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Abstract. In this work. an ENWR analysis of the 0; defect in RbI is presented. A complete 
angular variation of one set of =Rb and 87Rb ENWR transitions is shown. The corresponding 
hyperfine and nuclear quadrupole coupling tensors are determined. The orientation of the 
principal axes of these tensors is in good agreement with the overall Da symmetry of the 
0; ion in the crystal. The WDOR results can only be explained assuming a monovacancy 
model. wherein the 0; molecule is replacing a single I- ion. A comparison with a previous 
KNWR study of the Si cenm in RbCl is presented. The linewidth of the EPR signals can be 
explained using the ENWR results. 

1. Introduction 

In the past several BPR studies have been performed on X; defects (X=O. S or Se) in 
alkali halide single crystals [l-121. Although interesting features emerged from these EPR 
studies, it was sometimes difficult to determine unambiguously the total defect structure. 
Problems arose when in KCI two different S; molecular ions were identified in the same 
single-crystal sample. From the work of the groups of Gnzig [l-31 and Vannotti [4,5] 
and our EPR group [&12], it is known that, depending on the lattice, the paramagnetic p 
lobes of the X; defect may be oriented along a [ilO] or a [Ool] direction. Because in 
the KCI:S; case both situations were found, the monovacancy model for some X; defects 
was questioned and a divacancy model (in which X; is replacing two halide ions) was also 
considered. 

Since the ENDOR method is more suited to solve such problems, BNJJOR investigations 
on a whole series of X; defects (X=O, S and Se) in different alkali halide crystals were 
started. The ENDOR study of RbCl:S; [13] clearly led to a monovacancy model. However, 
the ENDOR features of the S; defect in NaCl and NaBr turned out to be very different 
from those of the S e ;  defects in the same single crystals and neither of them could be 
related to the RbC1:S; case (these ENDOR results will be discussed in later papers). In 
order to elucidate this matter, ENDOR studies on 0; defects in alkali halide single crystals 
were started. Based on their EPR results, Zeller and Kiinzig [2] proposed a monovacancy 
model for these defects. Since the 0; molecule is much smaller than the S; and S e ;  
molecules, the 0; molecule is indeed likely to fit into a monovacancy in the alkali halide 
single crystals. 

In this article, we report on the ENDOR study of the 0; centre in RbI. 
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2. Experimental techniques 

The single crystals were grown by the Bndgman method. The RbI powder (Merck) was 
mixed up with 1 % KO2 (Merck). Samples thus grown were routinely quenched from 600 "C 
to room temperature (RT), though this treatment did not affect the 0; spectra reported below. 
The crystals were X-irradiated at RT for typically h with a tungsten anticathode Philips 
x-ray tube, operated at 60 kV and 40 mA. 

The EPR spectra were recorded using a Bruker ESP 300 X band spectrometer, with 
maximum microwave power 200 mW. The detection conditions were 10 K and 10 mW 
microwave power. 

The ENDOR spectra were recorded on the same spectrometer, equipped with a Bruker 
ESP 353E ENDOR/Wipk extension (an EN 374 RF amplifier with a maximum power of 
200 W and an EN 525 Schomandl synthesizer). The best detection conditions were 7.5 K 
and 30 mW microwave power at maximum RF power. The RF was modulated at 12.5 kHz 
with a modulation depth of 100 kHz. 
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3. Results and analysis 

3.1. EPR spectra 

The EPR spectra of RbIO; were studied by Zeller and Gnzig [2]. The g tensor values 
of this orthorhombic centre are found to be g, = 1.9674, g, = 1.9695 and g, = 2.3774, 
with corresponding axes parallel to [ilO], [OOl] and [IlO]. Shuey and Zeller [3] showed 
that this implies that the paramagnetic p lobes correspond to the x direction (the smallest 
g value) and that the largest g value is found along the 0 4  axis (the z direction). The 
linewidth of the EPR signals was ascribed to an unresolved superhyperfine (SHF) structure. 

3.2. ENDOR spectra 

3.2.1. General remarks. In the ENDOR spectra transitions belonging to 8sRb, 87Rb and Iz7I 
are found. The Rb interaction is labelled interaction 1, in agreement with the Rb interaction 
1 observed in RbCkS; [13]. 

3.2.2. ENDOR spectra corresponding to Rb interaction 1. The ENDOR angular variations for 
the Rb SHF interaction (both isotopes) are measured in the g,-g, plane (plane 1, Bo J. [OOl]) 
and in the plane containing the g, axis (BO I [loo] or &'-l [OlO]). This plane is called 
plane 2. Since we are technically limited to detecting ENDOR transitions above 0.8 MHz, 
some lines of the 85Rb angular variation are missing. For both isotopes, the low-frequency 
lines were found to be less intense than those corresponding to the other manifold. 

In figure 1, the angular variations for both Rb isotopes are given. Figure 2 shows a 
typical ENDOR spectrum. 

The spectra were analysed using the standard Hamiltonian for a single nucleus ( I  t f )  
coupled with an unpaired electron (S = f) 

fi = PkTgB + PAk - &qfgNB + ITQf. (1) 

The ENDOR frequencies were analysed by complete diagonalization of the spin Hamiltonian 
matrix. The resulting principal values and corresponding axes of the hyperfine tensor and 
nuclear quadrupole tensor are given in table 1. 
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Figure 1. For interaction 1: (U) "Rb angular variation in plane 1; (b) 85Rb angular variation in 
plane 2; (e)  87Rb angular variation in plane 1; (d )  "Rb angular variation in plane 2. Rectangles. 
experimental points; lines, theoretical angular variation calculated using the values of table 1. 
(Continued overleaf.) 

The theoretical angular variations, calculated using the values of table 1, are shown in 
figure 1 (full lines). 

From table 1, we see that the A tensor is nearly axial (IAJ sz lAIl c IAzl). No 
information about the absolute sign can be obtained from ENDOR experiments. Nevertheless, 
we are very confident about the positive signs, because of the correspondence with Rb 
interaction 1 found in RbCkS; I131. Two principal axes of the A tensor are tilted away 
from the g, and g, axes in the (001) plane. The Q tensor is found to be rhombic, with the 
axis corresponding to the largest Q value (lQxl) tilted 55.4" away from the g, axis. 
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Figure 1. (Continued) 

3.2.3. Other ENDOR transitions. In the 0-5 MHz region, three ENDOR lines were found, 
which correspond to the 85Rb, *'Rb and InI UN signals. These signals are caused by Rb, or 
I nuclei at a relatively large distance from the 0; defect. Since the linewidth of the ENDOR 
lines is about 100 kHz, the Rb and I nuclei giving rise to the UN signals are located at least 
0.8 nm and 0.7 nm from the 0; defect respectively. 

4. Discussion 

Until now, the location of the Rb nuclei causing interaction 1 has not been commented 
on. From the EPR results, Zeller and Kanzig [2] assumed that the 0; molecule occupied 
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Figure 2. The experimental mRb ENDOR spectrum of RbI:O; (only the upper manifold is 
shown). Bi 11 [loo], T = 7.5 K. 204 W w power and 100 kHz modulation depth. 

Table 1. Principal values (in megahertz) and nxes (angles in degrees) of the 85Rb and 87Rb SHF 

and nuclear quad~pole tensors for interaction I .  

Angles with respect Lo 

85Rb 87Rb gz g, L 

A ,  7.22 24.46 -40.0 90 50.0 
A ,  4.07 13.80 90 . ~ 0 90 
A; 3.88 13.16 -130.0 90 -40.0 

Q, 0.48 0.75 -55.4 90 34.6 
Qy -0.31 -0.49 90 0 90 
Q. -0.17 -0.26 -145.4 90 -55.4 

a monovacancy, replacing a single I- ion (figure 3). In what follows, we will confirm 
their assumption and give additional information that could not be determined using EPR. 
Rb interaction 1 will be~shown to be due to the nearest-neighbour Rb nuclei in the g-g, 
plane (figure 3, AI). Furthermore, we will compare our present results with those obtained 
previously for RbCl:S; [13]. 

4.1. The superhypeg5ne tensor 

Zeller and &zig 121 showed that the ground state of the centre can be described as follows: 

with tan@) = A/A and I f 4) the eigenstates of .?,. r:, r: and r: am irreducible 
representations of the D2h symmetry group [14]. In (2), A and E are crystal field parameters 
and A is the positive spin-xbit coupling constant. For the RbIO; case, Zeller and Gnzig 
[2] found that A/A = 0.1898, A / E  = 0.0013, cosa = 0.9956 and sina = 0.0937. The 
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@ Rb'  AIR^+ Or 
figure 3. me monovacancy model of 0; in RbI. The Rb" ions labelled AI are responsible 
for interadion 1. 

Ir:) state clearly contributes the most to the ground state of the paramagnetic cenue. In the 
Ir:) state the unpaired electron resides in a molecular orbital of the form (p,, - pz2)/fi, 
where 1 and 2 denote the different oxygen atoms (figures 3 and 4). 

To calculate the SHF components of the nearest-neighbouring cations, we have to 
consider both point dipolar contributions and covalency effects. 

The point dipolar contribution in a system with anisotropic 9 tensor is given by the 
following expression [15]: 

(3) A: = ( ~ L o / 4 ~ ) ( o r N / r ~ ) g j ( 3 ~ i r ,  - ~ ; j )  (i, j = x ,  y .  z) 

with 

OLN = f i f i N g N / h  

and 

r, = cos &q sin QN ry  = sin @N sin QN r, = cos @N 

the direction cosines of the nucleus in the g tensor axes. 

nuclei A1 (figure 4) derived by Shuey and Zeller [31 are used. 

wavefunction is considered for Rb nucleus 1: 

To include covalency effects, the expressions for the SHF components of the four Rb 

For'the unpaired electron in the neighbourhood of the alkali nuclei, the following 
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and S is the angle between the g, axis and the & lobe. To a first approximation, the &, 
lobe is taken to be along,the axis connecting the Rb nucleus and the nearest 0 nucleus. The 
0-0 distance and the R M  distance along a (100) axis are taken to be 0.128 nm [16] and 
0.368 nm respectively, which leads to a value for 6 of 37.0'. 

Figure 4. The orientation of the principal axes of the Rb SHF and nuclear quadrupole tensors. 
S is the angle between the g, axis and the & lobe; 81 is the angle between the A, axis and rhe 
g, axis. 

Using (4) the following components Of the SHF matrix result: 
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A' YY = As - ;A, - A ,  COSS 

A: = A, +A,($ + cos28) + A,cosS 
I 

A:z As + A,(? -cos24  - $Ar COSS 

A;; = -A, sin 28 - A, sin8 

A$ = -A, sin28 - $Ax sin8 

in which the superscript c denotes covalency and A,, A,  and A, (in megahertz) are defined 
as follows: 

AS = C o s 2 ( Y C ~ ( 8 n / 3 ) I ~ I I ( 0 ) I ~ ~ ( ( P o / 4 ~ ) g ~ g e ~ ~ ~  X 10-'/h) 

A, = Cos20LC~3(l/r3)alL((PO/4n)gNgeBBN X lO-'/h) (7) 

A ,  = sin2orcuc,~(l/r3)alr((lLO/4n)gNgsBBN x 10"lh). 

By adding the matrix elements A: of (3) (with = 45" and $N = 180" (see figure 4)) and 
the corresponding elements A; of (6), we obtain an asymmetric A matrix. The symmetric 
tensor ATA can easily be diagonalized and should be compared to the experimentally 
obtained data in the following way: 

cos 61 

sin 81 

A, 0 ~ $ 1  [A; A", A;] [ cos81 0 sin81 -?"][ 0 A, 0 1 0 1  
0 cosS1 A, 0 A,, A ,  0 A,, -sin81 0 cos& 

(8) 1 0 0 

0 (3.90 MHz)' 
(4.04 MHz)~ 0 

where 6, corresponds with the experimentally found tilt angle between the Ax and g, axis 
(40') (see figure 4). 

Combining (3), (6). (7) and (8), we were able to find values for r ,  A,, A, and A,. With 
S = 37.0", it was not possible to fit the hyperfine values exactly. However, when varying 
S, we found that for 6 =41.6", we could perfectly fit the theory to the experiment. The 
change in S is not unexpected, since we only took $o to be along the Rb-0 direction in a 
first approximation. The values thus obtained for the coefficients c:, c: and .", are given in 
table 2. The distance r between the Rb nucleus and the centre of the 0; molecule is found 
to be 0.368 nm, which is also the lattice constant of RbI. 

Table 2. A comparison between the calculated ccefficienrs 2, and c: obtained from 
the ENDOR results-for RbkO; (a) and RbQS2- (b). taking into &count ihat lQ(O)l& = 
29.28 x IOz5 cm-' and (F3)dP = 20.24 x Ip cm-' 1171. 

c,l c, 

(a) 0.000409 O.OOZM 0.000378 0.000874 
(b) 0.002140 0.00979 0.000590 0.002410 

Table 2 shows that the values of the coefficients in the RbIO; case are about five times 
smaller than for the RbC1:S; case. Since the lattice constant is larger for RbI than for 
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RbCl and since the 0; molecule is smaller than the S; molecule, the Rb U (z) orbitals 
will overlap less with the O;r$ (rz) orbitals than with the corresponding ones of the S; 
molecule. 

The magnetic point dipolar tensor is derived from (3). The diagonal elements are then 
A t  = 0.34 MHz, A$ = -0.15 MHz and A: = -0.16 MHz. The axis corresponding to the 
largest value is tilted 38".away from the g, axis. The'inclusion of the anisotropic g tensor 
in (3) causes the principal axes to differ from the crystal axes. 

Zeller and Enzig [Z] Scribed the linewidth of the EPR signals to an unresolved SHF 
structure. If this is the case, the linewidth of the EPR lines must be predictable from the 
ENDOR results. Indeed, up to first order, the values of the SHF splitting K in the EPR spectra 
can be related to the SHF matrix elements Atj obtained from the ENDOR analysis [18]. For 
the BO field parallel to the g tensor axes, we find 

Bok,: K(104 T) = JA:, + A:,/&, 

in which the A matrix elements are given in megahertz. 

field are given in table 3. 
The values of the 8sRh a d m R b  splittings for these specific directions of the magnetic 

Table 3. %b SHF splittings K (in IO4 T) for some specific directions of the magnetic field, 
calculated using the WDOR results. 

Boll "Rb 87Rb 
[iio] 2.20 7.46 
[OOI] 1.48 5.01 
[I101 1.66 5.63 

The simulation of the resulting EPR line is complicated by the presence of both isotopes 
with differing natural abundance and the fact that four equivalent Rb ions contribute to the 
observed interaction. Assuming that each SHF line has a homogeneous linewidth of about 
5 x T, we could'simulate the resulting EPR signals with unresolved SHF structure. The 
EPR linewidths are given in table 4 and compared with the ones found experimentally by 
Zeller and Kinzig [Z]. 

Table 4. A amparison between the EPR linewidths (in IOd T) obthed from the ENDOR results 
(a) and those obtained experimentally by Zeller and m z i g  121 (b). 

iiioj 16.8 18.6 

It is clear that the observed linewidths of the EPR lines are due to the SHF interaction 
with the four nearest-neighbour Rb nuclei. 
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4.2. The nuclear quadrupole tensor 

As a rule of thumb. the Q tensor shouId always have the same symmetry as the A tensor. 
This is the case for the interaction observed above. 

However, the Q tensor axes are not parallel to the A tensor axes as was approximately 
the case for the S ;  defect in RbCI. The difference in the tilt angles can be explained in the 
following way. 

The calculation of the nuclear quadrupole tensor involves the determination of the field 
gradient. The elements of the field gradient tensor 1191 are 

In a point approximation (i.e. the defect is approximated by an electron centred on a lattice 
position). the principal axes of the field gradient tensor are oriented along the [loo], [OlO] 
and [OOI] axes. Secondly, if I 1. the nucleus has a non-spherical charge distribution. 
Combination of these two features implies that, at the nearest-neighbouring cation sites, the 
Q tensor will be axial with its symmetry axis in the radial direction of the defect (i.e. along 
a (100) axis). 

For an electron in an atom or molecule, however. (10) must be integrated over the 
wavefunction. For atomic orbitals the calculation parallels that of the magnetic dipolar 
coupling. The field gradient is equal to zero for an s electron. while for p. d, . . .electrons 
the tensor is uniaxial and traceless. For a many-electron system, a summation over all 
electrons should be considered. 

For our specific case, the axial symmetry is broken because of this summation. 
Moreover, such an anisotropic effect also gives rise to a tilt of the Q tensor axes, so 
that one of the axes is no longer pointing towards the middle of the 0; centre. A similar 
effect was observed for the magnetic point dipolar coupling tensor, as mentioned earlier. 

5. Conclusion 

The ENDOR spectra of RbIO; allowed a detailed analysis of one set of s5Rb and *'Rb 
interactions. The orientations of the principal axes of the A and Q tensor of this interaction 
are in agreement with :he overall Du symmetry of the 0; ion in the crystal. 

The Rb interaction could be ascribed to the nearest-neighbour Rb ions in the (001) plane. 
Many similarities were found with an earlier ENDOR study of the S; ion in RbCl [13J Some 
information about the wavefunction of the unpaired electron in the neighbourhood of these 
Rb nuclei could be derived. Finally, the linewidth of the EPR signals could be explained 

The only model consistent with these ENDOR data is the one in which the 0; molecular 
from the ENDOR data. 

ion is substituting for one I- ion. 
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