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Abstract

The determination of the microscopic struct
insulating and semi-conducting solids is ba
hyperfine and superhyperfine interactions.
:’é‘g’ be measurcq by performing clectron-nuclear double resonance
t DOR) experiments. Recent developments of ENDOR spec-
roscopy, which are based on computer-aided experiments and anal-
}\;3',5 of spectra. are reviewed and illustrated with some examples.
With these techniques and with advanced methods like ENDOR-
fn.dl_lCed. EPR and DOUBLE ENDOR, complex defect problems
arising in materials science can be solved. Recently, the optical
detection of EPR and ENDOR (ODEPR, ODENDOR) via the opti-
cal absorption of defects was successfully applied to the study of
defects in insulators and semiconductors. With an excitation spec-
troscopy of ODEPR and ODENDOR lines, direct correlation be-
tween optical bands and EPR/ENDOR lines of a particular defect
becomes possible. By photo—ODEPR/ODENDOR techniques in
semi-conductors, in which paramagnetic species ar€ formed by €x-
citing electrons from the valence band into upper levels, the energy
level position of the defects within the gap could be determined.
Examples are given to illustrate these optical techniques.

ure of point defects in
sed on the analysis of
Usually the latter can

1. Introduction

The mj Lo ' o
€ microscopic identification of point defects in non-metallic solids is a
is a renewed and vital interest

icr??}:li:‘l‘(""ip@blem %n 5(‘)lid state physics. Ther_e isar . :

very oftm of 1"VC§tlgat|0n coming from materials sc1'ence, sm.ce point defec(;
for tun cn PTCQOmmant]y determine the bulk properties of 50']1dS. The searc

able solid state lasers and semiconductor physics ar¢ just two specific

Z:Za; thfre the understanding of point defects is of vital 'in.terest. Ff)r. exam?le.
ermi level can be shifted within the band gap. utilizing specific doping,

such that the defects of interest (e.g.. intrinsic defects) can be produced ina
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paramagnetic charge state, ‘ o i . ltiple

In this article, recent developments of the application of magnetfc multip
resonance techniques to the study of point defects in ionic and semiconductor
crystals will be briefly reviewed. ‘ ;

The determination of the defect structure is based on the measu‘reﬂilelm 0
hyperfine (hf) interactions. It is useful to distinguish between the hf 1“‘?‘
action with a central nucleus. which might be there in the case of an lmpur.“z
defect, and the superhyperfine (shf) [or ligand hyperfine] interactions, Whlc
are those with nuclei of the surrounding crystalline environment. The hf inter-
action can mostly be resolved by electron paramagnetic resonance (EPR).
while for the resolution of shf interactions in general, electron nuclear do'uble
resonance (ENDOR) experiments are required. Although the latter techn?qug
was introduced over 27 years ago by G. Feher (1), its application re.:mam’eli
restricted to comparatively few ‘model” defects such as color centers in alka
halides. The reason may have been that the ENDOR spectra easily get_ve;lz
complicated, e.g. . if there are many neighbor nuclei interacting and/or if t .
defects (and host crystal) are of low symmetry. Considerable progress ha§ be;
made in recent years by introducing computer-aided methods both in t;
experiment and the analysis of spectra and by introducing advanced ENDO
techniques. Some aspects of this will be reviewed with the emphasis on 1ts use
to characterise defects for materials science.

Optical detection of ma
and can be done with sev
of organic crystals,

gnetic resonance has also been known for many years
eral methods. It is a standard technique in the S.tud,z
using the properties of excited triplet states. In. 1olﬂt1
crystals and semiconductors the potentially high sensitivity and the POSS'bl;é
of studying excited states are of particular interest. Optical detection of E

in the donor-acceptor recombination Jy
in semiconductor phy
change interactions be
show resolved hf inte
possible. Recently, a
nally used to study th
(3), has proved very
by measuring the mj

minescence has become a standard tool
sics (for a review sce, ¢.g.. (2)). However, due to ex;
tween donors and acceptors the spectra frequently do.nO
ractions, which makes 1 defect identification often ln:
nother technique of optical detection which was ong

¢ relaxed excited states of color centers in alkali hallde;
usetul for defect characterization. Here EPR is deFeCte_
Crowave-induced change of the magnetic circular dlchrl(:-
ism (MCD) of the Optical absorption. It wi}] be reviewed how the latter tecte
nique can be used to selectively study defects with high sensitivity, to correla

: . to
optical bands with EpR Spectra, to determine energy levels of defects, and
measure ENDOR in which shf-interactions are resolved.
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Of?gurc I Schematic representation of stationary ENDOR for the simplified system
=12 having 4 hyperfine interaction with one nucleus with / = 3/2.

2. Electron Nuclear Double Resonance (ENDOR)

fn ENDOR the nuclear magnetic resonance (NMR) transitions of nuclei
~UPled 1o the unpaired electron of the defect are observed by monitoring the
Hierease of the partially saturated EPR signal upon fulfilling the double reso-
fance condition, The method is illustrated schematically in Figure | for § =
/2 ang one nucleus with 7 = 3/2. Saturation is achieved if the EPR transition
Probability Wmw % (g B, B,) is of the order of or larger than the spin-lattice
relaxation rate wey o 1/7, (B, 1s the Bohr magneton, B, the excitation (micro-
"ave) fielg amplitude, T the electron spin lattice relaxation time). This usu-
ally implies low temperature. typically between 4 and 50 K. In most solids the

sed by T,y in Figure 1 is operating well enough to
alloy, ENDOR 1o be observed as a stationary effect (4). Only stationary
ENDOR will be discussed here. Usually the ENDOR effect is rather small, at
n?OS[ 1-2% of the EPR signal, but often much smaller. Therefore, a rather
high humber of defects and a highly sensitive spectrometer at low rf modu-
fation frequencies is required. Superheterodyne spectrometers often are rathf.fr
“omplicated. The availability of low-noise microwave amplifiers has made it

Passible to work with homodyne spectrometers (5).
The Spin-Hamiltonian describing a defect having one unpaired electron, an

Cross. . :
T08s-relaxation characteri
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i S adrupole
isotropic g-factor, as well as superhyperfine (shf) and nuclear qu p
interactions is

- - - -~ = rE _‘T,_.i
M % =B S" - Bot X (57 A T,~ g8, 7" 5o+ T7-5,- T
!

The sum runs over all nuclej Interacting with the unpaired ek?ctron(s), ;Fhl:;
symbols have their usyal meaning (6). In perturbation theory of first order‘;lear
is, with the condition that the anisotropic shf constant b and the nu o
quadrupole -constant g are small compared to the isotropic shf cons'tant tl "
the nuclear Larmor frequency, respectively, the ENDOR frequencies ar

1
(2] UéNDoR = |MsW, * 8B.By = M, W,| n
with
[3] W = a + b(3¢os0 — 1) + b’ 5in’0 cos’s
(4] Wo = 3{q(3 cos’0’ — 1) +q" sin"0’ cos8'};

o . - hf and
8.8and 0, &’ are the polar and azimuthal angles of B, in the principal s
quadrupole axis Systems, respectively. Here

M, + M,
15] M, = ——

where M, is the average of the two nuclear spin quantum numbers connected
by the transition.

Each nucleys interactin
of quadrupole interaction

S=1/2.Inord

.o sence
g gives rise to 2 ENDOR frequencies in the a.b o
»and to 2 X 2 lines with quadrupole mteracftl; hf
. . . S the
er to determine the orientations and principal values o

ith respect to the stati¢ magnetic field Bo. Th:
gular dependence is the basis for the structuf_
(4. 7). For each crystal orientation, several hl-mh
(e-g.. for Ni’* in GaP over 600 lines (8)). Whli_
nalysis unfeasible unless computer-aided met .
fometers of the Paderborn group, the .Comp.ute
encies, static magnetic field, crystal orlentatlone,
nator matching. The ENDOR angular dependet;C-
can be measured automatically in smayy angular steps. A full angular e_
Pendence can take Up to 23 weeks of continuous measurement. Th? fre
quency positions of the ENDOR lines are determined by applying a particular

analysis of this ENDOR ap
determination of the defects
dred ENDOR lipes can occur
makes both €Xperiment and 3
ods are applied. In the spect
controls the rf ( NMR) frequ
sample temperatyre and reso
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Figure 2. Digital signal processing for the example of interstitial Fe’ centres in Si.
(%) Stationary ENDOR as measured at X-band, 20 K. 8o = 327.73 mT and approxi-
Mately 20° off the [100] direction in a (110) plane. The lines of interest are those
between 5 and 9 MHz. (b) After subtraction of the strong “Si “distant” ENDOR.
©) After Subtraction of the strong background. (d) After digital filtering and “peak
S€arching”. The vertical lines mark the ENDOR line frequencies. (After 14).
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Figure 3. Angular dependence of the ENDOR signals from 'p (1 = 1/2) neares

~ . =3/,
neighbor nuclei of the Ga vacancy in GaP under rotation of B, in a (110) planc: s=3/
T = 6 K. X-band.

‘peak search” algorithm {9). Before this can be done, usually digital filtening
is applied (10— 14). The digital filters conserve the first and second mom.ents
of the lines. In some cases a background is subtracted with a special algorlfhff
{9). Often deconvolution procedures are needed when too many ENDOR.m.‘eS
overlap (9). Figure 2 illustrates the results of the application of such d.lgltal
methods to the processing of the experimental data for the example of Inter”
stitial Fe" centers in Si(14). Figure 3 shows the angular dependence of neareﬁtj
neighbor “'P ENDOR lines of the Ga-vacancy in GaP (S = 3/2). The d?tb
represent the ENDOR frequencies, their size giving a measure of the llﬂey
intensities (15). The Ga-vacancy was expected to have a perfect Ty S)/mm'em
for which. according to equation {2}, for each orientation only 3 ENDOR 1%1165
for each M were expected for Byina (110) plane in contrast to the observation-
The question was whether the multiplicity of lines is due to a SuperpositiO’“ o
several slightly distorted defects (the vacancy was produced by electron T
diation) or whether all lines belong to one defect. This can be determined bY
DOUBLE ENDOR. Two NMR frequencies are applied simultaneously- 1
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Figure 4
. ENDOR and DOUBLE ENDOR spectrum of the Ga vacancy nearest-

neigh 3 . A
ghbor *'P nuclei for Bof [111]. T = 6 K.
s chosen and its intensity 18

geth ; .
er with the microwaves. One ENDOR line i
th a double lock-in

moni
teglr::i:f: ;1 a fflnctif)n of the second rf frequency wi
beloﬂging. o :;:e Isa Slgmfl Only' if both NMR transitions aré indeed on nuclei
other (16). | ; same defect. since their ENDOR transitions influence each
tive Signal.g n the stationary DOPBLE ENDOR spectrum. positive and nega-
the ENDO~ROCCur. which is qualitatively underSEood (17.18). Figure 4 shows
lines appe and DQUBLE ENDOR spectra for ByJto[111]. Inboth spectra all
Symmetr ijr’ ‘PTOVlng that all lines belong to one defect. In the case (?f lovu:—
method yTh?tects, one particular defect orientation can be selected with this
a"gular-d is can be the only way to analyse unambiguously the NI‘SNDOR
In Fi uependence, as was the case for O~ centers in a-lAl;O,z:Mg’ (19).
p nuclge're 3 very many ENDOR lines are scen to occur, sice t_he four nearest
lar depe I:TC rather strongly coupled by 2 pseudo—dipolér coupl_m.g. The angu—
Hamillt)on~ ence can be quamitatively understood by dlagona.lxsmg fh? spxr.x-
bigger t:‘a“- The coupling effect resulting in rather large hr.le splittings fs
an reported so far (20), since the apisotropic jnteraction constant 1s
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Figure 5. ENDOR-induced EPR spectra of x-irradiated (RT) Na-p-alumind

. 4 MHZ.
sured at several 7Al ENDOR lines. (a) at 7 MHz. (b) — at 4 MHz; - at 13
Here Boflc-axis. T = 60 K. X-band. After (21).

very large (a/h = 195 MHz. b/h = 54.5 MHz) (J. Hage. J. R. Niklas and
J.-M. Spaeth, manuscript in preparation). o of
A typical problem when studying radiation damage is the product'l().ﬂ "
several defects and a superposition of their ENDOR spectra, which are difficd :
to analyse. Apart from applying the DOUBLE ENDOR technigue. 0n¢ C;C
measure the ENDOR-induced EPR spectra to determine the g-factors of this
EPR lines and to Jearn how many different defects were produccd. In t‘ °
technique one monitors the intensity of particular ENDOR lines a8 a fut.wtl(io
of the magnetic field, which is varied through the EPR lines. According y
Equation [2] the ENDOR line appears only for one specific value of B_O 31;1
varying the latter violates the double resonance condition. However, v Z
nuclear moment of the nucleus giving rise to the ENDOR line is kn(-)wn, O“rf
can maintain the double-resonance condition by synchronously varying the
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j=3/2

Figure ¢ Schematic representation of the optical detection of the ground state EP. R
of a Kramers doublet vig the microwave-induced change of the MCD of an “atomic

P transition with spin—orbit splitting in the excited state, for T = 0.

freqUency with the magnetic field according to Equation [2]. One thus mea-
°UTes the EPR spectrum of the defect to which the particular ENDOR line
belongs as a sort of excitation spectrum of the ENDOR line. Figure 5 shows
3 an €Xample the ENDOR-induced EPR spectra of x-irradiated Na-B8-
Auminate for several “’Al-ENDOR lines. Three different EPR spectra were
discovered, while in the conventional EPR spectrum only the 11-line s;:ectrum
of Figure 5, is recognised. The spectrum of Figure 5a belongs to an F center
o 2 O(5) site, while those of Figure 5b belong to an F* Ce“‘_"'r with 3 Al
Neighbors in the spinel block (dashed line) and to a O, center in the mirror
Plane (central peak of solid curve) (21). ENDOR-induced Ef.’R al'lows one to
Select spin states and to determine relative signs of SPi"'Hamf"O"'a" parame-
15 as well as to select particular defect orientations. For details, see (22, 23).
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In the above, computer-aided methods for experimental comro.l and ar.lalny(l)Sr
of spectra have permitted the determination of defect structures mterestmg1 i
materials science. First results have been achieved in the study of small clu S
ters like AI”*-Al” pairs in Si (24), Se,' pairs in Si (25) and thermal donor
{oxygen clusters) in Si (26).

3. Optically Detected Electron Paramagnetic Resonance
(ODEPR) . A
Compared to conventional EPR, optical detection has the fo‘lch)\fvmg a?ritt
tages: (i) higher sensitivity, (ii) higher selectivity, (iii) possnbxm_y‘of ; -
correlation between optical and structure properties, (iv) posS?blhty Odem
vestigating optically excited states, (v) possibility of detecting spin-deper
non-radiative transitions, especially in semiconductors. e
Some of these advantages will be illustrated for one particula.r teflhquhé
which recently proved to be especially useful for defect identiflcatlon.f .
EPR of the ground state is detected as a microwave-induced changel0 6
magnetic circular dichroism (MCD) of a defect absorption band. In Flg.u_fe
the method is indicated schematically for an optical s-p-intracenter trgnsntlon(;
for T = 0. The MCD is the difference of the absorption constant of right an

ublet
left circularly polarised light. If the absorption comes from a Kramers do
with § = 1/2. one obtains (3)

[6]

i g, — . #H. — Ny
MCD = ;ou,d

g, + o. m
- . . . . _arethe
where a, is the absorption constant of the unpolarised light, o+ and o S
cross sections for right and left circular polarised light, respectively. :‘f Cness
, . . : ¢ -
are the occupation numbers for the My = + 1 /2 states. d is the crystal thi width
If the spin—orbit splitting in the excited state is smaller than the phono

. . T . for s = P
of the absorption bands, the MCD has a derivative-like structure for
transitions (Figure 6). The extrema

MCD.u, * " (A
X e (AL
{71
gB«BU

x tanh (\ ST ) flAL)

. . . - 3 eman
in the intensity are proportional to the occupation difference of the ‘ZC A
levels = 1/2 and to a function of the excited state spin—orbit interactllon “;‘
In equation [7] the so-called diamagnetic part, which is temperature indepe
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in i’g:’;ﬂ 7. (2) ODEPR spectrum of T1°(1)-centers (T1" atoms next toa Cl vacancy)

(-3¢ dbmecwd at 1040 nm and measured at 1.5 K and 24 GHz at !‘ow microwave power

{connec -9 - (1B4) and & = 90° ( L B,) refer to the orif:matPn of t,hc center axis

at hj hLUOn-]me TI1°-CI -vacancy) relative to the magnetic field By. (b) The same. but
Eher microwave power (0 db = 500 mW). After (28).

dent, iy neglected. The occupation difference of the Zeeman levels is a function
of mperature and magnetic field. It is given by the well-known Brillouin-
function for arbitrary §. For the simple case of § = 1/2. the Brillouin function
educes 1o essentially tanh (g B, B,/2KT). Thus. the MCD is largest for low
*Mperatures and high magnetic field. In order to achieve a high sensitivity.
ONe must work at low temperature. The magnetic field is determined by the
EPR resonance condition (see below) and should be chosen high for searching
ifn MCD, in case the MCD is very weak. It is favorable to place the sample into
liquiq helium below the A-point (“pumped helium”), since the MCD cannot be
Measured with high sensitivity in boiling helium. Thus. a typical temperature
for the experiment is 1.5 K. It proved also necessary to control the temperature
well by controlling the helium vapor pressure. The reason is that, for ODEPR
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Figure 8. (a) MCD at 1.4 K of the parallel T1°-(1)-centers (line connecting Tl Ea;R

the C1” vacancy parallel to B,) in KCl as tagged by the corresponding jow-field

transition. (b) The same for the perpendicular T1°(1) centers in KCI. After (28).

and especially for ODENDOR measurements, very small changes of the MCD
have to be detected (see below). Since at low temperature the MCD is propor”
tional to 1/T, temperature drifts or fluctuations also cause such changes:
Microwaves and radio frequency radiation have to be fed into "he
EPR/ENDOR cavity for the resonance experiments. The resulting pOWer dlf‘
sipation changes the vapor pressure and thus the sample temperature. This
must be avoided by using a control unit. )
Equation 7] holds only in the so-called rigid shift approximation, according
to which the absorption bands for right and left circular polarised light 3%
shifted by the magnetic field without resulting distortions (27). This is A0t the
f:ase in general. However, a quantitative understanding of the MCD is not
tmportant if one only wants to measure ODEPR or ODENDOR, since then 01
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uses the MCD only as the ‘detection channel’.

. ;H order to measure EPR of the ground state, mic

in :
uced between the ground state Zeeman levels. At a given temperature and

By, the occupation difference is reduced and therefore the reduction of MCDey:.
hanges as small as 1073 of the MCD for

ere is hf splitting, the decrease of
ets of a particular nuclear spin
r (selection rule: AM, =0,

rowave transitions are

can be monitored to measure EPR. C
an optical density of 1 can be detected. If th
the MCD is smaller, since only spin pack
quantum number take part in the occupation transfe
AM; = +1). Therefore, hf interactions can be resolved. Figure 7a shows the
ODEPR spectrum of so-called “T1°(1)” centers in KCl. These defects have
(100] axial symmetry and consist of a T1° atom next to a C1~ vacancy situated
a.long [100]. The ODEPR spectra were measured in the lowest energy absorp-
tlfm band at 1040 nm. The ODEPR lines of centers located parallel and perpen-
fi‘c‘“ar to B, are seen with a large T1 hf splitting (1CYT1, T = 1/2)); the
1sotope splitting is not resolved. Figure 7b shows that, with higher microwave
power, forbidden transitions (AMs = =1, AM; = +1) occur more strongly
(28). This way of measuring EPR is highly selecti
of several centers do not totally overlap, then eac
separately, which is not possible in conventional EPR.
absorption transitions from one particular defect, which may be partly hidden
Und.er absorption bands of other defects simultaneously present, a kind of
excitation spectroscopy of the ODEPR lines can be used. One selects a partic-
UIT‘" ODEPR transition and varies the optical wavelength while monitoring the
microwave-induced change of the MCD signal. Thus, from the total MCD one
measures only the part, which belongs to the particular EPR signal.

Figure 8 shows this for the T1°(1) centers with their axes perpendicular and
parallel to the magnetic field. In this way information about the polarisation of
the optical transitions can also be obtained. The method of correlating optical
bands with the EPR spectrum was termed “MCD tagged by EPR” (28). From
the MCD bands thus measured it is however not trivial to infer the shape of the
absorption bands. If the rigid shift approximation holds, then the absorption
bands could be determined by integrating over the MCD. But whether it holds
can only be decided if the absorption bands can be directly measured. Non-
etheless, the ‘tagged MCD’ spectra do give valuable information about the
optical absorption transitions. The approximate peak energies and band widths
can be inferred and information about the transition moments (polarisation) is
gained, which otherwise could not be obtained if the optical transitions are
hidden under other absorption bands. A good example for this was recently

ve. If the absorption bands
h defect can be measured
In order to identify all
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1=3/2 1:312

NMR

Figure 9. Schematic representation of the optical detection of ENDOR. See text.

obtained while studying the analogues of the T1°(1) centers with Ga and In in
alkali halides (Ga’(1)- and In%1)-centers). Their optical bands could never
have been detected otherwise since, due to a lack of fluorescence, the usual
exitation spectroscopy of emission bands could not be applied and the bands
were totally buried under other absorptions (29). Similarly, the optical absorP”
tion transitions associated with [AlO,|-centers in crystalline quart? (smoky
quartz) could be determined and an old question settled (30).

Another type of interesting excitation spectroscopy can be applied in semi-
Co“d“F‘OTS- If, e.g.. a deep-level defect is paramagnetic in semi-insulating
material. where the Fermi level is approximately in the middie of the gap- the
same defect becomes diamagnetic if by an additional doping of shallow accep”
tors the Fermi level is lowered to near the valence band. Then no MCD €37 be
meassfred. since the defect level is empty. However if. in @ double-beart
experiment, electrons are excited from the valence band into the defect level.
the MCD reappears. Thus, one can determine the level position relative 1© the
valenc.e band by measuring the photon energy for which the MCD reappears
and with it the ODEPR spectrum. In this way a correlation can be established
between the energy levels and the EPR spectra. This photo-ODEPR techniqueé
was recently applied for the first time. In GaAs the EPR spectrui of aniot
::tlme defects was .investigatcd with this method and the energy levels of two0
T e
preparation). ines (B. K. Meyer and J.-M. Spacth, manuscript !
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Signal
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Fi.g.me 10. Section of the optically detected ENDOR spectrum of Asg, defects in
?Ssemlqnsulating GaAs, at T = 1.5 K, with By ina (110) plane. The lines are due to five
As ligands.

4. Optically Detected ENDOR (ODENDOR)

The method of optical detection via the MCD recently proved to be very
appfopi”iate for resolving shf interactions in ENDOR. Figure 9 shows sche-
mat.ma“y the principle of this experiment for the case of one central nucleus
“With] = 3/ and one ligand / with [ = 3/2 as in the case of the anion antisite
defects in GaAs (7(As) = 3/2) in which As occupies a Ga-site (Asg,). These
défecm were observed also with ODEPR (31). The EPR selection rule AM, =
0 implies, that only a fraction of the spin packets can decrease the MCD. since
the microwaves induce transitions only between a particular combination of
M. and M, states. If an additional NMR frequency is simultaneously applied.
Wwhich Combines the M, , states with its neighboring ones. then more spin
Packets are shifted into the microwave pump channel and contribute to the
decrease i MCD. Thus, with such an NMR resonance, the decrease of the
MCD i enhanced, and this is monitored (32). Figure 10 shows a section of the
ODENDOR spectrum of Asg, defects in semi-insulating “as-grown” GaAs due
1 the shf interaction with five As ligands (33).

Unlike in conventional ENDOR, it was found that the ODENDOR effect is
of the same order as the ODEPR effect. This is, apart from the sensitivity
enhancemen through the optical detection, a great advantage compared.to
Onventional ENDOR. However, quantitatively, the size of the observed sig-
nals is not vet understood. There is yet little experience for this kind of
CXperiment. For Asq, defects in GaAs the ENDOR signal was highest when
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measured in the flank of the ODEPR line, while for antisite defects in GaP the
size of the ENDOR signals followed the shape of the ODEPR line. The latter
would be expected from a simple hole-burning model, in analogy to coi-
ventional ENDOR. According to the latter theory, the degeneracy of the
nuclear spin states, which determines the ESR line shape, should also dete'r-
mine the ENDOR signal heights when measuring them by varying the magnetic
field through the EPR line. What happens in GaAs is not yet understood.

The ODEPR effect for Asg, centers in GaAs is too great by at Jeast one order
of magnitude compared to the mechanisms discussed so far (31). The deg’east;
of the MCD in each of the four As hf lines is about 20%, suggestive ©
homogeneous EPR lines, since the total change of the MCD amounts to ap-
proximately 80%. As the ODENDOR measurements showed, hOfW"er* the
EPR lines are inhomogeneously broadened. There is no explanation yet75f0r
such behavior. Possibly, the dynamical nuclear polarisation of the central A;
nucleus plays an important role. Altogether, more experience is needed wit
ODENDOR, and a theory to explain the effects observed so far needs to be
developed.

Similarly, as for ODEPR, the ‘MCD tagged by ENDOR’ can be measu'rcd,
correlating optical bands with one ENDOR line. Therefore, with this techmq.“e
details of the defect structure as resolved with ENDOR can be correlated with
optical properties of the defect.

. . R
More experience is available with ODENDOR in triplet state ODM
spectroscopy (34).

. ce
For a general recent review on ODMR, the reader is referred t0 referen
(35).

Conclusion .

For structure determination of point defects, the use of magnetic n.lulnple;
resonance methods is very powerful. The availability of modern €XPer'f’1€nta
techniques makes it possible also to tackle difficult problems interesting for
materials science. The development of these methods is by no means complete
In particular the optical method can be extended further, to time'r?ml‘ved
measurements and to experiments where a spatial resolution of defect dlstrlt')ll‘;
tion can be measured. The increase in sensitivity can be driven further, whic
is of particular interest for defect studies in thin layers or interfaces.
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