared with AlN, shown in Figure 4.2(c), significantly re-

duces the variation in size and shape. The washing step also introduces pits on

the surfaces of particles which would cause some Ce3+ substituent ions to have

distorted local environments. This might be related to the change in the opti-

cal properties, such as the slightly decreased temperature stability of quantum

yield.

Figure 4.2: Scanning electron micrographs of (a) La3Si6N11:Ce3+, Al3+ prepared

using Al2O3, (b) unwashed La3Si6N11:Ce3+, Al3+ prepared with AlN, and (c)

washed La3Si6N11:Ce3+, Al3+ prepared with AlN. Panel (d) shows the Al3+ – free

La3Si6N11:Ce3+ phosphor as a reference.
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Figure 4.3: Solid-state 29Si MAS NMR spectra of (a) La3Si6N11:Ce3+ and (b)

La3Si6N11:Ce3+, Al3+ prepared using Al2O3, acquired at 295 K, 20 kHz MAS, and

18.8 T. The spectra have been offset for clarity.

4.2.3 Local structure near Ce3+ and site preference from

solid-state 29Si NMR

29Si NMR shown in Figure 4.3 provide evidence for no change in local 29Si en-

vironments upon Al substitution. The two peaks near −85 ppm and −100 ppm

can be used to estimate the Ce distribution between the two La sites in the

structure.[96] However, the ratio between the two peaks does not change with

Al substitution, suggesting Al substitution does not effect Ce occupancy distribu-

tion in the material. The linewidths of the 29Si peaks does not differ significantly

either, suggesting the degree of ordering of the bulk material is not strongly ef-
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Figure 4.4: Solid-state single-pulse 27Al MAS NMR spectra of (a)

La3Si6N11:Ce3+, Al3+ prepared using Al2O3, (b) unwashed La3Si6N11:Ce3+, Al3+

prepared with AlN, and (c) washed La3Si6N11:Ce3+, Al3+ prepared with AlN. The

data were acquired at 295 K, 20 kHz MAS, and 18.8 T. Overall fits to the data

are shown as red dashed lines, with the components to the fits shown below the

overall fits. Both four- (AlIV) and six-coordinate (AlVI) Al species are present,

even after washing.

fected by Al substitution. 29Si nuclei near Al substituents are not distinguishable

in the solid-state 29Si spectra either because their local environments are not sig-

nificantly altered, or the low natural abundance of 29Si coupled with the small

Al substitution amount makes 29Si near Al substituents difficult to detect.

Direct observation of local Al environments can be accomplished through

solid-state 27Al NMR, shown in Figure 4.4 for washed and unwashed sam-
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ples. Since Al is substituting for Si, it would be expected that the Al would

be four-coordinate. Based on the chemical shifts of a 27Al NMR spectra, the

coordination number and nature of the local environment can be deduced.

For example, in oxides, the 27Al signal will be around 0 ppm to 20 ppm for

six-coordinate Al, and around 60 ppm to 80 ppm for four-coordinate Al.[239]

However, thermodynamics dictates that only four-coordinate Al in AlN is pos-

sible at ambient pressures,[240] meaning that Al with full N coordination

in the La2.82Ce0.18Si5.94Al0.06N11 lattice should be four-coordinate. As shown

by Fitzgerald et al., AlO6 units display 27Al NMR signals near 0 ppm, while

AlN4 units exhibit shifts near 100 ppm.[241] The spectra shown here for

La2.82Ce0.18Si5.94Al0.06N11 in Figure 4.4 reveals two main species of Al are present

in all the Al-containing samples, both four-and and six-coordinate Al. The six-

coordinate Al seems likely to be coordinated fully to O atoms, while the majority

of four-coordinate Al are likely fully coordinated to N atoms. This suggests ma-

jor distortion of the host lattice, with O substituting into the lattice as charge

compensation near Al. It is also possible the six-coordinate Al sites are situated

in grain boundaries, which would make local distortions more energetically fa-

vorable. The six-coordinate Al species remain even after washing the samples,

suggesting these sites are within the La2.82Ce0.18Si5.94Al0.06N11 are not within im-

purities. The signals corresponding to the four- and six-coordinate 27Al species

can each be fit with two overlapping quadrupolar lineshapes, suggesting a wide
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distribution of local environments of four- and six-coordinate 27Al in the lattice.

The six-coordinate Al in the lattice would significantly increase non-radiative

transitions by introducing more phonon modes via decreasing the symmetry,

and may be related to the slightly decreased temperature stability. The six-

coordinate Al may also increase the crystal-field splitting of nearby Ce3+ ions

from distorting the local environments, red-shifting their emission color.

4.2.4 Local structure of Ce3+ from electron spin resonance

Electron spin resonance (ESR) of the La2.82Ce0.18Si6−yAlyN11 materials shows

the three primary singularities with g-tensor values of 2.52, 1.13, and 0.71

(from left to right). The Al-substituted materials have more inhomogeneous

broadening (less uniform Ce sites) evidenced by the broader features shown in

Figure 4.5(b)-(d) than Al-free materials (Figure 4.5(a)), which may be due to

a less crystalline product or a smaller degree of ordering of the Ce sites. No

evidence was found for additional distorted Ce3+ sites resulting from Al substi-

tution, since no new features appeared in ESR spectra of Al-containing samples

compared to those without Al. The lower crystallinity around the Ce3+ environ-

ments observed here is likely due to nearby Al atoms, and may be related to

the six-coordinate Al observed through solid-state 27Al NMR. The Al substitution

appears to create a much more broad distribution of Ce3+ local environments,

which would allow for more non-radiative quenching. This leads to the decrease
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Figure 4.5: Electron spin resonance spectra of (a) La3Si6N11:Ce3+, (b)

La3Si6N11:Ce3+, Al3+ prepared using Al2O3, (c) unwashed La3Si6N11:Ce3+, Al3+

prepared with AlN, and (d) washed La3Si6N11:Ce3+, Al3+ prepared with AlN.

The bottom plot (e) shows an expanded view of the ESR spectra in the same

order. The spectra have been offset for clarity.

in thermal stability of Al-containing La2.82Ce0.18Si6N11, shown later.

4.2.5 Red-shift with Al substitution

The optical properties of the samples doped exclusively with 6 mol% Ce3+

and co-doped with 6 mol% Ce3+ and 1 mol% Al3+ are summarized in Fig-

ure 4.6. The exclusively cerium activated sample (Figure 4.6(a)) shows several

broad excitation bands in the near-UV and blue region of the visible spectrum.
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The absorption spectrum (obtained from the diffuse reflectance spectrum) ex-

hibits the same features as the excitation spectrum. The maxima of the exci-

tation/absorption bands are both centered around 450 nm, making the com-

pound an ideal candidate for white light generation with excitation from blue

light-emitting diodes. A comparison of the Ce3+-doped sample with Ce3+/Al3+

samples in Figure 4.6 shows a slight red-shift of the absorbance bands with Al

substitution, but a slight blue-shift of the excitation maximum. The Al substitu-

tion also changes the relative intensities between the excitation bands at around

375 nm and 450 nm to 475 nm. The small shifts in the excitation/absorbance

maxima indicate the Al addition does not strongly affect the most intense tran-

sition(s). However, while the Ce3+-doped samples do not exhibit any absorption

or excitation bands beyond 525 nm, the addition of small amounts of Al3+ leads

to the appearance of a shoulder in both the absorption and excitation spectrum

reaching beyond 550 nm. This shoulder is particularly strong in the samples that

were prepared with AlN, and have been subjected to a washing step, shown in

Figure 4.6(c). The new absorbance features in the Al substituted samples lead

to less emission in the region of 500 nm to 600 nm and greater emission past

650 nm, effectively red-shifting emission.

The emission spectra, displayed with Gaussian multi-component fits in Fig-

ure 4.7, show La3Si6N11:Ce3+ exhibits a broad emission band centered at around

550 nm that is comprised of two sub-bands. These are due to transitions from
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Figure 4.6: Room-temperature excitation, absorption and emission spectra

of (a) La3Si6N11:Ce3+, (b) La3Si6N11:Ce3+, Al3+ prepared using Al2O3 and (c)

washed La3Si6N11:Ce3+, Al3+ prepared with AlN. Emission and excitation spec-

tra were acquired using wavelengths with the highest excitation and emission

intensity, respectively.

the 2D5/2 state to the 2F5/2 and 2F7/2 states of Ce3+. The two broad emission

components are separated by the spin-orbit coupling of the ground state of the

Ce3+ ion by approximately 2000 cm−1, in good agreement with values from the

literature.[53] No significant emission intensity is observed beyond 725 nm. The

emission behavior changes in the case of La3Si6N11:Ce3+, Al3+ (both washed and

unwashed): the intensities of the two underlying sub-bands change due to in-

creased absorbance from 500 nm to 600 nm. In addition, a tail substantially
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Figure 4.7: Deconvolution of the emission spectra (under 457 nm excitation)

of (a) La3Si6N11:Ce3+, (b) La3Si6N11:Ce3+, Al3+ prepared using Al2O3 and (c)

washed La3Si6N11:Ce3+, Al3+ prepared with AlN.

located past 650 nm appears, as can be seen in Figure 4.7(b) and (c). In order

to accurately describe the observed tail, an additional third Gaussian peak is

required, which we attribute to emission from the 2D5/2 → 2F7/2 transitions of

Ce3+ sites that are in close proximity to Al impurities. Since Gaussian peaks

from Ce3+ emission always come in pairs due to spin-orbit coupling, it appears

the emission from 2D5/2 → 2F5/2 transitions of Ce3+ sites near substituted Al

overlap with the bulk Ce3+ emission near 600 nm. The relative contribution of

red-shifted peaks from the sample prepared with AlN is more than twice that

of the sample prepared with Al2O3 as shown in Table 4.2, suggesting AlN as a
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Table 4.2: Gaussian fit parameters from La3Si6N11:Ce3+ materials prepared

without Al, with Al2O3, and with AlN and washed. The corresponding fits can

be seen in Figure 4.7.

Sample λEm. (cm−1) relative population (%)
La3Si6N11:Ce3+ 18978 23.8

17325 76.2
19002 22.6

La3Si6N11:Ce3+, Al3+(Al2O3) 16907 68.7
14907 8.7
19035 22.2

washed La3Si6N11:Ce3+, Al3+ (AlN) 16794 57.7
14794 20.1

starting material may be a more effective route towards Al incorporation.

One outstanding feature of La3Si6N11 doped with Ce3+ is the very robust

thermal behavior, meaning that the emission intensity minimally decreases with

an increase in temperature. This changes with the addition of small amounts of

Al, as shown in Figure 4.8. The Al substitution slightly decreases the tempera-

ture stability of the phosphor, so that at 503 K the washed Al-containing sample

has a relative quantum efficiency of 45% compared to its value at 77 K. The

washing step does not seem to have an effect on the temperature stability of the

quantum efficiency. As seen in Figure 4.8(c), the La3Si6N11:Ce3+, Al3+ materials

lose much of their emission intensity in the red region of the visible spectrum

with increasing temperature.

Further details regarding the luminescence properties upon Al substitution
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Figure 4.8: (a) Temperature-dependence of the quantum yield with each

dataset normalized to its maximum, and the emission spectra (under 457 nm

excitation) as a function of temperature for (b) La3Si6N11:Ce3+ and (c) washed

La3Si6N11:Ce3+, Al3+. The colorbar on the right indicates the intensity of the

filled contour colors, with white being the lowest intensity.

can be garnered from luminescence decay behaviors, shown in Figure 4.9. The

La3Si6N11 sample activated with only Ce [Figure 4.9(a)] shows a decay curve

that can be nicely fitted with a mono-exponential decay, yielding a lifetime

of about 42 ns. This agrees well with the decay times of around 42 ns for

(La,Ca)3Si6N11:Ce3+ measured by Suehiro,[233] and is much shorter than the

decay time of around 60 ns to 65 ns for Y3Al5O12:Ce3+ measured by Bach-

mann et al..[36] Similarly to the other optical properties, the addition of small
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amounts of Al3+ significantly changes the decay time, shortening it consider-

ably. La2.82Ce0.18Si5.94Al0.06N11 (both unwashed and washed, see Figure 4.9(b)

and (c)) show decay curves that can best be fitted with a bi-exponential de-

cay, yielding two separate lifetimes of about 8 ns and 35 ns respectively. The

deviation from a mono-exponential decay indicates there are non-radiative re-

combination pathways available that eventually limit the emission intensity and

temperature stability. These non-radiative pathways are most likely due to Ce3+

with Al nearby, which may introduce more phonon modes, or may cause vacan-

cies that can quench luminescence.

Figure 4.9: Room-temperature luminescence decay curves (under 440 nm ex-

citation) of (a) La3Si6N11:Ce3+, (b) unwashed La3Si6N11:Ce3+, Al3+ prepared

using AlN and (c) washed La3Si6N11:Ce3+, Al3+ prepared with AlN.

In addition to the temperature-dependent emission spectra, the temperature-
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dependent decay behavior of the (washed) Ce, Al co-doped samples has been

investigated, with the results are presented in Figure 4.10. At 77 K, a bi-

exponential fit yielding two separate decay times of 10 ns and 40 ns describes

the decay curve the most accurately, indicating the addition of 1-mol% of Al3+

introduces some non-radiative recombination pathways which are active even

at 77 K. The shorter decay time decreases to a value of around 2 ns at 300 K and

remains near this level at higher temperatures, indicative of a transition which

is fully quenched.[242] The longer decay time also significantly shortens with

an increase in temperature.

Figure 4.10: Temperature dependent luminescence lifetimes (under 440 nm

excitation) of (a) La3Si6N11:Ce3+, (b) La3Si6N11:Ce3+, Al3+ prepared with Al2O3

and (c) washed La3Si6N11:Ce3+, Al3+ prepared with AlN. Bi-exponential fits to

the data are shown in (c).
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The average decay time, especially of traces that deviate from a mono-

exponential decay, can be calculated according to:[243]

τavg. =

∞∫
0

tI(t)dt

∞∫
0

I(t)dt

(4.1)

Our findings here are consistent with the observed temperature-dependent lu-

minescence data, see Figure 4.10(c): at 77 K, an average lifetime of about 43 ns

is calculated, which is comparable to the room-temperature value of the Ce-

activated sample. We find only a very small change in the average decay time

until about 400 K; a further increase in temperature leads to a significant drop

in the average decay time, reaching 30 ns at 503 K. This confirms the declined

temperature stability of Al,Ce co-activated La3Si6N11 compared with the solely

Ce-activated La3Si6N11 phosphor. The two decay times from the fits are con-

sistently smaller than the average decay time, indicating there may be a third

decay time required to fully describe the data. Additionally, as temperature in-

creases, the bi-exponential fit does not properly describe the decay time data

of the Al-doped sample. A tri-exponential describes the high-temperature data

much better, suggesting three uniquely emitting Ce3+ sites in the Al-doped ma-

terials.
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4.3 Conclusions

Upon doping 1 mol% Al into La2.82Ce0.18Si6N11, a significant red-shift of emis-

sion is found. However, the Al doping also decreases the thermal stability com-

pared to La2.82Ce0.18Si6N11 with no Al. Decay time measurements indicate mul-

tiple Ce emitters are present in the Al-doped materials, with at least one emitter

with a very short lifetime that is probably responsible for the quenching of lu-

minescence. High-resolution synchrotron X-ray measurements showed many

impurities appear with Al doping, but these can be removed with an acid wash-

ing step. However, SEM showed the surfaces of the particles become pitted

upon washing, which may decrease temperature stability. Solid-state 27Al NMR

revealed some six-coordinate AlO6 species exist in the La3−xCexSi5.94Al0.06N11

lattice, suggesting structural distortions may be responsible quenching of the

luminescence. Electron spin resonance indicated Al doping results in a decrease

of Ce site homogeneity, which likely also contributes to the slightly decreased

thermal stability, as well as red-shift of the emission of La2.82Ce0.18Si6N11 doped

with Al.
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Chapter 5

Structure-property relations of the

CaSc2O4:Ce3+ phosphor

Ce-doped oxides that emit with lower energies than blue light have been dif-

ficult to find. One recently-discovered efficient green-emitting Ce-doped phos-

phor is CaSc2O4:Ce3+. A paucity of studies on this material, especially con-

cerning the local structure around the Ce3+ substituent, hinders progress to-

wards improving its photoluminescent properties. Here we report results on the

structure-property relations of CaSc2O4:Ce3+, demonstrating that the rigid host

lattice is one reason for the high quantum efficiency of over 80%. The nature

of the two separate Sc sites are probed using solid-state 45Sc multiple-quantum

magic angle spinning nuclear magnetic resonance, and 45Sc nuclei in the prox-

imity of Ce3+ substituents are observed using solid-state single-pulse 45Sc NMR.
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A small amount of distorted Ce3+ sites that increase with Ce substitution are ob-

served through electron spin resonance (ESR). These distorted Ce3+ sites may

be related to the small optimal substitution amount of Ce of around 0.5% in

CaSc2O4.

CaSc2O4 has been known since its discovery to crystallize in the Pnam space

group,[104] with only one Ca site, two Sc sites, and four O sites, as shown in

Figure 5.1. The Sc(1)O6 polyhedra share an edge with other Sc(1) sites, while

Sc(2)O6 polyhedra share two edges with two neighboring Sc(2) sites. The Sc(1)

sites are connected to Sc(2) sites by the remaining corners of the ScO6 polyhe-

dra. As Ce is substituted into the lattice, it must go to the Ca site due to size

constraints. Viz., the Sc site is too small with an ionic radius of 0.745 Å to acco-

modate the larger Ce3+ (ionic radius of 1.01 Å for 6-coordinated Ce3+).[161] By

comparison, the 8-coordinate Ca (ionic radius of 1.12 Å) site better matches the

ionic radius of 8-coordinate Ce3+ (ionic radius of 1.143 Å). It was also demon-

strated by extended X-ray absorption fine structure measurements that Ce3+

tends to substitute for Ca instead of Sc in a similar compound, Ca3Sc2Si3O12,

further supporting Ce substitution onto the Ca site in CaSc2O4:Ce.[112] The

Ce3+ ion in CaSc2O4 is excited by blue light with a maximum of 455 nm, emit-

ting in the green with a maximum of 515 nm.[112] The quantum efficiencies

of Ca1−xCexSc2O4 materials containing Ce3+ with dilute non-stoichiometric con-

tents of x= 0.005, 0.01, 0.015, and Ca0.99Ce0.01Sc1.99Mg0.01O4 were determined
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to be 82%, 63%, 36%, and 31%, respectively.

5.1 Experimental Details

5.1.1 Sample preparation and optical measurements

Samples of Ca1−xCexSc2O4 with x= 0, 0.005, 0.0075 0.01, 0.015, and

Ca0.99Ce0.01Sc1.99Mg0.01O4 were prepared using conventional solid-state prepara-

tion methods. Starting materials consisting of stoichiometric amounts of CaCO3

(Fisher Scientific, ≥99%), Sc2O3 (Stanford Materials Corp., >99.99%), CeO2

(Cerac, 99.9%), and MgO (Cerac, 99.95%) were ground in an agate mortar and

pestle, placed in alumina crucibles, and fired at 1600 ◦C for 6 h in an alumina

tube furnace under 0.2 l/min 5% H2/N2 gas flow. After the starting materials

had been reacted, the phosphor cakes were ground into fine powders with an

agate mortar and pestle. Room temperature photoluminescence spectra were

obtained on a Horiba Fluoromax-4 spectrophotometer with Quantum-150 mm

SpectralonTM-coated integrating sphere attachment. Each sample was encapsu-

lated in silicone resin (GE Silicones, RTV615).
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5.1.2 Synchrotron X-ray and neutron scattering

High-resolution synchrotron powder diffraction data were collected using

the 11-BM beamline at the Advanced Photon Source (APS) at Argonne National

Laboratory, using an average wavelength of λ= 0.413531 Å. Other details re-

garding the experimental setup can be found elsewhere.[65] Neutron powder

diffraction was performed on the HIPD instrument at the Lujan Neutron Scat-

tering Center at Los Alamos National Laboratory. Powder samples were placed

in vanadium cans, and time-of-flight neutron data were collected at 295 K from

8 detector banks at ±45◦, ±90◦, ±119◦ and ±148 ◦ 2θ. Crystal structures were

refined using the EXPGUI[136] front end for the refinement program General

Structure Analysis System (GSAS).[227] Simultaneous refinements to the X-ray

and neutron scattering data were completed by adjusting the profile shapes and

unit cells during LeBail fits, refining neutron absorption coefficients, instrument

parameters, and the backgrounds (10-term Chebyshev polynomial function),

then refining the atomic positions, and finally the atomic displacement param-

eters. During the final refinement cycle, all appropriate free parameters were

allowed to refine simultaneously. Crystal structures were visualized using the

software VESTA.[137]
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5.1.3 Solid-state 43Ca and 45Sc Nuclear Magnetic Resonance

(NMR) spectroscopy

High-resolution solid-state 43Ca and 45Sc magic-angle spinning (MAS) NMR

spectroscopy were used to investigate the local structure of YAG:Ce. High-field

solid-state 45Sc NMR measurements were recorded on a Bruker Avance III 1 GHz

spectrometer operating at a 45Sc Larmor frequency of 243 MHz at the Centre Eu-

ropé an de RMN à Très Haute Champs in Lyon, France. Spectra were acquired

with a 1.3 mm HX probehead at 60 kHz MAS. The T1 relaxation times were

measured using a saturation-recovery experiment comprised of a saturation se-

quence of 50 pulses separated by delays of 3 ms, and a recovery delay taking 20

values varying from 10 ms to 60 s. Quantitative 1D spectra were acquired using

a one-pulse sequence with 64 scans and recycle delays of 54.4 s (x= 0.000),

53.6 s (x= 0.005), 48.7 s (x= 0.010), and 43.5 s (x= 0.015), and an excita-

tion pulse of 44.6 kHz RF field amplitude and 1.4µs duration. All 45Sc chemical

shifts were referenced to a 1 M aqueous solution of Sc(NO3)3. Additional spec-

tra were acquired with a higher repetition rate of 0.1 s in order to filter out

signals from 45Sc sites with long T1 values from crystalline regions far from Ce3+

dopant ions. This led to preferential accumulation of 45Sc signals from sites in

close proximity to paramagnetic Ce3+ ions, which have shorter T1 relaxation

times: for these spectra 32768 transients were acquired with a recycle delay
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of 100 ms. MQMAS spectra[244] were acquired using the triple-quantum (3Q)

pulse sequence with z-filter.[245] Both the 3Q excitation pulse and the pulse for

conversion of 3Q back to z-magnetization used a 141 kHz RF field amplitude

and had durations of 1.5µs and 0.5µs, respectively. The final low-power 90◦

pulse was applied for 1.4µs at 44.6 kHz RF field amplitude. The time incre-

ment in the indirect dimension was 50 s, and 64 increments (96 transients per

increment) were acquired using the States-Haberkorn-Rubens method to obtain

pure-phase line shapes and frequency discrimination. The data were sheared in

the time domain during processing.[246] To observe the effect of temperature

on the spectral position of paramagnetically-displaced 45Sc peaks, a spectrum of

one material (x= 0.015) was acquired with variable temperature (VT) cooling

of the sample. The sample was cooled with a Bruker BCU-X with an N2 flow of

1335 l/hr cooled to 243 K.

Solid-state 43Ca NMR experiments were performed at the U.S. National High

Magnetic Field Laboratory in Tallahassee, Florida, on a narrow-bore Magnex

19.6 T magnet with a Bruker console, operating at a frequency of 56.067 MHz

for 43Ca nuclei. Data were collected under MAS conditions of 6 kHz and room

temperature using a Samoson 7 mm H-X triple-resonance MAS probehead with

zirconia rotors and Kel-FTM caps. RF pulses with a 1.5µs length were used with a

recycle delay of 5 s, and 8000 transients were signal averaged. A shorter recycle

delay of 0.3 s was used on one experiment for Ca0.99Ce0.01Sc2O4, signal averaging
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40,000 transients. Chemical shifts were referenced to 1 M CaCl2 (aq.). Solid-

state NMR spectra were modeled using the simulation program DMFIT.[150]

5.1.4 Electron Spin Resonance (ESR) spectroscopy

ESR spectra were collected on a Bruker X-Band ESR spectrometer

(ν = 9.486 GHz), equipped with a helium flow cryostat. Samples were placed

in quartz tubes, and spectra were acquired at 4 K. The set of linewidths as a

function of temperature of the peak at 2480 G were fit with the curve fitting tool

in MATLAB. Spectral simulations employed the EASYSPIN code implemented

in MATLAB,[151] with a correction included for field-dependent relaxation ef-

fects.

5.2 Results and discussion

5.2.1 Long-range crystal structure of Ca1− xCexSc2O4

Rietveld refinement of the Ca1−xCexSc2O4 phosphor materials enables in-

vestigation of the long-range crystal structure, which yields insights into the

luminescent behavior. For example, the atomic displacement parameters, for

which neutron scattering is particularly adept, are thought to be related to the

quantum efficiency of phosphor materials.[54] Analyses of synchrotron X-ray
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scattering, on the other hand, are useful for accurately determining variation

in unit cell parameters with small amounts of substituent atoms such as Ce3+.

For the unsubstituted material, the unit cell parameters displayed in Table 5.1

from Rietveld refinement of synchrotron X-ray data agree well with previous

X-ray diffraction studies of CaSc2O4.[104, 106, 247] The unit cell parameters

found for the Ce substituted materials reveal a small expansion of the unit cell

with Ce substitution. The magnitude of the unit cell expansion is consistent

with the similar ionic radii of 8-coordinate Ca (1.12 Å) and 8-coordinate Ce3+

(1.143 Å).[161] The cell expansion appears to reach a maximum after x = 0.005,

which could be due to the charge imbalance between Ce3+ and Ca2+.

Table 5.1: Parameters from Rietveld refinements of Ca1−xCexSc2O4 materials

(space group Pnma).a

x in Ca1−xCexSc2O4

0 0.005 0.01

neutron Rwp 1.56% 1.58% 1.59%
X-ray Rwp 10.5% 8.17% 8.16%
a 9.46337(1) 9.463453(9) 9.463452(9)
b 11.11158(1) 11.11176(1) 11.11176(1)
c 3.141928(4) 3.142051(3) 3.142052(3)
V 330.3831(7) 330.4043(6) 330.4043(6)
ΘD 915 911 897

a Estimated standard deviations for the last significant digit are given in

parenthesis.

Rietveld refined time-of-flight neutron and synchrotron X-ray scattering data
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Figure 5.1: Crystal structure of the Ca1−xCexSc2O4 phosphor, with cations in

the structure labeled. Orange spheres represent oxygen, and the golden sphere

represents a Ce3+ ion substituted for a Ca site.
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Figure 5.2: Simultaneous Rietveld refinement of (a) synchrotron X-ray scat-

tering data and (b) time-of-flight neutron scattering data acquired at 295 K of

Ca0.995Ce0.005Sc2O4. The expected reflection positions are shown above the plots.

The inset shows the crystal structure with 99% probability thermal ellipsoids

from the refinement.
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Figure 5.3: Unit cell parameters, cell volumes, and Debye temperatures (ΘD)

from Rietveld refinements for Ca1−xCexSc2O4 phosphor materials.
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Table 5.2: Parameters from Rietveld refinement of the Ca0.995Ce0.005Sc2O4 phos-

phor (space group Pnma).a

atom x yb Uiso × 100

Ca/Ce 0.75651(8) 0.65237(6) 0.37(1)
Sc(1) 0.41954(4) 0.10734(3) 0.724(7)
Sc(2) 0.42962(3) 0.61213(3) 0.425(6)
O(1) 0.20759(6) 0.17154(5) 0.20(1)
O(2) 0.12316(5) 0.47756(5) 0.16(1)
O(3) 0.52058(7) 0.78409(5) 0.20(1)
O(4) 0.42058(7) 0.42464(5) 0.12(1)

a Estimated standard deviations for the last significant digit are

given in parenthesis.

b The z parameter for all atoms is 0.25.

elucidate the atomic displacement parameters of the CaSc2O4 host. The re-

sults, shown for Ca0.995Ce0.005Sc2O4 in Table 5.2, evidence that the atomic dis-

placement parameters are small, similar to results found for Y3Al5O12[54] and

La3Si6N11[96]. This indicates the CaSc2O4 is highly rigid, owing to its highly

interconnected ScO6 polyhedra. Atomic displacement parameters can be used

to calculate the Debye temperature (ΘD), which is an estimate of the en-

ergy required to activate all phonon modes in a material.[96, 172] The results

for CaSc2O4 of around 900 K well exceed those of Y3Al5O12[54] (750 K) and

La3Si6N11[96] (699 K). However, since Sc absorbs neutrons, we also refined the

atomic displacement parameters to the synchrotron X-ray data. Those results
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showed Debye temperatures ranging from 766 K to 790 K, indicating the ab-

sorption of neutrons by Sc may interfere with the refinement. As more Ce3+ is

added to the lattice, the ΘD slightly decreases as shown in Figure 5.3, indicating

more disorder in the lattice. The Debye temperature has been demonstrated to

correlate well with quantum efficiencies,[82] and Ca1−xCexSc2O4 is no excep-

tion.

5.2.2 Local structure around Ce3+ from magnetic resonance

The local structures and compositions around Ce3+ dopants in

Ca1−xCexSc2O4 phosphor materials will undoubtedly affect the photolumi-

nescent properties. These local structures and compositions can be probed in

detail with solid-state NMR, as has been done here using both solid-state 43Ca

and 45Sc NMR. The paramagnetic Ce3+ dopants possess a magnetic field which

displaces the frequency of NMR signals of nearby NMR-active nuclei. Such an

effect has been demonstrated before in pyrochlores,[193] stannates,[194] and

the Y3−xCexAl5O12 phosphor.[54] The single-pulse solid-state 43Ca spectra of

Ca1−xCexSc2O4 phosphor materials shown in Figure 5.4, provides evidence for

a single Ca site in CaSc2O4, consistent with the crystal structure from scattering

results. However, as Ce is added, an additional feature at lower frequencies

appears. This new feature is wider than the single peak observed for CaSc2O4,

indicating either distortion of the new Ca sites or a distribution of Ca sites.

196



The downfield shift of this new peak is consistent with shorter Ca–O bond

distances,[248] indicating some new Ca sites with short bond distances may be

present with Ce3+ doping. However, given the similar ionic radii of 8-coordinate

Ca (1.12 Å) and 8-coordinate Ce3+ (1.143 Å),[161] the new feature in the

43Ca spectra of Ca0.99Ce0.01Sc2O4 may be due to longer-range paramagnetic

interactions of Ce3+ with 43Ca nuclei. With a much shorter recycle delay of

0.3 s, the additional features are not emphasized, suggesting these new features

are far from paramagnetic Ce3+.

Solid-state single-pulse 45Sc NMR, shown in Figure 5.5 for Ca1−xCexSc2O4

phosphor materials, demonstrates that the signals from the two 45Sc sites in the

structure overlap. As more Ce is added to the lattice, the spin-lattice relaxation

time (T1) decreases, providing evidence that an increasing amount of Ce is being

incorporated into the CaSc2O4 lattice. The width of the peaks also increases with

Ce substitution, due to longer-range paramagnetic effects of substituted Ce3+ in

the lattice on 45Sc nuclei. Analysis of the spectra is made difficult because the

two 45Sc signals overlap; consequently an MQMAS experiment was done to elu-

cidate the individual peak shapes for the different 45Sc sites. The triple-quantum

z-filtered MQMAS experiment for CaSc2O4, shown in Figure 5.6, mitigates the

second-order quadrupolar effects and enables detection of the two separate 45Sc

sites in the isotropic dimension. Fits to the separate 45Sc sites enable quantifica-

tion of NMR parameters such as the quadrupolar coupling constant (CQ) and the
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Figure 5.4: Solid-state single-pulse 43Ca NMR spectra of Ca1−xCexSc2O4 phos-

phor materials acquired at 19.6 T under conditions of 7 kHz MAS at room tem-

perature, using recycle delay times of (a),(b) 5 s and (c) 0.3 s.
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Table 5.3: Parameters from fits to slices of

the isotropic dimension of the MQMAS ex-

periment performed on CaSc2O4.

atom δ (ppm) CQ (MHz) ηQ

Sc(1) 154.1 8.71 0.51
Sc(2) 156.8 13.74 1

asymmetry parameter (ηQ), which give some insight into the local coordination

of the different 45Sc sites. The results, shown in Table 5.3, enable assignment of

the peaks to the different Sc sites in the structure. Since the Sc(2) site is less

symmetric than the Sc(1) site, the NMR signal associated with 45Sc(2) nuclei

should have a larger CQ than the signal associated with 45Sc(1) nuclei. Based

on this, the Sc(1) site is assigned to the signal around 154 ppm, and the Sc(2)

site is assigned to the peak near 157 ppm. The CQ and ηQ is larger for Sc(2)

than for Sc(1), providing evidence that Sc(2) sites are not only less symmetric

but also less axially symmetric. These findings are in agreement with the larger

bond angle variance for the Sc(2) site of 78.4 ◦, compared with 29.5 ◦ for Sc(1)

from the Rietveld refinement results above.

Although it is expected that paramagnetically displaced 45Sc peaks should

arise in the NMR spectra upon Ce3+ doping of CaSc2O4, such peaks were not

visible in the 45Sc spectra acquired with long recycle delays (Figure 5.5). Since
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Figure 5.5: Solid-state single-pulse 45Sc NMR spectra of Ca1−xCexSc2O4 phos-

phor materials acquired at 23.5 T under conditions of 60 kHz, with recycle de-

lays of 5 × T1, and without temperature regulation. Vertical expansions of the

same spectra by a factor of 100 are shown in (b). Impurities are marked by

asterisks. [Spectra acquired by Dr. A. Pell, ENS-Lyon.]
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Figure 5.6: Solid-state 45Sc triple-quantum z-filtered MQMAS spectra of

CaSc2O4 acquired at 23.5 T under conditions of 60 kHz and without tempera-

ture regulation. (i) and (ii) show horizontal slices extracted from the isotropic

dimension, with positions of the extractions indicated by orange dashed lines.

Fits to the extracted spectra are shown as red dashed lines. [Spectra acquired

by Dr. A. Pell, ENS-Lyon.]
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Figure 5.7: Solid-state single-pulse 45Sc NMR spectra of Ca1−xCexSc2O4 phos-

phor materials acquired at 23.5 T under conditions of 60 kHz, recycle delay of

0.1 s, and without temperature regulation. Vertical expansions of the same spec-

tra by a factor of 100 are shown in (b). Impurities are marked by asterisks,

and paramagnetically displaced peaks are indicated with “+” symbols. [Spectra

acquired by Dr. A. Pell, ENS-Lyon.]

the paramagnetically displaced peaks have a much shorter relaxation time than

the other peaks in the NMR spectra, collecting spectra with a short recycle delay
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increases the relative intensities of the peaks associated with 45Sc nuclei near

Ce3+ dopants. Solid-state 45Sc spectra acquired with a short delay time of 0.1 s,

shown in Figure 5.7, reveal the paramagnetically-displaced peaks appear at a

lower frequency (around 175 ppm and 205 ppm) than the bulk peaks at 140 ppm

to 160 ppm. The peak near 205 ppm was found to have a T1 relaxation time of

around 140 ms, further supporting that this peak is associated with 45Sc nuclei

proximal to Ce3+ substituents. Although the peak near 205 ppm appears to pri-

marily result from 45Sc(2) nuclei near Ce3+ atoms in the structure, it is unclear

whether another paramagnetic peak overlaps, or if paramagnetic broadening is

responsible for the ill defined peak shape. The other paramagnetic peak near

175 ppm overlaps with an impurity peak, making assessments about this para-

magnetic peak difficult. However, lowering the temperature can increase the

magnitude of the paramagnetic displacement, moving the paramagnetic peak

further from the impurity.

Further confirmation that the peaks near 175 ppm and 205 ppm are due to

paramagnetically displaced 45Sc nuclei is provided by temperature-dependent

measurements. As shown in Figure 5.8, as the material is cooled, the paramag-

netic effect of Ce3+ on nearby 45Sc nuclei increases in strength, further displacing

the peaks from the bulk 45Sc peaks. This is consistent with the “pseudocontact”

shift, or through-space paramagnetic interaction.[194, 201] The paramagnetic

peak near 180 ppm is much more clearly observed in the experiment with de-
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Figure 5.8: Solid-state single-pulse 45Sc NMR spectra of Ca0.985Ce0.015Sc2O4

phosphor materials acquired at 23.5 T under conditions of 60 kHz, with a recy-

cle delay of 0.1 s, with and without temperature regulation as indicated. Vertical

expansions of the same spectra by a factor of 100 are shown in (b). Impurities

are marked by asterisks, and paramagnetically displaced peaks are indicated

by “+” symbols. The effect of temperature on the paramagnetic displacement

magnitude is illustrated with dashed lines. [Spectra acquired by Dr. A. Pell,

ENS-Lyon.]
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creased temperature, and it is clear this peak is primarily associated with 45Sc(1)

nuclei near Ce3+ ions. The bulk collection of resonances is broadened as well,

consistent with an increasingly strong effect of paramagnetic Ce3+ substituents

at lower temperatures.

5.2.3 Ce3+ local structure from ESR

Although NMR can provide details on the local structure around Ce3+, ESR

can directly probe the Ce3+ local structure. For the Ca1−xCexSc2O4 material, ESR

data has not yet been reported. As shown in Figure 5.9, the vast majority of the

signal comes from one Ce3+ site, manifest as three primary Ce3+ signals located

at gx = 2.70 (2500 G), gy = 1.62 (4100 G), and gz = 1.33 (5100 G). This signal

results from Ce3+ substituted on Ca sites in the Ca1−xCexSc2O4 material. The

range of g-tensors is smaller than as was observed in YAG:Ce, which has values

of gx = 2.73 and gz = 0.908.[54] This may be related to the smaller crystal-

field splitting in Ca1−xCexSc2O4, which results in the more blue shifted emission

compared with YAG:Ce.

There is evidence of an additional type of Ce3+ site, as manifested by the

three primary Ce3+ signals residing at gx = 2.38 (2800 G), gy = 2.07 (3100 G),

and gz = 1.40 (4100 G). This may be from Ce3+ in an impurity phase or distorted

Ca site in Ca1−xCexSc2O4, and constitutes around 9% of the Ce3+ observed by
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Figure 5.9: (a) Powder ESR spectra of Ce3+ in Ca1−xCexSc2O4 acquired at 4 K

and 9.4 GHz with compositions as labeled. (b) Experimental spectrum and a

simulation of the x= 0.005 material with 2 different Ce3+ sites, with contribu-

tions from each site separately shown below the fit.
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ESR, with 91% of the Ce3+ ESR signal due to the main Ce3+ signal described

above. An exemplary fit to the x = 0.005 data, shown in Figure 5.9(b), demon-

strates that most of the features in the spectrum can be accounted for with the

two Ce3+ sites included in the simulations. However, a feature near 4800 G is

unaccounted for in the fits. This may result from Ce3+ in an impurity phase or

in distorted sites in the Ca1−xCexSc2O4 lattice. This feature near 4800 G appears

to grow in intensity with increased Ce substitution, supporting that this feature

in the spectra may be associated with distorted Ce3+ sites in the lattice. Some

additional features also appear in the x = 0.015 material, indicating an increase

in distorted Ce3+ sites and/or Ce3+ in impurity phases. This may be related to

the decrease in quantum efficiency past x = 0.005 in the phosphor materials,

since distorted Ce3+ sites would quench luminescence.

5.3 Conclusions

The Ca1−xCexSc2O4 phosphor has been shown to posses a rigid struc-

ture, as found from the Debye temperature from scattering measurements of

around 900 K. This is related to the high quantum efficiency of over 80% of

Ca1−xCexSc2O4. Solid-state NMR measurements enabled clear distinction and

assignment of the two 45Sc sites by MQMAS. Paramagnetically displaced peaks,

from 45Sc nuclei near Ce3+ dopants, were clearly distinguished in single-pulse
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solid-state NMR with short recycle delay times. Temperature regulated solid-

state 45Sc NMR measurements provided further evidence that the small dis-

placed peaks are associated with 45Sc nuclei near Ce3+ dopants, and allowed

for clear observation of their peak shapes. ESR measurements demonstrated

that one primary Ce3+ site on the Ca site in Ca1−xCexSc2O4 makes up around

91% of Ce3+ in the materials, with the other 9% of Ce sites being in distorted

sites in the structure or impurity phases. The fraction of distorted Ce sites or Ce

in impurity phases increases with Ce loading, correlating well with the decrease

in quantum efficiency past x = 0.005 Ce loading.
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Chapter 6

Efficient and Color-Tunable

Oxyfluoride Solid Solution

Phosphors for Solid-State White

Lighting

The majority of this chapter has been reproduced with permission from ref-

erence [77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.

Here, we have developed a solid solution phosphor series between SAF

and SSO, Sr2.975Ce0.025Al1−xSixO4+xF1−x (SASF:Ce3+), that exhibits very favor-

able features in the optical properties and phase stability under ambient atmo-
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sphere. Two substitutions occur across the solid solution series, both of anions

(F− for O2−) and of cations (Si4+ for Al3+) that result in the phosphor family

Sr2.975Ce0.025Al1−xSixO4+xF1−x. The Ce concentration in this family has been op-

timized at 2.5 atom %, from a knowledge of optimal concentrations for both

end-members. Note that the composition as reported here is not charge bal-

anced, with an excess of 0.025 positive charges per unit cell. There are many

ways in which this excess positive charge can be compensated, viz. a slight in-

crease of the O/F ratio, or the creation of cation vacancies. These compensating

mechanisms would take place to extents not detectable by the techniques used

here.

The solid solution series has been characterized by using a combination

of powder X-ray diffraction (XRD), solid-state 19F NMR spectroscopy, and syn-

chrotron X-ray total scattering, in addition to uv-vis spectroscopy. Optical prop-

erty measurements show that members of the SASF:Ce3+ phosphor series are

a very bright, broad, emitter under 430 nm excitation. SASF:Ce3+ phosphors

have been incorporated into phosphor-capped white LEDs using an InGaN LED

chip (λmax = 434 nm), and this white LED prototype has been characterized op-

tically. Thermal quenching of the luminescence, and in particular, analysis of

the local structure of SASF:Ce3+ with solid-state 19F NMR and synchrotron X-

ray total scattering, suggest explanations for the unusual brightness of the new

phosphor.
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6.1 Experimental Details

Sample preparation Powder samples of Sr2.975Ce0.025Al1−xSixO4+xF1−x

(SASF:Ce3+, x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) were prepared by solid-state

reaction starting from SrCO3 (Aldrich, 99.995 %), SrF2 (Aldrich, 99.9 %), Al2O3

(Aldrich, 99.9 %), SiO2 (Johnson Matthey, 99.9 %), and CeO2 (Aldrich, 99.9 %).

The powder reagents were intimately ground together with acetone in an agate

mortar, placed in high purity alumina crucibles and heated between 1200◦C

and 1400◦C in a reducing atmosphere of H2/N2 (5 %/95 %) for 4 h. After heat

treatment, the samples were gradually cooled to room temperature inside the

furnace. The resulting phosphor cakes were then ground into powders that

ranged in color from light green to yellow, depending on the SSO content x.

Samples of SASF:Ce3+ with x = 0.1 and x = 0.3 degrade slowly under ambient

conditions, resulting in deterioration of their luminescence properties.

X-ray diffraction and synchrotron X-ray total scattering Powder X-ray

diffraction (XRD) data were obtained using Cu-Kα radiation (Philips X’Pert) over

the angular range 20◦ ≤ 2θ ≤ 100◦ with a step size of 0.016◦. Crystal structure

Rietveld refinements were performed using the General Structure Analysis Sys-

tem (GSAS) software suite.[227] Synchrotron X-ray total scattering data were

collected in transmission mode on beamline 11-ID-B of the Advanced Photon

Source, Argonne National Laboratory, at room temperature. Powder samples
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were loaded into KaptonTM tubes, sealed with glass wool and placed vertically in

a sample holder in the path of the beam. Scattering data were collected with an

image plate system (MAR345) and sample-to-detector distances of 305 mm us-

ing high energy X-rays (∼90 keV). The use of high energy X-rays enables higher

values of the wave vector, Q, which is critical for PDF extraction. Data for PDF

analysis were collected in three exposures of 10 s to 60 s. The image-plate data

were processed using the program FIT2D.[249] A ceria standard was used to

calibrate the scattering.

Solid-state 19F NMR Solid-state 19F nuclear magnetic resonance (NMR) spec-

troscopy was used to characterize the molecular compositions and structures of

the solid solution phosphor compounds. The NMR experiments were carried out

under conditions of magic angle spinning (MAS) at 298 K on a Bruker AVANCE

IPSO NMR spectrometer, with an 11.7 T wide-bore superconducting magnet, op-

erating at frequencies of 500.24 MHz for 1H and 470.39 MHz for 19F. A Bruker

1.3 mm H-X double-resonance MAS probe head was used with zirconia rotors

and Kel-F R© caps. A MAS spinning rate of 60 kHz was used to reduce effects

from 19F-19F dipolar coupling interactions. Chemical shifts were referenced to

TeflonTM, which was assigned a chemical shift of -122 ppm relative to a shift of

0 ppm for CFCl3. 1D single-pulse 19F spectra were recorded using a 30 ◦ pulse

length of 1.7µs and a recycle delay of 150 s.
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Optical properties: PL, quantum efficiency, temperature-dependent PL, and

fluorescence life-time Photoluminescence (PL) spectra were measured on a

Perkin Elmer LS55 luminescence spectrophotometer scanning the wavelength

range of 300 nm to 800 nm at room temperature (RT). Photoluminescence quan-

tum efficiency in solid samples was determined by a method derived from that

reported by Greenham et al.[133] Phosphor powders encapsulated in silicone

resin (GE Silicones, RTV615) were deposited on transparent quartz substrates

(Chemglass) with dimensions of 12×12 mm. These substrates were then placed

in a SpectralonTM-coated integrating sphere (6 inch diameter, Labsphere) at an

angle slightly different from normal incidence to avoid back reflection of the

laser beam. An Ar+–laser (Spectraphysics Beamlock 2065) was used for genera-

tion of of light with wavelength 457 nm. 405 nm light was produced by a solid-

state laser (Crystalaser). The laser power used in experiments was between 1

and 2 mW. The light exiting the integrating sphere was collected by a quartz

lens and directed onto a calibrated Si photodiode (Newport 818-UV). Bandpass

or long wavelength-pass interference filters (Omega Filters) were inserted in

front of the detector to measure laser light and PL intensities, respectively. The

laser beam was modulated by a chopper (SRS SR540) and a lock-in amplifier

(SRS SR830) was used to measure the detector’s photocurrent. Data collec-

tion and processing procedures were similar to those described in [133] with

adjustments for opaque samples. Temperature quenching characteristics were
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measured using a homebuilt fluorimeter incorporating a heating stage (Instec)

allowing heating of the sample up to 443 K.

Fluorescence lifetime measurements were performed using the time-

correlated single photon counting (TCSPC) technique.[230] Approximately 100

femtosecond (fs) excitation pulses with wavelength 405 nm were generated

by doubling the fundamental frequency of a Ti:sapphire laser (Spectraphysics

Tsunami) pulses in β-barium borate crystal. The laser repetition rate was re-

duced to 200 KHz by a home-made acousto-optical pulse picker to avoid satura-

tion of the chromophore. The TCSPC system was equipped with an ultrafast mi-

crochannel plate photomultiplier tube detector (Hamamatsu R3809U-51) and

electronics board (Becker & Hickl SPC-630) and had an instrument response

time between 60 and 65 ps. The triggering signal for the TCSPC board was

generated by sending a small fraction of the laser beam onto a fast (400 MHz

bandwidth) Si photodiode (Thorlabs Inc.). The fluorescence signal was dis-

persed in an Acton Research SPC-300 monochromator after passing through

a pump-blocking, long wavelength-pass, autofluorescence-free interference fil-

ter (Omega Filters, ALP series). The monochromator was equipped with a

CCD camera (Roper Scientific PIXIS-400) allowing for monitoring of the time-

averaged fluorescence spectrum. Fluorescence transients were not deconvolved

with the instrument response function, since their characteristic time-constants

were much longer than the width of the system response to the excitation pulse.
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Prototype LED fabrication Phosphor-converted solid-state lighting devices

were constructed around discrete LEDs grown on m-plane GaN[250], which

were placed on silver headers with gold wires attached for electrical operation.

The LEDs emit with λmax = 434 nm. Intimate mixtures of SASF:Ce3+ (x = 0.5)

and transparent silicone resin were then either directly placed and cured on the

LED chip or molded as caps that fit on top of a clear silicone-capped LED. After

packaging was completed, the optical properties of the device were measured in

an integrating sphere under forward DC bias conditions.

6.2 Results and Discussion

The crystal structures of the two end-member compounds, Sr3AlO4F (SAF)

and Sr3SiO5 (SSO), are displayed in Figure 6.1 in a manner that emphasizes the

structural similarities. SAF belongs to the Cs3CoCl5 structural family, (tetrag-

onal, space group I4/mcm)[251] and is also closely related to Sr3M4+O5-type

compounds, including SSO (tetragonal, space group P4/ncc).[252] The SAF

lattice is composed of [Sr12F]3+ layers (zSr = 0) alternating with [Sr2AlO4]3−

layers (zSr = zAl = 1/4) along the c-axis. SSO has alternating layers of [Sr12O]2+

(zSr1 = 1/4) and [Sr2SiO4]2− (zSr2 = zSi = 0). In the unit cell of SAF, the AlO4

tetrahedra are eclipsed with their upper and lower edges parallel to the face di-

agonal of the (001) plane. The SiO4 tetrahedra in the SSO are staggered, which
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Figure 6.1: Projection of (a) Sr3AlO4F and (b) Sr3SiO5 structures down the

[001] direction. Black, light gray, blue, brown, orange, and green spheres rep-

resent Sr1, Sr2, Al, Si, O, and F atoms, respectively. Al in (a) and Si in (b)

are in the centers of the oxygen tetrahedra. Wyckoff positions of all atoms are

shown in Table 6.1. Reproduced with permission from reference [77] c©2011,

WILEY-VCH Verlag GmbH & Co. KGaA.
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leads to the lower symmetry space group P4/ncc of SSO instead of I4/mcm for

SAF.

Samples of SASF:Ce3+ were observed to crystallize in nearly single-phase

structures, as seen from the change of the XRD patterns of SASF:Ce3+, (x = 0,

0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) shown in Figure 6.2(a). Increasing SSO content

(x) produced very similar diffraction patterns that were similar to those of the

end members SAF or SSO. Alloying of Al3+/Si4+ perturbs lattice perfection near

the z = 1/4 and 3/4 layers for SAF and z = 0 and 1/2 layers for SSO; this is

observed from the broadening of XRD (00l) reflections. For example, the (004)

reflections have the full-widths-at-half-maximum values of 0.102, 0.189, 0.297,

0.290, 0.284, 0.192, 0.106 for SASF:Ce3+ with x values of 0, 0.1, 0.3, 0.5, 0.7,

0.9, 1.0, respectively. Although the SAF and SSO members of solid solution

exhibit fairly narrow (004) reflection widths, the others with Al3+/Si4+ mixing

show clear indication of reflection broadening. The sudden change between x =

0.7 and x = 0.9 of the reflection positions of the 004, 220, and 310 at 2θ angles

of approximately 32, 37.5, and 42.5, respectively (for the SASF compound),

reflect the phase change from the SAF to the SSO structure. The panel on the

right of Figure 6.2 labeled (b) shows the reflections near 2θ = 37◦ in greater

detail. The fact that the phase change occurs between x = 0.7 and x = 0.9

reflects the ability of the SAF structure to withstand more strain and distortions

than SSO structure as Si and O are substituted for Al and F.
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Figure 6.2: (a) XRD patterns, (b) solid-state 19F MAS NMR aquired under 60

kHz MAS at room temperature of the SASF:Ce3+ solid solution, and (c) schemes

of the (001) plane for compositions of x = 0 (pure F, bottom) and x = 0.9

(10%-F and 90%O, top). Expected reflection positions for the end-members are

displayed above (a). The phase boundary is between x = 0.7 and x = 0.9. Some

spectra in (b) have been multiplied by an indicated number. Chemical shifts are

referenced to a TeflonTM standard. The asterisks in (b) indicate an SrF2 impurity.

Reproduced with permission from reference [77] c©2011, WILEY-VCH Verlag

GmbH & Co. KGaA.
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Table 6.1: Structural parameters and select bond lengths in

Sr2.975Ce0.025Al0.5Si0.5O4.5F0.5 (x = 0.5) as determined by Rietveld refine-

ment of powder XRD data at room temperature. Space group: I4/mcm (No.

140), Z = 4, a = b = 6.8417(1) Å, c = 10.9551(7) Å, V = 512.8(1) Å3.

Atom site g x y z
Sr1 8h 1.0 0.1773(5) x+ 1

2
0

Sr2 4a 1.0 0 0 1
4

Al 4b 0.5 0 1
2

1
4

Si 4b 0.5 0 1
2

1
4

F 4c 0.5 0 0 0
O1 4c 0.5 0 0 0
O2 16l 1.0 0.1369(6) x+ 1

2
0.6579(2)

Atom pair distances (Å)
Sr1–O2 (2×) 2.496(8)

(4×) 2.774(7)
Sr1–F/O1 (2×) 2.519(5)
Sr2–O2 (8×) 2.839(4)
Sr2–F/O1 (2×) 2.738(5)

219



Figure 6.3: Results of Rietveld refinement of the crystal structure of

Sr2.975Ce0.025Al0.5Si0.5O4.5F0.5 (x = 0.5) using X-ray diffraction data. Vertical lines

at the top of the panel indicate expected peak positions for SASF:Ce3+ (x = 0.5)

and difference profiles are displayed. Reproduced with permission from refer-

ence [77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.
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Figure 6.4: Lattice parameters and cell volume of the SASF:Ce3+ (x = 0, 0.1,

0.3, 0.5, 0.7, 0.9, and 1.0) as a function of x as obtained from Rietveld refine-

ment of XRD data: (a) a-axis, (b) c-axis, and (c) cell volume for different x

values. Gray dashed lines are the best linear fits. Reproduced with permission

from reference [77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.
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Figure 6.3 displays results of Rietveld refinement of SASF:Ce3+ (x = 0.5),

as a representative example. The structure of the SAF end-member was used

as the model for x ≤ 0.7; the SSO end-member was used for x > 0.7. The

final weighted R factors (Rwp) of this and all other samples, across x, success-

fully converged to satisfactory values (Rwp = 3.73 % to 6.37 %). The refined

structural parameters and selected atomic distances of SASF:Ce3+ (x = 0.5)

are listed in Table 6.1. For the present analysis of Rietveld refinement through

the series, site disordering between F− and O−2 was not considered, consistent

with 19F NMR results, which did not detect significant disordering, as discussed

presently. Figure 6.4(a-b) displays the variation of the lattice parameters ob-

tained from the Rietveld refinements as a function of x, and these are seen

to follow the Végard law, supporting the notion of a complete solid solution

between the two distinct phosphor host compounds. The lattice parameters of

pure SAF:Ce3+ (x= 0) were refined to be a= b= 6.7720(1) Å, c= 11.1485(2) Å

and those of SSO:Ce3+ (x = 1.0) were refined to be a = b = 6.9539(1) Å and c

= 10.7657(3) Å. An increase of one parameter and the contraction of the other

could arise from the replacement of the larger Al3+ (r4 = 0.39 Å) by the smaller

Si4+(r4 = 0.26 Å) taking place concurrently with the replacement of the smaller

F− (r6 = 1.33 Å) by the larger O2− (r6 = 1.40 Å).[161]

The environment of fluorine in the SASF:Ce3+ is key to understanding the

optical properties of the phosphors. Oxygen and fluorine are difficult to distin-
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Figure 6.5: Mean Sr–O/F distances obtained from Rietveld refinements of dif-

ferent Sr2.975Ce0.025Al1−xSixO4+xF1−x materials (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9,

and 1.0) for each Sr1 and Sr2 polyhedron: (a) Sr1–O/F and (b) Sr2–O/F. Repro-

duced with permission from reference [77] c©2011, WILEY-VCH Verlag GmbH

& Co. KGaA.
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guish by diffraction techniques; O2− and F− have essentially no contrast in X-ray

scattering, and very little contrast in their coherent neutron scattering lengths

as well.[253] Solid-state 19F NMR, however, allows the environment(s) of F to

be probed in detail. 19F is spin I = 1/2, has a high natural abundance, and high

gyromagnetic ratio, which yields high signal sensitivity. Solid-state 19F NMR

spectra acquired under conditions of fast (60 kHz) magic-angle spinning are

shown in Figure 6.2 (b) for samples with values of x ranging from 0 to 0.9. As

x increases, a shift to lower frequency, along with a decrease in intensity, of the

19F peaks are observed. The dominant and relatively narrow (circa 10 ppm) 19F

signals for each of the samples indicate that the fluorine ions reside in a single

crystallographic site regardless of the SSO content x, which by symmetry must

be the 4c site. Although the 19F nuclei reside in a single crystallographic site, the

width of the peaks indicates a range of local electronic environments of 19F in

the samples. Fluorine is known to be well ordered in the parent SAF structure as

previously reported,[254, 255] and the findings here from 19F NMR add support

to this. The reduction in the intensity of the signal as x increaes reflects the rela-

tive reduction in the overall amount of F in the sample. The low freqeuncy shift

indicates greater electron shielding of the 19F nuclei, suggesting an increase in

the electron density around each F, consistent with more complete replacement

of the relatively more electronegative F by O with increasing x. This can alterna-

tively be thought of as [Sr12O]2+ layers (which have a greater electron density)
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in the plane of the a and b axes replacing [Sr12F]3+ layers. The shift to lower

frequency is also consistent with the change of the Sr2-F distance decreasing

with increasing x, as discussed presently (see Figure 6.5). Although one may

think the chemical shift would move to a more positive value with increasing x

because the cell parameter a is increasing (see Figure 6.4), thereby expanding

the Sr1 square planar coordination around F, this is not the case. As discussed

presently, the Sr1-F distance was found to increase by a very small (nearly non-

existent) amount (see Figure 6.5). The effects of substituting O for F and the

shrinking Sr2-F distance in the c-axis direction with increasing x appear to dom-

inantly effect the local electronic environment of the 19F nuclei, causing a low

frequency shift of the peak positions.

The peak positions of the 19F nuclei, as plotted in Figure 6.6 (a), show a

nearly linear trend when plotted with the SSO content, x. This is consistent

with the linear change in replacement of F by O and the linear decrease in Sr2-

F distance. The full-width at half maximum can also give useful information

about the distribution of local environments of the 19F nuclei. As x increases,

an increase in the FWHM is found as shown in Figure 6.6 (b). The larger 19F

linewidths with increasing x reflects a wider range of local electronic environ-

ments, as F is partially substituted by O, and AlO4 tetrahedra are substituted

by SiO4 tetrahedra. This trend also appears to be nearly linear with increasing

x. The increase in the FWHM may be due to greater structural strain causing
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Figure 6.6: (a) 19F NMR isotropic chemical shifts and (b) linewidths obtained

from Figure 6.2 (b). Reproduced with permission from reference [77] c©2011,

WILEY-VCH Verlag GmbH & Co. KGaA.
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distortions around each 19F nuclei as they become more diluted in the sample;

the distribution of local distortions appears to increase even as the amount of F

approaches zero. This may indicate areas in the samples with large values of x

that have relatively higher and lower concentrations of F, which would cause a

wider distribution of local electronic environments to be observed.

PDF analyses with synchrotron total scattering facilitate an understanding of

the local structures in the SASF solid solution. The PDF technique makes use of

diffuse as well as Bragg scattering and is sensitive to local structure in a man-

ner that Bragg scattering on its own is not. Most of the information about local

correlations is contained in the diffuse scattering that occurs at high values of

momentum transfer (Q). Fourier transformation of total scattering data yields

the PDF, a real space probability distribution of all the atom-atom pairing dis-

tances in a sample.[139] Although the compounds follow the Végard law over

the whole range of the solid solution, the actual local bond lengths and coor-

dination environments are often different from those represented by average

crystal structure models.[139, 256]

The PDFs of the end members Sr3SiO5 and Sr3AlO4F, shown in Figure 6.7 are

well described by the respective average structures, as is expected. The addition

of Si4+ and O2− elements into the Sr3AlO4F host lattice manifests changes in the

local structure of SASF, as shown with the x = 0.5 sample, which can be ex-

plained by the compositional mixing of Al3+/Si4+ and F−/O2−. The PDF of the
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Figure 6.7: (a) Progression of the experimental pair distribution functions ex-

tracted from synchrotron diffraction data. The values of the composition vari-

able x are indicated. (b) Fits to the PDF using the average crystal structures for

samples with x = 0.0, 0.5, and 1.0. Reproduced with permission from reference

[77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.
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x = 0.5 sample is not well modeled at low r by the I4/mcm model that describes

the average structure, shown in Supplimentary Information Figure 6.7(b). At

higher r, where there are more pairing contributions to G(r), compositioal mix-

ing effects are less evident, and the average model agrees reasonably well with

the medium range structure of SASF. The first peak in the experimental PDF at

about 1.7 Å is broadened (which corresponds to Si–O/Al–O bonds). However,

the model predicts a narrower distribution for this atom-atom distance due to

symmetry constraints of the space-group which only allows for a single Si/Al–O

distance . Given that a Si–O bond should be shorter than an Al–O bond, which

arise at 1.68 Å and 1.78 Å in the respective end member refinements, the broad-

ening of the peak around 1.6 Å in the PDF of SASF is not surprising. The largest

discrepancy in the low r region is found around 3.2 Å, where there is calculated

intensity not observed in the experimental G(r); this peak corresponds to a Sr1–

Al/Si distance. This is most likely due to a higher amount of local disordering

and possibly distortion effects that are present in the x = 0.5 sample, which

may be due to the different Al–O and Si–O bond lengths in the structure (par-

tially resulting from the difference in size between Al and Si). It is possible that

the peak which is observed in both end-member groups at 3.2 Å is overlapping

with the large peak around 3.6 Å. Neutron scattering data will aid in making a

more decisive conclusion regarding local structure and disordering of interme-

diate solid solution compositions. A more detailed PDF study is necessary (and
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ongoing) to clarify the local coordination environments in SASF.

The PDFs of the end members Sr3SiO5 and Sr3AlO4F, shown in Figure 6.7 are

well described by the respective average structures, as is expected. The addition

of Si4+ and O2− elements into the Sr3AlO4F host lattice manifests changes in

the local structure of SASF, as shown with the x = 0.5 sample, which can be

explained by the compositional mixing of Al3+/Si4+ and F−/O2−. The PDF of

the x = 0.5 sample is not well fit at low r by the average I4/mcm model that

describes the average structure, shown in Figure 6.7(b). At higher r, where

there are more pairing contributions toG(r), compositioal mixing effects are less

evident, and the average model agrees reasonably well with the medium range

structure of SASF. As the solid solution composition increases up to x = 0.7,

the experimental values for G(r) display a single peak in the range of 6.5 Å and

7.2 Å. This peak splits into two peaks for x > 0.7, highlighted on the far right of

Figure 6.7(a). Analysis of the partial pairing contributions to the end-member

(SSO and SAF) PDFs suggests this splitting is most likely due to an increase

of a Sr1-Sr1 distance in the (001) plane from approximately 6.6 Å to 7 Å. This

appears to be manifested as a nearly linear increase in the peak at 6.6 Å for x = 0

to the peak at 6.9-7 Å for x = 1. The broad profile of the peak at 6.8 Å for x = 0.7

suggests compositional disordering and local effects (such as distortions) effect

the Sr1-Sr1 and Sr1-Sr2 that become less prominent for x > 0.7 since two peaks

can clearly be observed for x > 0.7. This peak splitting is the only largely obvious
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change from x = 0.7 to x = 0.9, which is where XRD results indicate a change

in crystalline symmetry [see Figure 6.2]. A linear increase in the Sr1-Sr1 6.5-7 Å

distance, which is in the a-b plane in the crystal structure (see Figure 6.1), is

consistent with linear expansion of the cell paramter a (see Figure 6.4). The

PDF profile of the 0.5 sample displayed significant differences at short lengths

up to 3.5 Å. The peak centered around 2.6 Å, highlighted in Figure 6.7(a), shows

a broader profile than all other values of x, indicating a greater distribution of

the Sr1–O2 bond distance that mainly contributes to this peak. This may be in

part due to the greatly different Shannon-Prewitt ionic radii of 4-coordinated Si

and Al, which are 0.26 Å and 0.39 Å, respectively.

Fits to the experimentally determined G(r)s using the SSO and SAF end-

member structures, shown in Figure 6.7(b) for x = 0, 0.5, and 1, can elucidate

local structural features that may be undetectable by other methods. When the

fit is compared to the data, the first peak in the experimental PDF at about

1.7 Å is broadened (which corresponds to Si–O/Al–O bonds). However, the

model predicts a different pattern due to symmetry constraints of the space-

group which only allows for a single Si/Al–O distance . Given that a Si–O bond

should be shorter than an Al–O bond, which arise at 1.68 Å and 1.78 Å in the

respective end member refinements, the broadening of the peak around 1.6

Å in the PDF of SASF is not surprising. The broad peak centered at 2.6 Å con-

tains contributions from Sr–O and Sr–F bonds, and though the average structure
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model accounts for these pairings reasonably well, it is clear from the split in

the calculated G(r) that there is greater variation in the local bond distances

than can be accounted for by the model. The largest discrepancy in the low r

region is found around 3.2 Å, where there is calculated intensity not observed

in the experimental G(r); this peak corresponds to a Sr1–Al/Si distance. This

is most likely due to a higher amount of local disordering and possibly distor-

tion effects that are present in the x = 0.5 sample, which may be due to the

different Al–O and Si–O bond lengths in the structure (partially resulting from

the difference in size between Al and Si). It is possible that the peak which is

observed in both end-member groups at 3.2 Å is overlapping with the large peak

around 3.6 Å. Neutron scattering data will aid in making a more decisive con-

clusion regarding local structure and disordering of intermediate solid solution

compositions. A more detailed PDF study is necessary (and ongoing) to clarify

the local coordination environments in SASF.

Figure 6.8 shows PL excitation and emission spectra of SASF:Ce3+ (x =

0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0), with a comparison to a commer-

cial Y3Al5O12:Ce3+ (YAG:Ce3+) sample. The respective maxima in excita-

tion/emission intensity were used to record the emission/excitation spectra. The

phosphor solid solution displayed excellent phosphor properties with 390, 400,

430, and 450 nm excitation; all of these wavelengths have been used as exci-

tation sources from LED chips. The phosphor solid solution series has broad,
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largely green emission spectra which are broad due to the transition of Ce3+

from the 5d (2D3/2,
2D5/2) excited state to the 4f (2F5/2,

2 F7/2) ground state.[257]

With increasing SSO content x, the emission peak positions gradually move to a

longer wavelength, in the range from 474 nm [for SAF:Ce3+ (x = 0)] to 537 nm

[SSO:Ce3+ (x = 1.0)]. This 63 nm shift of the emission band suggests highly

color-tunable phosphors. Compared with the peak width observed for the end-

member SAF:Ce3+ (x = 0), the solid solution compositions display even wider

emission peaks, as displayed in Table 6.2. The SASF:Ce3+ series can therefore

provide enhanced color rendering properties when incorporated in an LED chip.

The values of quantum efficiency in SASF:Ce3+ (x = 0.0, 0.5) were mea-

sured to be around 83-85 % at room temperature, close to that of a commercial

sample of YAG:Ce3+, which we determined to be around 81 %. In particular,

Sr2.975Ce0.025Al0.5Si0.5O4.5F0.5 (x = 0.5), which has the symmetry of the SAF end-

member, displayed the highest PL intensity (λex = 430 or 450 nm) in this solid

solution series. It is interesting to note the non-monotonic increase of the exci-

tation wavelength maximum for different values of x which is associated with a

monotonic shift in the emission maximum wavelength (emission red-shift).

The distances between Sr and O/F atoms (dSr−O/F) in the average structures

for each Sr site are summarized from Rietveld refinement results in Supproting

Information, Figure 6.5. With increasing SSO content x, the mean distances of

< dSr−O/F > for each Sr site linearly increased up to x = 0.7. We note that direct
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Figure 6.8: (a) Excitation and (b) emission spectra of the solid solution phos-

phors SASF:Ce3+ with the various x values indicated. For comparison, the exci-

tation and emission spectra of a sample of YAG:Ce3+ phosphor is also displayed.

All spectra are successively offset by 100 counts from one another. Reproduced

with permission from reference [77] c©2011, WILEY-VCH Verlag GmbH & Co.

KGaA.
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comparisons between samples with x > 0.7 and x < 0.7 are difficult, because

the SASF:Ce3+ materials with x = 0.9 and 1.0 samples crystallize in the SSO

structure. An interesting finding is that the mean dSr1−O2 (x2) and dSr1−F/O1 dis-

tances at the 8h site in SASF:Ce3+ showed deviations at x= 0.5 and x= 0.7 from

the trend of < dSr1−O/F >. The values of dSr2−O/F at the 4a site, however lin-

early increased or decreased, suggesting that compositional mixing by Al3+/Si4+

and F−/O−2 strongly influence the local environments of Sr1 polyhedra, unlike

the Sr2 polyhedra. This might be due to Sr1O6F2 polyhedra having more edge

and corner sharing (two edges and two corners with (Al/Si)O4 tetrahedra) than

Sr2O8F2, which shares only two corners. Secondly, as a consequence of oxygen

substitution for fluorine with increasing x, the Sr1O6F2 polyhedra have two dif-

ferent dSr1−O/F distances. The oxygen at 4a site in the Sr2O8F2 polyhedra only

contributes to the dSr2−F/O1, with intrinsically rigid AlO4 tetrahedra in the SrAlO4

layer.

The relation between the emission energy and the mean Sr–O/F distance in

the SASF:Ce3+ compounds (not making assumptions with regard to which Sr in

the structure is substituted by Ce3+) is usually a function of the distance from

Sr to its ligands. The d-orbital splitting of a metal center using a point charge

model is given as[26, 32]

Dq =
Ze2r4

6R5
, (6.1)
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where Dq corresponds to the energy level separation, Z is the valence of the

anion ligand, e is electron charge, r is the radius of frontier d wavefunction,

and R is the distance between metal center and ligand. As discussed previously,

the emission wavelength of the phosphor solid solutions gradually shift toward

higher wavelength with increasing x. 19F NMR results indicated an increase of

electron density around F with increasing x, which indicates increasing ionicity

in the lattice as x is increased. The increase in ionicity brings the 5d energy

level of the Ce3+ ion closer to the 4f ground state, which shifts the emission to

higher wavelengths; this is consistent with what is observed in emission proper-

ties shown in Fig 6.8. Also, as x increases, the more polarizable (larger, higher

negative charge) O atom substitutes F atom, which can also have the effect

of shifting the emission to higher wavelengths. In this regard, the position of

[Xe]5d 1 configuration of Ce3+ can be predicted within various host lattices by

using parameters such as anion polarizability and cation electronegativity; this

has been studied systematically by Dorenbos.[21, 235, 258, 259] According to

the above formula, given that we observe an increase in < dSr−O/F > with in-

creasing x, one may expect a decreased crystal field splitting and hence a blue

shift of emission wavelengths. However, this is not the case. Therefore, it is

proposed that the lattice ionicity and polarizability of the SASF:Ce3+ phosphors

more strongly influences the emission energies in comparison with the compet-

ing parameter of crystal field splitting.
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Figure 6.9: PL intensities for thermal quenching of commercial YAG:Ce3+,

Sr2.975Ce0.025Al1−xSixO4+xF1−x (x = 0, 0.5, 0.7, 0.9, and 1.0) in the tempera-

ture range from 25◦C to 170◦C. Reproduced with permission from reference

[77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.
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Figure 6.9 shows temperature quenching characteristics of powders of the

SASF:Ce3+ (x = 0, 0.5, 0.7, 0.9, and 1.0) samples and a commercial YAG:Ce3+

phosphor in the temperature range from 25 to 170◦C. In general, the phosphors

suffered a decline in conversion efficiency as the temperature of operation of the

LED increased, as a result of an increase in the non-radiative transition proba-

bility in the configurational coordinate diagram.[32, 257] As the temperature

increased from 25 to 170◦C, the PL intensities of these phosphors decreased to

61 % of the initial PL intensity. The thermal quenching is reduced as the amount

of fluorine is increased; this arises from the softer phonon modes associated with

fluorine atoms in the host lattice. On the other hand, the SSO:Ce3+ (x = 1.0)

displayed improved thermal quenching properties compared to what the x = 0.7

and 0.9 samples possess. The disordering of Al3+/Si4+ and F−/O2 may provide

an alternate quenching path in the host lattice. The x = 0.5 sample shows a

unique trend; the slope between 50◦C and 110◦C is smaller than elsewhere on

the curve. This implies that the thermal quenching of the 0.5 sample resembles

the SAF environment at higher temperatures. However, compositional disor-

dering leads to an increase in accessible phonon modes at lower temperatures,

which leads to an increase in non-radiative transitions.

Luminescence decay profiles of samples in the solid solution series, displayed

in Figure 6.10, were recorded at room temperature, and can be fitted to an

exponential function:[32, 257]
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Figure 6.10: (a) Luminescence decay profiles of Sr2.975Ce0.025Al1−xSixO4+xF1−x

for x = 0, 0.3, 0.5, 0.7, 0.9, and 1.0 after excitation at 405 nm at room tempera-

ture: (b) Fits to a single exponential function for two samples, with the shortest

(x = 0.0) and the longest (x = 0.7) lifetimes. Reproduced with permission from

reference [77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.
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I = I0exp(
−t
τD

), (6.2)

where I0 is the initial emission intensity for t = 0, and τD is lifetime. The excita-

tion spectra suggest Ce3+ ions occupy both Sr sites.[128] All decay profiles can

be fitted to single exponential functions, which suggests only one type of emitter

(Ce3+) is present. This also suggests that the decay kinetics of Ce3+ in both sites

are very similar. Throughout the solid solution series, the luminescence decay

displays similar exponential decay and similar decay times. The values of τD are

fitted to be 39, 44, 56, 59, 51, and 50 ns for the different SASF:Ce3+ samples.

The decay time of the luminescence increased as the SSO content x increased

up to 0.5, following which the decay time gradually decreased and plateaued.

Fabrication of prototype white LEDs To achieve the highest luminous effi-

cacy in a phosphor-converted LED (pcLED), each factor that contributes to the

efficiency must be optimized. The value of package efficiency in white LEDs is

typically reported to be between 40% and 60 %.[260] The loss in such devices

is associated with reflection of the incident light source and emitted yellow light

back toward the chip. Thus, this value can be improved by changing the de-

sign and composition of the phosphor and epoxy assemblies. An ideal pcLED

will have 100 % utilization of photons emitted by the LED chip. To address

this optimization problem, we are currently investigating ways of changing the
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Figure 6.11: (a) Schemes of LEDs with phosphor particles in the encapsulant

(left) and with phosphor particles molded with encapsulant into a cap that is

placed on top of the LED (right). (b) Photograph of a phosphor cap molded with

silicone resin. (c) Conventional LED without phosphor (left, 8mm diameter),

and the LED with a phosphor cap (right, 12mm diameter). (c) Electrolumines-

cent image of a phosphor-capped LED under 20 mA forward bias. Reproduced

with permission from reference [77] c©2011, WILEY-VCH Verlag GmbH & Co.

KGaA.
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Table 6.2: Spectroscopic parameters associated with

Sr2.975Ce0.025Al1−xSixO4+xF1−x.

phosphor excitation emission FWHM Color chromaticity QE
(x) max. (nm) max. (nm) (nm) CIE x CIE y (%)
0 400 474 98 0.168 0.291 83
0.1 400 503 106 0.233 0.417 22
0.3 402 516 108 0.284 0.485 46
0.5 433 525 105 0.317 0.536 85
0.7 406 527 106 0.333 0.548 70
0.9 430 530 105 0.332 0.547 67
1.0 420 537 113 0.342 0.522 62

white LED structure, especially the phosphor layer on the LED chip, and have

produced a phosphor cap molded with silicon resin and phosphor as shown in

Figure 6.11. The new phosphor-capped white LEDs are simple to fabricate with

conventional LED chips. By adopting the new structure for white LEDs, the value

of luminous efficacy in the white LEDs has been improved by nearly a factor of

two, when compared with our previous study on the x = 1.0 end-member.[261]

By leaving a small air gap (n = 1) between the epoxy on the LED chip (n ∼ 1.5)

and phosphor-cap (n ∼ 1.7), reflection of yellow light back to the LED chip is

reduced. In addition, the architecture allows nearly all of the light that reaches

the integrating sphere to be subject to phosphor conversion.

Incorporating the x = 0.5 SASF:Ce3+ phosphor into a device with an In-

GaN LED (λmax = 434 nm) under a 20 mA forward bias current gives a broad

electroluminescece emission spectra in the range of 500-600 nm, as shown in
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Figure 6.12: Electroluminescence spectra of the SASF:Ce3+ phosphor (x = 0.5)

with and without a red phosphor incorporated with an InGaN LED (λ max = 434

nm) under 20 mA forward bias current (a), and CIE chromaticity coordinates

of the device (b). The Planckian locus line and the points corresponding to

color temperatures of 3500 K and 6500 K are indicated in (b). Reproduced with

permission from reference [77] c©2011, WILEY-VCH Verlag GmbH & Co. KGaA.
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Table 6.3: Optical properties of commercial YAG:Ce3+, SASF:Ce3+ (x = 0.5),

and SASF:Ce3+ (x = 0.5) + red phosphor in white LEDs with a current of 20

mA.

phosphor CCT Efficacy Color chromaticity Ra

(K) (lm/W) CIE x CIE y
YAG:Ce3+ 4011 91 0.393 0.428 64
x = 0.5 6937 73 0.299 0.355 69
x = 0.5 + red 4371 61 0.362 0.352 81

Figure 6.12 (a). The width of the emission peak (and hence color rendering)

can be increased by adding a a proprietary red phosphor to the silocone resin in

the amounts 15 wt% SASF:Ce3+ and 3 wt% red phosphor to the device, which

is also shown in Figure 6.12 (a). The CIE coordinates of the devices lie near

the Planckian locus, shown in Figure 6.12 (b). Adding the red phosphor has the

effect of increasing Ra by 12 and reducing efficacy by 12 lm/W as shown in Ta-

ble 6.3. White LEDs based on commercial YAG:Ce3+ phosphors, fabricated using

the same conditions as that of SASF:Ce3+, displayed a higher value of efficacy

than that of SASF:Ce3+, despite the high quantum efficiency of the SASF:Ce3+

phosphor (x = 0.5) (see Table 6.2). The SASF:Ce3+ system displays potential for

use in white lighting LED applications, and it is anticipated that all properties in

this system can be further improved with better optimization of factors such as

phosphor particle size.
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6.3 Conclusions

In conclusion, we have developed new green-emitting phosphors by making

solid solutions of varying compositions between Sr3AlO4F and Sr3SiO5 phosphor

hosts. The solid solution phosphors Sr2.975Ce0.025Al1−xSixO4+xF1−x (SASF:Ce3+)

displayed high values of quantum efficiency and high tunability in excitation

and emission energy. The sample with x = 0.5 possessed the highest photolu-

minescence intensity amongst the solid solution series. The x = 0.5 sample also

displayed a unique thermal quenching relationship, with the slope in the range

of 50 to 110◦C being smaller than elsewhere. The solid solution series shows a

red shift in the emission wavelengths, due to a decrease in ionicity of the host

lattice with increasing x. By adopting a phosphor-capped layer with an air gap

between the epoxy layer on the LED chip, we obtained white LEDs with a bright-

ness of 72 lm/W under 20 mA forward bias, with an Ra value of 69. This newly

developed solid-solution phosphor series displays potential for white LEDs with

high luminous efficacy as well as tunability in excitation and emission.
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Chapter 7

Summary and Future Directions

The purpose of this dissertation has been to elucidate structural and compo-

sitional reasons for the function of inorganic materials. The main focus has been

on phosphor materials used in solid-state white lighting. The knowledge gained

regarding structural reasons for the high efficiency of phosphors has been used

to propose some design rules for finding new phosphor materials. The first and

most important design rule is to use a rigid lattice as a host lattice for phosphor

materials. This is easily measured by atomic displacement parameters from

diffraction, which can be used to calculated the Debye temperature (ΘD). Alter-

natively, the Debye temperature can be measured through heat capacity. Other

factors that contribute to rigid lattices are simple compositions, light constituent

atoms, and high symmetry of the unit cell. The rigid host lattice minimizes the

number of phonon modes that are available to assist in non-radiatively quench-
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ing luminescence. A second design rule is to minimize the amount of substituted

“activator ions” (usually Ce3+) in the lattice. This not only minimized phonon

modes available for quenching luminescence, but also decreases the number of

Ce–Ce pairs, which are distorted sites associated with non-radiative quenching

of luminescence. One final rule is to have a large band gap of the host lattice,

which decreases the chances that the excited electron from the “activator ion”

will be lost in the valence band of the host lattice. These design rules were

demonstrated for a number of materials with high quantum efficiencies, includ-

ing Y3−xCexAl5O12 (ΘD = 760), La3−xCexSi6N11 (ΘD = 708), and Ca1−xCexSc2O4

(ΘD = 766). The design rules are also applicable to other luminescent systems,

such as up-conversion materials.

Moving forward, these rules need to be utilized to find new phosphor mate-

rials. This is quite difficult, due to the restriction of simple compositions coupled

with the fact that transition metal elements cannot be used for phosphor mate-

rial host lattice structures. However, the design rules nevertheless provide some

guidance for improving existing materials even if no new materials are found

based on the rules.
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Mikhailovsky, C. S. Birkel, B.-C. Hong, and R. Seshadri. Rapid mi-

crowave preparation of highly efficient Ce3+-substituted garnet phos-

phors for solid state white lighting. Chem. Mater., 24:1198–1204, 2012.

[24] T. Hoshina and S. Kuboniwa. 4f→5d transition of Tb3+ and Ce3+ in MPO4

( M = Sc, Y and Lu). J. Phys. Soc. Jpn., 31:828–840, 1971.

[25] C. K. Jørgensen. Modern aspects of ligand field theory. North-Holland,

Amsterdam, 1971.

[26] P. D. Rack and P. H. Holloway. The structure, device physics, and material

properties of thin film electroluminescent displays. Mater. Sci. Eng. R,

21:171–219, 1998.

251



[27] P. Dorenbos. Crystal field splitting of lanthanide 4fn−15d levels in inor-

ganic compounds. J. Alloys Compd., 341:156–159, 2002.

[28] G. Blasse, W. Schipper, and J.J. Hamelink. On the quenching of the lu-

minescence of the trivalent cerium ion. Inorg. Chim. Acta, 189:77–80,

1991.

[29] P. Dorenbos. Thermal quenching of Eu2+ 5d-4f luminescence in inor-

ganic compounds. J. Phys.-Condens. Matt., 17(50):8103–8111, December

2005.

[30] K. C. Bleijenberg and G. Blasse. QMSCC calculations on thermal quench-

ing of model phosphor systems. J. Solid State Chem., 28:303–307, 1979.

[31] P. Dorenbos. Absolute location of lanthanide energy levels and the per-

formance of phosphors. J. Lumin., 122-123:315–317, 2007.

[32] W. M. Yen, S. Shionoya, and H. Yamamoto. Phosphor Handbook. Taylor

& Francis Group, 2nd edition, 2007.

[33] P. Dorenbos. The 4fn ↔ 4fn−15d transitions of the trivalent lanthanides

in halogenides and chalcogenides. J. Lumin., 91:91–106, 2000.

[34] M. J. Weber. Nonradiative decay from 5d states of rare earths in crystals.

Solid State Comm., 12:741–744, 1973.

252



[35] T. Hoshina. 5d→4f radiative transition probabilities of Ce3+ and Eu2+ in

crystals. J. Phys. Soc. Jpn., 48:1261–1268, 1980.

[36] V. Bachmann, C. Ronda, and A. Meijerink. Temperature quenching of

yellow Ce3+ luminescence in YAG:Ce. Chem. Mater., 21(10):2077–2084,

2009.

[37] D. Ananias, M. Kostova, F. A. Almeida Paz, A. Ferreira, L. D. Carlos, J. Kli-

nowski, and J. Rocha. Photoluminescent layered lanthanide silicates. J.

Am. Chem. Soc., 126(33):10410–10417, August 2004.

[38] C. J. Duan, X. J. Wang, W. M. Otten, A. C. A. Delsing, J. T. Zhao, and

H. T. Hintzen. Preparation, electronic structure, and photoluminescence

properties of Eu2+- and Ce3+/Li+-Activated alkaline earth silicon nitride

MSiN2 (M = Sr, Ba). Chem. Mater., 20(4):1597–1605, 2008.

[39] M. Zeuner, S. Pagano, P. Matthes, D. Bichler, D. Johrendt, T. Harmening,
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Appendix A

Structure-Directing Roles and

Interactions of Fluoride and

Organocations with Siliceous

Zeolite Frameworks

The majority of this chapter has been reproduced with permission from ref-

erence [52] c©2011, American Chemical Society.

Zeolites ITW and MTT represent a particularly interesting pair of distinct

structures that form as a result of crucially different interactions among F an-

ions, SDA+ molecules, and silicate framework moieties. Although they can be
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synthesized using similar alkyl-imidazolium SDAs under otherwise identical re-

action conditions, zeolites ITW and MTT have frameworks with significantly

different crystalline structures. As shown in Figure A.1, the ITW framework

consists only of interconnected double-four-ring (D4R) cages, while the MTT

framework consists of 10-ring channels and with no four-rings whatsoever.

Figure A.1: Schematic representations of (a) zeolite ITW and its correspond-

ing structure-directing agent, N,N’-2-trimethylimidazolium, and (b) zeolite MTT

and its corresponding SDA, N,N’-diisopropylimidazolium. Both zeolites were

synthesized in otherwise identical fluoride-containing solutions, which, despite

the similar SDA species, yield very different zeolite framework structures. F- ions

(not shown) are present in the as-synthesized materials to charge-balance the

imidazolium organocations. Figure courtesy Ramzy Shayib. Reproduced with

permission from reference [52] c©2011, American Chemical Society.

Although the structures of zeolites ITW and MTT have been previously stud-

ied with Cu-Kα XRD,[263–265] the synchrotron X-ray diffraction utilized here

reveals new details that were not observable with the lower-resolution methods
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used previously. These new details enable a better description of the structures

of these zeolites, unlocking the potential for further development of these zeo-

lites for catalytic or other functions.

A.1 Experimental Details

A.1.1 Characterization

The as-synthesized, siliceous, and 29Si-enriched zeolite ITW and MTT prod-

ucts were characterized by powder X-ray diffraction. The long-range crystalline

order of each product was established by wide-angle X-ray scattering. Powder

X-ray diffraction (XRD) data were acquired using a Philips XPERT Pro diffrac-

tometer using Cu-Kα radiation with λ= 1.5405 Å/ generated by a Philips high

intensity ceramic sealed tube and a sealed proportional counter and X’celerator

PSD detector. The samples were scanned at 3◦/min between 2θ angles of 550◦.

For the as-synthesized products described above, the XRD patterns shown in

Figure A.3(a),(b) are indexable to the ITW and MTT framework structures,

respectively,[263–265] as established by fits of their simulated powder patterns.

The absence of additional or broad XRD reflections (corresponding to super-

structure or lower symmetry) in the two patterns establishes that no other crys-

talline or amorphous phases are present in the as-synthesized products, within
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the sensitivity of the XRD measurements. Previous powder XRD analyses[263]

have placed the ITW structure under the space group C2/m, with three crys-

tallographically distinct four-coordinate Si sites (so-called “tetrahedral”, or “T-”,

sites), each occurring eight times per unit cell for a total of 24 T-sites in each

ITW unit cell. An ITW unit cell with C2/m symmetry is shown in Figure A.2(a),

with the blue, green, and red spheres representing the three crystallographically

distinct T-sites in the ITW framework and the gray spheres representing bridg-

ing oxygen atoms. The blue and green T-sites occur in adjacent and alternating

pairs that form cage-like double-four-ring (D4R) structures in the ITW frame-

work and will henceforth be referred to as “D4R” sites, while the red T-sites

connect two D4R cages and will be referred to as “D4R-bridging” sites. By com-

parison, single-crystal XRD analyses have established that the as-synthesized

MTT structure falls under the space group Pmn21 and consists of seven crystal-

lographically distinct T-sites.[264, 266] Five of the T-sites occur four times per

unit cell and the other two occur twice each, for a total of 24 T-sites per MTT

unit cell, as shown in the inset of Figure A.2(b).

High-resolution synchrotron powder diffraction data were collected for as-

synthesized and calcined zeolites ITW and MTT using the 11-BM beamline at the

Advanced Photon Source (APS) at Argonne National Laboratory, using an aver-

age wavelength of 0.413167 Å. Details regarding data collection can be found

elsewhere.[225, 226, 267] The unit cell parameters of all materials were found
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Figure A.2: Powder X-ray diffraction patterns and previously reported unit

cells for as-synthesized zeolites (a) ITW and (b) MTT. Figure and data cour-

tesy Ramzy Shayib. Reproduced with permission from reference [52] c©2011,

American Chemical Society.

by indexing reflection positions with the software DICVOL06[268] and were

further refined using a LeBail fit with the General Structure Analysis System

(GSAS).[136, 227] The structure of calcined ITW was refined by using the Ri-

etveld method and GSAS, with energy minimizations conducted using the soft-

ware Materials Studio. The MTT structures were refined starting from a model

from previous single-crystal studies,[264] adjusting for unit cell parameters de-

termined using DICVOL06. In the as-synthesized MTT structure, the positions

of atoms that constitute the SDA+ and F were not refined. Schematic diagrams

of the structures were obtained using VESTA visualization software.[137] Re-

finements were completed by adjusting the profile shapes and unit cells during
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the LeBail fits, then refining the positions, and finally the atomic displacement

parameters. When completed, all available structural parameters were allowed

to refine simultaneously.

A.2 Results and Discussion

A.2.1 Zeolite ITW

Synchrotron X-ray diffraction data were collected and analyzed to distin-

guish among framework structural models with different long-range atomic pe-

riodicities of zeolite ITW. Synchrotron scattering techniques result in diffraction

patterns with significantly higher sensitivity and resolution than conventional

(Cu-Kα) powder XRD methods, which allow much more detailed and accurate

structural analyses. For example, Figure A.3(a),(b) shows synchrotron powder

XRD data for as-synthesized and calcined zeolite ITW, which are compared to

calculated patterns for candidate structures with C2 and P21/m space-group

symmetries. In particular, comparison of the synchrotron data to the pattern

calculated using the C2 space group shows significant differences between the

two. Specifically, the C2 structural model does not account for the reflections

near 2.4◦ and 4.9◦ 2θ, in addition to other small reflections at larger 2θ val-

ues. (Previously proposed C2/m and Cm structural models yielded much worse
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fits.) The reflections near 2.4◦ and 4.9◦ 2θ are, however, accounted for by the

P21/m space group. Moreover, the reflection near 2.1◦ 2θ can only be modeled

by doubling the c-axis of the conventional ITW unit cell from 8.85 to 17.7 Å,

which also doubles the number of crystallographically distinct T-sites from 6 to

12, although the slight differences in their local environments are not resolved

by solid-state 29Si NMR.[263] The Rietveld refinement of the calcined zeolite

ITW in Figure A.3(b) shows the excellent fit obtained by using the P21/m struc-

tural model (χ2 = 1.645). A list of the structural and atomic parameters can be

found in Table A.1. The siliceous framework structure of calcined zeolite ITW is

thus confidently determined to exhibit P21/m symmetry.

For as-synthesized zeolite ITW, however, framework interactions with the

structure-directing organocations and fluoride anions reduce the symmetry of

the overall structure. This is evident by the fact that the strong reflection near

2.9◦ 2θ is approximately one-half the intensity for as-synthesized zeolite ITW as

compared to the calcined material (Figure A.3), indicating less coherent long-

range periodicity of the (110) plane. Closer scrutiny of the P21/m model that

well-describes the structure of calcined zeolite ITW clearly establishes that crys-

tallographically equivalent Si T-sites in the D4R cages are covalently bonded

to each other through a bridging oxygen atom. However, 2D 29Si NMR re-

sults for as-synthesized zeolite ITW clearly established that T-sites in the D4R

cages are not covalently bonded to each other.[52] To reconcile this, the mirror
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plane in the P21/m structure must be removed, resulting in a lower symme-

try space group for as-synthesized zeolite ITW. A structural model based on

the lower symmetry P21 space group allows all of the positions of even the

lowest-intensity synchrotron XRD reflections to be matched and is furthermore

consistent with the Si T-site interconnectivities established by 2D 29Si NMR. It

should be noted that matching the intensities of the synchrotron XRD reflec-

tions is challenging, due to the inherent disorder of the SDA+ and F distribu-

tions in the as-synthesized material. Reflection positions and intensities change

considerably upon calcination of zeolite ITW (Figure A.3(a),(b)), manifesting

the differences in symmetry and resulting unit cell parameters (Table A.2). Such

changes indicate that framework interactions with the structure-directing agents

strongly influence the symmetry of the crystallographic structure of zeolite ITW.

The combination of 2D 29Si NMR and synchrotron XRD analyses thus provides

complementary and detailed information on short- and long-range structural

ordering, consistent with P21 symmetry of as-synthesized zeolite ITW.

A.2.2 Zeolite MTT

Synchrotron X-ray diffraction analyses of as-synthesized and calcined zeolite

MTT are more complicated than for zeolite ITW. The synchrotron XRD results

are sensitive to subtleties in the structures of as-synthesized and calcined zeo-

lite MTT that may otherwise go unnoticed when using Cu-Kα radiation. The
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synchrotron XRD patterns of both as-synthesized and calcined zeolite MTT can

be modeled with the orthorhombic Pmn21 space group, consistent with pre-

vious single-crystal studies of as-synthesized MTT.[264] (Rietveld refinement

of the XRD data for calcined zeolite MTT using a structural model with P1211

symmetry, as suggested by an earlier study of calcined NH4F-loaded MTT,[269]

does not account for several features that were modeled by the Pmn21 space

group, although it led to a slightly improved overall fit (χ2 = 3.749 for P1211,

χ2 = 4.612 for Pmn21) of the reflections captured. Such improvement of the fit

is likely due to the nearly 2 times larger number of crystallographically distinct

atom sites in the P1211 model, as compared to Pmn21 symmetry.) The Rietveld

refinements of both sets of MTT data, shown in Figure A.4(a),(b) for the as-

synthesized (χ2 = 3.548) and calcined (χ2 = 4.612) materials, respectively, are

not as well fit as the P21/m refinement of calcined zeolite ITW (χ2 = 1.645),

based on their respective χ2 values. The poorer fits are consistent with the solid-

state 29Si MAS NMR results for the different zeolites, notably the as-synthesized

materials, which show distinct 29Si peaks for zeolite ITW and a broad unresolved

29Si line shape for zeolite MTT.[52] Such a variety of local environments in zeo-

lite MTT manifests itself in the synchrotron XRD data as relatively broad features

that are difficult to model using a symmetric, periodic model. One example is

shown in the upper inset of Figure A.4(b), which shows reflections near 5.8◦

2θ that are not accounted for by the Pmn21 space-group model of the calcined
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MTT structure. This region is broad, of low intensity (under 1000 counts), and

is bordered by the reflections from the (301) and (510) planes at 5.7◦ and 5.9◦

2θ, respectively. The characteristic sawtooth shape of this reflection suggests po-

tentially some turbostratic disorder or stacking faults in the calcined MTT sam-

ple. Stacking faults are ubiquitous in the crystallography of many zeolites.[270]

Upon calcination, the MTT unit cell parameters become smaller, with the loss

of the organocations and F anions, as well as possibly increased condensation

of the siliceous framework. The lower inset in Figure A.4 b shows the reflection

from the (002) plane near 9.4◦ 2θ, which appears at a larger 2θ value as com-

pared to the as-synthesized material (Figure A.4(a)), consistent with the smaller

unit cell of the calcined zeolite MTT. The synchrotron XRD analyses thus com-

plement the 29Si NMR results, corroborating that calcined zeolite MTT exhibits

a lower degree of both short- and long-range order than calcined zeolite ITW.

Similarly, as-synthesized zeolite MTT exhibits more structural disorder than

as-synthesized ITW and calcined MTT, as evidenced by both synchrotron XRD

results. Rietveld refinement of the synchrotron XRD data in Figure A.4(a)

yields atomic displacement parameters (Ui/Ue) that are an order of magnitude

larger for as-synthesized zeolite MTT than for the calcined material (Tables A.3,

A.4). This indicates larger extents of disorder and/or thermal motions in the

as-synthesized material. The reflection positions and intensities of the syn-

chrotron XRD pattern in Figure A.4(a) obtained for a bulk powder sample of
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as-synthesized zeolite MTT reflect the same Pmn21 symmetry as determined by

an earlier single-crystal XRD study of as-synthesized zeolite MTT,[264] although

with minor differences in the unit cell parameters and atomic positions (possibly

due to subtle differences in the synthesis conditions of the samples). For exam-

ple, refinement of the synchrotron XRD data using the Pmn21 structure reveals

that the atomic displacement parameters are significantly larger for the SDA+

and F species, possibly due to their greater thermal, conformational, or distri-

butional disorder within the channels, as compared to the Si and O framework

atoms. Interestingly, the synchrotron XRD pattern of as-synthesized zeolite MTT

does not show the same broad reflection around 5.8◦ 2θ (Figure A.4(a)) as in

the calcined material (Figure A.4(b)), and consequently the entire pattern can

be fit well by the Pmn21 structural model. The reflection near 9.3◦ 2θ (Fig-

ure A.4(a)), corresponding to the (002) plane, is not skewed as observed for the

calcined material and is at a smaller 2θ value, reflecting the larger unit cell of

as-synthesized zeolite MTT. While the determination of an accurate structure for

as-synthesized zeolite MTT is thus challenged by long-range disorder of SDA+

and fluoride species within the as-synthesized material, its siliceous framework

clearly manifests a high degree of crystallinity, as evidenced by the synchrotron

XRD analyses.
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A.3 Conclusions

The determination of the P21/m framework symmetry was enabled by ad-

vanced 2D NMR methods in conjunction with synchrotron X-ray scattering anal-

yses, which allows for more accurate determination of structures in materials

with complicated combinations of long- and short-range order and disorder.

Both zeolites ITW and MTT were found to have lower symmetry or less ordered

structures in the as-synthesized, as compared to the calcined, materials. Cal-

cined zeolite ITW was modeled well by the P21/m structure and as-synthesized

ITW by the P21 structure. Structures of both MTT materials can be refined

successfully with the previously proposed Pmn21 structure.
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Table A.1: Atomic positions and displacement factors (Ui/Ue) for the

Rietveld-refined calcined zeolite ITW structure (space group #11, P21,

a=10.32579(4) Å, b=14.99378(7) Å, c=17.70473(9) Å, α = β = γ = 90◦).

Atom x y z Ui/Ue × 100

Si1 0.6011(7) -0.0128(5) 0.69754(36) 0.539(20)
Si2 0.5470(6) 0.1420(4) 0.42546(33) 0.539(20)
Si3 0.6480(6) 0.1487(4) 0.61139(32) 0.539(20)
Si4 0.9008(7) 0.4979(5) 0.30114(35) 0.539(20)
Si5 0.9421(6) 0.3516(5) 0.59064(31) 0.539(20)
Si6 0.8403(5) 0.3514(4) 0.41137(30) 0.539(20)
Si7 0.6005(7) 0.0047(5) 1.19694(36) 0.539(20)
Si8 0.5514(6) 0.1473(5) 0.89723(31) 0.539(20)
Si9 0.6466(6) 0.1470(4) 1.07613(29) 0.539(20)

Si10 0.8981(7) 0.5181(5) 0.80143(35) 0.539(20)
Si11 0.9499(6) 0.3484(4) 1.07443(36) 0.539(20)
Si12 0.8634(6) 0.3560(4) 0.90172(31) 0.539(20)

O1 0.5665(11) -0.0785(7) 0.6235(6) 0.62(4)
O2 0.5893(13) 0.0801(7) 0.6635(8) 0.62(4)
O3 0.6917(10) 0.1310(7) 0.4100(5) 0.62(4)
O4 0.5585(12) 0.1318(8) 0.5168(6) 0.62(4)
O5 0.9392(13) 0.5818(8) 0.3496(7) 0.62(4)
O6 0.9078(13) 0.4166(8) 0.3626(7) 0.62(4)
O7 0.8128(10) 0.3653(8) 0.6144(6) 0.62(4)
O8 0.9175(10) 0.3820(6) 0.5029(6) 0.62(4)
O9 0.4883(10) 0.0293(8) 0.2470(6) 0.62(4)

O10 0.9878(10) 0.4785(8) 0.2458(7) 0.62(4)
O11 0.7608(13) -0.0100(4) 0.2456(7) 0.62(4)
O12 0.2542(16) 0.4689(4) 0.2498(9) 0.62(4)
O13 0.5615(12) -0.0860(8) 1.1502(8) 0.62(4)
O14 0.5871(13) 0.0873(8) 1.1418(7) 0.62(4)
O15 0.7231(9) 0.1293(8) 0.8901(6) 0.62(4)
O16 0.5519(10) 0.1362(7) 0.9961(6) 0.62(4)
O17 0.9338(12) 0.5925(7) 0.8626(6) 0.62(4)
O18 0.8997(12) 0.4139(7) 0.8341(7) 0.62(4)
O19 0.8215(11) 0.3857(6) 1.1046(6) 0.62(4)
O20 0.9339(12) 0.3695(8) 0.9876(7) 0.62(4)
O21 0.4975(15) 0.25 0.4033(9) 0.62(4)
O22 0.6334(14) 0.25 0.6427(6) 0.62(4)
O23 0.5021(15) 0.25 0.8834(8) 0.62(4)
O24 0.6262(16) 0.25 1.1106(10) 0.62(4)
O25 1.0294(14) -0.25 0.3791(8) 0.62(4)
O26 1.1545(15) -0.25 0.6105(9) 0.62(4)
O27 1.0161(15) -0.25 0.9136(8) 0.62(4)
O28 1.1021(13) -0.25 1.1128(7) 0.62(4)
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Table A.2: Unit cell parameters for as-synthesized and calcined zeolites ITW

and MTT, as determined from indexing of synchrotron X-ray diffraction data

(Figures A.3, A.4).

Material a (Å) b (Å) c (Å) α (◦) β γ (◦)

As-synthesized ITW 10.4377 14.8111 17.5071 90 106.079 90
Calcined ITW 10.3257 14.9938 17.7047 90 105.403 90

As-synthesized MTT 21.6264 11.2068 5.1024 90 90 90
Calcined MTT 21.5366 11.1532 5.0363 90 90 90
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Figure A.3: Synchrotron X-ray powder diffraction pattern of (a) as-synthesized

and (b) calcined zeolite ITW. The solid red lines correspond to the Rietveld fits

performed using the P21/m space group; the open circles correspond to exper-

imental data, and the solid black lines represent the difference between simu-

lated and experimental data. Expected reflection positions are shown on the

top of (b). The inset in (b) is a magnification of the 2θ range 25.5◦ comparing

Rietveld fits performed using the C2 (single c-axis) or P21/m (doubled c-axis)

space groups with the experimental data. A schematic diagram of the refined

calcined zeolite ITW structure looking down the a-axis is shown in (b), with Si

atoms at the center of each tetrahedron and oxygen atoms depicted as orange.

Reproduced with permission from reference [52] c©2011, American Chemical

Society.
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Figure A.4: Synchrotron X-ray powder diffraction patterns and Rietveld refine-

ments of (a) as-synthesized and (b) calcined zeolite MTT. The open circles cor-

respond to experimental data, the red lines represent the Rietveld refinements

using the Pmn21 space group, and the solid black lines represent the difference

between simulated and experimental data. Expected reflection positions are

shown on the top of both patterns. The insets in (a) and (b) are magnifications

of the 2θ ranges 5.6◦6.0◦ (upper right) and 9.2◦9.5◦ (lower right), showing the

comparison between the as-synthesized and calcined data in these regions. A

schematic diagram of the refined calcined MTT structure looking down the c-

axis is shown in (b), with the same atom colors as in Figure A.3. Reproduced

with permission from reference [52] c©2011, American Chemical Society.
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Table A.3: Atomic positions and displacement factors (Ui/Ue) for the Rietveld-

refined as-synthesized zeolite MTT structure (space group #31, Pmn21,

a=21.62638(11) Å, b=11.20683(6) Å, c=5.102376(24) Å, α = β = γ = 90◦).

Atom x y z Ui/Ue × 100

Si1 0.37155(14) 0.09795(26) 0.5445(27) 2.553(27)
Si2 0.13219(13) -0.72425(26) 0.5537(26) 2.553(27)
Si3 0.17387(13) -0.22475(27) 0.5450(25) 2.553(27)
Si4 0.31322(13) -0.14986(29) 0.5552(26) 2.553(27)
Si5 0 -0.80614(39) 0.4895(27) 2.553(27)
Si6 0.20758(13) -0.48988(27) 0.5200(26) 2.553(27)
Si7 0.5 -0.02451(39) 0.5030(27) 2.553(27)
O1 0.06334(23) -0.7211(5) 0.5476(34) 2.73(5)
O2 0.17035(24) -0.3671(5) 0.5154(30) 2.73(5)
O3 0.32601(24) -0.0093(5) 0.5381(28) 2.73(5)
O4 0.44098(24) 0.0652(5) 0.5263(37) 2.73(5)
O5 0.24242(26) -0.1762(5) 0.5506(32) 2.73(5)
O6 0.15779(24) -0.5873(5) 0.5549(31) 2.73(5)
O7 0.14645(33) -0.1870(7) 0.8275(28) 2.73(5)
O8 0.13059(35) -0.1674(7) 0.3394(28) 2.73(5)

O10 0.5 -0.1285(9) 0.7170(31) 2.73(5)
O12 0.14846(30) -0.7767(7) 0.8481(27) 2.73(5)

O13a 0.23563(88) -0.5066(18) 0.7877(43) 2.73(5)
O13b 0.26815(81) -0.5002(12) 0.6805(35) 2.73(5)
O14 0.17081(34) -0.8038(7) 0.3708(27) 2.73(5)
O15 0 -0.9082(9) 0.6975(28) 2.73(5)

F1 0.0754 -0.937 0.487 3.78(28)
C1 0.5 0.405 -0.46 3.78(28)
N3 0.5 0.385 -0.18 3.78(28)
C4 0.5 0.281 -0.068 3.78(28)
C5 0.5 0.308 0.253 3.78(28)
N6 0.5 0.427 0.236 3.78(28)
C7 0.5 0.503 0.465 3.78(28)
C8 0.5 0.471 -0.007 3.78(28)
C2 0.443 0.462 -0.577 3.78(28)
C9 0.4405 0.475 0.597 3.78(28)
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Table A.4: Atomic positions and displacement factors for the Rietveld-refined

calcined zeolite MTT structure (space group #31, Pmn21, a=21.53657(17) Å,

b=11.15316(10) Å, c=5.03629(4) Å, α = β = γ = 90◦).

Atom x y z Ui/Ue × 100

Si1 0.37345(14) 0.10012(28) 0.5532(10) 0.989(24)
Si2 0.13317(14) -0.72540(28) 0.5831(9) 0.989(24)
Si3 0.17335(14) -0.22561(30) 0.5466(10) 0.989(24)
Si4 0.31298(14) -0.14831(33) 0.5740(10) 0.989(24)
Si5 0 -0.80656(43) 0.4888(11) 0.989(24)
Si6 0.20670(15) -0.48848(29) 0.5264(9) 0.989(24)
Si7 0.5 -0.02798(42) 0.4987(12) 0.989(24)
O1 0.06028(24) -0.7231(5) 0.5349(20) 0.90(4)
O2 0.16899(24) -0.3694(5) 0.5520(20) 0.90(4)
O3 0.32352(26) -0.0091(6) 0.5256(17) 0.90(4)
O4 0.44182(26) 0.0599(5) 0.5317(23) 0.90(4)
O5 0.24255(28) -0.1772(6) 0.5603(19) 0.90(4)
O6 0.15870(26) -0.5930(5) 0.5846(19) 0.90(4)
O7 0.14209(34) -0.1979(7) 0.8552(13) 0.90(4)
O8 0.12923(32) -0.1590(7) 0.3806(13) 0.90(4)

O10 0.5 -0.1309(9) 0.7175(20) 0.90(4)
O12 0.14979(29) -0.7748(7) 0.8760(13) 0.90(4)
O14 0.16942(33) -0.8156(7) 0.4080(13) 0.90(4)

O13a 0.22753(71) -0.5169(14) 0.8638(35) 0.90(4)
O13b 0.25145(81) -0.5058(15) 0.6985(33) 0.90(4)
O15 0 -0.9116(9) 0.7004(20) 0.90(4)
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