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Abstract

In the luminescent cerium-doped yttrium aluminum garnet Y;_,Ce,Als0;, (YAG:Ce)
material, the crucial energy conversion that makes it such an important material in
solid state white lighting is associated with the few percent of Y sites that are substi-
tuted by Ce’* activator ions. Despite the low levels of Ce** substitution, the precise ge-
ometry of ions around Ce** is known to crucially influence optical properties. In light
of this, we examine the local structure around Ce** in Y3_,Ce,AlsO;>, using a com-
bination of synchrotron X-ray and neutron scattering, neutron total scattering, X-ray
absorption at the Ce K-edge, 2’Al and Y magic angle spinning nuclear magnetic res-
onance, and low-temperature electron paramagnetic resonance measurements. Taken
together, the different techniques confirm that the Ce is stoichiometrically incorporated
in a random distribution into the structure as Ce**, and that is slightly expanded in its
coordination polyhedron when compared with the average coordination suggested by
crystal structure. The studies also point to the great rigidity of the YAG lattice, which
is important for the thermal robustness of luminescence. The complementary abilities
of scattering and spectroscopy to probe structural intricacies of functional materials in
exquisite detail is emphasized, particularly when the features of interest occur in low

concentrations.



INTRODUCTION

The garnet host Y3AlsO;,, when doped with a few percent of the activator ion, Ce*, is a
luminescent material that is almost ideally suited for excitation by a blue solid state light
source. The efficiently emitted green-yellow light from the doped garnet is mixed into the
incident blue from the LED, due to the garnet also providing an effective light-scattering
medium. The mixed light emerges as white, and since the mid-1990s, this scheme has been
at the heart of solid state white lighting. '™ Advantages of such light sources include their
durability, long life, color stability, and their relatively benign environmental footprint,
specifically in their being free of heavy metals.>°

Cerium-doped YAG was first studied and proposed for use in displays by Blasse and Bril
in 1967.7 Later, when bright-blue InGaN sources first became available,® YAG:Ce was used
for the generation of white light via partial down-conversion due to its favorable optical
characteristics, including appropriate matching of its excitation spectrum to blue InGaN
sources, high efficiency, and an emission spectrum in the complementary (to blue) color
region. The absorption peaking around 460 nm and emission peaking around 540 nm
are known to occur from the transition of Ce’t between the Ce [Xel4 f 1549650 (2F5 /25
2F; 1) and [Xe]4f95d'6s" (D3, 2Ds ) states.® The energy gap between these two states
is significantly increased from the isolated ion by crystal field splitting of Ce* 54 states
when the Ce3* ion replaces the smaller Y>* ion in the YAG structure.'? YAG:Ce is known
to be extremely bright, with quantum efficiencies at room temperature exceeding 85%. !
Although the reason for the blue absorption and yellow emission is well known, the crystal-
chemical reasons for such high quantum efficiency in YAG:Ce have yet to be elucidated, as
are the reasons for the thermal robustness of the luminescence. 1

The optical properties of YAG:Ce have been well studied. For example, zero-phonon
lines from low-temperature spectroscopy were correlated with lattice phonon energies,
and characteristics of the crystal-field splitting of the 4/ and 5d states of Ce in YAG were

identified from the same low-temperature spectroscopy. '®> Temperature effects on the lumi-
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nescence of YAG:Ce have also been investigated. At temperatures above 100 °C (especially
for higher Ce concentrations) efficiency losses due to thermal quenching results in a 5%
loss in quantum efficiency;!'? as temperature and/or Ce concentration is increased, the
loss of efficiency with increasing temperature becomes more dramatic. Early studies of Ce
concentration on the optical properties of YAG:Ce found red-shifts in the excitation and
emission maxima with increasing Ce concentration. 4 A kinetic model was later developed
to describe the concentration-dependent efficiency of YAG:Ce.!®> More recently, Setlur and
Srivastava examined the optical characteristics of YAG:Ce, finding that lower-energy Ce> ™
sites may be present in YAG:Ce with relatively high Ce concentrations of around x = 0.09
in Y3_,Ce,Als0;,.1® The lower-energy Ce sites lead to a red-shift in emission, and are
attributed to either Ce-Ce pairs and/or Ce in perturbed lattice sites.

Among the studies that have examined structure-property relationships in luminescent
garnets one study correlated emission and excitation wavelength to the average struc-
ture of the active site in garnets.!” Synchrotron X-ray total scattering has been utilized
to investigate the local structure of YAG:Ce nanoparticles, ' and another study on Gd>*-
substituted YAG:Ce nanoparticles used Cu-ko X-ray diffraction to correlate the red shift of
the emission with to the crystal structure.'® One recent study looked at the local struc-
ture of the Ce* ion using Ce K-edge EXAFS, and found that the nearest 8 Ce—O distances
are slightly larger than the Y-O distances in YAG:Ce by about 3% in Y5 ¢97Ce 03Al50,, but
did not see any significant expansion of the lattice past the first three coordination shells
around Ce.?0 The local structure of Ce in YAG has also been studied through first princi-
ples methods, such as one study which predicted a 3% expansion of the nearest 4 Ce-O
bonds, but only a 0.03% expansion of the next-nearest 4 Ce-O bonds when compared to

1.21 Another ab-initio study examined the local structure of Ce3* in

the undoped materia
YAG, and predicted that the local Ce-O distances should expand by about 1% to 2% in
Y, g75Ce0.125A15012.22 This study also found that the expansion around Ce is observable

and decreases in magnitude out to the 5th coordination shell.



In light of the great importance of this material, and the challenges associated with the
careful structural analysis of small substituents in crystalline materials, we have employed
a suite of powerful state-of-the-art structural probes, focusing on the local structure of the
Ce ion and its interaction with the YAG host structure. The scattering and spectroscopic
techniques used here yield powerful insights regarding the optical properties of YAG:Ce.
More generally, these techniques enable precise structural analysis of a dopant ion at a
very small concentration of around 1 mole percent. Such analysis is useful not only when
investigating phosphor materials, but also when investigating other import materials with
small doping amounts, such as heterogeneous catalysts, semiconductors, thermoelectrics,
and luminescence up-conversion materials. With recent advances in synchrotron X-ray?3
and neutron powder diffraction®* techniques, structural information from inorganic ma-
terials can be garnered with unprecedented accuracy. Recently developed Monte Carlo
simulation techniques enable detailed statistical investigation of total neutron scattering
data,?>~27 which to date has not been used on phosphor materials. X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) yield cru-
cial complementary information about the oxidation state and local structural environ-
ments of the Ce>* ion. High-resolution solid-state magic-angle spinning nuclear magnetic
resonance (MAS NMR) and electron paramagnetic resonance (EPR) provides information
complementary to scattering measurements on the local structure of Ce’*. In particu-
lar, we demonstrate the usefulness of the paramagnetsm of Ce3* as an internal contrast
reagent in the NMR studies. This broad range of techniques enables a new understanding
of the local structure of Ce in YAG, and not only sheds new light on a well-known material,

but also is expected to enhance the rational design of new phosphor materials.



MATERIALS AND METHODS

Sample preparation. Samples of Y;_,Ce,Als0, with x =0, 0.02, 0.04, 0.06, 0.08, and
0.09 were prepared using conventional solid-state preparation methods.?82° Starting ma-
terials consisting of stoichiometric amounts of Y,04 (Sigma-Aldrich, 99.9 %), Al,O5 (Sum-
itomo AKP-50, >99.99 %), and CeO, (Cerac, 99.9 %), with 5% by mass BaF, (Sigma-
Aldrich, 99.9%), and 0.5% by mass NH,F (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 hours in an alumina tube furnace under 0.21/min 5% H,/N, gas flow.
The amounts of flux and Ce were optimized by the emission intensity, resulting in opti-
mum values of 5 mass % BaF,, 0.5 mass % NH,F, and a Ce concentration of x = 0.06
(Y2.94Ce(.06Al5s012). The quantum efficiency of the optimized sample was determined to
be 87 %. Samples for XANES/EXAFS and total neutron scattering (Y5.9;Ceq.090AlsO12) were
prepared with stoichiometric amounts of Y,05 (Sigma-Aldrich, 99.9 %), Al,O5 (Sumit-
omo, 99.9 %), and CeO, (Cerac, 99.9 %), which was ground in an agate mortar and pestle,
pressed into pellets, placed in alumina crucibles on a bed of sacrificial powder, and fired
at 1600 °C for 96 hours in an alumina tube furnace under 0.21/min 5% H,/N, gas flow.
After the starting materials had been reacted, the phosphor cakes were ground with an

agate mortar and pestle into fine powders.

Synchrotron 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, using an average wavelength of A = 0.412154 A. Other
details regarding the experimental setup can be found elsewhere.?3

Neutron powder diffraction was performed on the HIPD and NPDF instruments at the
Los Alamos Neutron Science Center at Los Alamos National Laboratory. Powder samples

were placed in vanadium cans, and time-of-flight neutron data was collected at 295K on

the HIPD instrument from 8 detector banks at =14°, +40°, +90° and +153° 26. For the



NPDF measurements, powder samples were placed in vanadium cans, and time-of-flight
neutron data were collected at 15K and 295K from 4 detector banks at 14°, 40°, 90° and
153° 26.

Crystal structures were refined using the programs XND 3 and the EXPGUI front end

).31 Simultaneous

for the refinement program General Structure Analysis System (GSAS
refinements to the X-ray and neutron scattering data were completed by adjusting the pro-
file 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 occupancies. For joint X-ray and neutron refinements, the neutron data was weighted
to be 1.2 times that of the X-ray data. When completed, all available structural parame-

ters were allowed to refine simultaneously. Crystal structures were visualized using the

software VESTA. 32

Neutron total scattering and Reverse Monte Carlo (RMC) simulations. Time-of-flight
(TOF) total neutron scattering on Y, 91Ce( 09AlsO1, was carried out at 295K on the NPDF
instrument at the Los Alamos Neutron Science Center at Los Alamos National Laboratory.
The data were extracted using PDFGETN, 33 with Q. = 31 A. The uncertainty from the
PDF measurement is around 0.1A (Ar = /Qpax).3* PDFGUI was used to fit a symmetric
model to the PDF out to 50A.3% Reverse Monte Carlo simulations were run using RM-
CPROFILE version 6 and a 4 x 4 x 4 supercell with 10240 atoms.3037 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 A. 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 approximately 915

MC sweeps.



X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements. Ce K-edge X-ray absorption (XAS) studies were car-
ried out at sector 20-ID beamline at the Advanced Photon source at 295K.38 The fifth
harmonic of the undulator was used along with full scanning of the undulator. The inci-
dent 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 CeO, in BN was placed between It and Iref to provide internal cal-
ibration 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 detector, operated at a total count rate of ~80KHz per el-
ement. 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 CeO, absorption edge was calibrated to 40.473keV as previously measured.3’
Simulations of the data were performed using the ARTEMIS code, *° with fits performed in
the k> regime; fits in other k* regimes gave results in good agreement with the k> regime.
The k-space range was 2.77 A1to16A 1, giving a spacial resolution of about 0.1 A. Ten

variables were used with an estimated 25 independent points.

Solid-state 2’Al and ®Y Nuclear Magnetic Resonance (NMR) spectroscopy. High-
resolution solid-state 2’Al and 3°Y magic-angle spinning (MAS) NMR spectroscopy was
used to investigate the local structure of YAG:Ce. The single-pulse and T7;-filtered 27Al
NMR experiments were performed at 295K on a Bruker AVANCE IPSO NMR spectrom-
eter, with an 18.8 T narrow-bore superconducting magnet, operating at a frequency of
208.52 MHz for 2’Al nuclei, which are 100% naturally abundant. A Bruker 3.2 mm H-X-Y

triple-resonance MAS probe head was used with zirconia rotors and Kel-F®) caps, with a



MAS rate of 24 kHz. The radio frequency (RF) pulse length of 2.7 us and power level were
calibrated to achieve a 15° (7r/12) rotation of the net 2TAl magnetization to ensure quan-
titative measurements,*! and were calibrated with respect to the longitudinal spin-lattice
relaxation time (77) to ensure the spectra were fully quantitative (recycle delay of 405s).
An external AIN sample was used as a spin-counting standard, which confirmed 100 %
visibility of all 2’Al nuclei in all samples. Chemical shifts were referenced to 1M Al(NO;)
at O ppm.

High-field measurements were recorded on a Bruker Avance III 1 GHz spectrometer
operating at a 2’Al Larmor frequency of 260.7 MHz. A 1M aqueous solution of AI(NO3)4
was used as the chemical shift reference. The spectra of the YAG:Ce material was acquired
with a 1.3 mm HX probe at 60 kHz (MAS). The T; relaxation time constants were measured
using a saturation-recovery experiment comprising a saturation sequence of 30 pulses sep-
arated by delays of 3 ms, and a recovery delay taking 27 values varying from 0 to 150s.
The 1D spectra were acquired using a one-pulse sequence with 288 scans, a recycle delay
of 355, and an excitation pulse of 50 kHz RF field amplitude and 1.67 us duration.

27Al spin-lattice relaxation-time behaviors of the YAG:Ce samples were established by
using complementary 1D saturation-recovery and T;-filtered 2’Al MAS NMR spectra. 1D
saturation-recovery 2’ Al MAS NMR spectra were acquired for a range of times, 7, between
0.05s and 70s 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 2’Al nuclei. A Bruker
4mm H-X-Y triple-resonance MAS probe head was used with zirconia rotors and Kel-F®)
caps, with a MAS rate of 14kHz. A RF pulse length of 2.51 us was calibrated with the
power level for a 90° rotation of the net magnetization of octahedral >’ Al nuclei, and a 400-
pulse saturation train with 2 us between saturation pulses was used with a 0.1s 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.*>%3 1D T;-filtered >’Al MAS NMR spectra (measured



on the 18.8 T NMR spectrometer) were acquired with two consecutive >’Al 90° pulses,
followed by a time delay, t7;, = 155, and then another ?’Al 90° pulse before detection to
suppress octahedral 2’Al signals from species with spin-lattice relaxation times shorter
than the respective t7; = 15 s values. The 1D T;-filtered ?’Al MAS NMR spectra were scaled
using an appropriate constant ¢ > 1 to account for decreased signal intensity due to T;
relaxation effects, which allows for the remaining signals to be normalized for comparison
with the single-pulse 2’Al spectra.

The #Y NMR experiments were performed at the National High Magnetic Field Labora-
tory in Tallahassee, Florida, on a narrow-bore Magnex 19.6 T magnet fitted with a Bruker
console, operating at a frequency of 40.804 MHz for 3°Y nuclei, which are 100% naturally
abundant. Data were collected under conditions of 6 kHz MAS and a temperature of 295K
using a Samoson 7 mm H-X triple-resonance MAS probe head with zirconia rotors and Kel-
F®) caps. RF pulses with a 4 us length were used with a recycle delay of 140s. Chemical
shifts were referenced to 1 M YCl,.

Spectra were modeled using the simulation program DMFIT;** octahedral 2’Al peaks
were modeled with Gaussian peaks. Relative populations of 2’Al peaks were found by fit-
ting the largest central transition peak and the two nearest spinning sidebands for each sig-
nal, then subtracting the average integrated intensity of the two spinning sideband peaks
from the integrated intensity of the central peak. The T; relaxation times of octahedral >’Al
nuclei were found by fixing the peak widths and peak positions of the fit to the single-pulse
27Al data, then fitting the amplitude of the peaks for the spectra from each delay time. The
integrated intensity curves were then fitted using the equation M(r) = M?(1 —e~"/Ti) with

the curve fitting tool in MATLAB.

Electron Paramagnetic Resonance (EPR) spectroscopy. EPR spectra were collected on
a Bruker X-Band EPR spectrometer (v =9.486 GHz), equipped with a Helium flow cryostat.

Samples were placed in quartz tubes, and data was acquired at temperatures ranging from
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4K 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. Simulations of the spectra were done using the
EASYSPIN code in MATLAB,* with a correction included for field-dependent relaxation

effects. The g, peaks were fit with Gaussian peaks using the program DMFIT. 44

RESULTS AND DISCUSSION
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Figure 1. (a) Synchrotron X-ray diffraction patterns of Y;_,Ce,Al;0;, taken at 295K for x
as indicated, and (b) the unit cell parameter from Rietveld refinement as a function of Ce
concentration, x. The Végard law is followed, showing a very small linear expansion of the
unit cell with Ce substitution. Orange plus symbols represent data from a 1979 study by
Robbins et al.,*® and filled light blue circles represent data from a study by Tien et al. 14

Dependence of average crystallographic structure on Ce’* substitution. High-resolution
synchrotron X-ray diffraction enables the study of small changes in the average structure
of ordered materials, and has been used here to accurately probe the effect of the small
amount of Ce substitution on the average structure of YAG. Rietveld refinements of syn-
chrotron X-ray data of Y3 _,Ce,AlsO;, for x =0, 0.02, 0.04, 0.06, and 0.08 (data shown in

Figure 1(a)) reveal a small, linear increase in the YAG unit cell lattice parameter with
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Figure 2. Simultaneous Rietveld refinement of (a) 11-BM synchrotron X-ray and (b) HIPD
+14° detector bank neutron scattering at 295K of Y, 94Ce 0sAlsO12, and (c) NPDF +14°
detector bank neutron scattering at 15K of Y, 9,Ceg03Als01,. The expected peak posi-
tions are shown above each plot. The inset in the upper right shows the YAG structure
looking down the a axis, with blue, red, grey, and orange spheres representing octahedral
aluminum, tetrahedral aluminum, yttrium, and oxygen atoms, respectively.

Ce’* substitution as seen in Figure 1(b). Such Végard law behavior suggests all of the
Ce3* from the starting materials is being substituted into the YAG lattice, and 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 parameter is very small, increasing by only 0.03 % from x =0
to x =0.06 Ce substitution in Y3_,Ce,AlsO, (slope of 0.1 in Figure 1(b)). The trend found
here is slightly less than a theoretically predicted increase of 0.11% from x =0 to x =0.125

in Y3_,Ce,Als01, (slope of 0.17).%2 A single-crystal study by Robbins et al. also found a
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Table 1. Crystallographic parameters of Y3 _,Ce,Als0;, from Rietveld refinement of 11-
BM synchrotron X-ray, HIPD neutron, and NPDF neutron scattering data.?

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 NPDF

R, (%) 1.39 1.41 6.17 (X-ray) 5.74 (X-ray) 1.49

1.11 (neut.) 1.09 (neut.)
2.27 (overall) 2.19 (overall)

a(A) 11.99067(2) 11.99871(3) 12.008476(3) 12.013001(5) 12.00959(4)
Ox 0.280487(3) 0.280487(3) 0.280598(9)  0.28058(1) 0.28062(2)
Oy 0.10103(3) 0.10103(3) 0.10092(1) 0.10099(1) 0.10094(2)
Oz 0.19914(3) 0.19914(3) 0.199330(9) 0.19946(1) 0.19942(2)
refined Ce, 0.07(2) 0.09(3) 0.10(1)

2 Ce, refers to the amount of Ce in Y;_,Ce,Al;01,. All refinements were done with the /a3d
space group (#230). The estimated standard deviations for the last significant digit are
given in parenthesis.

linear increase in the YAG lattice parameter with Ce incorporation.4® However, as shown
in Figure 1, the expansion of the YAG unit cell parameter found by Robbins et al. (slope
of 0.0083) is smaller than what was found here, possibly due to less Ce incorporation or
resolution limitations/error in the previous study. The trend found here agrees well with
another study, which found a linear increase in the unit cell of YAG with Ce incorporation,
prepared using co-precipitation, with Ce substitution of up to x = 0.18 (slope of 0.1).4 The
conventional solid-state preparation method used here could not be substituted with more
than around x = 0.09 with or without flux. This may be due to the low bond valence sums
(BVS) 47 of Al, which are 2.7 and 2.6 for the tetrahedral (Al;) and octahedral (Aly) Al sites
in the x = 0 material, respectively. As Ce is substituted into the YAG lattice, the Al-O bond
distances increase, which increases the under-bonding of Al as indicated by the BVS. This
may cause the YAG lattice to be unstable past a certain expansion, and may be one reason
for the substitution limit of Ce in YAG.

Rietveld refinement of synchrotron X-ray and neutron diffraction data, as shown in
Figure 2(a,b,c), yields unit cell parameters, the oxygen position, and Ce occupancies given

in Table 1. As temperature is decreased from 295K to 15K, a very small contraction of
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about 0.15% in the unit cell and a decrease in atomic displacement parameters (ADPs)
are observed. A small change in the unit cell parameter with temperature is consistent
with previous measurements of the thermal expansion of YAG, which show the thermal
expansion parameter, «, to be on the order of 107°K~!.4 The 295K NPDF refinement
of Y;.91Ceg.09Als01, shows a unit cell that is smaller than expected based on Figure 1(b).
Since the neutron data here was collected using time-of-flight methods, Q-values come
from correlations to the measured time-of-flight of neutrons. This means a small difference
from the calibration run to the actual sample run can occur, causing slight differences in
the unit cell parameter. The least-squares fit to the PDF of the same NPDF data shows a
unit cell parameter in better agreement with Figure 1(b), as discussed later in this paper.
The refined occupancy of Ce from the HIPD neutron data gives a result with slightly more
Ce than expected [x =0.09(3) compared to the nominal x =0.06] The results from the
NPDF refinement for x = 0.08 and x = 0.09 are within the estimated standard deviation of
the nominal values, indicating that the NPDF instrument may be slightly more sensitive to

the Ce atoms in the samples than the HIPD instrument.

Local structure around Ce** from scattering. Rietveld analysis is a powerful tool for
investigating the average structure of materials, but it cannot be used to garner informa-
tion on the local structure of materials since the data represents the structure of a material
averaged over many unit cells. Of course, the local structure around Ce in YAG is closely
related to the optical properties of YAG:Ce, since the nature of the Ce-O bonds will de-
termine the 54 energy levels, and hence, the excitation and emission energies. The PDF,
which captures the local and long-range structures of materials through a sine Fourier
transform of Bragg scattering, gives local structure information that is complementary to a
Rietveld analysis. One way to compare the average structure from Rietveld refinement to
the local structure from total neutron scattering is by fitting the PDF with a least-squares

method using a periodic unit cell in PDFGUI.3> The PDFGUI least-squares fit to the 295K
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Figure 3. NPDF neutron data taken at 295K with (a) PDFGuUI least-squares fit of G(r),
and reverse Monte Carlo fits of (b) S(Q) and (¢) G(r) for Y;.9;Cey09AlsO;>. 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) tetrahedral
Al, octahedral Al, and dodecahedral Y sites.

PDF of Y, 9;Ce.00AlsO;, out to 50 A, shown in Figure 3(a), fits the data well with a R,,,
of 13.9%. The Rietveld analysis of the S(Q) data for Y,9;Ce9AlsO2 (R, = 1.49%)
yields a cell parameter of 12.010 A, considerably smaller than the result of 12.017 A from
a PDFGUI least-squares fit of the PDF to 50 A, which is in good agreement with what is
expected from Figure 1(c). The Rietveld unit cell is smaller likely due to the time-of-flight
correlation which is fitted based on a standard material, such as silicon. This correlation

can differ slightly from run to run depending on the exact sample placement, and is likely
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Figure 4. (a) View down the g-axis of the 4 x 4 x 4 RMC supercell of Y;9;Ce09AlsO2
collapsed onto a single unit cell, fit with 915 MC sweeps to NPDF neutron data collected at
295 K; (b) metal-oxygen distance distributions from the average of 8 reverse Monte Carlo
fits of 295 K NPDF neutron data, and (c) oxygen—-metal-oxygen bond angle distributions
for Y and Ce in Y;9;Cey 09AlsO;,. The inset shows a dodecahedral Y-O polyhedron from
the average YAG structure. Blue, red, grey, and orange spheres in (a) represent octahedral
aluminum, tetrahedral aluminum, yttrium, and oxygen atoms, respectively.
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the reason for the smaller obtained unit cell from Rietveld analysis.

The limitations of least squares refinement of PDF data using a periodic unit cell, such
as symmetry constrains in PDFGUI, can be overcome by using reverse Monte Carlo (RMC)
simulations, which simultaneously models the local and long-range structure of a material
without symmetry constraints. 36374950 Since Y and Ce have sufficiently different neutron
scattering lengths (4.03 barn and 7.15barn for Ce and Y, respectively), Ce can be distin-
guished from Y in the simulations, allowing for selective investigation of the local structure
around Ce in YAG. Comparison of a 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 ()2 of 3.55 compared
to 3.57 for simulations with Ce and with only Y used, respectively). The result of the RMC
fits to the data are shown in Figure 3(b),(c), and the super cell of 4 x 4 x 4 YAG unit cells
is shown collapsed onto one unit cell in Figure 4(a).

The Ce-O and Y-O distance histograms from the RMC simulation of Y5 9;Cey 09Al501,
in Figure 4(c) show the Ce-O distance distribution and O—Ce—O bond angle distribution
are the same as the Y-O distance distribution and O-Y-O bond angle distribution. The
average BVS#7->! from the Ce-O bond distance histogram is 4.0+0.1, much higher than
the nominal valence state of 3 and the BVS of Y, which is around 3.1+0.1. This implies that
Ce’™ is severely compressed in the YAG lattice, since the Shannon-Prewitt ionic radius of 8-
coordinate Ce3* (1.143 A) is much larger than radius of 8-coordinate Y>* (1.019 A).52 The
compression leads to a large crystal field splitting of the Ce 5d states in YAG, since short Ce—
O bond distances lead to large crystal field splittings.® This results in the blue absorption
and yellow emission that has been observed, consistent with previous observations of an
unusually large crystal field spitting in YAG:Ce. !0 The average Ce-O distances of 2.31 A
and 2.44 A found here are slightly less than those from the EXAFS results as discussed later
in this paper, which show the Ce—O bond distances to be 2.40(2) A and 2.50(2) A, but are
within the error of the measurements since the uncertainty is around 0.1 A in the PDF and

EXAFS measurements. The nearly imperceptible distortion of the lattice around Ce>* is
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consistent with the small increase in unit cell parameter found from Rietveld analysis in
Figure 1(b), since a larger local distortion around Ce would be expected to expand the
lattice by a greater amount.

The RMC simulation results also show a random distribution of Ce—Ce distances, indi-
cating a random distribution of Ce in the lattice. This is consistent with the 2’Al NMR and
EPR results, which, as discussed later in this paper, support a random distribution of Ce**

ions in the YAG lattice.
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Figure 5. Ce K-edge (a) XANES spectra of Y,.91Ce,09AlsO15 and CeO,, (b) k*x (k) data and
fit, and (c) x(r) data and fit collected at 295 K. The vertical dashed lines in (a) indicate the
absorption edges for CeF; at 40.466 keV,? Y, 9;Ceg 00AlsO1, at 40.469 keV, and CeO, at
40.473 keV.3? The vertical dashed lines in (c) indicate the Y-X (X = O, Al, Y) inter-atomic
distances from Rietveld refinement of 295 K NPDF data of the same sample, with I, II, III,
IV, and V corresponding to Y-O1, Y-02, Y-Al;, Y-Alp, and Y-Al;/Y distances, respectively.
A phase shift was applied to the data and fit in (c) based on the first Ce-O coordination
shell.

Total neutron scattering offers a unique way, free from symmetry constraints, to in-
vestigate the local structure around Ce?" in YAG:Ce, but EXAFS is an even more selective

probe for investigating the local structure of Ce in YAG. Simultaneously, the oxidation state
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Table 2. Inter-atomic Ce-X dis-
tances for Y, ¢9;Ceg g9Als01, from Ri-
etveld refinement of 295K NPDF
data compared with those from the
fit to 295K 20-BM EXAFS data.2

X N Ce—X distance (A)
Rietveld EXAFS

01 4 2.3090(2) 2.40(2)
02 4 24401(2) 2.50(2)
Al 2 3.00238(2) 3.05(1)
Alp 4 3.35677(2) 3.41(1)
Aly 4 3.67715(2) 3.71(1)
Y 4 3.67715(2) 3.71(1)

4 The EXAFS fit also included
the next 2 coordination shells
around Ce (Ce-O pairs), but
the distances did not dif-
fer significantly from the Ri-
etveld refinement. The esti-
mated standard deviations are
shown in parenthesis for the
last significant digit.
of the Ce atoms in YAG:Ce has been probed with XANES. The Ce oxidation state is of ut-
most importance to the optical properties of YAG:Ce, since Ce** ions have been known
to quench Ce®* luminescence.3 The XANES data collected on Y».9;Ceg09AlsO, at 295K,
shown in Figure 5(a), reveal that the Ce absorption edge lies at 40.469 keV, a lower en-
ergy than the Ce absorption edge in CeO, at 40.473 keV, but a higher energy than Ce in
CeF; at 40.466 keV.3° This result shows that the Ce in YAG is indeed in the 3+ state, as is
crucial for the optical properties. It also confirms the 2’ Al NMR result that all Ce in these
materials is in the 3+ state, as discussed later in this paper. The higher absorption edge
of Y».91Cep.09AlsOj» compared to CeFj is likely due to the nature of fluoride versus oxide
lattices.
A fit to the EXAFS data shown in Figure 5(b),(c) (R-factor of 1.55%) reveals that even
with relatively high concentrations of Ce in Y;_,Ce,Als0;; (x = 0.09 in this case), the

lattice locally distorts by the same amount as was observed with lower concentrations of
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Ce (x = 0.03) in another EXAFS study.2? The 2 Ce-O distances of 2.40(2) A and 2.50(2) A
agree well with previous findings of 2.38(1) A and 2.52(2) A2° and the RMC results, but
are slightly larger compared to the values from two theoretical studies of 2.373A and
2.468 A,22 and 2.370 A and 2.441 A.2! The small 3% expansion of the Ce—O bond distances
compared to the average structure Y-O distances allows the BVS#7°! of Ce** to decrease
from 4.040.1 to 3.34+0.1. This indicates that while Ce is tightly compressed in the YAG:Ce
lattice, a small expansion of the local bond lengths dramatically decreases the BVS to a
more reasonable value.

The higher resolution here compared to the previous EXAFS study of YAG:Ce2° enables
a more precise investigation 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 in fact sig-
nificantly deviate from the average structure Y-Al and Y-Y distances. This shows that the
distortion around Ce** ions in YAG is not limited to the first few coordination shells of O
and Al atoms, but in fact spans five or more coordination shells. This is a more satisfying
explanation as to why the lattice expands with addition of Ce-the distortions are not con-
tained 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 or-
der 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 A, the distortions become
imperceptible to the EXAFS measurement. However, it is anticipated from the Rietveld
analysis that these distortions do exist in smaller amounts as distance from a substituted

Ce ion increases.
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Table 3. Isotropic atomic displacement parameters of Y3 ,Ce,Als01; from Rietveld refinement and PDFGuI (least-

squares fit to the PDF) fits of neutron and X-ray scattering data.?

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 (1A to 50A)

method Rietveld Rietveld Rietveld Rietveld Rietveld PDFGuUI EXAFS
Y/Ce B, (A2) | 0.16(1) 0.20(1) 0.178(3) 0.227(4) 0.36(1) 0.43(6) 0.36(4)
Alp B, (Az) 0.12(1) 0.20(1) 0.2154) 0.250(5) 0.33(1) 0.38(4) 0.2(1)
Al; By, (A2) | 0.19(3) 0.23(2) 0.21(1) 0.22(1) 0.34(2) 0.39(2) 0.2(1)/0.36(4)®
O By, (AD) 0.25(1) 0.30(1) 0.255(5) 0.295(6) 0.43(1) 0.51(6) 0.36(4)
6p (K) 634 506 853 760 628 578 690

2 All refinements used the Ia3d space group (#230). The numbers reported for the EXAFS fit are mean-square
relative displacement factors. The Debye temperatures shown, 6p, are the average of the values calculated
from the isotropic atomic displacement parameters.°# The anisotropic displacement parameters can be found
in the supporting information, Table S1. 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.



Figure 6. (a) View down the a-axis of the Rietveld-refined structure of Y; 94Cep 0sAlsO12
at 295K from 11-BM synchrotron X-ray data and HIPD neutron data, with the inset show-
ing an expanded view of a Y atom with bonds drawn to the surrounding O atoms. 99%
probability atomic displacement parameters are shown by blue, red, grey, and orange el-
lipsoids, which represent octahedral aluminum, tetrahedral aluminum, yttrium, and oxy-
gen 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 tetrahedral Al
atoms. The octahedral Al atoms were excluded from (b) for clarity.

The rigid YAG lattice is related to its high quantum efficiency. Whereas the X-rays

used earlier in this paper to accurately determine the unit cell have a form factor that
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decays rapidly with increasing Q, neutron scattering intensities essentially remain flat with
increasing Q, enabling a precise investigation of the atomic displacement parameters.>> A
simultaneous Rietveld refinement of synchrotron X-ray and neutron scattering therefore
yields a structural model of a material that accurately represents the long-range order and
ADPs. Rietveld fits of only synchrotron X-ray data tended to give smaller ADPs, while fits
using only neutron data gave slightly larger ADPs. The joint refinements used here gave
ADPs that were approximately the average of the ADPs from either neutron or synchrotron
X-ray data. As shown in Table 3, increasing Ce concentration correlates with increasing
ADPs. This is due to greater static disorder in the structure from distortions from the
substituted Ce ions, as well as an increase in the low-frequency phonon modes due to the
addition of heavier Ce atoms into the structure. The least-squares PDFGuUI fit to the PDF
out to 50 A gives larger isotropic ADPs than the Rietveld fit, which is due to the inclusion
of the local and long-range structures in the same refinement.

We hypothesize that the small ADPs from Table 3 are related to the high quantum
efficiency of YAG:Ce of around 90%. The ADPs found here, shown for the unit cell
from Y;.94Ce( 06AlsO12 with 99% probability in Figure 6(a), are slightly less than those
of yttrium-aluminum perovskite®® and MgAl,0,4,°” and about half of those of cerium-
aluminum perovskite.”® The small ADPs indicate a high degree of crystalline order and
small thermal motions of atoms, and decrease with decreasing temperature as expected.
This coincides with the increase of quantum efficiency at low temperature, 12 supporting
the relationship between small ADPs and high quantum efficiency. The mean-square rel-
ative displacements (MSRDs) from the EXAFS fit are much smaller than the ADPs found
from Rietveld analysis of the same sample; the ADPs from Rietveld and MSRDs of the EX-
AFS converge as the distance from Ce increases. Of course, caution must be taken when
comparing ADPs to MSRDs, since the MSRDs include correlated atomic motions. The
small MSRDs from the EXAFS fit are the result of the large size of Ce in the lattice, which

diminishes the amount of space available for nearby atoms to vibrate.
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The tight compression of Ce in YAG found from the RMC and EXAFS results, and the
small MSRDs near Ce are related to the low probability of non-radiative transitions and
high quantum efficiency of YAG:Ce. Small MSRDs around substituted Ce ions decrease
the accessible phonon energy levels that aid in quenching excited Ce®* electrons non-
radiatively, thereby decreasing the probability of non-radiative transitions.® A relationship
between high quantum efficiency and small ADPs is also supported by the Debye temper-
ature. The relationship between Debye temperature (6p), which gives an estimate of the
temperature at which the highest frequency vibrational mode of a crystal is excited,>* and
the average atomic displacement shows how less phonon modes are accessible at a given
temperature in a rigid lattice compared to a floppy lattice. For example, the average Ui,
measured here for YAG at 295 K is around 0.0093 A2 | corresponding to the previously mea-
sured 8p = 760 K.>” Another crystal structure, KGd(WO,),, with a lower 6 of 580K, has
an average Uy, measured as 0.020 A2,%0 indicating that at a given temperature, a higher
proportion of phonon modes will be populated in KGd(WO,), compared to YAG.

The isotropic ADPs can in fact be used to calculate the Debye temperature,®* and as
shown in Table 3, the Debye temperatures calculated in this fashion are typically less than
the literature value of 760K in the low-temperature limit, and greater than the literature
value in the high-temperature limit. The high temperature limit involves an assumption
that the measurement temperature is greater than 6p, 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 760K, which agrees with the typical trend of results for other crystal
structures in literature,®! but may also be due to static disorder in the samples and the
substutution of Ce for Y. As Ce is added to the lattice, 6 decreases, indicating that more
vibrational modes are accessible at a given temperature. This is consistent with the larger
mass of Ce, which is expected to increase the number of low-frequency Einstein modes

available to the system. Non-radiative transitions, which decrease the quantum efficiency,

can occur due to vibronic coupling and other phenomena associated with disorder and
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large amounts of vibrations near activator ions.” The decreasing 6 should therefore cor-
relate with an increase of non-radiative transitions and decreased quantum efficiency. Till
now, a decrease in quantum efficiency with increasing activator ion concentration has been
attributed to energy transfer between activator ions, but appears to also result from an in-
creased amount of accessible phonon modes at a given temperature. The smaller MSRDs
from the EXAFS fit result in an even smaller calculated 6p compared to the 6p from Ri-
etveld refinement ADPs, indicating that Ce locally sees a higher Debye temperature. This
decreases the non-radiative recombination pathways of a Ce** ion in the excited state, fur-
ther supporting the relationship between small ADPs/MSRDs and high quantum efficiency
in phosphors.

The rigid lattice exhibited by YAG is of course closely related to its structure. The
Y-Y and Al-Al connectivity forms a double-gyroid structure though Y-O-Y and Al;-O-
Alp—O-Al; pathways, shown as a simplified version of Y-Y and Alt—Al; connectivities in
Figure 6(b). The Al; and Alp network is formed by corner sharing of the Al polyhedra,
which would not typically happen with something with a higher charge and similar co-
ordination numbers, such as tetrahedral Si, per Pauling’s fourth rule of determining the
structure of ionic crystals.®? The high connectivity of the YAG lattice decreases the degrees
of freedom available for phonon modes, especially local Einstein-like modes, leaving few
vibrational modes to aid in non-radiative transitions of the unpaired Ce* electron from

the excited 5d to the 4 f ground state.

Probing the local structure around Ce’* by its paramagnetic effects on proximal ’Al
and %Y nuclei. Structural reasons for the high quantum efficiency of YAG:Ce have also
been investigated here by spectroscopic methods, which offer a means to probe materials
in a way that is complementary to scattering methods. For example, solid-state NMR spec-
troscopy can be used to accurately quantify nuclei by phase or crystallographic site in a

material, which can be compared to results from scattering. NMR also enables selective
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Figure 7. (a) Single-pulse solid-state 2’Al NMR spectra (24kHz MAS) of Y;_,Ce,AlsO;>
taken at 295K and 18.8 T with varying amounts of Ce>* substitution in Y;_,Ce,Al;O;, as
indicated. The small signal near —15 ppm is from octahedral >’Al nuclei near substituted
Ce. (b) Solid-state >’Al NMR saturation recovery spectra (14kHz MAS) on the octahedral
27Al signals of Y».04Ce(6AlsO1> at 295K and 11.7 T, showing that the —15ppm signal
saturates much faster (has a shorter 7 relaxation time) than the bulk octahedral signal.
Contour lines are at relative intensity levels of 0.1, 0.2, 0.5, 1, 1.5, 2.0, 2.5, 3.0, and 3.3.
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Figure 8. (a) Cerium composition in Y;_,Ce,Al;0;, as calculated from fits to 1D single-
pulse solid-state 2’Al MAS NMR spectra and (b) FWHM (T, open circles) from the same
fits. The line in (a) is the y = x line of Ce composition, x. Ce concentration, x, was found
from the fits by taking the relative integrated intensity of the octahedral 2’Al compared
to the entire octahedral ?’Al region and dividing by 4 (for the number of ?’Al nuclei in
the first coordination shell around Ce), and multiplying by 3 to normalize for the nominal
composition, Y3_,Ce,AlsO1,.
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investigation of the local electronic environment of one particular nucleus, while conven-
tional scattering methods must probe all atoms in a material at once. In YAG:Ce, the 100%
naturally abundant >’Al and #°Y nuclei enable such a selective and quantitative analysis
that provides unique information complementary to the scattering and XANES/EXAFS re-
sults. 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* dopant ions. The 1D
single-pulse 2’Al spectra in Figure 7(a) of Y3_,Ce,AlsO;, with x =0, 0.02, 0.04, 0.06, and
0.08, shows the resolved 2’Al signals located at 77 ppm and 1.3 ppm, associated with the
tetrahedral and octahedral ?’Al sites, respectively. These results confirm that the samples
are highly crystalline and single-phase, and are in good agreement with previous measure-
ments of undoped YAG.%3-%> As Ce is added, broadening of both signals is observed, and a
second octahedral signal appears near —15 ppm. The relative integrated signal intensities
of the two types of ?’Al signals from all samples agree well with the expected 3:2 ratio
for the tetrahedral:octahedral >’Al nuclei in YAG, including the signal near —15 ppm in the
octahedral ?’Al population. The signal near —15 ppm has been previously regarded as an
impurity,®® but is in fact the signal from the first coordination sphere of 2’Al nuclei near
paramagnetic Ce3* in YAG:Ce. Such a peak assignment is supported by a linear increase of
the integrated intensity with increasing Ce concentration, as shown in Figure 8. This has
never before been reported in cerium-doped YAG, though displacement and broadening
of 27Al and #Y NMR spectra due to substitutions of rare-earth ions has been observed in
the past in YAG:Tb,%7 stannates,®8 and pyrochlores.® Materials prepared with or without
BaF, and NH,F fluxes yielded nearly identical 1D single-pulse solid-state 2’Al MAS NMR
spectra as shown in supporting information Figure S2(a), showing that the local environ-
ment of Ce is not affected by the use of BaF, and NH,F flux in the preparation of the
YAG:Ce materials. This observation suggests Ba does not substitute into the lattice in sub-
stantial amounts, consistent with the large energy (from DFT calculations) associated with

Ba substitution on the Y site of around 5 eV.”°
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Table 4. Ce-X distances from the HIPD/11-BM 295 K Rietveld refinement, with parame-
ters from fits to the 2’Al and 3Y NMR spectra for Y, 94Ceq ¢6Als012.2

Coord. Number Ce-X Calculated Fitted r Population
Atom shell of nuclei r (A) Oiso (ppm)  Oi5o (ppm) (ppm) Ty (s) (%)
6-coord. bulk 1.26 2.14 6.55 71.5
27A1 1 2 336 —27.2 —15.0 2.52 0.318 4.25

1 2 3.36 21.6 —~15.0 252 0.318 4.25

2 2 541 6.1 3.15 212 244 4.0

2 2 541 1.7 bulkP bulkP

3 4 6.88 —1.7 —~1.18 229 582 7.9

3 4 6.88 2.3 3.15 212 244 8.1
4-coord. bulk 77 86.9
27A1 1 2 3.00 105.4 108¢

2 2 3.68 61.5 70.5 3.4

2 2 3.68 84.7 70.5 3.4

3 2 5.62 80.4 bulkP

3 2 5.62  73.0 bulkP

3 4 5.62 777 bulkP
9y bulk 222 2.6 67.0

1 2 3.68 206 237 2.9 5.5

1 2 3.68 229 237 2.9 5.5

2 2 5.62 225 225 2.1 5.5

2 2 5.62 218 212 2.0 11.0

2 4 5.62 223 bulkP

3 2 6.00 226 225 2.1 5.5

4 The calculated paramagnetic displacement (J;,) was obtained from Equation 1, fitted
displacements of octahedral/tetrahedral 2’Al and 8°Y, FWHM (I"), and populations are
from fits to the data using DMFIT, and 7} relaxation times were measured from saturation-
recovery experiments. The octahedral ?’Al peaks were modeled with Gaussian peaks.

b "Bulk" indicates the signal was assumed to coincide with the bulk signal.

¢ The fitted value is from the 23.5 T spectra in Figure 10.

29



Calculation of the Ce concentration from the relative integrated intensities of the — 15 ppm
signal shown in Figure 8(a) reveals a linear increase in the amount of octahedral ?’Al nu-
clei in the first coordination sphere around substituted Ce, which matches the nominal
compositions. This indicates that all the Ce in the starting materials has been incorporated
into the YAG lattice, in agreement with the 11-BM synchrotron X-ray Rietveld refinement
results, which showed linear expansion of the unit cell with Ce incorporation. Additionally,
for the displacement of the octahedral >’ Al NMR signal to occur, Ce must be in the 3+ state
so that it is paramagnetic. Therefore, the quantitative results in Figure 8(a) also demon-
strate that all of the Ce in the lattice must be in the 3+ state, corroborating the XANES
result. The full width at half maximum (I') values in Figure 8(b) show a linear increase
with Ce content, indicating a larger amount of inhomogeneity in the local electronic envi-
ronment of the octahedral ?’Al nuclei nearest Ce with increasing Ce substitution. Finally,
since the paramagnetic displacement of the signal from octahedral ?’Al sites near Ce™ is
additive with the amount of proximal Ce* ions, a 2’Al nucleus bordering two Ce** ions
would resonate around —30 ppm.%8:%%71 The signal around —30 ppm from such %’Al nuclei
is only discernible from the noise in the spectrum of the x = 0.08 material since the rela-
tive population of this peak is very small. Quantification of the spectra from the x = 0.08
material results in about 0.44% of octahedral Al in the material being found near 2 Ce**
ions, in good agreement with the 0.40% expected in a random distribution of Ce3* in the
lattice. This result agrees well with the RMC result, which showed a random distribution
of Ce in the YAG lattice.

The displacement of octahedral 2’Al signals due to proximal Ce** ions is a result of
through-bond sharing of the Ce3* 4f electron spin density with the surrounding lattice
(the Fermi "contact" shift) and/or a through-space dipolar interaction ("pseudocontact"
shift) between the unpaired Ce3" 4f electron with the 2’Al unpaired nuclear spins. %72
The equation for fractional displacement in nuclear resonance frequency due to the dipolar

contribution is”!
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where

F=A3(r*) (3cos*0 — 1) (J || ]| J). (2)

The angular factor, F, assumes axial symmetry of the lanthanide site. The terms g =
6/7, J =5/2, and (J| «||J) = —0.0571 are constants specific to Ce**.7! The value A9 =
—159cm™! is a crystal field parameter for Ce>" in YAG,”® and the value of (r?) for the

Ce’t J =5/2 state is 1.193 (in atomic units).”*
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Figure 9. Fits to the (a) tetrahedral and (b) octahedral components of the 1D single-pulse
solid-state 2’ Al NMR spectra (24 kHz MAS) of Y, 94Ce( ¢6AlsO1» taken at 295K and 18.8T.
The fits have been offset from the data for clarity. (c) Normalized integrated intensities of
27Al signals from the bulk, 1st, 2nd, and 3rd coordination shells around substituted Ce>*
from the saturation-recovery experiment shown in Figure 7(b). The solid lines show the
exponential fit to the data (integrated intensity = M?(1 —e™" /T)). The T; relaxation time
decreases with decreasing 2’ Al-Ce** distance, indicating increasing 2’ Al-Ce3* interaction
strength with decreasing distance.

31



The internuclear distances from the HIPD/11-BM 295 K Rietveld fit along with isotropic
chemical shifts calculated from Equation 1 and actual (fitted) isotropic chemical shifts in
Table 4 show the direction of the paramagnetic displacement is correctly predicted for the
2nd and further coordination shells around Ce3*. The octahedral 2’Al nuclei nearest a
substituted Ce3* is predicted to be displaced in both the positive and negative directions
from Equation 1, since these 2’Al nuclei are at differening angles from the anisotropic Ce>*
unpaired electron spin density. However, this signal is only displaced in the negative direc-
tion to —15 ppm from the bulk signal around 1 ppm. This indicates that the primary source
of the displacement is the Fermi "contact" shift, which is consistent with a de-localization
of the Ce** 4f spin density with the nearest octahedral 2’ Al nuclei. Equation 1 successfully
predicts the direction of the displacements of the next two coordination spheres of octahe-
dral ?’Al around a substituted Ce>* ion. This indicates that the Fermi "contact" shift plays
a significant role for only the first coordination sphere of octahedral ?’Al around Ce’*,
and dipolar interactions ("pseudocontact" interactions) dominates the second and further
coordination spheres of octahedral Al near Ce3*.

Figure 9(a),(b) shows the excellent fits to the single-pulse >’ Al NMR spectra obtained
using these predicted displacement directions for Y 94Ce 0sAl5017; similar results are ob-
tained for the other single-pulse 2’Al spectra. The population of the ?’Al nuclei corre-
sponding to the —15 ppm signal amounts to 4 times the Ce concentration in the sample.
This is consistent with the first coordination shell of octahedral Al atoms around Ce, which
contains 4 Al atoms equidistant to Ce (see Table 4). Integration of the signals at 1.3 ppm
(bulk), 3.2 ppm (2nd and 3rd shells), —1.2 ppm (3rd shell), and —15 ppm (1st shell) yields
populations of 71.5 : 12.1 : 7.9 : 8.5, meaning that the largest displaced signal (cor-
responding to 12% of the population at 3.2 ppm) is a mixture of the second and third
coordination spheres of 2’Al nuclei around Ce3*. This leaves the signal at —1.2 ppm to be
due to half of the 3rd coordination sphere. These paramagnetically-displaced signals have

linewidths (I') which range from being equivalent to the bulk signal to being 20 % larger
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than the bulk signal. The broadening of the spectra is likely primarily due to the effect
of paramagnetic Ce*>* on the surrounding nuclei,” but may also be due to non-uniform
environments of the 2’Al nuclei around Ce3*. These small I's indicate a high degree of or-
der and little distortion of the local environment of >’Al nuclei near substituted Ce**. This
supports the Rietveld analysis showing a high degree of crystalline order of the YAG:Ce ma-
terials from small ADPs, and the EXAFS results showing small MSRDs of Al atoms around
Ce in YAG.

Quantification of the octahedral portion of the ?’Al spectra on its own offers a convinc-
ing argument for a random distribution of Ce ions that have been all reduced to Ce>" in
the YAG lattice, but this conclusion is further supported by examining the spin dynamics of
YAG:Ce. Nuclei near substituted Ce*" are expected to relax much faster than bulk nuclei
due to dipolar interactions between Ce>* and nearby 2’Al nuclei.®® The signal from the
faster-relaxing species can be isolated from that of the bulk by simply using a short recycle
delay. However, a more elegant method to probe the spin dynamics of these materials is to
use a saturation-recovery experiment, which is shown for Y; 94Ce 9sAl5O1, in Figure 7(b).
The paramagnetically-displaced octahedral >’Al signal near —15 ppm saturates in intensity
much faster than the other octahedral >’Al signals around 1 ppm, consistent with the con-
clusion that the 2’Al nuclei which resonate near —15 ppm are proximal to Ce3* in the YAG
structure. Integrated areas from fits to each spectra result in build-up curves shown in Fig-
ure 9(c), from which T; relaxation times can be extracted by fitting the curves of integrated
intensity as a function of time with an exponential function.”® The measured relaxation
time of the signal at 3.2 ppm is the result of a mixture of 2nd- and 3rd-coordination sphere
27Al nuclei, which means the relaxation time of the 2nd-coordination sphere 2’Al nuclei is
likely much less than the value in Table 4, since the 3rd-coordination sphere %’Al nuclei
contributed heavily to the signal intensity of the 3.2 ppm signal. From Figure 9(c) and
Table 4 it can be seen that the 7} relaxation time decreases with increasing distance from

Ce3* in the YAG structure. This indicates a weaker interaction between 2’Al and Ce3* as
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the 2’Al-Ce3* distance increases, and supports the fit to the octahedral part of the 27Al
spectra in Figure 9(a).

The tetrahedral >’Al signal from Y;_,Ce,AlsO1, is expected to behave analogously to the
octahedral signal, but is not as simple to analyze due to the wide Pake pattern which results
from a large quadrupolar moment of around 6 MHz.%* However, a single peak cannot fit
the data well, as demonstrated in Figure 9(a), consistent with paramagnetic displacements
of the tetrahedral 2’Al signal from proximal Ce3* ions. The first coordination sphere of
tetrahedral >’Al around a substituted Ce>™ is in fact shifted to a higher frequency of around
110 ppm, which was only seen by using a field strength of 23.5T, as discussed presently.
Two tetrahedral peaks describes the data around 70 ppm well, as shown in Figure 9(a),
with a population of the smaller peak of around 7%. This only matches the concentration
of Ce well if this peak is assumed to come from the entire second shell of tetrahedral >’Al
nuclei around Ce**. From a random distribution of Ce**, the population from the second
shell of tetrahedral *’Al nuclei around Ce** would be 8%, is good agreement with the
fitted amount of 7%.

To further investigate the local structure around Ce3* ion in YAG and confirm the model
from the 18.8 T measurements, >’Al measurements were carried out at a high spinning
speed of 60 kHz and high field strength of 23.5 T for extremely high resolution. The spec-
tra of Y».91Ceg 09AlsO1», shown in Figure 10, reveals details of the local structure near Ce>*
not observed in the 18.8 T measurements. The same octahedral ?’Al peak near —15 ppm
with one Ce’™ ion in its first coordination shell is still visible, but two peaks near —30 ppm
are now visible, which are due to octahedral ?’Al nuclei with two Ce3* ions in their first
coordination shell. Since the paramagnetic displacement of the signal from 2’Al sites near
Ce’* is additive with the amount of Ce nearby, the assignment of the —30 ppm peak is con-
sistent with what was observed in the x = 0.08 material at 18.8 T, and with what was found
in previous studies of paramagnetic ions in solids.%8-%%71 The two peaks near —30 ppm in-

dicate two distinct local environments of octahedral 2’Al nuclei with two Ce3t in their
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Figure 10. (a) Single-pulse solid-state 2’ Al MAS NMR spectra of Y5 91 Ceq g9AlsO1, acquired
at 295K, 23.5 T, and 60 kHz MAS with (b) a 40x expansion of the intensity axis. Asterisks
indicate small amounts of impurities. The inset depicts the local structures of Al; and Alg
species near one Ce3* dopant ion (depicted by a yellow sphere), which are associated with
the signals labeled as Al;(1Ce) and Alp(1Ce).
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first coordination shell. There is also a small shoulder on the low-frequency side of the
—15 ppm peak, which may be due to octahedral ?’Al nuclei with one Ce3* ion in the first
coordination shell, and another in a further coordination shell. Measurement of the T;
times confirms the assignment of the peaks, giving relaxation times of 6.5s for the bulk
peak, 138.9ms for the —15ppm peak (octahedral 2’Al nuclei with one Ce3* in the first
coordination shell), and 57.7 ms for the —30 ppm peaks (octahedral ?’Al nuclei with two
Ce’" in the first coordination shell). The ratio of the bulk peak : —15 ppm peak : —30 ppm
peak from integration of the spectra is 1 : 0.1402 : 0.0073, which compares well with the
expected ratio from a random distribution of Ce3*, 1 : 0.1237 : 0.0057.

Similarly, the 23.5 T 2’Al spectra sheds new light on the tetrahedral portion of the spec-
trum, revealing a signal from tetrahedral >’Al with one Ce®* ion in the first coordination
shell, resonating near 110 ppm. The assignment of this peak is again confirmed by re-
laxation time measurements, which gave a T} of 1.9s for the bulk tetrahedral ?’Al peak
and 49.9ms for the 110 ppm peak (due to tetrahedral 2’Al with one Ce* ion in the first
coordination shell). The displacement direction is consistent with the prediction given in
Table 4 from Equation 1, and nearly the same value. This suggests the interaction of first
coordination shell tetrahedral 2’Al nuclei with Ce** in YAG:Ce is dominated by the dipo-
lar mechanism, despite the shorter distance between tetrahedral ?’Al and Ce** compared
with octahedral 2’Al nuclei with Ce**. The relative populations of the bulk tetrahedral
27Al peak : 110 ppm peak from integration are 1 : 0.0503, close to the ratio of 1 : 0.0619
expected from a random distribution of Ce3*. The displaced tetrahedral 2’ Al peak was not
observed in the 18.8 T spectra, possibly due to nearby spinning sidebands or the broad
Pake pattern and small population, which likely broadened the signal into the baseline.

A T -filtered experiment can be used as another confirmation of the previous analysis,
since slower-relaxing species, such as the bulk 2’Al signal, can be isolated from faster
relaxing species by using a Ti-filter. Such an experiment on Y5 94Ceg 0sAlsO1, yields the

spectra in supporting information Figure S3, which shows an absence of intensity around
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the —15 ppm signal corresponding to the 1st coordination shell of ?’Al around Ce**. There
is also missing intensity around the shoulders of the bulk signal, corresponding to the 2nd
and 3rd coordination shells of octahedral 2’Al near Ce*. Fits to the octahedral region of
the 2’ Al NMR T;-filtered spectra and the difference between the single-pulse and 7;-filtered
spectra confirm the model in Figure 9(b), since in the 7j-filtered spectra there is a lack of
intensity where the 1st and 2nd shell 2’ Al signals would otherwise be in a fully-quantitative

1D single-pulse 2’ Al MAS NMR spectra.
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Figure 11. 1D single-pulse solid-state 3°Y NMR spectra (6 kHz MAS) of Y3_,Ce,Als0,, with
(a) x =0 and (b) 0.06 taken at 295K and 19.6T. (b) Fit to the x = 0.06 Ce3*-substituted
material, with the difference between the fit and data shown below the spectra. The fit
has been offset from the data for clarity.

The paramagnetic effects of the Ce* ions in Y3_,Ce AlsO;, displace the NMR signals
of other nuclei as well, such as %Y, as shown in the 1D single-pulse solid-state 3°Y MAS
NMR spectra in Figure 11. The undoped YAG material shows a single signal at 222 ppm,

which agrees well with previous reports.®>77 Upon Ce3*t substitution, a separate signal
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appears near 237 ppm, the central signal at 222 ppm broadens, and a shoulder appears on
both sides of the bulk signal at 222 ppm. These effects are similar to those observed in the
Z7Al spectrum, and are due to the paramagnetism of Ce’" in YAG. Equation 1 predicts a
+8 ppm displacement for two Y nuclei and a —15 ppm displacement for the other two Y
nuclei in the first coordination sphere (r = 3.68 A) around a substituted Ce3* ion (Table 4).
However, it appears the displacement occurs only in the positive direction for the first co-
ordination sphere, indicating the interaction with Ce3* is dominated by the Fermi contact
shift, similar to the effects seen in the >’Al NMR spectra. The displacement direction is
in the opposite direction of that observed for the first coordination sphere of octahedral
27Al nuclei around Ce3* ions. This is consistent with the fact that the Fermi contact shift is
inversely proportional to the gyromagnetic ratio of the resonating nucleus, since the signs
of these physical constants are opposite for >’Al and 3°Y nuclei. The next two coordination
spheres of #Y around a Ce** ion appear to interact with Ce3* primarily by the through
space (dipolar) mechanism. The magnitudes of the calculated displacements are less than
the fitted values, which is opposite the trend found in the 2’Al spectra. The integrated
population from the Y spectra of Y»94Ce0sAlsO1, of the first coordination sphere of Y
around Ce>T correspond to x = 0.0825, larger than the nominal value of 0.06. However,
this is likely due to the very long 7; relaxation time of 3°Y nuclei. Since the Y nuclei
near Ce3t will relax faster than other 3°Y nuclei, the 8°Y nuclei near Ce®>* ions will have
a signal larger than expected if the delay time is not sufficiently long to allow for a fully
quantitative spectra, as is likely the case here.

Electron spin density sharing (the Fermi “contact" shift) out to ca. 3.6A in YAG is
consistent with previous observations of interactions of lanthanide-substituted inorganic
materials. For example, purely dipolar interactions between paramagnetic lanthanides
and '°F were observed in CaF, with the next-nearest neighbor at 4.53 A, but Fermi contact
was found to affect the nearest F at 2.63 A.7%79 Since the YAG lattice is more covalent than

CaF, (based on O and F electronegativities), Fermi contacts at larger distances are not
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surprising. Past this first coordination sphere, the pseudocontact shift reasonably predicts
the displacement directions and relative magnitudes. The sharing of electron spin density
through bonds in YAG reflects the highly connected and compact nature of the structure
also observed through the scattering techniques. This connectivity leads to a rigidity that
tightly holds Ce** atoms in YAG:Ce, leading to the large crystal field splitting of Ce** in
YAG and the high quantum efficiency as seen from EXAFS and ADP analyses. The rigidity
and reluctance of the YAG lattice to deform, even with such a large dopant ion as Ce>*, is

also reflected in the very narrow linewidths of the paramagnetically-displaced peaks.
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Figure 12. Powder EPR data of Ce’* in Y;_,Ce,AlsO, taken at 4K and 9.4 GHz with
compositions as labeled in the figure. The bottom spectrum is a simulation of the x = 0.06
material with 6 different Ce>* sites.

Evidence for Ce—Ce pairs by direct observation of the Ce>* electronic environment.
While solid-state NMR spectroscopy is a sensitive tool for probing the local environment of

the 2’Al and 3°Y nuclei in Y;_,Ce,Al501,, EPR can be used on phosphor materials to inves-
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Table 5. Components
of the g-tensor from the
powder EPR spectra of
Y2 94Ce 06AlsO1, taken at
4K and 9.4GHz. The
rows of g-factor compo-
nents do not necessarily
imply that the each row is
from the same Ce site. 2

8x 8y 8z

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

tigate the local environment of the activator ions’ unpaired electrons. The EPR spectra of
Ce’* in Y3_,Ce AlsO1, (x =0.02, 0.04, 0.06, 0.08) in Figure 12 (taken at 4 K) shows the pri-
mary Ce* 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 liter-

ature, 8081

and the broad range of g-tensor values indicates a large electron spin density
anisotropy. Spectra from YAG:Ce materials with varying Ce concentrations show the same
features. Similarly to the 1D single-pulse solid-state 2’ Al MAS NMR spectra, the solid-state
EPR spectra of YAG:Ce prepared with and without BaF, and NH,F fluxes looks nearly iden-
tical, as shown in Figure S2(b). This corroborates the 27A]1 NMR result that BaF, and NH,F
fluxes do not affect the local environment of Ce** in the YAG lattice. Double integration
(DD of the EPR spectra yields a linear increase in DI value with Ce content (supporting
information Figure S4(b)), suggesting all Ce is incorporated into the YAG lattice and is re-
duced to Ce’" during the reaction, corroborating the XANES, synchrotron X-ray, and %’Al
NMR results. The I of the main signal in the EPR spectra at B, = 2480 G varies linearly with
Ce concentration (supporting information Figure S4(a)), which indicates the presence of

Ce-Ce dipolar couplings.8? Small satellite signals reside near the main Ce3* signals, which

have been previously attributed to Ce3t in slightly disturbed (distinct) lattice sites in both
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YAG®® and YAIO;83 EPR spectra. There appear to be six distinct Ce sites in the YAG:Ce
lattice, manifesting six sets of distinct g-tensor values shown in Table 5. The small satellite
signals are present near all three major features in the spectra, shown in supporting infor-
mation Figure S5. A simulation using the parameters in Table 5 shown at the bottom of
Figure 12 shows that the data can be simulated well with six distinct Ce sites.

To confirm that the satellite signals were from Ce** and not another unpaired electron,
temperature-dependent EPR spectra were taken for the Y, 94Ce 0sAlsO;, material. Since
the satellite signals remained present, and broadened at the same rate as the main YAG:Ce
signals with increasing temperature, the satellite signals were confirmed to come from
Ce’* in YAG. The linewidths of the peaks were found to follow the Orbach law, and the y
of the signal at 2480 G was fitted using the equation I" = (¢2/%87) — 1)~ - C.8485 From the
fit shown in supporting information Figure S4(c), a value of 14 cm™~! was obtained, which
is the splitting between the lowest two 2F5 , levels of Ce’*.

A previous EPR study attributed the satellite peaks to Ce in disturbed lattice sites,
but was unspecific as to what the perturbation was.8 A separate study correlating the
concentration of Ce in YAG to the optical properties suggested that some lower-energy
Ce3* sites are present in YAG:Ce, which may be due to perturbed lattice sites or Ce—Ce
pairs in the structure. 1® For the x = 0.06 material measured here, a random distribution of
Ce in the lattice would result in about 8% of Ce—Ce pairs. A fit to the g, region (shown in
supporting information Figure S5) reveals the population of the satellite peaks in the EPR
spectrum constitutes around 8.8 % of Ce ions. This agrees quite well with the population of
Ce—Ce pairs expected for a random distribution of Ce in the YAG lattice of 8%, suggesting
that the satellite peaks and previously observed lower-energy Ce3* sites result from two
Ce atoms in neighboring and/or nearby Y sites. This also corroborates the RMC and %Al
NMR results, which are consistent with a random distribution of Ce in the YAG lattice. The
EPR result also agrees well with the 23.5 T 2’ Al NMR results, which showed that there are

at least two distinct environments of octahedral 2’Al nuclei with two Ce3" ions in their
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first coordination shell.

CONCLUSIONS

A combined spectroscopic and scattering study has revealed detailed insights about the
local structure of the Ce3* ion in Y3_,Ce,AlsO;,. Synchrotron X-ray scattering showed that
the YAG unit cell expands slightly with increasing amounts of Ce (about a 0.03% increase
from x = 0 to x = 0.06). Ce K-edge XANES and ?’Al NMR results show that all the Ce in
the YAG lattice is reduced to Ce3*, and that the lattice near substituted Ce is well ordered
and rigid. Ce K-edge EXAFS reveals a 3% expansion in Ce-O bond distance compared to
the Y-O average structure distance, and small MSRDs near Ce, which is related to the high
quantum efficiency in YAG:Ce. The distortion of the YAG lattice around substituted Ce
decreases with increasing distance from Ce, and is measurable up to the 5th coordination
shell (3.7 A) from the EXAFS data presented here. Analysis of ADPs and calculation of the
Debye temperature from the ADPs shows YAG is a very rigid lattice, with many phonon
modes being unaccessible at LED operating temperatures. The observed decrease in 6p
with increasing Ce substitution is related to the quenching of luminescence with increasing
Ce substitution, since more phonon modes are available at a given temperature for YAG
materials with a higher Ce content. RMC simulations, 2’ Al NMR spectra, and EPR results
are all consistent with a random distribution of Ce in the YAG lattice. 2’Al and %°Y NMR
experiments also show that the unpaired 4 f electron in Ce3* causes a displacement in the
NMR signal of nearby nuclei, as well as a greatly shortened 7} relaxation time of nearby
nuclei. Integration of >’Al NMR results with Ce composition show the nominal amount of
Ce is indeed randomly incorporated into the lattice as Ce3". EPR spectra of the YAG:Ce
phosphor show small satellite signals around the main absorption signals, resulting from
Ce—Ce pairs present in the amount expected from a random distribution of Ce in the YAG

structure.
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