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Abstract. Photoluminescence and optical absorption in Cr-doped Baweére observed for

the first time and studied within the 300-800 nm spectral region and over a 7-300 K temperature
range. ‘Nominally pure’ BaTi@ crystals, with Cr impurities detected by means of EPR, and
intentionally Cr-doped BaTi@crystals grown by the top-seeded solution method were studied.
Cr doping results in additional absorption over the whole visible region, increasing towards the
band-edge area (at400 nm), and wide absorption bands centred at about 470 nm, 575 nm, and
610 nm. At 74 K, exposure to optical excitation with,. = 400 nm results in luminescence

in the near-infra-red region consisting of four sharp lineg, (A81.65 nm, 12795 cnt), A,

(776.4 nm, 12879 cm'), Az (768.8 nm, 13005 cmt), A4 (766.8 nm, 13039 crmi), and
several additional weak emission lines. The luminescence excitation spectrum for each A line
consists of two complex bands centred at 630 @873 cnTl) and at 400 nm(25 000 cnTl)

for T = 74 K. With decreasing temperature, all of the sharp lines, such as;thedto-phonon

lines of CP* in SrTiOs, shift to lower energies, which is opposite to the behaviour of such lines
for ionic crystals. The thermal shift for the,Aine is the largest~0.12 cni! K—1. Taking

into consideration EPR data, temperature transformations, and the lifetime of the sharp emission
lines (*1 ms at 70 K), we argue that thesAnd A4 lines are R 2 lines, i.e. originating from
zero-phonor?E — 2A, transitions of single Gr ions replacing Tit ions. The nature of

the A emission lines is not quite clear, but can be considered to originate frdm iGns
exchange coupled with other, unknown defects (including @xchange-coupled pairs) or with

2E - “4A,-type transitions of G centres perturbed by nearest-site hole polaronspOOH".

1. Introduction

Understanding the structure and the properties of intrinsic and extrinsic defects in barium
titanate, BaTiQ, is of great interest because of the technological importance of this
ferroelectric material. The attractive optical properties of Cr impurity centres have been
widely studied for Cr in other perovskite-like ABGand related materials: SrTiJ1-3],
KTaO; [2—-4], LiINbOs [5-9], CaTiG; [10], TiO, [11] and see the literature cited in these
references. But so far Cr in BaTi(has been studied mainly by the EPR technique [12—
21]. Itis surprising, in view of the attractive photorefractive properties of Cr-doped BaTiO
reported in [13, 22], revealing a Glass constantkof= 1.2 x 108 A cm W1, which

is an order of magnitude larger than that for LiNg@hat optical spectra of Cr impurity
centres in BaTi@ have not been studied in detail yet. Only in reference [22] has the room
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temperature absorption spectrum for ‘heavily doped’ BaI@Dd (20 ppm) been reported.
As was shown, the doping with Cr is accompanied by two major effects in the absorption:

(i) the band edge is effectively moved toward lower energy, which gives the crystal its
reddish colour; and
(ii) the absorption becomes more anisotropic.

Except for a broad shoulder at about 600 nm in d¢kexis absorption, which has not been
assigned to Cr or other compensating defect transitions, there was no other structure seen
in the absorption curves reported [22].

Additional interest in the study of the optical spectra of Cr in BafTi©connected with
the possibility of an off-centre position of the €rions incorporated at the 4 lattice sites;
such a possibility has been discussed in reference [12] for Badid in reference [3] for
SrTiOs. Indeed, in such cases, €r(3c?, tgg, S = 3/2) could be expected to participate
strongly in the collective motion of the B-lattice ions responsible for the ferroelectricity.
Cr3t has only aig half-filled subshell, which is essentially antibonding, having its charge

density pointing between the oxygen ions [12]. This could give rise to*a osition that
is slightly off-centre, shifted along th€l00 cubic directions, like that of Gt in MgO
[23]. Also, the effective repulsion of the first oxygen-ion sphere from th& @n with
decreasing overlap could be another off-centre driving mechanism [3]. Although the EPR
data [12] demonstrate that ¥ substituting for T+ in BaTiOs;, remains centred in the
octahedral cell (at least on average) in all ferroelectric phases, a weak off-centre behaviour
can appear when a coherent tunnelling state is realized. Another possibility for off-centre
behaviour of Ctt in BaTiO; can arise upon photoexcitation in the orbitally degenetite
state, due to a Jahn—Teller effect—similar to that considered in reference [2, 3]*foinCr
KTaOs; and SrTiQ—causing an unusual zero-phonon-luminescence R-line behaviour as a
function of temperature and electric field.

Here we report the first observation of and a discussion of optical absorption, photo-
luminescence, and excitation spectra of Cr in BaTiO

2. Experimental procedure

The nominally pure crystals used in this investigation were four specimens of BaTiO
spontaneously crystallized butterfly-type crystals, designated as PC-246, Czochralski-grown
PC-38, a top-seeded solution-grown (TSSG) [24] crystal K32, and a second TSSG specimen
57.2 that had been investigated earlier in reference [16]. In the latter specimen (57.2), the
presence of G, Cr*t, and CP* centres (identified in the ppm range) was established by
means of EPR [16]. The doped BaTi®ngle crystals with 100 ppm and 1000 ppm of Crin

the melt were top-seeded solution grown at the crystal growth laboratory of the University
of Osnabiick. The specimens were oriented and cut along(1) principal directions.

The x-ray and optical microscopic analysis showed a good homogeneity of the Cr-doped
samples. Here the main focus of attention was the red-tinted Badri@tal with 100 ppm

of Cr (R35) rather than the green-tinted crystal with 1000 ppm of Cr in the melt (GR81).
On the basis of a preliminary chromium content analysis, following reference [12], it could
be assumed that about a quarter of the chromium present in the melt is incorporated. The
optical absorption measurements in the 300—-800 nm region were performed using a Beckman
ACTA VII double-beam spectrometer with the samples mounted in a refrigerator-cooled
cryostat, ROK10-300 from Leybold. Emission and excitation photoluminescence spectra
were recorded using a SPEX 1500 single-grating spectrometer with a cooled RCA C31034
GaAs photomultiplier and a photon-counting system (ORTEC). As the excitation source, an
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XBO 300 W high-pressure Xe lamp and a SPEX Minimate as the variable-bandpass filter,
with additional interference filters to minimize stray light effects, were used. The crystals
were also mounted in a refrigerator-cooled cryostat, ROK10-300 from Leybold. For the
luminescence lifetime measurements, the XBO light source was chopped and the photons
were counted with the multi-channel scaler Model 914P from EG&G. Highly resolved
luminescence spectra were measured using a SPEX-14018 double spectrometer with the
spectral width of the slits set to about 0.1 Tm As the excitation source a krypton laser
(647.09 nm) was used, and the luminescence was detected with a standard photon-counting
detector. Here, the specimens were mounted in a continuous-flow He cryostat (Leybold)
with a He-exchange gas chamber. A conventional 9.2 GHz spectrometer was used to inspect
the EPR spectra at 77 K. All of the optical experiments were performed in unpolarized light
using polydomain samples.

3. Results and discussion

According to available EPR results [12—21], Cr in BaJi@curs as Cr, Cr*+, and CP*.
Cr** and Cf occupy Tf* sites. CP+ is found in two modifications: on-site Er(l)
replacing Tt, and off-centre Crt(Il) which is surrounded by four & ions as nearest
neighbours; this is similar to the case of°g{) and CP*(ll) in SrTiO3 [25, 26]. Our
control EPR spectra with BaTyg3Cr (100 ppm) in the rhombohedral phase at 77 K were
in agreement with literature data, revealing a rather high concentration®sf Ee*, and
Cr3t+ impurity centres at Ti sites.
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Figure 1. Absorption spectra of (1) BaT&Cr (1000 ppm, Gr81) at 13 K, (2) BaT§Xr
(100 ppm, R35) at 13 K, and (3) a nominally pure BaJi@ystal (57.2). The measurements
were done using unpolarized light at room temperature.

3.1. Optical absorption

The nominal pure slightly yellow BaTi©single crystals investigated are transparent in the
visible region, with band-gap edge absorptin~ 3.06 eV (405 nm) at room temperature.
Tetragonal domains had no perceptible influence on the optical transmission. Figure 1 shows
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unpolarized absorption spectra for nominally pure and Cr-doped BaFi@tals. Compared

to that of nominally pure BaTig) the total absorption of BaTiCr in the visible region
increases. Such an increasing of the absorption in the 400—600 nm region leads to the red
colour of the 100 ppm Cr-doped sample (R35). The shift of the band edge to lower energies
with increasing Cr content can be assumed to be connected vfithti@nsitions, which can

give rise to a strong UV absorption (at 380 nm in green 3GAQ [27]). In addition to

those in the band-edge region, absorptions occur in the R35 crystal centred approximately at
470 nm and 610 nm. The more heavily doped BaI@ (1000 ppm, GR81) crystal shows

an additional absorption band at 575 nm which is giving rise to the deep green colour of
the specimen.
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Figure 2. Luminescence emission spectra of a nominally pure BaT&Y.2) crystal under
excitation atA = 350 nm for (@)T = 74 K and (b)7T = 13 K. The inset shows the spectrum
excited ath = 400 nm for7 = 13 K.

3.2. Photoluminescence

Interband excitation of nominally pure BaT{@PC-246 and PC-38) crystals at= 355 nm

results in the well-known visible wide-band emission with a maximum at 500 nm (at 23 K),
as reported, e.g., in reference [28]. However, the nominally pure 57.2 specimen and Cr-
doped BaTiQ@ (R35, GR81) together with the wide-band visible emission reveal a complex-
structured luminescence in the near-IR region. Figures 2(a) and 2(b) show the luminescence
spectrum of the BaTi©nominally pure 57.2 specimen at 74 K and 13 K under excitation by
light with 1., = 350 nm, and in the inset with,,. = 400 nm, at 13 K. It can be seen that
interband excitation results in the structured IR and visible luminescence, which dominates
at low temperatures. Light with = 400 nm excites the structured IR luminescence only
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Figure 3. Infra-red luminescence emission spectra of Bgl® (100 ppm, R32) under
excitation ath, = 400 nm for (a)T = 74 K and (b)T = 16.5 K.
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Figure 4. Infra-red luminescence emission spectra of Bal@ (1000 ppm, GR81) under
excitation ath = 400 nm for RT,T =205 K, T =74 K, andT = 13 K.

(see the inset in figure 2). It should be mentioned that for Cr-doped Badigdtals the
visible luminescence is weaker and the structured IR luminescence is much more pronounced
than for nominally pure BaTi@ Figure 3 (curve (a)) presents details of the IR emission
spectrum of BaTi@Cr (100 ppm) at 74 KX.,. = 400 nm). It consists of four sharp lines

(at 74 K): A; at 781.65 nm (12795 cnt with halfwidth As;, = 9 cnl); A, centred

at 776.4 nm (12879 cmt, A1, = 14 cntl); and, looking like an obvious doublet,zA
centred at 768.8 nm (13005 ci) and A centred at 766.8 nm (13 039 cfy these lines
having equal halfwidthsAg; > = 13 cntl). Besides the above, some weak emissions, | at
778.1 nm (12852 cm'), J at 774.1 nm (12918 cm), G at 772.5 nm (12945 cm), and

L at 755.5 nm (13236 cmt), appear. Curve (b) of figure 3 shows the IR luminescence
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spectrum for BaTi@Cr (100 ppm) atl’ = 16.5 K. It shows that the total emission yield is
increasing at low temperatures. Practically all of the luminescence lines which are observed
at 74 K are also observed at 16.5 K, except the lilie which decreases in intensity
drastically. The IR emission spectra of BagiOr (1000 ppm) at 13 K, 74 K, 205 K, and

RT are shown in figure 4. A broadened weak-structured IR luminescence, within the region
around 760-790 nm, is seen even at 205 K, intensifying strongly at lower temperatures. No
change in the luminescence pattern was observed at the temperature of about 190 K where
the phase transition between the orthorhombic and the rhombohedral phase takes place.
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Figure 5. Highly resolved (better than 0.1 crh) IR emission spectra of BaT#Cr (100 ppm,
R32) at different temperatures excited by a krypton laser beam (647.09 nm).

Figure 5 shows the highly resolved (better than 0.1 8mR emission spectra of
BaTiOs:Cr (100 ppm) at different temperatures, excited by a 647.09 nm krypton laser
beam.

Table 1 summarizes the energies, halfwidths, and thermal shifts (befiMéand 79 K)
of the main emission lines observed in BaZiOr (100 ppm).

The positions of all A lines shift to lower energies with decreasing temperature. The
shift from 7 K to 79 K isnearly the same for thesfand A, lines, about 4 cm?, which means
on average~0.055 cnt! K~1. The A line shifts by about 8.5 crmt (~0.12 cnr! K1)
and the A line by about 3.5 cm! (~0.049 cnt! K—1). Such a shift to low energy is
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Table 1. Positions and halfwidths of the main IR emission lines at different temperatures in
BaTiOs:Cr (100 ppm) under Kr laser beam excitation (647.09 s 200 mW).

Ax Az Az Ay
Temperature (K) hv (em™Y) 81 kv (emY) 812 kv (emY) 812 kv (emY) b1
7 12792 9 12871 9 13001 6 13035
10 12792 8 12871 11 13001.5 8 13036
16 12792 9 12871 11 13002 8 13037 11
25 127925 7 12872 10 13002.5 8 13038 11
47 12793 7 12875 12 13003 10 13039 10
79 127955 9 12879.5 14 13005 13 13039 13
138 12800 12885 13005 13040
Average thermal shift
7-79 K (102 cm 1 K1) 4.9 12 55 5.5

unusual for zero-phonon R lines of €rimpurity centres in ionic crystals, but the R lines
of Cr¥t in SITiO; and KTaQ show the same behaviour. Moreover, the shift of the A
line is unusually largex£0.11 cnt! K1), like the shift of the R lines of Crf in SrTiO; at

low temperatures (0.19 cmi K—1), compared to~—0.043 cnr! K1 for Al,O; [29] and
~—0.034 cntt K1 for MgO [30].

photon count rate (s™)

594nm 634nm

T
500 600 700
wavelength (nm)

T
300 400

Figure 6. Excitation spectra of the A(Agey = 78165 nm), A (Ager = 7764 nm), Ag

(Adger = 7688 nm), and A (A4.r = 76684 nm) lines a’ = 74 K for the BaTiQ:Cr (100 ppm,
R32) crystal.

3.3. Luminescence excitation

Figure 6 shows the luminescence excitation spectrum of the A lines for BadiQL00 ppm)

at 74 K. It can be seen that the excitation spectra of the emission lines look alike, consisting
mainly of two structured bands: Exvith the maximum at 404 nm (3.16 eV), and shoulders

at 366 nm (3.38 eV) and at 466 nm (2.66 eV), and another complexekoitation band
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positioned within the 540—-700 nm region, with components centred at 594 nm (2.08 eV) and
at 634 nm (1.94 eV). At lower temperature (16.5 K) the same excitation spectrum for the
A1_3 lines was found. Excitation in these bands results in the structured IR luminescence
only.

3.4. Discussion

We suggest that the Aand A, emission lines may originate from one centre, and can
be regarded as the well-known, RE — %A,) and R (2A — “A)) lines of ‘standard’
2Ey — %Ay transitions of octahedral €r centres. This conclusion is consistent with the
following aspects.

(i) The As and A, lines look like a typical doublet. The splitting of tH&E orbital
doublet of CF+ at 74 K, caused by the trigonalsCcrystal field, is 34 cm!, and is
therefore of the same order as the values 29'cfaor Al,Oz and 47 cn! for TiO, [11].

The temperature quenching and broadening of the luminescefite-&t00 K (see figure 4

and figure 5) are such as to allow no possibility of studying in detail the evolution of this
splitting immediately below the phase transition at about 185 K. Because EPR data show
nonlocal compensation of octahedra*Ciin BaTiO; [12], it looks like a trigonal crystal

field represents the main reason for thgsAine splitting being observed.

(ii) The lifetimes of the A and A, luminescence lines are the same, and amount to 0.92
(£0.06) ms at 70 K, compared with 4.3 ms for,@8s [31], 11.6 ms for MgO [32], and
18 ms for SrTiQ (77 K) [1], which is a characteristic millisecond value for thHe — “A,
transitions in any host.

(iii) The positioning of the A (768.8 nm, 13005 cmt) and A, (766.8 nm, 13039 crt)
lines at 74 K for BaTiQ is typical for R, lines of CE*+ in perovskite-like and related
compounds: 792.9 nm (12612 ch) at 95 K for SrTiG [1], and 745.6 nm (13412 cm)
at 92 K for KTaQ [4].

(iv) The IR luminescence spectrum can be understood as well-pronounced zero-phonon
lines and multiphonon sidebands, whose intensity ratio is typical fét €mission from
the 2E state.

(v) Usually the linewidth of the zero-phonon®rlines for?E — “A; transitions hardly
changes with the temperature [29, 30]. This is also the case for our B&FiCrystals.

(vi) The quenching of the Aluminescence line at the lowest temperatures is typical,
because this emission comes from the higher exd@Eq2A) state, which is diminished
due to the energy transfer fronA2nto the lowest excited state, which is rapid compared
to the slow?E — “A, decay with photon emission. At low temperaturds,< 40 K,
the ratio of the intensities of the s emission lines for insulated &r centres is in good
agreement with an approximation of independent insulated electronic luminescence centres
with Boltzmann-type distributions for the twi& sublevel populations. At high temperatures,
where luminescence thermal quenching effects and related energy-transfer processes have
their onset, such an approximation ceases to be satisfactory, which explains the deviation
of the ratios of the intensity of the R emission lines from a simple Boltzmann equation
prediction.

The rather different properties and nature of theafdd A luminescence lines compared
with the Ag and A, emission lines have not been quite clear up to now. The relative
intensity ratio of the A and A emission lines has been found to be sample independent,
supporting the association of the two lines with the same centre. They do show a very
similar excitation spectrum with only small deviations in the 540-700 nm region. The
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similarity of the excitation spectra hints that there seems to be just the one centre at which
all sharp A-line IR emissions originate. Some differences in composition of the components
of the Ex band for A and A emission lines could be a consequence of the complexity of
the emission excitation mechanisms and of the absorption by other impurity centres in the
band gap. It is difficult to relate the positions of thg,Alines, in view of the weakness of

the crystal field, a§T, — 4A, zero-phonon lines which appear together with,Rnes in

the luminescence spectrum, like for theCemission [11] in TiQ, because:

(i) vibronic sidebands of zero-phonon lines should be more pronounced for such
transitions;

(i) the nature of the Exexcitation band appears unclear; and

(iii) the lifetimes for the A, and Ag4 emission lines should differ significantly—
however, at 70 K the lifetimes of thesA lines are similar: 0.9240.06) ms, while for the
A, line, 1.34 &0.06) ms, and for the Aline, 1.21 @&0.06) ms were measured; i.e. they
are different but all remain in the millisecond range.

It is possible that the A, emission lines originate from €T centres under exchange
interaction with nearest transition metal ions with odd numbers of valence electrons
(e.g. Fé*, d®). But even more interesting is the possibility of regarding the, Anes
as originating from pairs of Gt centres that are exchange coupled in the nearest B-lattice
sites, i.e. as N, lines, like those from Cr pairs in ruby [33].

Indeed, we can make the following observations.

(i) The shortest distance between neighbouring B sites in the rhombohedral phase of
BaTiO; appears to bes4 A, the same value as that for which effective exchange coupling
between C¥* pairs in AbO3 occurs.

(ii) The energy distances between thg,Rines and the N, lines of CF* pairs in ruby
are nearly the same (for ruby, the energy of theliRe is 14 418 cm?, that of the R line
is 14 447 cnnt, that of the N line is 14 204 cm?, and that of the M line is 14 265 cm?).
Thus, for ruby the N splitting is 61 cn? (85 cnT! for A, lines for BaTiQ:Cr) and the
distance to the R lines is of the order of 150-200 cth i.e. practically the same as the
distance between the;A and Ag4 lines for BaTiQ:Cr (160-210 cm?).

(iii) As was pointed out above, the luminescence lifetimes af; Aines are in the
millisecond region, typical fofE — “A, transitions.

(iv) It should be pointed out that not only can3Crexchange-coupled pairs appear
statistically in BaTiQ:Cr, but also some Gt centres can be charge compensated in the
crystal growth process by octahedral®Crcentres in the nearest unit cell, which under
photoexcitation of Cr" can be recharged to &r with the possibility of forming C¥—
Cr**+ exchange-coupled pairs.

Another possible explanation of the nature of theakd A lines is the transition of
Cr* ions situated near to a localized hole; @r other compensators, such as QHwhere
A; and A lines originate from A, A, transitions of C¥ under the influence of defects
in the nearest neighbourhood. The increase of theA& splitting and the shift to lower
energies compared with the;AA, lines could be a result of the action of tetragonal crystal
fields of the nearest defects with a favourable relationship between the values and signs of
the deformation potentials for ti&E and*A, states of Ctt.

The nature of the sign of the thermal shift of the>Crzero-phonon emission lines
of BaTiO; is not quite clear. For the incipient ferroelectrics Srji@nd KTaQ, such a
behaviour has been connected in references [2, 3] with a transformation of structure and
off-centre behaviour of Gr in the photoexcitedE state due to a Jahn—Teller effect via
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the soft TO-phonon mode. It is not clear to what extent details of this mechanism could be
applied to C#t in BaTiOs.

The optical absorption and IR luminescence excitation spectra of BaTi@re rather
too complex for a detailed interpretation to be made. A lot of impurity complexes detected
in photo-EPR experiments, mentioned above, can be involved in the excitation and charge-
transfer processes. There are no accurate data for the Baait gap at low temperatures,
due to the masking contributions of fine-domain-structure scattering of the rhombohedral
phase (see, e.g., reference [34]). The structure and energy for the optical transitions of
Cr*+ in BaTiO; obtained in a theoretical estimation [35] disagree with the results obtained
here. The energies of tH&€ — *A, and*A, — 4T, transitions calculated [35] are 2.11 eV
(587.7 nm) and 2.096 eV (591.6 nm) respectively. Hence,’fhestates should be in
the region of the*T, band, which is broadened, as is usually argued, by the electron—
phonon interaction. Therefore the situation predicted could be comparable to the ‘weak-
field’ situation encountered for LiNbg) where the main fluorescence band is attributed
to the T, — “A, transition. From energy level diagrams [35], it must also be noted
that the occupied 2§/ level of the doublet excited state of Trshould lie rather above
the conduction band (CB) edge. This suggests fEabr T, states should be unstable
or metastable, with a radiative decay competing with the ionization. On the basis of
this assumption, in reference [35] the difficulty in observing fluorescence emission for
BaTiOs:Cr and the lack of experimental data were both explained. The experimental results
presented here yield another picture, and we therefore present a tentative interpretation of
the absorption, and the IR emission and luminescence excitation spectra of;BaATiO

Using data [36] with reasonable thermo-optic coefficientd@* eV K1), we get
3.13 eV (396.2 nm) for direct- and 2.74 eV (452.5 nm) for indirect-optical-gap transitions
at 74 K, which can be connected with the 400 nm excitation bandaBg the absorption
shoulder at 470 nm. Therefore, the complex Excitation band can be assumed to be
related in part to electron and hole creation anéGictivation followed by R-line emission
caused by charge-transfer processes. Our inspection showed that illumination by light with
wavelengthh > 450 nm does not increase the photoconductivity; therefore the interpretation
of the 466—-470 nm absorption band and the IR luminescence excitation corresponding to
the *A, — 4T, transitions of C¥ looks plausible.

The absorption and EBxexcitation band with a maximum at630 nm (15873 cnr?)
could be assigned to tHé, — 4T transition of C*. Then the crystal-field paramet®yy
can be approximated by the value 1580 @mwhich is less than the value 1800 chior
Al,O3 [37], but can be compared with 1550 tinfor LiTaOz [6], 1530 cnt? for LiINbO3
[6], and also withDg = 1530 cnr? for SrTiO;, where a ‘strong-crystal-field’ situation with
2E as the lowest excited level has been discussed in the literature [1], and which is more
related to BaTiQ. As a result, we can estimate the Racah parameté? as470 cnr?,
which indicates a moderately high covalency and a strong e—e interaction between weak
localized states on the ligands of the d valence electrons Bf. @ecause of the obvious
dependence of the absorption band at around 575 nm in BafiGhe Cr content, following
the energy level schemes suggested from photo-EPR results given by Possetnaiddé]
and by Schwartet al [21], we assume this absorption to be caused by Cr; that is:

(i) by Cr** internal transitions“@, — 4T»);
(i) by Cr>* 4+ hv — Cr** 4 hi5; and
(iii) by Cr*+ + hv — CP* + hig.

Herehv is the photon energy andjh represents a hole in the valence band.
As a result, some part of the €r centres in BaTi@ situated in T+ sites can be
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considered to be isolated and nonlocally charge compensated. They result in conventional
Ry zero-phonon emission lines ¢4). But another part of the &r centres at Ti" sites

are initially compensated by Er replacing Tt in the nearest unit cells, whose quantity is
large enough, according to the EPR data available. Théh &tchange pairs can appear,
which can be activated and revealed in emission under excitation by hole ionization and
Cr*t — Cr** transformation. It should be pointed out that this picture is in good agreement
with photo-EPR data [15], where excitation by light near 600 nm gave rise to hole ionization
of C®t and CF (Cr°t/4t + hv = hyg + Cr**/3%) and rising C# concentration. Thus

the nature of the Exexcitation band complexity appears to be clearer, because it includes
Cr** transitions and electron transitions VB8 Cr>+/4* resulting in the creation of Gr
exchange-coupled pairs.

Finally we should mention the striking low-temperature lineshape of the inhomo-
geneously broadened A emission lines, which can be described very well by Lorentz
contours, usually typical for narrow homogeneously broadened lines. A discussion of the
A lineshape together with results obtained from samples with different chromium contents
is under way, and will be presented in a later report [38].
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