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dies of Eu2+ and Mn2+ doped
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Chong-Geng Ma,d M. G. Brik,def Ya. Zhydachevskiic and A. Suchocki*cdg

High pressure luminescence studies of NaScSi2O6 clinopyroxene (jervisite) doped with Eu2+ and Mn2+ are

reported. The efficiency of the energy transfer between Eu2+ and Mn2+ is examined. It is shown that the

efficiency of the energy transfer process is weakly dependent on pressure, although a small increase of

the probability of nonradiative energy transfer with increase of pressure is observed. In contrast to that

the energy transfer efficiency at ambient pressure is independent of temperature between 10 K and 400

K. The Raman spectra under pressure shows fingerprints of the reversible phase transitions at pressures

of about 100–120 kbar at room temperature. The occurrence of the phase transition drastically reduces

the efficiency of energy transfer, which is restored at higher pressures. The Mn2+ luminescence is

quenched at about 200 kbar due to the crossing between the 4T1g and 2T2g excited states occurring at

this pressure. The 2T2g state becomes the first excited level at this pressure and due to much stronger

coupling with the host the Mn2+ luminescence is quenched. This is the first observation of such

behaviour for Mn2+ ions. Pressure dependence of CIE color coordinates is established for this phosphor.
I. Introduction

Recent development of white-light emitting diodes (WLED) and
attempts to obtain the most efficient phosphors for diodes with
controlled color-rendering index and high correlated color
temperature have triggered a great number of studies of various
materials, sometimes quite exotic, although existing in
nature, or intentionally designed for these purposes. One such
material is Na–clinopyroxene with general chemical formula
NaMe3+Si2O6. This material has a monoclinic crystallographic
structure with space group C2/c at ambient pressure.1 Clino-
pyroxenes (monoclinic pyroxenes) are components of various
minerals, as for example: augite, diopside, pigeonite, heden-
bergite, aegirine, jadeite (Na(Al,Fe3+)Si2O6) and omphacite.
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They are most common in basic and ultrabasic igneous rocks
such as basalt, gabbro, peridotite and pyroxenite. Fe-rich cli-
nopyroxenes can occur within granites, diorites and syenites.
Alkali-rich clinopyroxenes are particularly abundant in alkaline
igneous rocks such as phonolites, basanites, nephelinites etc.2,3

and they are important components of upper Earth mantle,4,5 at
least partially determining its seismic properties. Recent
studies of NaScSi2O6:Eu

2+ and Mn2+ clinopyroxene (this type of
clinopyroxene is called jervisite)6 and similar compounds
showed that theymight be useful as phosphors forWLED, being
stable over a wide range of pressures and temperatures, exhib-
iting useful emission properties with possibility of tuning
photoluminescence by using solid solutions between various
compounds in clinopyroxene family.6,7

Me3+ ions are located in octahedral coordination in clino-
pyroxene host. It has been established with use of XRD data that
Eu2+ ions substitute Na ions in distorted cubic antiprism poly-
hedrons and Mn2+ are in octahedral coordination replacing Sc
ions.1 The site occupancy is related to ionic radii of dopant and
host ions, which actually is the most important factor estab-
lishing preference in choosing the sites for dopant location.

Previous photoluminescence studies showed that samples of
NaScSi2O6 doped only with Eu2+ exhibit typical green emission.
By codoping with Mn2+ due to the energy transfer from Eu2+

ions toMn2+ the color of emission can be changed from green to
yellow due to existence of additional luminescence band with
maximum at about 660 nm. This bad is associated with typical
Mn2+ luminescence due to the 4T1 / 6A1 intracongurational
transitions within electronic states of the Mn2+ ions. The
RSC Adv., 2017, 7, 275–284 | 275
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emission color on the CIE chromaticity diagram depends on the
concentration of Mn2+ codopant.1

In order to check further possibility of controlling the
luminescence color in these types of compounds we decided to
study the effect of hydrostatic pressure on the luminescence
properties of clinopyroxenes doped with both Eu2+ and Mn2+

ions. Application of high pressures can effectively change the
inter-atomic distances in the solid state materials (depending
on pressure and bulk modulus of the material studied – even up
to a few tens of %). Therefore the strength of the crystal eld
experienced by central ions can be effectively changed. If the
position of the luminescence is strongly dependent on strength
of the crystal eld, which is the case of the Eu2+ 5d / 4f tran-
sitions8,9 or intracongurational Mn2+ optical transitions,10 the
color of the emission can be considerably changed by pressure
application. This allows for establishing conditions for “chem-
ical pressure” use, i.e. by changing the interatomic distances
due to the change of the lattice parameters as the result of
preparation of solid solutions with various materials having
different lattice parameters associated with different ionic radii
of host ions. In this way high pressure application, which can be
done in precise and controlled way, allows to check and estab-
lish conditions for obtaining the desired luminescence prop-
erties of the material for practical applications. Important parts
of these effects are details of the energy transfer processes and
inuence of pressure on the observed phenomena. These are
the aims of the present publication.
II. Samples and experimental
methods

Samples used for the study were prepared by the sol–gel method
and had powdered form. The details of preparation procedure
can be found in ref. 1. Three types of samples were studied in
details: singly doped NaScSi2O6:Eu(5%), NaScSi2O6:Mn(5%),
and doubly doped NaScSi2O6:Eu(5%),Mn(15%). The sample
with 15% of Mn2+ was chosen due to the importance of effect of
the energy transfer between the Eu2+ and Mn2+ ions and asso-
ciated with this efficient Mn2+ emission, but with small, on the
other hand, effect of concentration quenching, observed for
samples with higher concentration of dopants.1

The quality and phase purity of the chosen samples were
examined with X-ray diffraction method (XRD) using BRUKER
D2PHASER equipment employing Cu Ka radiation and operated
at 30 kV and 10 mA. The XRD patterns were collected using
scanning step of 0.02� and counting time of 1 s per step. The
phase analysis was carried out using DIFFRAC.EVA V4.1 evalu-
ating application from BRUKER.

The results of XRD analysis are in agreement with results
previously presented in ref. 1. The samples besides desired
phase of NaScSi2O6 contain also small amount of additional
phases. It may be due to the high level of doping with Eu2+ and
Mn2+. It seems that there is a small amount of hydrated silicas,
as well as scandium pyrosilicate (Sc2Si2O7), scandium oxide and
in the doubly doped (with Eu2+ and Mn2+) sample – also Eu2O3.
There are no impurity phases containing manganese. The
276 | RSC Adv., 2017, 7, 275–284
amount of various additional phases is difficult to be estimated,
although qualitative analysis shows that the phase of clinopyr-
oxene NaScSi2O6 is strongly dominating. The examples of dif-
fractograms with detailed phase analysis are shown in ESI.†

Excitation spectra at ambient pressure were acquired using
Fluorolog 3 (Horiba) spectrouorimeter. Photoluminescence
spectra were measured using Shamrock SR750 D1 grating
spectrometer equipped with iDus 420 CCD detector (Andor
Technology). The IK5352R-D He–Cd continuous wave laser
(Kimmon Koha) was used as an excitation source. For high
pressure experiments the samples were placed in a Merrill-
Bassett type diamond anvil cell (DAC). Polydimethylsiloxane
oil was used as a pressure-transmitting medium, and ruby as
pressure gauge.

The experimental setup for luminescence kinetics and time
resolved emission spectra consisted of a YAG:Nd laser of
PL2143A/SS type and a parametric optical generator PG401/SH.
The laser generated 30 ps pulses at 355 nm wavelength with
repetition frequency of 10 Hz. The laser pumped PG generator
could produce light pulses at wavelengths ranging from 220 nm
to 2200 nm. The emission signal was analyzed with the 2501S
(BrukerOptics) spectrometer and a Hamamatsu Streak Camera
model C4334-01. Luminescence decays were collected by the
integration of streak camera images over the wavelength
intervals.

For temperature dependent measurements the sample was
placed in closed-cycle helium cryostat. The system consisted of
water cooled helium compressor model ARS-4HW and expander
model DE-204SI (Advanced Research System, Inc.) and Lake-
Shore temperature controller Model 336.

The high-pressure Raman spectra at room temperature were
taken using MonoVista CRS+ Raman system equipped with
532 nm laser. Powdered samples were placed in the Diacell
CryoDAC-LT of Almax easyLab. Argon was used as a pressure
transmitting medium and ruby as a pressure gauge.

III. Experimental results
III.1. Ambient pressure studies

The NaScSi2O6 doped with Eu(5%) and doubly doped with
Eu(5%) and Mn(15%) exhibit strong luminescence in the green
spectral region related to the Eu2+ 5d / 4f transitions (with
a peak at 550 nm) and Mn2+ 4T1g / 6A1g transitions (with
amaximum around 660 nm), if excited in the UV region. Weaker
luminescence is observed from only Mn2+-doped sample, due to
the forbidden character of the absorption within the 3d shell of
the Mn2+ ions. Normalized luminescence spectra of NaScSi2-
O6:Eu(5%) and NaScSi2O6:Eu(5%),Mn(15%) taken at room
temperature, are presented in Fig. 1.

The peak of theMn2+ band is located in the red region, which
means that the Mn2+ ions experience quite strong crystal eld.
Normalized excitation spectra of both samples, monitored at
the peaks of their luminescence bands, are presented in Fig. 2a.

The excitation spectra exhibit very good concurrence and
they are in agreement with excitation of both dopants through
the Eu2+ ions. Mn2+ ions are mainly excited by the efficient
energy transfer from Eu2+ ions due to the Forster–Dexter energy
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Normalized luminescence spectra of NaScSi2O6:Eu(5%) and
NaScSi2O6:Eu(5%),Mn(15%) samples at room temperature under
325 nm excitation.

Fig. 3 Temperature dependence luminescence spectra of NaScSi2-
O6:Eu(5%),Mn(15%) sample, excited by the 325 nm laser line. The
spectra were normalized to the peak of Mn2+ luminescence band.
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transfer mechanism, which will be discussed later. No excita-
tion bands associated with the transitions from the ground 6A1g
state to the 4T1g and 4T2g states are visible in the excitation
spectra of Mn2+ ions, in agreement with spin-forbidden char-
acter of these transitions. Fig. 2a shows unambiguously that the
nonradiative energy transfer mechanism is the most efficient
way of excitation of Mn2+ ions in this system. Only some traces
of the 4A1g +

4Eg band are visible in the Mn2+ excitation spectra
around 415 nm. This band is usually one of the strongest in the
absorption and PLE spectra of Mn2+ ions.

Much weaker Mn2+ luminescence is observed in the sample
doped only with Mn2+. Its excitation spectra monitored at
530 nm and 650 nm are presented in Fig. 2b. Some traces of the
Eu2+ dopant can be found in this sample, which gives a very
weak green luminescence with a peak at about 530 nm. The
bands associated with transitions to the 4T1g and

4T2g states are
not detected in the excitation spectrum of Mn2+ ions recorded at
650 nm, however some weak bands related to transitions to the
4Eg + 4A1g states can be observed at the wavelength around
415 nm, as well as some higher energy states of Mn2+ at shorter
wavelengths. The strong excitation band, with a maximum at
about 270 nm is the most likely related to band-gap excitation
mechanism of both Mn2+ and Eu2+ dopants in this compound.
It is also visible in the excitation spectra of two other samples,
presented in Fig. 2, however on the high-energy side of the very
Fig. 2 (a) Normalized room temperature excitation spectra of ScSi2O6:
their luminescence bands. (b) Room temperature excitation spectra of S

This journal is © The Royal Society of Chemistry 2017
strong band associated with the 4f / 5d excitation of Eu2+.
Decrease of the excitation efficiency observed at higher energy
side of this band is related to the smaller penetration depth of
the excitation light due to the very strong band-to-band
absorption of the host. The spectral position of this band
implies that the band-gap of jervisite is larger than previously
estimated1 and it is equal to about 4.0 eV (310 nm).

The temperature dependence of the luminescence spectra of
the NaScSi2O6:Eu(5%),Mn(15%) sample are shown in Fig. 3.

The temperature dependent decay kinetics of Eu2+ and Mn2+

for NaScSi2O6:Eu(5%),Mn(15%) sample are shown in Fig. 4a
and b, respectively.

The spectra and decay kinetics presented on the last graphs
show that this sample does not exhibit temperature quenching
of Mn2+ luminescence up to at least 500 K. Some temperature
quenching is observed for Eu2+ especially above 350 K.

The decay times of Eu2+ are in the sub-microsecond range.
Decay kinetics are nonexponential, due to the energy transfer
processes between the Eu2+ and Mn2+ ions. The Mn2+ decay
times are in the ms range, typical for forbidden type of these
optical transitions.
Eu(5%) and NaScSi2O6:Eu(5%),Mn(15%) samples monitored at peaks of
cSi2O6:Mn(5%) sample monitored at 530 nm and 650 nm.

RSC Adv., 2017, 7, 275–284 | 277
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Fig. 4 Temperature dependence of the luminescence decay kinetics of NaScSi2O6:Eu(5%),Mn(15%) sample, excited by the 325 laser line: (a)
decays of Eu2+ luminescence; (b) decays of Mn2+ luminescence.
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The decay kinetics of Eu2+ in the sample not doped with
Mn2+ exhibit much less non-exponential behavior than
observed in doubly doped sample. This is another sign of the
excitation energy transfer from Eu2+ to Mn2+ ions. The
comparison of the europium ions decay kinetics in samples
doped only with Eu2+ and doubly doped with Eu2+ and Mn2+ is
presented in Fig. 5.
III.2. High pressure studies

The luminescence spectra of the NaScSi2O6:Eu(5%),Mn(15%)
sample as a function of pressure at room temperature are pre-
sented in Fig. 6.

The spectra exhibit shis of the luminescence peaks towards
longer wavelengths, which is approximately linear with pressure
in the energy scale. The pressure coefficients for Eu2+ are equal
to �6.2 � 0.13 cm�1/kbar and for Mn2+ �14.8 � 0.8 cm�1/kbar,
respectively. The shis reect the increase of splitting of the 5d
Fig. 5 Comparison of the decay kinetics of Eu2+ NaScSi2O6 in samples
doped only with Eu(5%) and doubly doped with Eu (5%) and Mn(15%),
excited by the 325 laser line, at 10 K and 300 K.

278 | RSC Adv., 2017, 7, 275–284
level for Eu2+ and the decrease of the energy of the rst excited
level (4T2g) for Mn2+ (see appropriate Tanabe–Sugano diagram
for d5 conguration), together with the appropriate Stokes
shis. The positions of the peaks of luminescence of the Eu2+

and Mn2+ ions as functions of pressure are shown in Fig. 7.
The energy positions of the luminescence peaks during

compression and decompression overlap with each other not
showing appreciable hysteresis. Eu2+ luminescence does not
exhibit quenching with pressure in contrast to the lumines-
cence of Mn2+, which intensity decreases with increased pres-
sure in comparison with luminescence of Eu2+ and it is
completely quenched at pressures above 200 kbar. The origin of
that quenching will be discussed later.
Fig. 6 Luminescence spectra of the NaScSi2O6:Eu(5%),Mn(15%)
sample as a function of pressure at room temperature, excited by
325 nm laser light. The spectra are normalized to the maximum of the
Eu2+ luminescence. Distances in vertical axis are proportional to the
pressure values.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Positions of the peaks of luminescence of Eu2+ and Mn2+ ions
as functions of pressure for NaScSi2O6:Eu(5%),Mn(15%) sample. Full
points – under compression, open points – under decompression.
Open triangle and circle – the positions at ambient pressure (outside
of DAC).

Fig. 9 Pressure dependencies of decay times of longer components
of decays for NaScSi2O6 doped only with Eu(5%) (squares) and doubly
doped with Eu(5%) and Mn(15%) (circles).
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The examples of the pressure dependence of the decay
kinetics of sample doped only with Eu2+ and doubly doped with
Eu2+ and Mn2+ are shown in Fig. 8a and b, respectively.

The decay kinetics of the sample doped only with Eu2+ are
almost single-exponential at low pressures, the nonexponential
behavior appears in this sample at high pressures above 100
kbar. In contrast to these results nonexponential decays are
observed even at low pressures for sample doubly doped with
Eu2+ and Mn2+. The decays are faster for this material. For both
samples tails of decays (longer components of decays) became
exponential. Pressure dependencies of decay times of long
components of decays are presented in Fig. 9.

Eu2+ decay times of the sample doubly doped are shorter
than those for the sample doped only with Eu2+, which is
another ngerprint of energy transfer processes occurring in
this material. The decay times rise with increasing pressure
until the pressure reaches about 200 kbar, and at higher
Fig. 8 Pressure dependence of the decay kinetics of Eu2+ luminesce
Eu(5%),Mn(15%) samples.

This journal is © The Royal Society of Chemistry 2017
pressures there is no appreciable, consequent increase of decay
times.

Decay kinetics of the Mn2+ ions present quite different
properties. Although with increasing pressure their values also
slightly increase, at pressures above 140 kbar a very strong
decrease of the decay time is observed, accompanied also by
nonexponential decays. The decrease of intensity causes
decrease of signal to noise ratio, observed for higher pressures
on the decay kinetics. The pressure dependence of the Mn2+

decay kinetics is presented in Fig. 10.
Although clinopyroxenes are supposed to be stable with

pressure 1, the pressure dependence of the Raman spectra was
measured in order to check the crystallographic stability of the
measured samples. An example of these results is presented
below (Fig. 11).

Similar spectra and pressure relations exhibit both samples
doped with Eu2+ only and Eu2+/Mn2+. Despite the high level of
nce at room temperature for: (a) NaScSi2O6:Eu(5%); (b) NaScSi2O6:-

RSC Adv., 2017, 7, 275–284 | 279
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Fig. 10 Pressure dependence of the decay kinetics of Mn2+ for
NaScSi2O6:Eu(5%),Mn(15%) sample at room temperature.

Fig. 11 Raman spectra as a function pressure for NaScSi2O6:Eu(5%)
sample.
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doping the spectra show the same peaks at ambient pressure,
however with different intensities. The low energy lines
observed in the spectra below 150 cm�1 are related to argon,
which serves as a pressure transmitting medium. Positions of
the lines observed in the spectra shi towards higher energies
with increasing pressure, however with slightly different pres-
sure coefficients. The lines broaden at higher pressures, which
is the most likely associated with certain nonhydrostaticity
typical for diamond anvil cells at pressures exceeding 100 kbar.
Perhaps the most striking feature observed in the presented
spectra is the splitting of the line around 400 cm�1 (and above
at higher pressures), observed for pressures above 100 kbar.
Also some lines change their relative intensities or even disap-
pear at certain pressures. Changes are reversible, i.e. aer
pressure release spectra the same as those before the
compression. The more detailed analysis of the Raman spectra
will be presented in a separate publication.

IV. Discussion of results
IV.1. Results of high pressure Raman measurements

Similarity of the Raman spectra for the samples doped only with
Eu2+ and doubly doped with Eu2+ andMn2+ is another proof that
280 | RSC Adv., 2017, 7, 275–284
both types of samples crystallize in the same crystallographic
structure. On the other hand it is known that some clinopyr-
oxenes change their structure upon changing content of some
constituent ions.11 The inuence of temperature and high
pressure on the crystallographic stability of clinopyroxenes was
studied in several publications.12 Although some of them turned
out to be stable under inuence of these factors, the other
showed apparent phase transitions from the C2/c structure to
P21/c one, and even at higher pressures to the high pressure C2/
c.13–17 For these clinopyroxenes P21/c is an intermediate phase
between both C2/c structures. Some other clinopyroxenes crys-
tallize in the P21/c structure at ambient conditions and at higher
pressures transform into C2/c phase.12 One of phase transitions
ngerprints is a splitting of some Raman lines. Such a splitting
has been observed for example in LiAlSi2O6 (spodumene) and
LiScSi2O6.18,19 The both structures are similar and show similar
elastic properties, i.e. the bulk moduli are not very much
different. The phase transition between C2/c and P21/c phases is
associated with certain reorientation of the structure forming
polyhedra and affects the most so called M2 site, i.e. the site
occupied by Na ions, which may be substituted by Eu2+ in case
of doping. Therefore both structures do not differ signicantly
and their changes are reversible upon pressure release.20 The
splitting of the line around 400 cm�1 observed at pressure of
122 kbar and above can be also associated with the change of
crystallographic structure, most probably similar to those
observed in the other clinopyroxenes, i.e. from C2/c structure to
P21/c. There is no splitting of the other Raman lines, as it was
seen in ref. 18, which is the most probable effect of inhomo-
geneous broadening associated with high doping level of the
examined sample and non-hydrostaticity of the pressure-
transmitting medium. The change is reversible, i.e. aer
releasing the pressure the sample exhibit the same spectra like
before compression, which testies that most likely it is a dis-
placive type of the phase transition, similar to observed in the
other clinopyroxenes.

Bulk moduli for several clinopyroxenes were measured,
however the experimental value for NaScSi2O6 is not known.20

Only theoretically predicted value has been given in ref. 20,
equal to 109.4 GPa. Also values of pressure derivatives of bulk
moduli B0

0 for clinopyroxenes are very oen spurious (some-
times even negative).20 Lack of good knowledge on the nature of
phase transitions and poor data quality are oen blamed for
these discrepancies. Therefore a typical value of B0

0 ¼ 4 has
been used in further calculations.
IV.2. Pressure dependence of the energy transfer

It has been established in ref. 1 that the dipole–dipole energy
mechanism is responsible for the energy transfer between Eu2+

and Mn2+ ions. The probability PddET of such transfer is then
described by the formula:21

Pdd
ETðRDAÞ ¼ 1

sr

�
R0

RDA

�6

(1)

where RDA – is the distance between a donor and an acceptor (in
our case distance between the Eu2+ and Mn2+ ions), sr – is the
This journal is © The Royal Society of Chemistry 2017
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radiative decay time of the energy donor, and R0 – is the critical
distance, for which the nonradiative energy transfer probability
is equal to radiative decay probability of the energy donor.
Assuming statistical distribution of energy donors and accep-
tors the decay kinetics of luminescence are described by the
Inokuti–Hirayama model,22 which for dipole–dipole interaction
mechanism is expressed by the formula:

IðtÞ ¼ I0 exp � t

sr
� G

�
1

2

�
C

C0

�
t

sr

�1
2

2
4

3
5 (2)

where C – is the concentration of energy acceptors, C0 – is the
critical concentration, equal to C0 ¼ 3/(4pR0

3), G is the gamma
function. Subsequent analysis of the decay kinetics and the
energy transfer processes will be done according to the proce-
dure proposed in ref. 23.

Since the decay kinetics of the sample doped only with Eu2+

exhibit certain nonexponentiality, especially at higher pressure,
we propose to treat that nonexponential part as radiative decay.
This way the expression given below should yield the value:

ln

�
IEu;MnðtÞ
IEuðtÞ

�
¼ �1:772

C

C0

ffiffiffiffi
t

sr

r
¼ S

ffiffi
t

p
(3)

where IEu,Mn(t) – is the decay kinetics at certain pressure for
the doubly doped sample, and IEu(t) is the decay kinetics of
the sample doped only with Eu2+ for the same pressure
(actually, in the ts the decay kinetic for the sample doped
only with Eu2+ the decay kinetic for the closest pressure
to the pressure at which the sample doubly doped was
measured was used). Therefore the plot of the le side of this
expression taken from the experimental value as a function of
(t)1/2 should be a straight line with the slope S ¼ �1.772
(C/C0)/(sr)

1/2. The example of such correlation plots is given in
Fig. 12.

Relatively large spread of the data is associated with the
important noise of decay kinetics. Its elimination would require
considerably longer measurement time. However possibility of
tting the data with the straight line as shown on correlation
plots of the type shown in Fig. 12 conrm that the dipole–dipole
mechanism of energy transfer is dominating in our material.
The pressure dependence of the slopes, S, established from the
eqn (3) is shown on Fig. 13a.
Fig. 12 The correlation plot for NaScSi2O6:Eu(5%),Mn(5%) sample. The
straight line is a fit of eqn (3) to the data.

This journal is © The Royal Society of Chemistry 2017
We assume now that the parameters of the slope, S, are
pressure-dependent, i.e.:

S ¼ �1:772
CðpÞ

C0ðpÞ
ffiffiffiffiffiffiffiffiffiffi
srðpÞ

p (4)

through the changes of the of the sample volume and decay
time with pressure. The pressure-induced changes of materials
volume can be estimated from Murnaghan equation of state:24

V

V0

¼
�
1þ p

�
B0

0

B0

��� 1
B0

0

(5)

Assuming that the concentration of energy acceptors (Mn2+

ions) is equal to nominal concentration of Cn ¼ 0.15 in Sc sites,
and the volume of the elementary cell is equal to Vel (0 kbar) ¼
456 Å3 from ref. 1, it is possible to calculate absolute values of
the critical distances Rdd

0 as function of pressure and also
temperature from the following formula:

Rdd
0 ¼

 
� 3S

ffiffiffiffi
sr

p

4ð ffiffiffiffi
p

p Þ3Cn

VelðpÞ
!1

3

(6)

SubstitutingMurnaghan eqn (5) as a value of Vel(p) and using
B0 ¼ 109.4 GPa and B0

0 ¼ 4 from ref. 20 the changes of critical
distance for dipole–dipole mechanism of energy transfer can be
calculated as a function of pressure, which is presented in
Fig. 13b.

The value of the (Rdd
0 (p))6 is proportional to the overlap

integral between the emission spectrum of the energy donor
and absorption spectrum of the energy acceptor (Eu2+ and
Mn2+, respectively, for our case) through the formula:21

�
Rdd

0

�6
f

ðN
0

3SðhnÞaAðhnÞ
ðhnÞ4 dðhnÞ (7)

The observed changes are very small, except a strong
decrease of the energy transfer efficiency present around pres-
sure at which the phase transition occurs. At higher pressure
the efficiency of the energy transfer is restored, and even a small
relative increase of this parameter can be detected from
Fig. 13b. Large error bars, associated with relatively small
accuracy of streak camera and use of DAC does not allow
establishing mechanism responsible for this change. Most
probably, the overlap integral eqn (7) is changed by pressure
application. Nevertheless the increase of the probability of the
energy transfer with pressure is not very signicant in this
material.

Origin of energy transfer suppress at pressure at which the
phase transition occurs is not known yet. It might be related to
phase-transition induced lattice disorder and reorientations of
molecules constituting the crystallographic structure.25 Perhaps
overall quenching of the luminescence occurring around this
pressure may be caused by the defect formation during phase
transition, which contributes to the decrease of the lumines-
cence efficiency. The increased non-exponentiality of the decay
RSC Adv., 2017, 7, 275–284 | 281
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Fig. 13 (a) Pressure dependence of the slopes, S, of the correlation plots for the dipole–dipole energy transfer for NaScSi2O6:Eu(5%),Mn(15%); (b)
pressure dependence of the critical radius of the energy transfer between Eu2 and Mn2+ in this jervisite.
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kinetics of the sample singly doped with europium, which
occurs around 100–120 kbar is the most probably associated
with increasing energy transfer to the defects induced by the
phase transition. The exact mechanism of the energy transfer
suppress at the phase transition region would require addi-
tional studies, which is beyond the scope of this paper.

In contrast to observed small changes of the energy transfer
probability with pressure, a slight decrease of the critical
distance R0 is detected. The dependence of the critical distance
for dipole–dipole energy transfer, Rdd

0 (T), on temperature at
ambient pressure is shown in Fig. 14.

Observed changes of R0 with temperature are also small, as
well as changing pressure. The obtained values of R0 seems to
be reasonable, taking into account the smallest possible
distance between Eu2+ and Mn2+ ions in clinopyroxene struc-
ture, equal to about 3.22 Å at ambient pressure. Relatively larger
distance between interacting ions than the critical radius
Rdd
0 prefers longer-distance dipole–dipole interaction in

contrast to more effective on shorter distances higher order
multipole or exchange interactions. The results will be depen-
dent on total amount of Mn2+ ions present in the sample. Our
assumption that the total concentration of Mn2+ is equal to
nominal concentration of substrates seems to be reasonable,
since changes in the Mn2+ excitation efficiency are at least
proportional to the Mn substrate content.1 However according
to eqn (6), exact results on Rdd0 is proportional to C�1/3, which
Fig. 14 Temperature dependence of the critical radius of the energy
transfer between Eu2+ and Mn2+ in NaScSi2O6:Eu(5%),Mn(15%) jervisite
at ambient pressure.

282 | RSC Adv., 2017, 7, 275–284
may change slightly the results if the concentration of Mn2+ is
different than those calculated from the amount of substrates
used for synthesizing these materials.
IV.3. Pressure-induced quenching of luminescence of Mn2+

in NaScSi2O6:Eu(5%),Mn(15%)

The NaScSi2O6:Eu(5%),Mn(15%) sample exhibits the Mn2+

luminescence with a peak at about 660 nm at ambient pressure,
i.e. in the red part of the spectrum. This luminescence is asso-
ciated with the 4T1g / 6A1g intracongurational transitions
within 3d5 shell of Mn2+ ions. Application of high pressures
shis that luminescence band towards infrared with a rate of
about 15 cm�1/kbar. The decay kinetics of this luminescence
are close to single exponential up to about 150 kbar. Above that
pressure the quenching of the luminescence occurs, with
apparent participation of nonradiative transitions, which is
conrmed by the strongly nonexponential luminescence decay
kinetics. The weak luminescence form Mn2+ ions is still visible
at pressure of about 180 kbar with a peak at about 810 nm. This
is the longest wavelength associated with Mn2+ luminescence,
ever observed, according to our knowledge. The longest wave-
length of Mn2+ emission ever found before in the other
compound is at 725 nm at room temperature.26 We associated
the Mn2+ luminescence quenching with the crossing between
the 4T1g and

2T2g excited states, which occurs at the pressure of
about 200 kbar in this compound. The 2T2g state becomes the
rst excited state at this pressure. Since it is much stronger
coupled to the lattice than the 4T2g state (see the Tanabe–
Sugano diagram for the 3d5 system, Fig. 15), the excitation
energy is nonradiatively transferred to the lattice.

Partial Tanabe–Sugano diagram, presenting appropriate
energy levels of Mn2+ (d5) ions is shown on Fig. 14 for the ratio
of C/B Racah parameters equal to 4, which is adequate for our
system. Previous studies show that the ratio of C/B can be equal
between 3.6 up to almost 6.27–29 The value of Racah parameter B
can be estimated from the position of the 4Eg + 4A1g levels,
which energy is equal to 10B + 5C. Estimated value of B (for C/B
¼ 4) is equal to about 830 cm�1. Although in the system with
large Stokes shi it is impossible to see the position of no-
phonon lines even the low temperatures, we use approxi-
mated values of the energy of pure 4T1 electronic level as the
This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Partial Tanabe–Sugano diagram for the d5 configuration in an
octahedral crystal field for C/B¼ 4.30 Vertical lines mark values of Dd/B
for: ambient (green) and 178 kbar (magenta) pressures, crossing point
between the 4T1g and 2T2g levels (red), and crossing point between
high- and low-spin configurations (solid black).

Fig. 16 Chromaticity diagram of NaScSi2O6:Eu(5%),Mn(15%) jervisite
luminescence induced by 325 nm as a function of pressure at room
temperature.
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energy at which the luminescence signal is close to the lumi-
nescence background at the high energy side of Mn2+ emission
band. Then the respective positions of the energy levels, (in E/B
units), as a function of pressure for 5 kbar and 178 kbar (the
highest pressure in which the luminescence of Mn2+ is visible)
can be calculated. Respective values of crystal eld parameter,
Dq/B, are established from Tanabe–Sugano diagram. These data
are presented in Table 1.

The appropriate positions of electronic levels for 5 kbar and
178 kbar are marked at Tanabe–Sugano diagram (Fig. 15). The
value of Dq/B obtained for pressure of 178 kbar is very close to
the crossing point between the 4T1g and 2T2g levels, which
occurs for Dq/B ¼ 1.8135 (for used C/B ¼ 4).

The value of Dq parameter should be approximately depen-
dent on the distance, r, between the central ions and ligands as
Dq � r�5. Therefore the ratio (Dq (5 kbar)/D (178 kbar))1/5 equal
to 0.956 can be compared with appropriate ratio of the
distances obtained from Murnahgan EOS (eqn (5)) (taken as (V/
V0)

1/3) for an ambient and 178 kbar pressure. This ratio ob-
tained from Murnaghan equation is equal to 0.955, which is in
perfect agreement with the value obtained from the crystal eld
(Tanabe–Sugano diagram) theory. This is also a proof of
consistency of our analysis. It should be noticed that larger
value of C/B ratio would yield worse agreement between results
obtained from the crystal eld theory and Murnaghan EOS.

From Tanabe–Sugano diagram the crossing between the 4T2g
and 2T2g levels should occur at energy equal to about E/B �15,
22 (12 633 cm�1 for B ¼ 830 cm�1). Although no emission is
expected at the crossing point, taking also into account the
Stokes shi between the absorption and emission, the
Table 1 Estimated energies of 4T1 electronic level at low and high
pressures and respective values of crystal field parameters Dq/B

Pressure
(kbar)

Estimated energy
of 0-ph line (cm�1)

Energy position of
4T1 level in B units
(B ¼ 830 cm�1)

Crystal eld
parameter
Dq in B units

5 16 340 19.69 1.32
178 13 643 16.44 1.65

This journal is © The Royal Society of Chemistry 2017
maximum of the luminescence should have occurred at wave-
length of about 870 nm. This is longer wavelength than the
observed peak of luminescence at highest pressure (around 178
kbar), at which the Mn2+ emission is still visible. It is again
consisted with presented explanation of the pressure-induced
Mn2+ luminescence quenching effect. According to our knowl-
edge it is a rst observation of such effect in inorganic
compounds.
IV.4. CIE chromaticity diagram as a function of pressure

The pressure dependence of luminescence color of jervisite
phosphor doped with 5% Eu2+ and 15%Mn on CIE chromaticity
diagram is presented in Fig. 16.

The pressure induced changes of coordinates on CIE
diagram of NaScSi2O6:Eu(5%),Mn(15%) under 325 nm excita-
tion are related to pressure shis of the luminescence of Eu2+

and Mn2+. Actually the pressure shi of Mn2+ luminescence
towards infrared remove this luminescence component from
the visible spectrum at relatively low pressure. This is a reason
that at low pressures a slight shi of color towards yellow is
observed. At higher pressures a change of color in the direction
of red is associated with the pressure-induced shi of the Eu2+

luminescence. The quenching of Mn2+ luminescence observed
at higher pressures does not have important inuence on the
color of luminescence since the spectrum of Mn2+ emission is
shied to the infrared region, not well visible for human eye.
V. Conclusions

The high-pressure measurements of NaScSi2O6 doped with
Eu(5%) and Mn(15%) show that the efficiency of nonradiative
energy transfer from Eu2+ to Mn2+ ions is weakly dependent on
pressure. The pressure-induced phase transition, detected by
RSC Adv., 2017, 7, 275–284 | 283
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Raman spectroscopy under pressure, which occurs in this type
of clinopyroxenes strongly decrease the efficiency of energy
transfer, however only at pressures close to the phase transition.
This suggest that decrease of the lattice constant in this type of
compounds by so called “chemical pressure” will not signi-
cantly increase the efficiency of Mn2+ excitation in this type of
phosphors. Although the thermal stability of these materials is
high, i.e. there is practically no thermal quenching of Mn2+ up
to 500 K. On the other hand high pressure measurements show
that the Mn2+ luminescence can be quenched by the non-
radiative processes associated with the crossing of the 2T2g and
4T1g states of the Mn2+ ions. This effect is observed for the rst
time, according to our knowledge. Also we observed the Mn2+

luminescence with a peak at about 810 nm, which is the longest
wavelength known for this type of emission.

The excitation spectra of the Mn2+ and Eu2+ luminescence
show that the band gap of examined jervisite at room temper-
ature in C2/c phase is around 310 nm (4 eV). The pressure-
induced change of color of this phosphor is documented by
calculations of CIE chromaticity coordinates. They are domi-
nated by pressure changes of Eu2+ luminescence spectra.
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