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Abstract. Optical characteristics of free and self-mpped excitons are investigated in simple 
cubic CsCl crystals of high purity The reflection. photoluminescence. cathodoluminescence 
and x-ray luminescence spectm a s  well w the excitation spectra for intrinsic. impurity and 
neardefect emissions and spectra of Lhe anion Frenkel defect creation by radiation are mwured 
in CsCl crystals at 5-80 K in h e  spectral region of 2 to 10 eV. A weak emission at 8.3 eV and 
ri-emission of self-trapped excitons (2.82 eV) are detected in CcCl at 5 K. The energy gap is 
estimared 3s Eg = 8.4 eV at 5 K. Some peculiarities of the ndiative and non-radiative decay 
of excitons in sc CsCl in comparison with those of FCC KCI and RbCl crystals m discussed. 

1. Introduction 

Excitonic, electron-hole and ionic processes have been studied in detail in many wide-gap 
crystals with the face-centred-cubic structure B1 [1-4]. Seventeen out of twenty alkali 
halides (AHS) have such a structure, whereas crystals of CsCI, CsBr and CsI have the 
simplecubic (sc)-lattice structure B2 under standard conditions and have not as yet been 
sufficiently investigated (especially CsCI). 

For the growth of CsCl crystal from the melt it is necessary to pass through the region 
of the phase transition B1 -+ B2 (E 740 K). At this temperature the volume of a crystal 
decreases by 17 per cent and the coordination number changes from 6 to 8 [5]. The presence 
of the phase transition impedes the growth of SC CsCl crystals of high perfection and thus 
their availability for investigation. 

The CsCl crystal is a rare system where the physical cation radius (0,188 nm) is larger 
than the anion radius (0.171 nm) [6]. Satpathy has calculated the electronic band structure of 
SC CsCI, taking into account relativistic effects 171. Absorption spectra for CsCl thin films 
[8], reflection spectra for CsCl single crystals [9], and evaporation layers [lo] and spectra 
for electron energy losses in CsCl [ll] have been measured. Self-trapped holes (VK centres) 
in CsCl have been examined in [12]. Formation energies of anion and cation vacancies, as 
well as Frenkel defects (FDs), have been calculated in sc [ 131. Cross-luminesence has been 
detected in CsCl and CsBr crystals [14-161. 

On the other hand, characteristics of free excitons (FES) and self-trapped excitons (STES), 
and their radiative and non-radiative decay have not been investigated. There are no 
experimental data on interstitial halogen atoms and ions, which in FCC AHS are called H and 
I centres. 

High-punty sc CsCl crystals and CsCl crystals doped with Nat, Rb+, Ba*+, In+, TI+, 
Br- and I- have recently been grown in our laboratory [17]. Lowtemperature energy 
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transfer by excitons to luminescence impurity ions has been investigated in these doped 
CsCl crystals [18]. 

The aim of the present study is to detect the intrinsic luminescence of free and self- 
trapped excitons and to analyse the possibility of non-radiative STE decay with the formation 
of anion Frenkel defects in a high-purity CsCl crystal. Starting with the measurement of 
the reflection spectrum of CsCl at 5 K we tried to investigate a complicated process for FE 
relaxation into the self-trapped state and the subsequent radiative or non-radiative decay of 
STEs. 

2. Experimental details 

A single crystal of CsCl was grown by the Stockbarger method from CsCl salt, which was 
preliminarily dried and refined from Br- and I- impurity ions by a CsCl melt treatment in 
Clz gas flow, and additionally refined by manyfold (40 and 60 zone) recrystallization from 
the melt [17]. The contents of two-valent metals and OH- in our best samples of CsCl was 
less than ppm, Na+ and I- less than 1 ppm and the contents of Er- was on the level 
of a few ppm. 

The experimental arrangement for the photoluminescence investigation at 5 to 300 K is 
described in [17, 191. The crystals were placed in a helium cryostat with MgFz windows 
and exposed to a deuterium lamp (MgFz window) through a vacuum monochromator 
(concave grating with R = 0.5 m and dispersion 0.132 nm mm-I). The luminescence 
(2 to 6 eV) was recorded through a MDR-23 monochromator (dispersion 0.13 nm mm-') 
by a photomultiplier operating in the photon counting mode. Necessary corrections were 
made in the emission spectra. Excitation spectra were measured at equal quantum intensities 
of the excitation falling onto the crystal. Cathodoluminescence of CsCl was investigated at 
5 to 300 K by means of a double-vacuum monochromator, employing a double-Johnson- 
Onrtka system (dispersion 0.167 nm mm-I). The luminescence was excited by an electron 
beam (6 keV, 0.1-150 pA cm-') and detected by a solar-blind photomultiplier in the photon 
counting regime. 

3. Experimental results 

3. I. Reflection spectra 

The reflection spectrum is an important characteristic of a crystal, which contains 
information on unrelaxed electronic excitations created by photons. One of us (IK) 
measured the reflection spectrum of an unpurified CsCl crystal at 10 K, using synchrotron 
radiation (DESY, Hamburg). The experimental arrangement was similar to that described in 
[16]. A non-oriented CsCl sample was exposed to synchrotron radiation through a grating 
monochromator (R = 2 m, 1200 lines nun-'). Reflectance measurements were made at the 
incidence angle of 1 I". The reflection spectrum is presented in figure 1. We obtained an 
analogous reflection spectrum at 8 K in the spectral region 7.5-8.5 eV for the (100) plane 
of a high-punty CsCl crystal. 

The positions of maxima in the absorption spectrum of a CsCl thin film at IO K [SI, 
in the reflection spectrum of a CsCl evaporation layer at 22 K [IO], and in our reflection 
spectra of unpurified CsCl at IO K and a high-purity CsCl crystal at 8 K are collected in 
table 1. 
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Figure 1. The reflection specmm of a CsU crystal measured at 10 K with il resolution of 
0.1 nm (curve I). The emission specmm measured on the excitation of B CsCl crystal by a 
6 keV electron beam at 10 K (curve 2). 
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Figure 2. The luminescence spectra of a CsCl cryswl on excitation by phorons of 8.00 * 0.03 
(CUNes I to 3), 7.40 * 0.03 (curves 4 and 5) and 8.95 * 0.09 eV (Curves 6 and 7). The specb-n 
are measured at 5 K (curves I ,  4 and 6), 50 K (curve 2) and 80 K (curves 3, 5 and 7). Broken 
curves show lhe main components (Gwssians) of the corresponding emissions. 

The two peaks at 7.85 and 8.08 eV are interpreted in [lo] as the spin-orbit splitting 
of p5s excitons and the peaks at 7.93. 8.01 and 8.19 eV correspond to the formation of 
p5d excitons. There is a deep minimum at 8.23 eV in the reflection spectrum of CsCI. 
According to Creuzburg [ I  I], thepeak at this energy in the spectrum of electron energy 
losses corresponds to the formation of longitudinal excitons in  CsCI. 
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Table 1. Positions of the absorption (E") and reflection ( E R )  maxima (in eV) 

EX 7.84 7.94 8.01 8.08 8.20 [XI 10 
E R  7.85 7.93 8.01 8.08 8.19 [IO] 22 
E R  7,860 7.936 8.008 8.086 8.184 IO 
E R  7.855 7,935 8.005 8.085 8.187 8 

p5s dd pSd p5s psd [IO] T (K) 

Our investigations of the creation spectra of self-trapped holes in CsCl crystals (see 
section 3.4) show that the value for the energy gap is E,  = 8.35 eV at 80 K and E ,  = 
8.40 eV at 5 K. The binding energy for p5s excitons at 5 Kin CsCl Ee = &-ER = 0.5 eV, 
is significantly lower than in NaCI, KCI and RbCl (0.78, 0.92 and 0.96 eV, respectively). 

3.2. Low-temperature cathodoluminescence 

We made an attempt to detect the edge emission due to the annihilation of FEs on the 
excitation of a CsCl crystal by a 6 keV electron beam at 10 K. We have earlier revealed 
the emission of FES in a number of wide-gap ionic crystals (NaI, KI, RbI, CsI, NaBr, CsBr, 
BeO, MgO. etc) [20,21]. 

For the first time we have succeeded in detecting in chlorides a weak narrow emission 
at 8.3 eV with the apparatus bandwidth (E 0.05 eV), and also a weak continuous emission, 
which ranges in CsCl (hw c 7.7 eV) from the exciton absorption band to lower energies (see 
curve 2 in figure 1). The intensity of the narrow emission is 2.5 x I O 3  times lower than the 
peak intensity of the simultaneously measured cross-luminescence at 5.2 eV. The 8.3 eV 
emission was rapidly quenched by irradiating the crystal by an electron beam, creating 
radiation defects. Irradiation of CsCl at 10 K by an electron beam leads to the formation 
of longitudinal excitons with energies of 8.2 to 8.3 eV. With the participation of phonons 
these excitons can populate the upper polaritonic branch. In this way we can interpret a 
weak emission band in CsCl at 8.3 eV. The broad emission at hu < 7.7 eV can be ascribed 
to a hot luminescence of STE (see, for example, [21,22]). 

3.3. Low-temperature photolum'nesccnce 

Figure 2 represents luminescence spectra of a high-purity CsCl crystal at 5, 50 and 80 K 
in the case of excitation by photons of 8.00 i 0.03. 8.95 j: 0.06 and 7.40 j: 0.03 eV, 
which selectively create excitons, separated electrons and holes, or near-impurity-localized 
electronic excitations. The main components of these emissions approximated by Gaussians 
are shown by broken curves. Some components responsible for 10 per cent of the total 
emission are not shown i n  the figure. 

A short-wavelength emission component (with maximum E' = 3.48 eV and half-width 
6' = 0.58 eV) can be effectively excited out of the region of crystal intrinsic absorption by 
7.4 eV photons. Curve 2 in figure 3 shows the excitation spectrum of 3.60 j: 0.03 eV 
emission. The quantum efficiency of this emission in the region of hu > 7.80 eV 
is two orders of magnitude lower than in the region of impurity and defect absorption 
(hw < 7.7 ev). On the contrary, the emission component E' = 2.82 eV (8' = 0.70 eV) 
can be effectively excited on selective exciton formation and in the region of band-to-band 
transitions (see figures 2 and 3). The intensity of the 3 5  eV emission is sharply increased 
in the CsCl crystal not purified from the Br- impurity ions as well as in thermally quenched 
or deformed crystals (see below). 

We interpret the 2.82 eV emission as STE luminescence in the CsCl crystal. The quantum 
efficiency of this emission on the optical generation of excitons by 7.8 to 8.3 eV photons 
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Figure 3. The exciotion spectra of the 2.60*0.04 (curves I and 4) and 3.603;0.04 eV ( C U N ~  2) 
emission of a CsCl crystal. The creation spectra of "ion vacmcies (=UN= 3). self-trapped holes 
(the 7% peak at 185 K, c u m  5) ,  and BKI' molecules (the TSL peak a1 245 K, curve 6) by vuv 
radiation in a CsCl crystal. The spectra "e measured at 5 K (curves 1 to 3) and 80 K (curves 4 
to 6). 
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Figure 4. The luminescence spectra of a CsCl crystal at 5 K: curve I, crossluminescence; 
curve 2, STE luminescence; luminescence of halogen ions sumunding an anion vacancy 
(curve 3); or divacancy (curve 4). The excitation spectra for luminescence of 3.2 ( c w e  5) 
and 3.55 eV (curve 6) at 5 K. 

at 5 K is about 0.05. The duration of STE emission is estimated to be 10-6-10-3 s, using 
excitation by impulse x-rays. The 2.82 eV emission can be excited in the total volume 
of CsCl on the excitation of the crystal by laser emission in the regime of two-photon 
absorption (3.85 x 2 = 7.9 eV). 

The intensity of impurity-defect emission of N 3.5 eV at 5 K is higher than that of STE 
luminescence, even in a high-purity CsCl crystal. According to [IS] the rum of FE before 
self-papping in CsCl at 5 K is about 350 lattice constants and the excitons interact with 
defects and impurity centres. The integral intensity ratio of the 2.8 and 3.5 eV emission 
bands increases twice (see figure 2(u) and (b)) after heating the crystal from 5 to 80 K. A 
previous investigation of ours has shown that the run of FES before self-trapping at 80 K 
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is about twice as small as that at 5 K [ I S ] .  So, the energy states of ns and STEs are 
separated in CsCl (as well as in iodides and bromides I20.211) by an activation barrier. The 
excitations of SE emission occurs mainly in the energy region with hv > 717 eV. i.e. in 
the region of intrinsic absorption of a crystal (curve 4 in figure 3).  

The 2.82 eV emission is dominant even at 5 K in the case of excitation by 8.95 eV 
photons, creating separated electrons and holes. The run of holes before self-trapping in 
CsCI, as well as other AHS, is smaller than the run of FEs. A long-lived emission component 
(E' = 2.60 eV, 6' = 0.52 eV) arises on the excitation of CsCl at 5 K in the region of 
band-to-band transitions (figure Z(c)). Our experimental data show that this emission is 
connected with the radiative electron tunnelling transfer between spatially close F and VK 
centres. 

3.4. Creation spectra of se[f-trapped holes 

Irradiation of a CsCl crystal at 5 K by x-rays or WV radiation leads to the appearance of 
long-duration tunnelling luminescence of F, VK pairs as well as of the peaks of thermally 
stimulated luminescence (TSL) at 17, 19, 23, 30, 38, 68, 85, 110, 160, 185, 245, 370 and 
450 K (at a heating rate of 0.05 K s-'). Our data on the annealing of a radiation-induced 
absorption band of VK centres (E' = 3.25 eV) show that the TSL peak at 185 K is connected 
with the hopping motion of VK centres, i.e. Cl; molecules stiuated at two anion sites. The 
intensity of the TSL peak at 245 K increases sharply in CsCl doped with Br- impurity ions. 
This peak is connected with the dissociation of B e l -  molecules. 

Figure 3 (curves 5 and 6 )  shows the creation spectra of TSL peaks at 185 and 245 K in 
high-purity CsCl and CsC1-Br crystals at 80 K. The efficiency of self-trapped hole creation 
is high in the region of band-to-band transitions (hu > 8.35 ev) and is by two orders of 
magnitude lower in the region of optical formation of p5s and p5d excitons (7.7.5-8.25 eV). 
The photons with hv < 7.75 eV do not create VK centres. This last result is in good 
agreement with the relativistic calculation of the electronic band structure of CsCI, that 
predicts a direct band gap at the r point [7 ] .  The TSL peak at 245 K in CsCI-Br can be 
effectively created in a narrow energy region of 7.6 to 1.7 eV, due to the partial ionization 
of chlorine ions situated near impurity bromide ions. As a result, BCI- molecules arise. 

3.5. Luminescence of crystals with defects 

Curve 1 in figure 4 shows a luminescence spectrum of high-purity CsCl measured on 
crystal excitation by x-rays at 5 K. Crystal excitation by photons of 6 to 13 eV does not 
lead to the appearance of luminescence with maxima at 4.6 and 5.2 eV. According to [16], 
the excitation threshold of these emission bands coincides with the beginning of photo- 
ionization of SpCs+. Emission arises due to the radiative recombination of electrons from 
the halide valence band with holes from the core cation band, created during irradiation of 
the crystal (so-called cross-luminescence). 

Intensive 3.2 eV luminescence stimulated by photons of 6.8 eV arises in a CsCl crystal 
after x-irradiation at 5 K (curve 3 in figure 4) .  Taking into account the analogous effect in 
FCCAHS [19,22],  we interpret this experimental result as the radiational creation of anion 
vacancies and interstitial chlorine ions (or, I pairs) in the CsCl crystal. The or absorption band 
(curve 5 in  figure 4 )  is connected to the absorption of halide ions near an anion vacancy 
and is situated in CsCl in the same spectral region as in other chlorides (E' = 6.8 eV, 
8' = 0.28 eV). The thermal annealing of the main part of a! centres in CsCl occurs due to 
the recombination of mobile interstitial ions with anion vacancies and is accompanied by 
TSL peaks at 17 and 19 K. 
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X-irradiation of the CsCl crystal at 5 K leads to the appearance of a radiation-induced 
absorption band at 1.95 to 2.25 eV, i.e. a F absorption band. Thermal annealing of the F 
absorption band occurs at 20 to 40 K and is accompanied by TSL peaks at 23,30 and 38 K. 
The annealing process is connected with the hopping diffusion of interstitial halide atoms 
(H centres) and their recombination with F centres. 

The formation of non-equilibrium pairs of anion and cation vacancies (divacancies) after 
the fast thermal quenching of a crystal from near-melting temperature to 77 K has been 
detected in KCI and KBr [22]. We carried out an analogous experiment. A high-punty CsCl 
crystal was slowly heated up to 820 K, quickly cooled down to liquid nitrogen temperature 
and then replaced into a helium cryostat and cooled down to 5 K. Thermal quenching led 
to the increase of the 3.55 eV emission (8' = 0.50 eV) intensity (curve 4 in figure 4) 
several-fold. The excitation spectrum of this emission characterizes the absorption of the 
halide ions surrounding a divacancy, which is shown in figure 4 (curve 6). 

3.6. Spectra of Frenkel defect creation by VUV radiation 

There is no doubt that 01, I and F,H pairs of FDs can be created in a CsCl crystal at 5 K, 
not only on x-irradiation, but also on optical generation of the excitons by 7.8 to 8.3 eV 
photons. We have investigated the process of radiational formation of FDs in CsCl by means 
of photo- or thermally stimulated luminescence methods. The CsCl crystal was irradiated 
at 5 K by an equal number of photons of various energies. The intensity of the 6.8 eV 
photon-stimulated a-luminesence (3.2 eV) was taken as the number of a,I pairs. Curve 3 in 
figure 3 presents the creation spectrum of a,I pairs measured by the procedure mentioned 
above. The annealing of a,I pairs occurs in CsCl in the region of 15 to 20 K, and is 
accompanied by TSL peaks at 17 and 19 K. Similar to the KCI crystal [19,3], the creation 
of a ,  I pairs in CsCl occurs mainly on the non-radiative decay of excitons, and is at least 
an order of magnitude lower on the non-radiative recombination of electrons with relaxed 
VK centres. 

The spectrum of F,H pair creation by VIJV radiation at 5 K has been measured in 1171. 
The efficiency of F,H-pair formation is high in the wide region of intrinsic absorption (7.8 
to 10 eV), where vuv radiation selectively creates excitons and separated electrons and 
holes. 

4. Discussion of experimental results 

Models of some of the defects mentioned above are schematically shown in figure 5. The 
physical radii for anions and cations after Schannon [6] are used for the construction of the 
(110) plane of the CsCl crystal. It is obvious without any theoretical calculation that the 
orientation of self-trapped holes along (100) directions is energetically more profitable than 
along (110). This speculation is confirmed by the ESR investigations of V, centres in the 
CsCl crystal [12]. 

There can be three types of STE in AHs [4,23]: 

(i) ST&., an on-centre STE can be described as an electron and Cl; molecule 

(ii) STE:~, a weak off-centre STE corresponds to a slight shift of the electron and the 

(iii) sTE& a strong off-centre STE corresponds to the displacement of an exciton hole 

symmetrically situated at two anion sites, i.e. the VK+electron model; 

hole component of the exciton relative to each other and to anion sites; 

component into a one-anion site with one electron being localized in another. 
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H F 

Flyre 5. Models of self-tropped h o l s  (VK centres). H and F cenlres and three types of self- 
trapped excitons (SITS). The physical radii for Cst and C1- [6] are used for the construction 
of the ( I  10) plane of the CsCl crystal. The m a  of spreading of lhe electron component of the 
centre is shaded. 

The third type of STE is particularly profitable for the exciton decay, with the formation 
of spatially separated F and H centres (see figure 5). 

Values for the relative Stokes shift (,U = (EK - E')/E") for n-emission of the three 
STE configurations mentioned above are significantly different. NaI and NaBr crystals are 
systems with the ST&, configuration, with p N 0.25-0.35 for x- and u-emissions of 
STES. Both U -  and x-emissions of STEs are observed in KI and RbI crystals. The 
configuration is typical of these crystals with larger values for p of n-emissions (0.43 and 
0.48 for KI and RbI, respectively). The g-emission is missing in KCI and RbCl crystals, 
with large values for p of n-emissions (0.7land 0.73). The case of the STE& configuration 
is realized in KC1 and RbCI. 

The x-emission of STEs in SC CsCl can be characterized by the value p = 0.64 (E' = 
7.85 eV and E' = 2.82 eV) and can be attributed to sTE& Similar to KCI and RbCI, the 
quantum yield of ir-emission in CsCl is less than 0.05 at 5 K. Up to now we have failed to 
detect the u-emission of STES in CsCI. 

In our opinion the non-radiative transitions in CsCl occur already during the vibrational 
relaxation of sms. This relaxation process is slow. In CsCl the frequency of intramolecular 
vibrations for a hole component of STES (N 240 cm-') is higher than the threshold frequency 
of lattice vibrations (164 cm-I), i.e. STEs have local vibrational modes. 

There are two types of non-radiative transitions on STE decay in solids. The excess of 
vibrational energy can be transformed into small displacements of a large number of ions. 
That means energy conversion into heat. The second non-radiative channel of STE decay is 
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connected with energy transformation into large displacements of single ions that result in 
the creation of FDS [3]. 

The non-radiative decay of STES in CsCl is mainly connected with the formation of 
FDs. In CsCl and KCI crystals we have compared the efficiencies of a-centre creation on 
the decay of the excitons created by 8.0 or 7.75 eV photons at 5 K, respectively. The 
efficiencies of anion vacancy creation differ from each other in CsCl and KC1 by less than 
25 per cent. Approximately 5 per cent of optically formed excitons decay with the creation 
of a,I pairs in the KCI crystal at 5 K [3]. The decay of S E s  in KCI leads to the creation 
of F,H pairs, part of which transform into a,I pairs after tunnelling recharge [3, 191. We 
suppose that the same scheme of STE decay is realized in the CsCl crystal as well. STE 
decay with F,H-pair formation occurs in CsCl mainly during a slow vibrational relaxation, 
i.e. before the equilibrium of STEs with the surrounding lattice is reached. 

The investigation of the creation spectra of FDS by vw radiation shows that even the 
optical generation of excitons with n = 1 leads to the effective creation of F,H and a,I pairs 
in CsCl at 5 K. The crowdion configuration of the H centre in CsCl (see figure 5) should 
facilitate an effective spatial separation of F and H centres, even at 5 K. 

5. Conclusion 

We have managed to follow the complicated many-stage process of exciton relaxation in the 
SC CsCl crystal. Free excitons are vansformed into a self-trapped state through an activation 
barrier. During slow vibrational relaxation part of the STES decay non-radiatively, with the 
formation of F centres and mobile H crowdions. After vibrational relaxation on a small 
part of the STEs causes a typical rr-emission. Anion vacancies and interstitial halogen ions 
arise due to the tunnelling recharge of a part of the primary F,H pairs. 

Acknowledgment 

One of us (AL) would like to point out that this work was partly supported by a Soros 
Foundation Grant E7, awarded by the American Physical Society. 

References 

[ I ]  
[2] 
I31 

Rashbs E I and Sturge M D (ed) 1982 Excitons (Amsterdam: No&-Holland) 
Hayes W and Stonehom A M 1985 Defects m d  Defect Pmcesses in Non-Metdiic Solids (New York: Wiley) 
Lushchik Ch B and Lushchik A Ch 1989 Decay of Electronic Excitations wirh Defect Formation in Solids .. . .  

(Moscow: Nauka) (in Russian) 
[41 Williams R T and Song K S 1990 J.  Clem Solids 51 679-716 
[5] Bentin B. Felix F W &d Meier K 1974 J.  Cryst. Growth 23 353-5 
[61 Shannon R D 1976 Acta Crysrallugr. A 32 751-57 
171 Satpafhy S 1986 Phys. Rev. B 33 8706-15 
181 Teegarden K and Baldini R 1967 Phys, Rev. 155 896-907 
[9] Rubloff G W 1972 Phys. Rev. B 5 662-83 

[IO]  Nosenzo L and Reguaoni E 1979 Phys. Rev. B 19 231G20 
[I 11 Creuzburg M 1966 2 Phyr. 196 433-63 
[I21 Pilloud J J and laccard C 1978 Phys. Status Solidi b 90 K161-5 
1131 Rowell D K and Sangsler M J L 1981 J. Phys. C: Solid State Phys. 14 2909-21 
[I41 Aleksmdrov Yu M, Kuusmann I L, Liblik P Kh. Lushchik Ch B, Makhov V N, SyreishchikovaT I and 

Yakimenko M N 1987 Sriu. Phys.&fidSlute 29 587-9 



U66 A Lushchik et a1 

[IS] Jansons I L, " i n s  V J, Rachko Z A and Valbis J A 1987 P h p  Srutus Solidi b 144 835-44 
(161 Kuusmann 1. Kloiber T. L w c h  W and Zimmerer C 1991 Rodid. E 8  DefeetsSolids 119-21 21-6 
I171 Ibngimov K U, Lushchik A Ch. Lushchik Ch B. Frorip A G and Jaansnn N A 1992 Sov. Phys.SolidSfare 

I181 Ibngimov K U, Lushchik A Ch, Lushchik Ch B. Bikmakhmov A, Vasil'chenko E A and Savikhina T I 

I191 Lushchik Ch, Kolk I. Lushchik A. Lushchik N. Tajirov M and Vasil'chenko E 1982 F'hys. Status Solidi b 

I201 Kuusmann I L, Liblik P Kh and Lushchik Ch B 1975 SOY, Phyx-IETP Lett. 21 7 2 d  
I211 Lushchik Ch. Kuusmann I and Plekhanov V 1979 I. Lumin. 18-19 11-18 
[Dl Lushchik A, Lushchik Ch, Lushchik N. Frorip A and Nikiforova 0 1991 Phys. StatusSolidi b 168 413-23 
I231 Kan'no K. Tanaka H and Hayashi 7 1990 Rev. Solid Store Sci. 4 393401 

34 1690-5 

1992 So". Phys.Snlid State 34 1831-5 

114 103-11 


