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ABSTRACT: The feasibility of employing Mn4+-activated phosphors for
bandshift luminesence thermometry is demonstrated for the first time using
Mn4+:Na4Mg(WO4)3. Substitution of Mn4+ for Mg2+ in Na4Mg(WO4)3 yields
phosphors in which Mn4+ activators are distributed over (Na/Mg)2O10
dimers. Neutron powder diffraction reveals that metal−oxygen bond
distances in these dimers are significantly longer than those typically
observed in Mn4+-activated phosphors. Multisite distribution of Mn4+

activators coupled to long metal−oxygen distances impart thermometric
functionality to Mn4+:Na4Mg(WO4)3. Red emission from two distinct Mn4+

emitters leads to a broad band extending from 560 to 850 nm. Differential
thermal quenching of these emitters drives a sigmoidal blueshift of the
emission maximum upon increasing temperature from 100 to 400 K (ca. 30
nm); bandshift luminescence thermometry is thus realized. Quantitative
assessment of the thermometric performance of Na4Mg0.940Mn0.030(WO4)3 yields a sensitivity of 0.127 nm K−1, a repeatability
greater than 99%, and a temperature resolution of 2.5 K at 300 K. Findings presented in this article expand the scope of
applicability of Mn4+-activated thermosensitive phosphors beyond ratiometric bandshape and lifetime thermometry. More
importantly from the perspective of developing new phosphors, our results provide structural guidelines for discovering and
screening novel oxide hosts for Mn4+ activators.

■ INTRODUCTION

Luminescent thermometers offer several advantages over
routinely used contact and noncontact thermal probes such
as thermocouples and pyrometers. Among these advantages are
the ability to probe temperature with submicrometric spatial
resolution and to function in scenarios where contact
thermometry and pyrometry are problematic to implement.
The use of thermosensitive phosphors as temperature sensors
is tied to the ability to design materials with targeted sensitivity
and resolution over the temperature range of interest. From
this perspective, a continuous search exists for design principles
and materials that go beyond rare-earth-based luminescent
thermometers.
Mn4+-activated phosphors have been extensively studied as

red emitters for phosphor-converted white LEDs because they
exhibit narrow and tunable emission arising from the 2E → 4A2
transition. Despite thermal quenching being a well-known
feature of these materials, much less attention has been paid to
their use as thermosensitive phosphors for luminescence
thermometry; only a dozen studies have been recently
published.1−12 In these investigations, Mn4+ activators were
doped into oxide or oxyfluoride hosts and thermometric scales
were established using temperature-dependent luminescence
intensity ratios (ratiometric bandshape thermometry)2,3,5−7,9,12

or excited-state lifetimes of Mn4+ (lifetime thermome-
try).1,4,7,8,10,11 To the best of our knowledge, the position of
the red emission maximum has not been used as a

thermometric parameter (bandshift thermometry). Bandshift
luminescent thermometers are largely dominated by quantum
dots and semiconducting nanocrystals.13−18 These nanoma-
terials, however, operate in a narrow temperature window (ca.
−20 to 120 °C), and repeatability critically depends on
colloidal synthetic routes that are not as robust as solid-state
reactions employed to synthesize inorganic phosphors.
Developing Mn4+-activated phosphors capable of serving as
bandshift thermometers creates the opportunity to address
both deficiencies and expands the scope of applicability of
these phosphors in luminescence thermometry.
In this work, we use Mn4+:Na4Mg(WO4)3 to realize

bandshift luminescence thermometry between 100 and 400
K. Over the past few years, our group has been investigating
oxides featuring group V and group VI d0 oxoanions as host
materials for thermosensitive phosphors. In particular, we have
been looking at hosts in which activator ions may be doped
into multiple sites. Multisite distribution of activators may be
exploited for luminescence thermometry under the hypothesis
that different local atomic environments lead to distinct
thermal quenching of each emitting center. In the course of
our studies, we discovered the potential of Na4Mg(WO4)3 as a
host material for Mn4+. Na4Mg(WO4)3 was first synthesized by
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Han et al., and its crystal structure is shown in Figure 1.19 It
crystallizes in the monoclinic C2/c space-group (No. 15), and
the most relevant structural feature is the presence of (Na/
Mg)2O10 dimers formed by edge-sharing (Na/Mg)O6
octahedra (Figure 1a). Metal sites in these dimers, labeled
Na0/Mg hereafter, show occupational disorder of Na+ and
Mg2+ cations. (Na/Mg)2O10 dimers are connected to each
other by WO4 tetrahedra to form a three-dimensional
framework. When visualized along the c axis, this framework
gives rise to channels in which the remaining Na+ cations are
located (Figure 1b). Three distinct Na+ cations are present in
these channels; these are labeled Na1, Na2, Na3a, and Na3b.
The latter two are positionally disordered over the same site. In
the following, we demonstrate that doping Mn4+ into (Na/
Mg)2O10 dimers yields a bandshift luminescent thermometer
operating between 100 and 400 K. Emphasis is placed on
elucidating the structural basis of the observed temperature-
dependent luminescence response of Mn4+:Na4Mg(WO4)3.
Structure−luminescence relationships are highlighted from the
perspective of designing Mn4+-activated thermosensitive
phosphors via rational selection of the host oxide.

■ EXPERIMENTAL SECTION
Synthesis of Na4Mg1−2xMnx(WO4)3. Solid-state reactions were

employed to synthesize polycrystalline Na4Mg1−2xMnx(WO4)3 (x =
0.000, 0.005, 0.010, 0.020, 0.030, 0.040, 0.050, 0.060, and 0.070).
Stoichiometric amounts of Na2CO3 (99.5%, Sigma-Aldrich), MgO
(99.99%, Alfa Aesar), MnO2 (99.99%, Sigma-Aldrich), and WO3
(99.9%, Sigma-Aldrich) were mixed and ground in an agate mortar.
The unreacted mixtures were first placed in alumina crucibles and
heated under air at 450 °C for 2 h to decompose Na2CO3. Then, they
were heated at 675 °C for 12 h. After intermediate grinding,
polycrystalline samples were reheated three times at 675 °C under
identical conditions. Heating rates of 1 °C min−1 were employed
throughout. Off-white to pale pink powders were obtained. The
oxidation state of manganese was confirmed using X-ray photo-
electron spectroscopy (Figure S1). Attempts to synthesize
Na4Mg1−2xMnx(WO4)3 phosphors in which x > 0.070 or phosphors
in which Mn4+ substitutes for Na+ (i.e., Na4(1−4x)MgMn4x(WO4)3) led
to secondary phases.
Inductively Coupled Plasma Mass Spectrometry (ICP−MS).

Elemental analyses of Mn and Mg in Na4Mg1−2xMnx(WO4)3 were
carried out using a 7700 Series ICP−MS (Agilent Technologies).
Approximately 2−3 mg of powder was dissolved in 20 mL of aqua
regia at room temperature. Manganese and magnesium in 2% HNO3
(1000 μg mL−1, High Purity Standards) were used as standards.
Thermal Analysis. Thermogravimetric and differential thermal

analyses were conducted using an SDT2960 TGA−DTA analyzer
(TA Instruments). Approximately 5−10 mg of powder was first

heated at 35 °C for 30 min under flowing nitrogen (100 mL min−1).
Then, the temperature was ramped to 850 °C at a rate of 10 °C
min−1.

Time-of-Flight Neutron Powder Diffraction (TOF−NPD).
TOF−NPD data of Na4Mg1−2xMnx(WO4)3 (x = 0.000, 0.010,
0.030, 0.050, 0.070) were collected on the POWGEN beamline of
the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory. Approximately 2−3 g of powder were loaded into a 6
mm diameter vanadium can, and diffraction patterns were collected at
300 (all samples) and 100 K (x = 0.030). Patterns were recorded with
the high-resolution setting and a center wavelength of 0.800 Å in the
4.5−210 ms time window.

Rietveld Analysis. Rietveld refinements of NPD patterns were
performed using the General Structure Analysis System (GSAS) with
the graphical user interphase (EXPGUI).20,21 Crystal structures were
refined using the monoclinic space group C2/c (No. 15). The
following parameters were refined: (1) scale factor; (2) background,
which was modeled using a reciprocal interpolation function; (3) peak
shape, which was modeled using TOF peak profile function number
3; (4) diffractometer constant; (5) lattice constants; (6) fractional
atomic coordinates when allowed by symmetry; (7) anisotropic
displacement parameters except for Na3a and Na3b, for which
isotropic displacement parameters (Uiso) were refined; and (8)
occupancies of the Na3a ( f Na3a) and Na3b ( f Na3b) sites constrained to
f Na3a + f Na3b = 1.00. The occupancy of the Na0/Mg/Mn site was fixed
according to a Na:Mg:Mn molar ratio of 0.500:Mg:Mn; Mg:Mn ratios
were obtained from elemental analysis. Difference curves and Rwp
residuals were employed to assess the quality of the refined structural
models. Crystal structures were visualized using VESTA.22

Spectrofluorometry. Spectrofluorometric analyses were con-
ducted using a Fluorolog 3-222 fluorometer (Horiba Scientific).
Room-temperature steady-state spectra were collected using a 450 W
xenon lamp as the excitation source and a photomultiplier tube R928
as the detector. A slit width of 2 nm and appropriate long-pass filters
were employed. Room-temperature luminescence decays were
recorded using a 265 nm SpectraLED (Horiba Scientific) as the
excitation source. Variable-temperature excitation and emission
spectra and luminescence decays were col lected for
Na4Mg0.940Mn0.030(WO4)3, which showed the highest emission
intensity at room temperature. Na4Mg0.940Mn0.030(WO4)3 was loaded
into a VPF-800 variable-temperature stage (Janis Research Company)
and degassed at 650 K for 12 h prior to data collection. A 450 W
xenon lamp and a xenon flashlamp were used as the excitation sources
to record steady-state spectra and luminescence decays, respectively.
A Lake Shore 335-3060 controller (Lake Shore Cryotronics, Inc.)
provided temperature readings with ±0.2 K accuracy. A heating rate
of 5 K min−1 was employed.

■ RESULTS AND DISCUSSION

We first analyzed the chemical purity of a4Mg1−2xMnx(WO4)3
phosphors; emphasis was placed on probing the incorporation
of Mn4+ into the host lattice. Results from elemental analyses
of Mg and Mn are plotted in Figure 2; numeric results are
given in the Supporting Information (Table S1). An excellent
agreement is observed between the nominal and experimental
Mn4+ contents (Figure 2a) and Mn:Mg molar ratios (Figure
2b). Both results demonstrate that Mn4+ substitutes for Mg2+

in the Na0/Mg site in (Na/Mg)2O10 dimers and that Mn4+

does not replace Na+ to an observable extent. This was
expected on the basis of the much larger mismatch between
the crystal radii of Na+ and Mn4+ than between those of Mg2+

and Mn4+ (1.02 Å for Na+, 0.72 Å for Mg2+, and 0.53 Å for
Mn4+ in octahedral coordination).23 The strong preference of
Mn4+ to substitute for Mg2+ instead of Na+ is also in agreement
with the observation that attempting to synthesize
Na4(1−4x)MgMn4x(WO4)3 invariably leads to secondary phases
(Figure S2). Thermal analyses confirm the chemical purity of

Figure 1. Crystal structure of Na4Mg(WO4)3. (a) (Na/Mg)2O10
dimers formed by edge-sharing (Na/Mg)O6 octahedra; sodium and
tungsten atoms are not shown. (b) Structure projection onto the
(001) plane.
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Na4Mg1−2xMnx(WO4)3 phosphors. No additional exo- or
endothermic peaks appear in the DTA curves upon
incorporation of Mn4+ and melting points remain nearly
constant throughout the series (773 °C for x = 0.000 and 765
°C for x = 0.070; see Figure S3).
Ne x t , w e p r o b e d t h e c r y s t a l s t r u c t u r e o f

Na4Mg1−2xMnx(WO4)3. Structural analysis aimed to determine
metal−oxygen distances and bond angles for the Na0/Mg/Mn
site. These geometric parameters determine the strength and
symmetry of the crystal field experienced by the Mn4+ activator
and, as result, directly affect emission from d−d transitions.
Rietveld analyses of neutron diffraction patterns of
Na4Mg0.940Mn0.030(WO4)3 at 100 and 300 K are shown in
Figure 3; selected structural parameters at 300 K are listed in
Table 1. Results from analyses of other compositions are
provided in the Supporting Information (Figure S4 and Tables
S2−S9). NPD confirms the phase purity of the sample as all
diffraction maxima are indexed to the Na4Mg(WO4)3 phase;
no secondary crystalline phases are observed. Inspection of
difference curves and Rwp residuals demonstrates that the
average crystal structure of the phosphor is adequately
described by the structural model first proposed by Han et
al.19 This model holds equally well at low and room
temperatures. Large displacement parameters are obtained
for the Na3a and Na3b sites at 100 and 300 K, as expected on
the basis of their positional disorder along the b axis (see Table
S2). Equivalent displacement parameters (Ueq) obtained from
anisotropic refinement of the occupationally disordered Na0/
Mg/Mn site at 300 K show no significant dependence on the
Mn4+ content (1.64 Å2 for x = 0.000 vs 1.53 Å2 for x = 0.070).
Based on structural parameters extracted from Rietveld
analyses, the average atomic environment of Mn4+ in (Na/
Mg)2O10 dimers may be depicted as follows. Metal sites in
these dimeric units exhibit C1 symmetry and have six oxide
anions in a distorted octahedral geometry as nearest neighbors.
Metal−oxygen bond distances range from 2.144 to 2.360 Å
and most oxygen−metal−oxygen angles deviate significantly
from 90° (see Table S9). The presence of occupationally
disordered (Na/Mg)2O10 dimeric units in the undoped host
lattice leads to a statistical distribution of NaMgO10, Mg2O10,
and Na2O10 dimers. Upon doping, Mn4+ substitutes for Mg2+

in NaMgO10 and Mg2O10 dimers. Four different local
environments for Mn4+ may therefore be envisioned; these

are (1) NaMnO10 dimers resulting from Mn4+ replacing Mg2+

in NaMgO10 dimers (Figure 4a); (2) MgMnO10 and Mn2O10
dimers arising from substitution in Mg2O10 dimers (Figures
4b,c); and (3) Mn□O10 dimers created when Mn4+ ions
occupy a Mg2+ site adjacent to a Mg2+ vacancy (□) generated
to maintain charge balance (Figure 4d). Owing to the low
doping level of the phosphors, we expect Mn4+ activators to be
primarily located in NaMnO10 and MgMnO10 dimers rather
than in Mn2O10 and Mn□O10. Mn2O10 dimeric units may
occur at higher doping levels or in the case of prominent
clustering effects; first-principles calculations by Wang et al.
have indeed shown the high formation of energy of Mn4+−
Mn4+ pairs.24 Besides a multisite distribution of Mn4+

a c t i v a t o r s , a u n i q u e s t r u c t u r a l f e a t u r e o f
Na4Mg1−2xMnx(WO4)3 is the length of metal−oxygen bonds
extracted for the Na0/Mg/Mn site. These distances are
significantly longer than those reported in previous inves-

Figure 2. Elemental analysis of Na4Mg1−2xMnx(WO4)3. Experimental
Mn4+ content (a) and Mn:Mg molar ratio (b) as a function of their
nominal values.

F i gu r e 3 . R i e t v e l d an a l y s i s o f NPD pa t t e r n s o f
Na4Mg0.940Mn0.030(WO4)3 at (a) 300 and (b) 100 K. Experimental
data (black circles), calculated patterns (red curve), and difference
curves (blue, offset for clarity) are shown. Tick marks corresponding
to the calculated position of the diffraction maxima are depicted as
green vertical bars.

Table 1. Structural Parameters of Na4Mg0.940Mn0.030(WO4)3
at 300 K

a (Å) 12.6058(3)
b (Å) 13.6203(3)
c (Å) 7.1904(13)
β (deg) 111.920(11)
V (Å3) 1145.31(5)
(x, y, z)Na0/Mg/Mn 0.2900(3), 0.3415(2), 0.3786(4)
yNa3a, yNa3b −0.0216(17), 0.0287(18)
f Na3a, f Na3b 0.53(2), 0.47(2)
Ueq

Na0/Mg/Mn (Å
2)a,b 1.52(8)

Uiso
Na3a = Uiso

Na3b (Å
2)a 3.9(2)

⟨Na0/Mg/Mn−O⟩ (Å) 2.215
Rwp (%) 1.6

aGiven as 100 × U. bUeq= 1
3
× (U11 + U22 + U33).
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tigations of Mn4+-activated phosphors: they range from 2.14 to
2.36 Å whereas previously studied phosphors feature distances
ranging from 1.80 to 2.05 Å (see Table S10). On this basis,
one may expect Mn4+ to experience a weaker crystal field when
doped into Na4Mg(WO4)3. In the following paragraphs we
demonstrate that multisite distribution of Mn4+ activators
experiencing a weak crystal field not only servess to rationalize
the luminescence response of Na4Mg1−2xMnx(WO4)3 phos-
phors but also imparts thermometric functionality.
Luminescence was first probed as a function of the Mn4+

content. Room-temperature excitation spectra were collected
between 230 and 640 nm (λem = 682 nm), and emission
spectra were collected between 400 and 850 nm (λexc = 253
nm); these are shown in Figure 5a. Excitation spectra are
dominated by an asymmetric oxygen-to-metal charge-transfer
band (CTB) centered at ≈253 nm. Much weaker bands arising
from Mn4+ d−d transitions are observed in the 350−600 nm
range (Figure S5). Radiative relaxation of Mn4+ leads to an
asymmetric broad red band centered at ≈682 nm, which we
tentatively assign to the 4T2 → 4A2 transition of the Mn4+

activator in octahedral coordination. This result is in contrast
with previous investigations of Mn4+-containing phosphors that
typically observe narrow red emission resulting from the 2E →
4A2 transition and the corresponding vibronic transitions.25

Our tentative assignment of broadband red emission to the 4T2
→ 4A2 transition instead of broadened vibronic emission from
the 2E state is based on spectroscopic and structural data.
Indeed, no narrow bands or fine spectral features are observed

in the emission spectra of Na4Mg1−2xMnx(WO4)3 phosphors
even at 78 K. In addition, metal−oxygen bond distances for the
Na0/Mg/Mn site are significantly longer than those reported
for the few Mn4+-activated phosphors for which asymmetric
and broadened vibronic emission from the 2E state is observed
(type B phosphors in the classification proposed by Adachi25);
these are Li2Mg2Ti3O8 (1.90−2.02 Å)26 and Li2MgTiO4 (2.08
Å).27 Longer metal−oxygen distances lead to a weaker crystal
field and,28 ultimately, to broadband red emission from
Mn4+.29−32 Emission intensities increase up to x = 0.030 and
then decrease due to concentration quenching (see inset of
Figure 5a). The position and shape of the red emission band,
on the other hand, does not change with the Mn4+ content. As
shown in Figure 5b for the case of Na4Mg0.940Mn0.030(WO4)3,
this band exhibits a pronounced asymmetry. We attribute this
feature to Mn4+ emitters distributed over more than one
crystallographic site. The presence of four different dimeric
units in which Mn4+ ions may sit provides the structural basis
for this observation. As mentioned earlier, we expect Mn4+

activators to be primarily encountered as NaMnO10 and
MgMnO10 dimers.
The presence of two distinct Mn4+ emitters was supported

by kinetic analyses of room-temperature decays. Luminescence
decays were monitored at 682 nm under 265 nm excitation.
Results from these analyses are summarized in Figure 6; here
the lifetimes of the long- and short-lived Mn4+ emitters and
their fractional contribution to the total emission intensity are
plotted as a function of the Mn4+ content. Experimental decay
curves and numeric results used in these plots are given in the
Supporting Information (Figure S6 and Table S11). All decays
were adequately fit with a biexponential function given by eq 1,
where I(t) is the luminescence intensity at time t, τLL and τSL
are the excited-state lifetimes of the long- (LL) and short-lived
(SL) Mn4+ emitters, respectively, and A, ALL, and ASL are
constants. The fractional contributions of each emitter (FLL
and FSL) to the total emission intensity were computed using
eqs 2 and 3.

I t A A
t

A
t

( ) exp expLL
LL

SL
SLτ τ

= + − + −
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz (1)

Figure 4. Four different local environments for Mn4+ may result upon
substitution for Mg2+ in (Na/Mg)2O10 dimers.

Figure 5. (a) Room-temperature excitation and emission spectra of Na4Mg1−2xMnx(WO4)3 phosphors. Inset: normalized integrated intensity of the
red emission band centered at 682 nm as a function of the Mn4+ content. (b) Red emission band of Na4Mg0.940Mn0.030(WO4)3. Inset: red emission
under 253 nm illumination.
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τ
τ τ

=
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The observation of biexponential decays confirms the presence
to two distinct Mn4+ emitters. Red emission is dominated by a
long-lived emitter with lifetimes ranging from ≈540 to 450 μs.
A minor contribution from a short-lived emitter with lifetimes
ranging from ≈185 to 150 μs is also observable. The
contribution of the short-lived emitter increases from 13 to
20% upon increasing the concentration of Mn4+, indicating the
preferential incorporation of Mn4+ in one dimeric unit.
The temperature dependence of the luminescence of

Na4Mg1−2xMnx(WO4)3 phosphors was probed to screen their
potential as optical thermometers. Emphasis was placed on
establishing whether the thermal quenching characteristics of
the two Mn4+ emitters were different enough to yield an
observable change in spectral distribution upon changing
temperature. Variable-temperature luminescence measure-
ments were conducted on Na4Mg0.940Mn0.030(WO4)3. Results
from these studies are summarized in Figure 7. Inspection of
the emission spectrum in Figure 7a shows that, as expected, the
intensity of the red emission band decreases with temperature.
More importantly, its maximum shows a large blueshift from
≈709 to 675 nm upon increasing temperature from 78 to 400
K. Analysis of temperature-dependent luminescence decays
reveals that this blueshift stems from the distinct thermal
quenching characteristics of the two Mn4+ emitters contribu-
ting to red emission. Biexponential decays were monitored at
682 nm and fit to extract the temperature-dependent lifetimes
of the long- (τLL(T)) and short-lived emitters (τSL(T)). Next,
the corresponding effective rate constants (kLL

ef f(T) and kSL
ef f(T))

were fit using a single-barrier model given by eqs 4 and 5.

k T
T

k k
E
k T

( )
1
( )

expLL
eff

LL
LL
R

LL
NR a

LL
0

Bτ
= = + −

i

k
jjjjj

y

{
zzzzz
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T
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E
k T

( )
1
( )

expSL
eff

SL
SL
R

SL
NR a

SL
0

Bτ
= = + −

i

k
jjjjj

y

{
zzzzz

(5)

Here kR is the radiative constant of the 4T2 excited state, and
kNR0 and Ea are the attempt rate and activation energy for
nonradiative deactivation via crossover to the 4A2 ground state,
respectively. Fits of kLL

ef f(T) and kSL
ef f(T) are shown in Figure 7b;

experimental decays and corresponding numeric results are
given in the Supporting Information (Figure S7 and Tables
S12 and S13). The single-barrier model provides an adequate
description of the temperature-dependent responses of the two
Mn4+ emitters. Comparison of the activation energies for
nonradiative relaxation shows that the short-lived emitter is
more prone to thermal quenching than the long-lived emitter
(872 vs 1707 cm−1). The observed blueshift of the emission
maximum can therefore be rationalized by considering that the
long-lived Mn4+ emits at shorter wavelengths and the short-
lived Mn4+ emits at longer wavelengths. The more pronounced
deactivation of the short-lived emitter upon increasing
temperature drives the maximum of the red emission band
to shorter wavelengths. We note here the relevance of the
activation energy required to reach the crossover of the 4T2
and 4A2 parabolas for luminescence thermometry, as it enables
differential thermal quenching of Mn4+ emitters.8,33,34 Also
noteworthy i s the fac t that , s t r i c t ly speak ing ,
Na4Mg0.940Mn0.030(WO4)3 is a bandshape thermometer
because it is the change in the relative emission intensities of
the two Mn4+ emitters that drives the observed blueshift of the
red emission maximum. Throughout this article, however, we
use the term “bandshift” because the thermometric parameter
utilized to convert optical readings to temperature values is the
position of the emission maximum, as described below.
Finally, we exploited the blueshift of the red emission

maximum to realize bandshift luminescence thermometry.
Studies were conducted to probe the thermometric sensitivity,
r e p e a t a b i l i t y , a nd t empe r a t u r e r e s o l u t i o n o f
Na4Mg0.940Mn0.030(WO4)3. Results are summarized in Figure
8 and figures-of-merit are given in Table 2; spectra and
additional numeric data are given in the Supporting
Information (Figure S8 and Table S14). We used the centroid
of the red emission band (λcentroid) as the thermometric
parameter instead of the intensity maximum. λcentroid was
computed using eq 6, where I(λ) is the emission intensity.

Figure 6. Lifetimes of long- and short-lived Mn4+ emitters and their
fractional contributions to red emission as a function of the Mn4+

content. Decays were collected at room temperature. Dotted lines are
guides to the eye.

Figure 7. (a) Temperature-dependent emission spectrum of
Na4Mg0.940Mn0.030(WO4)3. The maximum of the red emission band
centered at 682 nm blueshifts upon increasing temperature. (b) Fits
of the single-barrier model to the effective rate constant of the 4T2
state of the long- and short-lived Mn4+ emitters. Fits are depicted as
solid lines; activation energies (Ea) and fit residuals (R2) are given.
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As shown in Figure 8a, λcentroid exhibits a sigmoidal dependence
on temperature between 100 and 400 K. A Boltzmann function
given by eq 7 provides an excellent fit to this dependence; the
corresponding fitting parameters are A1 = 689.2(9) nm, A2 =
727.9(7) nm, T0 = 263(3) K, and σ = 72(4) K.
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This function illustrates the transition between an initial
regime in which both long- and short-lived Mn4+ emitters are
active and a final regime in which emission is dominated by the
long-lived emitter. The thermometric sensitivity of
Na4Mg0.940Mn0.030(WO4)3 was estimated by taking the
derivative of λcentroid(T) with respect to temperature; values
of 0.045, 0.127, and 0.061 nm K−1 were thus obtained at 100,
300, and 400 K, respectively. We note here that a room-
temperature sensitivity of 0.127 nm K−1 is also obtained if the
temperature dependence of λcentroid between 200 and 350 K is
fit with a linear function of the type λcentroid(T) = −AT + B,
where A = 0.127(2) nm K−1 and B = 742.1(6) nm (see inset of
Figure 8a). The room-temperature sensitivity of our Mn4+-
activated phosphor is comparable to that reported for
bandshift thermometers operating on the basis of bandgap
emission from quantum dots and semiconducting nanocrystals,
which exhibit sensitivities in the 0.100−0.200 nm K−1

r a n g e . 1 3− 1 7 Howe v e r , a ma j o r a d v a n t a g e o f
Na4Mg0.940Mn0.030(WO4)3 is its ability to operate over a
much broader temperature window; quantum dots and
semiconducting nanocrystals are limited to low temperatures
(ca. −20 to 120 °C) unless embedded in a solid matrix.16 This
advantage also holds when compared to highly sensitive Ag/

Ag2S nanocrystals (≈2 nm K−1) that operate between 15 and
50 °C.35 Comparison of the thermometric sensitivity of
Na4Mg0.940Mn0. 030(WO4)3 with other phosphors used in band-
and lineshift thermometry is restricted by the limited number
of examples reported in the literature. Notably, Mn4+-activated
phosphors have not been investigated at all as bandshift
thermometers; their use has been limited to ratiometric
bandshape and lifetime optical thermometry. Among the very
few lineshift thermometers based on activator emission that
have been reported are Eu3+:Y2O2S,

36 Nd3+:LaF3,
18

Ce3+:Y3Al5O12,
37 and Eu3+/Dy3+:YVO4.

38 As expected, sensi-
tivity values for Na4Mg0.940Mn0.030(WO4)3 are much higher
than those reported for thermosensitive phosphors based on f−
f and f−d transitions (e.g., 0.007 nm K−1 for Nd3+:LaF3). The
repeatability of the response of Na4Mg0.940Mn0.030(WO4)3 at
100, 300, and 400 K was evaluated by subjecting the phosphor
to 10 heating−cooling cycles and extracting centroidλ at the
temperature of interest. Cyclability plots are shown in Figure
8b. Repeatability values greater than 99% were computed using
eq 8,where T( )centroid

iλ is the value of λcentroid in the ith cycle and
T( )centroidλ⟨ ⟩ is the mean value of λcentroid computed over 10

cycles.
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Overall, the repeatability of the thermometric response is
excellent across the entire temperature range; no signs of
thermal hysteresis are observed. Finally, temperature resolution
(ΔT) was estimated by applying the thermometric scale given
in eq 7 to calculate a series of temperature values (Tcalculated)
from the spectra used for repeatability measurements. The
standard deviation of these values was used as an estimate of
the phosphor’s temperature resolution. Temperature resolu-
tions of 3.2, 2.5, and 6.8 K were obtained at 100, 300, and 400
K, respectively.

■ CONCLUSIONS
The functionality of Mn4+-activated Na4Mg(WO4)3 phosphors
as bandshift luminescent thermometers was demonstrated.
These phosphors operate in the 100−400 K temperature range
with a sensitivity comparable to that of quantum dots
previously used as bandshift thermometers. Structural analysis

Figure 8. Centroid of the red emission band of Na4Mg0.940Mn0.030(WO4)3 as a function of temperature (a) and heating−cooling cycle (b). Solid
lines in (a) depict sigmoidal and linear fits in the 100−400 and 200−350 K (inset) temperature ranges, respectively; fit residuals (R2) are given.

Table 2. Thermometric Performance of
Na4Mg0.940Mn0.030(WO4)3

temperature
(K)

sensitivity
(nm K−1)

repeatability
(%)

⟨Tcalculated⟩
a

(K)
resolution

(K)

100 0.045 >99 102.0 3.2
300 0.127 >99 297.5 2.5
400 0.061 >99 400.5 6.8

aArithmetic mean of 10 values.
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of Na4Mg1−2xMnx(WO4)3 revealed that their temperature
sensing ability stems from (1) the distribution of Mn4+

activators over (Na/Mg)2O10 dimers and (2) metal−oxygen
bond distances that are longer than those typically encountered
in Mn4+-activated phosphors. These features provided the
structural basis to rationalize the observed asymmetric
broadband red emission as well as its temperature dependence.
A significant blueshift of the red emission maximum occurred
upon increasing temperature as a result of differential thermal
quenching of two distinct Mn4+ activators.
The significance of these findings is two-fold. First, they

expand the scope of applicability of Mn4+-activated phosphors
in luminescence thermometry. To the best of our knowledge,
Na4Mg1−2xMnx(WO4)3 is the first example of a bandshift
thermometer based on emission from Mn4+ activators;
previously reported phosphors were used as ratiometric
bandshape and lifetime thermometers instead. More impor-
tantly, structure−luminescence relationships established in this
work serve to outline two design principles. Candidate host
materials for bandshift thermosensitive phosphors activated by
Mn4+ should be sought among oxides featuring (1) occupa-
tional disorder of the site in which Mn4+ is expected to enter
and (2) long bond distances between Mn4+ and the
surrounding oxide anions (i.e., > 2.10 Å). Hosts featuring
group V and group VI d0 oxoanions as building blocks appear
to be a good starting point for future developments,
particularly considering their chemical and thermal stability.
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