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EFFECT OF DISLOCATION
HINDERING DURING PLASTIC
DEFORMATION ON THE PHOTOLUMINESCENCE

OF Mn?* IONS IN ZnS SINGLE CRYSTALS

Ezxperimental photoluminescence spectra of Mn*T ions in single-crystalline ZnS specimens un-
der various plastic deformations have been studied. Features in the photoluminescence spectra
of specimens destroyed at small deformations are found. By resolving the spectra, individual
spectral bands caused by the emission of Mn®t ions with different local environments in ZnS
single crystals subjected to various plastic deformations are obtained. Changes in the fraction
of emitting Mn*" ions in ZnS single crystals owing to changes in the plastic deformation
magnitude are calculated for each individual band. A new individual band with a mazimum
emission alt Amax = 588 nm is identified, and an explanation is proposed for the mechanism
of its appearance at the displacement, hindering, and stopping of partial dislocations in the
course of plastic deformation.
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1. Introduction

Plastic deformation (PD) is known to result in a crys-
tal structure reorientation of ZnS single crystals with
an admixture of Mn?T ions from the microtwins and
polytypes to the unidirectional cubic sphalerite struc-
ture [1-6]. This process appreciably affects the ra-
diative properties of indicated single crystals. Plas-
tic deformation is accompanied by changes in the
quantum-mechanical interaction between Mn?* ions
and the crystal lattice of ZnS single crystals. The dis-
location motion can modify the nearest environment
of manganese centers (MCs). As a result, conditions
required to excite their radiation emission consider-
ably change toward both facilitation and complica-
tion [7,8]. In most cases, a small burst of the radiation
intensity takes place at the initial PD stage, when dis-
locations become shifted from their growth positions,
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overcome the action of the compensating field cre-
ated by the positive charge of the Reed cylinder, and
undergo the action of the negatively charged compo-
nents of Cottrell impurity atmospheres [7—9]|. Then,
as the PD processes develop further, the intensities
of individual bands decrease at different rates until
the physical destruction of deformed single crystals
occurs [8]. As a result, the intensity of the total ex-
perimental spectrum decreases, with the maximum
being shifted by 5-7 nm toward long waves.

Before the deformation, photoluminescence (PL)
excitation conditions were not favorable for all Mn?*
ions in ZnS single crystals, because the amount of lu-
minescent Mn?* ions in those crystals does not exceed
1% of the total number of all MCs [10]. Therefore, the
modification of these conditions in the course of the
PD process changes the quantitative ratio between
the radiative and non-radiative MCs. Simultaneously,
the ratios between the radiative MCs with different
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types of local symmetry also change. Additionally, as
a result of the uncontrolled defect structure, the mo-
tion of dislocations can lead to the formation of new
types of local symmetry for MCs in deformed ZnS
crystals.

It should also be taken into account that it is quite
difficult to predict the PD process experimentally.
The impossibility to obtain even two completely iden-
tical specimens with the same defect structure almost
always leads to the situation where the same deform-
ing force results in absolutely different PD values in
various specimens.

All the above changes and peculiarities reveal
themselves in the variations of the shape, maximum
position, and maximum intensity in the PL spectra
of researched single crystals [7-10]. The aim of this
work was a detailed analysis of those variations.

2. Experimental Specimens and Methods

ZnS single crystals with the admixture of Mn?* ions
were studied. They were grown from a melt using the
Bridgman—Stockbarger method at the temperature
T = 2073 K and under an argon pressure of about
150 atm.

According to X-ray diffraction analysis, ZnS single
crystals had a cubic structure of Td symmetry, and
they contained a large number of various defects [11],
which gave rise to the formation of a microtwin struc-
ture. The existence of blocks was found. The blocks
were the regions of single crystal disoriented with re-
spect to one another by 2° and separated by dislo-
cation walls. According to the data of emission spec-
tral analysis, “pure” ZnS single crystals contained Al,
Ti, Fe, Mn, Mg, and Cu impurities in concentrations
not exceeding 107° g MnS/g ZnS (g/g). All exam-
ined specimens were obtained by chipping the larger
blocks of single crystals along the cleavage plane, i.e.,
in parallel to the (111)C axis, and their subsequent
mechanical treatment, grinding, and polishing.

The polished specimens before their deformation
were 1.8 x 1.8 x 8.6 mm? in size. The deforming stress
was applied at an angle of 45° to the sliding (111)C
plane. The PD procedure was performed at the tem-
perature T' = 423 K and a deformation rate of about
5 x 1078 m/s. The PL spectra were registered after
every stage of specimen deformation.

The experimental PL spectra of Mn?* ions in ZnS
single crystals represent the total radiation of several
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overlapping luminescence bands. Each of them is as-
sociated with the radiation emission of MCs with a
certain local symmetry. The type of local symmetry
associated with each MC band, the number of bands,
and the positions of their maxima were described
in works [10, 12-15]. Accordingly, the individual PL
band with the maximum at A\, = 557 nm was as-
sociated with the emission of Mn?T ions located at
stacking faults with the local symmetry Cs, (sites of
the AS and PN types) and in the field with the cubic
local symmetry Td (sites of the AN type) [10,12]. The
individual PL band at An.x = 578 nm was associ-
ated with the radiation emission of MCs located near
dislocations and point defects [12-14]. The individ-
ual band with the maximum at Apn., = 600 nm is
related to the radiation emission of MCs located in
the cubic local environment in the octahedral inter-
stitials [12,13,15]. Finally, according to the results of
work [15], the individual band at Apax = 635 nm was
emitted by the a-MnS phase impregnated in ZnS.

Proceeding from those facts, in order to trace the
processes occurring during PD and their effect on PL
of Mn?* ions with various local environments in ZnS
single crystals, and to relate the detected changes in
the PL spectra to the changes in the crystal lattice
of ZnS single crystals, it was necessary to resolve the
experimental PL spectra into individual components
and trace their modifications under various excita-
tion conditions. In this work, the method of resolu-
tion into individual components was used (it was also
applied in works [8,16], while analyzing the same sin-
gle crystals). The method allowed us to identify indi-
vidual bands provided that their number and maxi-
mum positions are known. We also used this method
to analyze the luminescence spectra, which allowed
us to identify earlier unknown bands (i.e., without
any a priori information concerning the positions of
their maxima, half-widths, and number) that turned
out weakly pronounced or strongly overlapped by
neighbor individual bands, which were described in
work [17].

3. Experimental Results

Practically no differences were detected between the
PL spectra of various specimens before the plastic
deformation. In most cases (in approximately 90%
of the experiments), the low application rate of
a deforming force together with experimentally se-
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Fig. 1. Experimental PL spectra of Mn?T ions in ZnS single
crystals at various PD values: ¢ = 0 (1), 1.4 (2), 4.22 (3),
8.8 (4), 17.96 (5), and 25% (6)
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Fig. 2. Resolution of the PL spectra of ZnS:Mn single crystals
into individual bands with Apmax = 557, 578, 600, and 635 nm.
Crn = 1072 g/g, dexc = 408 nm, and € = 0. The experimental
total PL spectrum is exhibited by points, and the calculated
intensity functions for resolved PL bands, as well as their sum,
by curves. The function describing the deviation AA of the
envelope of the sum of resolved peaks [8] from the experimental
spectrum is shown in the inset

lected geometric dimensions of the deformed speci-
mens allowed us to obtain rather large PD values,
€, before the specimen underwent the physical de-
struction. The e values reached magnitudes of 25—
27% [8]. With the help of the method applied in
works [8, 16], the spectra obtained in those studies
were successfully resolved into four individual bands,
which were described above. These results allowed us
to construct quite an adequate model of radiating
MCs in the course of PD process for each individual
band (see Figs. 1 and 2).

It was found that, in approximately 10% of ex-
amined cases, the specimens were destroyed at rel-
atively small PD values, ¢ =~ 5-7%. Their PL spec-
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tra (Fig. 3, a) contained specific features that could
not be explained only as a result of the poor prepa-
ration of the specimens, their treatment, or experi-
mental errors. Most clearly, these features were de-
tected in the specimens with the PL excitation wave-
length Aexc = 396 nm and the manganese concentra-
tion Oy = 1072 g/g at the liquid nitrogen tempera-
ture T = 77 K. Attempts to resolve the correspond-
ing spectra into four known individual bands did not
allow us to obtain sufficiently adequate quantitative
models of MC radiation emission in ZnS single crys-
tals because the spread of deviations of the sum of
individual bands from the experimental spectral val-
ues in the wavelength interval studied in work [§],
which is associated with the radiation emission by
Mn?7 ions, was about 10% (Fig. 3, b).

Taking into account that the applied method pro-
vided quite acceptable results in the other 90% of
studied cases, it was suggested that this error arose
due to the influence of other factors on the resolution
accuracy of four known individual bands from the ex-
perimental spectrum. One of the factors is the possi-
bility that 10% of PD experiments comprise atypical
cases where there arises one more individual band
with an unknown position of its maximum, which
can be poorly detected and strongly overlaps with
the neighbor bands. In order to resolve it, we used
the method presented in work [17]. As a result, we
determined the coordinates of the maximum of an
earlier unknown band, Ay &~ 588 nm, and resolved
the atypical PL spectra into five individual bands
using the method presented in works [8, 16]. The
results obtained allowed us to construct a model
that describes changes in the radiation of individ-
ual bands associated with the radiation emission by
MCs with different local symmetries in ZnS single
crystals during PD. The spread of error values in
the wavelength interval, where the radiation emis-
sion of Mn?*t ions in ZnS single crystals was regis-
tered, did not exceed 1.8% (Fig. 3, ¢). The changes
in the calculated individual bands are illustrated in
Fig. 4.

It should be noted that the maximum located near
588 nm could be clearly detected in the plot of the er-
ror function AA only at a deformation of 4.3% (i.e.,
immediately before the destruction). The resolution
of the spectra registered at smaller deformations into
individual components was carried out after this de-
tected maximum was taken into consideration.
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Fig. 3. Atypical experimental PL spectra of Mn?T ions in
ZnS single crystals at various PD values: € =0 (1), 1.57 (2),
1.8 (3), 4.33 (4), and 6.4% (5) (a) and their resolutions into
4 (b) and 5 (c) bands at € = 4.33%. Aexc = 396 nm and
Crn = 1072 g/g. The experimental total PL spectra are ex-
hibited by points, and the calculated intensity functions for
individual PL bands, as well as their sums, by curves. The
functions describing the deviation AA of the envelope of the
sum of resolved peaks from the experimental spectra are shown
in the insets

The individual band with A\,.x = 557 nm was de-
tected only at the value e = 4.3% in the form of a wide
Gaussian curve (Fig. 3). In all other measurements,
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Fig. 4. Resolved bands of atypical PL spectra of Mn2* ions in
ZnS single crystals at various PD values: ¢ = 0 (1), 1.57 (2),
1.8 (3), 4.33 (4), and 6.4% (5) (a). Aexc = 396 nm and
Chn = 1072 g/g. Corresponding scaled-up individual bands
with Amax & 588 (b) and 635 nm (c)

its radiation intensity was almost zero. Therefore, it
is not depicted in Fig. 4.

Unlike the results obtained in work [8], where the
changes in individual bands were characterized by the
areas under the corresponding spectral contours, the
analysis of atypical cases in this work revealed sig-
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Parameters of the resolved emission

bands of Mn2%1 ions in ZnS single crystals calculated for various PD values
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Fig. 5. Dependences of the relative numbers N; of lumi-
nescence centers (Mn2t ions) in ZnS single crystals, which
are associated with the emission of individual bands with
Amax = 588 nm (1), 578 (2), 600 (3), and 635 nm (4), on
the PD value ¢, which were calculated by resolving the atypical
experimental PL spectra. Aexc = 396 nm and Cyp, = 102 g/g

nificant changes in the band half-widths and ampli-
tudes. Therefore, for more information, not only the
areas under the spectral curves of individual bands
are reported (they are proportional to the number of
radiating MCs with a certain type of local symmetry,
the integral brightness S;) but also other results de-
scribing the changes of the band half-widths w; and
the maximum amplitudes A;. The results are quoted
in Table.

On the basis of this information, the changes in
the relative numbers of luminescence centers (Mn2?*
ions) with different local environments in the ZnS
crystal lattice, which are associated with the emis-
sion of different individual luminescence bands, were
calculated for various € values. The relative number of
corresponding luminescence centers N; in undeformed
single crystals was adopted as unity. The results ob-
tained are shown in Fig. 5.
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4. Discussion

The comparative analysis of the obtained results
showed that the relative changes in the area, half-
width, and amplitude of the peak turned out smallest
for the band with A ax = 600 nm. The largest relative
changes in the peak area and amplitude took place
for the bands with A\, = 558 and 635 nm. Besides
that, the band with AL, = 558 nm demonstrated
the largest half-width fluctuations with a minimum
at ¢ = 4.3%. The character of changes in the inte-
gral brightness N; somewhat correlates with the re-
sults of work [8], but the value of the ratio AN;/Ae
is substantially different. In particular, for the band
at Amax = 558 nm, this quantity is minimal at
e = 4.3%.

Surely, there must be serious grounds for distin-
guishing new bands, because each of them does not
exist independently, but is directly related to a cer-
tain number of emitting centers in the crystal lattice
of the studied material, in our case, these are emit-
ting Mn?* ions with a certain local environment in
ZnS single crystals. For undeformed single crystals,
the set of such variants of local symmetry is well
studied [10-15]. In our studies, their number, as a
rule, remained constant for the majority of deformed
crystals and was determined using a mathematical
approach [8;16]. In the examined atypical cases, the
appearance of a new band correlated with the early
destruction of specimens under small deformations,
which was somewhat reflected in the PL spectra (see
Figs. 3 and 4 and Table). In our opinion, the areas of
“hindered dislocations” may appear in the deformed
single crystals in this case. If the hindering occurs
with the participation of radiating MCs, it should
be observed in the PL spectra. This conclusion can
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be explained by means of a detailed consideration
of the motion of partial dislocations in ZnS single
crystals.

If the magnitude of a deforming force is large
enough, the dislocations become shifted from their
initial positions and begin to move from the bulk to
the surface of the single crystal. On its way, the dis-
location encounters various obstacles that hamper its
motion. Such obstacles may include various defects
or Mn?*t ions themselves, because their ionic radius
is larger than the radius of zinc ions. Since a partial
dislocation is a linear defect, individual obstacles can
exert a hindering effect, but it can be easily over-
come. A different situation arises, if there are several
such obstacles, and they are arranged in a line that
is parallel to the dislocation itself, the so-called ob-
stacle line. In this case, if the number of obstacles
is enough, the dislocation motion can be stopped. In
this case, the larger the number of obstacles in such
a line, the higher the probability to stop the dis-
location motion. It is most probable that such ob-
stacle lines can be created by MCs that are located
at the lattice sites and replace Zn?T ions associated
with emission of the band with Aynax = 557 nm, be-
cause their number is the largest in comparison with
all other types of radiating MCs. Since the contri-
bution of MCs with this type of local environment
to radiation is minimal, it weakly manifests itself in
the PL spectra. A large half-width of this line can
be induced by a large variation in the number of
MCs in the lines that hamper the motion of partial
dislocations.

For the prolonged external mechanical stress, other
dislocations begin to move in the layers located above
or below the layer where the stopping took place. As
in the previous case, this motion can also be stopped
if the dislocations meet with a set of obstacles ar-
ranged in a line that is parallel to the dislocation
itself, or the motion terminates in a natural way if
the dislocation comes out to the specimen surface. Fi-
nally, there arises a situation when most dislocations
come out to the surface or become slowed down in
the bulk. A long-term application of a uniform de-
forming force to the surfaces of parallel faces gives
rise to its nonuniform distribution in the bulk, which
ultimately leads to the destruction of the deformed
specimen.

Thus, our detailed studies of the PL spectra emit-
ted by the specimens of ZnS single crystals with
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an admixture of Mn?* ions, which are destroyed at
low PD values ¢ ~ 5-7%, showed that the revealed
specific differences are a result of the influence of
the motion and hindering of partial dislocations on
the variation in the nearest MC environment occur-
ring during the PD process. It was shown that a
new PL band with A, = 588 nm can be identi-
fied. In our opinion, it is associated with Mn2* ions
located at the octahedral interstitials which a par-
tial dislocation has approached. The local symme-
try of such MCs can vary owing to the motion of
partial dislocations and their fixation in the vicini-
ties of MCs. If the number of such arranged in-
line MCs becomes large enough, this can stimulate
the early destruction of deformed single-crystalline
specimens.

The indicated features in the arrangement of MCs,
which affected the PL spectra, were atypical and in-
herent to approximately 10% of the studied speci-
mens. In most cases, the number of MCs arranged in
a line, which hamper the dislocation motion and can
stop it, together with those MCs that affect the PL
spectra, is insignificant so that the destruction of the
specimens occurs at rather large PD values.
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Translated from Ukrainian by O.I. Voitenko

T.A. IIpoxog’es, O.B. Isanuenko

BIIJIVB TAJIbMYBAHHS JIMCJIOKAIIIN
V IIPOIIECI IIJIACTUYHOI JTE®OPMAIIIT
HA ®OTOJIFOMIHECILIEHIIIIO IOHIB Mn2+
B MOHOKPUCTAJIAX ZnS

Y poboTi [OCIIiI2KEHO eKCIIEPUMEHTAIbHI CIEKTPU (DOTOTIOMI-
Hecrenuil ionis Mn2t y spaskax MoHokpucTagiB ZnS mias pi-
3HHX 3HAYEHb ILIACTHYHOI medopmarnil. Bussiaerno ocobsmso-
cTi y crekTpax oTosoMiHecHeHIil y 3pa3Kax, 10 PyHHYIO-
TbCA IPU MaymX JgedopMamisax. Y pe3yiabTaTi pO3KJIaJaHHs
CIIEKTPIB Ha IHJWBiIyaJibHI CKJIaJIOBI OJEprKaHO iHAUBiIyasIb-
Hi CMyrH, sKi 3yMoBJjIeHi BEmpoMinioBanHsM iomamm Mn2t 3
Pi3HUM JIOKAJILHUM OTOYEHHSIM y MOHOKPHCTajax ZnS mnpu pi-
3HUX 3HAYEHHAX IJIACTUYHOI jedopmarii. PozpaxoBano 3minu
BimHOCHOT KimbKOCTi Bumpominoounx ionis Mn?t y monokpn-
crajax ZnS mnpu 3Mini Besuuanam mractudHol nedopMariil s
KOXKHOI 3 OJIEp?KaHUX 1HUBIYaJIbLHUX CMYT. Y PE3yJIbTaTi po3-
KJIaQIaHHS BUJIIJIEHO HOBY IHIAUBIAyaJbHY CMYyTY 3 MAKCHMYyMOM
BUIIPOMIHIOBAHHS MPU Amax ~ D88 HM, a TAKOXK 3aIIPOIIOHO-
BAHO IIOSICHEHHSI Me€XaHi3My 11 BUHUKHEHHsI IIPH IIepeMilleHHi,
rajJbMyBaHHI 1 3yNHUHIII YaCTKOBUX IMCJIOKAIIN y IIpoIeci mia-
cTUYHOI Jedopmariii.

Kawwosi caoea: doromominiciennis, ioan Mn2t, momno-
KpucTajau ZnS, mjacTudHa gedopMallisi, PO3KJIAJAHHS CIie-
KTPiB Ha IHAWBIAyaJIbHI CKJIAQIOBI.

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 3



