
SEMICONDUCTORS AND DIELECTRICS

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 1 55

https://doi.org/10.15407/ujpe71.1.55

T.A. PROKOFIEV, A.V. IVANCHENKO
Oles Honchar National University of Dnipro
(72, Nauky Ave., Dnipro 49010, Ukraine; e-mail: tichonprok@yahoo.de)

RESOLUTION OF LUMINESCENCE SPECTRA
INTO SEPARATE COMPONENTS: THE CURVE
SHAPE AND THE COORDINATE CHOICE

Based on the configuration coordinate model, the possibility of using individual bands of nor-
mal distribution in the photon-energy coordinates to approximate luminescence spectra has
been analyzed. The practical application of this approach to ZnS single crystals doped with
Mn2+ ions made it possible to obtain photoluminescence spectra of individual bands at various
plastic deformations. Taking into account the dependence of the area under the individual band
curve on the number of luminescence centers allowed us to trace, in a certain way, the change
in the relative quantitative characteristics of radiating manganese centers with various local
environments during the plastic deformation process. The obtained results correlate with the
results of electron paramagnetic resonance studies, supplement the information on the methods
for resolving experimental luminescence spectra into individual components, and do not con-
tradict generally accepted ideas about the photoluminescence mechanisms in single-crystalline
materials of the A2B6-type.
K e yw o r d s: luminescence spectra, luminescence bands, configurational coordinate model,
resolution of luminescence spectra into separate components, resolution error of experimental
luminescence spectra, plastic deformation.

1. Introduction
The luminescence spectra of most single-crystal mate-
rials, for example, compounds of the A2B6-type, with
dimensions significantly exceeding the crystal lattice
constant, are usually broad bands caused by the emis-
sion from a large number of luminescence centers,
which are located at various sites of the crystal lattice
and have different local environments. In fact, those
bands can be considered as the sum of several lumi-
nescence bands, and each of the latter is associated
with the emission by a group of centers with a certain
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type of local symmetry. This approach allows us, to
some extent, to solve the problem of classifying lumi-
nescence centers and predict changes in the lumines-
cent properties of the examined materials under var-
ious changes in experimental conditions. In this case,
individual luminescence bands can be resolved in dif-
ferent ways from the total experimental spectrum.

Two directions can be conditionally distinguished.
In one of them, individual bands are attempted to be
resolved directly in the course of experiments [1]. The
procedure is associated with a rather laborious recon-
figuration of the measurement equipment and, in any
case, requires further experimental data processing.

Another direction involves the resolution of indi-
vidual bands by analyzing the obtained experimen-
tal spectra. This direction includes the well-known
Alentsev–Fock method [2]. The latter makes it pos-
sible to determine the maxima of individual bands
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and, in some cases, obtain some information about
the shape of an individual band contour. However,
despite all its advantages, it is rather difficult for
practical applications. In particular, it is necessary
to search for horizontal sections in the plots for
the ratio between the studied experimental spectra,
which are used to determine the resolution coeffi-
cients necessary for constructing individual lumines-
cence bands. These horizontal sections are detected
only if there are quite noticeable differences in the
contour shapes of the studied experimental spectra,
but the latter are often impossible to obtain without
considerable changes in experimental conditions. Fur-
thermore, the accuracy of determining the contour
shape of an individual band and the accuracy of res-
olution as a whole largely depend on the experimen-
tal spectrum registration accuracy. This task is quite
laborious by itself, being hard to automate, espe-
cially if the number of individual bands is large. This
fact complicates the construction of adequate lumi-
nescence models illustrating the behavior of lumines-
cent materials at minor changes in the contour shape
of experimental spectra as a result of changes in ex-
citation conditions.

In our opinion, the most promising approach in the
latter direction is the application of approximation
resolution methods [3–10]. Due to a high automa-
tion level, those methods allow processing a substan-
tial body of experimental data within a fairly short
time interval. This makes it possible to obtain statis-
tically significant results without substantial resource
costs and a reconfiguration of measuring equipment,
and significantly simplifies the entire research pro-
cess. However, there are some difficulties here. In par-
ticular, to date, there is no unambiguous answer to
the question concerning the contour shape of an indi-
vidual band. Therefore, the issue of choosing approxi-
mation functions 𝑓𝑖(𝑥) and, as a result, the procedure
of finding their optimal parameters is very problem-
atic, which in turn makes this procedure substantially
more difficult and generally complicates the construc-
tion of adequate models for individual luminescence
bands of researched materials. The purpose of this
work is a detailed study of this issue.

2. Theoretical Part
In the general case, when using approximation res-
olution methods, experimental luminescence spectra
are represented as the sum of some functions that de-

scribe individual bands, taking into account the error:

𝐼(𝑥) = 𝑓1(𝑥)+𝑓2(𝑥)+𝑓3(𝑥)+ ...+𝑓𝑛(𝑥)+Δ𝜙(𝑥). (1)

Here 𝑓𝑖(𝑥), 𝑖 = 1, 𝑛, are functions describing indi-
vidual bands in the total experimental luminescence
spectrum; Δ𝜙(𝑥) is the resolution error, which is a
function describing the deviation of the envelope of
the sum of individual bands from the total exper-
imental luminescence spectrum. The parameters of
the functions 𝑓𝑖(𝑥) in Eq. (1) are usually selected us-
ing one of the optimization methods, for example, us-
ing the least squares method [11–13]. Its essence is to
minimize a special objective function, the arguments
of which are the parameters of the functions 𝑓𝑖(𝑥),

Φ(𝑟𝑖𝑘) =

𝑚∑︁
𝑗=1

[𝐼𝑗(𝑥𝑗)−
𝑛∑︁

𝑖=1

[𝑓𝑖(𝑥𝑗)]]
2 = min, (2)

where the subscript 𝑖 = 1, 𝑛 enumerates individ-
ual bands, the subscript 𝑘 enumerates parameters of
the functions 𝑓𝑖(𝑥), 𝐼𝑗(𝑥𝑗) is the intensity of the ex-
perimental spectrum at the measurement point 𝑥𝑗 ,
and the subscript 𝑗 = 1,𝑚 enumerates experimen-
tal points in the total experimental luminescence
spectrum.

The number of functions 𝑓𝑖(𝑥) in Eq. (1) is de-
termined by the number of types of emitting centers
and the known types of their local symmetry, which
are usually found by comparing the results of several
research methods. For example, when finding these
parameters for luminescent single crystals ZnS : Mn,
data from chemical analysis, luminescence under ex-
citation of various types, various impurity concentra-
tions and temperatures, electron paramagnetic reso-
nance, X-ray structural analysis, plastic deformation,
and annealing of specimens in various environments
were used [14–20].

The area under the curve of the function 𝑓𝑖(𝑥) is
proportional to the number of emitting centers that
radiate into the corresponding individual lumines-
cence band. The maxima of individual bands often
appear as peaks in the experimental luminescence
spectrum, or they are found based on the alone results
of other studies, for example, using the Alentsev–Fock
method [2].

In the absence of information about the contour
shape of an individual band, the problem of finding
the parameters of the functions 𝑓𝑖(𝑥) in Eq. (1) has
practically no unique solution, since the number of
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variants of the examined functions and, moreover, the
number of parameters in those functions tends to in-
finity. Therefore, additional criteria are needed that
restrict the number of variants to analyze. One such
criteria can be obtained based on the consequences
of the central limit theorems, a class of theorems of
probability theory. According to this criterion, the
sum of a large number of independent and random
variables has a distribution close to normal (Gaus-
sian). Taking into account the large number of lumi-
nescence centers, the use of this distribution to de-
scribe the contour shape of the functions 𝑓𝑖(𝑥), which
is close to the contour shape of an individual band,
is quite justified. Since this is the normal distribu-
tion just over the transition energies from the excited
state to the ground state that has a physical mean-
ing, it is pertinent to apply the photon energy scale
as the 𝑥-coordinate. In this case, the area under the
curve of an individual band, which is proportional to
the number of emitting centers, will have the physical
meaning of the total radiation energy in an individual
band, i.e., the number of photons multiplied by their
energy.

However, there is an important circumstance that
cannot be ignored. The system of luminescent emit-
ting centers does not exist. It is some part of a meta-
system, which is called the crystal lattice of a lumi-
nescent material. Such a metasystem affects the dis-
tribution of emitting quanta. As a result, the contour
shape of an individual band will be somewhat dif-
ferent from the Gaussian one. This was well demon-
strated by the analysis in the framework of the con-
figurational coordinate model [2], where the ground
and excited energy levels are described in the form
of configurational parabolas. Moreover, according to
Ref. [2], when considering such a model, it is easy to
conclude that the luminescence spectrum can have a
Gaussian shape in the energy coordinates only if the
section of the potential curve for the ground state
located under the region of the excited state min-
imum can be replaced by a straight segment. (We
can also note that the parabolic shape of the excited
state curve affects this.) In all other cases, the lu-
minescence spectrum does not have an exact Gaus-
sian shape. That is, taking into account the above
and due to the action of phonon or other effects, we
may say that the Gaussian shape of an individual
band in the photon-energy coordinates is a specific
case rather than a rule. Furthermore, if there is no

Fig. 1. Configuration coordinate model and the construction
of the contour shape for an individual band in the emission
spectrum: 𝐸 is the system energy, 𝑅 is the configuration co-
ordinate, curve 1 is the potential energy of the luminescence
center in the ground state, curve 2 is the potential energy of the
luminescence center in the excited state, curve 3 is the prob-
ability distribution for the configuration coordinate in the ex-
cited state, curve 4 is the theoretical form of the luminescence
spectrum of an individual band in the coordinates of photon
energies 𝐸ℎ𝜈 on the abscissa axis and the relative number of
luminescence centers 𝑁𝜈 on the ordinate axis, and curve 5 is
the shape of a resolved individual band in the coordinates of
photon energies 𝐸ℎ𝜈 along the abscissa axis

additional information about the shape of individual
bands, then it is not known in which coordinates the
complex band should be analyzed when resolving it
into Gaussian components [2].

Despite all that, in our opinion, a similar model of
the ground and excited energy levels of the lumines-
cence centers in the configuration coordinates can be
used as another criterion that restricts the number
of variants when determining the parameters of the
functions 𝑓𝑖(𝑥) in Eq. (1).

In order to assess how much the shape of an indi-
vidual luminescence band differs from the Gaussian
one if the influence of the crystal lattice is taken into
account, a model of configuration coordinates with
the center located at the minimum of the config-
uration parabola (the zero point in Fig. 1), which
characterizes the ground state, was constructed and
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analyzed. In this case, the axis of parabola 1 coin-
cides with the coordinate axis in the energy scale
(Fig. 1). As the coordinates of individual bands, we
consider the relative number of luminescence centers
𝑁𝑛𝑢 along the ordinate axis, and the photon energy
𝐸ℎ𝜈 along the abscissa axis (the inset in Fig. 1).

When constructing the model, we assumed that
electron transitions do not have phonon repetitions,
and the temperature is low enough so that all emit-
ting centers are in the ground vibrational state, and
the Franck–Condon principle, according to which
atoms have no time to shift during an electron tran-
sition, is obeyed. Therefore, in our model, electron
transitions are exhibited as vertical straight lines. We
also assumed that the possibility of a radiative elec-
tron transition depends on the configuration coordi-
nate. In this case, it is convenient to use a quadratic
function, which is often used in mathematical analy-
sis, to describe the configuration parabolas,

𝑦 = 𝑎𝑥2 + 𝑏𝑥+ 𝑐, (3)

where the coefficients 𝑎, 𝑏, and 𝑐 affect the width
(the flatness degree), the shift with respect to the 𝑥-
axis, and the intersection of the branches with the 𝑦-
axis, respectively. Then the parabolas describing the
ground and excited states (curves 1 and 2, respec-
tively, in Fig. 1) are given by the expressions

𝐸1(𝑅) = 𝛼𝑅2;

𝐸2(𝑅) = 𝛽(𝑅−𝑅′)2 + 𝛼𝑅′2 + 𝐸𝑅′ .
(4)

So, the coefficients 𝑏 and 𝑐 (3) are equal to 0 for
𝐸1(𝑅), and 𝑏 = −2𝛽𝑅′ and 𝑐 = 𝐸(𝑅′)+𝛼𝑅′2+𝛽𝑅′2 for
𝐸2(𝑅). The transition energy from the excited state
to the ground state is defined as the difference

𝐸ℎ𝜈(𝑅) = 𝐸2(𝑅)− 𝐸1(𝑅) =

= 𝛽(𝑅−𝑅′)2 + 𝛼(𝑅′2 −𝑅2) + 𝐸𝑅′ . (5)

The domain of the function 𝐸ℎ𝜈(𝑅) lies between
the abscissas of the intersection points 𝐴 and 𝐴1 of
the probability distribution curve of transitions from
the excited state to the ground state (curves 2 and 3
in Fig. 1).

If the transition probability distribution for the
configuration coordinate (curve 3 in Fig. 1) has the
Gaussian shape [4]

𝑃 (𝑥) =
1

√
2𝜋𝜔 exp

[︁
(𝑥−𝑥′)2

2𝜔2

]︁ , (6)

where 𝜔 is a parameter characterizing the scattering,
then the approximating function 𝑓(𝑥) in the selected
coordinates of the individual bands (curve 4 in Fig. 1)
takes the form

𝑁(𝐸ℎ𝜈) = 𝐴 exp
−[𝐸ℎ𝜈(𝑅)− 𝐸𝑅′ ]2

2𝜔𝑅
2 . (7)

In expression (7), the quantity 𝜔𝑅 equals

𝜔𝑅 = 𝐸ℎ𝜈(𝑅1)− 𝐸ℎ𝜈(𝑅2) =

= 𝐸2(𝑅1)− 𝐸1(𝑅1)− (𝐸2(𝑅2)− 𝐸1(𝑅2)) =

= 𝛼(𝑅2
2 −𝑅2

1).

Taking into account Eq. (5) and expressing the tran-
sition energy in terms of the configuration coordinate
𝑅, we obtain the following expression for the shape
of the individual luminescence band:

𝑁(𝑅) =
𝑝√

2𝜋𝛼(𝑅2 −𝑅1)
×

× exp
−[𝛽(𝑅−𝑅′)2 + 𝛼(𝑅′2 −𝑅2)]2

2[𝛼(𝑅2
2 −𝑅2

1]
2

. (8)

As one can see, the obtained expression is an asym-
metric function of 𝑅′, so curve 4 in Fig. 1 correspond-
ing to expression (8) is somewhat different from the
Gaussian form. The practical application of expres-
sion (8) in the model described by formulas (1) and
(2) is very problematic because experimental lumi-
nescence spectra are most often obtained not in the
configuration coordinates 𝑅, but in the coordinates
of photon energies or wavelengths (the left-hand side
of expression (1)). To recalculate expression (8) into
expression (7), we have to know the quantities 𝑅′,
𝑅1, and 𝑅2, as well as the coefficients 𝛼 and 𝛽 of
the configuration parabolas, which change the posi-
tion and shape of curve 4 in Fig. 1 and depend on
the researched material and the specific luminescence
center, which is associated with the corresponding in-
dividual band included in formula (1).

It should be noted that the indicated quantities do
not usually enter the kit of input data. On the con-
trary, they are determined by analyzing experimental
results obtained for examined materials. For example,
the quantity 𝑅′ can be expressed in terms of the radi-
ation, 𝐸𝑅′ , and absorption, 𝐸𝑎𝑏, energies, which are
usually determined experimentally, using the formula

𝑅′ =

√︃
𝐸𝑎𝑏 − 𝐸𝑅′

𝛼+ 𝛽
. (9)
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Theoretical calculations of all the above-mentioned
constants and coefficients (𝑅′, 𝑅1, 𝑅2, 𝛼, and 𝛽) for
each type of luminescence centers and every specific
material are very difficult. Therefore, when applying
expressions (1) and (2) in practice, it is necessary
to use approximate methods for the selection of the
approximating function 𝑓(𝑥).

It is obvious that the luminescence spectra of
individual bands can have a Gaussian distribution
(curve 5 in Fig. 1) only if the sections of the parabo-
las describing the ground and excited states of the
luminescence center (curves 1 and 2 in Fig. 1) can
be replaced by straight line segments. In this case,
the straight line segment corresponding to the ex-
cited state will be parallel to the abscissa axis, and
the straight line segment replacing the ground-state
parabola will be tangent to the parabola at the point
with the coordinates (𝐸𝑅′ , 𝑅′). Then, the greatest co-
incidence between the parabola and the straight line
will take place at the point corresponding to the maxi-
mum of the individual band in the experimental spec-
trum. In this case, the maxima of curves 4 and 5 will
coincide, as is shown in Fig. 1.

In the coordinates of our model, the equations of
the straight lines describing the ground and excited
states are

𝐸1(𝑅) = 𝐸line
1 (𝑅) = 𝑘𝑅− 𝐸0 = 𝛼𝑅′2 𝑅−𝑅′′

𝑅′ −𝑅′′ ;

𝐸2(𝑅) = 𝛼𝑅′2 + 𝐸𝑅′ .
(10)

In the examined case, 𝐸2(𝑅) = const. The corre-
sponding quantities 𝑘 and 𝐸0 are

𝑘 =
𝛼𝑅′2

𝑅′ −𝑅′′ ;

𝐸0 = 𝛼𝑅′2 𝑅′′2

𝑅′ −𝑅′′ .

(11)

As a result and taking Eqs. (10) and (11) into ac-
count, the transition energy looks like

𝐸line
ℎ𝜈 (𝑅) = 𝐸2(𝑅)− 𝐸1(𝑅) =

= 𝐸𝑅′ + 𝛼𝑅′2
(︂
1− 𝑅−𝑅′′

𝑅′ −𝑅′′

)︂
. (12)

From formula (12), it is obvious that the transition
energy depends linearly on the configuration coordi-
nate 𝑅. Taking into account Eq. (12), the approx-
imating function 𝑓(𝑥), being expressed in terms of

the configuration coordinate 𝑅, has a Gaussian shape
(curve 5 in Fig. 1) and takes the form

𝑓 line(𝑥) = 𝑁 line(𝐸line
ℎ𝜈 ) =

= 𝐴𝐸 exp
−
[︀
𝐸line

ℎ𝜈 (𝑅)− 𝐸𝑅′
]︀2

2𝜔line
𝑅

2
. (13)

in the selected coordinates of the individual bands. In
formula (13),

𝜔line
𝑅 = 𝐸line

ℎ𝜈 (𝑅1)− 𝐸line
ℎ𝜈 (𝑅2) = 𝑘(𝑅2 −𝑅1)

is the half-width and

𝐴𝐸 =
𝑝√

2𝜋𝜔line
𝑅

=
𝑝√

2𝜋𝑘(𝑅2 −𝑅1)

the amplitude of the individual-band maximum
(here 𝑝 is the proportionality coefficient between
the probability density function of the normal dis-
tribution (curve 3 in Fig. 1) and the quantity
𝑁 line(𝐸ℎ𝜈)). Then,

𝑁 line(𝑅) =
𝑝√

2𝜋 𝛼𝑅′2

𝑅′−𝑅′′ (𝑅2 −𝑅1)
×

× exp
−
[︁
𝛼𝑅′2

(︁
1− 𝑅−𝑅′′

𝑅′−𝑅′′

)︁]︁2
2
[︁

𝛼𝑅′2

𝑅′−𝑅′′ (𝑅2 −𝑅1)
]︁2 =

=
𝑝√

2𝜋 𝛼𝑅′2

𝑅′−𝑅′′ (𝑅2 −𝑅1)
exp

[𝑅′ −𝑅]
2

2 [𝑅2 −𝑅1]
2 . (14)

As one can see from formula (14), 𝑁 line(𝑅) has the
form of a symmetric Gaussian function of 𝑅′. The
area of the figures 𝐴𝐵𝐿 and 𝐴1𝐵1𝐿1 in Fig. 1 can
be considered as the error of the approximating func-
tion selection for an individual band. The minimum
of these errors for all individual bands in the exper-
imental spectrum will accordingly provide the mini-
mum value for the total deviation error of the sum
of approximating functions from the values of the ex-
perimental luminescence spectrum.

In model (1), the selection of the half-widths 𝜔𝑖 and
amplitudes 𝐴𝑖 of the approximated individual bands,
if the positions of their maxima are known, is also
carried out by minimizing the value of the total er-
ror Δ𝜙(𝑥) using formula (2). The optimal values of 𝐴𝑖

and 𝜔𝑖 are those that make it possible to obtain curves
𝑓𝑖(𝑥) in (1) that best match curve 5 in Fig. 1. Addi-
tionally, instead of calculating the transition energies
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Fig. 2. Experimental PL spectra of Mn2+ ions in ZnS single
crystals with the PD degree 𝜀 = 0% (1 ), 1.4% (2 ), 4.22% (3 ),
8.8% (4 ), 17.96% (5 ), and 25% (6 ). 𝐶Mn = 10−2 gMnS/gZnS,
𝐸ex. = 2.55 eV (𝜆ex. = 408 nm)

and half-widths in terms of the configuration coor-
dinate 𝑅, as is shown in expression (14), by assum-
ing that the transition energy depends linearly on the
configuration coordinate and using Eq. (2), the val-
ues of the parameters 𝜔𝑖 (half-widths) and 𝐴𝑖 (am-
plitudes) of the approximated individual bands are
optimized using the known positions of their max-
ima. The application of this approach gives an er-
ror associated with neglecting the curvature of the
ground- and excited-state levels. However, if we as-
sume that the majority of charge carriers in the ex-
cited state are near the minimum of curve 2 in a
small interval of 𝑅-values (Fig. 1), then this error
associated with the excited-state curvature will also
be small.

3. Experimental Part

To experimentally verify the possibility of resolving
experimental spectra into individual components us-
ing a normal distribution, ZnS single crystals doped
with Mn2+ ions were used. It is known that the exper-
imental PL spectra of these single crystals are the to-
tal emission of several individual luminescence bands
overlapping one another. Each of those bands is asso-
ciated with the emission by Mn2+ ions with a certain
local symmetry. The type of local symmetry associ-
ated with each band, the number of bands, and the
positions of their maxima were described in works
[14–16, 20, 21]. According to those data, the individ-
ual PL band with a maximum at 𝜆max = 557 nm

(𝐸ℎ𝜈 max = 2.23 eV) is associated with the emis-
sion by Mn2+ ions located in stacking faults with
the local 𝐶3𝑣 symmetry (the AS- and PN-type sites)
and in a field with the local cubic Td symmetry
(the AN-type sites) [14, 21]. The individual band at
𝜆max = 557 nm (𝐸ℎ𝜈 max = 2.15 eV) is associated
with the emission by Mn2+ ions located near disloca-
tions and point defects [14–16]. The emission of the
band at 𝜆max = 600 nm (𝐸ℎ𝜈 max = 2.07 eV) is re-
lated to the emission by manganese centers located
in a local cubic environment at octahedral intersti-
tials [14, 15, 20]. According to work [20], the individ-
ual band at 𝜆max = 635 nm (𝐸ℎ𝜈 max = 1.96 eV)
is associated with the emission from the intercalated
𝛼-MnS phase in ZnS.

The influence of plastic deformation (PD) on the
photoluminescence (PL) spectra of individual bands
of Mn2+ ions, which have a monomolecular (intra-
center) luminescence character, was studied. The ex-
periments were aimed at obtaining information about
variations in the luminescence properties of this mate-
rial by constructing quantitative models that provide
an understanding of changes in the relative number
of luminescent Mn2+ ions and their dependence on
the plastic deformation degree 𝜀. The normal distri-
bution over the photon-energy coordinates was used
as an approximation function in one case, and the
normal distribution over the wavelength coordinates
along the abscissa axis in the other.

A semiconductor laser with an exciting light energy
of 𝐸ex. = 2.55 eV (𝜆ex. = 408 nm) was used as an
excitation source. The radiation power at the speci-
men location was approximately 10 mW. The radia-
tion was registered using a measuring complex of the
KSVU-5-type, which included a monochromator with
a set of variable diffraction gratings and a FEP-136
photomultiplier. The maximum resolution of the ra-
diation registration was approximately 0.1 nm. The
PL intensity was measured in the photon counting
mode and was presented as a set of experimental val-
ues characterizing the intensity dependence on the PL
radiation wavelength, measured with equivalent in-
crements of 0.5 nm along the wavelength axis. The in-
tensity values (Fig. 2) and the areas under the curves
of individual PL bands (the integral brightness 𝑆𝑖)
along the ordinate axis are presented in conventional
units that are proportional to the number of photons,
and the wavelengths are converted into photon ener-
gies (the abscissa axis).
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The specimens were obtained by cleavage from
large blocks of ZnS :Mn single crystals grown from
the melt under an argon pressure of 150 atm, and they
had a microtwin structure. The activator concentra-
tion 𝐶Mn = 10−2 gMnS/gZnS (the concentration of
initial impurities in the charge) was chosen taking
into account the implementation of both direct op-
tical and resonance excitation mechanisms of Mn2+

ion luminescence centers in ZnS single crystals. In our
studies, the selected excitation energy 𝐸ex. = 2.55 eV
(𝜆ex. = 408 nm) corresponded to one of the PL excita-
tion bands of Mn2+ ions in ZnS single crystals, which
allowed the direct optical mechanism of PL excitation
of Mn2+ ions to be implemented in the studied single
crystals. On the other hand, at this 𝐶Mn-value, the
distances between MCs are sufficient for their reso-
nance interaction with one another, and the imple-
mentation of the resonance excitation mechanism is
also quite possible. In addition, the effect of concen-
tration PL quenching is practically absent [22].

The initial dimensions of the polished specimens
subjected to deformation were 1.8 × 1.8 × 3.6 mm3.
The deforming stress was applied at an angle of 45∘
with respect to the (111)𝐶 slip plane. The PD proce-
dure was carried out at the temperature 𝑇 = 423 K
and at a rate of about 5 × 10−8 m/s. The obtained
experimental spectra are shown in Fig. 2.

Each experimental spectrum was resolved into in-
dividual PL bands. During this procedure, the devia-
tions of the plot for the sum of the functions approx-
imating the individual bands from the total experi-
mental PL spectrum did not exceed 1.5÷1.7% of the
maximum PL intensity (Fig. 3).

As a result of the resolution, the values of the
integral brightness 𝑆𝑖 were obtained by calculat-
ing the area under the plot of each individual PL
band (Fig. 4), as well as the relative numbers 𝑁𝑖 of
Mn2+ luminescence centers with different local envi-
ronments in the ZnS crystal lattice (Fig. 5) at var-
ious 𝜀-values. In Fig. 5, the 𝑁𝑖-values are expressed
in the units corresponding to the relative number of
the relevant luminescence centers in undeformed sin-
gle crystals.

An analysis of the obtained results allowed us to
trace the behavior of individual bands during the PD
process in a rather informative manner and to obtain
information about the relative quantitative changes
over time of the parameters of luminescence centers
of different types. Taking into account different local

Fig. 3. Resolution of the PL spectrum of a ZnS:Mn single
crystal into separate bands with 𝐸ℎ𝜈 max = 2.23, 2.15, 2.07,
and 1.96 eV (𝜆max = 557, 578, 600, and 635 nm, respectively).
𝐶Mn = 10−2 gMnS/gZnS, 𝐸ex. = 2.55 eV (𝜆ex. = 408 nm),
𝜀 = 0. Points represent an experimental total PL spectrum,
and curves are calculated intensities of individual PL bands
and their sum. The deviations Δ𝐴 of the resolution envelope
from the experimental spectrum are shown in the inset

Fig. 4. Dependences of the integral brightness 𝑆𝑖 of individ-
ual MC bands in ZnS :Mn single crystals on the PD degree 𝜀

obtained by resolving experimental PL spectra. 𝐸ex. = 2.55 eV
(𝜆ex. = 408 nm), 𝐶Mn = 10−2 gMnS/gZnS, 𝜆max = 557 (1 ),
578 (2 ), 600 (3 ), and 635 nm (4). The vertical dashed line
marks the approximate PD value 𝜀 corresponding to specimen
destruction. Linear decreasing sections of 𝑆𝑖 are approxima-
tions at PD values before (solid lines) and after (dashed lines)
specimen destruction

environments of the Mn2+ luminescence centers in the
ZnS crystal lattice, this analysis made it possible to
trace the deformation changes in the researched single
crystals to a certain extent. In addition, the possibil-
ity of a correlation between the obtained results and
the results of previous studies dealing with deforma-
tion changes in ZnS single crystals with an admix-
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Fig. 5. Dependences of the relative quantity 𝑁𝑖 of Mn2+ lu-
minescence centers in ZnS single crystals, which are related to
the emission of certain individual bands with 𝜆max = 557 (1 ),
578 (2 ), 600 (3 ), and 635 nm (4) obtained by resolving ex-
perimental PL spectra, on the PD degree 𝜀. 𝐸ex. = 2.55 eV

(𝜆ex. = 408 nm), 𝐶Mn = 10−2 gMnS/gZnS. The vertical
dashed line marks the approximate PD value corresponding to
specimen destruction. Linear decreasing sections are approx-
imations at PD values before (solid lines) and after (dashed
lines) specimen destruction

ture of Mn2+ ions and using other, non-luminescent
methods [23–27] was analyzed. In particular, at the
initial PD stages, at 𝜀 ≈ 3÷5%, the values of 𝑆𝑖 in-
creased for both the integrated experimental PL spec-
trum and the spectra of all individual bands. Howe-
ver, the 𝑆𝑖-values for individual bands changed dif-
ferently. The 𝑆𝑖-value for the integrated experimental
spectrum increased by approximately 40%, but this
quantity increased by 25–50% for individual bands
with 𝐸ℎ𝜈 max = 2.15 and 2.07 eV, and by 1.2–1.6
times for individual bands with 𝐸ℎ𝜈 max = 2.23 and
1.96 eV. If the PD grew further, the 𝑆𝑖-value de-
creased almost linearly until the specimen destruc-
tion, similarly to the behavior of the electron para-
magnetic resonance (EPR) curves associated with
Mn2+ ions in the hexagonal environment of the ZnS
crystal lattice [26]. The decrease rate Δ𝑆𝑖/Δ𝜀 de-
pended on the type of individual PL band. The ex-
trapolation of the linear decrease of the 𝑆𝑖-value to
deformation values exceeding the specimen destruc-
tion threshold made it possible to predict the behav-
ior of individual PL bands in this deformation region
(Figs. 4 and 5).

By comparing the obtained results with the EPR
data from works [23–27], we can notice a certain cor-
relation between them. According to the results of

the cited works, during the PD process of ZnS sin-
gle crystals with an admixture of Mn2+ ions, the dis-
location motion brought about changes in the crys-
tal structure and a defectiveness reduction in the de-
formed single crystals [23–25]. The crystal structure
was restructured from a microtwin one and poly-
types into the unidirectional cubic structure of spha-
lerite. The PD process was accompanied by an almost
vanishing number of stacking faults at the PD degree
𝜀 ≈ 18.2% [26,27]. At the same time, at small PD val-
ues, the EPR lines behaved anomalously, which was
attributed to the emergence of some disordered struc-
ture owing to the initial displacements of dislocations
from their positions [26].

All those events can be observed in the results of
our studies. For instance, the unusual behavior of the
shape and width of the EPR lines at the initial PD
stages, which was associated by the cited authors
with the emergence of some disordered structure, also
takes place in our PL spectra of individual bands in
the form of the intensity (Fig. 2) and integral bright-
ness (Fig. 4) jumps in the same region of small PD
values. The linear reduction in the intensity of EPR
lines, which are associated with the hexagonal envi-
ronment of Mn2+ ions in the ZnS crystal lattice, and
the number of stacking faults [26] are observed as a
similar decrease of the 𝑆𝑖- and 𝑁𝑖-values for all indi-
vidual bands.

The behavior of individual bands can also be an-
alyzed. For example, the individual band at 𝜆max =
= 557 nm (𝐸ℎ𝜈 max = 2.23 eV) is associated with the
emission by Mn2+ ions located in stacking faults. The
number of such emission centers during the PD pro-
cess decreases due to a reduction in the overall spec-
imen defectiveness and the number of sensitization
centers near manganese centers, which reduces the
probability of radiative transitions in the Mn2+ ions
themselves.

The individual band at 𝜆max = 578 nm (𝐸ℎ𝜈 max =
= 2.15 eV) is associated with the emission by Mn2+

ions located near dislocations and point defects. Du-
ring the PD process, as a result of the motion of par-
tial dislocations, they exit from the bulk to the surface
of the deformed specimen. As a result, the number of
emitting manganese centers contributing to the radi-
ation of this individual band decreases.

Non-zero values of the parameters 𝑆𝑖 and 𝑁𝑖 for all
individual bands at 𝜀 ≈ 18.2% can be explained by a
discrepancy between the results of the EPR and pho-
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toluminescence studies. According to the EPR data,
Mn2+ ions are distributed in equilibrium over the
ZnS crystal lattice [17]. About 90% of them are lo-
cated in the tetrahedral environment, and the other
10% are located in stacking faults with the hexago-
nal and trigonal environments in the ZnS crystal lat-
tice. Just these manganese ions are associated with
the emission of an individual band at 𝜆max = 557 nm
(𝐸ℎ𝜈 max = 2.23 eV) [7, 8, 13]. This band has the
smallest 𝑆𝑖- and 𝑁𝑖-values and decreases most sub-
stantially in comparison with all other bands dur-
ing the PD process. Nevertheless, less than 1% of
the total number of Mn2+ ions in ZnS is associ-
ated with the emission to the most intensive individ-
ual bands [28]. Just these individual bands have the
largest 𝑆𝑖- and 𝑁𝑖-values and make the main contri-
bution to the integral PL spectrum.

All Mn2+ ions, both emitting and non-emitting,
contribute to the EPR signal. Therefore, the state-
ment that the PD process is accompanied by an al-
most total reduction in the number of stacking faults
at the PD degree 𝜀 ≈ 18.2% in the case of the EPR
signal [26, 27] is not valid (this is not zero at all) in
the case of the PL signal. Furthermore, not all par-
tial dislocations moving over the crystal subjected to
PD reach the crystal surface. Some of them remain
in the bulk due to various reasons (for example, due
to braking and stopping [10]), which are responsible
for the non-zero values of the quantities 𝑆𝑖 and 𝑁𝑖 at
𝜀 ≈ 18.2%.

4. Conclusions

To summarize, as a result of the performed research
using the configurational coordinate model, it has
been shown that it is appropriate to apply the nor-
mal distribution for the description of the shape of in-
dividual bands when resolving luminescence spectra
into individual components. The normal distribution
in the coordinates of photon energies along the ab-
scissa axis is close to theoretical concepts about the
luminescence band shape and allows such a resolu-
tion to be carried out with a certain accuracy. Howe-
ver, taking into account that there are always some
phonon-induced or other effects, which are difficult
to take into account in the model, but which also af-
fect the shape of the individual band, the final answer
concerning the curve shape for the description of in-
dividual bands is the subject of further research. The
results obtained for the behavior of individual pho-

toluminescence bands of ZnS single crystals with an
admixture of Mn2+ ions made it possible to trace
the behavior of individual bands and, to some ex-
tent, changes in the relative quantitative characteris-
tics of emitting manganese centers with various local
environments during the PD process. The results cor-
relate with the results of EPR studies obtained dur-
ing the PD process; they supplement information on
the methods for resolving experimental luminescence
spectra into individual components and do not con-
tradict generally accepted concepts about the photo-
luminescence mechanisms in single-crystalline mate-
rials of the A2B6-type.
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ПРО ФОРМУ КРИВОЇ ТА ВИБIР
КООРДИНАТ ПРИ РОЗКЛАДАННI СПЕКТРIВ
ЛЮМIНЕСЦЕНЦIЇ НА ОКРЕМI СКЛАДОВI

За допомогою моделi конфiгурацiйних координат проаналi-
зовано можливiсть використання для апроксимацiї спектрiв
люмiнесценцiї виокремлених смуг нормального розподiлу в
координатах енергiй фотонiв. Практичне застосування цьо-
го пiдходу для монокристалiв ZnS з домiшкою iонiв Mn2+

дозволило отримати спектри фотолюмiнесценцiї окремих
смуг для рiзних значень величини пластичної деформацiї.
З урахуванням залежностi площi пiд кривою окремої смуги
вiд кiлькостi центрiв свiтiння це вдалося певним чином про-
стежити за змiною вiдносних кiлькiсних характеристик ви-
промiнюючих марганцевих центрiв з рiзним локальним ото-
ченням у процесi пластичної деформацiї. Отриманi резуль-
тати корелюють з результатами дослiджень електронного
парамагнiтного резонансу, доповнюють iнформацiю про ме-
тоди розкладання експериментальних спектрiв люмiнесцен-
цiї на окремi складовi та не суперечать загальноприйнятим
уявленням про механiзми фотолюмiнесценцiї монокриста-
лiчних матерiалiв типу A2B6.

Ключ о в i с л о в а: спектри люмiнесценцiї, смуги люмiне-
сценцiї, модель конфiгурацiйних координат, розкладання
спектрiв люмiнесценцiї на окремi складовi, помилка розкла-
дання експериментальних спектрiв люмiнесценцiї, пласти-
чна деформацiя.
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