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Abstract

The average and local structure of the oxides Ba2SiO4, BaAl2O2, SrAl2O4, and

Y2SiO5 are examined in order to evaluate crystal rigidity in light of recent studies

suggesting that highly connected and rigid structures yield the best phosphor hosts.

Simultaneous momentum-space refinements of synchrotron X-ray and neutron scat-

tering yield accurate average crystal structures, with reliable atomic displacement pa-

rameters. The Debye temperature ΘD, which has proven to be a useful proxy for

structural rigidity, is extracted from the experimental atomic displacement parameters

and compared with predictions from density functional theory calculations and ex-

perimental low-temperature heat capacity measurements. The role of static disorder

on the measured displacement parameters, and the resulting Debye temperatures are

also analyzed using pair distribution function of total neutron scattering, as refined

over varying distance ranges of the pair distribution function. The interplay between

optimal bonding in the structure, structural rigidity, and correlated motion in these

structures is examined, and the different contributions are delineated.

Keywords

Debye temperature, structural rigidity, phosphors, heat capacity, pair distribution function,

correlated atomic motion

2



1 Introduction

Phosphor-converted white light emitting diodes (PCLEDs) offer tremendous energy sav-

ings over traditional light sources due to high efficiency, tunable color, and long lifetimes,

with the additional benefit of using environmentally benign materials.1,2 PCLEDs gener-

ally contain two components, a blue or near-UV LED chip and a rare-earth substituted

phosphor or phosphors that convert the LED emission to longer wavelengths, producing

broad spectrum white light emission. The phosphor is a crucial component, impacting

the overall luminous efficacy, color temperature, color rendition, and thermal stability of

the resulting white light.3–5 The most appropriate phosphors for this application usually

involve the broad and symmetry-allowed 4f to 5d transitions in Ce3+ or Eu2+ substituted

in a host matrix such as an oxide, oxyfluoride, nitride, or oxynitride.5 The energies asso-

ciated with these transitions are strongly influenced by the crystal field splitting of the 5d

levels due to the surrounding host structure. Therefore, the geometry and chemistry of the

host material are critical in the selection of known phosphors and in the discovery of new

phosphor materials for use in PCLED applications.

Until recently, a majority of new phosphors were identified through chemical substi-

tution in known compounds,5–8 with occasional high throughput searches of familiar pa-

rameter space.9,10 An alternative, potentially more efficient method presented recently

employs Density Functional Theory (DFT) to screen for new potential phosphor hosts with

high photoluminescent quantum yield (PLQY).11 It has been suggested by some of us that

highly three-dimensionally connected structures, such as yttrium aluminum garnet (YAG),

possesses high PLQY (>90%) — when substituted with appropriate amounts of Ce3+ —

due to structural rigidity that limits, at measurement temperatures, accessible phonon

modes that would lead to non-radiative quenching mechanisms.11,12 Structural rigidity,

however, is not easily quantified in a solid and can be difficult to capture as a single param-

eter. The Debye temperature (ΘD) was identified previously,11 as an useful proxy for struc-

tural rigidity. ΘD is easily calculated within the quasi-harmonic Debye model using elastic
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constants determined from ab initio calculations.11 Within this framework, rare-earth sub-

stituted phosphor hosts are selected by searching through crystal structure databases (e.g.,

Inorganic Crystal Structure Database (ICSD)) for compounds with a high ΘD, in addition

to certain other parameters associated with plausible chemistry. These parameters include

elemental compositions that would withstand reaction conditions, dopant sites for the ac-

tivator ion, and a sufficiently wide band gap.

Experimentally, ΘD is obtained either from low temperature heat capacity mea-

surements or from atomic displacement parameters determined from careful scattering

(typically neutron) studies. The latter technique is usually associated with studies of

monoatomic solids, and for more complex solids, a weighted average of the displace-

ment parameters across all atoms in the unit cell has been found to yield agreement with

other techniques.12 ΘD measured experimentally using these two methods for a number

of phosphor hosts has been shown to agree well with values calculated from DFT-derived

parameters.12–15

In this work, we explore the structural signatures of several known oxide phosphor

hosts, through a careful examination of the average and local structure determined us-

ing time-of-flight neutron scattering (including total scattering) and synchrotron powder

diffraction methods. The oxide hosts Ba2SiO4, BaAl2O2, SrAl2O4, and Y2SiO5 were studied

using these scattering techniques and low-temperature heat capacity measurements. The

Debye temperature has been obtained using parameters obtained from DFT calculations,

and measured from isotropic atomic displacement parameters refined from 15 K neutron

scattering data using both average and local structure techniques. Separately, ΘD has

been extracted from fitting the low temperature heat capacity measured between 1.8 K

and 20 K. Pair distribution function analysis of neutron scattering data collected at 15 K

has been performed to explore local versus long-range rigidity, as described by the impact

of correlated motion on the extracted Debye temperature. Finally, structural rigidity has

been correlated with the ability of the different structure types to best optimize bonding
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around the countercations that provide the substitution sites for the phosphor activator

ions.

2 Experimental

Samples of Ba2SiO4, BaAl2O4, SrAl2O4, and Y2SiO5 were prepared by conventional high

temperature solid-state reaction using starting materials of BaCO3 (Materion, 99.9%),

SrCO3 (Aldrich, 99.9%), Y2O3 (Materion, 99.9%), CeO2 (99.99% purity, Alfa Aesar), SiO2

(Johnson Matthey, 99.9%), and Al2O3 (Sigma-Aldrich, 99.99%). Powders were intimately

mixed using an agate mortar and pestle for approximately 30 minutes, pressed into pel-

lets, and placed in dense alumina crucibles on a bed of sacrificial powder to prevent contact

with the crucible. Samples were heated in a reducing atmosphere of 5% H2/95% N2 with

heating and cooling ramps of 3 ◦C/min. and 4 ◦C/min, respectively, at 1350 ◦C for 4 h for

Ba2SiO4, 1600 ◦C for 12 h for BaAl2O4, 1400 ◦C for 12 h for SrAl2O4, and 1400 ◦C for 12 h

for Y2SiO5.

High-resolution synchrotron X-ray powder diffraction data were collected on the 11-

BM instrument at the Advanced Photon Source (APS) at Argonne National Laboratory, at

a temperature of 300 K using an average wavelength of λ = 0.413742 Å. Neutron pow-

der diffraction data were collected using the NPDF instrument at the Los Alamos Neutron

Science Center at Los Alamos National Laboratory. Samples were placed in vanadium con-

tainers, and time-of-flight neutron data was collected at 300 K and 15 K from four detector

banks located at ±46 ◦, ±90 ◦, ±119 ◦, and ±148 ◦. Rietveld analysis was carried out using

the General Structure Analysis System (GSAS).16,17 Simultaneous refinements of the X-ray

and neutron scattering data collected at 300 K were completed by adjusting the profile

shapes and backgrounds (shifted Chebyshev function for X-ray, power series for neutron),

refining neutron absorption coefficients, and adjusting the instrument parameters. These

parameters were then kept static, and the X-ray data only was used to refine the unit cell
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parameters. Both X-ray and neutron data were then used to refine the atomic positions.

Then only neutron data was used to refine the atomic displacement parameters. Refine-

ments of low temperature data were completed using only neutron powder diffraction

data collected at 15 K. Crystal structures were visualized using the software VESTA.18

Density Functional Theory (DFT) calculations were performed using the Vienna ab

initio Simulation Package (VASP 5.3)19–22 within the projector augmented wave method

(PAW).23,24 Initial relaxation of the atomic positions were performed until the residual

forces were <1×10−2 eV/Å. Exchange and correlation were described by Perdew-Burke-

Ernzerhof using the generalized gradient approximation (GGA-PBE).25 The energy cut-

off of the plane wave basis set and the number of k-points used for each calculation

are detailed in the Supporting Information. The bulk modulus and Poisson ratio were

calculated as described previously11 using the Voigt-Reuss-Hill (VRH) approximation26

from the stress-strain relationship driven by ±0.015 Å displacements.27 The elastic moduli

were then used to estimate the Debye temperature (ΘD) using the quasi-harmonic Debye

model.11,28–30

Debye temperatures for crystallographically distinct atoms, ΘD,i were calculated from

isotropic atomic displacement parameters using the low-temperature approximation:31

ΘD,i =
3h̄2NA

4kBMUiso,i

(1)

where i represents the atomic species Ba, Sr, Y, Si, Al, or O, M is the atomic weight of

the atom, and Uiso,i the isotropic atomic displacement parameter of the individual atomic

species in the unit cell. The overall Debye temperature, ΘD, was found by taking the

weighted average of ΘD,i from each atomic species, according to their Wyckoff multiplici-

ties in the unit cell:

ΘD =

∑
miΘD,i∑
mi

(2)
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where mi is the Wyckoff multiplicity of the individual atomic species.

Low-temperature heat capacity was measured using a Quantum Design Physical Prop-

erties Measurement System. Heat capacity measurements from 1.8 K to 20 K were col-

lected on pellets with a mass of approximately 15 mg and analyzed using thermal relax-

ation calorimetry. A thin layer of Apiezon-N grease was used to ensure thermal contact

between the platform and the sample. The heat capacity of the Apiezon-N grease was

collected separately and subtracted from the measured sample heat capacity. The ΘD was

then extracted by fitting the heat capacity to the Debye model in the low-temperature

limit:

Cp ≈
12NkBπ

4

5

(
T

ΘD

)3

(3)

where N is the number of atoms per formula unit multiplied by the Avogadro number, kB

is the Boltzmann constant, and T is the temperature.

Pair distribution function (PDF) analysis was performed on the neutron powder diffrac-

tion data collected at 15 K. The data were extracted using PDFgetN32 with Qmax = 25 Å,

Qmax = 40 Å, Qmax = 25 Å, and Qmax = 40 Å for Ba2SiO4, BaAl2O4, SrAl2O4, and Y2SiO5,

respectively, based on data quality and collection time. Least-squares refinements were

performed on the PDF to obtain local structure information using PDFgui.33 The real-space

instrument parameters Qdamp and Qbroad were determined from a crystalline material cali-

bration standard and fixed at 0.00623 Å−1 and 0.0021 Å−1, respectively. Refinement ranges

of 1 Å to rmax, with rmax = 5 Å, 10 Å, 15 Å, 20 Å, and 50 Å, were chosen to explore the ef-

fects of diffuse thermal scattering and correlated motion on the local structure and the

average structure. Crystal structure depcitions and calculations of distance and distortion

parameters were carried out using the VESTA suite of programs.18
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Figure 1: Rietveld co-refinements of combined high resolution synchrotron X-ray diffrac-
tion from beam line 11-BM (left) and neutron powder diffraction from the NPDF instru-
ment (right) collected at 300 K for (a,b) Ba2SiO4, (c,d) BaAl2O4, (e,f) SrAl2O4, and (g,h)
Y2SiO5. The small circles are measured data and solid lines the fit, with the differences
displayed beneath. Neutron data presented here is from from bank 1.
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Figure 2: Crystal structure and polyhedral coordination environment for (a) Ba2SiO4, (b)
BaAl2O4, (c) SrAl2O4, and (d) Y2SiO5 refined from combined high resolution synchrotron
X-ray and neutron powder diffraction data collected at 300 K. The alkaline-earth and rare-
earth cations are depicted as large spheres, while Si and Al are situated in the centers of
the rendered SiO4 and AlO4 polyhedra (tetrahedra).

3 Results and Discussion

The host structures Ba2SiO4, BaAl2O4, SrAl2O4, and Y2SiO5 were chosen for this study to

explore the effects of various connectivity, coordination, and composition on structural

rigidity. Upon Ce3+ substitution, these structures all exhibit photoluminescence from two

crystallographically distinct sites in the host structure, occurring in the near-UV to visible

spectrum, although their luminescent properties are not the focus of this study. Simulta-

neous co-refinements of high resolution synchrotron X-ray and neutron power diffraction

data collected at 300 K were conducted using the undoped host materials in order to de-

scribe the average structure of these compounds at room temperature. Figure 1 shows the

fits against both the X-ray data and the neutron data with good agreement between the

data and the structural model. The crystallographic refinement data for all compounds are

listed in the Supporting Information. The crystal structures are illustrated in Figure 2.

Ba2SiO4 crystallizes in the orthorhombic space group Pmcn (No. 62) with the β-K2SO4
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structure type, containing isolated SiO4 tetrahedra.34 BaAl2O4 and SrAl2O4 are deriva-

tives of the tridymite structure in space group P63/mmc (No. 194), where the Ba2+ and

Sr2+ ions are situated in the channels created by the tridymite-related AlO4 tetrahedral

corner connected network. BaAl2O4 was first reported in 1937 in the hexagonal space

group P6322 (No. 182), but since that time the observation of satellite reflections in X-ray

diffraction data have suggested a superstructure doubling of the a and b lattice parame-

ters, resulting in space group P63 (No. 173).35 There has been some discussion around

whether this description is only an average structure description, and the local structure

may instead more closely resemble the monoclinic P212121 (No. 19) or the monoclinic

P21 (No. 4) structure in which SrAl2O4 crystallizes.36,37 In this study, we have found the

hexagonal space group P63 (No. 173) structural model, with the KNa3Al4Si4O16 structure

type, to fit both the high and low temperature average and local structure. This model has

been used for all subsequent refinements of BaAl2O4. BaAl2O4 contains AlO4 dimers while

the AlO4 units in SrAl2O4 are fully connected in three dimensions.

Y2SiO5 crystallizes in the low temperature X1 structure in the monoclinic space group

P21/c (No.14) and the high temperature X2 structure in the monoclinic space group I2/a

(No. 15). The high temperature X2 structure has been reported to have stronger lumines-

cence compared to the X1 structure type.38 In this study, we have refined the X2 structural

model with the (Mn,Fe)2PO4F structure type, containing isolated SiO4 tetrahedra, and thus

have used this model for all subsequent refinements of Y2SiO5.

Table 1: Comparison of effective ionic radii indicates potential substitution sites for Ce3+

in different coordination geometries.

CN atom effective ionic radii (Å) Ce3+ effective ionic radii (Å)
9 Ba2+ 1.47 1.196
10 Ba2+ 1.52 1.25
7 Sr2+ 1.21 1.07
8 Sr2+ 1.26 1.143
6 Y3+ 0.90 1.01
7 Y3+ 0.96 1.07
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Table 2: Structural information of the potential sites for Ce3+ substitution from Rietveld co-
refinements of combined high resolution synchrotron X-ray and neutron powder diffraction
data collected at 300 K including site, coordination number (CN), average bond length,
polyhedral volume, polyhedral distortion index D, and bond valence sum (BVS).

sample site CN ave. bond length (Å) poly. vol. (Å3) D BVS
Ba2SiO4 Ba1 4c 10 2.984 53.214 0.0445 1.675

Ba2 4c 9 2.828 43.210 0.0466 2.254
BaAl2O4 Ba1 2a 9 2.921 43.000 0.0388 1.706

Ba2 6c 9 2.955 44.783 0.0575 1.682
SrAl2O4 Sr1 2a 7 2.680 26.240 0.0465 1.684

Sr2 2a 8 2.749 33.296 0.0734 1.743
Y2SiO5 Y1 8f 6 2.272 14.536 0.0078 3.039

Y2 8f 7 2.361 18.782 0.0330 2.902

Table 1 compares the effective ionic radii of the potential activator ion Ce3+ in different

coordination environments with the effective ionic radii of cations in the host structure

that represent possible substitution sites.39 Comparison of effective ionic radii indicates

that all of the structures contain two potential substitution sites for Ce3+, Table 2 lists the

characteristics of the coordination environments. Since the bonding environment of these

cation sites will influence the activator ion energy levels and in turn the optical properties,

we have focused on an analysis of these coordination environments. The polyhedral vol-

ume of the sites were calculated using the method outlined by Swanson and Peterson.40 A

polyhedral distortion index, D, can also be calculated following41

D =
1

n

n∑
i=1

| li − lav |
lav

(4)

where li is the distance from the central atom to the ith coordinating atom and lav is the

average bond length. The polyhedra of each of the two cation sites in each structure is

illustrated in Figure 2 with the refined crystal structures.

The two Ba–O polyhedra in Ba2SiO4 have strikingly different coordination environ-

ments. There exists a larger, under-bonded 10-coordinated Ba1 site and a smaller, over-

bonded and structurally distorted 9-coordinated Ba2 site. In the BaAl2O4 structure, both
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Ba2+ sites are 9-coordinated and under-bonded, with the volume of the Ba2 site slightly

larger but more distorted compared to Ba1. SrAl2O4 exhibits two Sr sites that are both

under-bonded, with the Sr2 site having a slightly larger volume, but also more distorted

coordination than the Sr1 site. In Y2SiO5, there exists a smaller, over-bonded, but less

distorted 6-coordinated Y1 site and a larger, under-bonded 7-coordinated Y2 site.

Table 3: Debye temperature calculated using density functional theory, measured using
atomic displacement parameters from Rietveld refinement of neutron scattering data col-
lected at 15 K, low temperature heat capacity collected at 1.8 K, and atomic displacement
parameters from PDF analysis of neutron scattering data collected at 15 K refined from 1 Å
to 50 Å.

sample ΘD (K)
technique DFT Rietveld Uiso Cp PDF Uiso

Ba2SiO4 305 311 305 294
BaAl2O4 354 377 316 387
SrAl2O4 475 352 455 430
Y2SiO5 513 500 419 350

Density functional theory (DFT) provides a method for predicting ΘD, which is indica-

tive of structural rigidity in phosphor hosts.11 This method was used to calculate ΘD for

each compound using the structure determined from room temperature co-refinements.

ΘD results are listed in Table 3. Based on Pauling’s rules for ionic crystal structures,42 we

would expect that structures containing polyhedra of lower charge cations (Al3+ instead of

Si4+) and oxygen would be better connected and therefore more rigid, and this is indeed

borne out by the DFT calculations.

Ba2SiO4 contains isolated SiO4 tetrahedra and a divalent cation with the largest co-

ordination numbers for this series of compounds explored, producing the lowest ΘD.

BaAl2O4 and SrAl2O4 contain similar elements but different AlO4 connectivity. BaAl2O4

contains corner-connected AlO4 dimers, while in SrAl2O4 AlO4 tetrahedra are fully three-

dimensionally connected. The higher degree of connectivity in SrAl2O4 leads to the higher

ΘD, as observed. Finally, Y2SiO5 contains isolated SiO4 tetrahedra; however the higher

cation charge of yttrium compared to barium or strontium leads to stronger bonding and
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a higher ΘD.

Figure 3: Rietveld refinements of low temperature neutron powder diffraction data col-
lected at 15 K and normalized, for (a) Ba2SiO4, (b) BaAl2O4, (c) SrAl2O4, and (d) Y2SiO5.
Circles represent the data and solid lines the fit, with the difference beneath.

Refinements of low temperature neutron power diffraction data collected at 15 K were

conducted to extract atomic displacement parameters (Uiso) to experimentally determine

ΘD. Figure 3 shows excellent agreement between the structural models and the data. The

crystal data and refinement information are listed in the Supporting Information.

The coordination environment of each potential site for Ce3+ substitution are listed in

Table 4 for the low temperature structural refinements. The crystal structures, illustrated

in Figure 4, show 99% probability Uiso ellipsoids.

The ΘD is then determined from Uiso for each structure using the equations described

previously, with results listed in Table 3. The experimentally determined ΘD agrees well

(±25 K) for all compounds except SrAl2O4. For SrAl2O4, the experimentally determined
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Table 4: Polyhedral information of the potential sites for Ce3+ substitution from Rietveld
refinements of neutron powder diffraction data collected at 15 K including site, coordina-
tion number (CN), average bond length, polyhedral volume, polyhedral distortion index
D, and bond valence sum (BVS).

sample site CN bond length (Å) poly. vol. (Å3) D BVS
Ba2SiO4 Ba1 4c 10 2.973 52.585 0.0462 1.735

Ba2 4c 9 2.816 42.753 0.0456 2.313
BaAl2O4 Ba1 2a 9 2.897 41.837 0.0289 1.773

Ba2 6c 9 2.954 44.569 0.0660 1.788
SrAl2O4 Sr1 2a 7 2.670 26.005 0.0472 1.728

Sr2 2a 8 2.732 32.994 0.0707 1.800
Y2SiO5 Y1 8f 6 2.268 14.458 0.0080 3.072

Y2 8f 7 2.355 18.645 0.0316 2.944

Figure 4: Crystal structures showing 99% probability atomic displacement parameters
for (a) Ba2SiO4, (b) BaAl2O4, (c) SrAl2O4, and (d) Y2SiO5 refined using low temperature
neutron powder diffraction data collected at 15 K.
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ΘD from Uiso is lower than predicted by the DFT calculations. This disagreement could

result from static disorder in the average SrAl2O4 crystal structure, contributing to larger

than expected atomic displacements and a low ΘD. Based on the pair distribution (PDF)

analysis presented in what follows, ΘD from PDF Uiso fit over the range of 1 Å to 50 Å, also

representing the average structure, is determined to be 430 K. This result is higher than

estimated from the average structure Rietveld analysis and supports static disorder as a

cause for the lower than expected ΘD.

Figure 5: Low temperature heat capacity with extracted Debye temperatures for Ba2SiO4,
BaAl2O4, SrAl2O4, and Y2SiO5.

Low-temperature heat capacity measurements were also performed to experimentally

determine ΘD. The heat capacities (Cp) of Ba2SiO4, BaAl2O4, SrAl2O4, and Y2SiO5 were

collected at temperatures as low as 1.8 K and are shown in Figure 5. The data were fit to

the Debye model, in the linear region of the log-log plot, and the extracted ΘD are listed in

Table 3. While the Debye model was fit very well to the heat capacity of other compounds

from 3 K to 8 K, an anomaly in the heat capacity of Y2SiO5 prevents appropriate use of

the simple Debye model below 5 K, and makes the measured value for this compound

somewhat less than reliable. A plot of Cp/T
3 vs. T for Y2SiO5 reveals a peak ranging from

3 K to 6 K, well within the low temperature fitting range, pointing towards the presence of
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localized, optic-like modes. One possibility for the anomaly at low temperatures in Y2SiO5

are Van Hove singularities arising from the vibrational density of states (VDOS) crossing

the Debye density of states, leading to a flat phonon dispersion curve.43,44 Since the T 3

Debye model only accounts for low-frequency phonon contributions to the specific heat,

and breaks down when temperatures exceed between e.g., T > ΘD/50 to ΘD/100,45,46

the use of the higher-temperature data leads to a lower-than-expected ΘD determined for

Y2SiO5.

Figure 6: A visualization of the impact of correlated atomic motion on the pair distribution
function. (a) Rigid body motion as depicted using a chain of atoms can be expected to give
δ-function peaks in the PDF of the infinite crystal. (b) Completely uncorrelated motion as
associated with Einstein modes should yield PDF peaks whose widths do not vary with
increasing distance. (c) Correlated motion combines the features of (a) and (b). Adapted
with permission from Jeong et al.47 Copyright (2003) American Physical Society.

Understanding the local structure of phosphor hosts is crucially important to under-

standing their resultant optical properties. In addition, understanding long-range and

short-range structural rigidity may provide further insights into the role of structural rigid-

ity in phosphors. Pair distribution function (PDF) analysis is one method that can be used

to study the local structure of phosphor hosts. In this study, we have analyzed the PDF

of the low temperature neutron powder diffraction data collected at 15 K, and determined

ΘD from refined Uiso. The PDFs were fit over different real-space rmax-ranges to evaluate
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the effects of thermal diffuse scattering and static disorder on the measured ΘD and to

evaluate the role of correlated motion.

The correlated motion of atoms and its impact on the PDF is depicted in Figure 6.

Rigid-body thermal motion contains atoms moving the same distance and in the same

direction as the atom being observed, which is represented in a PDF as a series of sharp

peaks for all distances from the atom or ranges of r. In uncorrelated atomic motion, all

atoms move independently of the atom being observed, which is represented as a series

of broad peaks for all ranges of r. Correlated atomic motion in the PDF is a combination

of the observations where the local structure may not translate into the average, long-

range structure. This is represented in a PDF as sharp peaks at low-r, similar to rigid-body

thermal motion, and broad peaks at high-r, similar to uncorrelated atomic motion. This

correlated motion is captured in the PDF by the empirical parameters δ1 and δ2, often used

for high temperature and low temperature behavior, respectively. The final PDF peak width

is given by:47,48

σij = σ′ij

√√√√1− δ1
rij
− δ2
r2ij

+Q2
broadr

2
ij (5)

where σ′ij is the peak width without correlation, computed from Uiso. The degree of cor-

related motion within a material is dictated by both interatomic interactions and atomic

geometry based on crystal structure.

The PDFs were first fit over the range of 1 Å to 50 Å to refine the low temperature δ2

correlated motion parameter. This fit range represents the long-range, average structure.

Then, δ2 was fixed and the data were fit over subsequently lower ranges of rmax, including

1 Å to 20 Å, 1 Å to 15 Å, 1 Å to 10 Å, and 1 Å to 5 Å. Refinements of the PDFs fit over the

range of 1 Å to 20 Å are illustrated in Figure 7 for all host structures with good agreement

between the structural model and the data. Fits to the PDF for all rmax-ranges are shown

in the Supporting Information.

The correlated motion parameter, δ2, is refined to be 2.35 Å2, 2.78 Å2, 2.79 Å2, and
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Figure 7: Least squares refinements of the pair distribution function of (a) Ba2SiO4, (b)
BaAl2O4, (c) SrAl2O4, and (d) Y2SiO5 from low temperature neutron powder diffraction
data collected at 15 K and fit from 1 Å to 20 Å. Circles represent the data and solid lines
the fit, with the differences beneath.

Figure 8: ΘD as a function of fitting range rmax determined from atomic displacement
parameters refined using the pair distribution function of the neutron diffraction data
collected at 15 K.
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2.52 Å2 for Ba2SiO4, BaAl2O4, and SrAl2O4, and Y2SiO5, respectively. The correlated mo-

tion parameter should be representative of the degree of structural rigidity in a material

and thus associated with the ΘD. We find that the degree of correlated motion follows

closely the degree of structural connectivity, as discussed earlier. Ba2SiO4 and Y2SiO5 con-

tain isolated SiO4 tetrahedra and a lower correlated motion parameter compared to the

AlO4 dimers and three-dimensionally connected AlO4 tetrahedra in BaAl2O4 and SrAl2O4,

respectively.

The PDF peak width modeled using Uiso contains information on both the thermal

diffuse scattering and static disorder. Fitting the PDF over varying rmax-ranges can be used

to evaluate the effects of thermal diffuse scattering. It will be manifested as significantly

smaller Uiso for short-range modeling (lower r) where the effects of the averaged thermal

diffuse scattering are minimized.49 ΘD for each rmax-range determined using Uiso from

PDF refinements are shown in Figure 8. The ΘD determined from refined Uiso from the

PDF is higher in the low-r region, corresponding to the local structure, decreasing with

increasing rmax-range, as r approaches the average structure description.

In the low-r region for rmax = 5 Å, it is the local structure of the first coordination shell

of the polyhedra being observed. This is a useful range for observing the local rigidity that

may influence optical properties pertaining to specific crystallographic sites and activator

ion substitution. For example, we would expect this local rigidity to affect expansion or

contraction, and distortion, of the lattice that may or may not occur with activator ion

substitution. This could have implications as to why specific activator ions have optimal

performance in certain structures and how this affects optical properties like quantum

yield and Stokes shift.

As rmax increases, ΘD decreases, gaining contributions from the long-range thermal

diffuse scattering and interactions from the lattice as a whole. In the high-r region of rmax

= 50 Å, corresponding to the long-range average structure, ΘD agrees well (±45 K) with

values determined using other average structure techniques, and are listed in Table 3. The
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ΘD for Y2SiO5 is somewhat lower than expected, which may be influenced by the lower

than expected correlated motion parameter included in the refinement.

Figure 9: Calculated ΘD from DFT and experimental ΘD determined using atomic dis-
placement parameters from Rietveld and PDF refinements of low temperature neutron
powder diffraction data collected at 15 K, and extracted from low temperature heat capac-
ity collected at 1.8 K for all compositions. The different datapoints for the PDF refinements
indicate increasing values of rmax, with the trend that the PDF-calculated Debye temper-
ature for sample decreases with increasing rmax. Also included as a reference are the ΘD

for silver and alumina measured using the low temperature heat capacity method.

Figure 9 shows the ΘD determined from the four methods used: DFT calculated, exper-

imentally measured from Rietveld refined Uiso from 15 K neutron powder diffraction data,

from low temperature heat capacity measurements, and from PDF Uiso refined from 15 K

neutron powder diffraction data fit over varying ranges of rmax. Also included as a refer-

ence are the ΘD for silver and alumina measured using the low temperature heat capacity

method discussed here.

For those materials where the local structure ΘD decreases drastically to the average

structure ΘD, there is a large amount of thermal diffuse scattering present. Figure 10a

shows the difference in measured ΘD from the local structure 1 Å to 5 Å PDF fit range to

the DFT calculated ΘD as a percentage of the expected DFT calculated ΘD. We find that,

for the compounds studied here, this large change from local to average ΘD corresponds
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Figure 10: (a) The difference in measured ΘD from the local structure 1 Å to 5 Å PDF fitting
range and the average structure DFT calculated ΘD as a percentage of the expected DFT
calculated ΘD, (b) the bond valence sums (BVS) for each cation site in each composition
determined from Rietveld refinement of neutron diffraction data collected at 15 K showing
the deviation from ideal 2+ for Ba2+ and Sr2+ and ideal 3+ for Y3+, and (c) the average
deviation from ideal bond valence sums weighted by site multiplicity shows that for more
optimized structures the changes in measured ΘD as a function of PDF fitting range and the
difference in bond valence sum from ideal is smaller, coinciding with higher ΘD materials.
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with a low ΘD.

We also find that the thermal diffuse scattering measured through PDF analysis and

resulting ΘD can be related to the structural parameters refined using average structure

techniques as an indication of average structural rigidity. Figure 10b shows the bond

valence sum (BVS) determined for each of the two cation sites in each structure compared

to the predicted BVS of 2+ for Ba2+ and Sr2+ and 3+ for Y3+. Figure 10c shows the

average difference between the ideal BVS and experimental BVS for each site, based on

multiplicity. We find that for materials that are optimally bonded, the distance from the

ideal BVS is small and the difference in measured ΘD as a function of pdf fit range is

also small, representing a material with high structural rigidity and a high ΘD. The ΘD

can therefore be considered a measure of rigidity for the average structural description,

whereas local structures techniques like PDF can be used to determine the rigidity of the

local structure using a description of correlated motion or a local structure ΘD, which may

provide future insights as to the role of local structural rigidity in phosphor compounds.

4 Conclusions

The results presented here explore the role of structural rigidity in several oxide struc-

tures as host materials for phosphors used in solid-state lighting. The average structures

of Ba2SiO4, BaAl2O4, SrAl2O4, and Y2SiO5 are determined through simultaneous refine-

ments of synchrotron X-ray diffraction and neutron scattering. The Debye temperature

(ΘD) is used as a proxy to quantify structural rigidity and is predicted using Density Func-

tional Theory (DFT) calculations in agreement with qualitative analysis of the structures

based Pauling’s rules for ionic crystals. The ΘD is then measured experimentally using

refined atomic displacement parameters (Uiso) from neutron scattering data collected at

15 K and extracted from low temperature heat capacity measurements. The rigidity of the

local structure versus the average structure is then explored by analyzing the effects of
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correlated motion and diffuse thermal scattering on the pair distribution function (PDF)

obtained from 15 K neutron scattering. Correlated motion in the PDF appears stronger for

structures with a higher degree of connectivity and the difference in ΘD corresponding to

the local structure compared to the average structure varies based on the degree of diffuse

thermal motion present. For highly rigid structures, the difference in ΘD from the local to

the average structure is small, indicating little thermal motion, and coinciding with high

calculated ΘD and ideal bond valence sums determined from analysis of the average struc-

ture. Additionally, rigidity of the local structure may present an avenue for understanding

the effects of activator ion substitution on the host structure and its impacts on the optical

properties.
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