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I Phys.: Condens. Matter 6 (1994) 1801-1814. Printed in the UK 
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KI 

J M Spaetht, W Meiset and K S Song$ 
t Fachbereich Physik, UniversitC-GH Paderbom, Warburger Sasse  100, D-33098 Faderbom, 
Germany 
1. Depnrtment of Physics, University of Ottawa, Onawa, Ontario. Canada K1N 6N5 

Received 9 November 1993 

Abstract. In KBr and KI the magnetic circular dichroism of the optical absorption (MCUA) 
of VK and H centres created by x-imdiation at 4.2 K in situ was investignted as well as the 
McDA-detected electron paramagnetic resonance (Em) spectra M W A  extrema were found at the 
spectral positions of the known absorption band peaks for VK centres including a second band 
in the ultraviolet (uv). which had been reporled previously for KI but not for KBr. Only one 
MCUA band was found for H centres, corresponding to the infrared (m) transition. No MCUA- 
detected EPR s p e c a  were observed for VK and H centres with their molecular axes parallel to 
the magnetic field. Using penurbalion theory to describe the effect of spin-orbit coupling and 
magnetic field mixing of the X; molecular orbitals used IO describe VK and H centms previously, 
the experimental results could be explained except for the new uv MCDA band, which cannot be 
explained assuming inversion SymmeVy of the VK centres. It is suggested that this band arises 
because of the low-frequency s-') axial displacement mode of VK centres, breaking the 
inversion symmetry, which is a quasi-static distortion for the Optical transition, but fast with 
respect to EPR and therefore not Seen there. 

1. Introduction 

Trapped hole centres have been investigated intensively in the alkali halides with optical 
spectroscopy and electron paramagnetic resonance (EPR) (Schoemaker 1973, Itoh 1972, Cade 
et al 1984, Fowler 1968). They are known as H centres and VK centres, respectively. H 
centres consist of a haloges molecular ion on a halogen lattice site, whereas in VK centres 
a hole is shared between two adjacent halogen ions along (1 10) directions (figure 1). H 
centres are found as a result of the decay of self-trapped excitons (Song and Williams 1993). 
whereby F centres are formed simultaneously (electron trapped in a halogen vacancy). For 
the formation of VK centres it is necessary for an electron trap to be present in the crystal. VK 
and H centres are created by ionizing radiation and are only stable below room temperature. 

Trapped hole centres play a fundamental role in the luminescence processes in ionic 
crystals such as exciton decay luminescence or recombination processes between trapped 
electron and trapped hole centres. They are of key importance in all scintillator crystals 
for the detection of x-ray radiation. In particular, in the application of scintillator crystals 
for computer tomography it turned out that trapped hole centres' play a detrimental role 
by causing after-glow effects, which was demonstrated recently in the well known system 
CsI:TI (Spaeth et a1 1993, Meise 1993). 

0953-8984/94/091801t14$19.50 @ 1994 IOP Publishing Ltd 1801 
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Figure 1. Models of VK, H and F 
Centres in a cubic akali halide. 

In the well known X-ray storage phosphor BaFBr:Eu trapped hole centres play a decisive 
role in the information storage, which is not yet understood at all (Eachus et al 1991a, b, 
Koschnick er al 1992a, b). Both in the case of the after-glow effect in scintillator crystals 
and in the case of the storage phosphors the concentration of hole centres is too small to be 
detected by conventional EPR. Therefore more sensitive methods such as optically detected 
EPR (ODEPR) must be used for their investigation. Such investigations had not yet been 
performed on trapped hole centres. 

In this paper we report on ODEPR investigations of H and VK centres in KBr and KI 
using the magnetic circular dichroism of the absorption (MCDA) (for details see e.g. Spaeth 
el 4l 1992). It turned out that it was not straightforward to understand either the MCDA 
bands or the EPR spectra with the theoretical model for the centres discussed so far. We 
report on new optical transitions of both centres discovered via the MCDA as well as upon 
an improved theoretical model to understand the magneto-optical properties of H and VK 
centres. 

2. Experiment 

Extremely pure KBr and KI crystals especially prepared for the investigation of H centres 
were used. The KBr crystal was provided by W G McDugle (Eastman Kodak Corporation). 
The highly pure KI was grown at the crystal growth laboratory of the University of 
Paderborn. To study VK centres the KBr and KI crystals were doped with Ti (approximately 
0.5 mol% in the melt). The samples were cleaved and oriented perpendicular to (100) 
faces. The MCDA and ODEPR spectra were measured with a custom-built computer-controlled 
spectrometer working in the K band (24 GHz) between 1.5 K and room temperature in the 
spectral range from 220 nm to 1.7 pm. The samples could be X-irradiated (70 kV, 15 mA) 
in situ in the cavity at all temperatures. 

3. Experimental results 

3.1. Absorption Md MCDA spectra 

Figure 2(b) shows the MCDA spectrum of KBr X-irradiated at 4.2 K and figure Z(a) the 
absorption bands of VK and H centres taken from the literature (Fowler 1968, Delbecq et 
a1 1961). The MCDA is the differential absorption of right and left circularly polarized light 
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measured in a longitudinal static magnetic field. When KBr is not extremely pure VK and 
H centres are produced, together with F centres. In the MCDA spectrum the dominant band 
IS that of F centres with a derivative-like structure at about 2.06 eV. The three extrema 
at 3.2 eV, 1.65 eV and 1.4 eV correlate with the peaks of the absorption bands of the 
VK centres. A further extremum at 2.8 eV cannot be correlated with any known absorption 
band. It originates in a paramagnetic ground state, since it is magnetic field and temperature 
dependent (see e.g. Spaeth et al 1992). Had the VK centre an MCDA with a derivative-like 
structure like that of the F centres, one would expect the passing through zero to happen at 
3.2 eV and not at 3.0 eV. 

Wavelength [nm] 
1000 600 700 550 500 450 400 360 

I , I  I !  , I I 
I I ,  8 I I 

= 0.8 
- 
.fi 

z? 

g 0 2 - -  

0 0.0 

0.6 -- 

H 
"K Y) 

C 0.4 -- 
- "K 

._ ... n. -. 
-- -": 

T 0.10 

.fi 0.05 

m 0.00 

3.0 3.4 

Energy [evl .. 
Figure 2. (a)  Absarption bands of VK, H, and F cenms in KBr, generated by x-irradiation 
below 20 K. (b)  hiCDA spectrum of KBr X-irradiated at 4.2 K insitu, measured at 1.5 K: magnetic 
field, 2 T. 

No MCDA band can be clearly assigned to H centres. Note, however, that the known 
bands at 3.3 eV and at 2.5 eV are superimposed by the strong signals from VK and F centres 
respectively. 

Similar results were obtained for KI. Curve 1 in figure 3(6) is measured for an undoped 
KI crystal, curve 2 for a TI-doped crystal. The MCDA band at 2.23 eV can be correlated 
with one of the known H-centre absorption bands at 2.23 eV and 2.78 eV (Konitzer and 
Hash 1966). The behaviour of the 2.23 eV MCDA is exactly that of the absorption band: 
upon warming the crystal to 70 K it is red-shifted to 2.15 eV because of the formation of 
HA centres (Konitzer and Hersch 1966). In the TI-doped crystal (figure 3(b), curve 2) the 
VK centre bands dominate. The MCDA bands at 1.1 eV and at 1.55 eV correlate with the 
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known absorption bands (Delbecq et a1 1961). A significant MCDA at 3.1 eV, expected from 
the optical absorption, is not observed, but rather two bands at 2.1 eV and 2.8 eV. Again, 
it was not possible to clearly separate the MCDA bands of VK and H centres in the MCDA 
spectra in KI either. 
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Figure 3. (a) Absorption bands of VK, H, and F centres in KI, generated by x-irradiation below 
20 K. (b) MCDA s p r "  of KI, X-irradiated at 4.2 K in sifu. measured at 1.5 K, magnetic field, 
2 T. Curve I, undoped KI; curve 2, TI-doped KI (doping level 0.5 mol% in the melt). 

3.2. ODEPR 

Figure 4 shows various measurements of the ODEPR of a 'pure' KBr crystal when X-irradiated 
at 4.2 K. The ODEPR signals are microwaveinduced changes (diminutions) of the MCDA 
(Spaeth et al 1992). Figure 4, traces b and d, show the ODEPR measured in the infrared 
(IR) VK MCDA band at 1.65 eV for BO /I [loo] and [IlO], respectively. For BO II [loo] 
there are VK centres, the axes of which are either perpendicular to Bo or at angles of 45". 
If Bo 11 [110] one has VK centres with orientations of On, 90" and 60" with respect to the 
static magnetic field. For the EPR spectra of VK centres one expects to measure the typical 
seven-line hyperfine (HF) pattern because of the two equivalent Br nuclei with I = 5 with 
the intensity ratio of 1:2:3:432:1. In figure 4 the expected spectra from the known EPR 
parameters (gli. gl, All and AA : gll.1 being the g-factors,  ail,^, the HF interaction constants) 
are indicated by bars for the various centre orientations, that of 90" with a simulation of the 
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spectrum. Note that due to the rather large line widths often found in ODEPR (Spaeth et a1 
1992) the small differences in the €IF interactions of the two isotopes 79Br and 81Br are not 
resolved (79Br, I = 4, 50.7% abundance, gr F 1.404266; "Br, I = %, 49.3% abundance, 
gl = 1.513706). It IS apparent from figure 4 that no parallel centres were measured, only 
those at 60", 45" and go", where the latter show the strongest signals. The spin lattice 
relaxation time TI could be measured at 1.6 K to be TI = (1.6 *0.1) s. 

740 760 780 800 820 840 880 880 900 920 

Magnetic FieldJmT] 

Figure 4. ODEPR spectra of KBr x-irradiated at 4.2 K in siru, measured at 1.5 K, microwave 
f q u e n c y ,  23.8 GHz. Trace 4 calculated EPR spectrum of VK centres with their axes 
perpendicular to 4 1  with A 1  = 7.67 mT, 81 = 2.162, and assuming a half width of the 
hyperfine lines of 3 m R  trace b, measured at a pholon energy of 1.65 eV, Bo [[ [IOO]; trace c, 
measured i t  a photon energy of 2.7 eV, Bo II [loo]; trace d, measured at a photon energy of 
1.65 eV, Bll 11 [IIO]. 
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Figure 5. ODEPR spectra of KBr x-irradiated at 4.2 K in situ. measured at 1.5 K, microwave 
frequency, 23.8 GHz. Trace a, measured at a photon energy of 2.4 eV, BO 11 [loo]; trace b, 
calculated EPR specmm of H centres with their axes perpendicular to ,Eo, with AI = 5 mT, 
81 = 2.074, and assuming a half width of the KF lines of 5 mT; Dace c, as trice a after annealing 
to 70 K. 
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The identification of an EPR specmm of H centres turned out to be more difficult 
because of the overlap of the MCDA bands with those of VK and F centres. Figure 5 shows 
the ODEPR spectrum (trace a) in KBr measured at 2.4 eV for B Il[lOO] in the spectral region 
of the known H-centre absorption (Faraday and Compton 1965). The photon energy for 
the measurement was chosen to be as far away as possible from the VK absorption band. 
The EPR line at 870 mT is due to F centres measured because of the overlap of the F- 
and H-centre MCDA bands at 2.4 eV. The negative signal at about 820 mT is assigned to 
perpendicular H centres for the following reasons: 

H centres are thermally destroyed; 

for perpendicular centres; and 

(i) the signal vanishes upon wanning to 70 K (figure 5,  trace c), the temperature where 

(ii) the g-factor coincides with that known from the literature (Konitzer and Hersh 1966) 

(iii) the width of the spectrum agrees with that of the EPR of perpendicular H centres. 

In conventional EPR A l  could not be determined, only the fact that A l  << All. The solid 
line in figure 5 ,  trace b, is a simulation with the known value of gl and the assumption that 
A 1  = 5 mT. We could not resolve any HF structure, largely because of saturation effects. 
In the MCDA technique EPR can only be seen for saturating transitions (see e.g. Spaeth et 
al 1992). The assignment of the negative EPR line at 820 mT to H centres will be further 
supported by meaurments of the MCDA tagged by EPR (see below). The spectrum is clearly 
different from that of the perpendicular VK centres. As in the case of VK centres, no parallel 
centres were observed in ODEPR. 

The results for VK centres in KI are very similar to those found in KBr. Figure 6 
shows the ODEPR spectra recorded in a KI crystal doped with TI and X-irradiated at 4.2 K. 
VK centres in KI have a 11-line HF structure because l ( l Z 7 I )  = 3 with an intensity ratio 
of 1:23:4:5:6:5:43:21. As found for KBr, the spectrum for perpendicular centres appears 
with the largest intensity, while no spectrum was found for parallel centres. The calculated 
EPR spectrum in figure 6, trace a, was obtained using literature values for g l  and the HF 
interaction parameters (Schoemaker 1973). 

i 

700 750 800 850 DO0 950 1 

Magnetic Field [mT] 
0 

Figure 6. ODEPR speca of KI x-irradiated at 4.2 K in situ. measured at 1.5 K, microwave 
frequency, 24.5 GHz. Trace a. calculated EPR simulation of Vx centres with their axes 
perpendiculm to Bo. with AL = 14 mT. 81 = 2.278, and assuming a half width of the HF 
lines of 7 mT; vace b, measured at a photon energy of 2.1 eV, Bo I/ [loo]; m e  c, measured 
at a photon energy of 2.1 eV, Bo /I [IlO]. 
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In order to study H centres, a particularly pure KI crystal was X-irradiated for several 
hours at 4.2 K. Figure 7, trace b, shows the ODEPR spectrum measured at 2.25 eV. The 
extremum found at 2.25 eV corresponds to the H-centre absorption peak known from 
the literature; it is clearly different from what was found from the VK centres and F 
centres. Again, the EPR spectrum peaking at 840 mT is assigned to H Centres with the 
axes perpendicular to the magnetic field orientation. The gl factor was determined to be 
gl = 2.08 i 0.01 These are the first EPR data on H centres in KI. The spectrnm can be 
simulated by assuming AA = 7 mT and a half width for each Hp line of 5 mT. The spin 
lattice relaxation times of both VK and H centres are shorter than 0.5 s at T = 1.5 K. 
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Figure 7. ODEPR spectra of KI x - i d i a t e d  at 4.2 K in siru. measured at 1.5 K; microwave 
frequency, 24.5 GHZ. Trace a, ODEPR spectrum of F centres, measured at a photon energy of 
1.95 eV: trace b, ODEPR of H centres, measured at a photon energy of 2.25 eV, Bo I1 [IOO]; 
trace c, calculated EPR SpectNm of H CenVeS with their axes perpendicuk to BO, A l  = 7 mT. 
81 = 2.08, assuming a half width of HF lines bf 5 mT. 

3.3. Excitation spectra of the ODEPR 

Figure 8(b) shows the MCDA spectra 'tagged' by the EPR lines of VK centres for centres 
oriented perpendicularly (measured at 787 mT) and oriented at 45' (measured at 823 mT) 
with respect to the magnetic field and for perpendicular H centres in KBr (measured at 
820 mT) in comparison to the total MCDA (figure 8(a)). It is seen that VK centres have an 
MCDA extremum at 2.7 eV besides the known UV transition at 3.22 eV and in the IR region 
two extrema at 1.65 and 1.4 eV, respechvely, the latter two correlating well with the two 
known IR bands (figure 8(u)). Note that the sign of the transition at 1.4 eV is different 
for VK centres with perpendicular orientation and with 45" orientation. H centres have a 
tagged MCDA peaking at 2.35 eV, correlating with the H centre absorption band, but no 
other MCDA in the spectral region measured. 

The results for KI are shown in figure 9(b) in comparison to the total MCDA (figure 9(a)). 
As in KBr, besides the UV transition at 3.1 eV there is another MCDA spectrum at 2.1 eV 
for VK centres and the IR bands at 1.55 eV and 1.1 eV have different signs for 90" and 45" 
oriented VK centres. H centres show just one band for the perpendicular centres at 2.2 eV. 

In table 1 all detected optical and MCDA transitions are summarized. 
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Figure 8. (a) MCDA spectra of KBr X-irradiated at 4.2 K i n  situ, measured at T = 1.5 K, B = 2 T. 
(b) tagged MCDA Spectra of VK and H cmtres in KBr x-irradiated at 4.2 K ,  Bo /I [IOO]. The 
angles in brackets give the orientation of the centre axes with respect to the magnetic field 
orientation. 

4. Discussion 

4.1. The simple model of the X; molecular ion 

The experimental results obtained for VK centres in KBr and KI have two unexpected 
features. One is the additional tiv MCDA band at a somewhat lower energy than the known 
tiv absorption band. No absorption bands had yet been reported where we found the MCDA 
extremum in KBr. However, Delbecq et 4l (1961) have reported an unexpected absorption 
band at 2.12 eV in KI. The other unexpected feature is the observation that no EPR spectra 
for parallel centres could be observed with optical detection via the MCDA, neither for the 
VK nor for the H centres. For the latter only spectra of perpendicular centres were observed, 
while for the VK centres also centres with 45" and 60" orientations could also be seen. 

Figure 10 shows the simple molecular ion scheme '&-' (Schoemaker 1973), which was 
used for both VK and H centres to discuss the optical and EPR properties. The uv transition 
is interpreted as occurring between the 'C: + 2C: linear combination of halogen valence 
p orbitals (*BI, + ZA, in the proper Dzh symmetry, transition E ,  in figure 10). An 
external static magnetic field will cause a Zeeman splitting of the Kramers doublets, but for 
right and left circular polarized transitions the probabilitles are equal, so no MCDA effect is 
expected in the tiv in contrast to our observations. The other two allowed dipole transitions 
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Figure 9. (a) MCDA specva of Kl X-irradiated at 4.2 Kin  situ, measured at T = 1.5 K, B = 2T: 
curve I ,  pure KI; cnrve 2, TI-doped KI (doping level 0.5 mol% in the melt). (b) Tagged MCDA 
spectra of VK and H centres io KI, €4, II [IOOI. The angles in brackets give the orientations of 
the centre axes with respect to the magnetic field orientation. 

Table 1. Experimental optical absorption bands and MCDA extrema of VK and H centres in KBr 
and Kl and their assignments lo transitions within the X; molecular model. 

3.22 Delbecq et a1 
'Xu -f 2Es (1961) 

KBr VK Absorption E (eV) 1.38 1.65 - 
Transition 'xu --f 'nap 2xu -f 

MCDA E (eV) 1.4 1.65 2.7 3.2 - 

H Absorption E (eV) - 2.50 - 3.26 Faraday and 
Complon (1965) 

- _ .  MCDA E (ev) - 2.35 - 

KI VK absorption E (eV) 1.08 1.55 ~. 2.12 3.10 Delbecq 
Transition 'Xu + 2t183,2 'Eu + 'IIr,,z 'E" + 'nu 'Eu + 'Eg et nl (1961) 

MCDA E (eV) 1.1 I 55 21  2.8 - 

H Absorption E (eV) - 2 23 - 2.78 Koniher and 
Hersh (1966) 

- - MCDA E (eV) - 2.23 - 

'BI. + 'BZ~,  'B3,, (E, in figure 10) are the IR transitions. These are in fact U polarized 
due to the strong spin-orbit coupling and we can expect MCDA bands. 
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The problem is to explain why we have seen an MCDA in the UV and why we do not 
see the EPR of parallel centres. 

4.2. Analysis of the MCDA transitions of VK and H centres 

We first consider the VK centres. In the following we derive the MCDA signals in several 
geometries of the centres relative to the crystal and the applied magnetic field. As explained 
in the end, it is sufficient to discuss the case of the uv band 'BI. -+ 'Ag ('Z: + 'Zz). 
In order to describe how the two molecular orbitals (MOs) mix with other MOS through the 
spin-orbit couplins and magnetic field, we have to present the symmetry of the even (g) 
and odd (U) MOS using the basis functions appropriate to the point group D z ~ .  We will use 
the notation for the free X; molecule below in order to facilitate to see which orbitals mix. 

u-parity : lz); l h p )  : 14; l&/z) : lu) (1) 

g - p W  (2) ICs) : IN; I&i/z) : Ixz): lng3/z) : lsz). 

Using this basis multiplied with the spin states 01 and ,5', the Hamiltonian matrix for the 
odd-parity portion was given by Fowler et al (1973) in their analysis of the self-trapped 
exciton (STE) luminescence. 

The wave functions of the initial state [Eu) and the final state IX,) are obtained from 
perturbation theory using the matrix of table 2 of Fowler et al (2973). Note that table 2 of 
Fowler et al presents matrix elements related to odd-parity MOs. A similar matrix relating 
to the even-parity MOS using the basis functions given in (1) and (2) can be obtained in an 
analagous way. It is through the spin-orbit coupling and magnetic fieId that the original 
pure states IC,) and IC,) acquire components of other symmetries, giving rise to possible 
MCDA transitions. 

For two sets of  geometries involving the orientation of the centre, direction of B and 
direction of the light propagation k, we can evaluate the dipole maf5x elements for the 
left and right circularly polarized lights. Equations (1) and (2) refer to a coordinate system 
n, y, z centred on +e defect, z being the molecular axis. In order to derive theoretical 
expressions for the MCDA transition probabilities we have to refer the laboratory frame 
X, Y, Z, in which the magnetic field orientation is defined (and which is equal to the crystal 
axis system), to the defect coordinate system. Two specific examples are given below. 

(i) VK centre axis I[ B 11 k. The VK centre is aligned along [IT01 and B and k are 
also in the same direction, as shown in figure 11. The external magnetic field B is first 
expressed in the local coordinate system. Given that field direction of B to be (0, 0, B) 
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in the defect coordinate system, the wave functions ICu) and ICg), considering the mixing 
effect of spin-orbit interaction and magnetic field, are 

I%a) = l z ; a ) + a ~ I x ; B ) + a z l y ; B )  (3) 

ICs; a) = IS;  01) + bilxz; B )  + WYZ; B ) .  (4) 

The coefficients a,, a2 and bi, bz represent the mixing coefficients due to spin-orbit coupling 
for C, and Cg. respectively. 

Y . 2  z i i m  

Y 

Figure 11. Centre (x, y, L) and labomtory (X, Y, 7J 
coordinate systems for the case of parallel VK centres 

X (see text). 

The dipole moments for right and left polarized absorption are given by 

The evaluation of the above involves the following types of matrix elements, which can be 
shown to vanish by virtue of symmetry: 

This leads to confirmation that the MCDA of VK centres in this geometry is absent. 
(ii) VK centre axis I B 11 k. In figure 12 one of the two possible orientations of the 

defect with the axes perpendicular to B is shown (molecular axis 11 [110] orientation in the 
laboratory frame). B is parallel to the laboratory 1001 J axis. The other possible orientation 
has a VK centre axis along a [ l i O ]  orientation in the laboratory frame. The two contribute 
to the MCDA and from symmetry it is seen that only one needs analysis. In terms of the 
defect frame of reference, B is along (0, B, 0) and this is used in expressing Xu and E,: 

IC,; a)  = (lz; a) - ilz; B ) )  + A ~ l x ;  a )  + ai Ix; B )  +ally; B )  (8) 
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Z Y  

Y 

Figure 12. Centre ( x .  y, z )  and labontory (X, Y, Z) 
coordinate systems for the case of one of the two 
possible perpendicular VK centres (see text). X 

A I  and B I  represent the mixing coefficients due to the magnetic field and they are therefore 
proportional to the field intensity. For this field direction Iz; a)  and Iz; B )  are degenerate 
and, as a consequence, the two vectors have equal weight. 

The MCDA matrix elements are 

(z’glx+iy[xu) = (csl+((z-x) *ii(z+x))lx,). (10) 

In the evaluation of these matrix elements, one requires several types of integrals. In the 
following are given those that make non-vanishing contributions: 

(2; alzls; a )  (z; j3lxlzx; B )  (x; ulxls; a)  (x; Blzlzx; B ) .  (11) 

It is somewhat tedious to collect aLcontributing terms, but it is found that the matrix 
elements of (11) do not vanish, leading to an observable MCDA signal from those centres 
that are perpendicular to the magnetic field. 

From symmetry arguments, it is seen that those centres in the other perpendicular 
geometry also make equal contributions to the signal. 

The IR band contributes to the MCDA in a similar manner experimentally. This can 
be explained in the following way. In the IR bands there are the original x components 
and U components mixed through spin-orbit coupling. In bromides and iodides the latter 
component is stronger, so that the IR band overall is Q polarized. In order to discuss the 
MCDA signal in the parallel and perpendicular geometries, we should consider both the x 
and U contributions. The symmetry consideration shows for the parallel centres that there 
should be a weak but non-zero MCDA signal from the x component to first order. However, 
for the perpendicular component the contribution to the MCDA is one order of magnitude 
stronger, being a composite contribution from x and U components (Meise 1993). The ratio 
between the parallel and perpendicular MCDA contributions is roughly given by the ratio of 
z-u and u-o overlaps. It is thought that this explains why we did not observe parallel 
centres in the IR bands. 

We now turn to a brief discussion of the H-centre results. In principle they should 
also be explainable by the same theoretical model. From the spectral position at the low- 
energy side of the H centre UV band we assign the MCDA observed for the H centres to the 
z’, -+ i l s , / z  transition. Again, as in the case of the VK centre, we see only perpendicular 
centres. 
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The question remains, why we did not observe an MCDA of perpendicular centres in 
the W transition. According to a recent study (Tmimura 1993), the uv bands of the H 
centre in KBr and NaCl are almost 100% U polarized. Although the reason for this near 
perfect polarization (compared to that of the VK centres) is not understood at present, it is 
the consequence of near cancellation of the terms leading to the n-polarized component in 
the UV band of the H centres. The absence of the MCDA in the present case can be attributed 
to the same circumstances. We note that when calculating the matrix elements for MCDA 
(10) one finds a Iarge number of non-zero terms with opposite signs (Meise 1993). It may 
happen that in the case of the H centres there is a cancellation of terms, rendering the MCDA 
very weak. 

4.3. The presence of a new V,y band in the MCDA 

The observation of the new VK band through the MCDA in KBr and KI is now discussed. 
So far we have considered the Cu + C, &d the 2, -+ nS transitions. There are two 
more MOS to which the dipole transition is not allowed in the D&, symmetry, the normal 
geometry of the VK centre. These are the two TI, states of different multiplicity (figure 10). 
These MOS are connected to C, through spin-orbit coupling. Delbecq et a1 (1961) have 
assigned the band observed at 2.12 eV in KI to a C ,  3 n, transition. They argued that the 
inversion symmetry may be broken by some unspecified distortion. Group theory indicates 
that when the inversion symmetry is lost 2. -+ nu becomes dipole allowed (see e.g. Song 
and Williams 1993). 

Table 1 presents the various absorption bands observed in the present work as well as 
optically. In the case of KI, the extra band obsrved by Delbecq etal (1961) matches well 
with the data obtained by MCDA. In the case of KBr, there are no available data optically. 
However, note that at 2.7 eV the optical absorption does not go to zero (figure 1); the VK 
band at 3.2 eV seems to have a low-energy tail. It is interesting to note that the presence of 
the extra band has again never been discussed before. The energy. difference for C ,  -+ n. 
is generally designated by E l  and deduced from the shift of g l  with respect to ge when the 
spin-orbit coupling parameter is known. The published values of E l  for KI and KBr are 
2.03 and 2.19 eV, respectively (Schoemaker 1973). These values can be compared with the 
experimental data 2.1 and 2.7 eV respectively (table 1). The discrepancy can be attributed 
to the uncertainties of the spin-orbit coupling constant used in the calculation of g l .  

The H centres on the other hand show generally fewer bands optically and via MCDA. 
In particular, there is no report of an optical band corresponding to the Xu + nu transition. 
We did not observe any bands other than the Xu -+ il ,l/z transition in the present study. It 
is useful to note here that Kanzig and Woodruff (1958) have observed that for the H centres 
in alkali halides (KCI), nu is located above E, in figure 10. If the forbidden transition 
C,  + nu should become observable, it should be at the higher-energy side of the uv band. 

We now speculate on the possible origin, which may induce a loss of inversion symmetry 
in the VK centre. Available calculations (Itoh et af 1980) indicate that the axial transitional 
mode of vibration is the softest local mode of the VK centre. According to Harding, quoted 
in Itoh er al (1980), in KCI this mode has a frequency of 1.17 x 10” s-’ (4.8 meV). On 
the other hand, from the analysis of the n band shape as a function of temperature in NaC1, 
Suzuki et a1 (1989) have deduced a frequency of 1.94 x 10” s-’ (7.9 meV). We propose 
therefore that the very slow axial oscillations of the centre make the centre seem ‘frozen’ 
at the classical turning points during the optical transition. This is equivalent to having a 
momentarily off-centre geometry, thereby making the C ,  + nu transition allowed. The 
soft frequency is fast compared to the frequencies of about 10 GHz used in conventional EPR 
spectroscopy, therefore this symmetry breaking is not seen in conventional EPR. Whether 
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a similar mechanism may be in operation in H centres is not clear. The axial transitional 
mode has not been calculated. The H-centre (axial) diffusion activation energy is very small, 
about 100 meV or less (Song and Williams 1993), and it can be argued that the mode is 
very soft. A good theoretical evaluation, preferably by an ab initio HameeFock  method, 
of these parameters would be interesting. 

J M Spaeth ef a1 

5. Conclusions 

With the MCDA method the absorption bands of VK and H centres could be identified 
unambiguously correlating them to their respective EPR spectra. It could furthermore detect 
dynamical features, which cannot be seen by conventional EPR and were not very clear 
from opncal absorption spectroscopy. From the point of view of practical application of 
the highly sensitive MCDA-detected EPR for the study of ScintiktQr crystals it is important 
to know that only certain centre orientations with respect to the magnetic field orientations 
can be detected. 
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