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Abstract
The oxide garnet Y3Al5012 (YAG), when a few percent of the activator ions Ce**

substitutes for Y*, isa luminescent material widely used in phosphor-converted white



lighting. However, fundamental questions surrounding the defect chemistry and lumi-
nescent performance of this material remain, especially inregard to the nature and role
of vibrational dynamics. Here, we provide a complete phonon assignment of YAG and
establish the general spectral trends upon variation of the Ce*" dopant concentration
and temperature, which are shown to correlate with the macroscopic luminescence prop-

erties of Y3_xCexAlsO12. Increasing the Ce 3* concentration and/or temperature leads

to a red-shift of the emitted light, as a result of increased crystal-fi splitting due to
alarger tetragonal distortion of the CeOs moieties. Decreasing the Ce** concentration
or co-substitution of smaller and/ or lighter atoms on the Y sites creates the potential to
suppress thermal quenching of luminescence because phonon modes important for non-
radiative relaxation mechanisms are upward-shifted and hence less readily activated. It
follows that design principles for finding new Ce*" doped oxide phosphors emitting at
longer wavelengths require tetragonally distorted environments around the CeOg moi-
eties, and a sufficiently rigid host structure and/ or low activator-ion concentration to

avoid thermal quenching of luminescence.
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INTRODUCTION

Phosphor-converted white light emitting diodes (pc-WLEDs) are efficient light sources used
in lighting, high-tech displays, and electronic devices. The most widely used type of pc-
WLED:s is composed of an (In,Ga)N-based blue LED that is used to excite either a yellow
phosphor or a combination of phosphors resulting in the emission of white light. The phos-

phorsusually consistofacrystallinehost material containinga smallamount of activatorions

that serve as luminescent centers. Adthoughtheactivatorionshaveintrinsie characteristies
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Of specific concern for this work is cerium-doped yttrium aluminum garnet (Y3_.CeAlsO»,

YAG:Ce’"), which is widely considered as the most important phosphor for pc-WLEDs.
The YAG structure can be described in terms of a 160-atom body-centered cubic unit cell

(80 atoms in the primitive cell) of the O} (Ia3d) space group.” The primitive cell com-

prises four YgAIVIz(A|IVO4)3 units, where the superscripts VI and IV refer to octahedral and

tetrahedral coordination, respectively. Therefore, there are two sites for the Al atoms: AIVI

occupies Wyckoff position 8(a) with Sg site symmetry, whereas Al'Y

occupies Wyckoff posi-
tion 12(d) with S, site symmetry. The AlO4 and AlOg moieties can be regarded as slightly
distorted tetrahedra and octahedra, respectively,® and approximately assigned to the point
group symmetry of regular tetrahedra and octahedra, Tq and Oy, respectively. The O atoms
occupy Wyckoff position 48(h) with C; site symmetry and each O atom is shared with two
YOs moieties, one AlOg moiety, and one AlO4 moiety. The Y3* ions are situated at Wyckoff
position 12(c) with D, site symmetry. Each Y** ion is dodecahedrally coordinated to eight
O atoms that are shared with the neighboring two AlO, tetrahedra and four AlOg octahedra
(Figure 1). The YOg dodecahedra are tetragonally distorted, resulting in two different Y-O
distances (d; and d, in Figure 1).°!! The degree of tetragonal distortion, which may be

tuned via methods such as cation substitution on the Al sites as in Y3Als_,Ga,O;,:Ce 3+,9'12
has been shown to correlate with a shift of the emission spectrum towards longer wave-
lengths (red-shift) and is therefore likely to be an important local structural property for the
lighting characteristics of garnet type phosphors. Furthermore, recent results obtained from
neutron and X-ray total scattering experiments combined with reverse Monte-Carlo (RMC)
modeling, X-ray absorption spectroscopy, and nuclear magnetic resonance (NMR) studies,

suggest that the Ce** doping leads to pronounced local structural disorder and softening of

thecrystalstructure, whichcorrelates witha decreasein the emissionintensity of theemitted
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Figure 1: (a) Schematic illustration of the unit cell of YAG, with the tetrahedral AlIO, moi-
eties distinguished in purpleand the octahedral AlOs moieties distinguished in turquoise. Y
atoms occupy Wyckoff position 12(c) and are dodecahedrally coordinated with eight nearest
oxygens that are shared between two AlO, tetrahedra and four AlOg octahedra. Octahe-
drally coordinated Al"), tetrahedrally coordinated Al'Y, and O atoms are situated at Wyckoff
positions 8(a), 12(d), and 48(h), respectively. (b) A close-up of the local coordination of
an Y atom. The atomic distances of the first shell (Y-O) and the second shell (Y-O) are
labeled by d; and d, respectively.

light.!! However, as opposed to these previous studies, which have been primarily focused on
therelationship between static structure and light-emitting characteristics, few studies have
focused on the role of the dynamic structure, i.e. the vibrational dynamics at and near the
activator ion sites, on the macroscopic luminescence properties of YAG:Ce™. In particular,

while previous vibrational spectroscopy studies of garnet type oxides, €.g., by Raman and

8,13-17 8,

infrared (IR) spectroscopy, group-theoretical predictions,®!® and theoretical calcula-

tions,'**?” have provided important information of the vibrational dynamics in YAG and
its doped variants, including the assignment of optically active phonon normal modes,3>-2
no study has provided a complete phonon assignment in terms of the vibrational ampli-

tudes of the motions of the individual AlO., AlO¢, and YOy moieties which constitute the

garnet structure.

e.g ]Q;l Raman and infrared (IR) S]]E:t]:DS:D]];Z 8,13-17 g]:m]p-them:etj:a] ]Q]:Ej].:t].D]DS 8,18




thegarnetstrueture—Furthermore, due to the low Raman scattering cross section for some

of the (in principle) Raman-active modes, not all group-theoretically predicted modes have
been experimentally identified to date. Additionally, the optically-silent modes in YAG that
might be observable with other techniques, such as inelastic neutron scattering (INS), have
not been studied before. By studying these properties, we, in this work, aim to decompose
each phonon normal mode into the individual motions of AlO,, AlO¢, and YOs moieties, to
determine how the spectral features depend on both Ce** concentration and temperature,
as well as to investigate to what extent the vibrational dynamics may be manipulated as a
means for optimizing luminescence properties, such as color and intensity of the emitted light.
To this end, we present a systematic analysis of the vibrational dynamics in Y;_,Ce,AlsO;,,

as a function of Ce** concentration (x = 0-0.09) and temperature (T = 80-870 K), using a

combination of Raman and IR spectroscopy, INS, and ab-initio calculations based on density
functional theory (DFT). By analyzing experimental and computed vibrational spectra we
provide a complete assignment of the vibrational modes and establish the general spectral
trends as a function of Ce’* dopant concentration and temperature, which are shown to
correlate with the color and intensity of the emitted light excellentluminesecence properties
of YAG:Ce’". Since our results are the consequence of the symmetry relations intrinsic to
the garnet structure, our findings can be expected to be generally applicable to materials of
this type and thereby provide a route for tuning optical properties, such as light emitting
color and intensity, that depend strongly on the static and dynamic structure of the host
material around the luminescent centersin phosphors based on 5d-4f transitions. Moreover,
similar matters concerning the local structures near substituent ions are important to the

properties of other oxides used as thermoelectrics,* multiferroics,? proton conductors,*



and in photovoltaic applications.**

EXPERIMENTAL

Sample Preparation

Samples of Y3_xCg,AlO,, with x = 0, 0.03, 0.06, and 0.09 (YAG, YAG:1%Ce*", YAG:2%Ce*",

and YAG:3%Ce™, respectively), were prepared using conventional solid-state preparation
methods. Starting materials consisting of stoichiometric amounts of Y,0; (Sigma-Aldrich,
99.9% purity), Al,O; (Sumitomo AKP-50, 99.99% purity), and CeO, (Cerac, 99.9% purity),
were ground with an agate mortar and pestle, placed in alumina crucibles, and fired at
1600 °C for 96 h in an alumina tube furnace under a 0.2 L/ min gas flow of 5% H,/N,. After
the starting materials had reacted, the phosphor cakes were ground with an agate mortar
and pestle into fine powders. Further details of the sample preparation and characterization

can be found in ref. 11.

Infrared Spectroscopy

IR spectra were measured in transmittance over the range 50-900 cm™ using a Bruker IFS
06v/s spectrometer equipped with a deuterated-triglycine sulfate detector and exchangeable
beam splitters; a Mylar 6 beam splitter was used for the range 30-680 cm™ (far-IR) and a
KBr beam splitter for the range 370-900 cm™ (mid-IR). The powder samples were homoge-
neously dispersed to ~2-5wt% in 0.1 g of polyethylene (PE) powder and 0.1 g KBr powder,
respectively, and thereafter pressed into cylindrical pellets underaload of 7 tons. These pel-
lets were subsequently used for measurements in the far-IR (PE pellets) and mid-IR (KBr
pellets) range, respectively. Spectra of pure PE and KBr pellets were used as reference spec-
tra. Absorbance-like spectra were derived by taking the logarithm of the ratio of reference
and sample spectra.

High-temperature IR spectra (300-780 K) were recorded using a heating block attached
6



to the sample chamber module of the Bruker IFS 66v/s spectrometer, and with a pellet
containing 0.24 wt% of sample (YAG or YAG:Ce*") in 0.45 g Csl. The reason for using CsI
rather than PE and KBr matrix materials for these measurements is related to the fact that
PE melts at around 400 K and KBr is too absorbent below approximately 370 cm™. The
use of Csl pellets, however, comes at the expense of a cutoff at approximately 125 cm™
compared to about 4 cm™ for PE. Therefore, the lowest-frequency part of the spectrum,

50-125cm™, wasnotaccessible during the high-temperature measurements.

Raman Spectroscopy

The Raman spectroscopy measurements were performed on two different instruments. The
measurements on the undoped material, YAG, were performed on a DILOR XY-800 spec-
trometer equipped witha CCD detector, inadoublesubtractive grating configuration. Spec-
tra were measured over the range 75-900 cm™ using the 514 nm line from an Ar*/Kr* laser
and with the light focused on the sample through an optical objective lens. For the mea-
surements atroom temperature, weused along working distance x40 objectivelens and the
power on the sample was adjusted to 1.6 mW with a laser spot size on the sample of ~1 ym
in diameter. For the variable temperature measurements (80-870 K), the x40 objective lens
was exchanged for a x50 objective lens, and the power was increased to 6.8 mW with a
laser spot size on the sample of ~8 ym in diameter. The temperature was controlled using
a heating device from Linkam (model THMS 600). All spectra were measured with linearly
polarized lightimpinging on the sample and unpolarized light collected at the CCD.

The measurements on the doped materials, YAG :2%Ce*" (z = 1-3), were performed
using a Bruker MultiRAM FT-Raman spectrometer. Two excitation sources (785 nm and
1064 nm in wavelength with laser power of 500 mW, and 1000 mW, respectively) were used
separately to distinguish the Raman-scattering bands from the unwanted electronic peaks
in the spectra over the range of 85-900 cm™'. The spectra were measured with a resolution

of 2cm™ (full width at half maximum, FWHM). Each spectrum was recorded with at least



5000 scans and a scan velocity of 5 kHz by liquid N, cooled detectors (TE-Si avalanche pin

diodeand LN-Ge diode for 785-nm and 1064-nm excitation sources, respectively).

Inelastic Neutron Scattering

The INS experiment was performed on the undoped material, YAG, on TOSCA.? The
sample, weighing approximately 31 grams, was loaded in an aluminum sachet, which was
subsequently inserted into a thin-walled aluminum can. The measurement was performed at
15 K for 28 hours.

As opposed to optical vibrational spectroscopy (IR and Raman), INS does not rely on
any selectionrules, which implies that all 240 phonon modes in YAG are at least in principle
accessible. However, the INS intensity depends crucially on the neutron scattering cross

section of the constituent atoms. In the case of YAG, the total neutron scattering cross

sections of Y, Al, and O are 7.7, 1.5, and 4.2 barns (1 barn = 1x10* cm?), respectively,
as a result of which the contribution from Al vibrations is relatively weak. Furthermore,
while IR and Raman spectra relate to zone-center modes, INS spectroscopy is sensitive to
modes at all wavevectors. Generally speaking INS is a two-dimensional form of spectroscopy,
since the measured dynamical structure factor S(Q, w) depends on both energy transfer (w)
and momentum transfer (Q). However, TOSCA?® follows a fixed trajectory through (Q, w)

space, such that there is a single Q-value at each energy transfer, (w).

Photoluminescence Spectroscopy

Emission spectra of the YAG :2%Ce** (z = 1, 2, and 3) samples were measured using a
UV-VIS spectrometer (USB2000+, Ocean Optics) coupled to an optical fiber with a 495 nm
long-pass filter placed in front. A laser (DeltaDiode-450L, HORIBA Scientific) of 454 nm in
wavelength with a pulse width of about 80 ps and a repetition rate of 50 MHz was used as
the excitation source. Each spectrum was measured at 300 K for 40 ms, and it was averaged

over 40 accumulations.



THEORETICAL

Density Functional Theory Calculations

Density functional theory (DFT) calculations were carried out using the projector augmented
wavemethod?*? asimplemented in the Vienna ab-initio simulation package. ?** Exchange-
correlation effects were treated within the generalized gradient approximation as parame-
terized by Perdew, Burke, and Ernzerhof (PBE).30 Ion positions and the cell metric were
fully relaxed until all atomic forces were less than 5meV/A and absolute stresses below

0.05kbar.In these calculations, the Brillouin zone of the 80-atom primitive cell was sampled
using the -point only and the plane wave basis set was expanded up to a cutoff energy of
600eV. Subsequently, the force constant matrix was constructed using the finite displace-
ment method witha displacement of 0.015 A. Toachieve highly converged forces, the energy
convergence criterion for the electronic self-consistency loop was tightened to 10°¢V, the
reciprocal space projection scheme was employed, and an additional support grid was used
for the evaluation of the forces. Test calculations using larger cells with up to 320 atoms
showed that for the present purpose the 80-atom cell is sufficient. This is related to YAG
being a comparably stiff matrix with a correspondingly rather short-ranged force constant

matrix.

Phonon Assignment

The phonon normal modes of YAG were obtained by diagonalizing the force constant ma-
trix obtained from DFT calculations and analyzed using the phonopy package®' as well as
in-house Python code. Symmetry analyses were supported by the spglib package.?* Each
normal modeisassociated witha vibrational frequency (eigenvalue) and an eigenvector that
describes the atomic displacement pattern. In order to characterize each normal mode in
terms of the motions of individual AlO, tetrahedra, AlOg octahedra, and YOy dodecahe-

dra, we mapped the extended lattice vibrational modes (phonons) onto a set of localized



(molecular) vibrational modes, following the procedure described in the flowchart shown in
Figure 2. Tothis end, we consider each molecular vibration to be a superposition of (i) inter-
molecular (external-mode) motions including translatory (T) and rotary (R) motion of the
whole molecular unit (AlO,, AlOs, or YOs) and (ii) intra-molecular (internal-mode) motions

involving stretching (S) and bending (B) vibrations. Here, S and B vibrations are expressed

using so-called symmetry coordinates, |), that describe atomic vibrations in terms of the

internal coordinates Ar (variation in bonding length) and A8 (variation in bonding angle),

respectively.*** Specifically, we employed symmetry coordinates for tetrahedral (AlO,), oc-
tahedral (AlOg), and cubic (YOz) moieties, which are illustrated in Figure S1. Strictly
speaking, the YO environment possesses only dodecahedral symmetry. It can, however, be
thought of as a tetragonally distorted cube, whence for simplicity, here, it was treated as a
cubic moiety. A symmetry coordinate |7) of a moiety with a point symmetry (e.g. T4 for
tetrahedral AlO,, and O, for octahedral AlOg and cubic YOg) involving variable symmetry

operations R can be obtained from>

n) Z R-xE. As,
R
1)

where )(,f is the associated character value and As is the variation of the internal coordinates
(Ar and AB) prior to employing the symmetry operation R. In this study, all symmetry
coordinates were normalized and degenerate ones were further treated so that they are or-
thogonal to each set, see Table S1. In other words, a symmetry coordinate may be expressed
by any result of a linear combination of the orthogonal sets with the same symmetry, which

may befoundinref.35foracube, inref.36 foran octahedron, and inref.34 for a tetrahedron.
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Procedures

a) Select the 7th normaf mode with
vibrational frequency (eigenvalue) v,

b) Select one local moiety (of # atoms) in the
primitive cell (of N atoms)

¢) Extract the elements of the full eigenvector |V, ) that
correspond to the selected moiety (m),
ie. V"), where [V )ER*Nand [V," Y)ER>™
b Copdesiion eoorihmies, a Tollows
o> (for the reference origin)

[ = o> +[V">

(for the vibrating maximum)
¥ o> and )

For translatory motions, find the

a) displacement (Cy), and b) direction (|T )) of

the centroid of [y ) - the centroid of [, )

 Twoad
W =hy)-CT)

For rotatory motions, find the

a) angle (C,), and b) axis (/0. )

Calculate the internal coordinates that describe bonding
lengths and directions of yp, ) and [y’ ), which are
denoted by D, and D', respectively.

Ri= arg{{nin{ [[R:Dy = D'||; | R is rotation operator}

I wome
=R )

For internal modes, find the vibrational amplitude (C,)
corresponding to symmetry coordinates (|1 ))
Calculate the internal coordinates of [y, ) and [y ),

a) for stretching: D, and D", respectively

b) for bending: ®, and @', respectively

Solve the matrix equations below to get C,,

a) for stretching: [D"'- D, )= [AD" ) = 2C,M %

b) for bending: [®"' — @, )= |AD"' )= %C”m >

uoneza [ewdu0

Exaraple

a) The 20th Raman mode with Ug,, = 692.0 cm!
b) One tetrahedral AlO, in the YAG primitive cell
) [V = [Vo, V1, Va, V3, V]

d) o > = [ag, a1, 8y, a3, a]"

= i
[ Y=1layt Vo, &+ vy, 8+ Vy, a3+ vy, a3+ V4]

T Vo tvitvtvity,
L=
S

for all atoms

a) Dy =[dyy, dop, dg3, doy] and D' =[d,’, d’, d', d,']
b) R= arg;];nin{ |[R-Dy — D[}, | R is rotation operator}
R is determined by scanning rotational axes in all
unit directions and rotational angles in (2°, 8]
€)1=1~[R-Dy ~ D[l /Iy = D'l
d) Whether Y>35 % ?
Yes: Cu\& y=R
No: CJay=0

POAOWIDI UOTIBIOY

Here shows an example of stretching motions
Symmetry coordinates

AT T T
T

Ar, 2 05 0 0 (]cy AdY
101

Ar, |5 — —=| o AdY

g e == 2= e el Adl

32 as VB VBl | <

I =] "
4 = | el Ad

Ary 5 o 0 i Ty di

The vibrating amplitude of
a) A, stretching motion = |C, |, and

b) 7, stretching motion = ( \C,»rl2 o= \C,;rl2 et \C,;rr\z =

Figure?2: Left: flowchart describing the decomposition of extended lattice vibrational modes
(phonons) into localized (molecular) vibrational modes. Right: An example, showing the
extraction of the contribution from localized vibrations of one AlO, moiety to the 20th

Raman mode at 692 cm™.
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RESULTS

Vibrational Spectra of YAG and Phonon Assignment

The large number of atoms in the primitive cell leads to 240 (=3x80) possible normal

modes, which can be classified according to the irreducible representation of the O') group

as follows:®

r = 5Alu+ 3Alg + 5A2u+ 5A2g+ 1 OEu+
(2)
8Eg+14T g+18T 1,+14T55+ 1675,

Here, the Ay modes are non-degenerate, the E; modes are doubly degenerate, while the
Ty and T4 are triply degenerate. The 25 modes having symmetries Ay, Ey, and T4 are
Raman active, while the 18 modes having T, triply degenerate symmetry include (17 X 3)

IR active modes and (1 X 3) acoustic modes.® In agreement with the group-theoretically

predicted numberof modes, thereare17and 25bandsintheexperimentally measured IRand
Raman spectra, respectively (Figure 3). Vibrational frequencies determined by our ab-initio
calculations [indicated as tick marks in Figure 3(a-b)] show an almost perfect agreement
for all bands. Very good agreement is also obtained between the INS spectrum measured
at 15 K and the calculated partial vibrational density of states (PDOS) weighted by the
neutron scattering cross section [Figure 3(c)], which further confirms the high accuracy of
the DFT calculations. A comparison between the INS spectrum and calculated PDOS show
that the spectrum is dominated by the scattering from Y (100-250 cm™) and O (250-
900 Cm‘l) atoms, whereas Al vibrations are barely observable with INS due to the low
neutron scattering cross section of this element (see above). It is also noted that the INS
bands at approximately 99, 187, and 768 cm™! are absent in the IR and Raman spectra and
hence they are most likely related to optically inactive (silent) modes of YAG.
Figure 4 and S2 show the phonon decomposition maps (PDMs), i.e. the decomposition

of the lattice phonon modes in terms of the localized vibrational modes of YOs, AlO, and
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Figure 3: (a) IR and (b) Raman spectra of YAG. Tick marks show the calculated vibrational
symmetry and frequency at the zone-center (I" point). (c) Comparison of the INS spectrum
of YAG measured at 15 K and calculated PDOS of YAG weighted by the total neutron

scattering cross sections (Opeutron) that are 7.7, 1.5 and 4.2 barns (1 barn = 1x10
forY, Al, and O atoms, respectively.

AlO¢for all Raman and IR-active as well as optically inactive (silent) phonon modes (left)

together with the average atomic displacements of the YOg, AIO, and AlOg moieties (right).
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Thevibratingamplitude of thelocalmodesis plotted concentrically, whichrevealsthehomo-
geneity of thesame-type polyhedrain terms of vibratingamplitude. Thehomogeneity of the
vibrating amplitudes amongst the same type of polyhedra (YOs, AlOs or AlO,) is reflected
by the width of the the concentric bin. For example, the amplitude of the T, stretching
motion of the AlO4 moieties (I5) is divided into one circle and one annulus of the same

width but diff t color, which shall be interpreted as out of the total number of 12 AlO,

moieties within the primitive cell, 6 of them vibrate with an amplitude of ~55% (cf. color
bar ontopin Figure4) compared to the maximum one, whereas the 6 remaining ones vibrate
with an amplitude of ~75%. In comparison, the homogeneous color of the mode I, shall be
interpreted as all the 12 AlO, moieties vibrate with the same amplitude (=65%). Analysis
of the PDMs yields the following insights: (i) in the low-frequency range (0-350 cm™), S
motions due to strong Y displacements, as well as T and R motions of AlO, and AlOs units
prevail (notethatacousticmodesarenotdiscussed here), (ii) inthe medium-frequency range
(350-600 cm™'), S and B motions of YOs, AlO4 and AlOs moieties primarily involving O
atoms dominate, and (iii) in the high-frequency range (600-900 cm™"), S and B motions
of AlO4 and AlOs moieties involving both O and Al atoms, as well as B motions of YOg
involving mostly O atoms are found. Generally, one observes with increasing vibrational
frequency a systematic transition of YOg from S to B vibrations, and of AlOgand AlO,

from external modes and B vibrations to S vibrations at higher frequencies.

Ce’" Dopant Concentration Dependence

Figure 5 shows IR and Raman spectra for different Ce** dopant concentrations. The spectra
display no abrupt changes with Ce’* concentration, indicating the absence of phase tran-
sitions or significant structural degradations. In the low-frequency region (100-350 cm™),

1

we observe a downward-shift of the bands located at 170 cm™, 222 cm™!, 294 cm™!, and

333 cm™ in the IR spectrum, and at 143 cm™, 162 cm™, 218 cm™, 243 ecm™, and 339 cm™

inthe Raman spectrum. The downward-shift depends virtually linearly on Ce’* concentra-
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Figure 4: Left: full PDMs for Raman and IR-active normal modes of YAG. The vibrational
amplitude is normalized to the maximum of the respective type (i.e. T, R, B, or S) of all
240 normal modes. For example, all B vibrations are normalized to the maximum of the
Ty B vibrations of the AlOs moieties that originate from the 35th silent mode (Siss) in Ay
symmetry, see Figure S2. Right: averaged atomic displacements for Y, AlY!, AV, and O
atoms.
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tion (Figure S3) and is due to the larger mass of Ce*" compared to that of Y**.1320%7 In the
medium-frequency region (350-600 cm™), the positions of all bands are largely unaffected by
Ce’" concentration. In the high-frequency region (600-900 cm™), we observe a downward-
shift (particularly for 3% Ce’") of the three highest-frequency bands in the IR spectrum at
697 cm™, 729 cm™, and 789 cm™', and of the six highest-frequency bands in the Raman
spectrum at 692 cm™, 716 cm™, 718 cm™, 755 cm™, 783 cm™', and 857 cm™'. Generally
speaking, the number of vibrational bands is unchanged upon the Ce** substitution (of up

to 3%) and, therefore, the vibrational (local) symmetries of YAG:Ce®* can be interpreted as

that of YAG (and thus the PDMs in Figure 4 and S2), as described above.

Temperature Dependence

Figure 6 shows Raman spectra recorded for YAG at temperatures from 80 to 870 K, and the
IR spectra of YAG and YAG:3%Ce’* for temperatures between 300 and 780 K; the variable
temperature IR spectra of YAG:1%Ce’" are shown in Figure S4. In agreement with the
spectra for diff t Ce’* doping levels (Figure 5), the spectra display no abrupt changes
upon the temperature variation, confirming that no phase transitions or significant structural
degradations are taking place. This is also reflected by the fact that no discontinuities in
properties such as luminescence spectra and emission decay dynamics are observed within
the probed temperature range.*

From the spectral changes, it is apparent that the peaks generally shift towards lower
frequencies with increasing temperature. The downward-shift magnitude scales with the
vibrational mode frequency, suggesting that it is predominantly the result of thermal lattice
expansion whose effect on vibrational frequency has been calculated, asshownin Figure S5.
The calculated frequency downward-shift is generally larger than the experimental one. This
may be due to an overestimation of the thermal lattice expansion, which is common for the

PBE functional.®
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Figure 5: IR and Raman spectra of YAG :2%Ce** (z =0,1, 2, and 3), divided into fre-
quency ranges of (a) 80-360 cm™, (b) 350-630 cm™, and (c) 620-900 cm™". Dashed curves
are Voigt-function fits for overlapping bands, which are marked with asterisks (*). Some

unidentified bands in the IR spectra are marked by downward triangles (T). Vertical lines
are positioned at the maxima of the IR and Raman bands of YAG.
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Photoluminescence Emission Spectra

The emission spectra of YAG:Ce™* (Figure 7), as normalized to the emission band maxima,
show that the peak positions are very similar for 1% and 2% Ce**, whereas a significant
red-shift is observed for 3% Ce**. The peak fitting for the ’Fs; and %F;, bands shows a
systematic spectral broadening with increasing Ce** concentration, as apparent from the

full width at half maximum (FWHM) in Figure 7.
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Figure 7: Emission spectra of YAG :2%Ce** (z =1, 2, and 3), as normalized to the emission
band maxima, at 300 K.

DISCUSSION

In the present study, we have combined vibrational spectroscopy and ab-initio calculations
to provide a complete phonon assignment of YAG in terms of the vibrational dynamics of
individual AlO;, tetrahedra, AlOg octahedra, and YOg dodecahedra of the Y3AlsO;, struc-
ture, and provide an assignment of all peaks in the experimental Raman and IR spectra
for the first time. Analyses of the vibrational spectra establish general spectral trends, in
particular frequency shifts, upon varying Ce’" dopant concentration and temperature. To
summarize our results, the Raman, IR, INS, and ab-initio calculations are in excellent agree-
ment, demonstrating no abrupt changes with Ce** dopant level and temperature variations,
meaning that the overall symmetry of the crystal structure of Y3_,Ce,AlsO1 is maintained
for all Ce’" dopant concentrations (X = 0 — 0.09) and temperatures (T = 80 — 870 K)
investigated here.

From the observed spectral changes with increasing Ce’* concentration, the downward-
shift of peaks in the low-frequency region, < 350 cm™, together with the fact that these
peaks are characterized by large-amplitude Ce/Y motions, suggests the downward-shift is

related to the larger mass of Ce** (140 u) compared to Y** (89 u).}*2%% This is in agreement
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withrecent vibrational spectroscopy studies of aluminum garnets differing in the rare earth
(RE) element, RE3Al5O,, (RE = Lu, Tb, or Gd). This is illustrated in Figure 8, which shows
the shift in vibrational frequency for (a) IR and (b) Raman-active modes for RE;AlsO;, (RE

=Lu, Tb, or Gd), as compiled from literature data,*>*°

in comparison to the peak positions
for YAG determined in the present work. In line with our results, the frequency of the
low-frequency modes (100-300 Cm‘l) for RE;AL;sO4, (RE =Y, Lu, Tb, or Gd) exhibits a
systematic relationship with increasing atomic weight of the RE cation, Y** (89 u) < Ce’*
(140 u) < Gd** (157 u) < Tb* (159 u) < Lu** (175 u).

In contrast to the low-frequency region, the downward-shift of peaks in the high-frequency
range (600-900 cm™') showsnosuchamass effect (Figure8); rather, weobservea dependence
on the ionic radius of the RE ion. The ionic radii of the respective RE ions are 1.12 A for
Lu*, 1.16 A for Y3*, 1.18 A for Tb3*, 1.19 A for Gd**, and 1.28 A for Ce**in eight-fold
coordination.*! The fact that the vibrational frequency is higher for RE ions with smaller
ionic radii is consistent with shorter and stronger RE-O bonds, and vice versa. We note,
however, that these high-frequency vibrational modes are primarily dominated by large-
amplitude internal-mode motions of the AlO, and AlOs moieties, suggesting that the effect
of thesize of the REionisnotlimited to theirimmediate environment. As the REOg moieties
share edges with both AlO4 and AlOs units in the garnet structure, it is not surprising that
some changes in the dynamics of the AlO,and AlOs moieties occur to accommodate a
RE ion with a different size. Changes in the vibrational frequency of these high-frequency
modes may be due to changes in either the average Al-O distances or in the local structural
symmetry of the AlO, and AlOs moieties, or both. The latter is supported by the results
by Arvanitidis et al.,'* who observed a pressure-induced blue-shift of the high-frequency
modes of YAG, as a result of increased distortion of the AlO; and AlOs moieties as a way

to accommodate for a decreasing unit-cell volume.

Since the vibrational dynamics is known to infl the macroscopic optical properties

of YAG:Ce, the insights gained here are important for developing an improved under-
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Figure 8: Vibrational frequency shifts of (a) IR and (b) Raman modes of aluminum garnets
(RE3AIsOy,, RE: rare-earth element) when RE (= Y) is completely substituted by Lu, Tb
or Gd. The vibrational frequencies of RE3;AlsO,, are taken from the measured spectra of
YAG [Figure 3(a-b)], ref. 15 and ref. 40, whose frequency shifts are marked by black lines,
circles and triangles, respectively.

standing of the origins of the luminescent performance of YAG:Ce*. A key characteristic
when comparing the emission spectra of YAG:1%Ce**, YAG:2%Ce’", and YAG:3%Ce™, as
studied here, is the significantly red-shifted spectrum for YAG:3%Ce’", cf. Figure 7 and ref.
38. In this context, we note that the red-shift of the emission spectrum for YAG:3%Ce*
correlates with the observed downward-shift of some of the high-frequency vibrational modes
for this material [Figure 5(c)], which may therefore be attributed to a significant modifica-
tion of local vibrational dynamics around the Ce**ions. By contrast, for the two lower
Ce’" dopant concentrations, the spectra are not significantly different from that of the un-
doped compound (YAG). The similar emission and vibrational spectra for YAG:1%Ce** and
YAG:2%Ce’* suggest nosignificant differences in the local coordination of the Ce** dopants

for these dopant concentrations. Incomparison, the red-shift for YAG:3%Ce’** suggests that
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the higher Ce** dopant level leads to a lowering of the Ce** 5d, level (increased Stokes shift)
as an effect of increased crystal-field splitting due to Ce**-induced local structural distor-

1.#2 investigated the effect of distortions of the Ce** coordination shell on

tions. Seijo et a
its4f and 5d electronic configurations with embedded-cluster wave-function based ab-initio
methods. The only deformations of a CeOg moiety that were found to lower the 5d, level
are the symmetric Ce-O bond compression and the tetragonally symmetric bond bending,
which have been assigned to the A;, and E, symmetries of the O, irreducible symmetry
group (e.g. cubic CeOg), respectively. The observed red-shift of the emitted light with in-
creasing Ce** dopantlevel may thus be linked to anincreased degree of tetragonal distortion
of the CeOg dodecahedra as the relatively large Ce’* ions substitute for the smaller Y** ions.
Thestrengthening of the tetragonal distortion of the CeOs dodecahedra withincreasing Ce**
concentration is in agreement with the magnitude of the lattice expansion with Ce** doping,
which is smaller (more compressed and distorted local environment) than expected."! Given
arandom distribution of the Ce** dopants, it is clear that the effect of tetragonal distortions
will not be limited to the immediate neighborhood of the dopant atom. Rather the effect of
an increase of the tetragonal distortion of the CeOg dodecahedra is expected to distribute
throughout the lattice already at a quite low dopant level. On the basis of the observed
vibrational spectra (Figure 5) and emission spectra (Figure 7), a “compositional threshold”
for the distribution of the effect of the increase of the tetragonal distortions of individual,
“uncorrelated”, CeOg dodecahedra throughout the garnet lattice may possibly be located
between x = 0.06 and x=0.09.

Another plausible explanation for the observed red-shift upon increasing Ce** concen-
tration is an increase in the degree of dynamical tetragonal distortions of the CeOg moieties
through the increment of large-amplitude CeQOg E4 B vibrations, €.g. Rys(A1g) and Rys(Tg),
cf. Figure 4. This is supported by the downward-shift of these vibrational modes as a func-
tion of Ce**, since more phonons with lower frequencies are activated. Such an effect could

also explain the systematic red-shift of the emission peak as a function of increasing size of
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the RE ion in RE;Al;0,:Ce*" (RE = Gd, Tb, Y or Lu), see the corresponding emission
maxima in refs. 43-45, due to the lowering of the vibrational frequency of high-frequency
modes (Figure 8). Additionally, the red-shifted emission may originate from an increased
probability of radiative energy transfer from higher to lower 5d, levels between Ce’* ions,
throughre-absorption processes that depends on the degree of spectral overlap between the
excitation and emission spectra.''** In fact, Figure 7 shows an increasing FWHM of the

5d-4f emission band as a function of Ce** concentration, which supports this view.

Table 1: Excitation maximum, A, ?? emission maximum, Aem (Figure 7), Stokes shift, AS,©
and thermal quenching temperature, Tso0,% of YAG:Ce*.

YAG:Ce3* Aex (nm) Aem (nm)  AS (em™h)  Tgoo, (K)
1% Ce3* 460 9 541 2900 645
2% Ce3* 460 b 544 2900 -

3% Ce3* 460 9 553 3300 580

‘b’Estimated from luminescence excitation spectra in ref. 38.
Estimated from luminescence excitation spectra in ref. 11.

‘ Estimated from the difference between Aex and the maximum of the 2F5;2 emission
band in Figure 7. The here determined AS is larger than that reported in the

literature 38 for YAG:0.033%Ce>* (AS = 2400 cm™1), which may be ascribed to the
lower Ce>" concentration and measuring temperature (5 K) in the previous study 38
dcornparecl to our one.

Ts09% refers to the temperature at which the luminescence lifetime has dropped to
80% of the value at 300 K. It has been estimated from the temperature dependence
of the luminescence decay time, as reported in ref. 38.

Besides the red-shift, the substitution of Ce** ions for Y*" also has important impli-
cations with regard to thermal quenching in YAG:Ce*, which refers to the pronounced
reduction in emission intensity observed at elevated temperatures. On a fundamental level,
the three primary processes that are thought to play arole in the thermal quenching of lumi-
nescence in Ce’*-doped materials exhibiting 5d-4f luminescence are (1) thermal ionization
of the Ce** 5d electrons into the conduction band of the host crystal, followed by charge trap-
ping [Figure 9(a)],**® (2) thermally-activated non-radiative energy migration among Ce’*

ions to killer centres (generally known as concentration quenching®#), see Figure 9(b),
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and (3) thermally activated crossover from the 5d excited state to the 4f ground state via
electron-phonon coupling mechanisms [Figure 9(c)]. Regardless of the mechanism(s) (their
respective contribution(s) are not known), phonons areneeded to bring the excited activator
iontoa pointat whichnon-radiative processes can happen. Although the nature of phonons
involved in thermal quenching mechanisms remains unclear, analyses of high-resolution low-
temperature luminescence spectra of YAG:Ce’* haverevealed a vibronic fine structure with
features (phononreplicas)ataround 200 cm™ relative to the zero-phononline,***° which has

been interpreted as evidence for electron-phonon interactions involving a vibrational mode at
this frequency. YAG features modes at 218 (R3), 179 (I3), 222 (14), 184 (Se), and 214 (S7), 217
cm™'(Sg), see Figure 4 and S2, which are quite close in frequency to the observed 200 cm™
featarephononreplicas. Apart from these modes, afew weak phononreplicas are observed
also in the frequency range of 130-160 cm™ at sufficiently low temperature (4 K),*’ which
may be associated with the phonon modes of YAG at 143 (R;), 162 (R,), 122 (I;), 170 (),
132 (S)), 141 (S,), 148 (S;), 166 (S4), and 171 cm™(Ss). The less pronounced features below
200 cm™ may indicate weaker electron-phonon coupling, and/ or the smearing out of these
features as a result of the thermal excitation of these phonon modes that require less energy
as compared to those at around 200 cm™. The trend of decreasing vibrational frequency for
some of these modes (i.e. R, Ry, R3, I, and 14) as a function of increasing Ce’* concen-

tration would suggest a larger population of these modes at a given temperature and hence

also an increased probability of electron-phonon interactions that may be associated with

5d, — 4f crossover non-radiative relaxation and that lead to a lowering of T, (Table 1).
Yet the simultaneous downward-shift of modes in the higher frequency range, 600-900 cm™,
withincreasing Ce’* concentration may indicate that these modes are important for thermal
quenching as well. The relevance of high-frequency phonons in electron-phonon interactions

is in accordance with recent studies of the similar material Y3 xLuxAlsO;zCe*", which,

compatible with the observations for YAG:Ce**, shows a trend of increasing temperature of

thermal quenching with increasing frequency of vibrational modes in the 600-900 cm™ range

24



(cf. Tsoe, > 700 K for YAG:Ce* and Tspy, > 800 K for LuszAlsO;2:Ce**, where Tsgy, refers
to the temperature at which the quantum efficiency (QE) has dropped to 50% of that at low
temperature®). The upward-shift of modes for LuAG:Ce** compared to YAG:Ce*" is also
reflected in the higher structural rigidity of LuAG:Ce’*, whichislikely to be the reason for its

higher QE and higher luminescence thermal stability, #4445°0°1

.e.less pronounced phonon-
induced non-radiativerelaxation. Further support for significant electron-phonon coupling

mechanisms contributing to the observed thermal quenching of YAG:Ce** and LuAG:Ce’**

comes from the fact that the quenching temperature of LuAG:Ce** is ~100 K higher than

that of YAG:Ce™, and the energy gaps between the conduction band minimum and Ce’**

5d, level in these materials are very similar (cf. 1.07 eV for YAG:Ce* and 1.05 eV for
LuAG:Ce™).%? If thermal ionization would namely be the dominating process, one would
expect to observea similar thermal quenching temperature in these two materials. A similar
effect of Y/Lu substitution on thermal quenching is also observed for another Ce**-doped

oxide phosphor, Bay(Y-_xLux)sBsO;7:Ce . .53 Further, anincrease inluminescence thermal
stability with increasing vibrational frequency of modes (which correlate with smaller RE
atoms) is also observed for RE;Al;O,,:Ce** (RE =Y, Tb, or Gd),43 (Figure 8), although
itshould be noted that the predominant mechanism for thermal quenching may be different
in the different materials.

The correlation between an upward-shift of vibrational modes, increased structural rigid-
ity, quenching temperature, and QE in YAG:Ce™" is in agreement with the predictions by
George etal." Specifically, the combined analyses of the vibrational dynamics and lumines-
cence properties of YAG:Ce™" in this work suggest that the apparent decrease in quenching
temperature (Table 1) and QE with increasing Ce** concentration results from the substitu-
tion of Y** for the heavier Ce** ions and Ce**-induced increased local structural disorder,
both of which lead to a lowering of vibrational frequencies and thus a softening of the mate-
rial. In this context, we note that the Debye temperature of YAG:Ce™, which provides a use-

ful estimate for structural rigidity, decreases by >200 K as the Ce** concentration increases
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Figure 9: Schematic illustration of (a) thermal ionization of the Ce** 5d electrons into
the conduction band of the host crystal followed by charge trapping at defect levels, (b)
thermally-activated concentration quenching by non-radiative energy migration among Ce**
ions to killer centres (the overlap between the excitation (Exc.) and emission (Emi.) spectra
is indicated to the left, and the overlap integral determines the probability of resonance
transfer of excitation energy*®), and (c) thermally activated crossover from the 5d excited
state to the 4f ground state via electron-phonon coupling. The schematic to the lower right
in (c) depicts the local vibrations of CeQOs, with a frequency of 783 cm~!, as extracted from
the Ry4(A1g) mode in Figure 4.

from 0 to 3%." In comparison, the isotropic thermal lattice expansion from T = 300 K to
T =1200 K reduces the Debye temperature by a relatively much smaller amount (Table S2).
Thus, we infer that the effect of increased phonon population due to thermal lattice expan-
sion on the thermal quenching temperature of YAG:Ce’" is smaller than the effect of local
structural modifi due to Ce’* doping.

The enhancement of electron-phonon coupling mechanisms with increasing Ce** concen-
tration is in agreement with a broadening of the Ce’* 4f-5d excitation (see the spectrum
in ref. 38) and emission bands (Figure 7) as a function of increasing Ce*" concentration.
Broadening may, however, also be a signature of an increasing energy distribution of the
Ce’* 5d levels due to increased local structural distortions that make the Ce’* 4f-5d tran-
sition energy less defined. In this context, we note that the excitation and emission spectra
of YAG:Ce’* show a larger Stokes shift, AS, for higher Ce’" dopant levels (ref. 38 and

Table 1). The increased Stokes shift reflects an increased difference of the equilibrated Ce-
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O distance between 4f ground state and 5d, excited state of Ce*, and maybe in turn be
associated with the enhanced tetragonal distortion of CeOg, which shortens the equilibrium
Ce-O distance when the 4f electron is excited into the 5d orbital. The increased Stokes
shiftis thereby associated with stronger electron-phononinteractions, whichisinagreement
with the broadening of the emission spectra shown in Figure 7 and in ref. 38. The broad-
ening of the luminescence spectra as a function of Ce’* concentration is in agreement with
the observed downward-shift of most vibrational modes of the Ce*" ions, as the lowering in
vibrational frequency implies a smaller curvature of both the 4f and 5d parabolae in the
configurational coordinate diagram®~° Also, widening of the parabolae narrows the distri-
bution between vibrational states within the parabolae, meaning they become more easily
populated at a given temperature. This is of particular importance for the activation of
vibrational induced tetragonal distortions of the CeOgs moieties, as discussed above.

By bringing together the results from our combined vibrational and luminescence spec-
troscopy study we find that a softening of the crystal lattice due to increasing Ce** concen-
tration or temperature leads to a downward-shift of phonon modes at frequencies higher than
about 600 cm™, which are mainly related to CeOg bending modes. This causes a red-shift
of the emitted light, which is interpreted as an increase of the crystal-field splitting due to
anincreased tetragonal distortion of the CeOs moieties. In comparison, an increased struc-
tural rigidity, through decreasing Ce’* concentration or by the co-substitution of smaller
and/or lighter atoms for the Y atoms of the YAG host lattice, shows the potential to im-
prove the resistance toward thermal quenching of luminescence, since fewer phonon modes
are activated that are important for non-radiative relaxation mechanisms. A scenario thus
emerges in which the development of new phosphors emitting at longer wavelengths requires
tetragonally distorted environments around the CeOg moieties, combined with a rigid host

structure and low activator-ion concentrations to avoid thermal quenching of luminescence.
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CONCLUSIONS

We provide a complete phonon assignment of YAG in terms of the vibrational dynamics of
individual AlO;, tetrahedra, AlOg octahedra, and YOg dodecahedra of the Y;AlsO;, struc-
ture, and assign all the peaks in the experimental Raman, IR and INS spectra. Analysis
of the vibrational spectra establish general spectral trends, in particular frequency shifts,
with Ce’* dopant concentration (x = 0 — 0.09) and temperature (T = 80 — 870 K), which
are shown to correlate with the macroscopic optical properties of Y3_,Ce,AlsO;,. The vi-
brational spectra demonstrate no abrupt changes with Ce’* concentration and temperature,
suggesting that the overall symmetry of the crystal structure of Y;_,Ce,AlsO;; is the same
for all Ce** dopant levels and temperatures, in agreement with photoluminescence and lu-
minescence lifetime measurements reported in the literature. Softening of the crystal lattice
with increasing Ce** concentration or temperature leads to a downward-shift of phonon
modes at frequencies higher than about 600 cm™, which are mainly related to CeOs bend-
ing modes. This causes a red-shift of the emission maximum, which we attribute to a larger
crystal-field splitting as the result of an increased tetragonal distortion of the CeOg moi-
eties. Increased structural rigidity, either due to a decreasing Ce’" concentration or the
substitution of smaller and/ or lighter atoms for Y atoms, indicates the potential to improve
the resistance toward thermal quenching of luminescence by activating fewer phonon modes
of importance for non-radiative relaxation mechanisms. Effective design rules for finding
new Ce’* doped oxide phosphors inferred from these results establish that new phosphors
emitting at longer wavelengths require tetragonally distorted environments around the CeQOs
moieties, and that a sufficiently rigid host structure and/ or low activator-ion concentration

is needed to avoid thermal quenching of luminescence.
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Figure S1 Symmetry coordinates, |1), for (a) stretching and (b) bending vibrations of cubic YOg, octahedral AlOg, and tetrahedral AlO4
moieties. See Table S1 for mathematical expression of the symmetry coordinates.
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Table S1 Mathematical description of the symmetry coordinates, |1), of cubic YOg, octahedral AlOg, and tetrahedral A104 moieties, expressed
in terms of the internal coordinates r (bonding length) and 6 (bonding angle), ¢f. Figure S1. Degeneracy of symmetry coordinates is denoted
by the superscripts ’, " and ™.

Displacement Symmetry coordinate

Cubic YOg

Symmetric stretching A’ \[A(rl +rtr3trgtrs+re+rr+rg)

Asymmetric stretching AL, = \[A(rl —rtr3—rg—rs+rg—ry+rg)

Asymmetric stretching T "= f AQBri+r—r3y+ry+rs—rg—3r7—rg)

Asymmetric stretching Tl u = A(rz +r3—rs—rg)

Asymmetric stretching T1 .= #A(rz —r3—2r4+rs+2rg—rg)

Stretching Tzlgr 2\[ AQBri—r—r3—rqy—rs—re+3r7—rg)

Stretching TZ,;, = QA(rg —r3—rs+rg)

Stretching ng "= #A(—rz —r342r4—rs+2rg—rg)

Symmetric bending E,°= zyﬂeeufemfemfeB79%+2%¢7%77am+2%67%8f@n+2w@
Symmetric bending E,®= 2¢7(2m3—m6—9m+2@¢—@5 027 — O35 — B35 — Oas — Oa7 -+ 2057 +26¢3)
Symmetric twisting Eu o= 2{ A(2013 — 016 — 018 — 2024 + 025 + 027 — O3 — O38 + O45 + 047 — 2057 + 2643)
Symmetric twisting E 16 = z\lfA(Om — 013 — 625+ 67 — 036+ O3 + 645 — 647)

Asymmetric bending TI’M = %A(Zelz + 614+ 615+ 023+ 626 — 637 — O43 — Osg — Og7 —2673)

Asymmetric bending Tlﬁue = %A(Gl 3+ 624 — 057 — Ogg)

Asymmetric bending T, = LA(614 — 615 + 623 — O + 2034 + 037 + Oug — 2056 — Osg — O7)

Bending T2’g9 = JA(812 — 634 — O56 + 7g)

Bending Tzlg = JA(613 — 624 + 057 — O63)

Bending TZ'Z, 0 = LA(B14 — 63 — 055 + 667)

Asymmetric twisting Tzue = (2612 — 014 — 015 — 63 — Oy + 037 + 048 + O5g + Og7 — 2673)

Asymmetric twisting Ty,% = JA(=614+ 615 — 623 + B2 + 2034 — B37 — O — 2056 + Osg + 0g7)

Asymmetric twisting TZHI; 6= %ﬁA( 014 — 015 — 023 + Or6 + 037 — O48 + O55 — O7)

continued on next page
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Table S1 continued

Octahedral AlOg
Symmetric stretching
Stretching

Stretching
Asymmetric stretching
Asymmetric stretching
Asymmetric stretching
Asymmetric bending
Asymmetric bending
Asymmetric bending
Bending

Bending

Bending

Asymmetric bending
Asymmetric bending

Asymmetric bending

A{g —6A(r1 +rtr3trgtrs+rg)

g

Egr = 7A(2r1 —ry—r3—r4—rs—+2rg)

E(;r IA(}”27F3+}”47}“5)

M\

17,0 = LA(2612 + 613 + 615+ 623 + 625 — B34 — B36 — Oy5 — 2046 — B56)

Tl”ue = \I/EA(OIS — 015+ 623 — 0p5 + 034 + 036 — 045 — Os¢)

"

T, % = LA(613+2014 + 015 — 623 — B35 — 206 + O34 — 836 + O45 — O5¢)

’

ng9 = JA(612 — 014 — 626 + O4g)

Tp,% = 3A(613 — 615 — B3 + O56)

TZ'Z, 0 = 2A(623— 655 — 034+ 645)

7,0 = 1A(2012 — 013 — 015 — 623 — Os5 -+ B34+ B3 + 045 — 2646 + O56)
7,9 = zf A(013 — 815 — 633 + B35 — B34 + B3 + 45 — Os6)

Ty % = LA(—613+2614 — 615+ 623 + 825 — 2026 — O34 + 36 — O45 + O56)

Tetrahedral AlQ4
Symmetric stretching
Asymmetric stretching
Asymmetric stretching
Asymmetric stretching
Symmetric bending
Symmetric bending
Asymmetric bending
Asymmetric bending

Asymmetric bending

A= %A(V1+72+r3+r4)

T2’= A(3r1 —r—ry—ry)

%

5A(r—r3)

s\— sw

(r2 +r3— 2"4)

Ele 1 A(2612 — 613 — 614 — 633 — 624 +2034)

%\

%A(en — 014 — 623+ 624)
T2, TA(912 —634)
T, % = %/A(@m —64)
T, ® TA(GI“ —623)
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Table S2 Compilation of the Debye temperature 8p (in units of Kelvin), of YAG with lattice constant a at the environmental temperatures of
300, 500 and 1200 K that is denoted by azog Kk, as00 k- and a0 K, respectively, where aj290 Kk > asgo Kk > @300 k- 6p is derived from the

2
. x .
mean-square-displacement (u?) through (u?) = % %), where x = 6p/T and m is the mass of the atom, see ref. S1 for
details.
YAG as K asoo K aoo K
Atoms (u?) (A% o (K) (u?) (A?) o (K) () (A% 6p (K)
Y 0.003891 362.28 0.006940 345.67 0.018951 322.27
AV 0.003638 715.07 0.005930 691.74 0.014748 665.27
ALY 0.003406 742.58 0.005401 726.64 0.012932 710.88
(0] 0.004670 837.99 0.007407 811.02 0.017979 783.75
Average 740.03 716.63 691.75
References
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