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The afterglow of the YAIO3:Mn?" single crystals irradiated with X-rays (45 kV, 0.3 mA) is studied to
understand its role in the behavior of the optically stimulated luminescence, which is observed during
pulsed stimulation with blue light (470 nm) of a pre-irradiated crystal. In non-irradiated crystal the
same light does not have this effect. It is shown that long lasting afterglow and optically stimulated
luminescence response follow the hyperbolic kinetics with the power in denominator less than one. It
confirms the common nature of both phenomena, which is likely explained by the presence of several
types of defects in the studied crystal, competing in trapping/re-trapping and releasing the carriers
during the irradiation and relaxation. On the other hand, it was find out that the initial part of
optically stimulated response demonstrates exponentials relaxation. A technique which uses the revealed
peculiarity is proposed and tested to determine the absorbed dose of irradiation from the optically-
stimulated luminescence in YAlO3:Mn?" crystal.
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1. Introduction

Yttrium aluminum perovskite doped with Mn?*
(YA1O3:Mn?* or YAP:Mn crystal) is considered to
be a prospective material for luminescence dosime-
try because of the appearance of intense thermolu-
minescence (TL) with the main TL peak at about
200°C after irradiation by ionizing radiation [1, 2]
and because of possibility to readout an optically-
stimulated luminescence (OSL) response [3, 4]. Its
advantages consist of a very high radiation re-
sistivity, chemical stability, mechanical strength,
weak fading, high sensitivity and high energy re-
sponse [1, 2, 5]. Its dosimetric properties are studied
mainly for usage in the TL dosimetry [1, 2, 5, 6],
however, peculiarities of the OSL phenomenon in
this material as well as its application for estima-
tion of the absorbed dose are not yet well under-
stood. The OSL glow as well as TL at 200°C ap-
pear in a wide green band with a maximum near
530 nm and is connected with Mn?* intra-center
transitions [4]. It means that it could be accompa-
nied by photoluminescence (PL) of Mn?T ions if the
stimulation light excites them. Fortunately, it was
revealed in [4] that the decay of OSL glow is much
longer than the PL life time being equal to 3.5 ms.
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Based on the results reported in [4], the OSL re-
sponse of the irradiated YAP:Mn?T have been stud-
ied by means of the time-resolved OSL readout with
a pulse stimulation at 470 nm using a setup de-
scribed in [6]. These experiments revealed that the
OSL glow lasts for a long time after termination
of the stimulation pulse and when measured pre-
cisely in a wide photometric dynamic range during
several hundreds of seconds, demonstrates glow ki-
netics that differs from the exponential relaxation
predicted for the simplest model of the OSL phe-
nomena [7, 8]. The decay of the OSL glow initi-
ated by pulse stimulation (100 ms) with blue light
(470 nm) is shown in Fig. 1 [9]. It cannot be fit-
ted even by few exponents but it is well described
by a generalized hyperbola, which is known also as
an empirical Becquerel decay function [10, 11]. The
function is expressed as
1(0)
where w and « are parameters of the hyperbola.
The special techniques of nonlinearity correction of
photon-counting, dark count subtraction and appli-
cation of an adaptive counting bin allowed to ex-
tend the dynamic range for at least one order in the
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Fig. 1. The YAP:Mn OSL decay curves (points)

recorded after the 1st (violet), 10th (olive) and 20th
(purple) sequential pulses of 100 ms duration of blue
(470 nm) light stimulation together with their fits
(solid lines) by mean of function (1) with some back-
ground from [9]. The repetition period of stimula-
tion pulses was equal to 420 s.

photometric scale, register the OSL response above
the noise level after 2 Gy dose of X-ray irradiation
for up to 10* s [12]. It was confirmed that the OSL
decay kinetics is described by (1) with high accuracy
because the coeflicient of determination (adjusted
R?) of the Becquerel decay function for fitting of
the experimental data exceeded 0.999.

Although the experiments conducted in [12] show
the ability to confidently register the YAP:Mn OSL
response from the absorbed dose of 0.1 mGy from
the 137Cs source, however, it was not possible to
unambiguously link the parameters of this response
with the absorbed dose.

One can point out at least two reasons of difficul-
ties with estimation of the absorbed dose from the
OSL response of the YAP:Mn crystal. The first is
caused by the fact that the a parameter of hyper-
bola in the denominator is less than one. The value
of parameter o = 0.85 £ 6 x 107* found in [12]
makes the function (1) a non-integrable one. If we
interpret the integral of the luminescence glow func-
tion as the sum of the dosimetric response, like in
the case of the TL dependence upon temperature,
then the non-integrability (1) will formally mean
the infinity of the total intensity of light, which, of
course, cannot be considered an adequate interpre-
tation. The second consists of a complicated charac-
ter of OSL response transformation in a stimulation
pulse series. Although the kinetics of responses to
repeated stimulation pulses are similar (see Fig. 1)
and each subsequent pulse decreases the response
intensity due to the gradual decrease of the number
of filled dosimetric traps, it is noticeable that the
luminescence intensity level at the end of the re-
sponse slightly increases with increasing the number
of stimulation pulses. It is revealed as an increas-
ing background component in the fitting procedure.
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This suggests that there are at least two processes
contributing to the YAP:Mn OSL response, differ-
ent speed of which distort the response in its tem-
poral evolution. The slow one cannot be completed
during the recording of the OSL response and causes
accumulation of glow intensity. The last is only
observed when the fast process intensity becomes
small enough. One can suppose that the slower pro-
cess is connected to the shallow traps, which are
usually empty at room temperature, but can re-trap
charge carriers released from metastable dosimetric
traps by optical stimulation and slow down the re-
laxation of excited states. The role of deeper traps is
also not excluded. The influence of competing shal-
low traps on TL and OSL dosimetry is not a new
topic in the study of dosimetric phosphors and has
been discussed previously [8, 13-18], but the known
data hardly fit the case of OSL in YAP:Mn, which
is yet poorly studied in this context.

The present work is devoted to further investiga-
tion of the OSL peculiarities in YAP:Mn crystals
aimed for a deeper understanding. In particular, it
is aimed at exploring the role of phosphorescence,
being observed usually as an afterglow of irradiated
phosphors, in the formation of OSL response, as
well as for finding a way to estimate the absorbed
dose of ionizing radiation from the measured OSL
response.

2. Experimental

Single crystals of YAP:Mn with nominal composi-
tion lel()ngloigg()g11\/111(0.05(70)7 Hf(02%) (CZ#31)
were grown by the Czochralski method (see [19] for
details). The samples in the form of plates with di-
mensions 3 x 3 x 1 mm? cut from the single crystal
by diamond saw without polishing of surfaces were
used for the measurements. The X-ray produced
an afterglow and the OSL response of the irradiated
samples were measured using the setup and experi-
mental technique described in [6, 12]. The adaptive
photon-counting bin was used with duration (time
interval of photon-counting) extended by a lower
rate of intensity decay. Measurements of long glow
decay were performed in fragments over several days
without removing the sample from the cell of the
setup. The samples were irradiated by X-ray tube
with voltage 45 kV and current 0.3 mA. The expo-
sure time was in the range from 2 s to 1000 s and was
controlled by an automated shutter. It was estab-
lished by the TL response intensity that such irra-
diations correspond to absorbed doses in the range
from 60 mGy to 30 Gy. The time delay after the
end of irradiation to the start of the afterglow reg-
istration was measured by a stopwatch with an ac-
curacy of 1 s. The residual signal was removed by
annealing of the sample before irradiation at tem-
perature 400°C in air. The OSL measurements were
being performed when the afterglow intensity was
less than 1000 photons per second [cps]. The non-
linear fitting by means of the Savitsky—Marquardt
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Fig. 2. The kinetics of green afterglow (points) of

YAP:Mn crystal induced by the X-ray irradiation
during 30 s (absorbed dose about 0.9 Gy) and its
fitting (solid line) by the function (1). The inset
represents the parameters of fitted function.

method was used for the experimental data approx-
imation. The application of the adaptive photon-
counting bin was considered as a weighting method
at nonlinear regression and no additional weighting
was used for the experimental data fitting.

3. Results and discussion

The typical afterglow decay kinetics after X-ray
irradiation of YAP:Mn crystal is shown in Fig. 2.
The afterglow can be measured for several days,
even after exposure for 30 s. As can be seen,
in Fig. 2, the X-ray produced afterglow has the same
shape as the OSL response after a single stimulation
pulse presented in Fig. 1 and in [12] and cannot be
satisfactorily fitted by any other simple function be-
sides that given by (1). In the last case, the coef-
ficient of determination (or adjusted R?) of the fit
by the Becquerel decay function (1) in a wide range
of time and glow intensity reaches the value more
than 0.9999. This indicates a very high correspon-
dence of this model to experimental data. It should
be emphasized that the blue light with wavelength
470 nm used in our experiments for OSL stimula-
tion does not cause afterglow nor the OSL signal if
the YAP:Mn crystal has not been irradiated before.

The X-ray produced afterglow measurements
were started with some delay after ending of irra-
diation exposure, which was required to move the
sample from the place of irradiation to the lumines-
cence measurement setup. To take it into account,
the expression (1) has to be modified to the form

0 p—C) E— )
(15w (A1)
where At is the time delay between the irradiation
end and the start of the measurement, while vari-
able t describes the time after the measurement has
started. The X-ray produced afterglow curves after
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different doses (X-ray exposure times) are shown
in Fig. 3. When the parameter At is considered as
an additional free parameter of approximation, then
its value found from fitting by the function (2) co-
incided with that value measured directly by stop-
watch with accuracy better than 1 s in most experi-
ments shown in Fig. 3. This is another confirmation
of the adequacy of the model (2) to the experimen-
tal observations. Next, the determined value At was
fixed as a constant to find a better fitting of other
parameters of (2). All experimental dependencies
in Fig. 3 are fitted by the function (2) with the ad-
justed R? > 0.999.

The initial intensity of the afterglow can be found
from such fitting procedure regardless of the de-
lay At. The dependence of the intensity on the
X-ray exposure time, shown in Fig. 4, demonstrates
a trend to saturation at the irradiation time close
to and longer than 300 s and can be described by
a simple model I = Ij ¢oy (1—exp(—t/7)), where the
found parameter 7 is equal to 98 s.

The afterglow induced by X-ray irradiation stud-
ied here and the long-time decay of OSL response
produced by blue light (470 nm) stimulation stud-
ied in the same YAP:Mn crystal before [6, 9, 12]
(compare Fig. 2 with Fig. 1 in the present work
of with Fig. 7 in [12]) reveal the same main pecu-
liarities of their behaviour, and hence the common
nature of these phenomena. It should mean that the
complexity of the OSL response in YAP:Mn crys-
tal is caused by the same reasons and mechanisms
that explain the hyperbola kinetics of phosphores-
cence in other phosphors [11] which is also very
common but less studied in recently popular long-
persistent phosphors [20-23]. Following the conclu-
sion of the analysis on the Becquerel type kinet-
ics of phosphorescence with o < 1 [11], the rea-
sons for such behaviour are the presence of several
traps delivering carriers to recombination centers
or re-trapping on dosimetric traps of those carri-
ers which are released or tunneled from even deeper
traps. Such interpretation coincides with studies of
YAP:Mn crystals demonstrating, next to the main
dosimetric TL peak at 200°C, an additional peak
at 350°C attributed to the unintentional dopants of
Mn?* and Cr37 (see [24] for details). It can also be
noted that the change in the w parameter with the
irradiation time (see insets in Fig. 3) is also a feature
of the Becquerel type phosphorescence kinetics with
a < 1 [11]. From this point of view, the uncertainty
of interrelation of the OSL response parameters be-
comes more understandable, and the absorbed dose
of preliminary irradiation of the crystal is explained
by additional uncontrolled factors influencing their
interdependence, which should be controlled for ap-
plication of YAP:Mn in OSL dosimetry.

One of the suggestions to be checked is that the
rapid recombination of carriers just released from
dosimetric traps may occur locally in close vicinity
of the recombination center. Slower processes re-
lated herewith to the diffusion of carriers or excited
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Fig. 3.

The X-ray produced afterglow (points) of YAP:Mn crystal after different irradiation times and the

corresponding fitted dependencies (solid line) in the form of (2). The inset represents the parameters of fitted
functions. The last number in the sample notation (S3-##) shows the time delay At [s] from the end of

irradiation till start of measurement. Other notations represent the values in (2): t0 —A¢, b — I1(0), ¢ —

d— a.

states through the crystal should less influence the
luminescence emission at the initial moment of op-
tical stimulation of the irradiated crystal. That is
why our further experiments were performed with
periodic stimulation by short pulses of 10 ms du-
ration and readout of the OSL intensity by means
of photon-counting in bins (channels) with a dura-
tion of 2 ms. The results of experiments with pulses’
repetition periods 1 and 9 s are shown in Fig. ba
and b, respectively. Because of the short stimu-
lation and short counting channels, the registered
signal is rather noisy. To decrease its dispersion,
the registered intensities in the same time chan-
nels were averaged over several sequential pulses.
One can see that, in the case of a short repetition
period of stimulation, the initial part of glow relax-
ation remains almost constant on the first several
stimulation pulses, but its posterior part immedi-
ately begins to elevate in spite of expectation that
the signal will drop with increasing the number of
pulses. It occurs because the slower process cannot
end between the sequential stimulation pulses and
leads to the accumulation of glow intensity. When
the period of stimulation pulses becomes 9 s one
cannot observe lifting of any part of the signal and
it drops slowly keeping the same shape.

If rapid relaxation in the first moments after stim-
ulation is a direct recombination of released carriers
in the vicinity of the recombination centers, it can
have different kinetics from the kinetics of the rest
of the glow curve. The next step was to study the
behaviour of only the initial part of glow relaxation
stimulated by multiple repeated, short pulses. Such

382

w,

x
-
o
-
o
L

[e ]
L

Initial afterglow intensity [cps]

0 T T T T T
4 6 8 10

X-ray exposure time [s] x 10°

Fig. 4. Dependence of the initial afterglow inten-
sity upon the X-ray exposure time. The solid line
represents an approximation of experimental points
by the function.

initial OSL signal was registered as photon-counting
in the first 50 ms after the stimulation pulse and
used further as a sample of the response correspond-
ing to each stimulation pulse. The dependencies ob-
tained for different duration of X-ray irradiation of
YAP:Mn crystal in the range from 2 till 30 s are
presented in Fig. 6 with the fitted curves of expo-
nential relaxation. Except for the variable depen-
dence of glow intensity, some constant bias of the
obtained signal can be attributed to a long-lasting
component of the response that looks like a constant
in a short time scale.
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Fig. 5. The OSL response of the YAP:Mn crystal

on the blue light (470 nm) stimulation by pulses
of 10 ms duration registered as photon-counting in
the channels of 2 ms duration at pulses repetition
period 1 s (a) and 9 s (b).

As it was mentioned before, the simplest OSL ki-
netics model is exponential relaxation in the form

IosL(t) = IosL(0) exp (-i) ) (3)

where 7 is the relaxation time and variable ¢ has
a meaning of the total stimulation time, although
formally both 7 and ¢ can be defined in terms of
the number of stimulation pulses. However, because
of the high dispersion of photon-counting for low-
intensity signals, it is difficult to prove the type of
kinetics especially for low doses of irradiation. For
example, the coefficient of determination (adj. R?)
of the data on the 2 s X-ray exposure is equal to 0.5
for the exponential relaxation function (3) (see in-
set in Fig. 6a) and the Becquerel hyperbola (1).
That is why to check the suggestion about exponen-
tial relaxation of the rapid component of the OSL
response, we used the property of the exponential
function to remain the same after differentiation or
integration. The integration of (3) with appropriate
initial conditions gives the model for the integrated
OSL intensity, i.e.,

Sosw(t) = 7 IosL(0) (1 — exp <—i>) : (4)

Corresponding data were prepared from the mea-
sured OSL intensity by summation over stimula-
tion pulse number. The constant bias was excluded
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Fig. 6. The dependence of the rapid component of

the YAP:Mn OSL response upon stimulation pulse
number with repetition period 1 s for the X-ray
irradiation during 2 s (a), 10 s (b) and 30 s (c).
Experimental data are represented by points and
their approximations by the function (3) are drawn
by solid line. The insets demonstrate parameters of
fitted functions.

from the calculation. The obtained dependencies to-
gether with fitted curves are shown in Fig. 7. It is
clearly seen that the reliability and confidence of the
approximation by the model (4) is much higher, as
the coefficient of determination exceeds 0.999 even
for the lowest dose. This confirms also the sugges-
tions made above.
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the last.

The amplitude coefficients both in (3) and (4)
can be the measures of the absorbed dose of ioniz-
ing radiation after X-ray exposure of the YAP:Mn
crystal. The dependence of the corresponding fitting
parameters from the time of irradiation, having the
meaning of the dose-dependence, is shown in Fig. 8
both for OSL intensity and its integrated value, as
well as linear fit of the last. At this, the pulse repeti-
tion period in 1 s results in coincidence of numerical
scales for both dependences. The linear character of
the dose-dependence confirms the applicability of
the approach used for the OSL dosimetry based on
YAP:Mn crystal.

4. Conclusions

Our investigation of the afterglow caused by the
X-ray irradiation of the YAP:Mn single crystal
shows the same peculiarities as the long-lasting OSL
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glow revealed before for the same crystal. In partic-
ular, the kinetics of the X-ray produced afterglow
and the glow occurring after the blue light stimu-
lation pulse in the preliminary irradiated YAP:Mn
obey the hyperbolic law described by the empirical
Becquerel decay function with a power in denom-
inator less than one giving a lingering decay. This
means that the dominant mechanism of relaxation
of the carriers released optically from the dosimet-
ric traps is the same as for the X-ray produced af-
terglow and is most likely caused by an additional
influence of deeper traps in the YAP:Mn crystal. It
impedes to determine the absorbed dose from the
OSL response.

At the same time, the technique allowing elim-
inating the influence of the long-lasting afterglow
has been proposed. This technique is based on the
reading out of the initial part of OSL response only
after short stimulation pulses. The OSL signal mea-
sured in such a way has decay kinetics different from
the long-lasting one and, as it was confirmed, can be
described by an exponential relaxation. This tech-
nique allowed us to obtain a dose-dependence from
the OSL response for the X-ray irradiated YAP:Mn
crystals in the range 60-900 mGy.

Acknowledgments

The authors thank to Prof. M. Berkowski
from the Institute of Physics PAS for growth
of the YAP:Mn crystal used in this study. This
work was supported in parts by NATO Sci-
ence for Peace and Security Program (project
G5647), Ministry of Education and Science of
Ukraine (project 0119U002249), National Re-
search Foundation of Ukraine (grant 2020.01,/0248)
and Polish National Science Centre (project no.
2018/31/B/ST8/00774).

References
[1] Ya. Zhydachevskii, A. Durygin, A. Su-
chocki, A. Matkovskii, D. Sugak, P. Bilski,
S. Warchol, Nucl. Instrum. Methods Phys.
Res. B 227, 545 (2005).
Ya. Zhydachevskii, A. Suchocki, M. Berko-
wski, P. Bilski, S. Warchol, Radiat. Meas.
45, 516 (2010).
Ya. Zhydachevskii, A. Suchocki, M. Berko-

wski, Ya. Zakharko, Radiat. Meas. 42, 625
(2007).

Ya.  Zhydachevskii, A.  Luchechko,
D. Maraba, N. Martynyuk, M. Glowacki,
E. Bulur, S. Ubizskii, M. Berkowski,
A. Suchocki, Radiat. Meas. 94, 18 (2016).

Ya. Zhydachevskii, A. Morgun, S. Dubin-
ski, Yan Yu, M. Glowacki, S. Ubizskii,
V. Chumak, M. Berkowski, A. Suchocki,
Radiat. Meas. 90, 262 (2016).

2]

3]

4]

5]


http://dx.doi.org/10.1016/j.nimb.2004.09.013
http://dx.doi.org/10.1016/j.nimb.2004.09.013
http://dx.doi.org/10.1016/j.radmeas.2009.12.035
http://dx.doi.org/10.1016/j.radmeas.2009.12.035
http://dx.doi.org/10.1016/j.radmeas.2007.01.054
http://dx.doi.org/10.1016/j.radmeas.2007.01.054
http://dx.doi.org/10.1016/j.radmeas.2016.08.007
http://dx.doi.org/10.1016/j.radmeas.2015.12.001

[6]

7]
18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

Role of Afterglow in Optically Stimulated Luminescence of YAP:Mn

S. Ubizskii, D. Afanassyev, Ya. Zhy-
dachevskii, A. Luchechko, V. Rabyk, in:
Proc. of the 2018 Int. Conf. on Informa-
tion and Telecommunication Technologies
and Radio FElectronics (UkrMiCo-2018),
Odessa 2018.

A.J.J. Bos, J. Wallinga, Phys. Rev. B 79,
195118 (2009).

E.G. Yukihara, S.W.S. McKeever, Opti-
cally Stimulated Luminescence: Fundamen-
tals and Applications, Wiley, UK 2011.

D. Afanassyev, S. Ubizskii, V. Rabyk,
V. Paslavsky, Electron. Information Tech-
nol. 10, 23 (2018).

M.N. Berberan-Santos, E.N. Bodunov,
B. Valeur, Chem. Phys. 317, 57 (2005).

V. Degoda, A. Gumenyuk, I. Za-
kharchenko, O. Svechnikova, J. Phys.
Studies 15, 3301 (2011).

S. Ubizskii, D. Afanassyev, Ya. Zhy-

dachevskii, A. Luchechko, V. Rabyk, in:
Proc. of the 2019 Int. Conf. on Information
and Telecommunication Technologies and
Radio Electronics (UkrMiCo-2019), Odesa
2019.

S.W.S. McKeever, L. Bgtter-Jensen,
N. Agersnap Larsen, G.A.T. Duller,
Radiat. Meas. 27, 161 (1997).

R. Chen, Radiat. Prot. Dosim. 100, 71
(2002).

C. Ankjeergaard, M. Jain, J. Phys. D Appl.
Phys. 43, 255502 (2010).

385

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

E.G. Yukihara, V.H. Whitley, J.C. Polf,
D.M. Klein, S.W.S. McKeever, A.E. Aksel-
rod, M.S. Akselrod, Radiat. Meas. 37, 627
(2003).

G. Denis, M. S. Akselrod, E. G. Yukihara,
J. Appl. Phys. 109, 104906 (2011).

E. Aglar, N. Merig, E. Sahiner, O. Erdem,
G. Kitis, G.S. Polymeris, J. Lumin. 214,
116533 (2019).

V. Stasiv, M. Glowacki, J. Fink-
Finowicki, Ya. Zhydachevskyy, S. Ubizskii,
M. Berkowski, A. Suchocki, Acta Phys.
Pol. A 141, 374 (2022).

B. Cheng, L. Fang, Z. Zhang, Y. Xiao,
S. Lei, J. Phys. Chem. C'115, 1708 (2011).

J. Xu, J. Ueda, K. Kuroishi, S. Tanabe,
Ser. Mat. 102, 47 (2015).

J. Xu, S. Tanabe, J. Lumin. 205, 581
(2019).

D. Van der Heggen, D. Vandenberghe,
N.K. Moayed, J. De Grave, P.F. Smet,
J.J. Joos, J. Lumin. 226, 117496 (2020).

H. Przybyliniska, Ya. Zhydachevskyy,
A. Grochot, A. Wolos, V. Stasiv,
M. Glowacki, A. Kaminska, S. Ubizskii,
M. Berkowski, A. Suchocki, “EPR and op-
tical studies of Mn?t thermoluminescence
processes in YAIO3:Mn single crystals”; to
be published.


http://dx.doi.org/10.1109/UkrMiCo43733.2018.9047561
http://dx.doi.org/10.1109/UkrMiCo43733.2018.9047561
http://dx.doi.org/10.1109/UkrMiCo43733.2018.9047561
http://dx.doi.org/10.1103/PhysRevB.79.195118
http://dx.doi.org/10.1103/PhysRevB.79.195118
http://dx.doi.org/10.1016/j.chemphys.2005.05.026
http://dx.doi.org/10.30970/jps.15.3301
http://dx.doi.org/10.30970/jps.15.3301
http://dx.doi.org/10.1109/UkrMiCo47782.2019.9165365
http://dx.doi.org/10.1109/UkrMiCo47782.2019.9165365
http://dx.doi.org/10.1109/UkrMiCo47782.2019.9165365
http://dx.doi.org/10.1109/UkrMiCo47782.2019.9165365
http://dx.doi.org/10.1016/S1350-4487(96)00106-0
http://dx.doi.org/10.1093/oxfordjournals.rpd.a005938
http://dx.doi.org/10.1093/oxfordjournals.rpd.a005938
http://dx.doi.org/10.1088/0022-3727/43/25/255502
http://dx.doi.org/10.1088/0022-3727/43/25/255502
http://dx.doi.org/10.1016/S1350-4487(03)00077-5
http://dx.doi.org/10.1016/S1350-4487(03)00077-5
http://dx.doi.org/10.1063/1.3584791
http://dx.doi.org/10.1016/j.jlumin.2019.116533
http://dx.doi.org/10.1016/j.jlumin.2019.116533
http://dx.doi.org/10.12693/APhysPolA.141.374
http://dx.doi.org/10.12693/APhysPolA.141.374
http://dx.doi.org/10.1021/jp109796u
http://dx.doi.org/10.1016/j.scriptamat.2015.01.029
http://dx.doi.org/10.1016/j.jlumin.2018.09.047
http://dx.doi.org/10.1016/j.jlumin.2018.09.047
http://dx.doi.org/10.1016/j.jlumin.2020.117496

