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Atomic hydrogen can be trapped at interstitial and
substitutional cation and anion sites in alkali
halides. The geometrical structure of these defects
was established by electron nuclear double resonance
(ENDOR). From the analysis of the ENDOR spectra also
detailed information was obtained on the electronic
structure. In this article the major experimental and
theoretical results for atomic hydrogen in several
alkali halides are briefly reviewed. Special emphasis
is given to the isotope effects upon replacing hydrogen
by deuterium. The nature of the dynamical hyperfine
and superhyperfine interactions is discussed. Its
magnitude to be expected for muonium is estimated.
Recent results on muonium centres are discussed on
the basis of the knowledge about the hydrogen centres.

1. INTRODUCTION

Muonium atoms are often considered as 'light' hydrogen atoms and
one should therefore expect to be able to understand their proper-
ties in solids on the basis of the knowledge on atomic hydrogen cen-
tres. In alkali halides the centres should have a particularly simple
structure due to the purely ionic host crystal. They can therefore
be regarded as model centres, the understanding of which should help

EO understand them in covalent crystals and other more complicated
Osts,

Atomic hydrogen and muonium have the same electronic structure
to first approximation, their dynamical behaviour is expected to be
different due to the mass difference of approximately a factor of 9,
Therefore, important differences in muonium and hydrogen centres are
eXpected where vibrations are involved. Since the hyperfine (hf) and
Superhyperfine (shf) interactions of atomic hydrogen centres are
influenced appreciably by zeroc point vibrations and thermally acti-
vated vibrations, such an effect should a forteriori also be expec-
ted for muonium centres.

In this article the major experimental results on the ground
State of atomic hydrogen centres in alkali halides and some features
of Optically excited states are briefly reviewed. Then the simple
t}}eol‘etical models used to describe their electronic structure are

1scussed and a comparison between theoretical and experimental shf

3ta is given for some selected cases. Following this a simple treat-
ment of the dynamical part of the hf and shf interaction is discus-
Sed and some extrapolations to muonium centres are presented.
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Finally, we discuss Some recent results on muonium centres
using the knowledge on the hydrogen centres,

2.  EXPERIMENTAL RESULTS ON HYDROGEN CENTRES

2.1 Production of Centres

1
tres, which were identified by electron nuclear double’resonance
(ENDOR) (see section 2,3). These are interstitial atomic hydrogen

centres (Hf-centres), substitutional centres on anion sites (HS,a

Hg~centres are produced by photodecomposition of OHg~- or SHg-
centres below 80 K. HY-centres are Stable up to approximately
100-110 k /1-3/, HS a~centres are generateq by X-irradiation of crys-
tals containing Hi=Centres /4/

+ To produce $,c-Centres one lets H{-centres diffuse into
cation vacancieg provided by doping divalent cations like Ca™™ /4/.

They are stable UP to 165 K in KCl. The divalent cation is next
along [110] /6,1/. Hg a~centres ang g° ~centres were studied only
in KCl ang Rbcl, ' s,cC
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Fig. 2. ESR spectra of three
atomic hydrogen centres in
KC1. EO| (100]. After /8/.

the quadrupcle interactions. gy is the nuclear g-factor, pn the _
nuclear magneton, B, the external static magnetic field, Ay and Q;
the hf (shf) and quadrupole tensors, respectively.

From the ESR spectra alone it cannot be decided, where the
hydrogen atoms are trapped. A comparison of the ESR spectra in seve-
ral alkali halides for the interstitial centres made the site assign-
ment very probable, however, the two substitutional sites cannot be
assigned from the ESR spectra. Their structure was revealed by
ENDOR investigations.

The fact, that really hydrogen is involved, can be groved by
substituting hydrogen by deuterium with nuclear spin I(D®) = 14
resulting in a triplet spectrum with a reduced splitting according
0 g7(D) = 0.1535 g_ (H).

Hg-centres were observed in almost all alkali halides. In
Fable 1 the hf interaction constants are given relative to the hf
interaction constant of the free H-atom (ago = 1420.4 (MHz))as well
as the deviation of their isotropic g-factors from the value of the
free electron 9e /10,11,12/. For a comparison recent observations
of the relative central hf interaction of muonium-centres are also
included /13/.

Within the temperature range of the centre stability no'shifts
were detectable in the proton hf constants nor in g-factors in con-
trast to the observations made for Mu-centres in KC1 /14/. 1In spite
of intensive search no interstitial hydrogen centres coulg be qb-
Served in LiF. Paramagnetic atomic hydrogen was observed in y-irra-
diated LiF containing OH  ions. However, the ESR spectra did not
show a large '9F shf interaction nor a 'Li shf interaction as should
be expected when extrapolating from the results of KF and NaF /15/.
ENDOR experiments on those crystals revealed, that the atomic
bydrogen occupies larger cavities in these crystals, which were
Probably formed as a result of the radiation damage introduced by the
y-irradiation /16/. It seems that the interstitial site is already
too small to accomodate a hydrogen atom.
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Table 1

g-factors and hf interactions of interstitial hydrogen

centres and low temperature hf interactions of Mu-centres
in alkali halides

o o -

a(d;) gﬂﬁil__a bg(8) (1074

afree Ho free Mu
NaF 1.058 1.041 =2.5 5
KF 1.048 - -2.8 1.8
RbF 1.153 - ~1.9 5
NaCl 0.952 0.937 +1.3 1.2
KCl 0.970 0.959 +7.0 1.2
RbCl 0.974 0.958 +14.6 12.4
NaBr 0.917 - +16.5 $3.6
KBr 0.941 0.905 +38.9 $2.1
RbBr 0.950 0.930 +52.3 1.8
NaI -- 0.845 -
KI 0.905 0.875 +221 10
RbI - 0.863 -
89 = 9.0 - g ., The uncertainty in a(§°) is

Ay ¢ i /afree Ho

+ 541074 {n a1 crystals, except in RbCl angd NaBr,
where it is + 2.1073 44 31073

+ respectively. Results on
hydrogen centres after /10-

12/, on Mu-centres after /13/.

Table 2
Relative hf

interactiong d
atomic hydro &nd isotope effects for three

gen centres in kc1

centre H° o
1 HS:C Hs,a
a
free 1O 0.970 0.986 0.993
H
( )/gI(H)
aiDj/QI(D) 0-9974 - 0.9964

The hf 8plittin

does
of protons ang deuteg oy exactly scale as the nuclear moments

rons
which indicatesg that (table 2)d
slightly bigger for ¢+ ensity a

he deuteri yp Centres. Ty

: There is 5 gpa1y isotope effect,
the electron t the central nucleus is
is effect is due to the
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influence of the zero point vibrations on the hf strueture
(see below).

2.3. ENDOR Investigations

The shf interactions can be resolved by performing ENDOR
experiments. In this method the nuclear magnetic resonance (NMR)
transitions between the nuclear Zeeman sublevels are detected via
the change of the signal intensity of a partially saturated ESR
signal /20,21/. An ENDOR line is measured as an increase of the
partially saturated ESR line, when an NMR transition involving a
shf coupled neighbour nucleus is induced. The ENDOR frequencies are
given by
¥ 1 =
hvENDOR - lfwshf t 9runB, * mqwa 2)
The signs refer to the mg-quantum number (+1/2), Wepr and wq are the
shf and quadrupole interactions, respectively. = {mx + my) /2, the
average of the two nuclear quantum numbers betweén which the NMR
transitions take place. For I = 3/2 there are three ENDOR lines for
each mg-value due to the quadrupole interaction, If Wy = 0, there
15 only one for each mg.

- B
yi®a,

A
~y * - nr'%y)

/ \

65 70 80 90 100 120 140 60 MHz 80
ENDOR frequency

Fig. 3. ENDOR spectrum of nearest halogen neighbours
for H-centres in Kcl. B[ [110].  after /22/.

Fig. 3 shows the ENDOR lines due to the nearest Cl-neighbours
for {-centres in KCl for B,|| [110] /22/. Because of symmetry the
shf and quadrupole interaction tensors of the nearest neighbours are
Oriented along [111]-axes, which are threefold symmetry axes. The
interaction tensors are also axially squetric. Clearly, the inter-
actions with the two isotopes 3°Cl and 3/Cl (I = 3/2 A& for both)
are resolved. There are ENDOR lines from mg = +1/2 and mg = -1/2,
the frequencies of which differ by approximately 2/h gpupB, (see
€qu. (2). The ENDOR lines are grouped into triplets due to a small
quadrupole interaction.

The geometrical structures of the hydrogen centres were deter-
mined by measuring the dependence of the ENDOR spectra on the crystal
Orientation with respect to the magnetic field B,. The angul;r de-
Pendence can be calculated from the Spin Hamiltonian for a given -
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Fig. 4. Angular dependence of the ENDOR lines of H® -
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determining the shf and quadrupole interaction tensors using the
Spin Hamiltonian of equ.(1). The ENDOR spectrum contains also weak
'forbidden' ENDOR transitions, in which ?AmI|>1 (between 2.2 and
2,6 MHz).

As a result of the ENDOR analysis one obtains the geometrical
structure of the centres. In the case of Hg ¢-centre the lowering
of the symmetry due to the presence of the divalent cation in [110]
is clearly established: there are 3 (slightly) different non-equi-
valent nearest Cl-neighbours of the hydrogen atom /7/. Also one
obtains detailed information on the electronic structure of the
centre from the shf and quadrupole interaction constants. The shf
interactions are given in terms of the isotropic shf constant a and
the anisotropic shf constants b and b', which are related to the shf
tensor A in its principal axis system by /26/

o~

A = a+B (3)

and

v o2 1 _
b! = 3 (B B ) {4)

B .
2z XX vy

1
2
Correspondingly the quadrupole constants q and q' are defined by

9= 70, @ = 2, -0 (5)

XX YY

INTIN

z2’

The shf interactions of H?-centres were determined in KF, NaCl, KC1,
RbCl, NaBr, KBr, RbBr and KI for 3 shells of halogen and alkali
neighbours /10,28/. As an example for quantitative results, the
interaction constants are reproduced for Hg,a‘ and Dg ,-centres in

KCl in table 6 /5/.

There is a pronounced isotope effect, which was also found for
cation site /18/ and interstitial centres /27/. The shf inter-
actions are smaller for deuterium centres. The isotope effect is
smaller for the anisotropic compared to the 1sotropic shf constants,
while it is almost zero for the quadrupole interactions. In table 6
the isotope effect Ia b is defined by

I(a,b) = o) _ 5%)) /a,b,  (0°) (6)
(a,b) (a,b/g (H”) a,b/gI( )} /a

(
I /9¢
Tbe isotope effect clearly shows the influence of the atomic vibra-
tions on the shf interactions.

For H?—centres no temperature shift of the shf interactions
Could be detected within the temperature range of their stability.
It must be added, however, that ENDOR measurements were only pos-
sible up to approx, 80 K. However, a clear temperature dependence
was observed for both substitutional centres. With increasing tem-
Perature the ENDOR frequencies and thus the shf interaction increase.
The temperature shift of the ENDOR frequencies is quite large com-
Pared to the position of +2 kHz with which the frequencg of the
ENDOR lines can be determined. For Clyy-neighbours of Hg j-centres
In KCl it increases by 110 kHz between 30 K and 130 K. The tempe-
fature shift is due to a thermally activated process. It is due to
thermally activated localized hydrogen vibrations. Similar obser-
vations were made for the Hg'c-centres in KCl /6/.
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2.4. Interstitial Atomic Hydrogen in Mixed Alkali Halides

The hydrogen atoms experience a weak covalent bonding to the
hearest halogen ions. The covalency increases from F- to Br™, the
halogen ions with lower electronegativity having a stronger tendency
to loose an electron to form H™ leaving a hole in the halogens. The
Covalency can be seen directly when Creating Hi-centres in mixed
crystals like KC1:Br~, KCl:1- or KBr:1~, Tge doping level of the
heavier halogen is of the order of 2 - 10~ parts per mole in the
melt, of which approximately 1/2 or 1/3 is built into the crystal,
i P-centres only a few 'mixed’
Hi-centres are formeq according to statistics. However, upon
warming the crystal to approximately 80-100 K, where the hydrogen

e formed preferentially. In KC1:KI, e.q.
80% of the Hy-centres are transformed into the mixed confiquration
Hi (I). The structure model was derived from ESR. The hydrogen atom

Table 3. spip Hamiltonian parameters for normal and mixed
H?-centres in Rel,

B o

i KC1:Br~ KCl:1~ Accuracy
B o o

i +0. oo 1.995 1.994 +0.004
94 - 2.008 2.006

a_[mT) 49.14 48,7

. . .3

P +0.02 46.6 10
bBr,I[mT] 2.0 +0.

—_—— M s

2,5, Optical Propertjeg

. of Interstitia; Hydrogen Centres

Hi-ce .
only orime bﬁéefshﬁf‘ 2bsorption bands in the UV. In the chlorides
and iodides 3 bandsserved (KC1: at 5 57 €V}, whereas in the bromides
/2,3/. The observe g;:igeisured, which are best resolved in iodides
P transjtjqp : abs°r€tion bands are not due to a hydro

absorption jg due € at 10 eV in the yv. The optical
tron from ¢

h
he er transitionS, in which an elec-
forming an y- §Uter halogen P-band oY

N is transferreq to the hydrogen
S seen mosg

. i-
-9. c1 t clearly in the mixed conf
bands are determin maSOPed with 1~ There the optical absorption
- lhere arg 'iOdi:i¥ EY 3 charge transfer from the I” to
ands at Jower energy between 4-5 eV
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compared to the composite 'chlorine’ band centered at 5.5 eV. The
lower electronegativity of I™ compared to €1~ causes the lower

energy of the transitions /30/. This nature of the absorption bands
was confirmed by magneto-optical studies and calculations /31,33/.

In the mixed halides the lower energy bands due to the heavier ion can
be well understood by considering c¢rystal field and spin orbit
effects /30/.

Fluorescence was observed in the mixed configuration for Hj-
centres. It comes from two charge transfer type relaxed excited
states, one of which is a spin quartet and responsible for a long
lifetime of 720 ns at 4 K in KCl /34/. 1In the normal configuration
in most alkali halides no emission was found, except in KI, RbI and
KBr, where a very weak fluorescence emission was found in the IR
{at 0.87 eV in KI)} /35,36/.

It should be noted that in competition to the emission the
interstitial hydrogen centres decay upon optical excitation forming
Hg-centres and 'H-centres' (halogenjg~centres) /37,38/ in a process
analogous to the fundamental process of F- and H-centre formation

from a relaxed excited state of the self-trapped exciton /39/.

2.6. Magnetic Resonance in the Relaxed Excited State of
Interstitial Atomic Hydrogen Centres

In the mixed configuration in KCl and RbCl doped with I  the
ESR of relaxed excited states could be observed by optical detection
(ODESR), Table 4 shows for KC1 the proton hf constant a, and the
shf constants a and b for the I~ neighbour for both the ground state
and the relaxed excited state /40/. The proton hf constant is
reduced by 35% in the relaxed excited state compared to the ground
State. The properties of the relaxed excited state, which is a spin
quartet state, can be reasonably well understood for an electronic
Structure, which consists of a configuration mixing between the
ground state configuration (H? + lattice) and the charge.transfer
configuration (H:; and a p-hole in I'), whereby the frac§1on of ghe
hole in the I, orbital is 2/3. The reduced central hf interaction
is due to the gdmixture of the 'diamagnetic' H =-configuration /40/.
In the case of KBr doped with I~ a metastable nonradiating relaxed
excited state was found with an ODESR spectrum due to a hole at the
I -neighbour interacting with 2 Br-neighbours along [110], which
tunnels back into the HQ(I)-centre /41/.

Table 4
Hf and shf interactions for the ground state an§
relaxed excited quartet state of H?(I)-centres in kC1

ground state relaxed excited state

a, (mT) 46.6 +0.3 30.6 $0.3
a (mT) 15.9 +0.2 16.2 +0.2

b, (mT) 3.9 +0.1 3.2 t0.1
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ctions
3 Theoretical Interpretation of the hf and shf Intera
of Atomic Hydrogen Centres

3.1. Static Models

i nsit
Tge isotropic shf constant a; 1s.proportlonal to the de Y
() [¢ of the unpaired electron at site r.

9 =3 Yode¥gIriy | viry

(8)
d 3 cos2p-1 [2

o —_—2 01 ) dv

b= & 9e“1391“n[ 3 lvx

. imated by
Equ.(7) ang (8) hold, if the wave function can be approxim
2 one-particle wave functionp,

i ting to
V(r) is the wave function of tpe defeCF. %3 15H§32€er,gassum_
approximate it by the atomic hydrogen functhn ] S‘The isotropic
ing this the shf interaction cangot be explained,

Léwdin procedure /42/. It proved
Covalency to the outer halogen

With the , Nearest neighbours leading to the
following defett wave function:

A N HO 20 xs X5 (9)
by = "“““‘7‘ Voo - v ~F (2455 v
(14222172 Y15 ifg;p i’ j=1( N7 Cmp ) mp
with
Mo, 212172 (10)

and N ap Normalisatyop the orthogonalisation.

N core Orbitals, ¢4 admixture Coefflcl
rals (for details see ref, 743/ " by
r. The Covalency mode] ig suggeste
electrop affinity of the halide ions, which
Tge transfer fr € anions to the hydrogen
T-X% to the ground Stated
P H™ and MO orbitals an os
Then the hydrogen C:Etib-
€-particle approach /44/, Sincel
initio calculation of the : it was
fitted to one of the expeIEEZSé:?cY Parameter g difficult,
Hl—centres to the

e
anisoy s Constants, ip the cas:hOf th
YOpic shf 4 of the
nearest halggen DEighbouxsp Oteractio, constants

ch ne, SOValency mo el explains the expe-
riments Tather wel) and mycp bettey thanythe purexgrthOQOnalisatlon

Yi are the OCCupied
entsg, involving
A is the covalency par
the relative smal}

allows a Partial ¢

 In eqy the g§; €rence betwee
between xo0 a ~ orby S is Neglecteq
€an stil] pe treateq in .
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model /44/. The covalency parameter is ~0.1,

The proton hf constants are lessxw51l explained. According
to equ. (9) it should be given by (N-N")¢ times the atomic value
{neglecting the very small amplitudes of np and ns neighbour ion
admixtures at the proton).

A, 2 1

0 -
(N = (1 -] ]<w$s|¢i>]2 +] xi) (1
i J

Due to the orthogonalisation the normalisation constant N bec?mes
bigger than 1, which is reduced somewhat by the covalency (NN")
Table 5 shows the results for Hj-centres in 3 potassium halides. The
covalency model cannot explain the observations satisfactorily. An
improvement was achieved by taking into account the van der Waals
interaction between the H%-atom and its neighbouring ions (table 5).
This effect of correlation between the hydrogen electron and the
outer electrons of the neighbouring ioms pulls electron density

away from the proton into the outer region of the #%-atom (for
details see ref. 44). The van der Waals effect is of the right

order of magnitude to cancel or overcompensate the positive shift due
to the normalisation factor N. The van der Waals correction is very
similar for the 3 potassium halides KF, KCl1 and KBr, The relative
decrease in proton constants from KF to KBr is due to the increase

in covalency from KF to KBr. (A (KF) = 0.070, A(KCl) = 0.090,

A{KBr) = 0,114 /44/).

a,.0-4,.0
Table 5 Hg H
Relative proton hyperfine shifts

a,o

H
Cryst. exp. orthog. + van der
covalency Waals

KF +4.75 +12.72 -10.55 -3
KCl -3.01 +9.27 - 9,73 x10
KBr -5.88 + 1.51 -10.30

The interpretation of the Hg’a-centre shf data in KCl require
two further refinements of the theoretical model:

(1) distortion of the halogen orbitals by the positive
charge of the anion vacancy _

(11) a configuration mixing in which the difference of H
and H® orbitals and those of X° and X~ orbitals is
now considered.

The simple covalency model has to be extended to a many particle
approach /45,46/. The configurations considered are

Yp = O - CIEI- K; and the two charge transfer configurations
bg = HT - c19, - K; and y, = H - iy - x;+, in which outer
P-electrons are transferred to form H . The ground state is then

R (12)

» and e are mixing parameters, which are also determined semi-
imperically.



652 J-M. Spaeth, Hydrogen and Muy in alkali halides

Table 6. Interpretation of the hyperfine and superhyperfine
interactions of Hg ~centres in KCl with different_theoretical
models. ro = d(R-CIf = 5.904 a.u.; a = 1. (a.u.)~2; the values
marked with asterisks were fitted to fix the covalency or
configuration admixture coefficients.

Experiment Covalency Distortion Configuration

Hoap(MHz) 1409.9 1429,7 1436.6 1417.1

a (kHz) 253 230 227 225

b (kHz) 219 158 158 219
K I, 0.205 0.212 0.219 0.230

I 0.048 0.043 0.044 0.048

a(kHz) 257 78 217 260

b (kHz) 312 312* 32t 312
Clyy

I, 0.108 0.174 0.129 0.105

Iy 0.047 0.044 0.040 0.030

a (kHz) 37 3 3 30

b (kHz) 54 36 36 47
Clyy,

1a 0.06 +0.03 0.115 0.111 0.062
K, Iy 0.02 3 0.003 0.007 0.012

a(kHz) 4 5 5 5

b (kHz) 11 11 11 11

c1-

hor /ey 0.689 0.367 0.204
c/c3p 0.287

—_—

7able 6 shows the results opens del
the additiona) consid Lo - Obtained for the covalency model,

€ration o arbi-
tals ('d15tortion') and t f the distortion of the halogen

S Very good, including for the isotope
eraction would again reduce the some-
It seems that the HQ _-centres
The HP-centres are fairly well

From the
the coval analysis of Many hydrogen centres it was found, that

xmp> (13)

nd the lattice ions.
Nterstitial centres hug>>kT>>hv ¢
of the atoms and vgp¢ fre-
due to the shf interactions.

T, thug Centres hv, becomes
3 temperatyye deper'zdence gimzz:rat;lf‘e activateq v?brations cause
€ s Constants,



J-M. Spaeth, Hydrogen and Mu in alkali halides 653
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The vibrations influence the shf interactions, since the over-
lap integrals depend on the distance between proton (deuterium) and
the neighbouring nuclei and this distance dependence has to be
averaged over the hydrogen (deuterium) motion. This is illustrated
in Piq. 5 for the isotropic constant of nearest halogen neighbours
for Hi-centres, which is approximately given by

I o I
a®t (o) = C{<w?s [wgi > (o)l2

(14)
with

1
= 2 2, Cl 2 :
c 3409459 N V55 (0) ] (15)

The larger amplitude of hydrogen vibrations leads to a higher
dynamical contribution to the shf interaction compared to the deute-
fium Centres, and thus explains qualitatively the isotope effects
observed. Assuming a harmonic potential for the vibrations, the
huclear wave function for HO and DO is given by

3/4
X(p) = (%) / exp (- g(p-po)z)- (16)

with p=(eM)1/2, where f is the force constant and M the mass.
: 1s "assumed equal for D° and H°. Since the overlap integrals
follow very well a distance dependence given by

S{p) = Soe'ﬁ(o-po) (17)

one can analytically calculate the average over the overlgp inte-
grals. o4 is ghe equilibrium distance HO (DY) - nearest neighbour.
The average 37 is approximately (for 8 ~ 1, pg =5 a.u., a 2 0.4)

2
S - _B g¢/a (18)
Sstatic (77 /apg’®

and the isotope effect for a becomes according to equ.(14)

) 2
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2
{1 - 8/000) e® /o
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|

(H) _
o7 =

o
»

{19)
2
8 )es/ﬁ'&

From equs. {18} and (19) it is qualitatively seen that the vibrati-
onal influence and thus the isctope effect depends strgnly on B.
Since p for s-overlaps is bigger than for those po-orbitals, the
dynamical influence is bigger for isotropic constants than for ani-
sotropic constants, which is also found exper%mentally._(E.q. 2/
8 = 0.8283 for Cl3_ and 0.5766 for Cl, for Hj-centres in xcl) /217

The estimate above is an oversimplification. In general one
must calculate the average shf constants

- - 2
a,b = (%)yzfa.b(o) expl ~alp~p ) 1" AV @o)
by numerical integration.

For the substitutional centres in KCl the vibration frequency

could be determined from the temperature depgndence of the shf inter-
actions. For H3 3

; 9 c~centres v = (199 £16) cm | /7/ and for Hg,a"
centres v = (177°38) cm-| /6/. Using this,the theoretical shf
parameters and isotope effects of HS ,-centres (table 6) were cal~
culated. It turned out that half of'the isotropic nearest neigh-
bour interactions is dynamical in nature /43/.

For interstitial centres the potential parameters could not be
determined from a temperature dependence, since none was detectable.
It was determined from the interpretation of the isotope effect of
the anisotropic shf constant of the nearest halogen neighbours if
KC1l assuming that the covalency parameter would average as the
overlap integrals with halogen pg-orbitals. The vibrational frequn‘{;Y
vV = 420 cm~! thus obtiined agrees well with that determined grom I
measurements (437 cm ') /47/ and Raman measurements (441 cn™') /487

Also the hf interaction is influenced by the vibrations via
equ.(11), since both the overlap integrals and the covalency pard”
meters must be averaged, Qualitatively, the hf of pD-centres 1S
bigger than that of H9-centres, since less spin density moves 1D the
neighbours due to the smaller dynamical contributions. This is also
found experimentally.

4. DISCUSSION: HYDROGEN AND MUONIUM CENTRES

The major difference in the hydrogen and Mu-centres is eXPQCted
to be the mass difference. M(Mu) = 0.1126 M(#®). Therefore, the
influence of vibrations on the hf and shf structure of Mu-centres 6
should be even more pronounced than for hydrogen centres. In Fi9-
the effect is calculated for overlaps with Cl%,. . -orbitals

'R = 5,10 a.u.) according to e £B° i £ the
. gu. {18). For t B potential ©
int:rstitxal centres in KCl the dynamical contributions for Mu™
centres is 20% compared to 6% for hydrogen centres.

jcal
X The dynamicd
contribution will be even more pronounced for the s-overlaps-

could“izhmziz sodfar only the shift of the central hf interactiof
served /13 143re - The question arises whether the Mu-centres °P
H?—centres' Thare indeed interstitial centres analogous to the che
free wiovalue o shift of the central hf interaction compared t0 -
for Hg_centrislit°§“91Stantly approx. 1% bigger than that observe
tude Bf the soroble 1). Qualitatively, due to the bigger 27
tatively § O point vibrations one should expect this. Quanti® a
¥ for KC1, only about half of the difference can be explair®

-
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assuming the same potentitial and covalency for both centres and
calculating a/ag oe atom considering only N* of equ.(9 ), which in
the different afiafi halides qualitatively determines the hf shifts
(table 7). 1Inclusion of the orthogonalisation normalisation factor
N gives the wrong answer. It is not clear how a dynamical influence
on the van der Waals interaction would be able to repair this,

Table 7. Theoretical estimate of the hyperfine shift

a/afree atom °f H?- and Mu®-centres in KCl

N lo] o]
Theory Static H1 dynamic Mu
()2 0.972 0.970 0.966
i) 2 1.125 1.137 1.165
Experiment 0.970 0.959

The hf shift of the substitutional centres seems too small
Lo account for the Mu-results. However, the dynamical effects are

bigger due to the lower vibrational frequencies.

Problems arise, however, for the identification of the Mu-
centres with interstitial centres, when looking at the temperature
dependence of the hf shift. It was found by Kiefl et al. /14/ in
KCl that a/agree decreases clearly when increasing the temperature
already as from approx. 20 K, while no temperat?re shift was observed
for HY due to the high frequency of v = 440 cm™'. For Mu-centres v
would"be expected to be approx. 3 times as large and no thermal acti-
Vation is expected at 20 K. Possibly, due to the high zero point
SMergy of 660 cm~! expected for the Mu-centres (compared to
;20 em™1 for H?) , which is equal to the energy of the thermally 4

1rst excited state of Hg-centres, the Mu-centres are not trappe
dnymore in the interstitial site, but diffuse through the lattice.
This diffusion ig perhaps thermally activated at low temperatures
and thus responsible for the temperature decrease of a/ag oo-
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It should be added, that the thermal stability of Hg—centres is
about the same for KCl and RbCl (~ 100 X) and not so different as
reported in ref, /13/. In LiF no interstitial Mu-centres are

expected to have space toc be trapped, since no H?-centres could be
created.

It is suggested to study the Mu-centres in the mixed alkali
halides. If interstitial Mu-centres are formed and trapped then
the hf interaction should shift more and become anisotropig
('anomalous') analogous to the observations made for the Hj-centres,
Also cation vacancies can be introduced into the crystal and pro-

vided as Mu traps. Then the hf shift should be smaller due to the
smaller shf interactions.

During the cooling process of the u+ particles a lot of
crystal damage is created and enough energy present to cause exci-
tations. It is concelvable that Mu-atoms are formed also in an
excited state, which may have an analogous configuration as the
excited hydrogen centres : (Mu~ + hole in the halogen band) mixed
with the (Mu + lattice) configuration, which results in a strong
reduction of the hf interactions. Since the lifetime of the
relaxed excited hydrogen quartet state is of the order of us,
such a state could well be observed in uSR.

References

/ 1/ H. Pick, Springer Tacts of Modern Physics 38 (1965) 1

/ 2/ F. Fischer and H. Grindig, Z. Physik 184 (1965) 299

/ 3/ F. Fischer, Z. Physik 204 (1967) 351 —

/ 4/ L. Schwan, Dissertation, Stuttgart 1975

/ 5/ ?60Hi?§§6)Jé§5 Niklas and J.-M. Spaeth, phys. stat. sol. {b)
/ 6/ Eg; Hoentzsch and J.-M. Spaeth, phys. stat. sol. (b) 88 (1978
/

7/ P. Studzinski, J.R. Niklas a - t. sol.
® 101 (1980‘ 673 nd J.~M. Spaeth, phys. stat.

/ 8/ H. Pick, in "Einfihrung in i}
die F ", Wiss. Buch
R gesellschaft Darmstadtg(1978)e eetkgrperphysik®, Wise
/ 9/ i;9§i§khoff, W. Martienssen and W. Sander, %. Physik 173 (1963)
/10/ J.-M. Spaeth and M. §
. . Sturm, phys. . 1970) 739
11 : « phys. stat. sol. 42 (
;125 éh Hgg:m:nn gnd S. K8pp, Z. Physik 243 (1971} 373
AL/ ‘Baum:Izsc and J.-M, Spaeth, Solid State Comm. 29 (1978) 577
2. P‘tter. R.F. Kiefl, H. Keller, W. Kindig, W. Odermatt,
D.P: Spenzzionk g.wélschneider, T.L. Estle, S.P. Rudaz,
. Contribution'x 63’ azey and I.M. Savic, this Conference,
R.F. Kiefl, E. Holzschuh i
. H. Keller, W. Kindig, P.F. Meier,
B.D. P ] frve et e
% atterson and J.w, Schneider, Phys. Rev. Letts. 53 (1984)
/15/ Z.G.
i
716/ 2.G. Akhvlediani, g.R—% 303
i results ani, J.R., Niklas and J.~M. Spaeth, unpublished
17/ W. H
1187 ch. ;g:gt:gth;ﬁé §°§by. Proc. Roy. Soc. A 294 (1966) 359
493 -~M. Spaeth, phys, stat. sol. (b) 94 (1979)
/19/ G. Heder, J.R. Ni
o (1983) &} « Niklas and J,-M, Spaeth, Radiation Effects 13
G. Feher, Phys. Re
‘ - Rev. 114 (1959
Jaa) 5. Seitel, T Pysik 65 (1961) 23 T 20
1237 J.M. soaechs L. PhysTk 192 (1966) 107
© Pacth. J. de PhysT 28 (1967) No. 8-9. c4



124/
/25/
726/

121/
/28/
128/

/30/
/31/

/32/
133/

/34/
/35/
/36/

/31/
/38/

/39%/
/40/

741/
/42/
/43/

/44/
/45/
/46/

141/
/48/

J-M. Spaeth, Hydrogen and Mu in alkali halides 657

M.U.A. Bromba and H. Ziegler, Anal. Chem. 56 (1984) 2052

J.R. Niklas, Habilitationsschrift, Paderborn 1983

C.P. Slichter, Principles of Magnetic Resonance (1963) Chap.7
Harper and Row, N.Y.

J.~M. Spaeth, phys. stat. sol. 34 (1969) 17N

M.H. Wagner and J.-M. Spaeth, Sclid State Comm. 14 (1974) 1101
L.0. Schwan, H.J. Paus, R. Bauer and J.-M. SpaetET Semicond.
and Insulators 5 (1980) 91

F. Lohse, G. Reuter and J,-M, Spaeth, phys. stat. sol. (b) 89
(1978) 109

B.C. Cavenett, J.V. Gee, W. Hayes and M.C.M, O'Brien, Solid
State Comm., 6 (1968) 697

J. Ingels and G. Jakobs, phys. stat. sol. (b) 45 (1971) 107
J.V. Gee, W. Hayes and M.C.M. O'Brien, Proc. Roy. Soc. London
A 322 (1971) 27

F. Lohse and J.-M. Spaeth, phys. stat. sol. (b) 393 (1979} 153
Th. Hangleiter and J.-M. Spaeth, unpublished results

J.=M. Spaeth in: Defects in Insulating Crystals, Eds. V.M.
Tuchkevich and K.K. Shvarts, Zinatu Publ. House Riga and
Springer Verlag, Heidelberg (1981)p. 232

G. Kurz, phys. stat. sol. 31 {1969) 93

G. Reuter, L. Schwan and J.-M. Spaeth, phys. stat. sol. (b)
53 (1972) K29

N. Itoh and A.M. Stoneham, J. Phys. C 10 (1977)4297

B.K. Meyer, G, Heder, F. Lohse and J.-M. Spaeth, Solid State
Comm, 43 (1982) 325

B.K. Meyer and J,.-M. Spaeth, Radiation Effects 73 (1983) 87
B.S. Gouvary and F.J. Adrian, Phys. Rev. 103 (1957) 1180

G. Heder, J.-M. Spaeth and A.H. Harker, J. Phys. C 13 (1980)
4965

J.-M. Spaeth and H. Seidel, phys. stat. sol. (b) 46 (1971) 323
K. Cho, J. Phys. Soc. Japan 23 (1967) 1296

K. Cho, H. Kamimura and Y. Uemura, J. Phys. Soc. Japan 21
(1966) 2244

W. Kuch, 1977, Diplomarbeit Stuttgart

E. Goovaerts, L. de Schepper, A. Bouwen and D. Schoemaker,
phys. stat. sol. (a) 59 (1980) 597



658 J-M. Spaeth, Hydrogen and My in alkali halides

DISCUSSION

Roduner : With your calculations you can reproduce small effects

in coupling constants. Is the Born-Oppenheimer approximation for Mu
at this level of accuracy still valid?

Spaeth: Por atomic hydrogen centers the answer seems to be
yes. For Mu the answer is: this is a very good question!

Hedegdrd: How large is the lattice relaxation and how do you
calculate it?

Spaeth: For Hi% centres in RCl about 3 % outwards. This was
calculated from the second shell K-quadrupole interactions. For HY
centre (anion substitutional site) the distortion was calculated
with the HADES programme of Harwell, The n-neighbours are displaced
outwards due to the point charge of the anjon vacancy by about 8§ %.
Similar results were obtained for the cation site centre.

Bucci: From time-resolved optical spectroscopy in alkali
halides one knows that light impurities have long-lived excited
states (electronic as well as vibrational). The time scale (10-8-
10°%sec)is relevant to USR data and a comparison with ESR and ENDOR
experiments should take this situation into account. Could excited
vibrational Mu-states account for the hyperfine frequencies and
dampings so far observed?

lattice) and (HI-hole in the halide lattice) configurations. In this
state the proton hf interaction is relaxed
imagine, that an excited Mu state could be form
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