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Abstract

The results of electron Spin resonance (ESR) and electron
nuclear double resonance (ENDOR) experiments on atomic hydrogen
centres on interstitial sites and both cation and anion sub-
stitutional sites are reviewed. Recent developments of the
theorefical interpretation of the electronic ground state include
the extension of the covalency model discussed earlier for Hﬁer
stitial centres to a configuration mixing model taking also into
account hydrogen vibrations and the distortion of the ion or-
bitals due to Coulomb interactions,

The nature of the Optical absorption of interstitial centres
is briefly discussed. It is shown that fluorescence emissionl )
does not only occur for interstitial centres in a mixed configy
ration with one I~ pext (H?(I)~centres)) as assumed for a 10?9

| . {um halides-
time. It was recently also observed in KI and all cesium

. 1 could
The relaxed excited state of HY(I)-centres in KC1 and RbC

" i detected
Very recently be investigated by means of optically
magnetic resonance (ODMR). First resylts are reported.

1. Introduction

Impurity centres containing atomic hydrogen in alkali halldzs
have a very simple Structure. The hydrogen atoms can be trappe
either interstitially or substitutionally. For a study of theen
electronic ground state Or optically excited states the hYdrmi
centres are model systems bécause of the very simple eleCtron:ﬂ
Structure - the hydrogen atom is indeed the most simple impur’
pPossible with its only 1s electron. Therefére, one should be

able to use the free hydrogen 1s wave function as a goQd S



233

function for a perturbation treatment of the interactions

between the impurity atom and the surrounding lattice, since

a complete ab initio calculation of the complicated many par-
ticle problem, which the calculation of the eleétronic struc-
ture of a defect represents, is not yet possible. In that sense
the hydrogen centres are simpler than the F centres and therefore
I feel they deserve a particular interest.

Meanwhile, there is a considerable amount of both experimen-
tal and theoretical work available on atomic hydrogen centres in
alkali halides, which one cannot all review in a short article,
nor is it possible to compare with results in the alkaline earth
fluorides. A first review was given by the author in 1972 at the
Luminy Conference, where mainly results on the ground state of
the interstitial centres were reviewed (1). I will therefore
only very briefly mention the main features of the ground state
of interstitial centres as a background for the recent results
on the ground state of substitutional centres in the first part
of that article. In the second part I will review recent experi-
mental work on the optically excited states of interstitial
centres. It will be shown that the ground state is highly locali-
sed and very much "hydrogen-like". The quantitative understanding

of the electronic ground state seems very good now.

2. Electronic structure of the ground state
Fig. 1 shows the models of the interstitial and two types

of substitutional hydrogen centres. Interstitial centres (H?—
centres) can be produced by photodecomposition of OH or SH™
centres at temperatures below about 80 K (2-5). Substitutional
centres on cation sites can be produced from interstitial cen-
tres in crystals doped with divalent cations like sr’’ or catt

in order to provide the cation vacancies. Through thermal anneal-
ing at about 100 K the interstitial hydrogen atoms diffuse and
get trapped at the cation vacancies (Ho -centres). These centres
are stable up to approximately 160 K (6 7)
of divalent cation ions lowers the symmetry of the centre. The

anion centres (H a—centres) are produced by X-irradiation of
The number of centres could

However, the presence

U-centres (H -centres) at 77 K (8).
be enhanced by one order of magnitude by doping the crystals

T s s e ‘

e O
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. + .
with A9’ ions which act as electron traps (9). The centres are
stable up to 145 K.

Pig. 1: ; g
1g. 1: Models of interstitial and substitutional atomic
hydrogen centres in alkali halides.

The models of these centres are known from electron spin
Tesonance (ESR) and above all from electron nuclear double
fesonance (ENDOR) measurements. Fig. 2 shows the ESR spectra
of all these centreg in KC1 (10). The large splitting of about
00 G, which is hearly the same for all 3 centres, is due to the

4x
daB

z Fig. 2:
ESR spectra of 3 types
of atomic hydrogen

centres in KCIl.
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hyperfine interaction between the unpaired 1s electron and the
proton, the two line groups correspond to the two possible
orientations of the proton spin. The splitting is only about

1 to 3% smaller than that of the free hydrogen atom. This shows
that the ground state of the hydrogen centres is very much hydro-
gen-like, the interactions with the lattice are only small. The
additional splitting into 13 lines with a characteristic inten-
sity ratio for the upper spectrum is due to superhyperfine (shf)
interactions with the 4 nearest chlorine neighbours. From a com=
parison of such splittings in various alkali halides and their angular
dependencies it could be concluded, that this spectrum is due

to the interstitial centre (2,3). The other spectra show no
additional shf structure, they differ only in the line width.
Recently, with ENDOR experiments, the comparatively weak shf
interactions could be resolved and it could be shown, that the

spectrum with the larger line width is due to cation centres

o
(HY -centres) and the lowest one due to anion centres (6,7,9,11).

s,C
For the interstitial centres ENDOR experiments not only con-

firmed the model derived from ESR, but the shf interactions with

all nearest neighbours and several shells of neighbours in the

further lattice surroundings could also be resolved (12,13). The
main feature of the experimental result is that the spin density

distribution y2(r) of the unpaired electron in the neighbour-
t to

hood of the hydrogen atom is rather anisotropic in contras
tion.

what one might expect from a spherically symmetric 1s func
ic shf constants.

This could be seen from the measured isotrop
2(r) by

The latter are related to the spin density ¥

a =

1 lw(rl)lz_

w|N

Ho91"k%"B

w(rl) is the centre electron wave function at the site of the

nucleus 1 (ge = electron g factor, 9; = nuclear g factor,

Hg = Bohr magneton, ug = nuclear magneton). Fig. 3 shows the

positions of higher shell nuclei with respect to the hydrogen

eractions could be resolved with first

atom.Superhyperfine int
i and

shell alkali and halogen neighbours, second shell alkal
halogen neighbours and third shell halogen neighbours. It is

characteristic for the results that the unpaired spin density
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lkali Halogen
nuclei O nucler

Fig. 3: Extendeg lattice Surroundings of interstitial
hydrogen centres in alkali halides.

Connection line to the first halogen neighbours. The seco?d
shell halogen heighbours ghoy only the classical dipole-dipole
interaction. 1t looks as if the unpaired spin density is di:n
towards the 4 nearest halogen neighbours and tra?ifefred'ﬁ¥r
there further inte the lattice. 1p KBr, e.g. a(K'") is big9
than a(k’)1 (12,13, 14,

A theoretjica] explanation of these results was attemptaze-
with varioyg theoretical approaches (see (1) for further rethe
Teénces)). A rather good quantitative explanation of most Of,h
al data was achieved with a theoretical model, whi
llowing main features (15):

experiment

has the fo
i) The unperturbed hydrogen 1s function is

used as eénvelope function.

LOwdin Orthogonalisatijop of the envelope

function to the lattice ions (consideration

ee
of ion core overlaps). The orbitals of the fr
ions are taken.

ii)
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iii} Small covalent bonding to nearest halogen
neighbours,

iv) Consideration of zero point vibrations.

Through the orthogonalisation occupied neighbour ion orbitals
are admixed into the hydrogen 1s function. The admixtures deter~-
mine the order of magnitude of the observed shf constants. The
consideration of the ion core overlaps qualitatively explains
the anisotropy of the spin density distribution (12). The agree-
ment with experiment was rather good when assuming in addition
a small covalency admixture of nearest halogen outer p orbitals.
The amount of covalency admixture, however, had to be determined
semiempirically from the nearest halogen anisotropic shf inter-
action constant (15). A comparison'between many alkali halides
showed that the covalency parameters needed to explain the
data are approximately proportional to the overlap integrals
between the hydrogen 1s function and the halogen p functions
(16) .

A comparison of the shf interactions between the interstitial
hydrogen and deuterium centres showed, that deuterium centres
have smaller interactions. It turns out that a substantial
fraction of the measured shf constants is due to zero point
vibrations, that is purely dynamical in nature. In the experi-
ment one observes an average over the fast vibrations
(v%1013 Hz). The shf interactions depend via the overlap inte-
grals exponentially on the distance between the hydrogen atom
and the neighbours. By averaging over the Gaussian distribution
of the hydrogen positions one can allow for the influence of the
Zero point vibrations on the shf interaction provided the fre-
quency of that vibration is known (17). That was not the case
at the time of the analysis of the ENDOR data. Instead, the
isotope effect of the isotropic and anisotropic shf constants
of the nearest halogen neighbours was used to determine this
frequency. Unfortunately 2 frequencies were obtained differing
by a factor of about 2. This showed that the theoretical model
did not reliably explain either the isotropic or the anisotropic
halogen interaction (16). It turned out later from results
obtained for substitutional centres that the frequency obtained
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a result which was also confirmed by recent Raman measuretlnents
(18) and by infrareq absorption, which could be observed in
Samples with a high concentration Of centres necessary because
of the small Szigeti charge of the nominally neutral-gentrés
(19). For kc1, ©.9. from ENDOR one obtained =~ 420_$m 'Whﬂ£4
both the Raman and 1R Measurements yielded 437 cm mﬁ‘441cme;
Iespectively, in excellent agreement. Although the overall agr
Ment with experiment Obtained with this theoretical model was
rather good, a few serious discrepancies remained, e_g,fthe
SPin density of the nearest halogens could not be explained
satisfactorily (1,16). ' odel
A rather good further test for the simple theoretlcall? .
was its application to substitutional centres. They were ui;ms
tigated ip Tecent years and show a nunmber of additional.fea-
The shf interactiong are a lot smaller than for the inter

: lines in 3
Stitial centres, The ENDOR spectra contain very many

Periments we used

mination of the line positiong with the aid of a peak seari‘e
algorithnm (20). Fig. 4 shows the results for the anion Ce;tbe
in KC1 asg an example. Ip Fig. 4a the angular dependence o-
on of the crystal in a (100) plane 1nllEd

is shown ag Obtained from the computer contr;w
he sizes of the dots indicate the height Oflar
ines. Fig. 4p shows the analysis of the émTlY
The spip Hamiltonian was diagonalised numerica

ENDOR 1lineg for rotati
Steps of 1.08°
Spectrometer, T
corresponding 1
dependence.

and quadrupole interaction parameters were flt;Ed
iment with 4 Special computer programme (11,2?0;—
ints in the UPPer part of Fig, 4a are due to ole
bidden transitiong with Amy = 42, #3. The shf and quadrup

deter~
interactiopg With 4 shellg Of neighbour ions could be
mined wjtp high Precision.

The sma]j] po



239

Frequency/MHz

Angle/Deg
4a 4b

Fig. 4: Angular dependence of the ENDOR lines of Hzra-centres
in KCl. The crystal was rotated in a (001) plane.
o® - Bol\[100]; T = 40 K, B = 3514 G. a) Experimental
results. b) Calculated angular dependence after deter-
mination of the spin Hamiltonian parameters of 39KI,
35 37 35 39

i to the
Cligr ~ Clyps Cliy and Ky and comparison

experimental results. (After [11]).

In contrast to the interstitial centres measured SO far, the
ENDOR lines of both substitutional types of hydrogen centres
depend strongly on the temperature (6,11). Fig. 5 shows this
for an ENDOR line of a second shell Cl neighbour of anion cen-
tres in KCl. With increasing temperature the ENDOR freguency
increases, that is the shf interactions increase. For this
example, the frequency increase between 31 and 127 K amounts to
106 kHz (11). This temperature dependence is due to thermal
excitation of higher hydrogen vibration modes. In those the
hydrogen atom overlaps more strongly with the neighbour ion
orbitals and hence the shf interaction increases. The effect of
the lattice expansion is approximately compensated by the in-
creased ion vibration amplitudes, sO that the observed frequency
shift is practically due to the hydrogen vibrations alone
(11,21). The analysis of the temperature dependence showed that
within the temperature range of the stability of the centres

only the first excited state is occupied measurably and that
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. P\\\_&k_/“\ﬁ__ Fig. 5.
. \H/P/ | Temperature dependence of an
«_/A//d\\\___ﬁzﬁ\____ ENDOR line of a second shell
68.0

Cl neighbour of Hg’ -centres
o~ in KCl. (After [11]).
ﬁﬁg
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the Vibrationsg can be desgc

: . The
ribed by a harmonic oscillator
vib

. al tem-
be derived from the experiment as
: rs
shf interactions. All neighbou eters
. am
nisotropic shf interaction par

ration frequency could
Perature dependence of the
well as the isotropic and a
Yield the Same value for th

H® ~Centres 177 +8 cm-1
s,a
obtained,

for
€ vibration frequency. In ffl e
e
, for Hg o-centres 199 +16 cm wéwed
: m
h weaker éibrational potential comp

i ion is
tres. This frequency determinati ore
i truc
independent of a Particular model for the electronic s

d
. be use
of the centre, Therefore, the vibration potential can

to calculate the shf inter

showing g muc
to the interstitial cen

- - 1,
actions in a dynamical model.

1
using the HADES programme of anfie
The results for the shf constants ima-
lumn "covalency". The model approxs
ractions of the potassium neighboul
nd the anisotropic constant of the

(22,23,24) (see Fig. 6).
Collected ip table 1 in o
tely explaing the shf inte
of the 1st and 5th sheljl a
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Fig. 6:

Location of the neighbours of

anion centres in KC1 and calcula-
ted lattice distortions. (After 3
(111). ‘

4th shell C1~ neighbours. Its value for the 2nd shell neighbours
was fitted to determine the covalency parameters. Large discre-
bancies appear, however, especially for the isotropic shf con-
Stants of 2nd and 4th shell Cl neighbours, a qualitatively
similar result as for interstitial centres. An additional chlo-
rine s covalency is not improving the results, since then the
isotope effect cannot be explained at the same time (24).

The theoretical interpretation of the shf interaction could

be improved by taking into account two further refinements of
the theoretical model:
i) distortion of the halogen orbitals by the

positive charge of the anion vacancy,

ii) confiquration mixing.

A perturbation calculation of the distorted Cl~ orbitals yields

the following new €1~ 3s and 3p functions:

5Cl =N C1 + e2 z <"an Iw3s Cl
3s 3s § ¥3s 2 _ np ’
n>3 3s "np
o} cl1 cl Cc1 _
Cl =N Cl e Yns | I*Bp cl e2 Z “¥ng !z|w3p !
3p “N3p{¥sp + 3 I — ns * 2 E & nd {,
T n>3 ®3p “ns n>2 3p 'nd
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. cl”™  c1”
ng: Enp and E 4 are the energies of the states Yoo wnp and
wnd respectively. N3S, N3p are normalisation constants.

An enhancement of spin density at the C1” sites is due to the
fact that 53p' which is strongly admixed through the covalency
does not vanish any more at the site of the Cl nucleus. The
improvement is seen especially for Cl;; (table 1). Cl,, however,
and the proton hyperfine interaction are still not well explained.

Table 1

Comparison of theoretical ang experimental superhyperfine inter-
actions of anion centres (Hg a) in KC1.
r

Experiment Covalency Distortion Configuration

(o]
H a (Miz) 1409.9 1419.7 1436.6 1417.1
K a(kHz) 253 230 227 225
b (kHz) 219 158 158 219"
o1 a(kHz) 267 78 217 | 260
11
b (kHz) 312 312* 312* 312"
c1.  al(kHz) 37 3 5 30
I
V b(knz) 54 36 36 47
K a(kHz) 4 5 5 3

b{kHz) 11 11 1 11

The values markeg with asterisks were fitted to fix the
covalency or configuratiop admixture coefficients. i
a8 and b denote the Superhyperfine interactions. (After [21,24))

In the configuration Mixing model one extends the simple
covalency model to g Many particle approach (25,26). Both model®
are equivalent jif One neglects the difference between atomiC
and ionic orbitals (15). The configurations considered are

o] - + . jons
bp =H” -c1 . - Ky and the two charge transfer configuratio
=H - o _ 4+ - - ot ich outer
2 ClII K; and Vo = H - Cli, K; , in whic

- ther
P electrons are transferred to form n . The ground state i
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p = N{wA - wig - ewc}.
¥ and e are mixing parameters. The results obtained with this
model are given in column "configuration" in table 1. u and ¢
were fitted to explain the anisotropic shf constants of KI and
ClII' The exponent y of the H orbital (the difference between
the two orbitals in H was neglected) is also a free parameter
and was chosen to be y = 0.31, for which the agreement with
the experiment was best. The overall agreement with experiment
is very good now, -also for the isotope effects not shown in
table 1 (24). One special feature should be stressed: in the
charge transfer state H - ClEI - KI+
charge which because of its small distance very efficiently
distorts the ClIV ion core. The effect is stronger than that of
the vacancy charge. It is this effect which explains the high
spin density at Cl;V.

This is an interesting effect in view of the fact that the
total charge transfer is only -0.015|e| (e = proton charge).
This may be typical for many centres showing weak covalency:
the main effects of modest charge transfer may become apparent
through the polarization of neighbouring ions. First estimates
show that this effect can also explain the remaining discre-
pancies of the interstitial centres (27).

The ground state of atomic hydrogen seems pretty much under-
Stood now, although a calculation of the "covalency” (mixing)
Parameters from first principles is still missing. As it turned

KI carries a positive

Out it was not only the simple electronic structure of the
hydrogen atom, which made it a model defect, but also its light
mass with the resulting large vibrational amplitudes. The
dynamical part of the shf constants for Hgta—centres is up to
S50%. Its calculation provided a very hard test for various
theoretical models, since the distance dependence of all inter-
actions had to be correctly understood.

3. Electronic structure of excited states

About the optically excited states far less is known and
its understanding is still in a qualitative stage. No optical
Tesults are yet available for substitutional centres, which
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restrict the discussion to the interstitial centres.
Interstitial centres have Optical absorption bands between
3.5 and 5.5 eV, The absorption is due to charge transfer tran-
sitions, in which a halogen p electron goes over to the hydrogen
atom forming H~ and leaving a hole in the halogens as discussed
already above to explain the ground state. In most alkali halides
the centres have several UV absorption bands. Magneto-optical
measurements have shown that the transitions occur from the A1
ground state to the two symmetry allowed TZc and T21r linear
combinations of the outer halogen p orbitals. These transitions
are well resolved in the bromides and iodides (28,29,30).
Until recently no fluorescence emission wa; observed from
interstitial centres except for one particular mixed configu-
ration, in which one of the 4 nearest halogen neighbours is
replaced by a I” (see Fig. 7) + but no emission was found if in
& chloride one halogen neighbour was Br~. It seemed that I
was responsible, although in pure KI no emission was observed.

Fig. 7:

Model of interstitial hydrogen
centres in the mixed configuration
with one I  next (H?(I)“Centresn'
(After [38]).

The first luminescence of "pure" interstitial hydrogen centres
was found in the Cs-halides, where the symmetry of the centres
is different from those in the NaCl type alkali halides. IR
CsBr, e.g., an emission band was found at 1.11 ev. Fig. 8 shov®
absorption, excitation spectrum and magnetic circular dichrois®
(MCD). From the latter two it is clear that 3 absorption bands
eXist. The Stokes shift is with approximately 3.5 eV very Large
The 3 bands can be qualitatively understood with a simple char®
transfer model, in which the outer p hole states are split DY
the spin orbit interaction of Br® and the difference in coulo®?
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T 10 Fig. 8: gz
© a) . . !
T 5 Interstitial centres in CsBr. :
g ¢ é
2 a) Optical absorption i
10T—— : . , i
emission . b) Excitation spectrum for the !
1MeV emission at 1.11 eV.

c) Magnetic circular dichroism
(MCD) . ‘
(After [31]). }
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[en ]
(8]

-0.05

magn. circ. dichroism
o

30 L0 50 60
energy /eV

interaction between H and p, and p_ hole orbitals, the

direction being the connection line between Br® and H ([100])
(31).

Very recently it was possible to detect also the emission of
interstitial centres in KI at 0.91 eV (Fig. 9b). The absorption

and the excitation spectrum agrees very well. The measurement

was made possible by the use of a highly sensitive Ge IR detec-
tor in the range between 0.7 and 1.5 eV (North Coast Eo-817)
(32) . The emissions of halogen centres are very weak and their
detection has been delayed by the very large Stokes shift
which brings them to an experimentally unfavourable wave length

range. In competition to the emission the hydrogen centres
decay upon optical excitation forming U centres (H;—centres) f
and "H-centres" (Halogen;s—centres) (33,34) in a process analo- :
gous to the fundamental process of F and H-centre formation from
@ relaxed state of the self trapped exciton (35). An interesfing
feature was the observation that upon bleaching hydrogen centres
at low temperatures with polarised UV light H-centres were
pProduced in preferential orientations. Their axes were
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12 L(C‘I enires ,
o 0K Fig. 9: o
’ ' Interstitial centres in KI.
a)
a) Optical absorption.

b) Excitation spectrum for the

__ .
i excitation emission at 0.91 eV an
emission a
emission band.
b) :
S |
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rel intensity
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perpendicular to the E-vector of the exciting light, thatisuﬁn
perpendicular to the direction of the charge transfer absoIp
moment. This suggested that the H centres were formed in an
excited n-state (36). Lable
Since very tecently a more detailed information is avai )
about the relaxed excited state of hydrogen centres, because’
was possible to Mmeasure the optically detected magnetic reso

; mixed
nance (ODMR) of one excited state for hydrogen in the
configuration,

. by I~
where one halogen neighbour is replaced by
(see Fig. 7).

estab-
The structure of those H?(I)-centres was e
lished by ESRr (37).

tres
The optical properties of those cen
shown in Fig.

everal
10 for H?(I)-centres in RbCl. There are S sion
is
absorption bandg in the UV, in which 2 fluorescence em eed.
XC
bands at 2,03 ey ("red") and 2.91 eV ("blue") can be e

asurements there is a large spin orb:tto
excited state, which can 031Yobe du1eV%
iodine (3/2 i of free 1°= 0.944 eV, 3/2 ) of free C1° = 0-

It follows that the three low energy absorption bands areé

. des~
"iodine-like" ang can be explained in a similar way as

d is
cribed above for Hg-centres in CsBr. The high energy ban

due to "chlorine-ljke" charge transfer transitions. A parzlwe
cularly interesting feature of thevoptical properties of
mixed centres ig the fact, that there are two red ¢m1551°nof
bands superimposed one of which hag a radiative life time

As seén from the Mcp me
effect in the unrelaxeq
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H; Centers y
RbCI.RbJ "1' \’ Fig- 10:

a) : Interstitial centres in the I~
absorption mixed confiquration in RbCl

(Hi(I)—centres)).

b) magnetic o

circular
dicroism

a) Optical absorption.
b) Magnetic circular dichroism.

c) Excitation spectrum of the

c . blue and red emissicn.
metaton d) Degree of polarisation of the
! . . emission as function of the
N S
d) degree of 5/‘ excitation wave length.
polarisation |
Y
—
s 33 18% EhV)

31 nsec (the blue emissions have similar life times) and the
other one of 370 nsec at 4 K (for KCl : 14 and 720 nsec,
Tespectively). The optical properties are summarized in the
level scheme of Fig. 11 (39). The state with the long radia- ‘
tive life time was proposed to be a spin quartet state in gff
analogy to the triplet state of the self trapped exciton. In i
this state the two electrons at H and the hole at 1° have
Parallel spins. The long life time of this state seemed favour-
able to perform ODMR experiments in order to check the quali-
tative interpretatien of the optical properties and to get

More detailed information about this state.

ODMR experiments coulé be performed successfully only very
recently and therefore only first results can be reported here
(40).

The experimental method used was first applied to F-centres
(47). The centres were pumped in the low energy absorption band
(with a Xenon lémp and monochromator) with light having modu-
lated polarisation and the ODMR was detected as a change in
the MCD signal of the absorption under the influence of a cw
microwave radiation. Fig. 12 shows the X-band spectrum for
Bo|l [100] obtained with this method for KCl., The same spectrum
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“~xc;:zzzzzmrz CHer

!
o Fig. 11

B r Schematic represen-
ot tation of the

energy levels and

optical properties
— 0
O[T|ofo :E;H‘I" of Hi(I)-Centres
- ™t in KCl and RbCL.

—J*J' _UQI:;;I—;;#;;%f (After [39“-

1s also obtained if ope observes the o, or o_ circular pola-

rised light of the red emission instead of the MCD signal of

¢ircular polarisatiop of the blue emission. In the upper part
12 the conventional ESR spectrum of the ground state i
shown for comparison with itg analysis: the protdn hyperfin€
and the iodine Superhyperfine structure (nuclear spin of 1
= 5/2) as well as the ODMR spectrum contains also the ground
State signals at the Same field positions and with the same
SPlittings. Only the 1 shr interaction could not be resolved:
Since the homogeneity of the Split coil superconducting magnet
used (5 T-magnet) wag not good enough for that. In between th
ground state lineg new lines appear which are due to the
relaxed excited State. They show a different dependence Of te
Microwave power compared to those of the ground state - at
lower microwave power they disappear. It was surprising to find

the lines of the excited state right in the middle between the
ground state lines,

are no

. _ her®
Since in the conventional ESR spectrun
forbidden transitions, it was hard to believe that

the new lineg could be due to forbidden transitions, which

would occur there. Measurements of the ODMR in K band Confimed
that these lines are not due to forbidden transitions, Since
there the ratjo between the ney lines and those of the groun
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H, {I)-Center in KCi
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; 2 2 2 |3
| ‘ , ESR spectrum of the

ground state and ODMR
spectrum of the ground
and excited state of
H?(I)—centres in KC1.

Bo[|[100], v = 9.4 GHz.

— T = 1.6 K. (After [40]).
e

025 | 030 035 040
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INT') i
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Excited State

State was exactly the same as in X-band, which could not be
the case for forbidden lines (42,43,44).

The angular dependence could be measured, but not yet fully
analysed. However, the symmetry of the excited state spectrum
is also (111). Table 2 summarizes the results obtained. From
the present experiments and the analysis up to now in KCl1 and
RbCl the following properties of the excited state can be stated:

i) Up to magnetic fields of 5 Tesla no level crossing
of the spin quartet could be observed in the magnetic
circular polarisation of the emission (MCPE). Therefore,
the quartet must be split by a very large zero flield
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splitting into two independent Kramers doublets,

1
OCMR is observed in the doublet mS = 1 =,

2

ii) The g-factors of the ground and excited state
are practically the same.

iii) From the observed value of the proton hyperfine
constant can be concluded qualitatively that indeed
4 Spin quartet state was observed. For a doublet
State the value of the proton hyperfine constant‘
should only be a fey Gauss.

iv) The SPin mixing Parameter ¢ (40) must be rather |
large, since with Comparatively weak light intensity
it was possible to pump the centres. The experiment
Suggests, that there is only one spin mixing parameter.

v) A preliminary analysis of the proton hyperfine o
interaction shows that in the relaxed charge tran e
3 1 -, .ke s '
State the electron at the hydrogen is in a 2seli
Table 2

i e
Hyperfine ang Superhyperfine data of H?(I)-centres in th
ground and excited state

Ground state* Excited state ]

G

9l100] 3pl6l 4 lg) I100)  plel Al

' 0

KC1 2,002 446 161 2.00 306 162
RoCl 2,003 44, 153 2.00 308 15

* After [37],

AIis the splitting of the I1-
B_|| [100].

A =~' 24 2,

gsibly
With the Possibility to perform ODMR experiments and po
also ENDOR measurementsg wit

Superhyperfine levels for

h optical detection it will be .
POssible to describe the Telaxed excited state in more detaium
and perhaps with a Quantitatjve understanding as for the 9r¢ the
state. From our eXperiments it seems not unlikely, that also

ODMR of "pure” Hg~centres can be measured.
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In summary it may be remarked that hydrogen centres promise

to become perhaps those centres whose electronic structure in
both ground and excited states can be quantitatively understood

with a comparatively simple theoretical model.
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