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ABSTRACT: Recent research on white light LED (w-LED) phosphors has Eu2+

focused on narrow-band green and red luminescent materials to improve the
efficacy of w-LEDs and to widen the color gamut of w-LED-based displays. Mn**
is a promising emitter capable of narrow-band emission, either green or red,
depending on the local coordination. However, the extremely low absorption
coefficients for the spin- and parity-forbidden d—d transitions in Mn** form a
serious drawback and require addition of a sensitizer ion such as Ce** or Eu**,
with strong absorption in the blue. The performance of the codoped phosphor
then critically depends on efficient energy transfer. Despite extensive research, a
clear understanding of the Eu**— Mn** and Ce**— Mn*" transfer mechanism is
lacking. Typically, Dexter exchange interaction or electric dipole—quadrupole
coupling are considered. Here we investigate Eu**—> Mn? energy transfer in
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Ba,MgSi,O; and show that the most probable mechanism is exchange interaction with fast (nanoseconds) energy transfer from Eu**
to nearest-neighbor Mn*" and much slower (>100 ns) transfer to next-nearest neighbors, as expected for exchange interaction. We

critically evaluate previous studies where the assignment of dipole—quadrupole interaction was erroneously based on Cy,

8/3

concentration dependence of energy transfer efficiencies. Preferential Eu?*—Mn?* pair formation is suggested as a mechanism that

enhances energy transfer efficiencies.

B INTRODUCTION

Narrow-band emitting phosphors are of great current interest.'
Narrow-band red emission around 610—630 nm enables
higher efficacy (improved lumen/watt output) of warm w-
LEDs in comparison to w-LEDs with broad-band red
phosphors.”® These broad-band red emitters suffer from
efficacy losses as a significant part of the emission is in the
spectral range beyond 630 nm, where the eye sensitivity
significantly drops. In displays with w-LED backlights, narrow-
band red (NBR) and narrow-band green (NBG) emission
widens the color gamut and allows for a higher brightness by
using narrow-band emission that matches the displays’ color
filter transmission. A promising candidate for narrow-band red
or green emission is Mn>* (3d°), and this ion therefore gained
huge interest as an activator ion.”* The d—d intraconfigura-
tional *T;—%A; emission of Mn** is typically in the green/
orange spectral region for Mn®' in tetrahedral coordination
and in the orange/red spectral region in octahedral
coordination (higher crystal field strength). Unfortunately,
the d—d absorption strength in the blue is extremely low,
making singly doped Mn*" phosphors unsuitable for (In,Ga)N-
based LED excitation. Absorption transitions from the °A,
ground state to the *T; and *T, excited states of Mn®* are spin-
and parity-forbidden. To tackle the weak d—d absorption,
codoping with sensitizers having allowed transitions (f—d in
Eu®, Ce*; s—p in Sn**, Sb¥, Pb*, Bi**) with effective
absorption of blue excitation light can be the solution if

© 2020 American Chemical Society
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efficient nonradiative energy transfer to Mn** ions can be
realized.®” "

Sensitized Mn®" emission has widely been investigated in
many host matrices.” ** The mechanism for Ce**—~Mn?* and
Eu’’—Mn®" energy transfer is not clear: both electric dipole—
quadrupole and Dexter exchange interaction have been
proposed.”” As electric dipole transitions are strongly
forbidden in Mn?*, dipole—dipole interaction is considered
as ineflicient. Dipole—quadrupole interaction can be efficient at
short interaction ranges and has a r® distance dependence.
Unlike Coulombic multipole interactions, a direct calculation
of exchange transfer rates is difficult.”® However, its distance
dependence significantly differs from that of Coulomb
interactions. The transfer rate depends on wave function
overlap and follows an exponential distance dependence. It is
typically only efficient at short distances, below S A. In early
work by Soules et al.'” on Sb¥*—Mn?" transfer in
halophosphate and by Stevels et al."> on Eu?**~Mn>* transfer
in f-alumina, it was demonstrated that exchange interaction is
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the most likely mechanism, but dipole—quadrupole interaction
could not be excluded. The high efficiency of energy transfer in
NaCl codoped with Eu** and Mn®** was attributed to the
preferential formation of sensitizer—Mn?* pairs by Rubio et al.
as effective energy transfer occurred even at ppm doping levels
in NaCL'*~'¢

In recent work, dipole—quadrupole interaction has con-
sistently been favored as energy transfer mechanism.*”~>* The
r~8 distance dependence of this interaction was used as
evidence. With reference to a pioneering paper on concen-
tration quenching in inorganic solids by Dexter and Schul-
man,”® a Cy,%? dependence of the ratio Ig/Ig was taken as
evidence for dipole—quadrupole interaction, where Iy, is the
Eu*" emission intensity in singly Eu** doped materials and I is
the intensity in Eu>*~Mn?* codoped materials. Plots of Igy/I5
(or alternatively the ratio of Eu emission lifetimes 7gy/75) Vs
Co® gave better linear fits than plots vs Cvin®”? (dipole—
dipole) or Cy;,'*”® (quadrupole—quadrupole). Accordingly, the
dipole—quadrupole type interaction was proposed in a wide
variety of Eu’*~Mn** codoped compounds. Similar con-
clusions were made for Ce**—Mn?" energy transfer. Still, a few
reports proposed electron exchange interactions responsible
for sensitized Mn?* emission.”” '

Dexter predicted exchange transfer rate to be high, about
10°—10" 57! for donor—acceptor separations of 4 A.>° This
high probability and the close proximity of Eu** ions to nearest
Mn** neighbors (4—5 A) in many of the codoped hosts make
it somewhat surprising that exchange interaction as sensitiza-
tion mechanism is not commonly found in recent reports. As
the sensitized Mn>* emission possesses high potential in
achieving narrow-band LED phosphors, it is vital to resolve the
sensitization mechanism.

Here we present a detailed analysis of Eu**~Mn** energy
transfer in Ba,MgSi,O; at cryogenic (4.2 K) and ambient (300
K) temperature. Steady-state photoluminescence (PL) and
time-resolved PL decay kinetics provide complementary
information about the energy transfer efficiency and mecha-
nism. Analysis of the Eu*" emission decay kinetics using sub-
nanosecond time resolution provides evidence for an ultrafast
decay component that is easily overlooked in typical lifetime
measurements. The fast decay component is assigned to ~1 ns
energy transfer to nearest Mn** neighbors. The much slower
transfer observed for transfer to next-nearest neighbors shows
that efficient Eu*’—Mn*" energy transfer indeed occurs at short
range with a dominant contribution from Dexter exchange
interaction. Closer analysis of the Mn concentration depend-
ence of the Ig)/Is ratio dependence reveals that for donor—
acceptor transfer a linear dependence on the Mn concentration
is expected, independent of the energy transfer mechanism.
The concentration dependence for energy transfer efficiencies
reported by Dexter and Schulman® was in fact not derived for
donor—acceptor dipole—quadrupole transfer but as concen-
tration dependence for “concentration quenching for activators
having forbidden transitions”. Concentration quenching of
emission by donor—donor energy transfer (not donor—
acceptor transfer) was shown to have a C%° dependence
with § = 6, 8, or 10 for dipole—dipole, dipole—quadrupole, and
quadrupole—quadrupole interaction. This C% dependence has
since then been used in many publications, especially in reports
on Eu** — Mn*" and Ce*® — Mn®" energy transfer, to
determine the energy transfer mechanism for single-step
donor—acceptor energy transfer, which is unfortunately
incorrect. Both theory and experiment show that the donor—

acceptor energy transfer rate scales linearly with the acceptor
concentration.

B MATERIALS AND METHODS

Synthesis. Ba,MgSi,O, compounds were obtained by using
the solid-state reaction method. Reagent grade precursor
chemicals, BaCO;, MgO, SiO,, Eu,0;, and MnCO;, were
stoichiometrically weighed and mixed thoroughly by using an
agate mortar and pestle. For doping, Ba ions were substituted
for Eu and Mg ions for Mn as Ba,(;_,)Mg(;_,)Si,07: x% Eu, y%
Mn. The dopant concentrations were selected following the
earlier reports on Eu’* and Mn*" singly doped Ba,MgSi,O,
compounds, where the optimum luminescence intensity for
individual ions was obtained for 3.5% Eu®* and 5% Mn>*
dopant concentrations, respectively.”’ ~>” Accordingly, the Eu**
concentration was fixed at x = 3.5% and codoped with a series
of Mn?* concentrations, y = 0%, 1%, 3%, 5%, 7%, and 10%.
The samples thus identified as 0% Mn, 1% Mn, 3% Mn, 5%
Mn, 7% Mn, and 10% Mn based on Mn codoping percentages,
unless stated otherwise. The well mixed chemical batches were
pressed into pellets (13 mm diameter X 3 mm height) using 10
ton uniaxial pressure. The pellets were then introduced to
resistive heating tube furnace in alumina boats, and a reducing
atmosphere was applied. The heating was performed in two
steps: At first, the temperature was increased to 800 °C at S
°C/min ramp and then maintained at 800 °C for 1 h. Later,
the temperature was raised to 1100 °C at 3 °C/min ramp rate
and kept for S h. Finally, the temperature was decreased to 30
°C at 10 °C/min ramp rate. The pellets were crushed to fine
powders.

Experimental Methods. The powders were examined by
using powder X-ray diffraction for its phase purity. A Bruker
D2 PHASER X-ray diffractometer with Co target (dg, =
1.78897 A) was used at 30 kV operating voltage and 10 mA
current. The step size resolution was 0.01° 26. The
photoluminescence (PL) spectroscopy was performed by
using an Edinburgh Instruments FLS-920 fluorescence
spectrometer. The PL and PL excitation (PLE) measurements
were recorded using a 450 W Xe lamp as excitation source and
a Hamamatsu R928 photomultiplier tube (PMT) detector.
The resolution was maintained at 0.5 nm for both PL and PLE
measurements. For Eu?* PL decay measurement, a picosecond
pulsed laser diode (Edinburgh Instruments EPL 37S, peak
wavelength: 376.5 nm; pulse width: 65 ps) was used as
excitation source, and the signals were recorded by using a
Hamamatsu H74220-60 fast response PMT. The decay curves
were recorded by using the single-photon counting method
with 4000 channels resolution. For a normal full range (10 ys)
decay curve, each channel provides 2.4 ns resolution. For
higher resolution (HR) decay measurements, the channel
width was reduced to 0.048 ns. The Eu** PL was monitored at
470 nm at 300 K and 500 nm at 4.2 K. Mn** PL decay
measurement was performed by using a tunable optical
paramagnetic oscillator (OPO) Opotek Opolette HE 35511
pulsed laser (pulse width: 10 ns; repetition rate: 10 Hz) as
excitation source, and the emission was recorded by a
Hamamatsu R928 PMT detector. For cryogenic (42 K)
measurements, the samples were cooled by using an Oxford
Instruments liquid He flow cryostat. For temperature depend-
ence study, liquid He flow cryostat was employed in the 4.2—
300 K temperature range, whereas a temperature-controlled
stage from Linkam Scientific (THMS600) was used for the
300—700 K temperature range. For data analysis and plotting,
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Figure 1. Emission and excitation spectra of Eu?* (3.5%) and Mn** (7%) singly doped Ba,MgSi,O, (a). Temperature dependence of the Eu** and
Mn?* emission intensity and decay lifetime (LT) (b). Emission spectra of codoped Ba,MgSi,O,:Eu**(3.5%),Mn**(0—10%) compounds at 4.2 and
300 K (c). Corresponding color evolution in CIE diagram for 0—10% Mn codoping (d). Eu** luminescence decay curves for Ba,MgSi,O-:
Eu**(3.5%), Mn?*(0—10%) (en, = 470 nm at 300 K and 500 nm at 4.2 K, A, = 375 nm) (e). Average Eu** emission decay lifetimes (LT) and
energy transfer efficiencies (1z7) (f) obtained at 4.2 and 300 K from the decay curves in (e).

Origin Lab (9.1 version) software was used. All curve fittings
were performed by using orthogonal distance regression
algorithms. The crystal structure and radial ionic distribution
analysis was performed by using the VESTA (3.4.4 version)
software.

B RESULTS AND DISCUSSION

In Ba,MgSi,0,, Eu®" occupies Ba>* dodecahedral sites and
Mn?* occupies Mg®* tetrahedral sites because of the charge and
size similarity with the ions they substitute.”’ >’ Figure la
presents the PL and PL excitation (PLE) spectra of Eu?* and
Mn*" singly doped Ba,MgSi,O, compounds recorded at 4.2
and 300 K. The Eu®" emission is in the cyan-green region
(maximum around 515 nm at 4.2 K) and is assigned to the
4°5d — 4f transition. The corresponding excitation spectrum
has an onset in the blue and covers the UV spectral region.
The broad excitation band is the typical spectrum observed for
Eu’* and corresponds to 4f — 4f%(F;)Sd transitions. The
Mn** emission is a rather narrow band and situated in the
green around 530 nm. At 4.2 K vibrational fine structure is
observed which is characteristic for narrow-band emission with
a small Stokes shift (small Huang—Rhys parameter S).
Emission from both Eu** and Mn** shows thermal broadening.
A blue-shift is also observed in Eu®* PL with increase in
temperature, whereas the Mn*" PL exhibits a slight red-shift.
The blue-shift of Eu** emission with temperature was
previously attributed to lattice expansion with increasing
temperature.”® Indeed, a larger distance between Eu®*" and
oxide ligands corresponds to a reduced crystal-field splitting of
the 4f°5d" excited state of Eu**. The emission from the lowest
crystal-field component thus blue-shifts with increasing
temperature. In addition, vibrational coupling increases with
increasing temperature, thus broadening the emission profile.
In contrast, for Mn*" a slight red-shift is observed with
increasing temperature, which also agrees with earlier report.>”
The Mn?>* d—d transitions are spin- and parity-forbidden. The
spectrum is dominated by phonon sidebands, as Laporte’s

13904

selection rules is relaxed for transitions between vibrational
states (electron—phonon coupling).60 The transition strengths
of both Stokes and anti-Stokes sidebands increase with
increasing temperature, depending on the phonon energies
involved. The spectral shape thus changes in a nonstraightfor-
ward way. While at low temperatures individual vibronic lines
are observed and determine the peak maximum, the vibronic
lines broaden at elevated temperatures. It has been shown that
this broadening of vibronic lines gives rise to a red-shift of the
emission maximum®' and can explain the observed slight red-
shift in Mn** PL in Ba,MgSi,O,. The PLE profiles do not show
significant changes with temperature.

The temperature dependence of integrated PL intensity and
luminescence lifetime (7) for the Eu®** and Mn** emission is
presented in Figure 1b. The Eu®" PL is quite stable until 450 K,
but the Mn?>* PL starts to quench above 200 K. The thermal
quenching has been attributed to the thermally induced
ionization of excited state electrons in both cases.”®” The
difference in temperature threshold is then due to the
differences in energy separations between the excited state of
the ions and the conduction band edge of the host. The
decrease in PL intensity by thermal quenching coincides with a
decrease in emission lifetime. For Eu®* the ~0.8 us decay time
starts to decrease rapidly above 450 K. For Mn** a long 7.3 ms
lifetime is observed at low temperatures. This is typical for the
spin- and parity-forbidden *T;—°A, emission of Mn*". When
quenching sets in above 200 K, the additional nonradiative
decay processes shorten the lifetime as expected. The
luminescence quenching behavior of Mn** is also reflected in
the PL of Eu>*~Mn** codoped compounds (Figure 1c). Here,
the 4.2 K spectra show a prominent contribution of sensitized
Mn** PL, but this becomes less significant at 300 K.
Nevertheless, in both cases, the PL showed a steady rise of
Mn>* component with increasing Mn®>* concentration, which
helps shift the color coordinates toward the green (Figure 1d).
It is interesting to note that the 4.2 K vibronic fine structure
observed in the Mn** PL for the singly doped compound
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disappears in codoped compounds, which can be explained by
an inhomogeneous broadening effect associated with Eu*"—
Mn*" pair formation.

The donor (Eu**) luminescence decay curves are presented
in Figure le for different Mn** codoping concentrations
recorded at 4.2 and 300 K. After some initial faster decay, a
single-exponential ~0.8 us decay is observed for singly Eu**
doped Ba,MgSi,O,. The emission decay becomes faster and
nonexponential upon codoping with Mn?*. This is expected, as
energy transfer to Mn>* becomes an alternative decay path for
excited Eu®". Transfer rates vary and depend on the number of
and distance to Mn?* neighbors for specific Eu** ions, which
explains the nonexponential character. The decrease in decay
time is more pronounced at 300 K. This agrees well with the
PL properties, which reveal increased spectral overlap of Eu*"
emission with Mn?* absorption at 300 K, as the PL is more
broadened and blue-shifted (Figure la). The average Eu**
emission decay times were obtained by multiexponential fitting
of decay curves and are plotted in Figure 1f along with the
related energy transfer efficiencies (see the Supporting
Information, Figure S1 and Tables S1, S2). The energy
transfer efficiency (#7pr) was calculated via the equation

Toa
T (1)

Here, 7 and 7, represent the donor emission decay times in
singly (D) and codoped (DA) compounds. The 7, values of
0.79 ps at 4.2 K and 0.81 ps at 300 K were obtained from the
exponential fit of emission decay in singly Eu doped compound
at longer times (Table S1). Alternatively, the energy transfer
efficiency can be derived from the integrated area under the
decay curves in the codoped compounds in comparison to the
exponential (radiative) decay. Both methods give similar values
for the ET efficiency of about 18% at 4.2 K and 26% at 300 K
for 10% Mn®* codoping (see Table S2).

It is interesting to note that the PL profiles of codoped
compounds show significant contribution of sensitized Mn?*
emission (Figure 1c). The relative intensity of the Mn?'
emission is higher than expected for the transfer efficiency
values determined from emission decay curves (Figure 1f),
which appear to strongly underestimate the actual transfer
efficiency. To quantify the difference, we determined the
energy transfer efficiencies from the PL spectra. Figure 2a
presents the deconvoluted steady-state PL photon flux spectra
of codoped compounds. We used two different approaches to
estimate the energy transfer efficiencies at 4.2 and 300 K using
spectral data. At 4.2 K, the normalized photon fraction of Eu**
and Mn*" emission was used assuming that both Eu®** and
Mn?>* exhibit near-unity quantum efficiency. At 300 K, the
Mn?>" emission is partially quenched, and therefore the
absolute photon counts of the Eu** emission from PL relative
intensities were determined as a function of Mn** concen-
tration (Figure 2b). The energy transfer efficiencies were
obtained via the following expressions:

Mgp =1 =

B Mn2* photons
Ter@ax T (Eu** + Mn**) photons 2)
; _ | _ (Ba™" photons)y,
ET@300K (Eu** photons) @)

Here, the subscripts “D” and “DA” represent singly doped
(donor only) and codoped (donor + acceptor) compounds,
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Figure 2. Deconvoluted PL photon flux spectra of Eu** (3.5%) and
Mn** (0—-10%) codoped Ba,MgSi,O, (a). Corresponding photon
fractions and absolute photon counts for Eu** and Mn?* emission as a
function of Mn>* concentration (b) and the energy transfer
efficiencies, 77 (c), obtained at 4.2 and 300 K. The deconvolution
was performed by using Eu?* and Mn®* emission photon spectra in
singly doped Ba,MgSi,O; at respective temperatures. In (c), the solid
spheres represent 7y obtained by using spectral data. The #gr
obtained from emission decay analysis is included based on
multiexponential fits (A) and integration of luminescence decay

curves (V) (Table S2).

respectively. Figure 2c presents the transfer efficiencies at 4.2
and 300 K obtained by using spectral data, which shows about
53% at 4.2 K and 61% at 300 K for 10% Mn*" contents—far
greater than those obtained from the analysis of luminescence
decay curves.

The results in Figure 1 and 2 reveal a clear inconsistency in
energy transfer efficiency obtained by using luminescence
decay measurements and spectral data with much higher
transfer efficiencies derived from the spectral data (see Figure
2c). This is critical, as the former method is employed for
energy transfer analysis in many previous reports.26’44_54 To
resolve the inconsistency, luminescence lifetime measurements
were performed by using a much higher time resolution to
resolve fast nearest-neighbor (NN) energy transfer in Eu—Mn
pairs. Indications that fast NN transfer can go undetected for
measurements relying on typical low time resolution measure-
ments were given by Rubio et al,, who reported that the Eu*"
decay lifetimes in singly Eu** doped and Eu**—Mn?* codoped
NaCl compounds remain the same despite presence of intense
sensitized Mn?* luminescence.”” They argued that virtually all
Eu*" ions transfer their energy to nearest-neighbor Mn*" ions,
and this is too fast to be observed in the donor decay kinetics.
Figure 3a presents the high-resolution (HR) PL decay curves
(channel width 0.048 ns) of the Eu** singly doped and Eu*'—
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Figure 3. Luminescence decay curves of Eu’>* emission in singly Eu**
doped (3.5%) and 10% Mn** codoped Ba,MgSi,O; at 300 K for Ay, =
470 nm and A, = 375 nm (a). High-resolution decay curve recorded
with 0.048 ns channel width is plotted for the singly doped (dark
cyan) and codoped (dark orange) compounds. For comparison,
corresponding full time range “normal” decay curves (2.4 ns channel
width) are presented in lower contrast. Inset of (a) shows decay
curves in a log—log plot. High-resolution (0.048 ns channel width)
decay curves for Eu**—~Mn** codoped Ba,MgSi, O, at 300 K in a log—
log plot (b). Ba,MgSi,O, monoclinic lattice structure and
corresponding Ba—Mg radial distribution (c). Powder XRD pattern
of Ba,MgSi,O, (d) and enlarged view of a PXRD reflection in
different Eu>*~Mn** codoped Ba,MgSi,O, compounds (e).

Mn** codoped Ba,MgSi,O, compounds. The HR decay curves
reveal that the codoped compound exhibits a very fast decay
component, which is averaged out and thus goes undetected in
“normal” low-resolution (LR) full time range decay curve
measurement as shown in Figure le (channel width 2.4 ns).
This fast component is not detected in HR decay of Eu** singly
doped compound, confirming that the fast component is not
an instrumental artifact but is a signature of fast Eu**—Mn>"
NN transfer. The inset in Figure 3a shows the decay curve in
log—log scale and reveals that the fast decay component lies in
the approximately nanoseconds range and is significantly
slower than the instrument response function (IRF) of our
detection system around 0.14 ns (Figures S2 and S3).

Figure 3b presents the Eu** HR PL decay curves for
different Mn** codoped compounds in a log—log scale.
Interestingly, the amplitude of the ~1 ns decay component
does not exhibit a linear dependence on Mn** content. It first
increases until 3% Mn?*, is lower for 5% and 7% Mn*', and

then again increases in the codoped compound with 10%
Mn?". In contrast, at longer times (>1 ys), the decay becomes
consistently faster with increasing Mn*" concentration (Figures
3b and le). This interesting observation is attributed to the
microscopic dopant distribution in the lattice. The formation
of dopant ion pairs, or more broadly an aggregation of impurity
ions with deviating ionic radii, is commonly observed and
explained by reducing lattice strain.'*** As Eu** is smaller than
Ba** and Mn®' is larger than Mg® in their respective
coordination sites, they can be expected to preferentially
substitute in close proximity to reduce local strain. Figure 3¢
shows the monoclinic crystal structure of Ba,MgSi,O, and the
related Ba—Mg radial distribution. Ba,MgSi,O, exhibits
monoclinic or tetragonal crystal structures,”> where most
polycrystalline powders are reported to crystallize in
monoclinic structure with space group C2/c.’’~>” The
structure is composed of discrete [Si,O,]®” units connected
by tetrahedrally coordinated Mg ions, forming two-dimen-
sional sheets in the ac plane and are separated by layers of
octahedrally coordinated Ba ions. The radial distribution plot
reveals the distance and number of available sites of
tetrahedrally coordinated Mg** ions around the octahedrally
coordinated Ba** ions in the monoclinic lattice of Ba,MgSi,O,.
Multiple shells of nonequidistant Mg sites are available for
Mn** ions around Eu** ions occupying at the Ba®* octahedral
site. The observation in HR decay kinetics hints that the Mn>*
occupancies in these Mg sites are not statistically uniform for
all the concentrations, but they prefer to form close to
intermediate distance pairs with different weight probabilities
depending on Mn”* concentrations or small variations in the
synthesis procedure. Thus, it is anticipated that the pair
formation and their distance distribution might be influenced
by the elastic distortions in the lattice. Figure 3d shows powder
X-ray diffraction (PXRD) pattern of Ba,MgSi,O,. An enlarged
view of a prominent X-ray peak (reflections due to (022),
(13—1), and (220) planes) is presented in Figure 3e for
different Mn codoping concentrations showing that the peak
shift is not linear. In view of larger size of Mn®*, a lattice
expansion could be expected with Mn*" codoping, but the
PXRD peak first shifts toward higher diffraction angles
(contraction) until 3% and then shifts back upon further
increase in doping concentrations (see also Figure SS). This is
not in line with Vegard’s law®* and further confirms our
hypothesis of a nonuniform Eu®*—Mn?®" distribution in the
lattice and the observed nonlinear trend in the amplitude of
the fast decay component.

Information on the energy transfer mechanism can be
obtained from analysis of the Eu’" emission decay curves. The
HR luminescence decay curves show a very fast initial decay
component followed by a much slower decay. This character-
istic shape is most clearly observed for the samples doped with
3% or 10% Mn**. A biexponential fit of the decay curves yields
a very fast component of ~1.6 ns and a slower component of
~400 ns (see Figure S4 and Table S3). The second decay
component is much slower than the fast initial decay but still
faster than the radiative decay time of ~800 ns. We ascribe
these two decay components to energy transfer to Mn>" ions in
the nearest-neighbors (NN) shell and to Mn** in the next-
nearest-neighbor (NNN) shell. The distances for Eu** to NN
Mn** and NNN Mn** ions can be calculated from the crystal
structure data assuming Eu®’ substitutes on Ba’* sites and
Mn?>* on Mg’* sites. The symmetry of the Ba,MgSi,O, crystal
structure is low, and calculations of distances between Ba®*
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sites and the surrounding Mg** sites are included in the
Supporting Information (Table S4). There are four NNs at on
average 4.1 A and four NNNGs at on average 6.4 A. The energy
transfer rates kgr (kgp = 1/7Tey, — 1/ T,.q) calculated from the
fast 1.6 ns initial decay yields kg = 6.25 X 10° s7' and the
slower 400 ns component corresponds to kg = 1.25 X 10%s7*,
500 times slower than the NN transfer rate. This strong
distance dependence of kg is characteristic of energy transfer
by exchange interaction. For dipole—quadrupole interaction
with a r® distance dependence, energy transfer to NNN at 6.4
Ais expected to be a mere 3 times slower than transfer to NN
at 4.1 A. Using the NN transfer rate as a reference would give
an estimate of kg ~ 18 X 10° s™! for the NNN transfer rate,
which is 15 times faster than the experimentally observed value
of 1.25 x 10° s™". For energy transfer via exchange interaction
an exponential dependence in agreement with the Dexter’s
exchange interaction is expected, following the expression®®

kpr o e (—21’)

ET X €Xp ; 4
Here, r is average interionic separation and [ represents the
effective Bohr radius (average effective Bohr radius of the
donor excited state and acceptor ground state). With eq 4 and
the 500-fold decrease in ET rate to Mn>" ions at 4.1 and 6.4 A,
the effective Bohr radius can be estimated to be ~0.8 A. This
effective radius is in agreement with earlier reports on an
effective radius of 0.67 A for Eu**~Mn®" ET via exchange
interaction and 0.55 A found for Sb*" to Mn** exchange-
mediated ET.'**® Theoretical calculation of the effective Bohr
radius is challenging as it is not possible to predict how much
atomic orbitals expand (nephelauxetic effect) upon incorpo-
ration of ions into a host lattice.

On the basis of the strong evidence for Eu—Mn ET via
exchange interaction, it is interesting to take a closer look at
the overwhelming number of recent publications reporting
dipole—quadrupole interaction as transfer mechanism. Over
hundreds of publications in the past 15 years have investigated
Eu—Mn or Ce—Mn energy transfer and conclude that the
mechanism is dipole—quadrupole interaction, at odds with the
present findings. The various publications have a similar
structure and show plots of ratios of Eu®" emission intensities
(Iso/Is), energy transfer efficiencies (1g/ns), and/or Eu®*
emission decay times (7gy/7s) for singly Eu doped phosphors
(S0) vs Eu—Mn codoped phosphors (S). With reference to
each other or sometimes to an original paper by Dexter and
Schulman,® it is stated that these ratios are expected to
increase with the Mn®* concentration C proportional to C®/3
(dipole—dipole), C¥* (dipole—quadrupole), or C'** (quadru-
pole—quadrupole). Often the best fit was obtained for C*3,
and a dipole—quadrupole ET mechanism was thus con-
cluded.’*">* Sometimes a better fit was found for C*3 or C'*/?
and was used to derive that dipole—dipole or quadrupole—
quadrupole interaction was the operative transfer mecha-
nism.*°°~® Finally, it is important to realize that these C%/3 vs
Iso/Is, nso/ms, or g/t fitting methods to derive ET
mechanisms are also widely used for other donor—acceptor
pairs, for example, Tb** — Eu*.” The C%® model is
widespread but, as will be shown below, incorrect for
donor—acceptor energy transfer as it has been derived for
concentration quenching by energy migration among donors.

It is somewhat surprising that the model derived by Dexter
and Schulman®® for the efficiency of energy transfer between
donors to quenching centers (concentration quenching) is

used to describe the concentration dependence of donor—
acceptor energy transfer. Possibly the term “activators” for the
“donors” used in ref 55 caused confusion and lead to the idea
that the paper involved donor — activator/acceptor energy
transfer. From the beginning of ref S5 it is however clear that
the reported theory concerns concentration quenching by
energy transfer between donors (or activators) to quenching
centers, as the first line of the abstract reads “A theory is
presented for concentration quenching in solid systems, based
on the energy migration of excitation energy from one
activator center to another and eventually to an imperfection
which may act as an energy sink”. Even without a careful study
of ref 55 it should be evident that donor—acceptor energy
transfer rates increase linearly with acceptor concentration and
cannot follow a C%3 dependence with S = 6, 8, or 10. The
probability for a neighbor site (NN, NNN, NNNN, etc.) to be
occupied by an acceptor increases linearly with acceptor
concentration and thus so does the energy transfer rate.

To further prove this point, we did simulations for energy
transfer via dipole—dipole, dipole—quadrupole, or quadru-
pole—quadrupole interaction in a model system using our shell
model for ET.”%”" The results are plotted in Figure 4. The
donor—acceptor ET strength was chosen such that the ET rate
was equal to the radiative decay rate at ~1.8 times the NN
distance as this corresponds to energy transfer efficiencies that
resemble those observed in refs 47—54. Transfer efliciencies
and donor emission decay curves were calculated and used to
derive intensity ratios and lifetime ratios as a function of C%/3.
The results are shown in Figure 4a. For all interaction types,
the plots are approximately linear over some range, but they all
clearly deviate from linear in the limit of low concentrations.
This is also visible in the C%3 vs Ig/Ig or 7/7g curves
reported in the various papers.””**~>* The observation of an
approximately linear behavior for a limited concentration range
thus cannot serve to determine a C% dependence.

The proper method to determine the exponent of a
theoretically predicted or expected power dependence is
making a log—log plot. The slope in a log—log plot
immediately gives the power dependence. In Figure 4b, the
log—log plot of the energy transfer rate and energy transfer
efficiency are shown for energy transfer simulations assuming
dipole—dipole, dipole—quadrupole, or quadrupole—quadru-
pole interaction. As expected, theoretically a linear power
dependence is found for the energy transfer rate, for any
energy transfer mechanism. The modeling is based on a
random distribution of acceptors. Intuitively, it is clear that the
probability of finding an acceptor at a specific neighbor site
linearly increases with the acceptor concentration. As kgp is
determined by the sum of transfer rates to all acceptors for a
specific configuration of acceptors around a donor, also kgt will
increase linearly with acceptor concentration for a random
acceptor distribution. The experimental effective energy
transfer rates (kpr) in the present Ba,MgSi,O, compound
was obtained from the spectral energy transfer efficiency ngy
via

1 7IET

kgr =
(1 = Mgy (5)

The experimentally observed concentration dependence of kgy
is plotted in Figure 4c in a log—log plot. The slope of 1
indicates a linear dependence between kg and Cy, as expected
for a random Mn?* distribution. For the Eu** to Mn** ET there
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Figure 4. (a) Simulated plots of donor emission intensity ratio (Ig, o/
Iz,) and emission decay lifetime ratio (7g,0/7z,) with acceptor
concentration for dipole—dipole (red lines), dipole—quadrupole (blue
lines), or quadrupole—quadrupole (green lines) interaction in a model
system using the shell model for ET.”®”" Subscripts “Eu,0” and “Eu”
represent singly Eu doped and Eu—Mn codoped compound,
respectively. (b) A log—log plot of simulated energy transfer efficiency
(ngr) and energy transfer rate (kgy) as a function of acceptor
concentration. The linear part with slope equal to unity is depicted by
short black line. (c) A log—log plot of experimental data on Eu**—
Mn®" energy transfer efficiency and energy transfer rate as a function
of acceptor concentration in Ba,MgSi,O, compounds at 4.2 and 300
K. Dotted line presents a linear fit to the data points at 4.2 K. A short
black solid line with slope equal to unity is drawn to guide the relative
slope difference.

are strong indications that the Mn?* distribution is not random
but that there is preferential pair formation. The observation of
a linear dependence indicates that there may be a fixed fraction
of the Mn”" ions that is prone to preferential pair formation.
The amplitude of the fast initial part of the Eu®* decay curves,
however, does not increase linearly with the Mn>* concen-

tration, which is inconsistent with this suggestion and further
research on the role of preferential Eu—Mn pair formation is
needed. The extent of pair formation may also depend on
subtle variations in the synthesis procedure and therefore not
show a consistent trend within a concentration series because
of unintended variations in the synthesis conditions.

Finally, the energy transfer efficiencies (17zr) are plotted as a
function of Mn concentration. The log—log plot in Figure 4b
shows that theoretically a linear dependence is expected in the
low acceptor concentration regime but starts to deviate as the
transfer efficiencies increase above ~10%. The experimentally
observed concentration dependence for Eu — Mn ET
efficiencies in Ba,MgSi,O, is shown in a log—log plot in
Figure 4c. The results show a sublinear increase (slope ~0.7).
This slope is in agreement with the theoretically expected slope
as we already are in the regime of transfer efficiencies between
5 and 20% where the increase is no longer linear with acceptor
concentration.

B CONCLUSION

In summary, we conclude that the Eu** — Mn>" energy
transfer mechanism is dominantly Dexter’s exchange type
interaction in Ba,MgSi,O, and probably also in most other
Eu**—Mn*" codoped phosphors. Previous work reporting
dipole—quadrupole interaction as the transfer mechanism
relied on a presumed C®? concentration dependence of the
Eu**—Mn** transfer efficiency ratio (or Eu** emission intensity
ratio or lifetime ratio) in singly Eu doped and Eu—Mn
codoped phosphors with Mn*" concentration C. It is argued
here that this model is incorrect and that in fact a linear C
dependence is expected and observed for donor—acceptor ET
rates, independent of transfer mechanism. The model yielding
a C¥® concentration dependence was derived for energy
transfer efficiency ratios for transfer to quenching centers by
concentration quenching through donor—donor, not donor—
acceptor, transfer where C is donor concentration, not the
acceptor concentration.

Strong evidence for the exchange interaction mechanism is
provided by analysis of high-resolution luminescence decay
curves of the Eu** emission in Eu—Mn codoped phosphors.
These decays show the signature of exchange interaction: a
very fast initial decay for NN transfer followed by a much
slower decay for NNN transfer. The energy transfer to NN
Mn?* at 4.1 A is ~500 times faster than ET to NNN neighbors
at 6.4 A. This steep distance dependence does not fit the
dipole—quadrupole interaction but is consistent with the
strong distance dependence for exchange interaction with an
effective Bohr radius of ~0.8 A for Dexter ET. In line with
earlier reports, there are indications that the distribution of
Eu’" and Mn®" in the host lattice is not random but that
preferential Eu—Mn pair formation helps to improve the ET
efficiency. The present insights are important in the design of
new narrow-band red or green phosphors based on sensitized
Mn*" emission. Efficient sensitization is only possible in host
lattices with a short (<5 A) Eu’*—Mn®* or Ce**—Mn?>*
distance and will benefit from preferential pair formation.
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