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1. INTRODUCTION

The application of magnetic resonance techniques to the study
of paramagnetic centres has greatly improved our understanding of
point defects. In fact ESR (Electron Spin Resonance) and especially
ENDOR (Electron Nuclear Double Resonance) come close to what one
may call an atomic scale microscopy of paramagnetic centres. In
favourable cases one obtains a very detailed picture of the atomic
structure of a defect (lattice site, neighbours, symmetry) including
information about lattice distortions around the vacancy or the
paramagnetic impurity, as well as detailed information about the
electronic structure of the centre. This very precise picture of
the paramagnetic defect is mainly the result of a careful deter-
mination of the strong hyperfine interaction (hf) between the un-—
paired centre electron and the centre nuclei as well as the weaker
hf interaction with the nuclei of the surrounding lattice ioms,
(sometimes called "superhyperfine interaction”, shf). In order to
determine the latter, ENDOR measurements usually have to be per-
formed, since they allow a much higher resolution of hf interac-
tions compared to ESR measurements. Vacancy centres mostly contain
no centre nuclei so that the shf interactions must be determined.

As early as 1949 ESR (1) and in 1961 ENDOR (2,3) measurements
made decisive contributions to the determination of the structure

of the F-centre in alkali halides, which consists of a single anion
with one trapped electron, and finally confirmed the model origi-
nally proposed by De Boer (4). 1Im the other ionic crystals like
the alkaline earth oxides the identification of F type centres
occurred first through ESR and ENDOR measurements, whereas their

optical transitions were jdentified later.
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It will be the purpose of the two lectures to discuss some
results of ESR and ENDOR studies of a few vacancy centres with
trapped electrons (sometimes also called electron excess centres
or F-type centres) in some ionic crystals. It will not be possible
within this limited scope to go into great detail and depth, nor
will it be possible to present examples in all the ionic crystals
where F-type centres have been studied. Somewhat arbitrarily most
of the examples chosen are vacancy centres in the alkali halides.
The discussion will be mainly concerned with the determination
of the atomic structure of the vacancy centres. The question of
the electronic structure can only be briefly touched. Relaxation
phenomena and excited states will not be discussed.

For further information on the subject the reader is referred
to review articles dealing with magnetic resonance of vacancy

centres in the alkali halides (5), alkaline earth oxides (6,7) and
alkaline earth fluorides (8).

2. ANALYSIS OF ESR AND ENDOR SPECTRA OF F-CENTRES

2.1. Spin Hamiltonian

F-like centres containing a simple electron in a vacancy have
an orbitally nondegenera?e ground state of mainly s-character with
spin quantum number s = =, The electronic wave function is mod-
erately delocalised and overlaps appreciably onto neighbouring
ions. Since the electronic wave function is strongly exposed to
the crystal fieldand no excited states are very close to the ground
state, spin orbit effects are usually very small. Only through
admixtures of neighbour ion orbitals because of the overlap of the
F centre wave functions, does spin orbit coupling onto the neigh-
bours show up in a small shift of the g-value relative to the free
electron (5). This allows the use of a much simplified general
spin Hamiltonian for the interpretation of the ESR and ENDOR spectra:
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7 describes t{he electron-Zeeman-interaction (B is the Bohr

magneton, B the applied magnetic field). Hgyp is the super-



- ST

MAGNETIC RESONANCE OF VACANCY CENTERS IN IONIC CRYSTALS 157

hyperfine (shf) interaction between the F electron and the neigh-
bouring lattice nuclei, Hyy is the nuclear Zeeman interaction

(8p 1is the nuclear magneton, g7 the nuclear g-factor), and Hg is
the quadrupole interaction. The sum runs over all nuclei 1 of the
lattice surroundings experiencing an interaction with the F-electron
(in the alkali halides up to the 9th shell (9)) % and 1 represent
the electron and nuclear spin operators. The hyperfine 'contact"
term a, or "isotropic shf constant" is proportional to the unpaired
spin density at the nucleus of concern (index 1 omitted) (10):

2uo 2
a = — ngIBn|¢(0)! (2)

y(r) is the wave function of the F electrom, p(o) its value at a
particular nucleus of the lattice surrounding. The anisotropic shf
interactions can be visualised as the classical dipole-dipole
interactions of electron and nuclear moments averaged, over the
density distribution |w|2 of the unpaired electron. B8] is a trace-
less tensor with the elements

u
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> . )
T means the radius vector from the nuclear site of concern (origin)

where the origin is spared in the integral Equ.3.
is the traceless quadrupole interaction tensor with the

elements

2
0. =29 2V (4)
ik 2I(2I-1) Bxiaxk r=o0

3 contains the electrical field gradient at the nuclear site due
to the total charge distribution in its neighbourhood.

For the analysis of spectra it is important to note that each
neighbour nucleus has its own principal axes for the tensors of the
shf (x', y', z') and quadrupole interaction (x", y", z"). The
point symmetry of the nucleus may determine some or all of the
pPrinciple axes (2). The nearest neighbours of the F-centre in
alkali halides, for example, have their connection line to the
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F centre as one principle axis, whereas the other two are equiva-
lent (axial symmetry) and can be chosen in any direction perpen-
giculag to it. Instead of the principle values of the tensors

B and Q, the following quantities are often used:

1

|

b= 7 Bz'z' b’ 7 (Bx'x' - By'y') (3)
i ' 1

q-= 5 Qzuzn qQ = 5 (anxn - QY"Y") (6)

b and q respresent the axially symmetric part of the shf and
quadrupole~-tensors respectively, z' and z" are taken as the prin-
ciple axes with the largest interaction. b' and q' describe

the deviations from axial symmetry.

2.2. ESR Transitions

Using first order perturbation theory with the assumptions
of high field (g B By, >>a) and small anisotropic interaction
(Bik << a + g1 BpBy) the eigenvalues of Equ. (1) are given by

2
E = gBBomS - gIBnBOmI + msmI(a + b(3cos”y 1))

I ) .2 )
+ 7q(3cos y' - I)(3mI - I(I + 1))

y and y', respectively, are the angles between the principal

axes (z') and (z") and the magnetic field B, (z). For simplicity
only the shf interaction with one neighbour nucleus is considered
in Equ.7. ESR transitions occur at magnetic field values B
because of the selection rules Amg = +1, Am
following equation: - I

-° Pres
= 0 according to the

2
hvpep = 888, + mr{a + b (3cos’y - 1)) (8)

Since m_ has 2I + | values, one obtains a shf splitting of the

ESR spectrum. The lines are equally spaced with a field separation
of (gB)"][a + b(3coszy - l)). In the case of F centres the electron
interacts with many nuclei, e.g. 6 nearest neighbour cations and

12 nearest neighbour anions in the alkali halides. For certain
field directions or negligible anisotropic interactions the nuclei
of one neighbour shell may be equivalent. Then Equ.8 becomes

Bvpsg = 88B.qq * § My (D) (a(D) + B(1) (3cos’y = 1) (9)
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where the total spin quantum number MI(I) of the 1 tia shell of
equivalent nuclei is given by
N
Mo (1) = ) m g = NI, NI -1, ... , = NI (10)
g=1"

N is the number of equivalent nuclei in the 1 th shell. The inten—
sity of the M; - shf - line depends, however, on the different
statistical weights, corresponding to the number of possible
combinations of the my to form M, (5).

2.3. ENDOR - Transitions

In the ENDOR experiment one measures the nuclear spin
resonance of the lattice nuclei which are coupled to the unpaired
electron. The nuclear resonance is detected through the desatura-
tion of the partially saturated ESR tranmsition (2,11). ENDOR
transitions usually occur in the range between 0,5 - 100 MHz 1n
vacancy centre problems. The selection rule for ENDOR transitions
is: = =+ 1.

Am 0, Amy = 2 1

In the first order perturbation theory, that is with the
conditions

i
Byl Iyl << la 2 erod,

1 .
the ENDOR frequencies obtained from Equ.(l) for 5 = E—(as in
F centres) are:

* - 11 L. 11
VENDOR l2hwsh£ % 10 "¢ an

with the following abbreviations:
. 2

W =a+b (3coszy - 1) + b'sin ycos2$ (12)

shf

2 taa 2 1] Rt

Vg = 3{q(3cos”y' - 1) + q'sin"y'cosls ) (13)

Y,8 and y',§" are the polar angles of B, in the shf and quadrupole
principal axis, respectively.

(14)

=1
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vn is the Larmor frequency of a free nucleus in the magnetic
field

n -1 (15)

is the average between the two nuclear spin quantum numbers
which are connected by the transition. If no quadrupole interaction
is present each interacting neighbour nucleus of the F centre gives
according to Equ. (l}) a pair of ENDOR 1ines.. The tyo lines are
separated by 2vn if T wshf>vn and by T wshf if V> Ehwshf.
In case of non-vanishing quadrupcle interactions each of the lines )
is split into quadrupole multiplets.Verv often nuclei have nuclear spin
I = 3/2, so that a symmetrical quadrupole triplet is observed.
The "quadrupole lines" have a frequency separation of lW_ from the
"shf-line". The simple first order solutions are veryh often not
adequate to explain the details of the ENDOR spectra, Especially
for larger anisotropic shf interactions and quadrupole interactions
of the same order as shf interactions as well as stronger deviations
from axial symmetry of the tensors, higher order perturbation theory
or even a full diagonalisation of the Spin Hamiltonian Equ. (1) must
be taken into account. For the F-centTes in alkali halides second
order perturbation theory is sufficient (9). One of the clearly
visible effects of higher order corrections is e.g. that quadrupole
triplets are no longer symmetric and the "shf-lines" are shifted
by the quadrupole interactions. For further details of the analysis

of ENDOR spectra the reader is referred to the literature (2, 12,
13, 14, 15, 16).

Basis for the assignment of ENDOR lines to certain neighbour
nuclei is the careful analysis of the dependence of the ENDOR
spectrum on the orientation of the magnetic field. An ENDOR
spectrum is understood if the orientation of the principal axes
and the interaction constants determined from some ENDOR lines
describe fully the measured angular dependence. For the identifi-

cation of a particular sort of neighbour nuclei the following
criteria can also be used:

(1) the pairwise appearance of "shf'" ENDOR lines

according to Equ. (11) with separation 2vn or ﬁwshf

(ii) repeated appearance of the ENDOR lines in the
presence of several isotopes with a frequency ratio
equal to the ratio of nuclear g-factors

(1ii) further splittings because of quadrupole
interactions.
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The analysis of an ENDOR spectrum is usually an iterative process.
The ENDOR method has certainly become a very powerful tool in
determining the atomic structure of a point defect such as a
vacancy centre. In practice, however, one first assumes a model
for the defect and then tries to explain the ENDOR spectra on the
basis of that model.

3. TF CENTRES
3.1. ESR Spectra

Fig. | shows the ESR spectrum for F centres in CaF) for
Bo||(110). The 7 equidistant shf lines with a field separation
of 61 Gauss have within 5% an intensity ratio of
1:6:15:20:15:6:1. Such a,shf structure is explained by 6
equivalent nuclei of I = 5. With this spectrum a model for the
F centre is consistent, wﬁere the unpaired electron occupies
an F'vacancy and the observed shf structure is due to 6 second
nearest T neighbours at the corners of a regular octahedron,
provided the anisotropic shf interaction is small compared to the
isotropic interaction. The latter is noted in enly a small angular
dependence of the shf splitting. The nearest 4 Ca cations are
not seen, since the concentration of Ca** ions with nuclear moments
(43ca) is too small.

tx::
TiT

S0G

Magnetic field, H

Fig. 1. ESR spectrum of F centres in CaF, at 300 K.
B ||(110). (after Arends (17)).
o
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The ESR spectra of F centres in most alkali halides consist
only of a single, broad line of Gaussian shape without further
structure. The half width of the ESR line varies between about
50 to 750 G. 1In some cases (LiF, NaF, RbC1,CsCl) the line shows
some shf structure, the analysis of which is not straightforward,
however, so that from the ESR spectrum alone no safe conclusion on
the centre model can be drawn. (5). The broad line arises because
of "inhomogeneous broadening". The F electron interacts with so
many neighbour nuclei that the shf structure is not resolved any
more (5). The g factors are in all cases slightly smaller than
the g-value of the free electron. The g-shift varies from 1 to
about 500 x 10~%4, the shift increasingon going to crystals with
heavier ions (19).

Analogous vancancy centres in the alkaline earth oxides show

a nicely resolved shf structure. In these materials vacancy centres
with one trapped electron are called F* centres. Fig.2 shows the
ESR-spectrum in SrO for B||(111). The alkaline earth oxides
(except Be0O) have the face centred cubic rocksalt structure and
dominant ionic binding. The unpaired electron occupies an oxygen
vacancy. In Sr0 it has 6 Sr** ions as nearest neighbours. Only
the 87Sr has a magnetic moment and I = 2. The strong line at

= 1.9845 is due to these 657 F centfg; with only nonmagnetic

Sr and 88Sr neighbours. For Boll(lll} all nearest Sr nuclei are
equivalent (there is only an isotropic shf interaction, since
cosy =J§ in Equ.8). If one Sr neighbour is 87Sr, one expects 10
equidistant shf lines due to I = 9/2 which are observed, (line
separation about 15 Gauss). About 57 of the centres will have
two equivalent 87Sr neighbours, which leads to 19 shf lines with
the same splitting and a certain intensity ratio which can be
c}early seen in the outer region of the spectrum. Between the
}lnes just described further strong lines appear which were
1dentified as forbidden transitions (Am_ = + | and Am, = + 1)
due to strong quadrupole interactions (7,20). The many_details
of the shf structure of the ESR spectrum allow a rather safe
conclusion on the centre model and rather precise determination
of the shf and quadrupole interactions.

3.2 ENDOR Spectra

Results of ENDOR investigations will briefly be discussed
for F centres in alkali halides. Fig.3 shows the model of the
F centre, which, of course, is the result of such an investigation,

and Fig.4 shows the complete ENDOR spectrum of F centres in
KBr for B,||{100): (2).

In th? spectrum the shf and quadrupole interactions with 8 shells
of neighbour nuclei are resolved in the frequency range between
0,5 and 30 MHz, All lines can be unambiguously assigned to nuclei
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g=1.9845
(o) ‘

<— B INCREASING

J NUMBER OF MAGNETIC
NUCLIDES IN {st CATION :
SHELL

(b) | Y A T I Y RO R B 1

(c) T T T T SO T S S T B T B 2

Fig. 2. a) ESR spectrum of T’ centres in SrO for B [l(lll) E
b) reconstruction of spectrum with 0,1 and 2 i
87Sr neighbours
c) forbidden transitions due to strong quadrupole
interaction. The separation between vertical lines
in b) and c¢) is about 15 G (after Culvahouse et al.

(20) ).

iy s s

in the 8 shells. Following the principles briefly outlined in
chapter 2 the spectrum can be analysed very precisely. The angular
dependence of the first shell K neighbours is particularly simple
and shown schematically in Fig. 5.

The angular dependence of ENDOR lines of higher shell nuclei is
far more complicated. For a precise and unambiguous analysis of
the spectra the magnetic field must be rotated in several planes.
Fig.6 shows as an examp}e the angular dependence of the v_ENDOR
lines (i.e. for m, = - 3) of shells V, VI, VIII and IX a

(nuclei 003) in KC1 (9). The solid curves are calculated using
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Fig. 3  Environment of the F centre with shells I - IX.

second order perturbation theory with the best set of inter-
action constants,

The results of the ENDOR analysis do not only confirm beyond
any doubt the model of the F centre in the alkali halides as an
electron trapped in an anion vacancy, but also yield very de-
tailed information on the electronic structure by means of the
shf and quadrupole interaction constants. Table 1| reproduces the
results for F centres in KBr (2). Noteworthy is the high precision
with which the interaction constants can be determined.

The quantitative results show that in the lower shells the
shf interaction is predominantly isotropic. On going from shell I
to about shell V there is a sharp drop in the shf interaction by
about two orders of magnitude which tends to become more constant
towards the higher shells (2,9). The interaction tensors have only
very small deviations from axial symmetry where on pure symmetry
arguments the axial symmetry is not required (shells 1I,V,VI,VII).
Very detailed ENDOR investigations were also made on F centres in

the alkaline earth fluorides (8) and on F* centres in the alkaline
earth oxides (7).



MAGNETIC RESONANCE OF VACANCY CENTERS IN IONIC CRYSTALS 165

Table 1 : shf interaction constants of the F centre in
KBr in MHz (T = 90°K) (after Seidel(2)).

Shell nucleus a/h b/h 3q/h i
I 39, 18 33 0.77 0.20 '
I1 8l 42,85 2.73% 0.23
ITI 3501 0.274 0.022
1v 81 5.70 0.410 0.105
Br
\ 39K 0.16 0.02
VI 81 " 0.838 0.082%
Br
VIII 81Br 0.583 0.068
+ There is a small deviation from axial symmetry.
B B* 8™ 8" “ b, ] L]
ey SN % v K Br Br }
'."N" v 1v Ill = alalsl ﬁﬁF : lr—'lv—i:——\ ‘Nﬁ L
i
|
| min
Qs i 016 i dT 1 da 1 13 J1 i 1 1 & 1 i L i é H g 1 ‘; ::
Frequency (Mc/sec} —
o« 8264 sl o ;’
1 '
é L é 2 AD A lil L 'la i é ' é s é L é lm ‘ ‘
Frequency (Mc/sec) —— |
Fig. 4 ENDOR spectrum of F centres in KBr for Boll(loo), ?
T = 909K, with lines from shell I to VIIL. v = 9.5 GHz i
> ESR
{after Seidel (2)). §
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Fig. 5 Schematic representation of the angular dependence
of the shf interaction of first shell nuclei in

F centres. By is rotated in a (001) plane.(after Seidel(2))
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Fig. 6 Angular dependence of higher shell v lines for

F centresin KC1 for B, rotated in a (??8 Rplane.
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e =0%= (001). v gr = 24 GHz, T = 779K. Right side:
upper curves belong to shell VI and lower curves belong
to shell VIII.
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3.3. Electronic Structure

According to Equ.(2) and (3) the shf interaction constants
furnish an extraordinarily exact determination of the wave function
p(r) of the unpaired electron in its ground state. The isotropic
shf constant is a direct measure of the density at the various
sites of neighbour nuclei. TFor a theoretical interpretation of
the results one has thus to discuss the electronic wave function
of the unpaired electron. If one wants to do this from first
principles this is quite a formidable task, which involves very
difficult questions of molecular and solid state quantum theory,
which cannot be discussed here. However, this theoretical part of
the investigations is of great importance since the ENDOR measure-
ments provide so much detailed information that a very good test
of any theoretical model can be made.

In many ionic crystals the experimental results of vacancy
centres are discussed in some form of a pseudopotential theory.
In its simplest form a smoothly varying, vacancy-centred envelope
function Yp is determined as a one-electron solution of an appro-~
priate Schrddinger equation employing the potential of the centre
and a simplified potential of the lattice where the detailed
structure of the ions is neglected. This envelope function is then
orthogonalised to the core wave functions i of the neighbour ions.
(7,18,21,22,23,25). The centre wave function thus obtained is:

b= (b - g Gelvy vy) (16)

N is a normalisation constant which generally is practically
equal to 1.

In this "method of orthogonalised wave function' the centre
electron is described by the one particle wave function y which is
then used to calculate the interaction parameters according to
Equ.(2) and (3).

The agreement between experiment and theory in the alkali
halides obtained with this type of calculations is reasonably good
for the first two or three shells of neighbour nuclei. The agree-
ment for the isotropic shf constants for higher shell nuclei is
still rather poor, the discrepancies being about two orders of
magnitude for shells VIII and XI (5,9).

The theoretical interpretation of the quadrupole interaction
is still more difficult. The main problems arise in connection
with the proper treatment of the Sternheimer antishielding. For
F centres in KC1 the quadrupole interactions were discussed in
detail in connection with the lattice distortion around the
vacancy (26).

RS Heoelt=
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4. VACANCY CENTRES IN CRYSTALS WITH IMPURITIES

In many ionic crystals perturbed F-type centres can be
produced if the crystals contain impurity cations. For example,
if one bleaches optically at room temperature F-centres in
potassium chloride containing Li* or Na* ions, perturbed F-centres
are produced which are called Fp centres. As revealed by an
ENDOR investigation, F, centres are F centres where one of the
6nearest K-cations is replaced by Li* or Na*. Fig. 7 shows the

ENDOR spectrum for randomly oriented F,(Li) centres in KC1 for
Bol| (100) (27).

The spectrum shows clearly the ENDOR lines of the Li-impurity.
The line denoted by Li, 1is due to those Li nuclei parallel to the
field direction, that denoted by Li, due to those perpendicular
to B,. The potassium lines appear in two groups that are slightly
shifted with respect to each other. This is because in the F, centre
the four K nuclei in the symmetry plane perpendicular to the centre
1a§is, which is the connection line between the vacancy and the
Li neighbour, are no longer equivalent. The ESR spectrum of the

iA centres differ only in the line width from that of the F centre
28).

KI K[ Ky  K; Lif Ly Kgr Kan
th wa —i; ] l barm
{a) {b}

»,

A
W W TR WA W N SN S ) I W S T TN W W NI W S |

9 10 B 12 i3 9 10 I 12 13 14
Frequency {Mc/sec) —»—

Fig. 7 EMDOR lines of first shell nuclei of F and Fj centres in
KC1: Li, Bol|(100), T = 909, v = 9.38 GHz.
a) F centres in the quenched cr%g§a1
b) FA centres after five minutes irradiation by 5460 )4
light at room temperature. (after Mieher (27)).



MAGNETIC RESONANCE OF VACANCY CENTERS IN IONIC CRYSTALS 169

Magnetic resonance studies of Z centres in alkali halides,
which are formed in crystals with divalent cation impurities, were
less successful. For instance as a result of the ENDOR investi-
gation of Z| centres the atomic structure of the Z; centres could
not be established unambiguously. Only two possible configurations
could be given. Very many ENDOR lines could be measured, but a
complete analysis could not be achieved (29).

Another interesting example of a perturbed F centre in an
alkali halide is the Hp0 -centre in KCl. It is produced photo-
chemically from OH -centres. The ESR-spectrum is very similar to
that of the F centre. In the ENDOR spectrum below 15%K ENDOR lines
from protons can clearly be seen. From the analysis the model
shown in Fig.8 could be derived: a Hy0 molecule occupies an F centre
with its Cyy molecular axis along a [lll) direction. The shf
interactions with the nearest lattice neighbours are very similar
to those of the F centres. Therefore the centre was sometimes
called the "wet F centre". (30).

5. F AGGREGATE CENTRES

When F centres in alkali halides are exposed to light in the
F-band at room temperature aggregation of F centres occurs. Part
of the F centres form aggregate centres such as M and R centres,
others form loose aggregates. The F centres in the loose aggregates
are somewhat perturbed. Their ESR linewidth is decreased compared
to normal F centres, the line shape altered in the central part of
the ESR line, and the relaxation times are shorter (5,31). The
ENDOR spectrum, however, shows no difference from the unperturbed
F centre. (31). The changes in the ESR spectra are explained as due

Fig. 8 Model of the HZO-—centre in KC1l. (after Rusch (30)).
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to exchange effects between loosely aggregated F centres (31).

M centres have a diamagnetic ground state (32) and the ESR
of R centres can only be observed under special conditions (33).
The models for the M and R centre in KC1l are shown in Fig.9.

They were definitively confirmed through the ESR and ENDOR
measurements in their metastable multiplet states with lifetimes
of many seconds into which they can be brought optically (34,35).

Their electronic states can be described in a very good
approximation as Heitler-London combinations of two respectively
three F centre wave functions. For the M centre triplet state in
KCl this is immediately seen in the ENDOR spectrum of the nearest
neighbouring nuclei shown in Fig. 10,

New lines appear with the M excitation. The lines in the
range of 18 to 21 MHz are due to the K& nuclei (see Fig.?) and have
agproximately twice the frequency of the corresponding F centre
Kt lines. The electron density of K& is approximately twice the
value of the F centre due to the two M centre electrons. (34).

For magnetic resonance investigation of multiplet states

of M centres in the alkaline earth fluorides the reader is
referred to (8).

tripl ’?quart

Fig. 9 M and R centre in KCl. Spin configurations are shown
for the metastable multiplet states. (after Seidel (36)).
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Fig. 10 ENDOR spectra of F and M centres in KCI. Bo} | (100),

= O =
T = 90%K, Vygp = 9.38 Gz,

a) without illumination (F centres, first shell)
b) during excitation with 3650 8. i centres in the
triplet state (after Seidel (34)).
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