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Recent Developments of ENDOR Spectroscopy in the
Study of Defects in Solids

BY J.-M. SPAETH

1. Introduction

Point defects such as impurity atoms or ions or intrinsic defects
such as vacancies, interstitials or anti-site defects in binary
crystals or aggregates of these defects very often determine the
bulk properties of a solid. This is the case in, e.g., ionic crys-
tals or oxides and is particularly important technologically in
semiconductors. Therefore it is of prime interest for materials
science to have methods that are able to determine the defect
structures. Radiation damage to solids and detection of ionising
radiation are other fields where knowledge of the structures of the
defects created and their interactions is absolutely necessary

Magnetic resonance is the most powerful technique for determining
defect structures of point defects. Electron spin resonance (ESR) is
a widespread method, but unfortunately suitable only in particularly
favourable cases. It turns out that a combination of electron spin
resonance and nuclear magnetic resonance, electron nuclear double
resonance (ENDOR), is the most powerful tool, provided it works for
the specific defect under investigation. In cases of interest to
materials science, ENDOR spectra are mostly very complicated. This
may be the reason why ENDOR spectroscopy in solids has not become
more popular. Computer assisted experiments and analysis of spectra
have, however, together with advanced ENDOR methods, made ENDOR
spectroscopy in recent years quite feasible and of practical use
beyond simple model cases, for which this spectroscopy was
originally applied following its discovery in 1959.1

The aim of this Chapter is to described briefly the present
possibilities of ENDOR spectroscopy for investigating point defects
in solids. It is attempted to discuss and illustrate what can be
done without going into great detail, especially with respect to a
precise analysis of the spectra, which would be beyond the scope of
this Chapter. The examples used to illustrate the methods are, for
convenience, largely taken from recent work of the Paderborn group.
Therefore, this is not a review article in the sense of summarising
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90 Electron Spin Resonance

all work done in the field. It is furthermore assumed that the
reader is familiar with the basic concepts and the realisation of
electron spin resonance which will not be discussed. The fundamental
ideas of ENDOR will be briefly described as well as the basic
methods of analysing ENDOR spectra.

This article does not deal with the possibility of measuring
ENDOR using electron spin echo methods. These methods have certain
advantages, especially at low frequencies, but have also serious
disadvantages, in particular in the regime of broad ESR lines and
high ENDOR frequencies. The reader is referred to recent articles by

Schweiger for these experimental methods.2

2. Structure Determination of Defects by Magnetic Resonance
The possibility of determining defect structures by magnetic
resonance spectroscopy is based on the measurement of the magnetic
interaction between the magnetic moment of the unpaired electron(s)
or hole(s) of the defect and the magnetic moments of nuclei
belonging to the 'impurity' atom of the defect (if any) and the
atoms of its surrounding lattice. This interaction is usually called
hyperfine (hf) interaction if it occurs between the unpaired
electron (hole) and the central nucleus of an impurity atom, if such
a defect is under study, and it is called superhyperfine (shf)
interaction or ligand hyperfine (1hf) interaction if it occurs
between the magnetic moment of the unpaired electron (hole) and the
magnetic moments of the nuclei of the surrounding lattice. In Figure
1 a schematic representation of a defect is shown, in which the
electron spin and the nuclear spins are indicated. The hf
interaction is often resolved in ESR and if the impurity nucleus
occurs in several magnetic isotopes then a chemical identification
of the impurity is easily possible by taking advantage of the known
magnetic moments, the ratio of which determines the ratio of the
observed hf splittings (see below) and by measuring the ESR signal
intensities, which reflect the natural abundance of the different

isotopes. Unfortunately there are important and common impurities,

like oxygen, where over 997 of the isotopes are non-magnetic, In

such a case, a specific doping of a magnetic isotope (e.g., 170) may
be necessary.

The g-~factors (g-tensors) of the ESR sSpectra contain also
information on the defect structure, mainly on its symmetry, For a

pPrecise structure determination, apart from symmetry, the g-factor
enough reliable information, since

excited state energies are involved in the g-factor analysis, which

analysis usually does not yield
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Figure 1 Schematic representation of a defect in a solid. The unpaired elec~
tron spin, the electron spin density distribution and the nuclear
spins of the lattice nuclei are indicated

are mostly not known.3™3

If it were possible to measure the nuclear magnetic resonance
(NMR) of the nuclei of the surrounding lattice, the local magnetic

fields seen by the nuclei would just give the required information

on the defect structure, since it is a superposition of the applied

static magnetic field and the field equivalent of the shf or 1lhf

If the local fields of all the nuclei were known
the

interactions.
together with their symmetry relation to the defect site,
structure of the defect including the presence of vacancies and
lattice distortions could be derived. Unfortunately, however, NMR is

not sufficiently sensitive. One needs at least about 1019 nuclei

like protons to measure NMR, while one deals with defect

concentrations of 1016 cm_3 and less and sample volumes usually well

below 1 cm3.
In ESR the shf is mostly not well resolved. If at all it is

resolved usually only with the nearest neighbour nuclei. Therefore,
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ESR spectroscopy is often suitable for inpurity identification by a
resolved hf interaction, but not for a precise microscopic structure
determination. In fact, recently in GaAs several ESR spectra were
observed with the same central /JAs hf splitting and almost the same
line width, which all belong to different defect structures. These
different defects have only one common feature; an arsenic anti-
site, i.e., an arsenic atom on a Ga-site is involved. However, the
rest of the structure is different.® By measuring only ESR one can
be badly misled

A higher resolution for the shf interactions and a higher
sensitivity than obtained in NMR is achieved by measuring ENDOR.!
The NMR transition of neighbour nuclei coupled to the unpaired
electron causes a change of the electron spin polarisation under
suitable experimental conditions (partly saturated ESR), which can
be detected as ENDOR signals (see below). Thus, the NMR transitions
are detected using a quantum transformation to higher quanta, the
ESR microwave quanta, which results in a higher sensitivity.

It must be noted that by resolving the shf interactions and the
ligand quadrupole interactions one can determine the number and the
symmetry relation of neighbour nuclei with respect to the defect
centre and also the coupling constants such as shf and quadrupole
constants. It is not, however, possible to determine from the
coupling constants the distance of the identified nuclei from the
defect centre without having a theoretical wave function for the
defect electron (hole) or without assumptions about the radial part
of this wave function, e.g., whether it falls off monotonously with
distance from the defect core. This is very often the case but not
always. Especially for shallow defects in semiconductors there may
be oscillations of the unpaired spin density with distance. If a
reasonable assumption about this radial part can be made, then a
clear defect model can be derived unless there are special symmetry
conditions in which one cannot decide between possible sites. This
is, e.g., the case for the substitutional and the tetrahedral inter-
stitial site in the diamond structure. There the same symmetry type
of neighbour nuclei occurs, only with a different sequence, If
nothing is known about the wave function,

site from ENDOR alone. Such a case occured for instance recently for
chalcogen defects in silicon.”

one cannot decide on the

3. Hyperfine and Superhyperfine Structure of ESR Spectra

ESR lines can be split by hyperfine (hf) and superfine (shf)

interactions. It is this splitting which gives most information on
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the microscopic nature of the defects in ESR. The hf and shf

interactions are described by the respective hf (shf) tensors A and
the spin Hamiltonian

P

H = 8eBeBoS + 2(T;K;5 - g1, 1B,4BoI;) (3.1)
1

The sum runs over all nuclei with which the shf (hf) interaction is
measured. g, is the electronic g-factor, 8, the Bohr magneton, B,
the nuclear magneton and gy the nuclear g-factor.

For the simple case of an isotropic g-factor, S = 1/2 and for
only one nucleus interacting in perturbation theory of first order

one obtains for the ESR transitions frequencies:

hvgsg = 8eBeBres + mrA(8) (3.2)

where A(6) denotes that the hf interaction is in general angular
dependent, i.e., it depends on the relative orientation of the

external magnetic field and the principal axes of the hf tensor.

For the simple case of I = 1/2 there are two values of the

nuclear spin quantum number my = +1/2. Since in the experiment Vggp

is kept constant, there are two resonant fields, which are separated

by A(08)/geBe-
Figure 2 shows how an hf interaction can be used for defect

identification for the example of Tet defects in Si.8 927 of the Te

isotopes are diamagnetic and give rise to the central ESR line near

3500 G (measured in X-band) corresponding to ge = 2. The two mag-

netic isotopes 1257 (7% abundant) and 1237¢ (0.9% abundant) both

have I = 1/2 and according to equation (3.2) a doublet splitting
The ESR line intensities follow the isotope abundance and the
relative splittings are in the ratio of the respective nuclear
moments (see below). Therefore the defect is unambiguously iden-
tified as being due to Te impurities. However, no further structure
due to the shf interactions is resolved. Therefore, the site of Tet
in the lattice cannot be determined from ESR.
Figure 3 shows the ESR spectrum of atomic hy
stitial sites, and on cation and anion vacancy sites in kc1.9 The

central hf splitting with the proton (I = 1/2) is in all three cases

drogen on inter-

practically the same and nearly that of the free hydrogen atom. Only

for the interstitial site is a shf interaction with nearest neigh-

bours resolved. The substitutional sites cannot be inferred from the
ESR spectrum. They could be established only by resolving the shf

interactions with ENDOR experiments.10

The intensity ratio of the shf lines is a characteristic feature
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Figure 2 ESR spectrum of Te' centres in Si. The g-factor is isotropic. The hf
splittings are due to the two magnetic isotopes 1257¢ and 1237 with
I = 1/2. (After ref. 8)

and can be used to determine the number of interacting nuclei and
their spin. Especially if there are several nuclei with the same shf
interaction, which can occur for a specific orientation of the
magnetic field, one can define a total nuclear spin N+I, which leads
to a (2NI+1) fold splitting of the ESR spectrunm.

level scheme and the transitions for N = 1, 2 and 3 in the case of I
= 1/2.

The relative ESR signal height is given by the statistical
weights or degeneracy of the levels. For N =3 they are 1:3:3:1 for
the four equidistant shf lines,

Figure 4 shows the

For four equivalent nuclei of I =
3/2 the weights are 1:4:10:20:31:40:44:40:31:20:10:4:1 for the thir-
teen shf lines. This is what is observed in Figure 3 for the inter-

stitial atomic hydrogen in KCl, which interacts predominantly with

four nearest 35C1 nuclei, which have I = 3/2.

The hf and shf tensors are determined in their principal axis
system from an analysis of the angular dependence of the ESR

spectra.3"5- It is convenient for the discussion below to decompose
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Figure 3 ESR spectra of three atomic hydrogen centres in KC1. Bo//<100>. T =
77 K. The hydrogen atoms occupy interstitial sites (H%—centres),
cation vacancy sites (HK—centres) and anion vacancy sites (Hg—
centres). The splitting due to the hyperfine interaction with the
proton is almost that of the free hydrogen atom. (After ref. 9)

the hf (shf) tensors into an isotropic and anisotropic part accord-

ing to:
i = (a'T +'f3) (3.3)
b = 1/2B,, (3.4)
b' = 1/2(Byy - Byy) (3.5)

(shf) constant (Fermi contact term), b

where a is the isotropic hf
describes the deviation

is the anisotropic hf (shf) constant and b’

of the tensor from axial symmetry. X, Y. z is the principal axis
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Figure 4 Flectron Zeeman level scheme for an electr

on with shf coupling to
three equivalent nuclei with I = 1/2 and the resulting ESR
transitions

system, whereby the largest interaction is along the z-direction.

A discussion of the interpretation of the hf (shf) interaction is
beyond the scope of this Chapter.

standing of the following discuss
necessary.3'4

However, to facilitate under-

ions some introductory remarks are

wave function of the defects and the nuclear moments of the nuclei.

In a simple one particle approximation the isotropic constant, a, is
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given by:
a; = Zu B B | 2
1 3H08e"e81Fn W(rp)| (3.6)

where y(r) is the wave function of the defect, w(rl) its amplitude

at the site ry of a particular nucleus. The anisotropic tensor

elements are given by:
By = M0geBesrBafRxixe - —3850) [W(e)|? @V (3.7)
4 r r

where r is the radius vector from the nuclear site of concern
(origin) where the origin is squared in the integral of equation
(3.7). Thus, the hf constants are proportional to gy and therefore

the interaction constants of different isotopes must be in the ratio

of their respective gy factors. This was used for the identific-

ation of Tet defects in Si.

Tn solids the shf structure of defects is usually not, or only
partly, resolved in ESR. The reason is not because it is too small,
but because the ESR spectrum is a superposition of too many shf
re not very different from each other.

= 1/2 defect and

lines with splittings, which a
In Figure 5 this is schematically shown for a S

interactions with two shells of equivalent nuclei,
respectively. For

each of which

contains nj; and nj nuclei with spin I and Iy,

both electron Zeeman levels there are N = (2n1°11+1)(2n2-12+1) sub-

levels and therefore there are up to N ESR transitions.
however, only four ENDOR

which follows

If there is

no quadrupole interaction, there are,

transitions, two for each shell of equivalent nuclei,

from the ENDOR selection rules as NMR transitions (see below).

Taking into account more interactions, then an exponential increase

in the number of superimposed ESR lines results, which are no longer

resolved. For solid state defects interactions with up to ten shells

What the ESR shows is only the

of neighbour nuclei are not unusual.
‘inhomogeneously'

envelope of all the shf transitions yielding an
broadened ESR line. Figure 2 is an example of this; the width of the
Tet ESR lines is due to unresolved shf interactions with many shells
of 2951 puclei. In ENDOR there are only two lines for each shf
coupled nucleus with distinguishable shf interaction (for S = 1/2).

In ENDOR there is therefore an excellent resolution of shf

interactions.

4. Electron Nuclear Double Resonance (ENDOR)

4.1 Stationary ENDOR - There are two methods of measuring ENDOR, if
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one does not include spin echo techniques. The dispersion method is
suited for especially long spin lattice relaxation times, T;. The
other is the stationary ENDOR method, which is the more versatile of
the two. The former was introduced by Feher,1 the latter by
Seidel.ll, 4 quantitative description of both methods is difficult,
since for solid state defects the situation is so complicated with
regard to relaxation paths and couplings that as yet there is no
good general quantitative understanding of the ENDOR effect. Since
the purpose of this Chapter is to show the application of ENDOR to

Superhyperfine structure

shell I shell II
ny equivalent nuclei N, equivalent nuclei
with Spin I, with Spin I,
#n1I1 D___.'_+n212
f v ; N
p e
NI I,
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Ny I1 E
hvgl1)
m n Ve n
s MU: Enh ess| evee] jeee M12= Enh
1 1
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Figure 5 Electron Zeeman level scheme for an electron with shf coupling to
several shells of equivalent nuclei. The ESR line is an envelope over
all shf lines, which usually are not resolved any more due to the
large number of superimposed lines
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the determination of defect structures, only the more commonly used
stationary ENDOR is discussed by means of a simple working model to

illustrate the experiments carried out.

Figure 6 shows for S = 1/2 and one nucleus with I = 3/2 schemat-

ically the allowed ESR transitions with resolved shf structure. In

s=V2 132 m

=12 W

ESR ' ENDOR
(AmI=O;AmS:t1) | (AmI= _+_‘|;Ams=0)
A
%
m :-10 | v- "1/2 C

1/2 D
%

g'elp_.aws hf

ESR .
B[107'T]
A
Ge
me=+V5 me=-%

enDoR | i\
v[MHz]
I,‘VN—“.—VN j
§1F Wshf
hV;ENDOR':‘%WShf s 91 uKBOI

VN=1F 91k Bo

Figure 6 FEnergy level diagram to explain stationary electron nuclear double
resonance (ENDOR) (see text)
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an ENDOR experiment one of the allowed ESR transitions is partially
saturated, that is one chooses a microwave power sufficiently high
so that the transitions probability, Wyw = YB%, is of the order of
or larger than the spin lattice relaxation rate, WepEL = 1/Tq (v is
the gyromagnetic ratio of the electron and By the microwave field
amplitude). If this is the case then the spin population of the
levels connected by the microwave transitions deviates from the
Boltzmann equilibrium distribution. If wMW>>WREL' then these levels
become equally populated. This results in a decrease and ultimately
disappearance of the ohbservable microwave absorption, since micro-
wave absorption and emission probabilities are equal. The levels not
connected by the microwave transitions are not affected. Therefore,
e.g., the level population mg = +1/2, my =+1/2 is now inverted with
respect to the level m = +1/2, my = -1/2 (see Figure 6). If these
two levels are connected by an NMR transition, the level populations
can be equalised, which results in a population decrease of the
level mg = +1/2, my = +1/2 leading to desaturation of the (partial-
ly) saturated transition mg = -1/2, my = +1/2 to mg = +1/2, mp =
+1/2. This desaturation has been monitored. It occurs for two NMR
frequencies in the example in Figure 6 since the NMR frequencies for
mg = +1/2 and mg = -1/2 are different (see below). Thus, each
nucleus gives rise to two ENDOR lines (for S = 1/2). A cross relax-
ation T, (see Figure 6) allows the stationary observation of the
desaturation (stationary ENDOR).11 If several nuclei with the same
or similar interactions are coupled to the unpaired electron, then
the ESR pattern becomes complicated and the shf Structure is usually
not resolved. In ENDOR all nuclei with the same interaction give
rise only to two (for S = 1/2) ENDOR lines, which greatly enhances

the resolution. ENDOR lines, like NMR lines, are typically 10-100
kHz wide,

ESR 1lines.

about three orders of magnitude narrower than homogeneous
Thus in ENDOR one uses the sensitivity enhancement due to
8 quantum shift from frequencies of the order of MHz to the micro-
wave frequencies of the order of GHz and the increased resolution

power due to the smaller NMR linewidth and the reduction in the
number of lines,

Figure 7 shows as an example ENDOR lines (ESR desaturation) of

1 .
the nearest !9p neighbours of F(C17) centres in SrFC1 (for mg = -

1/2), where the unpaired electron occu

structure model of BaFCl, which has the same structure, is contained

pies a Cl1~ vacancy. The

in Figure 18.

4.2 Analysis of ENDOR Spectra ~ In general, there is besides the



4: ENDOR Spectroscopy in the Study of Defects in Solids 101
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Figure 7 ENDOR lines due to the nearest 19g neighbours of F(C1™) centres in

SrFC1
shf interaction a quadrupole interaction if I>1/2 for the interact-

ing nuclei. This interaction is due to the interaction between the
electrical field gradient at the site of a nucleus and its nuclear

quadrupole moment. Therefore the spin Hamiltonian describing the

ENDOR spectra is:

H = g.BegBgS + §(SA111 - 81B1BgI; + I1,0;Iy) (4.1)
The sum runs over all nuclei interacting with the unpaired electron.
For simplicity it is assumed that g, is isotropic (which is
generally not the case). Q is the traceless quadrupole interaction

tensor with the elements

eQ a2y
(4.2)

Qix =
He T hrcer - 1) dxydx [T =0

where Q is the quadrupole moment and V the electrical potential. The
spectra are usually analysed in terms of the quadrupole interaction

constants:
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q = 1/2Q,,, q' = 1/2(Quy - Q) (4.3)

Yy

The selection rule for ENDOR transitions , like NMR transitions, is:

Amg = O, Amy = *1 (4.4)

If the shf and quadrupole interaction is small compared to the elec-
tron Zeeman term, then the quantisation of the electron spin is not
influenced by these interactions and the nuclei are independent of
each other. They can be treated separately and the sum in equation

(4.1) can be omitted. In purturbation theory of first order, that is
with the conditions

BirQip << a :ElgIBnBO (4.5)

s
v 5 + + 1nw 6
ENDOR =[5 I™s|Wsng * vy * gmgWq (4.6)

with the following abbreviations:

Wshf = @ + b(3cos?6 - 1) + b'sinZ6cos26 (4.7

WQ = 3 q(3cos?g’ - 1) + ¢'sin8'cos26’ (4.8)

where 8, § and 8', 8' are the polar angles of By in the principal

shf and the quadrupole axis system, respectively.

Vp = %gIBnBO (4.9)

where v is the Lamor frequency of a free nucleus in the magnetic

field By.
my = 1/2(my + m'y) (4.10)

where mg is the average of the two nuclear spin quantum numbers,

which are connected by the transition.

The basic concepts for the analysis of ENDOR spectra will be

described assuming that equation (4.6) holds for the frequency

positions of the ENDOR lines. This is in general not the case,

since both the anisotropic and quadrupole interactions can become

too large with resect to the isotropic term and g-anisotropies as

well as the fine structure interaction can influence the spectra. A

detailed discussion of the complications is beyond the scope of this

Chapter. Some particularly important consequences of higher order
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contributions to the frequency positions will, however, be discussed
below.

Figure 8 shows and ENDOR spectrum of interstitial atomic hydrogen
in KC1 for BO//(IIO), the ESR spectrum of which is shown in Figure 3
[for BO//(IOO)]. The ENDOR spectrum contains the interaction with
the nearest Cl—neighbours.9 The identification of the chemical
nature of nuclei can be achieved in various ways. According to
equation (4.6), for S = 1/2 and no quadrupole interactions, each
nucleus gives a pair of lines separated by 2v, if 1/2W_ ,¢>hv, and by
Wsnhg if hv >1/2W ne. Since v, can be calculated according to
equation (4.9), the nuclei can be identified either from the line

pairs separated by 2v_ or by symmetric line patterns about v,.

v,

65 70 80 90 100 120 140 160 MHz 180
frequency

Figure 8 ENDOR spectrum of the nearest halogen neighbours of interstitial

atomic hydrogen centres in KC1.By//<100>. (After ref. 9)

If there are several magnetic isotopes present (such as 37¢1 and
35¢1 in Figure 8), then their line positions must be in the ratio of
their respective nuclear moments (if Q = 0). The line intensity
roughly reflects the isotope abundance. Unfortunately, the ENDOR
line intensity is very little understood quantitatively in solids
due to the many and complicated relaxation paths. Therefore, the two
lines according to equation (4.6) of each nucleus cannot always be
observed. in particular for low frequencies in stationary ENDOR.
However, on shifting the magnetic field through the ESR line the
ENDOR line positions are also shifted according to equations (4.6)
and (4.9). The ENDOR line shift is due to the shift of v, and is
thus proportional to gy, which is characteristic for a particular
nucleus. If the ESR linewidth does not allow a big enough ENDOR 1line
shift to be detected (which depends on the ENDOR linewidth), then
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one can either do additional experiments with a different ESR band
(e.g., K-band or Q-band) or change the resonant frequency of the
cavity by inserting material of a suitable dielectric constant and
changing the microwave source frequency accordingly.

If there is a quadrupole splitting, then each 'hf' ENDOR line is
split into a characteristic multiplet, e.g., for I = 3/2 into a
triplet. This is easily recognised in Figure 8 as a triplet struct-
ure of each of the ENDOR lines.

In order to determine the defect structure and the interaction
parameters, the dependence of the ENDOR line positions upon variat-
ion of the magnetic field with respect to the crystal orientation
must be measured and analysed. This is the major problem in an ENDOR
analysis and the essential tool for the determination of the defect
structure.

Figure 9 (a)-(c) show such an angular dependence for a cubic
crystal, such as an alkali halide, calculated according to equation
(4.6) for the first three neighbour shells of a defect on a lattice
site. The patterns are characteristic for (100), (110), and (111)
'symmetry' of the neighbour nuclei. For each mg value such a pattern
is observed. From the number of such patterns, according to equation
(4.6) one can infer the electron spin of the defect and thus often
its charge state.

Each nucleus has its own principal axis system for the shf and
quadrupole tensors. Often, their orientation in a crystal is deter-
mined by symmetry. Otherwise, they must be determined from the
analysis of the angular dependence of the ENDOR spectra. If the
defect centre (impurity) and the respective nucleus are in a mirror
plane, then two principal axes must be in this mirror plane. If the
connection line between the nucleus and the centre is a threefold or
higher symmetry axis, then the tensor is axially symmetric with its
axis in this symmetry axis. If the angular patterns are separated in
frequency, they are easily recognised and the analysis is fairly
straightforward.

Figure 10 shows such an angular dependence for substitutional Te¥
in Si (see Figure 2 for the ESR spectrum). In practice, one proceeds
as follows: one assumes a centre model and then calculates the
expected angular dependence according to the appropriate spin Hamil-
tonian making use of the symmetry properties of the assumed model.
Comparison with the experimental angular dependence then shows this
assumption to be true or false. The symmetry patterns of the
neighbour cells may not be easily recognised, if the first order
solution of the Hamiltonian is not sufficient. For the tetrahedral
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symmetry of a substitutional point defect in a diamond lattice or
zincblende lattice, the shf interactions of nearest neighbours
should give the simple pattern of Figure 11, If I = 3/2 for the
nearest neighbours and a small quadrupole interaction is present,
the pattern looks like Figure 11(b), where the quadrupole triplet
splitting of the ENDOR lines is easily recognised. However, for
larger values of the quadrupole interaction constant, 4, after diag-
onalisation of the spin Hamiltonian the pattern changes considerably
[Figure 11(c)] and its origim is not so easily recognised. It is
often this complication through quadrupole interactions that makes
the analysis difficult.

In the case of the diamond or zincblende structure (silicon or
III-V compounds) there is the particular difficulty in that the
symmetry of the substitutional site and tetrahedral interstitial
site cannot be distinguished as to the symmetry type of neighbour
nuclei with respect to both defects. There are neighbours with
(100), (110), and (111) symmetry of their temsors, only the seguence
is different in each case. From experiment only the symmetry type of
nuclei can be determined, not the distance of the nuclei from the
defect core. Here theoretical arguments about the site of the defect
or the character of the wave function must be taken into account
before establishing a definite mode1.12'13

If the agreement between the calculated angular dependence and

the experimental one is good, the analysis is unambiguously correct.

There are many more experimental data than parameters to be extract-
As an example of the result of such an analysis, Table
s of atomic

ed from themn.

1 gives the shf and quadrupole interaction constant

hydrogen on anion sites in I(Cl(ﬂg'a centres).10 The analysis unam-

biguously the site for the hydrogen aton fro
neighbour nuclei. The shf and quadrupole interaction constants could

ctions with high precision.
10,14

m the symmetry of the

be determined down to vary small intera
to be diagonalised numerically.

+ in Si (Table 2). Here the sequence of

Si neighbours is classified according to their symmetry types. As

tical arguments lead finally to an unam-
13

The spin Hamiltonian has
Another example is that of Te

mentioned above, only theore

biguous assignment of the Te¥ to the substitutional site.

In a straight ENDOR analysis only the relative signs of the shf

constants a, b, b' can be determined and also not the signs of the

quadrupole interaction constants with respect to the shf interaction

constants., With ENDOR-induced ESR and DOUBLE-ENDOR more can be

extracted from experiment about the signs of the interactions.

In solids a particular situation is met, if there are shf (and
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Table 1 Shf and quadrupole constants of Hg’a—centres in KC1 (in kHz), T = 40 K¥

Shell Constant Hg,a
39KI a 253
b 219
a 198
350111 a 57
b 312
b’ -3
-88
q' -94
35C1IV a 37
b 54
q +45
39KV a
b 11
b' "o
03 26.0° + 0.2°
q +39
q' +17
q 13.5° ¢ 0.2°

*After ref. 10.

Table 2 Shf interactions of the Te' and S* centres with 2955+

Si:Tet si:st
Type a/MHz b/MHz b/MHz Osnr a/MHz b/MHz
111 17.7 9.8 32.7 12.0
11.4 0.47 9.0 0.62
1.3 0.03 2.94 0.02
100 4.6 <0.005 <0.005 2.04 0.05
1.8 0.02 <0.005
110 2.83 0.51 -0.08 53.1 8.94 0.47
5.26 0.21 0.12 67.1 3.84 0.42
9.52 -0.09 ~0.03 0 4.77 0.03
1.95 0.1 0.02 -5
2.46 0.04 <0.005 50.9
0.9 0.04 <0.005 47.6
0.67 0.04 -0.01 47.2

*After ref. 7,

Experimental error is about $0.01 MHz; 6., given with respect to a [110] axis.
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quadrupole) interactions with several neighbour nuclei, which have
exactly the same interactions both with respect to their interaction
parameters and tensor orientations with respect to the magnetic
field orientation Bg,, e.g., if they are all precisely equivalent
Then an additional line splitting can occur, which can be quite
confusing if not recognised as such (shf splitting of second order).
The splitting pattern can be quite complicated. If there is only an
isotropic shf interaction (or b << a) the the splitting between the
ENDOR lines is of the order of a2/2geBeBO. For small interaction
constants it is hardly seen but it can show up clearly for large
interactions (for a/h = 100 MHz, the splitting is of the order of
500 kHz).15 In particular, if b and q are not small with respect to
a, rather large splittings and a complicated pattern can occur. A
recent example shows this in the ENDOR spectrum for the Ga-vacancy
in GaP (Figure 12). For the particular orientation of By//<111> one
would expect without this shf structure of second order only four
ENDOR lines due to the four nearest 3lp neighbours, since for each
mg-value By is parallel to the shf axis of one neighbour, the other
three have the same angle with respect to By, thus yielding only two
ENDOR lines. In the frequency range of Figure 12 there should be
just four lines observed due to the four equivalent 31lp neighbours
for mg = £3/2, There are, however, nine lines observed with large
splittings of the order of several MHz., At first it was not clear
whether the vacancy is distorted or not. The distortion could also
give rise to splittings. DOUBLE-ENDOR experiments showed, however,
that this splitting is due to the shf structure of second order. A
full diagonalisation of the spin Hamiltonian for the case of four
equivalent nuclei confirmed that the splitting is due to second
order effects.l®

In practice, another fact renders the ENDOR analysis rather
difficult. If there are many lines due to one defect within a narrow
frequency range, as is the case, e.g., for the atomic hydrogen
centres on anion sites, then an analysis is only feasible by employ-
ing computer aided methods., Figure 13(a) shows the angular
dependence of these centres. Another example is that of Ni3* in GaP,
where for each magnetic field orientation over 600 ENDOR lines were
observed.l7 The angular pattern can also become complicated due to
many centre orientations of low symmetry defects and due to the fact
that the angular dependence must be described by a complete diagon-
alisation of the spin Hamiltonian. The result of this for the

hydrogen centre is shown if Figure 13(b) using the shf and quadrup-
ole constants of Table 1.
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.3 .3
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‘ DOUBLE -ENDOR

WJ\W I\M/\" ph P

ENDOR

Bo || 1111
» !

230 250 270
FREQUENCY / MHz

Figure 12 (lower trace) ENDOR lines of 31p pearest neighbours of the gallium
vacancy (VGa) in GaP.B approximately parallel to <111>; (upper

trace) DOUBLE-ENDOR lines. (After ref. 10)

Because of this, with conventional ENDOR spectrometers only comp-
aratively simple problems could be solved. In complicated cases the

angular dependence must be measured in small angular steps and due

to a low signal-to-noise ratio, as is often observed, the exper-

iments must be repeated many times. In recent years considerable
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field in a (100) plane between <100> (0°) and <110> (45°). (left)

(right) calculated angular dependence with the shf and quadrupole constants

Table 3 and experimental data. (After ref., 10)
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Experimental results;
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Figure 13 Angular dependence of the ENDOR lines of atomic hydrogen centres on anion sites in KC1 for
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progress has been made by setting up computer controlled ENDOR
spectrometers and by using computers for the data processing and

analysis of the spectra.

4.3 Experimental Aspects. - The possibility of observing a station-
ary ENDOR effect from solid state defects depends mainly on two
essential parts of the spectrometer: (i) a suitable ENDOR cavity,
which allows the generation of a strong enough rf amplitude B, with-
out the quality factor Q of the cavity being affected too much,
since the microwave amplitude B; must be high enough partially to
saturate the ESR signal; (ii) a cryosystem, which allows variation
of the sample temperature in a wide range, preferably between 1.5 K
and room temperature., If the rf field is produced by a coil, in

which rf current flows, one needs a TM-mode cavit:y.ls'19 A partic-

(N

T

Figure 14 ESR/ENDOR resonator for variable low temperature measurements from 3-

300 K. The cylindrical resonator works in the TEjp; mode. 1: rf
connection; 2: tube to insert sample; 3: tube for helium exhaust gasi
4: resonator wall; 5: insulating rings (Teflon); 6: 4 silver tubes:

7: microwave guidess; 8: iriss 9: heat exchanger; 10: l1iquid helium

supply. (After ref. 21)
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ularly useful cavity construction is that of Figure 14, where the rf
current flows through solid rods in a TEg11 resonator.20:21 The
reason for the need to vary the sample temperature in a wide range
is that, in order to observe the stationary ENDOR effect, the
electron lattice relaxation rate l/Tl, the electron cross relaxation
rate 1/T, and the microwave transition rate for saturating the ESR
transitions must all be of the same order of magnitude and they must
be in certain relations with respect to each other. Because of the
complex relaxation scheme in solids the optimum experimental condit-
ions cannot be predicted. The best way is to be able to vary both
microwave power and temperature and find experimentally the optimum
conditions. Experience shows that often ENDOR measurements are poss-—
ible only in a very narrow temperature range. The temperature must
be neither too high nor too low, and this temperature range varies
with the defect system. As a general rule, s-type electron ground
states require higher temperatures (typically 30-70 K), p-type
ground states (hole centres, acceptors in semiconductors) rather low
temperatures. The availabilty of suitable cavity-cryostat combinat-
ions for solid state investigations is the most serious deficiency
of commercial ENDOR spectrometers,

Since at low temperatures the nuclear spin lattice relaxation
times are long, one cannot afford to use fast modulation of the rf
fields. It was therefore first successful to build superheterodyne
spectrometers, which were sensitive also for low modulation frequen-
cies (20-1000 Hz), Since, however, the low noise microwave amplif-
iers has becone available, its use to preamplify the signal before
the microwave diode has proved to be approximately as sensitive as a
superheterodyne setup with the advantage of being able to use the
more simple and carefree homodyne spectrometers.22

The fact that in practical cases of interest many ENDOR lines
appear and that the angular dependence of the ENDOR lines must be

measured in small angular sSteps, which means continuous measurements

for several weeks, called for computer aided techniques both for the
experiment and for the analysis of the spectra. In the computer con-
trolled ENDOR spectrometer the computer controls the following para-

meters: rf (NMR) frequencies, magnetic field, crystal orientation,

sample temperature, and cavity matching. Thus, the angular depend-
ence can be measured automatically,
ature.

also as a function of temper-
A full angular dependence can take up to several weeks of
continuous measurement. The ENDOR lines are stored in the computer
and with specially developed software (see below) their positions

can be determined automatically and a computer plot of the angular
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dependence can be made. Figure 13(a) is such a plot.
The application of digital methods to the processing of the

experimental data is summarised in Figure 15 for the example of

S/m¥
3

30
25
20

a)

2 4 6 8 10 12
Frequency/MHz

b)

3 4 S 6 7 8 9 10 1
Frequency/MHz

3 4 S 6 7 8 9 10 1
frequency/MHiz

0.3 d) .
0.2 .

3 4 s 6 7 8 9 10 1
Frequency/MHz

0

Figure 15 Digital data processing for an ENDOR spectrum of interstitial Fe
centres in silicon. (a) spectrum as measured; (b) subtraction of the
strong ENDOR signal at v, (295i) aue to distant nucleis (c) sub-
traction of a smooth background line; (d) digital filtering and
application of the peak search algorithm. (After ref. 23)
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O centres in §i.23 Figure 15(a) shows the ENDOR lines

interstitial Fe
of interest between 6 and 8 MHz, which are very weak compared to the
"distant ENDOR' due to the 29Si nuclei with very low interaction and
to a strong background signal. The latter and the distant ENDOR must
be subtracted in order to deal better with the lines of interest.
With a special algorithm the background is subtracted; it does not
assume a particular form of the background. It 'eliminates' the
sharp peaks from the rest, which then is subtracted from the total
spectrum.2% The resulting spectrum is that of Figure 15(c), which
contains a number of ENDOR lines and, of course, noise. The signal-
to-noise ratio of ENDOR spectra is usually not too good. The ENDOR
effect in solid state defects is mostly below 1% of the ESR signal.
Low defect concentration and the limited ENDOR effect are the major
reasons for the poor signal-to-noise ratio. Here the use of digital
filtering has proved to be very advantageous. The major concept is
to smooth the spectra without disturbing the signals. Conventional
RC-filters have a poor trade-off between noise reduction, signal
distortion and speed of measurement. A simple digital method would
be a running average algorithm, which replaces a data point by the
average of the original data points and its unfiltered left and
right neighbour points. This symmetric average over (2N + 1) data
points produces the classic noise reduction of any averaging process
of uncorrelated data. The idea can be improved by assigning differ-

ent weights to the neighbouring data points.

N
£[K] = I a[i].Y [K - i] (4.11)
i=-N

where Y denotes the unfiltered and f the filtered data points. The

weights a[i] describe the digital filter used. For a simple running
average one has

ali] = (2N1+‘1) (4.12)

If it is required that the filtering process conserves additive con-
stants, linear slopes, and parabolic peaks, area, second and third
moments and minimises noise under these constraints, it can be shown
that the weight function

3[(3N2 + 38 - 1) - 542
[C2N - 1)(2N + 1) (2N + 3)]

al[i] =

(4.13)

is optimal for any line shape.25 gy 4 filter is called a DISPO
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filter (digital smoothing with polynomial coefficient)26 Compared
to an RC-filter it typically decreases the signal distortion by a
factor of 20. For small signal distortion (1%) and equal scan speed
it reduces the noise by an additional factor of 5 compared to the
RC-filter.27,28

Figure 15(d) shows the application of such a filter to the
spectrum of Figure 15(c). The line positions are determined by a
special peak search algorithm in which the second derivative of the
smoothed spectrum is calculated. A peak appears where this has a
local minimum.2! This is exact for symmetrical ENDOR lines of
Gaussian of Lorentzian shape. The meaurement must make sure that the
line shape remains symmetrical for this to be applied. Therefore,
for this kind of ENDOR spectroscopy, the method of 'transient ENDOR
originally introduced by Feher1 is not applicable, since there the
line shapes are non-symmetrical,

When too many ENDOR lines overlap, the application of the peak

search algorithm is not sufficient. An improvement can be effected

by applying a deconvolution algorithm, which decomposes the spectra
in an iterative process, since the exact shapes and widths of the
single ENDOR lines are not known beforehand.

Figure 16(a) shows a section of a spectrum., After the application
of the deconvolution procedure one obtains Figure 16(b). In Figures
17(a) and (b) the ENDOR angular dependences of Hg,a—centres in KC1
with and without application of the deconvolution are compared. The
advantages of this procedure are clearly seen in the section between
1.45 - 1.50 MHz and 1.20 - 1.25 MHz. The angular dependence can be
followed much better and can be analysed. The analysis yields the
anion vacancy as the site for the HO atom, the values of the shf and
quadrupole interaction constants given in Table 1 being an example

of typical ENDOR results and their precision. The spin Hamiltonian

had to be diagonalised numerically.lo’14

4.4 Dynamical Effects, Defect Reactions and Rnergy Levels studied
by Endor. - By measuring the temperature dependence of ENDOR lines
one can study dynamical properties of defects. An example is the
influence of localised vibrations of atomic hydrogen centres ia
alkali halides on the ENDOR line positions,9'29'30 as well as the
influence of the structural phase transition in RbCdF5 on Mn2t
dEfeCtS-al’32 Defect reactions can also be studied by ENDOR.
Recently the conversion of F centres in KCl doped with F~ to FH(F')
centres was studied. The ESR spectrum of the new Fy(F) centre can-
not be distinguished from that of the F centre, but its ENDOR spec-
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a)

1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80
Frequency/MHz

Figure 16 Deconvolution of $pectra to enhance the resolution of ENDOR. (a)
spectrum as measured; (b) after application of the deconvolution
algorithm. (After ref, 21)

trum is very different. The structure of the FH(F') centre could be
established.33 Also, the aggregation of interstitial oxygen in Si to
form the so called 'thermal donors' showed up in ENDOR as a function
of the annealing time at 450 °c.36,37

It is often important not only to know the defect structure but
also its energy level. In Semiconductors this can be achieved in
samples where the Fermi level is below the level in question, which
is then not occupied by electrons and no ESR/ENDOR can be measured.
However, upon illumination with 1ight of variable energy it can be
occupied from the valence band and ESR/ENDOR measurements under the
illumination of the correct photon energy are possible. From the
onset of these photo-ESR/ENDOR experiments the level position can be

determined. A recent example is that of s*, set and (s-s)*t, (Se—Se)+
defects in §1,36,37
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5. Advanced ENDOR Methods

5.1 ENDOR-induced ESR. - Overlapping ESR spectra of different
defects cause overlapping ENDOR spectra. It can be very difficult if
not impossible to analyse their angular dependence, especially if
many ENDOR lines occur in a narrow frequency range. Furthermore,
there may be weaker ESR spectra buried under stronger ones having
observable ENDOR lines, which can be'analysed, but the ESR spectrunm
cannot be measured. The two types of F centres possible in BaFCl1l for
example are produced simultaneously. Their ESR spectra strongly
overlap (see Figure 18). In such a case one can measure a kind of
excitation spectrum of a particular ENDOR line belonging to one
defect, which gives an image of the corresponding ESR spectrum
belonging to the same defect (ENDOR~-induced ESR spectrum), This can
be seen from Figure 6. The ENDOR transitions can be measured by
setting By to any of the four shf ESR transitions for my = 3/2, 1/2,
-1/2 and -3/2, thus the ENDOR line intensity measured should follow
the ESR line pattern in the middle of Figure 6. According to equat-
ion (4.6), however, the frequency of an ENDOR line depends on v, and
therefore on Bjy. Because of this one must ‘correct' the ENDOR
frequency for the variation of By when varying By through the ESR
spectrum. This can easily be done with the computer controlled
spectrometer or other ways provided the corresponding nuclear gy
factor is known. In measuring the ENDOR-induced ESR spectrum one
monitors the ENDOR line intensity of a particular ENDOR line, while
varying the magnetic field through the ESR spectrum and correcting
the frequency position according to equation (4.6). The resulting
spectrum is an image of the (integrated) ESR spectrum of that defect
to which the ENDOR 1line (nucleus) belongs. In this way the ESR
spectra of different defects can be separated.

Figure 18 shows this for the two F centres in BaFCl., The two

ENDOR-induced ESR sSpectra were measured using 19F ENDOR lines of

both centres. If S = 1/2 and if no quadrupole interaction is exper-

ienced by the nucleus, the ENDOR-induced ESR spectrum corresponds to

the true ESR line shape, if the cross relaxation does not depend on

my and is not the dominating electron spin relaxation process. This
was observed in several cases.38

The line shape of the ENDOR-induced ESR spectrum is not neces-

sarily identical with that of the ESR spectrum. To discuss this let

us consider Figure 19, where the level scheme for the simplified

case S = 1/2, I = 3/2 ang Wshe and Wq # 0 is assumed. If one uses

the ENDOR transitions between levels A and B for the ENDOR-induced

ESR experiment, only the two ESR transitions between levels B and C
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BaClF C=

F(F7) 24

i
F(co) %;S
325 33 335 34 345
————= B/KkG
F(CI")
FIF™)
33 335 34 345

——— B/kG

Figure 18 Model of two F-centres in BaFCl [F(C1~) and F(F") centres], their
superimposed ESR spectra (derivative) and the ENDOR-induced ESR
spectra of both centres measured using a 19¢ ENDOR line of each
centre. (After ref. 44)

and A and D are affected. For instance, the partially saturated ESR

transition D-A is desaturated by the NMR transition A-B. Similarly,

the ESR transition C-B is experiencing a population change due to
the NMR transition A-B. The other two possible ENDOR transitions are
not affected. Thus, using any of the three quadrupole ENDOR 1lines,
only for two ESR transitions, the my states of which are connected

to the ENDOR transition, the double resonance condition is ful-

filled. They can only be seen as ENDOR-induced ESR spectra if the
following holds:
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(i) only the simple type of cross relaxation process (mg, my) (mg

=-~1, my = 1) occurs;

(ii) no significant relaxation takes place between different my
states within a given m, state.

An example of this is shown in Figure 20, where the two line ENDOR-

induced ESR spectrum was measured locking the ENDOR frequencies

successively to the three ENDOR lines of the Ba2t quadrupole triplet

of F(C17) centres in BaFCl. The assumption seews to hold quite well,

My

mg
—— %

m
=

v -
*2 Vshf

T -
| Vq
——+ 2B
| '
Col
I
L]
Mya ’4
!
ESR|! ,’Txa
i
| I
T‘— % C
ESR|,
/ i
/ i
1 f_—\__ﬂ_ _1/2 D
= +hf
Si
| L\______ Jé

Figure 19 Schematic representation of the energy levels for the system S = 1/2,
I = 3/2 with shf and quadrupole interactions. The arrows denote

ESR/ENDOR and cross relaxation transitions.
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Figure 20 ENDOR-induced ESR spectra of F(Cl™) centres in BaFCl using the
quadrupole triplet ENDOR lines Vg Vgpr and v;. (After ref. 38)

137g,

although not perfectly, as the small intensity of the two further

lines in the ENDOR-induced ESR spectra indicates.

The true line shape of the full ESR spectrum is observed if there
is no quadrupole interaction and if the relaxation times T, do not
depend on the nuclear spin states. Neglecting isotope mixture, the
arguments given above for one neighbour also apply for a nucleus out

of many neighbours, the ENDOR line of which is taken for the ENDOR-

induced ESR measurement.

The line shape observed for the ENDOR-induced ESR line is discus-

sed in detail in refs. 38 and 39. As a general ‘rule’' it can be said

that the line shape is almost the true ESR line if an ENDOR line of
8 nucleus with a very small interaction (i.e., distant shell
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neighbour) is taken for the experiment. The selection of spin states

allows the determination of the relative signs of W, and Wgyg¢. From

Figure 20 it can be concluded that both Wohe and &q have the same
sign as in the case of Figure 19,

There are certain complications if different isotopes are
present. Suppose there is only one nucleus with different isotopes
e.g., 37C1 and 35¢1, and a shf-ENDOR line of one isotope is used for
ENDOR-induced ESR, then the line shape is not the true ESR line
shape. In order to obtain this, one has to add the ENDOR-induced ESR
spectra due to all the corresponding ENDOR lines of the different
isotopes. The intensity ratio of the different ENDOR-induced ESR
spectra should correspond to the abundances of the different
isotopes. If this is not so, then the cross relaxation rates are
different for the isotopes. To obtain the true line shape in this
case would require a knowledge of this latter effect in order to
correct the superposition of the isotope ENDOR-induced ESR spectra.

If there are more nuclei of a type with different isotopes,
similar arguments apply. One has to add the isotope ENDOR-induced
ESR spectra of the nuclei used for the measurement. More serious
complications arise if several strongly coupled nuclei show effects
of second order shf splitting.ls'16 One then has to work in the
total spin representation and the understanding of the ENDOR-induced
ESR spectra is less straightforward, A detailed discussion of this
problem would be beyond the scope of this Chapter. Results obtained

for F* centres in Na-B-alumina where two Al nuclei are strongly

coupled are described in ref. 40.

For systems with § > 1/2 there is usually a fine structure inter-
action splitting of the electron Zeeman levels, In this case with
ENDOR-induced ESR one selects spin states in an analogous way to the
selection of my states due to the quadrupole interaction discussed

above. One measures only some of the possible ESR transitions. This

is demonstrated for Fe3+ centres in KMgF3, which were produced by X-
irradiation of KMgF3 doped with Fe2t, p Figure 21(a) the integrated

ESR spectrum of the five ESR transitions is reproduced with partly
t 19 neighbours. Figure 21(b)

easured with a 19F ENDOR line
at 42.5 MHz displaying two of the five F

Figure 21(c) shows the ENDOR-
19F ENDOR line at 21.0 MHz. C
It was buried under the Fe3+

resolved shf structure with six neares
shows the ENDOR-induced ESR spectrum m

e3+ Egp transitions, while
induced ESR spectrum measured with a
learly, another ESR spectrum appears.
spectrum beyond recognition and turned

out to be due to simultaneously produced F centres.?l A detailed

analysis also allows the determination of the relative signs of
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quadrupole interaction constants, shf interaction constants and fine

structure const:emts.as’39

5.2 DOUBLE-ENDOR. - Although with ENDOR-induced ESR experiments
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ESR and ENDOR-induced ESR spectra of X-irradiated KMgF3 doped with

Fe3*, (a) integrated ESR spectrum after X-irradiation at room temp-
, : for the 19F-ENDOR

erature. BO//<100>,- (b) ENDOR-induced ESR spect31;um or :

lines at 42.5 MHz - the spectrum is due to Fe™"; (c) ENDOR—lnduc?d

ESR spectrum for the 19p_gNDOR 1ines at 21.0 MHz - the spectrum 1s

due to F-centres. (After ref. 45)

Figure 21
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each ENDOR line can be 'labelled' to a particular defect, in the
case of the simultaneous presence of several defects this can be a
tedious task, especially if one has to follow a complicated angular
dependence. Therefore, a method is required with which the ENDOR
spectra of different defects can be measured separately, this can be
done by measuring a triple resonance, in which two NMR frequencies
are applied simultaneously together with the microwaves.

In an ENDOR experiment the rf-induced NMR transitions between the
nuclear Zeeman levels of a neighbour nucleus coupled to the unpaired
electron by a shf interaction change somewhat the polarisation of
the electron spin in the partially saturated situation. This coupl-
ing between neighbour nucleus and unpaired electron is indicated

schematically by a 'spring' in Figure 22. If simultaneously a second

DOUBLE ENDOR

*‘;f*(‘)....
L KRR
I

Bo

Figure 22 Schematic representation of ENDOR and DOUBLE-ENDOR

NMR transition is induced with a second rf frequency at another

nucleus coupled to the same unpaired electron, then the induced

change in the electron spin polarisation is diffe
would be if the first NMR transition did not occu
Thus,

rent from what it
r simultaneously.
the polarisation change due to the second NMR transition is
dependent on the occurrence of the first NMR tra
electron desaturation (ENDOR effect) ig a function
the effects of the two NMR transitions,

two NMR transitions with different freque

nsition. The total
of the product of
Thus, when modulating the
ncies, using double lock-in
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techniques, one can induce one particular ENDOR transition of a
particular neighbour nucleus and monitor the change in the ENDOR
signal height as a function of the simultaneous second ENDOR trans-
ition. One observes changes in the NMR line intensity as a function
of the second frequency swept rf source. A change is observed when a
second ENDOR transition is induced at a nucleus that is also
coupled to the same electron, but not if the nucleus belongs to a
different centre. The ESR of this different centre may also be
saturated if the ESR spectra of the different centres overlap.
Therefore, this triple resonance experiment can be used to separate
the ENDOR spectra of different defects if their ESR spectra overlap.
Such a separation may well otherwise be impossible if the centres
have many ENDOR lines with complicated angular dependencies. How-

ever, the method functions well only if the neighbours have a high

21 Vo n
2 NMR1

:

N—

/
ESR T,

o=

Th NMR 2

+
=

~
~
e — —

m1

Figure 23 Level scheme to explain the special triple resonance experiments
(DOUBLE-ENDOR)
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Frequency/ MHz

" T
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Figure 24 (a) Part of the ENDOR spectrum of F(C17) and F(F") centres simultan-
eously present in BaFCl; (b) DOUBLE-ENDOR spectrum obtained from
setting one frequency to an ENDOR 1ine of F(C1™) centres (see arrow
in Figure 24) and sweeping the second rf frequency; (c) DOUBLE-ENDOR

Spectrum obtained from setting on rf frequency to an F(F~)-ENDOR line
(see arrow in Figure 24). (After ref, 44)
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abundance of magnetic nuclei. In Si, where only 4.7Z of the nuclei
are magnetic (2951), the probability of having simultaneously two
magnetic nuclei as defect neighbours is too low to permit DOUBLE-
ENDOR experiments.

The simplest experiment, the so called 'special triple resonance'’

(special DOUBLE-ENDOR) is schematically shown in Figure 23 for the
1/2. If stationary ENDOR is measured for
-1/2, mp = 1/2 and -1/2, then the

simple case of § = 1/2, I =
the transition 'NMR1' between mg =
signal height is determined by the ESR transition probability (that
is by B%), the NMR1 transition probability [that is Bgf (NMR1)] and
the cross relaxation time Tx' It is assumed (and a condition for the

experiment), that T, > Tg, the electron spin lattice relaxation

time, due to the comparatively long nuclear spin lattice relaxation
time Tn' If then a second rf frequency is applied between the levels
ng =1/2, my = 1/2 and -1/2 (NMR2) then T is effectively shortened
by this transition and therefore T, is also shortened, which results
in an enhancement of the monitored ENDOR signal at the frequency
NMR1. In the experiment one irradiates with the fixed ENDOR frequ-
ency NMR1, monitors the ENDOR line intensity of the line at NMRI1,

while sweeping the second rf frequency. When the transition NMR2 is

induced the ENDOR line intensity NMR1 increases. The increase is the
DOUBLE-ENDOR signal and is detected with a double lock-in technigque.
In the stationary DOUBLE-ENDOR spectrum positive and negative

signals are observed.“z’l‘3 Negative signals occur if the second NMR

frequency is induced between nuclear states belonging to the same mg
quantum number. Figure 24(c) shows the DOUBLE-ENDOR spectrum for the
In Figure 24(a) the ENDOR lines of both F
a full analysis was not possible. 1In
s set to one ENDOR

two F centres in BaFCl.
centres are superimposed;
Figure 24(b) the fixed ENDOR frequency NMR1 wa
line belonging to F(C1~) centres and NMR2 was swept between 1 and 9

MHz and the DOUBLE-ENDOR effect was recorded. In Figure 24(c) the

analogous experiment was carried out for a F(F~) ENDOR line. Both

DOUBLE-ENDOR spectra show only lines due to the F(C17) of F(F7)

centres alone. Especially around 5 MHz both centres have many ENDOR
i 4
lines, which otherwise could not have been separated.a

Figure 12(a) shows as another example the DOUBLE-ENDOR spectrum

measured for the Ga-vacancy in GaP for BO//<111>. Comparison with

Figure 12(b) demonstrates that all the lines measured in single
ENDOR also appear in DOUBLE-ENDOR. This proves that all ENDOR lines
belong indeed to one defect and that the vacancy is not distorted

with the consequence that the ENDOR spectrum might be a superposit-

ion of several vacancy configurations. The occurrence of so many
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ENDOR lines, at first unexpected for a simple tetrahedral surround-
ing of four equivalent 31P neighbours, is indeed due to a large and
hitherto undescribed effect of shf structure of second order.l®
DOUBLE-ENDOR is also very important for analysing low symmetry
defects. The defects are distributed over several orientations in
the crystal. The ESR and ENDOR spectra of these orientations over—
lap. In a sense each defect orientation is equivalent to a new
defect species. With DOUBLE-ENDOR the spectra of one particular
defect orientation can be measured separately, which greatly facil-
itates the analysis or makes it all possible. In a recent investig-
ation of 00 centres in a—A1203, which has very low symmetry (that is
'no' symmetry), a definite assignment of the quadrupole ENDOR lines
to their corresponding 'hf' ENDOR lines was only possible after one

particular centre orientation could be measured separately-45

6. Optically detected ENDOR
Recently ENDOR could successfully be measured also by optical detec-
tion using the optical absorption of defects in III-V semiconductors
and in ionic crystals. The optical detection of ESR is based on the
detection of microwave-induced changes of the magnetic circular
dichroism (MCD) of the optical absorption as was first shown for F
centres in alkali halides.*® The MCD is proportional to the spin
polarisation of the ground state Zeeman levels. For a Kramer's
doublet with § = 1/2 it is given by
ot -
(6.1)

MCD = 1/2aq .

+ -

dt + o n_ +n

where @y is the absorption constant of the unpolarised light, ot and

0~ are the cross sections for left and right polarised light,
respectively, and n_ and n
+1/2 states.

+ @re the occupation numbers for the m, =

The occupation difference or spin polarisation can be

decreased by a microwave transition, provided the microwave

transition rate is of the order of or larger than the spin lattice

relaxation rate l/Tl' The ESR transition thus results in a decrease

of the MCD, which is monitored,%6

Figure 25 shows the level scheme for the case of $=1/2, acent-

ral nucleus with I. = 3/2 and one ligand nucleus with I = 3/2 (e.g.,

a simplified model for the EL2% defect in GaAs). In the experiment

one sets the magnetic field onto a particular position of the ODESR
line, e.g., into the flank. ESR transitions must obey the selection
rule AmI =0, Ams = %£1. Thus,

when measuring the ESR in one of the
four lines of the I,

=3/2 system, then at most a quarter of the all
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central hf ligand hf
interaction  interaction

5 1-3/2 [=3/2
N\ M ~ TNMR
1/2 N+ <

Mg ESR

-1/2 n- /\ e m—
TCOINMR

Figure 25 Level scheme to illustrate the detection of ENDOR via a rf and
microwave-induced decrease of the MCD of the optical absorption

spin packets can be involved, only one quarter of the MCD can be
decreased when saturating the transition. However, if each of the
lines is inhomogeneously broadened by further shf interactions, then
only a fraction of the decrease should occur, since Amy , = 0 must
be obeyed for the ligand I,. Thus, upon inducing NMR transitions
between the nuclear Zeeman levels, one can include more By 4
substates into the ESR pumping cycle and thus increase the effect of
decreasing the MCD. Therefore, the ENDOR transitions are detected as
a further increase of the ODESR.

Figure 26 shows a section of the ODENDOR lines due to the nearest
7SAS neighbours of the EL2t defect in an as-grown undoped GaAs
Crystal.6'47'48 The ENDOR lines are as sharp and numerous as in
conventional ENDOR. From their angular dependence the structure
model of the EL2 defects could be derived.

A similar study was recently made for Pb* centres in CaF,, SrF,
and Ban, in which the structure was shown to be a Pb* on cation
sites next to an F~ vacancy along <111>. The 19F ENDOR lines

measured in the MCD and their angular dependence clearly showed the
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Figure 26 Section of the ODENDOR spectrum of the EL2* defects in s.i. 'as
grown' Gads. T = 1.5 K, with By in a (110) plane. The lines are due

to five 75As neighbours od the AsGa®, which form the core of the EL2*
defect, (After ref. 6)

symmetry of the defect and its atomistic structure.49:30 The signal-

to-noise ratio of the ENDOR lines was very good, as it also is for
EL2%,

There are several advantages for the optical detection of ENDOR

with the MCD technique. The sensitivity is several orders of magnit-

ude higher than in conventional ENDOR. In particular for the case of

EL2% defects in semi-insulating GaAs, the ENDOR signal intensity is
approximately 104 times higher

statistics,

than expected from simple spin
This is not yet understood, Furthermore, the method is
very selective, since only one single defect can be measured as long

as its optical absorption does not fully overlap that of another
defect.

This was recently successfully used for Fy(OH™) centres in
KBr,

which occur in a bistable configuration at very low temperature
and the optical absorption bands of which differ only slightly on
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the high and low energy side.51 A further advantage is the
possibility of correlating ENDOR spectra with optical absorption
bands via a sort of excitation spectroscopy of the ODENDOR lines
('tagging').[ﬂ’52 Finally, it opens up the possibility of performing
spatially resolved ESR and ENDOR experiments, which is of high
actual interest in current semiconductor research for characterising
semiconductor wafers. As a first example the distribution of the two
charge states of the EL2 defects, EL2% and ELZO, were investigated
across a semi-insulating GaAs wafer.o3

Only a very few experiments were performed where ENDOR was
observed in luminescence except for triplet states in organic

systems.54 In ionic crystals it was Tont in CaFZ,55 a rare earth

defect. A few observations were recorded in semiconductors using
the donor - acceptor recombination luminescence. There have been
observations in amorphous 8156'57 and in ZnSe,ZnSe.58 The ENDOR
lines were observed as an emission increase upon inducing NMR trans-
missions by a rf applied in a small loop attached to the sample, In
ZnSe, for example, two lines due to 6775 and 773¢ were seen centred
at the frequencies of the free nuclei. The emission enhancement
effect was of the order of 1%. The ENDOR lines were broad, about an
order of magnitude broader than in conventional ENDOR. No angular
dependence was reported.58 Using time resolved techniques the ENDOR
a.%9

via emission has a principal

of 11574 in 7Zn0 could be observe

The observation of ENDOR
disadvantage. If the lifetime of an excited state giving rise to the

emission is 1 s or shorter, then the homogeneous ENDOR linewidth is

1 MHz or more. Thus, one loses all the detailed information required
for the structure determination. Furthermore, to be able to shift
populations between nuclear Zeeman levels within the radiative

lifetime one needs very high NMR probabilities requiring rf field

strengths of 10 mT or more, which at low temperatures cause quite a

technical problem.

7. Conclusions
ENDOR spectroscopy is a powerful toel for the investigation of

defects in solids. The availability of modern experimental tech-
niques including the application of computer aided methods makes it

possible to tackle difficult problems of interest in materials

science. The development of these methods is by no means complete.

In particular, it is conceivable that the use of methods like expert

systems in computer science may help to analyse difficult spectra.

The optical detection of ENDOR opens up quite a new range of applic-
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ations and should be developed further. An extension into further
infrared would open up investigations in Si and the use of micro-
optical techniques could improve spatial resolution and perhaps be
applied to thin layers. The ENDOR detection via emission has not yet

really been explored in inorganic systems. Much remains to be done.
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