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ABSTRACT: Controlled photoluminescence tuning is
important for the optimization and modification of
phosphor materials. Herein we report an isostructural
solid solution of (CaMg),(NaSc),_,Si,Og (0 < x < 1) in
which cation nanosegregation leads to the presence of two
dilute Eu®* centers. The distinct nanodomains of
isostructural (CaMg)Si,O¢ and (NaSc)Si,O4 contain a
proportional number of Eu** ions with unique, independ-
ent spectroscopic signatures. Density functional theory
calculations provided a theoretical understanding of the
nanosegregation and indicated that the homogeneous solid
solution is energetically unstable. It is shown that
nanosegregation allows predictive control of color
rendering and therefore provides a new method of
phosphor development.

Rare-earth (RE)-activated inorganic phosphors have superb
chemical and optical advantages in many applications."””
Accordingly, RE luminescence tuning is highly desired for
phosphor development. However, chemical modification of host
materials leads to shifts of the absorption and emission energies
and changes in transition intensities.”* That is, when the
structural and electronic alterations are induced locally in a
random manner, the energy levels of the optical center shift, and
tuning of the spectral profile is achieved through the creation of
anisotropic local environments for the emitting RE ions; this is
known as inhomogeneous broadening.” However, a recent study
suggests that a different type of spectral tailoring can be achieved.
Two emission bands from an isostructural solid solution of
(Ca,Na,_,)(Mg,Sc,_,)Si,04:Eu** were observed to be largely
independent of composition variation.” The overall emission
profile could be interpreted as a linear superposition of two bands
from Eu* in the compounds (CaMg)Si,Os (CMS) and
(NaSc)Si,O¢ (NSS). Initial structure characterization suggested
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that the studied materials formed a solid solution wherein the
chemical constituents were homogeneously mixed. Jervisite, a
scandium-containing mineral, is a sodic pyroxene that is
intermediate in the Ca(MgFe)Si,04—NaScSi,O4 series and
isostructural with the synthetic phase NaScSi,Og.”® Spinodal
decomposition across many pyroxene joins is known.”"’

Segregation usually involves the separation of materials into
regions of different chemical compositions, and different types of
segregation have been identified: phase, surface, dopant, defect,
sublattice domain, and so on.'"'* The spectroscopic character-
istics of Eu** in (NaSc),(CaMg),_,Si,O4 can also be well-
understood if cation segregation leads to the formation of
nanoscale CMS and NSS domains based on the electronic
properties of RE in crystalline solids as defined in crystal field
theory and the Forster—Dexter theory of energy transfer.”'>~"
Here the observed phenomenon arises from segregation of
cation pairs of (CaMg)*" and (NaSc)*" at the nanometer scale
without long-range structural discontinuity. Furthermore, the
distance dependence of the ion—ligand electrostatic interactions
and the Eu*"—Eu?' energy transfer allows us to estimate the size
of the segregated domains. Optical spectroscopy, extended X-ray
absorption fine structure (EXAFS), and aberration-corrected
scanning transmission electron microscopy (STEM) were the
primary experimental probes that allowed us to unequivocally
identify the intrinsic nanosegregation in this system.

The emission spectra of (CMS),(NSS),_,:3%Eu** for x =
0.1-0.8 are largely composed of two distinct emission bands,
each of which is identifiably present in the end compounds (x =
0, 1) (Figure 1a). The spectra of (CMS),(NSS),_,:3%Eu*" were
quantitatively fitted with the linear function

I(x") = C[x'I(CMS) + (1 — «’)I(NSS)] (1)
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Figure 1. (a) Photoluminescence emission spectra of
(CMS),(NSS),_,:Eu** as a function of x. The experimental spectra
for 0 < x < 1 were fit with the linear combination x'I(CMS) + (1 — x’)
I(NSS) based on the pure-phase spectra I[(NSS) and I(CMS), plotted as
(i) and (vii), respectively. (b) Atomic structures of NSS:Eu and
CMS:Eu. (c) Values of x’ determined from the fitting plotted vs x for (ii)
x' =0.1, (iii) " = 0.183, (iv) ' = 0.27, (v) " = 0.435, and (vi) ' = 0.7.

where I(NSS) and I(CMS) are the intensities of the experimental
spectra of NSS:3%Eu** and CMS:3%Eu*" plotted in Figure
la(i,vii) and C and «’ are constants adjusted to fit the individual
experimental spectra for different values of x. The fitted values x’
are very close to the x values, ie, the (CaMg):(NaSc)
composition ratios in the samples. Moreover, the emission
wavelength center, bandwidth, and spectral profile are all
invariant from those of Eu®* in the end compounds. It is
therefore very clear that the luminescence from the solid solution
is produced from a linear superposition of the emissions of the
two end compounds, which thus provides evidence that Eu®*
ions have chemical and electronic environments similar to those
found in the single-phase end compounds. As marked by the
dotted vertical lines in Figure la, the emission centers and full
width at half-maximum (fwhm) values remain invariant, with a
narrow blue band peaking at 449 nm (fwhm = 36 nm) and a
broad yellow band centered at 532 nm (fwhm = 120 nm).

The optical spectroscopy study revealed that the
(CMS),(NSS),_,:Eu** solid solution gives rise to the same
spectra as that of the physically mixed bulk phosphors of
CMS:Eu** and NSS:Eu*". This strongly implies that chemical
segregation occurs and leads to the formation of domains similar
to the pure phases of CMS:Eu** and NSS:Eu**. Details of the
thermal quenching behavior of both emission bands, the
luminescence decay dynamics, and theoretical modeling are
discussed in the Supporting Information (SI 1). In addition to
the photoluminescence spectra, the dynamics of the lumines-
cence decay of Eu** in the (CMS),(NSS),_,:Eu** solid solution
indicates that energy transfer occurs exclusively among the Eu**
ions within the domains with no exchange between the CMS and
NSS domains. Because energy transfer is induced by the Eu**—
Eu*" interaction, which depends on the distance between the two
Eu’* ions (donor and acceptor), the absence of energy transfer
between the domains implies that the two different Eu** emitting
centers are separated far enough from each other and do not
interact."'” This observation is consistent with the spectro-
scopic results discussed above and reinforces the conclusion that
the unusual spectroscopic properties of (CMS),(NSS),_:Eu**
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arise from cation segregation, and microscopically, the emitting
Eu®" ions reside with equal probability in these domains.

Ton—ligand (lattice) interactions that split the Eu** electronic
energy levels and result in spectral shifting and broadening and
ion—ion interactions that promote energy transfer and change
the excited-state dynamics are described in fundamental theories
using similar interaction terms involving radial functions R™",
where R is the distance between the RE ion and a surrounding
ligand or between two RE ions and # is an integer determined by
the nature of the interaction mechanism.'”"® This basic
description of the electronic interactions allows us to estimate
the minimal size of the segregated domains in (CMS),(NSS),_,.
According to the crystal field theory of ion—ligand interactions
and Forster—Dexter theory of energy transfer (for details, see SI
1), the long-range electric dipole interaction has a distance
dependence of n = 6. Since the distance between two lattice
layers is about 0.25 nm on average, as shown in Figure 1b, cation
alteration beyond 2.5 nm should have no observable effect on the
RE energy levels. The same is true for the energy transfer.
Numerous spectroscopic analyses and energy transfer studies of
RE ions in solids have confirmed this estimation.'”"" ™"
Therefore, the spectroscopic properties and decay dynamics of
the photoluminescence suggest that the size of the segregated
domains is 5 nm or larger.

Preliminary structural characterization using powder X-ray
diffraction (PXRD) and TEM methods confirmed that an
isostructural solid solution of (CaMg),(NaSc),_,Si,O is formed
over the full range between the two end compounds CMS and
NSS with x varied from 1 to 0.° In the compositionally mixed
solid solution, PXRD peaks were indexed by a monoclinic cell
(C2/c) with lattice parameters between those of CaMgSi,O; and
NaScSi,Oq. The structural data and analyses are reported in the
Supporting Information (SI 2). Energy-dispersive spectroscopy
(EDS) mapping of a single grain using non-probe-corrected
STEM showed that Ca, Na, Mg, and Sc are uniformly present
within individual grains of (CaMg),;(NaSc),,Si,0¢ However,
EDS mapping at this resolution does not reveal phase segregation
on the nanometer length scale. High-angle annular dark-field
(HAADF) STEM, which is capable of atomic-scale resolution
and provides contrast based on the local composition (average
Z), was used to study the nanoscale phase segregation. On the
basis of the brightness of the Z-contrast image, the darker and
brighter areas in Figure 2a correspond to areas rich in Ca—Mg
(Z* = 544) and areas rich in Na—Sc (Z* = 562), respectively. Such
chemical segregation is further elucidated in Figure 2b, and the
isostructural crystalline lattice is indicated in Figure 2c. Because
the HAADF image was taken with a sample of
(CaMg)o3(NaSc)y,Si,04, there are accordingly more brighter
areas than darker areas. The size of the composition-segregated
domains is on the order of 5 nm, consistent with the theoretical
estimate made from the spectroscopic analyses. The arrange-
ment of atoms in each phase shown in Figure 2g indicates that
the intensity profile of a Z-contrast image along the (001) plane
(the red dotted line) should consist of alternating brighter and
darker dots. CMS and NSS should have a reversed sequence of
brightness, i.e,, Ca (Z = 20) columns are brighter than Mg (Z =
12) columns for CMS and Na (Z = 11) columns are darker than
Sc (Z = 21) columns for NSS. Figure 2h shows an intensity
profile from the line in Figure 2d (in the (001) plane) across the
darker domain. Although we did not observe perfect matching of
the intensity profile reversals with those predicted for pure
segregation, except in the middle of the darker domain (indicated
by two red arrows in Figure 2h), there exist darker columns in the
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Figure 2. (a) HAADF image along [110] zones showing nanoscale
domains with different contrast. (b, ¢) Schematic elucidation of the
segregated phases NaScSi,O4 (NSS) and CaMgSi,O¢ (CMS) and their
isostructural lattice. (d) Enlarged HAADF image showing that the
intensities of the Sc/Mg and Na/Ca sites are similar inside the box but
that the Sc/Mg sites are brighter outside of box. (e) Fourier transform of
(d). (f) Enlarged HAADF image showing the experimental atomic
arrangements and (g) corresponding schematic diagram. (h) Intensity
profile along the line AB in (d), showing the more uniform intensity
distribution between Sc/Mg and Na/Ca sites in the boxed region.

brighter area that gradually become brighter in the box. This
observation further supports cation nanosegregation.

A comparison of the magnitudes and real parts of the EXAFS
Fourier transforms (FTs) at the Ca and Sc K-edges of a
compositionally mixed solid solution and the two end
compounds is shown in Figure S6. The general appearance of
the FTs from the Ca and Sc viewpoints are very different in the
compositionally mixed solid solution and also between the end
compounds themselves. This observation clearly reveals that on
average Sc in the compositionally mixed solid solution has a local
and medium-range structure very similar to that of Sc in NSS.
The correlations at larger distances damp out for the mixed
compound. This is consistent with the findings from the other
techniques that strongly indicate the presence of nanoscale
inhomogeneity—domains seen by STEM and optical spectros-
copy and predicted by DFT (vide infra)—in an otherwise
homogeneous solid solution. The overall appearance of the Ca
FT in the mixed oxide has some similarity to that in CMS. In
short, the EXAFS results are largely consistent with the presence
of nanoscale inhomogeneity, with the medium-range structures
of these nanoscale regions being quite similar to those in the end
compounds.

We also investigated the energetics of the solid-solution phase
of (1 — x)NSS + xCMS using first-principles density functional
theory (DFT) calculations. The calculated lattice parameters of
the end members (i.e, NSS and CMS) agree well with those
from experimental measurements, with relative errors less than
0.5%. The predicted lattice constants of the solution phases
follow Vegard’s rule, consistent with our PXRD study of the
solid-solution phase (Figure S7). To evaluate the thermody-
namic stability of the solution phase, the energy of solution was
evaluated as follows:

AEsol = Etot[(Nal—xcax)(scl—ngx)SiZOé]

— (1 = x)E,,[NSS] — «E, . [CMS] ()
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where Etot[(Nal—xcax) (scl—ngx)SiZOé]l Etot [Nss]; and
Eo[CMS] are the total energies of the solid-solution phase
and its end members NSS and CMS, respectively. As shown in
Figure 3, the calculated energy of solution at 0 K is positive over
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Figure 3. (a) Temperature dependence of the free energy change via
DFT calculations in solid solutions of (1 — x)NaScSi,O4 + x*CaMgSi,Og
as a function of x. The solid lines are guides for the eyes. (b) The total
energies calculated for various disordered composition configurations
indicate that only the segregation of the Ca—Mg and Na—Sc pairs in the
(200) plane (1) and along the [100] direction (2) have the lowest
energy.

the whole concentration range (0 < x < 1), which means that the
solid-solution phases of Na,_,Ca,Sc, Mg Si,O¢ are not
thermodynamically stable at zero temperature. However, the
solid-solution phase is prepared at relatively high temperatures of
1200 °C or higher. Therefore, the phase stability of the solid
solution at finite temperature should be determined by the free
energy change instead of the internal energy change. By including
the configurational entropy contribution T[x In(x) — (1 —
x) In(1 — x)], we obtained the temperature dependence of the
free energy change. At 1200 °C, the free energy of solution is
negative over a wide concentration range (02 < x < 0.85),
indicating that the solid-solution phase is thermodynamically
stable at high temperatures. However, the free energy of solution
increases as the temperature decreases and becomes positive at
room temperature, suggesting that it becomes energetically
favorable for the solution phase prepared at high temperature to
segregate into individual phases, which may occur as the solid
solution slowly cools (via a continuous pathway from 1200 to 50
°C in 12 h). Previous reports also showed that pyroxene/
pyroxene exsolution is in fact extremely common.'”*® A
continuous exsolution mechanism (spinodal decomposition)
might be possible for the formation of the CMS and NSS
nanosegregation mentioned above.””!

In order to elucidate the tendency for phase segregation in the
solid solution, the total energies of (CaMg),s(NaSc),sSi,O
were calculated for various atomic configurations in which the
four cations Ca, Mg, Na, and Sc are arranged differently. The
calculations showed that the two configurations depicted as (1)
and (2) in Figure 3b have the lowest energies. In configuration
(1), the polyhedra of both CaMgSi,O4 and NaScSi,O4 occupy,
respectively, the same (200) plane. In configuration (2), layers of
CaMgSi,O; and NaScSi,Og form along the [100] direction. The
minimization of energy as a result of these types of segregation
would lead to the formation of layers of crystalline structures
similar to those observed in the STEM image shown in Figure 2d.
The energies of other configurations involving exchanges
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between Ca and Na or between Mg and Sc are about 7 kJ/mol
per formula unit higher than that of the configurations (1) and
(2). The increase in the total energy for such types of cation
exchanges can be understood on the basis of charge balance.
These types of cation exchanges have little effect on the overall
structure but lead to significant charge redistribution. Specifi-
cally, cation exchanges between (CaMg) and (NaSc) pairs are
electrostatically highly unstable. The calculated results fully
support the conclusions drawn from the spectroscopic analyses
and HAADF imaging. From the perspective of thermodynamics,
our calculations provide a potential explanation of the phase
segregation in (CaMg),(NaSc),_,Si,O4 Microscale phase
separation is not observed, and the phase separation is limited
to the nanoscale. Perhaps the grain coarsening kinetics are not
sufficient to allow complete microscale phase separation, limiting
the segregation to the nanoscale. Such a process is dominated by
spinodal decomposition, which differs from nucleation and
growth in that it proceeds from a comgositional perturbation that
is small in degree but large in extent. ?

In summary, the spectroscopic characteristics of Eu®*
demonstrated isotropic luminescence with two unique, in-
dependent spectroscopic signatures. Variation of the chemical
composition, viz., the CaMg:NaSc ratio, does not perturb the
electronic environment of Eu®" at the two centers significantly
but does change the ratio of Eu** ions at the two centers. Cation
segregation via spinodal decomposition and formation of the
CMS:Eu** and NSS:Eu** nanodomains in the solid solution has
significant advantages for tuning of photoluminescence
compared with a physical mixture or codoping of different
ions.”® First, the two emission bands are spectroscopically
independent of composition variation. This dual-center solid-
solution phosphor outperforms other structure- and composi-
tion-modified phosphors in which optical centers are randomly
distributed in a structurally disordered lattice and both the
spectral profile and luminescence intensities are unpredictable.
Second, isolation of the two luminescent centers in different
crystalline domains would potentially improve the light
conversion efliciency since energy transfer between the two
centers is limited and the largely unperturbed long-range average
crystalline lattice would reduce energy lost to defects. The
remarkable spectroscopic properties of the Eu**-doped
(CaMg),(NaSc),_,Si,04 are an example of advances in
controlled photoluminescence tuning.
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