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nuHctutyt (Cankr-IlerepOypr, Poccust) H = 14
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arpapHbiii yauBepcuret» (Uebokcapsl,Uysarickas Pecryonmka, Poccus) H = 23

DAPYK Acana [lap, npodeccop Kommemxa BocTouHONW MemumuHBI Xamaapaa anb-Mamknuga, (akyiasTeT
BOCTOYHOW MeIMIMHBI YHUBepcuTeTa Xamaapaa (Kapauu, [Takucran) H =21

HIEINNETKHWH Uropb AJieKCaHIAPOBHY, JOKTOP MEIUIIMHCKUX HAyK, Ipodeccop YHuBepcuTeTa mrara MoHTaHa
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KAJTAHJPA IIwsetrpo, nokrtop ¢unocopun (Ph.D, ¢wusuka), mpodeccop HWHcTHTYyTa 1O U3YUYCHHIO
HAHOCTPYKTYPHPOBaHHBIX MarepuaioB (Pum, Utammst) H = 26

POCC Camup, noxtop Ph.D, mpodeccop IlIkomsr papmarun HanmonaapHOTO IEHTpa HayYHBIX HCCIECIOBAHUMA
pacTUTENBHBIX MPOAYyKTOB YHHBepcuTera Muccucumm (Oxcdopn, CIIIA) H =26

MAJIBM AmnHa, 1oKkTOp (papMareBTHYECKUX HayK, Mpodeccop, IekaH (apMaIeBTHIECKOro (akyapTeTa
JrobmmHCKOTO MeauIUHCKOTO YHUBEpcuTeTa (JIrobmuH, [Tomsma) H = 22

OJIUBBEPO Poccu Yesape, moxrop prmocodun (Ph.D, xumms), mpodeccop Yansepcutera Kanadpuu (Kanabpus,
Wramus) H=27
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PHOTOLUMINESCENCE OF LiKSO,ACTIVATED BY TL"IONS

Abstract. The study of the radiation and optical properties of dielectric crystals stimulates the requirements
of modern technology and technics. Operating conditions are becoming more challenging. Structural materials
should not lose their properties in aggressive environments, in strong electric and magnetic fields, at high
pressures and temperatures, under conditions of exposure to ionizing radiation. This article is devoted to the
establishment of the nature of the luminescence centers in LiKSO, crystals doped with TI" ions. LiKSO,
sulfates form a wide class of ionic-covalent compounds with tetrahedral anions. By the type of chemical
bond and the structure of the crystal lattice, they are similar to almost 2000 compounds. From this point
of view, alkali metal sulfates appear to be a convenient model system for studying relaxation processes in
interaction with radiation. Many of the sulfates are easily grown, which makes it possible to pose various
problems in studying the properties of impurity ions of the cationic subsystem. The results of studying the
effect of mercury-like impurity ions on recombination processes in complex lithium-potassium sulfate in
the temperature range 80-300K are presented. It was found experimentally that the crystals are not colored
when LiKSO, is irradiated with ionizing radiation. This significantly complicates the establishment of the
mechanisms of various radiation-stimulated processes.

Key words: photoluminescence, recombination luminescence, sulfates, activated by thallium, crystals.
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TL® HOHIAPBIMEH AKTUBTEHIIPIJITEH LIKSO, KPUCTAJIBIHBIH
OOTONMOMUHECHEHIUACHI

Annoranus. Ka3ipri 3amaHfbl TEXHHKa MEH TEXHOJIOTHSHBIH JaMy TalaOblHA COHKeC, ITUAICKTPIIIK
KpHUCTaIIapAbIH PaAUalMsUIBIK JKOHE ONTHKAJIBIK KACHETTEPiH 3epTTey ©3eKTi OONbIl OThIp. TeXHUKaHBIH
SKCIUTyaTalUsUIBIK JKaFnaiiapbl SKbUIAAH JKbUIFA KypAeleHe Tycyae. KoHCTpyKuManblK Marepuaiiap
Oescenai opTazia, KYLITI AJIEKTP KOHE MarHUT OpiCTEepiHJe, KOFAPFbl KbICHIM MEH TeMIlepaTypajibl, HOHABIK
coynenepAiH acepinae OonFaHaa e3ACpiHiH KacHUeTTepiH e3repriey Kepek. JocTypii KOHCTPYKUMSUIIBIK
MaTepuaiap/blH (PU3HKAIBIK KacHeTTepi MOIUGBUKAIMSICHIHBIH TEXHOJIOTHUSCHIH JKacay Kasipri yakbITTa
KapKbIH/Ibl JaMblFaH OarbITTapabiH Oipi. by makana Tl “nonnapeiMen axktuBrenipiiren apanac LiKSO,
KpucTanaapbina apnaiarad. LiKSO, kpucrammapbl TeTpasapiiK aHHOHJAPMEH HOHJIBIK-KOBAJIETTIK
KOCBUIBICTAP/IbIH KEH KIACChIH Kypaiabl. Onap XUMUSUIBIK OallaHbIC TYPIHE JKOHE KPHUCTAIABIK TOPIBIH
KypbUibiMbIHA colikec 2000-Fa KybIK KOCBUIBICTapaH TYPAThIHBIFBI OCNTili, COHABIKTaH CUITII MeTaiap
CyJib(haTTapbIHBIH KPUCTAJIAPbl  COYJIEMEH OCEPJICCKeH Ke3JIeri JKYPETiH pelaKcalUsIbIK IPOLECTEPiH
3epTTey oTe biHFailibl. KenTereH cyibdarrap oHail ecipije/i, coyl ceOenTi onapablH KOCIa HOHIAPbIHbIH
KaTHOH/JIBIK, KYHeNepiH 3epTTeye dpTYpIi ecenTepi KoloFa xoHe Ienryre 0oiaapl. ¥ ChIHBUIBII OTBIPFaH
xymbicta Tl + wonmapeiMen aktuBTeHzipiairen apanac LiKSO4 kpucranmapbHBIH JIIOMUHECLEHIIMS
OpTaJIbIKTAPBIHBIH TaOWFaThiH aHblKTayFa apHairaH. 80-300K temneparypainblk aiiMakTa KypAeli JIMTHI-
KaJuid Ccynb(arhl KpUCTAIAAPBIHBIH PEKOMOMHALIMSUIBIK TIPOLIECTEPiHE ChIHAI TOPi3/Aec KOCHa HOHIAPbIHBIH
acepi 3epTTenin, HoTUKeCH Kopeerinin oTeip. LiKSO, kxpucraniapsina HOHAAYIIbI COYIEMEH CEP ETKEHIE
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KPHUCTAJIBIH OOSIIMANTBIH/IBIFBI AKCIIEPUMEHTAIIBI TaFalbIHAAbI. Byl JKaFaall KenTereH paauaiuaibik
CTUMYJIZICHTCH MPOLIECTEP/IIH MEXaHU3IMIH TaFaibIHAAYIbl KYPACACHIIPETIHITT OeNrini. AKTUBTCH IIPUITCH
KpUCTAJIIAP/IbIH PEKOMOUHAIIMSIIBIK JIFOMUHECIICHIIUSACHIH 3ePTTEY MPOILECTEPIiH KYPYiH TarallbIHIaNThIH
omic OoJbI  TAOBUIAJBI, COHBIHAA 3EPTTENIN OTBIPFAH MATPHIIAHBIH PATUALMSIIBIK —aKayJIapblHbIH
PEKOMOMHAIMSIIBIK MEXaHU3M/IEP] TaraiblHaa1a bl

Tyitin ce3mep: (oTOTIOMHUHECIICHITUS, PEKOMOWHAIMATIBIK —JIIOMHHECICHIIUS, Cynbdarrap, Tauimi
MOHBIMEH akTuBTenipiiren, LiKSO, kpucranmapsr.
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OOTOMIOMUHECHEHIUA LIKSO,, AKTUBUPOBAHHBIX MOHAMM TL*

AHHoTauus. MccnenoBaHusi pagualMOHHBIX M ONTHYECKUX CBOMCTB AMAIEKTPUYECKHUX KPHCTAIIOB
00yCIIOBJIEHBI TPEOOBAHUSIMH COBPEMEHHBIX TEXHOJIOTHI. YCIOBHS SKCIUTyaTallMd CTAaHOBATCS Oosee
cJI0KHBIMH. KOHCTPYKIIMOHHBIE MaTepralbl He TOJDKHBI TEPSITh CBOMCTB B arpeCCUBHBIX CPEAaX, B CHIIbHBIX
EKTPUUECKUX U MATHUTHBIX MOJSX, IPU BBICOKUX AABICHUIX U TEMIlepaTypax, B yCIOBHIX BO3JACHCTBUS
MOHM3HUPYIOIUX K3MyuyeHun. OgHUM U3 Haubosee MepCreKTUBHBIX HANpPaBICHUN B Hallle BPeMs SBISETCS
pa3paboTKa TEXHOJOTHUH MomuduKauy (QU3NYECKHX CBOKMCTB, TPAIUIMOHHBIX KOHCTPYKIIMOHHBIX
MatepranoB. OOBEKTaMH WCCICNOBAHUSA B JaHHOW pabOTe SIBISIFOTCS KPUCTAUIBI CMEIIAHHOTO Cyib(dara
sty U Kanus (LiKSO,). Cynbgarer LiIKSO, 06pasyror 00MmMpHbIA KJI1acC HOHHO-KOBAJIEHTHBIX COEIMHEHUH
C TeTpa’IpuuecKuMy aHnoHaMH. OHHU IO TUITY XMMHUYECKON CBSI3H U CTPOCHUIO KPUCTAJUINYECKON PEIICTKU
nogo6usl moutn 2000 coequaenusiM. C 3TOH TOUYKH 3pEHUSI CYAb(AThl HIETOYHBIX METAJIOB MPEICTABISIOTCS
yA0OHOW MOJICITBHOM CHCTEMOH [Tl M3YUYEHUS! IPOIECCOB PEeNlaKCAIMH MPH B3aUMOICHCTBHHU C U3ITYYCHUEM.
MHorwue u3 cyab(haToB JIETKO BBIPAIIMBAIOTCS, YTO U ITO3BOJIIET CTABUTH Pa3IMYHBIE 33141 110 HCCIIETOBAHUIO
CBOMCTB NPUMECHBIX HOHOB KaTHOHHOM MOJACUCTEMBI. JlaHHAs CTaThsl HOCBAIIEHA YCTAaHOBJICHHUIO IIPUPOIBI
LEHTPOB JIOMUHecHeHuH B KpucTamiax LiKSO,, aktueuposannbix nonamu TI7. IIpuBomsaTcs pesysbrarsl
[0 M3YyYEHHIO BIUSIHUS PTYTE NOAOOHBIX MPUMECHBIX HOHOB HAa PEKOMOMHALIMOHHBIC MTPOLIECCH B CIOKHOM
TUTUH-Kauii cynbgare B TemneparypHoM auanazone 80-300K. DxcnepruMeHTanIbHO YCTaHOBIEHO, YTO MPH
o0myuennn LiKSO, nonusupyromiei pasuanyeii KpucTauibl He OKpalIMBarOTCs. DTO CyIECTBEHHO 3aTPyAHSET
YCTaHOBJIEHHE MEXaHW3MOB pA3IUYHBIX pPaJAUalMOHHO-CTUMYIHPOBAHHBIX TIporieccoB. MccmenoBanue
PEKOMOMHAIIMOHHON JTIOMHUHECIIEHIIMY B AKTUBUPOBAHHBIX KPUCTAJIAX ABSIETCS METOANYECKUM IPHUEMOM
IUIsSl yCTAHOBJICHUS 3HAaKa Ipollecca M, B KOHEYHOM HTOTe, MEXaHM3MOB PEKOMOMHALNHU PagMallMOHHBIX
ne(eKTOB MaTPHLIbI.

KioueBble caoBa:  (HOTOTIOMUHECHECHIMS, PEKOMOMHALMOHHAS —JIIOMHUHECLUEHIHUS, CYIb(arsbl,
akTUBUpOBaHHbIE TajweM, LiKSO, kpucraisl.

Introduction. The LiKSO, are crystals with mixed types of the chemical bond: between sub lattice is
ionic and in sulfate anion — covalent. These crystals are transparent in wide spectral range [1]. The physical
properties of LiKSO, have been extensively studied and established that this ferroelastic compound exhibits
a rich variety of structural phase transitions [2].

Most of the sulfates are being grown easily which allows setting different tasks in research of qualities
of ions with impurity additives of cationic subsystem. Characteristics of mercury-like ions are well studied
in cubic crystalline-ion crystals. Therefore, they are good luminescent probes for investigation of different
processes in crystals. Crystals of complex lithium and potassium sulfate in temperature range 80-300K have
two polymorphic phase-transitions. Parameters of impurity of luminescence’s centers can be divided into
static and dynamic. Specifications of foreign color centers of fluorescence may be roughly divided into static
and dynamic. To static could be attributed for instance the maximal position of the optic stripes [3]. With
temperature of liquid nitrogen the maximum of absorption is near 5.55 eV. The typical red displacement
generates the heat. The maximum of absorption is being moved towards the big long waves. It allows us to
set goals in field of foreign color’s characteristics study in different symmetry crystalline without changing
chemical composition. The article is dedicated to study spectrally fluorescent characteristics of crystals
LiKSO,, activated by ions TI+.
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Objects and research methods. The main objects of research are pure and activated crystals of complex
lithium and potassium sulfate - LiKSO, crystals. Alkali metal sulfates are water-soluble compounds.
Therefore, the simplest way to obtain single crystals is to grow them from saturated aqueous solutions [4].
The preparation of research objects, both pure and activated, is influenced by differences in physical and
chemical properties.

LiKSO, crystals (activated by thallium ions) were obtained by adding T1,SO, and TICl salts to the initial
aqueous solution. Thallium sulfate salt and thallium chloride were used as activators to establish the influence
of chlorine ions, crystals were grown with the addition of potassium chloride to the mother liquor. It has been
established by experiment, which means that when the KCl salt is added to the aqueous absorption bands do
not appear in the energy range of 1.5-6.2 eV, i.e. in the region of transparency of the crystal. Optical properties
of complex sulfate do not depend on the type of thallium salt used for activation.

Experimental results. Absorption spectrum of LiKSO, TI". Figure 1 shows the absorption spectrum for
the LiKSO, T1 + crystal at room temperature. Curve 1 corresponds to the existence of thallium sulfate in the
initial solution in the amount of 0.01 mol %, curve 2 - 0.05 mol %.

Three optical absorption bands are observed with maxima at 5.3 eV, 5.6 eV, and 5.75 eV. A similar
absorption spectrum was obtained when thallium chloride crystals were used for activation. It has been
experimentally established that the optical density of the observed absorption bands increases with an increase
in the concentration of impurity ions. There are no such absorption bands in non-activated LiKSO, crystals
[5,6].

Figure 2 shows the absorption spectrum measured at 80K. There are maxima at 5.38 eV, 5.55 eV, and 5.7
eV. It should be noted that, with decreasing temperature, the intracenter processes are characterized by a blue
shift by the maximum of the optical bands. In the LiKSO, crystal, this regularity is violated for the long-
wavelength optical band. This is due to the fact that when the temperature is lowered from 300K to 80K, two
polymorphic phase transitions occur in lithium-potassium sulfate [7-9].
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1 - Concentration of impurity ions 0.01 mol %
2 - Concentration of impurity ions 0.05 mol %.
Figure 1 - Absorption spectrum of LiKSO, TI" crystal at room temperature.

In the absorption spectrum at 80 K for the LiKSO4-TI+ crystal grown from a solution containing 0.05
mol % of an activating salt, a weak additional absorption band appears on the long-wavelength part of the
absorption band with a maximum at 5.38 eV. At room temperature, it is observed in the region of 5.0 eV. The
additional absorption band at 80K and 300K disappears, when concentration of impurity ions decreases. It
is associated with paired impurity centers. Thallium ions with increasing concentration have a tendency to
form paired impurity centers, the absorption bands of which are shifted relative to single impurity centers to
the long-wavelength side. Therefore all spectral-luminescence studies were carried out on LiKSO, crystals
grown from aqueous solutions with a concentration of 0.01 mol % of impurity ions.
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Figure 2 - Absorption spectrum of LiKSO, TI" crystal at 80K
The concentration of impurity ions is 0.01 mol %

Photoluminescence of LiKSO, TI'. The absorption spectra for the LiKSO, TI" crystal suggest the
formation of two types of impurity centers. This is possible if thallium ions replace potassium and lithium
ions in the crystal lattice of this compound. Since the symmetry and coordination numbers of impurity centers
in nonequivalent cation sites are different, they should have different luminescence characteristics [8].

Figure 3 shows the emission (curve 1) and excitation (curve 2) spectra for the LiKSO4-TI + crystal
measured at room temperature. The emission spectrum was obtained with excitation in the 5.3 eV band.
Two emission bands are observed - the main one has a maximum at 3.4 ¢V, the second, less intense, has a
maximum at 4.2 eV. The excitation spectrum represented by curve 2 in Figure 3 was measured for the long-
wavelength wing of the emission band with a maximum at 3.4 eV. It has the form of a single band with a
maximum at 5.3 eV. Note that, upon excitation of photoluminescence on the long-wavelength wing of the
absorption band at 5.3 eV, the luminescence intensity of 4.2 eV decreases.

Thereby, the three optical absorption bands are divided into two groups in accordance with the observed
photoluminescence emission bands. Using the method of moments, it was found that both optical emission
bands with maxima at 3.4 eV and 4.2 eV are well approximated by Gaussian curves. The spectral width is 0.21
eV and 0.28 eV, respectively. Deviations from the Gaussian curve become significant at a level below 0.1-
0.15 of the maximum radiation intensity. The fact that the optical bands are well approximated by Gaussian
curves makes it possible to use the harmonic approximation for their processing.
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Figure 3 - Emission and excitation spectra for the LiKSO, TI" crystal at room temperature

1 — Excitation spectrum for luminescence 3.4 eV
2 - Emission spectrum upon excitation in the 5.3 eV band
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Changes were made in the emission and photoluminescence excitation spectra of the LiKSO, TI" crystal
at liquid nitrogen temperature. Figure 4 shows the results. Crystal is excited on the long-wavelength wing of
the absorption band with a maximum at 5.38 eV, the maximum at 3.45 eV (curve 3). The excitation spectrum
of this radiation is presented by curve 4 of Figure 4. Excitation of the sample on the short-wavelength wing of
the absorption band with a maximum of 5.7 eV, the maximum of the photoluminescence emission observed
at 4.3 eV (curve 1). The excitation spectrum of this luminescence is shown on curve 2.

Discussion. An analysis of the shape of the photoluminescence emission bands of a lithium and potassium
sulfate crystal doped with monovalent thallium ions showed that they are well described by Gaussian curves
with an optical width at half maximum of 0.2 eV for the long-wavelength emission band and 0.25 eV for the
short-wavelength band. Deviations from the Gaussian shape take place on the wings of the emission bands at
a level below 0.2 of the maximum intensity.

A good approximation of the contours of optical bands by Gaussian curves makes it possible to analyze
the spectral-luminescent properties of thallium ions in a lithium-potassium sulfate matrix in the harmonic
oscillator approximation.

Thus, the emission and excitation spectra show the existence of two types of thallium ion luminescence
centers in lithium-potassium sulfate. Based on the obtained experimental results and group-theoretical
analysis, it can be argued that the emission band at 3.45 eV and excitation at 5.38 eV are associated with the
thallium ion replacing the lithium ion, and the emission band at 4.3 eV and excitation at 5.55 eV and 5.7 eV
are associated with the thallium ion replacing the potassium ion. The observed splitting is due to the lower
symmetry of the impurity center at a given site of the crystal lattice.

Differences in the properties of thallium impurity ions occupying cation sites instead of potassium or
lithium ions are most pronounced in temperature measurements. A feature of lithium-potassium sulfate is
the presence of two polymorphic phase transitions in the temperature range of 80-300K. They occur in the
heating mode at 180K and 250K.
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Figure 4 - Emission and excitation spectra of LiKSO4-TI + crystal at liquid nitrogen temperature.
1 - Emission spectrum upon excitation in the 5.5 eV band
2 - Excitation spectrum for radiation with a maximum at 4.2 eV

3 - Emission spectrum upon excitation in the 5.3 eV band
4 - Excitation spectrum for radiation with a maximum at 3.45 eV

When the LiKSO, crystal lattice is rearranged, a qualitative change in the shape of the photoluminescence
excitation spectra of thallium ions is observed. For the long-wavelength emission band, the excitation
spectrum in the temperature range of 80-180K and 250-300K has the form of a single band; in the range of
180-250K, it splits.

Figure 5 shows the excitation spectra for the long-wavelength photoluminescence band measured at 190
K (1) and 240 K (2). It can be seen that there are two optical bands, i.e. the degeneracy was partially lifted.
The lifting of the degeneracy at temperatures above 180 K is associated with a decrease in the symmetry of
the impurity center. This is possible for two reasons: changes in the structure of the immediate environment
or interactions with non-totally symmetric vibrations.
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Figure 5 - Luminescence excitation spectrum measured at 190 K(1) and 240 K(2) of the LiKSO, TI" crystal

It was found experimentally that the splitting in the excitation spectrum for the short-wavelength emission
band is independent of temperature. As the temperature rises within the limits of one crystalline phase, the
redshift of the position by the maximum of the optical bands and their broadening, which is common for
intracenter processes, are observed. The magnitude of the splitting of the °P, level of the thallium ion, which
occupies the position of the potassium ion, within one phase, does not depend on temperature [15-17].

At polymorphic phase transitions, the shape of the excitation spectrum of short-wavelength luminescence
does not qualitatively change.

For the long-wavelength optical emission band, the splitting in the excitation spectrum at 190 K is 0.08 eV,
and at 240 K it is 0.11 eV. As the temperature rises, it increases. The resulting increase in the splitting of the
excited level of the thallium ion replacing lithium with increasing temperature lies outside the experimental
error. The result shown in Fig. 5 was obtained when the output slit of the SF-16 monochromator was 0.3 mm.
When the size of the exit slit on the optical device is more than 1 mm, due to dispersion, the optical bands
are clearly not resolved. However, analysis of the shape of the contour of the obtained photoluminescence
excitation spectrum by the method of moments shows its strong deviation from the Gaussian shape.

Since in the temperature range 180-250 K the splitting value of the short-wavelength bands in the
photoluminescence excitation spectrum does not depend on temperature and is associated with a lower point
symmetry group of the impurity ion, the long-wavelength optical band arising in the excitation spectrum
occurs due to interaction with non-totally symmetric vibrations, and the dynamic Jahn-Teller effect takes
place [9-12].

The vibrations are not totally symmetric with respect to the impurity ion. In principle, these can be totally
symmetric vibrations of oxygen atoms in the anion. It is only necessary that the oxygen atoms, which are part
of different anions, vibrate in antiphase.

In this case, the point symmetry group of the impurity ion will decrease from T, to C,. This is already
enough for the *P| level to split into two sublevels, one doubly degenerate, and the second nondegenerate
(Figure 6). As the temperature rises, the amplitude of the oscillations increases. This leads to an increase in
the perturbing effect on the electronic states of the impurity center.

Vibrational spectra and mechanisms of polymorphic phase transitions in the LiKSO, crystal have been
insufficiently studied. It was shown that the available data are contradictory; there is no generally accepted
model of polymorphic phase transitions [13,14]. This leads to difficulties in interpreting the temperature
behavior of the excited state of the thallium ion in the given matrix. However, the above result is an additional
argument in favor of the fact that the observed absorption bands are associated with the A-band of thallium
ions, and they form two types of impurity centers.

Figure 6 - A splitting scheme for the state under the reduction of irreducible representations of the group T
and over the subgroup C,,

d
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Conclusion. The analysis of the shape of the photoluminescence emission bands of a lithium and potassium
sulfate crystal doped with monovalent thallium ions showed that they are well described by Gaussian curves
with an optical width at half maximum of 0.2 eV for the long-wavelength emission band and 0.25 eV for the
short-wavelength band.

The emission and excitation spectra show the existence of two types of thallium ion luminescence centers
in lithium-potassium sulfate. Based on the obtained experimental results and group-theoretical analysis, it
can be argued that the emission band at 3.45 eV and excitation at 5.38 eV are associated with the thallium ion
replacing the lithium ion, and the emission band at 4.3 eV and excitation at 5.55 eV and 5.7 eV are associated
with the thallium ion replacing the potassium ion.
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