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I. Phys: Condeoa. Mstter 5 (1993) 1957-1974. Printed in the UK 

ENDOR analysis of the microscopic structures of the thermally 
driven bistable configurations of F,(OH-) centres in KBr 

H a t h e t ,  J-M Spaetht and F Liity# 
t Rchbereich Physii Univmily of Padertom, Mrbutger Strasse 100, 4790 Paderbom, 
Federal Republic of Germany 
$ Physic9 Depaltment, University of Utah, Salt Lake city, UT 84112, USA 

Reeed  5 November 1992 

Abstract ?he aggregation of F centres and OH- molecules to FH(OH-) centres in 
KBr leads Io a very interesting optical and thermal bstabibty. The htruc~~ms of the 
bistable FH(OH-) centres were investigated by using optical and mnventional detection 
of electron nuclear double w n a n c e  (ENWR). The anaiyis of the ”WR spectra of both 
FH(OH-) mnfigurations b prsented. It b shown that in both tistable configurations 
the OH- molecule resides on a nat-nearest anion site (fourth shell). ?he bistable 
mnfigurations differ in the orienfation of the OH- dipole with respect to the F centre. 
The thermal bstabilily ir tentatively explained as being due to enmpy changes with 
temperature. 

1. Introduction 

FH centres in alkali halides are aggregate centres between F centres and anion 
impurities. Of particular interest are FH centres with molecular impurity anions, 
especially the F,(OH-) centres (Baldacchini et a2 1989, Gomes and Liity 1984). 
Optical investigations of these centres in additively coloured and highly OH- doped 
KBr crystals lead to the observation of centres exhibiting a novel optical and thermal 
bistability. 

After aggregating the F centres by bleaching the F band in an OH- doped KBr 
crystal at about 240 K a new absorption band due to the FH(OH-) centres appears 
slightly red shied compared to the F band. Upon cooling the sample to 4.2 K 
the absorption band shifts to the ‘blue’ (high-energy) side of the F absorption. This 
absorption h due to another centre configuration. Therefore we denote the centres 
at high temperatures as ‘red centres’ and those at low temperatures as ‘blue centres’. 
Bleaching at low temperatures in the absorption of the blue centre leads to the 
absorption band observed at  high temperature (‘red centres’). At low temperatures 
red and blue centres can be converted and reconverted in a stable and reversible way 
(Baldacchini et d 1989). 

In KCI doped with OH- a low-temperature switching between two bistable states 
could not be observed. The FH(OH-) absorption band is for all temperatures between 
310 K and 3.6 K red shifted compared to the F band. 

The site of the OH- ion relative to the F centre was not hown in KBr. It could 
be either in a nearest (110) anion position (second shell) or in a next-nearest (200) 
anion position (fourth shell) as was found for the FH(OH-) centres in KCI (Jordan et 
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al 1988). Baldacchini et a1 (1989) speculated that the bistability is due m two different 
orientational configurations of the OH- impurity relative to the F centre. It was the 
purpose of this work to determine the site of the OH- as well as to determine the 
microscopic structures of the two bistable configurations by applying electron nuclear 
double resonance (ENDOR) techniques. 

a t h e  d a2 (1990) gave the first account of major results such as the centre 
models for the two bistable configurations and a discussion of the possible origin 
of the thermal bistability. In the present paper the details of the analysis of the 
ENDOR spectra of both defect Configurations are presented as well as a full a m u n t  
of the superhyperfine (SHF) interaction constants determined experimentally. This 
presentation is followed by a short discussion of a possible explanation for the 
occurrence of the thermal bistability. 

2. wenmental details 

The KBr single crystals, doped with 2 x and 1 x lo-' mole fractions of KOH 
in the melt, were grown by the Czochralski method using Merck optipur and pro 
analysis materials. By additive colouration p n  Doom 1961) F centre concentrations 
between loL6 and 10l8 were produced. Dark coloured samples were used 
for conventional electron spin resonance (ESR)/ENDOR experiments whereas samples 
with weaker colouration were preferred for optical and optically detected ENDOR 
(ODENDOR) experiments. When coloured samples are stored in daylight at room 
temperature, different types of F centre aggregates grow. Therefore the samples 
were quenched, i.e. they were heated to about W 0 C  and then rapidly cooled to 
room temperature in the dark in order to produce isolated F centres. After this 
treatment the sample was mounted in the cryostat under weak red light. 

The F centres were converted into F,(OH-) centres at about 240 "C by bleaching 
the F Centre absorption band. This process is analogous to the aggregation of FA 
centres in alkali halides doped with impurity cations. As a light source for bleaching 
the F band a 150 W halogen lamp equipped with a 594 nm interference filter (Schott, 
NAL 594 nm) was used. The low-temperature conversions from blue into red centres 
and vice versa were performed by bleaching the blue or red centre absorption bands 
again with the 150 W halogen lamp and additional interference filters (F'IL 579 nm, 
NAL 546 nm, NAL 653 nm and DAL 640 nm from Schotf). 

The ESR and stationary ENDOR experiments were performed with a custom-built 
computer-controlled X-band spectrometer (10 GHz). The sample temperature could 
be varied between 3.6 K (for a short time) and 300 K. The ENDOR frequency could 
be varied between 0.3 and 300 M H z  The ENDOR line positions were determined 
using digital filtering, deconvolution algorithms and a peak-search algorithm (Nilas 
1983). 

The optically detected ESR (ODESR)/ODENDOR spectrometer working in the K 
band (24 GHz) was also a custom-built computer-conuolled system, using an Oxford 
bath cryostat and a 4 T supraconducting magnet ODESR and ODENDOR experiments 
were usually performed at 1.6 K. Details of the spectrometer are described by Ahlers 
(1%). 

The ODESR spectra were measured as microwave-induced changes of the magnetic 
circular dichroism of the absorption (MCDA) (Ahlers et af 1983). For the measurement 
of ODWDOR spectra with the MCDA technique (Hofmann et a1 1984, Spaeth et al 1992) 
an additional radio frequency was simultaneously fed into the ODENDOR cavity. 
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3. ENDOR and ODENDOR reSU1tS 

Figure l(a) shows the optical absorption spectra of F centres before aggregation 
and of the red and blue FH(OH-) centres at 1.6 K The red and blue shifts of the 
aggregate centres are clearly seen. The optical conversion between both F,(OH-) 
conligurations is so effective, that for the optically detected magnetic resonance 
(ODMR) measurements the measurement light had to be very weak. The peak to 
peak width of the derivativelike blue centre MCD is AE = (0.115 f 0.005) eV and 
that of the red centre (0.193 f 0.005) eV (figure I@)). The blue centre absorption 
band and the MCDA both have an asymmetric low-energy tail. However, their true 
line forms cannot be determined, since the spectra of the centres overlap. The 
maxima of both absorption bands depend on the degree of conversion between the 
two FH(OH-) centres; mixed states can also be observed. The tine positions found 
for the best separation of the centres are at E,,, = (2.112 f 0.007) eV for the blue 
centre and Emu = (2.017 f 0.007) eV for the red centre. 
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@pure t (U) Optical absorption of F centres 
and Ihe red and the blue FH(OH-) centres 
in KBr (KBr was doped wiIh 2x  IO-' KOH), 
T = 1.6 K (b) Magnetic circular dichroism 
of the absorption of the red and blue 
FH(OH-) centres in KBr. Bo = 875 mT, 
T = 1.6 K ?he circles show the wavelength 
where the ODENDOR Of the blue and Ihe red 
centres was measured (see tat) .  

F,(OH-) centres in KCI are red shifted compared to F centres and show only 
one absorption band (Gomes and LiXy 1984) and a derivative-like MCDA (Jordan 
1987). 

ODENDOR measurements of the ground state of the red and blue F,(OH-) centres 
were performed using the MCDA technique (Spaeth et a1 1992, HOfmaM el al 1984). 
Compared to conventional ENDOR this detection method has the advantage that 
a direct correlation between the optical absorption band of a paramagnetic centre 
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and its ES"DOR lines can be obtained (Hofmann a J 1984, Ahlers er a1 1983). 
ODENDOR spectra measured before the FH centre aggregation showed only known 
ENDOR lines of the isolated F centres (Seidel 1961). After formation of the F,(OH-) 
centres the ODESR spectra measured throughout the MCDA showed no detectable 
difference in shape from the known ESR spectra of F centres in KBr. Only the broad 
unstructured ESR lines at g = (1.97 f 0.02) with a half width of (17.5 f 0.5) mT of 
the isolated F centre and those with half widths of (18.3&0.5) mT for both FH(OH-) 
centres were observed. 

However, upon measuring ODENDOR new features appeared. When measuring 
ODENDOR by setting the optical wavelength in the high-energy flank of the MCDA at 
1.6 K and thus producing red centres, a new set of ENDOR lines appeared compared 
to the unperturbed F centres (see figure 5 middle trace), while another set of 
ENDOR lines was measured after optically Ripping the red centres into blue ones 
(figure 2, upper trace). The ENDOR spectra clearly show that FH(OH-) centres are 
different from the isolated F centres and that the red and blue centres are definitively 
due to difference F-OH- configurations. In order to prevent a conversion between 
centres being caused by the measurement light, the ODESR/ENDOR experiments were 
performed on the blue centre by setling the measurement light in the low-energy flank 
of its MCDA (A = 620 nm). 'lb observe the red centre, the light was set to X = 580 nm, 
i.e. in the high-energy flank of the MCDA of the red centre. Unfortunately no more 

lines are due to second-shell Br- neighbours. 
Between 3.6 K and 20 K we could also measure conventional stationary ENDOR 

spectra. At 3.6 K both the red and blue centres were present simultaneously. Upon 
simultaneous in sifu illumination with light in the low-energy flank (640 nm) or high- 
energy flank (546 nm) the relative intensities of the ENDOR lines of the blue and 

ENDOR could be detected opticauy. It hmIned Out that the obwlved ODENDOR 

26 za 30 32 34 36 3a 40 

Frequency [ MHz I 
Figure 2 ODENDOR specIra of Ihe kolafed F DeOtRS and red and blue FH(OH-) CeOIlps. 

Boll[lW], Bo = 885 mT T = 1.6 K 
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the red FH(OH-) centres, respectively, could be changed signiscantly because of the 
optical switching between configurations. 

In the ENDOR spectra observed at temperatures between 3.6 and U) K the ENDOR 
lines of the blue and red FH(OH-) centres are superimposed with those of the 
isolated F centres which were not aggregated to OH- molecutas. The ENDOR spectra 
containing FH(OH-) centre lines were dominated by the more intense lines of F 
centres. Above 20 K the ENDOR lines of the FH(OH-) centres vanished and only 
lines of the isolated F centres were measured. Figure 3 shows a typical ENDOR 
spectrum measured at 14 K. Some lines due to the blue and red centres are marked 
by arrows. The conventionally measured ENDOR lines have a much smaller l i e  
width than those detected optically and the interactions with both cation and anion 
neighbours as well as hydrogen atoms from the OH- molecules could be resolved. 
For each orientation of the magnetic field numerous ENDOR lines were observed in 
the frequency range of 0.5-32 M H z  For the analysis the field orientation was vaned 
in small angular steps of about 2. Due to the overlays of the many ENDOR lines of 
the red, blue and isolated F centres (see also figure 3). the analysis of the ENDOR 
angular dependence was rather diRicult Some branches of ENDOR line sets were 
found by recognismg the symmetry of the particular neighbours, when rotating the 
sample about its [OOI] axis. 

blue centre 
7% 

c_ 

5 IO 1 1  20 25 90 35 

Frequency I MHzl 

Figure 3. ENDOR spectrum of the FH(OH-) centres in D r .  Boll[lW]. ENWR lines 
due b the seeond-shell bmmine neighbours of (he isolated F centres and characteristic 
bmmine lines of lhe blue and red centm are measured. T = 14 IC, Bo = 342 mT 

In principle the analysis of the ENDOR spectra and of the angular dependences 
measured for rotation of the magnetic field in a {lOO} plane proceeded along the 
lines described previously by Seidel (1961) for F centres. The chemical identity of the 
nuclei giving rise to ENDOR lines was determined with the field shift method (see also 
Spaeth et a1 1992). The angular dependences were calculated using the appropriate 
spin Hamiltonian (Seidel 1961) and diagonalizing it numerically. The resulting SHF 
constants and the SHF tensor orientations are collected in table 1 for KBr and some 
data in table 2 for F and FH(OH-) centres in KCI. The results are given in terms 
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of the isotropic SHF constants a and the anisotropic SHF constants b and b' and the 
quadrupole interaction constants q and q', which are related to the principal values 
of the respective tensors A and Q by 

A , , = ( a - b + b ' )  A Y y = ( a - b - b ' )  A Z , = ( a + 2 b )  (1) 

Q,,=s+n' Qyy = -q - q' Qzz  = 2q. (2) 

Tpbk I Superhyperhe interaction paramelen of F oenlres, blue and rcd antres in 
KEr at 14 K. ?he experimental envr Q smaller than the last give0 digit. n e  angle 8 
describes the deviation of the temr axes f" the mnnection line neighbour nucleus 
centre Values marked by - are m by symmetry. 

a / h  bfh b'fh q l h  q'fh 
Nucleus Symmetry W) ( M W  W W  Ob ("1 ( M W  ( M W  eq C) 

- 0.07 - Foentre "K 1830 0.78 - - 
" Br 
"K 
"Br 

Blue centre "K., 
"Ks 
"K, 
"Bt 
"Br 
"Br 
SK 
'H 

SK 
"Br 

4243 
0.27 
5.68 

35.61 
17.09 
16.73 
45.18 
38 
37.69 
0.15 

-0.14 

20.92 
19.99 
7.74 

50.1 
44.9 

ais 
631 

277 
0.02 
0.41 

1.04 
0.71 
0.74 
295 
2 7  
254 

0.47 

0.84 
0.76 
0.38 
26 
3.1 

0.02 
0.43 

a02 

-a13 o 
< 0.01 - 
- - 

- - 
0.18 35.7 

-0.10 < i 2  
<0.01 - 
- 

0.07 

0.04 

0.23 
0.06 
0.07 
OS3 
0.4 
0.09 

- 

- 

0.06 
0.06 
0.07 
0.07 

0.07 

The particular diaculty in the analysis of the ENDOR spectra was the simultaneous 
presence of isolated F centres and the red and blue centres causing the ENDOR 
spectra of all centres to be superimposed in the same frequency range, each having 
numerous ENDOR lines. Thus the angular dependence of each centre could not easily 
be separated from that of the others. As mentioned before, by creating and destroying 
red and blue FH centres by the appropriate illumination, certain l i e  assignments 
could be made. In order to identify more ENDOR lines of a particular centre double- 
ENDOR experiments were also performed and proved to be helpful (Niilas 1983). 
l l i i  special technique makes it possible to isolate ENJJOR lines of particular centres 
or centre orientations (Niias 1983, Mobius and Biehl 1979). The double-ENDOR 
technique uses the idea that only ligand spins of the same centre couple to the 
observed unpaired electron of that centre. This means, when measuring ENDOR, 
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the induction of an additional nuclear magnetic resonance (NMR) transition can only 
influence the intensity of a particular ENDOR tine if the induced second ENDOR 
(NMR) transition takes place at a neighbour nucleus of the same centre. Therefore, 
in double-ENDOR experiments the intensity of a detected EMDOR line will generally 
change if a second NMR transition is induced at another neighbour of the unpaired 
electron. For these triple-resonance experiments we used ENDOR lines of nuclei with 
‘high symmetry‘ Le. of those which are equivalent for the particular magnetic field 
orientation (Biehl et a1 1975) in order to separate the three overlapping spectra. 
A comparison between a doubleENDoR spectrum measured on the highest ENDOR 
tine b r  B,11[100] of the red centre (at 29.7 MHz, see figure 3) and a normal ENDOR 
spectrum is shown in figure 4. The normal ENDOR spectrum shows the typical situation 
where all three centres are observed simultaneously. In the double-ENDOR spectrum 
the different signs of the lines originate in the two electron spin states m, = +1/2 and 
m, = -1/2. A negative double-ENDOR line comes boom m, = -1/2, a positive one 
from m, = +1/2 (Niklas er a1 1983). These signs reflect the increase or decrease of 
the stationary ENDOR tine intensities observed in the line at 29.7 MHz when inducing 
the ’second‘ NMR transitions. The quadrupole triplets of three subshells denoted as 
Ka, KO, K7 of the near 3YK neighbours of the red F,(OH-) centre are indicated in 
the doubleeNDoR spectrum. Due to the symmetry lowering by the presence of OH- 
(see below) the six equivalent nearest neighbours of the F centre are not equivalent 
any more: there are now three ‘subshells’ (for the identification of shells K,, KO, K.., 
see below and also see figure 5(c). 

Table 2 SHF mnslants WHz) of F and FH(OH-) centres in KBr (at 14 K) and KCI 
(at 70 K). 

H 
K, KO IC, 

a / h  (MHz) blh (MHz) K a l h  (MHz) a l h  (MHz) o / h  (MHz) 

K C J F  20.72 
FH(OH-) 0.02 0.28 m.72 21.79 13.68 

KBr F 18.20 
Hue FH(OH-) -0.14 0.47 16.73 17.09 35.61 
n d  Fu(0H-j 0.15 0.19 20.92 19.99 7.74 

In figure 4, in the frequency range between 8 and 12 MHz, two subshells of the 
nearest 3YK of the red centre and the fust shell 39K lines of the isolated F centre 
are superimposed in the ENDOR spectrum. In the double-ENDOR spectrum only the 
ENDOR lines due to the WK nuclei of the subshells of the red centre appear (not all 
are marked in the d o u b l e - ~ ~ ~ o ~  spectrum of figure 4). 

The double-ENDOR technique was also used to perform a linewidth analysis of 
the nearest 3YK ENDOR lines. Wuchtwang (1962) showed in his early F-centre 
work that the indirect spin-spin coupling between equivalent nuclei broadens the 
ENDOR line in a characteristic way. In this context nuclei are equivalent if they 
have the same SHF and quadrupole tensors which also have the same orientation 
relative to the magnetic field. Therefore information about the centre symmetry 
can be obtained from an analysis of the measured ENDOR lineshapes. First the 
equivalent first-shell 3yK neighbours of the isolated F centre should be discussed. 
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Double ENDOR 

d 6 6 I O  12 

Frequency M Hzl 
Figure 4 DouMevroon spectrum d the red centres in KBr measured on the "o~ 

Vansilion at 29.7 MHz cumpared with a conventional ENWR spectrum. B011[100], 
T = 4.5 K BNWR lines of the three subshells of the first shell of )9K are marked. 

In figure 5(a) for the magnetic field along (100) the interaction tensors of four 
neighbours are perpendicular and of two neighbours parallel to the magnetic field, 
thus four and two neighbours are equivalent, respectively. Similar considerations 
for the two possible static configurations of FH centres with the OH- residing on a 
(110) nearest-neighbour site or on a next-nearest (200) site lead to the following: for 
the OH- in a (110) position there can be only three subshells with two equivalent 
potassium nuclei in each subshell, caused by a lattice relaxation due to the OH- 
molecule (see figure 5(b)). But in the case of the OH- in a (200) position again the 
four neighbours perpendicular to the F - OH-) connection line are equivalent (for 
Bull the axis). In addition there are two non-equivalent nuclei (see figure 5(c)). 

In figure qa) the spectrum of the four equivalent potassium neighbours of the 
isolated F centre (B,11[100]) is shown, in figure qb) the double-ENDOR spectrum of 
the red centre for the same orientation, in figure qc) the ENDOR line due to two 
equivalent BK neighbours and in figure 6(d) the ENDOR line of a single W K  nucleus 
of the red centre. The ENDOR linewidth are clearly largest for four equivalent nuclei 
and smallest for the single nucleus. The large linewidths of figure 6(u), (b) and (c) 
are due to the unresolved pseudodipolar coupling effects (Feuchtwang 1962). From 
the similar lineshapes of figure 6(a) and (6) it is concluded that the red centre must 
have four equivalent iirst-shell 3YK nuclei This lineshape analysis clearly shows that 
the OH- molecule in the red centre must w i d e  in a (200) position, leading to a 
tetragonal symmetry of this defect 

Very similar investigations were performed on the blue centre. They show that the 
OH- molecule is also in a (200) position in the blue centre and it also has tetragonal 
symmetry. 

Therefore the first shell of six equivalent potassium neighbours of the isolated F 
centre splits into three new subshells after F,(OH-) centre formation because of the 
reduction of symmetry. Ebr both bistable configurations three subshells, with (100) 
axial symmetry of the SHF and quadrupole tensors for each subshell, were found. 
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a) 

cl 

This result also indicates the tetragonal centre symmetry with the OH- molecule on 
a fourth-shell bromine site for both the blue and the red centres. An OH- molecule 
in the second shell, i.e. on a (110) site should cause a relaxation of the first-shell 
potassium nuclei from their sites on the (100) crystal axes. However, a deviation of 
the SHF tensor orientations from the axial (100) symmetry was not observed for any 
of the first-shell potassium nuclei. 

ENDOR lines of the hydrogen nuclei in the OH- molecule could also be identified. 
WDOR transitions from the oxygen nuclei are not expected because of the low 
abundance of magnetic oxygen isotopes. Figure 7(a) shows the angular dependence 
of the hydrogen ENDOR line positions of the blue centre (measured in a &band 
spectrometer at B, = 892 mT) for rotation of B, in a {Ool} plane. Figure 7(b) shows 
the corresponding ENDOR angular dependence of the hydrogen ENDOR transitions of 
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7.8 8.0 8.2 e. 4 

8.6 8.8 9.0 9.2 

Figure 6. Comparison of obrerved ENDOR 
lineshapes of the red entre and the isolated F 
Centre in KBr: (a) F e n t r e  four quivalent K 
nuclei; (6) red entre: four equivalent K nuclei 
for WO parallel to the (F-OH-) mtenannection 
line; (c) rcd entre: two equivalent K nuclei for 

12.2 12.d 12.6 WO perpendicular 10 the (F-OH-) intercunnection 
line; (d) red centre: one single K nucleus (see also 

C) 

11.2 1 l . d  11.6 11.8 

figure S(C)). 

dl w 
Frequency [MHzl 

the red centre (measured in an X-band spectrometer at B, = 341 mT). Both angular 
dependences show the typical pattem of nuclei with axial (100) symmetry (Seidel 1961, 
Spaeth et ul 1992). The SHF constants are listed in table 1. There is no difference 
in the symmetry of the SHF tensors, but the values and signs of the isotropic and 
anisotropic SHF constants a and b differ markedly. For the red centre both SHF 
constants have the same sign and are assumed to be positive as is usual for F centres. 
In contrast, the hvo SHF constants of the hydrogen atoms in the blue centre have 
opposite signs. Because of the localized wavefunction of the F centre and also of the 
FH centre the anisotropic constant b was chosen to be positive. 

4. Dynamical properties of FH(OH-) centres 

It must be assumed that in the red conliguration the OH- dipoles have vibrations in 
the Br- vacancy in addition to the !mown hydrogen stretch vibrations of the OH- 
molecule. Experimental evidence for such vibrations comes from the observation of 
a temperature dependence of SHF constants. In KEir the ENDOR lines of the red 
centre could only be measured up to 20 K, which was not enough to measure the 
temperature dependence. However, the ENDOR lines of FH(OH-) centres in KCI 
can be measured up to about 240 IC In KCI F,(OH-) centres have similar optical 
properties and the same microscopic structure as the red centres in KBr (Jordan 
1987). There are only minor quantitative differences. 

A comparison of FH(OH-) centres in KCl and the red centre in KBr shows that 
the SHF constants of both centres are very similar (table 2). The isotropic constants 
a for the hydrogens are positive, ie. the OH- axis is parallel to the OH--F centre 
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interconnection line (see below). One of the three potassium subshells of the red 
centre and the F,(OH-) centre in KCI has a clearly lower SHF interaction Compared 
to the fist-shell potassium nuclei in the isolated F centre indicating an outward shift 
of the K, neighbours, making the anion vacancy larger. In KCI the Ky nucleus was 
estimated to be shifted by about 11% outwards towards the OH-; the hydrogen of 
the OH- molecule is 6.9 8. away from the Centre of the F electron (Jordan 1987). 
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There is no bistability in KCI, ie. no blue F,(OH-) centres were observed. We 
conclude that the structure of the FH(OH-) centre in KCI is identical to that of the 
red centre in KBr, whereas the blue centre is a new configuration. 

The ENDOR measurements performed on the F,(OH-) centre in KCI showed a 
very strong temperature dependence of the sHF interaction of both the hydrogen in 
the OH- molecule and of the K, nucleus, starting at very low temperatures. This 
indicates that the OH- molecule and the K, nucleus vibrate in a rather shallow 
potential. In figure 8 the anisotropic SHF constant b of the hydrogen is plotted as 
a function of temperature; in fipre 9 the isotropic constant a of the K, nucleus 
is shown. Wtth increasing vibrational amplitude the overlap with the F centre 
wavefunction increases, which leads to larger SHF constants as seen in figures 8 and 9. 
The temperature dependence was analFed foIlowing the analysis of the temperature 
dependence of atomic hydrogen centres in alkali halides (Spaeth 1969, Hoenasch 
and Spaeth 1978, 1979), in the approximation that for the lowest temperature range 
the validity of a harmonic potential for the vibrations can be assumed. From this 
crude analysis an activation energy of - 1.5 meV was obtained for the hydrogen 
atoms and - 1.8 meV for the K, nucleus. The vibrations show, however, a strong 
anharmonicity. 

20 60 100 140 180 
Temperature IK1  

- 
N 
8 

15.31 
t 

:1:/ 
12.3 

Temperature IK1 

sr 
20 60 100 110 

Figure 8. Temperature dependence of the Fignm 9. Emperature dependence of the isotropic 
anisompic SHP canslant b fit of the hydmgen atom SHF canslant a l h  of the K., nucleus in the red 
m the red FH(OH-) centre in KCI. FH(OH-) centre in KCI. 

Since the space for the OH- molecule is larger in KBr than in KCI it must be 
assumed that also in KBr there is a soft OH- and K, vibration as was obsetved in 
KCI. One should expect that the vibration potential in KBr is softer than in KCI due 
to the larger anion vacancy space. Probably the vibration is also vety anharmonic. It 
should be noted that in KCI and KBr doped with OH- a soft OH- vibration in the 
energy range of 37 cm-' was observed in infrared absorption (Wedding and Klein 
1969). This vibrational energy is of the same order of magnitude as the one observed 
for the F,(OH-) centre. In F,(OH-) centres the vibration is probably softened due 
to the nearby presence of the F centre electron instead of a Br- ion. 

5. Discussion 

5.1. Centre mcdek 

From the axial symmetry along (100) axes of the interaction tensors of the six near 



ENDOR anaiysis of !he micrmcopic structures 1969 

39K nuclei as well as from the hydrogen atoms of the OH- dipoles, it is clear that 
OH- cannot occupy a second shell (110) site, but can only be on a (Zoo) fourth shell 
site in both cases. Thus the question arises, why are the two configurations different 
and what is the difference? A key to the answer of this question is the discussion 
of the SHF interactions of the hydrogen atoms of both centres. The unusual result 
is that for the blue centre a has the opposite sign to b, while for the red centre 
both have the same sign. Following the usual method to explain the SHF constants by 
orthogonalizing the F centre wavefunction to the cores of the neighbour ions (Seidel 
and Wolf 1968), a negative sign of the isotropic SHF constant of hydrogen could 
not be explained if the OH- molecular axis is parallel to the [l00] axis connecting 
the F centre and the OH- site. A negative sign can, however, be explained by 
exchange polarization effects, if the dipole axis of the OH- molecule is orientated 
perpendicularly to the defect pair axis. In this case p,, orbitals of oxygen are admixed 
into the F centre envelope function which are oriented parallel to the oxygen-F centre 
connection tine. The hydrogen atom, however, is in a nodal plane of the p,, orbitals 
which leads to a negative SHF constant (Adrian et a1 1985). 

In the free OH- in KF3r the dipole axes are oriented along (100) axes (Kapphan 
and Liity 1973) and their reorientation rate between the (100) axes is I@ Hz 
(Kapphan 1974). A reorientation between the four equivalent orientations of the 
OH- dipoles perpendicular to the [loo] defect pair axis with a slow rate compared to 
the SHF interaction frequencies would reduce the symmetry of the ENDOR spectra such 
that one would not observe the (100) symmetry of the hydrogen and K., SHF tensors. 
The tetragonal centre symmetry and the axial (100) symmetry of the hydrogen SHF 
tensor can be understood if the OH- dipole tunnels between the four equivalent (100) 
orientations perpendicular to the defect pair axis with a rate that is fast compared 
to the SHF interaction frequencies. The presence of the F centre apparently leads 
to a higher OH- tunnelling rate in the plane perpendicular to the defect pair axis 
compared to the free OH- molecule. The lattice dressing effects which hinder the 
OH- reorientation are obviously smaller for the pair centra (Kapphan 1974). 

In figure 10 the proposed structure models of both bistable configurations are 
sketched. The unpaired F electron is represented by the hatched circle which has 
the size of the missing Br- ion. The other ions are sketched according to their ionic 
radii. The distance R of the hydrogen atom from the centre of the F centre can be 
estimated from the analysis of the anisotropic SHF constant b, which is explained by 
the classical point dipoledipole interaction (Spaeth et a1 1992, Seidel and Wolf 1968) 
with 

b = P"S,P.S,P,/(4.R3). (3) 

In the blue centre the hydrogen atom is 5.5 8. away from the centre of the F 
electron on the basis of this estimate. In the red centre the hydrogen atom is 7.4 8. 
away from the F centre. This implies that the oxygen in the OH- molecule must 
point towards the F centres such that the hydrogen atom is next to the potassium 
nucleus in the ninth shell (see figure 10). 

For each F,(OH-) configuration there is one 3YK subshell with a significantly 
different isotropic SHF interaction from that of the isolated F centre. These potassium 
nuclei are labelled K, (see figure 5(c)). They must be placed between the F centre 
and the OH- molecule. The isotropic SHF constant Q for the K, nucleus in the blue 
centre is nearly twice as high as that of the first-shell K neighbours of the isolated F 
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Figure 10. Structure models of the blue and red FH(OH-) Centres in KBr. 

centre. In order to estimate the isotropic sm interaction parameters of the F,,(OH-) 
centres in KBr the wavefunctions of Clementi and Roetti (1974) were used for the 
free lattice ions. A$ an envelope function, Bennett's (1968) function for the F centre 
in KCI was taken and orthogonalized to the K+ and Br- ion cores (Gourary and 
Adrian 1957): 

+ = (7~)-~/*p~/~(l+ pr)exp(-pr) (4) 

with 

p = 10.77 nm-'. 

Bennett's envelope function yields also good results in KBr. For the isolated F 
centre we could explain with it the SHF interaction constants of the first two shells 
within 5% of the experimental values. Assuming that the OH- ion in the fourth 
shell will not change the F-centre wave function very much, we took it to estimate 
the position of the K, nuclei using the experimental values (table l), again with the 
orthogonalized envelope function method. In the blue centre K., is relaxed by ahout 
15% of the normal distance towards the F centre; in the red centre it is shifted 
by approximately 16% outwards towards the OH- molecule (see figure 10). The 
isotropic SHF constants of K, and Kp differ less than 10% from the F-centre value. 
This shows that the major effect on the SHF interactions of the nearest K is the 
position of the OH- molecule with respect to the F electron. Kp is for both centres 
the subshell with four equivalent K nuclei which was identified by observing the line 
broadening because of pseudodipolar coupling. K, is the remaining single nucleus 
opposite K., (see figure 5(c)). 

On the basis of these structure models the peak energies of the absorption bands 
can be qualitatively explained. In the blue centre the K., nucleus is shifted 'into' the 
F centre. Therefore the potential box for the F electron becomes smaller, such that 
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the absorption band of the blue centres will shift to higher energies compared to the 
F centre according to the Mollwc-hey relation (Fowler 1968). On the other hand 
the space available for the F electron in the red centre becomes larger. This results 
in a shift of the red centre absorption band to lower energies compared to the F 
band. 

5.2. Thermal biscability 
The striking difference between FH(OH-) centres in KCI and KBr is the fact that in 
KBr there are two configurations of the fourth-shell OH- impurity, one dominant at 
high temperatures and one dominant at low temperatures, whereas in KCI only one 
configuration is observed. Although we were not able to measure the red centres 
above 20 K with WDOR, probably due to dynamical effects on the nuclear spin 
lattice relaxation times, we thiik that the high-temperature centre has the stflcture 
of the red centre. The absorption of the red centre at low temperatures, which can 
only be measured after low-temperature optical switching, is where it is expected 
when extrapolating from the high-temperature position with the typical F-centre 
temperature shifts (Baldacchmi et al 1989). The same temperature shift was also 
observed for the FH(OH-) centres in Kc1 (Jordan 1987). The reason why the blue 
centre is only observed in KBr and not in KCI may have to do with the larger space 
available for the OH-. Preliminaly ODESR and ENDOR experiments in KI showed 
also the existence of the same bistability with similar properties of the blue and red 
centres as in KBr. 
Our observations can be summarized in a diagram where the internal energy 

curves are schematically plotted versus a configuration coordinate, which we identified 
with the orientation of the OH- dipole parallel or perpendicular to the defect pair 
axis (figure 11). At temperatures below 5 K down to 3.6 K, the lowest temperature 
available, blue and red centres were observed in the dark The number of red centres 
decreases and that of blue Centra increases upon cooling. At low temperatures 
the number of red centres is very small. For the free OH- molecules the barrier 
for reorientation is - 0.1 eV (Kapphan 1974). Assuming that the presence of the 
F centre does not change the order of magnitude of the barrier height, then the 
occupation changes of the blue and red centres can only be explained by phonon 
assisted tunnelling. At 10-15 K both centres are present in numbers of approximately 
the same order of magnitude according to ENDOR. Above 40 K the red centre prevails 
as seen from the shifts of the o p t i d  absorption bands. Its energy is now lowest. 

It remains to discuss why such a temperature dependent bistability should occur. 
It is hard to see that the thermal expansion of the lattice alone could be responsible 
for the bistability. Comparison of KCI on the one hand and KBr and KI on the other 
hand would rather favour the stability of the blue configuration at high temperatures, 
where the space for the OH- is larger than at low temperatures, if the temperature 
expansion was the reason. Xntatively we propose that the thermal bistability is due 
to the entropy associated with both defects. Such a theoretical model was suggested 
by Hamilton et a1 (1988) to describe a metastability observed by deep-level transient 
spectroscopy (DLTS) of an unknown defect in silicon. Instead of discussing the intemal 
energy one has to consider the Gibbs free energy which is given by 

G = H - T S  (5) 
where H is the configuration enthalpy, T the temperature and S the entropy. For 
T = 0 there is no influence of the entropy term. Apparently the value of G is lower at  
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T = 0 for the blue centre than for the red centre. If the entropy associated with each 
defect was constant as a function of temperature, G for the blue centre would always 
remain lower than for the red centre and consequently only the blue configuration 
would be occupied, or would at least be preferentially occupied according to the 
Boltzmann statistics. The entropy is given by 

S = k , I n W  (6) 

where W represents the number of microscopic states associated with the observed 
configuration. A difference in S for the WO configurations would change G as a 
function of temperature. If the value of S associated with the red centre is larger 
than that associated with the blue centre, i.e. AS(S,, - S,,,,) > 0, than for a 
sufficiently high temperature 

AG = G d  - Gblue = (Hrd - Hblue) - T(Sred - sblue) < 0- (7) 

This means that at a sufficient high temperature C,, can be below Gblue, i.e. 
the red centre becomes the more stable configuration as we have observed. In a 
a u d e  estimate we propme that the entropy difference of the two configurations is 
associated with the dynamical properties of the OH- dipoles. We also assume that 
A H  = ( Hmd - Hblue) is small and not temperature dependent. A H  must be orders 
of magnitude below the barrier height between the two configurations. It is probably 
only of the order of a few kelvin according to our observations of the tunnelling 
reorientations at low temperatures. The entropy of the red centre is assumed to be 
mainly associated with the soft vibration of the OH- molecule and the K, nucleus. 
It is a function of temperature and increases with increasing temperature. From the 
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observation that in the blue centre the K, nucleus and the OH- are compressed 
towards the F centre we assume that no soft OH- vibration exists and that its 
entropy factor is given by the four equivalent orientations of the OH- molecules 
perpendicular to the centre axis. Figure 12 shows the calculated entropy in units of 
rC, assuming different harmonic potentials of the OH- and y Vibrations in the red 
centre compared to In 4 for the blue centre. It is seen that for vibrational energies of 
the order of 1 meV at low temperatures the entropy of the red centre already exceeds 
that of the blue centre. This entropy factor can therefore qualitatively explain the 
stability of the red configuration at higher temperature according to equation (7) if 
the entropy exceeds AH. From the optical absorption experiments we know that 
the red centre is more stable at temperatures above about 40 K For 40 K and 
assuming 1 meV vibrational energy the entropy term TAS is more than an order of 
magnitude larger (about 125 K) compared to a value for this term at 4 K (about 4 K). 
A Vibrational OH- energy of 1.5 meV was observed in KCI and it can be assumed 
to be of the same order of magnitude in KBr, where it is probably considerably 
smaller. The strong anharmonicity observed would increase the entropy associated 
with these vibrations. Therefore we propose that the consideration of the entropy 
factor associated with the two F,(OH-) configurations can explain qualitatively the 
observed thermal bistability. 
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1 4 7 10 13 16 19 
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Fisyre 12. Calculated entropy for lhe red and blue oenrffi% in KBr. 

To our knowledge this is the h t  case where for a precisely known microscopic 
defect structure it bas been demonstrated that the entropy factor associated with the 
defect may be important for the centre stabilily. 
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