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I.

Introduction

Several reviews concerning the EPR of the paramagnetic transition-metal ions in crystals are now
available, either as periodic reports published in the
Magnetic Resonance Review, or in books [1,2,3] and
review papers [4, 5]. Such paramagnetic centers are
usually observed in the as grown crystals, the paramagnetic state being the normal valency state of the
impurity in the crystal-host lattice.
The present review focuses on a different type
of paramagnetic centers, the so-called ns^centers.
1

On leave from the Institute of Atomic Physics, Bucuresti,
Roumania.

Such centers, consisting mainly of a paramagnetic
ion with the ns 1 (n > 2) outer electron configuration (Table 1), are seldom observed in the as grown
crystals. They are produced in crystals containing
cationic impurities by the trapping of electrons or
holes induced by irradiation, as well as by additive
or electrolytic coloring. In many cases several paramagnetic centers with different spin Hamiltonian
parameters were reported for the same impuritycrystal host system. The differences are due to
the various locations of the paramagnetic ion in the
crystal lattice, as well as to the presence of neighboring defects such as vacancies, interstitials or impurity anions.
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Table 1: Paramagnetic ions with the ns1—1S1/2 electron configuration observed in crystals by EPR. The usual
valency state of the impurity ion in the as grown ionic crystals is shown between brackets.
Electron
configuration
(Ar)3dlo4s1
(Kr^d^s 1 •

(Xe)5dlo6s1

Centers produced by
electron trapping
IB
IIB
Cu°(+l,+2) Zn+(+2)
Ag°(+1)
Cd+(+2)
Au°(+1)
Hg+(+2)

The objective of the present article is to present
a comprehensive picture of the EPR studies of such
centers in inorganic crystals. The review is based on
a literature survey of various reference sources carried out during several years when the authors were
involved in the study of such centers. Although efforts have been made to include all relevant references until the end of 1992, it is still possible that
omissions due to inadvertent oversight may occur.
The paper is divided into four main parts. The
first is a short survey of the production and structure of the ns1-centers, which is far from trivial,
and is essential in understanding their structure and
EPR spectral properties.
The second part contains a short review of the
theory of EPR spectra for systems with 5 = 1/2 and
I > 1/2, including the case of a dominant hyperfine
interaction, which is the appropriate one in many
cases. Although the case has been discussed in a
unified form [6], several approaches are to be found
in the literature devoted to the ns1-centers. The
present survey is mainly an attempt to put together
the various approaches.
The third and main part is a presentation of the
EPR studies on ns^centers reported so far, the accent being not on chronology and priority aspects
but on the general features connected with the formation and structure of the resulting centers under various conditions (temperature, optical treatments, etc.). The understanding of the structure
and formation mechanism of the ns1-centers has
markedly improved in the last decade as a result
of the studies performed on the similar np1-centers,
which are much more sensitive to the surrounding
crystal fields.

Centers produced by
hole trapping
IIIA
IVA
Ga 2 + (+l) Ge3+(+2)
In 2 + (+l)
Sn 3+ (+2)
Tl 2 + (+l) Pb 3 +(+2)

The paper also contains a set of tables in which
the spin Hamiltonian parameters of the various ns 1 centers in inorganic crystals reported until the end
of 1992 are presented.

II.

Production and Structure of
the ns^Centers

The ns1-centers have been extensively studied
in alkali halides (mainly chlorides), where a large
body of data are available. The real understanding of their production started with the observation
[7] that doping KC1 with certain impurities, such as
Tl + , Ag+ or Pb 2 + , strongly enhances both the rate
of formation and the final concentration of the selftrapped hole centers (Vk centers) produced by irradiation with ionizing radiation at low (T < 100K)
temperatures. It has been suggested that such impurity ions act as efficient electron-trapping centers
(resulting in the trapped electron centers Tl°, Ag°
or Pb + ), strongly reducing the recombination of the
electrons and holes produced by irradiation. Many
of the impurity ions act as efficient hole traps too.
Consequently, by warming such a low temperature
irradiated crystal to temperatures where the holes
become mobile (T > 170K in KC1) it is possible to
obtain high concentrations of the trapped-hole centers Tl 2+ , Ag2+ or Pb 3 + . The various hole and electron trapping reactions have been extensively studied in KC1:T1+ and KCl:Ag+ crystals [8, 9]. Further evidence concerning the structure of these centers has been obtained from the EPR studies of the
isostructural np1-centers [8, 10, 11].
The formation and structure of the ns1-centers
is determined to a large extent by the vacancies,
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present in the host lattice before irradiation as
charge compensating cation vacancies of the divalent IIB or IVA impurity cations, or produced by irradiation in the form of anion vacancies. Their presence in the neighborhood of the ns 1 paramagnetic
ions results in the lowering of the symmetry of the
local crystal field, which is, however, little reflected
in the EPR spectra of the ns^centers, due to the
s-like character of their wave function. The usual
absence of a resolved superhyperfine (shf) structure
for the vacancy-associated ns1-centers makes it an
extremely difficult task to determine their structure.
For this reason the structural models of the various
ns1-centers are based, in many cases, on indirect
evidence.
The main bulk of data concerning the production and structure of the ns^centers refers to the
alkali halides. As suggested from earlier EPR studies on transition metal ions in alkali halides [4, 5],
the monovalent cation impurities are located substitutionally at cation sites of the cubic lattice. In
the case of substitutional divalent cation impurities
an equal number of charge compensating vacancies
are present in the lattice host, usually located in
the nearest- neighbor (NN) or next-nearest-neighbor
(NNN) positions.
The irradiation of alkali halides at low temperatures (T < 100K) with ionizing radiation, or even
with UV-light close to the band gap value (5-10 eV),
produces electrons, holes and excitons, the last being subsequently involved in the production of anion
vacancies and interstitials [12, 13]. The electrons
(e~), which are mobile, are trapped either by the
anion vacancies (va) resulting in F centers, or by
the monovalent or divalent cation impurities (M+
or Me 2+ ). The holes (h+) are self-trapped forming
\4 centers. The reactions of interest here are:
M+ + e~ -» M° (M = Cu, Ag, Au)
(X = C1, Br,
Me2c+vc

(1)

trapped at the impurity ions, resulting in trapped
hole ns1-centers, according to the reactions:
(M = Ga, In, Tl) (4)
Mei+vc+Vk

Me3c+vc+2X~

(Me = Ge, Sn, Pb)
(5)
At even higher temperatures, where vacancies become mobile, they can be either trapped at or released from the ns1-centers. In the case of the cation
vacancies the following reactions can take place:

Mr + v.

T>Ta

M2c+vc

where the subscript indicates the occupation site
of the ion/atom (c-cation site, a-anion site, iinterstitial), and vc represents the neighboring
cation vacancy.
Upon warming the irradiated crystal several processes take place. The Vk centers become mobile
(above 170K in KC1), a large fraction of them being

(6)

(Me = Zn, Cd, Hg) (7)

Me

(Me = Ge, Sn, Pb)
(8)
where Ta is the activation temperature for the movement of vacancies (Ta = 220K for both vc and va in
KC1 or RbCl [10, 11, 14]).
As initially suggested [15, 16] in the case of the
atomic Ag°(5s1) center in KC1, the atomic ns 1 centers can trap anion vacancies forming the socalled A% centers:

M°c

M°cva{A°F)

(M = Cu, Ag, Au) (9)

Such centers are produced in even larger concentrations by optically bleaching at T > Ta, in the
-F-band, the crystals previously irradiated at lower
temperatures. The analogy with a similar process
previously observed in alkali halide crystals doped
with alkali impurities [17], by which FA centers, (i.e.
F centers next to alkali impurities) were obtained,
has been initially the main argument supporting the
reaction (9). The direct demonstration of the validity of reaction (9) came later from the studies
[10, 18] of the isostructural M°(l)-np1 centers (M =
Ga, In, Tl), which have shown that such centers can
be also produced by the reactions:

(2)

+ e' -f Me+vc (Me = Zn, Cd, Hg) (3)

(M = Ga, In, Tl)

M+

T>Ta

M°cva = A% =

(10)

(11)
Reaction (10) is also valid for M = Cd, resulting in
the co-called A~p centers. By irradiation with ionizing radiation at temperatures where vacancies are
mobile, besides the Ap centers, various other centers
are produced. Of special interest are the negative
ions. The existence of such ions, supposed to be

Bulletin of Magnetic Resonance

196
located at anionic sites of the lattice, has been earlier proposed [19, 20] from optical studies on additively or electrolytically colored alkali halides doped
with copper, silver or thallium. Their production
by X-ray irradiation at RT is now supported by
the EPR observation of the Sn" [11], Pb~ [21] and
Bi° [22, 23] centers in KC1 crystals. The mechanism through which they are produced has been under debate since then [24]. By optical bleaching at
300K in the negative ions optical absorption band
(B-band), a new ns 1 -center called Ag^ has been observed [15, 16] in KCl:Ag + crystals. The proposed
production mechanism of this center, suggested to
be a Ag° atom at an anion site, consists of a simple
ionization step:
(12)

Ag"

Based on the positive identification by EPR spectroscopy of the Ag°, Ag^ and Ag° centers, the
following sequence of reactions has been proposed
[15, 16] to explain the production of negative ions:
(A)

Ag+ H

(B)

Ag°H

(C) A g ^ a
(D)

Ag-

shf pattern due to the presence in the first neighborhood of the second type of anion.
The production properties and structure of the
ns1-centers in other lattice hosts are less known.
Such centers were observed after irradiation with
ionizing radiation, but very little effort has been
devoted towards the study of their production and
structural properties. It is, however, expected that
in other ionic crystals the accompanying lattice defects would behave in a similar way as in alkali chlorides. In certain oxides and semiconductors, the
ns 1 -type of paramagnetic centers have been already
observed in the as grown crystals. In the latter case
the concentration of the ns 1 -centers could be drastically changed by illumination in the band gap as a
result of trapping the resulting free electrons/holes.

hv{Ag°F)

(13)

III.
A.

Theory of the EPR Spectra
The spin Hamiltonian of the ns1centers

The EPR spectra of the ns 1 ( 1 5) paramagnetic
centers can be described by the general spin Hamiltonian
H =

g-S

us -centers have been also observed in mixed alkali halides. Such centers exhibit a characteristic

•I

(14)

—^Ag a

where (A) and (B) correspond to reactions (1) and
(9), respectively. Reactions (B) and (C) take place
by optical excitation in the F and Kg°F absorption bands, respectively. Reactions (B) and (D)
are thermally activated. Reaction (C) has been
found to take place even at low temperatures, suggesting a tunneling process. The above set of reactions exclude the interstitialization of the silver
atom [25, 26, 27]. Its general character remains to
be confirmed from the study of other ions and lattice hosts. Although no Cu^ centers have been observed yet, the reactions (13) are considered to determine the formation of the Cu~ negative ions too
[28]. Supporting evidence for the general character
of reactions (13) comes from the identification of the
M°, M°F and M° centers (M = Ga, In, Tl) in KC1
and NaCl crystals after X-ray irradiation at room
temperature [18, 29].

+ S - A - I - gNfiNH

with the usual notations [1, 2], Here 5 = 1/2 and /
may have one or more values, corresponding to the
nuclear isotopes of the ns 2 -impurity involved (Table
2). In is the nuclear spin of the neighboring ligands.
The spin Hamiltonian (14) contains terms describing the electronic Zeeman, hyperfine (hf), nuclear
Zeeman, nuclear quadrupole (7 > l / 2 ) and superhyperfine (shf) interactions, respectively.
Due to the strong s—character of the electron
wave function it is considered that the main contribution to the hf parameter A comes from the
isotropic Fermi contact term
—

(15)

where | 4>ns{ty | 2 represents the ns-wave function
density at the central nucleus. A contribution to the
isotropic hf parameter through the exchange polarization mechanism of the ns-electron with the inner
electronic shells is expected to occur [2]. However,
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Table 2: Characteristic parameters of the naturally abundant nuclear isotopes with spin / ^ 0 occuring in
the ns^centers.

Nucleus

Abund.(%) a

I(h)

9Nl*N 1 MHz\a
h \ kG >

* 2 (0)(au- 3 ) 6

^(MHz)6

63

69.09
30.91
4.11
60.40
39.60
7.76
51.82
48.18
12.75
12.26
4.28
95.72
0.35
7.61
8.58
100
16.84
13.22
29.50
70.50
22.6

3/2
3/2
5/2
3/2
3/2
9/2
1/2
1/2
1/2
1/2
9/2
9/2
1/2
1/2
1/2
3/2
1/2
3/2
1/2
1/2
1/2

1.1285
1.2090
0.2664
1.0219
1.2984
-0.1485
-0.1723
-0.1981
-0.9028
-0.9444
0.9310
0.9329
-1.392
-1.517
-1.587
0.0731
0.760
-0.280
2.433
2.457
0.8899

4.617
4.617
6.739
10.18
10.18
13.40
7.170
7.170
10.03
10.03
14.06
14.06
17.64
17.64
17.64
12.86
17.37
17.37
22.97
22.97
27.96

5,995
6,423d
2,087e
12,210
15,514d
-2,363
-1,593 d
-1,831
-13,650
-14,279 d
20,139d
20,180
-38,523 d
-41,938 d
-43,920
2,876
41,880
-15,429 d
182,005d
183,800
81,510

Cu
Cu
67
Zn
69
Ga
71
Ga
73
Ge
107
Ag
65

109

A g

m

Cd
U3
Cd
113 In
115 In
115

Sn
Sn
119
Sn
197
Au
199
Hg
201
Hg
117

205^

207p b

A)xp(ymz)
5,866.91C

-1,976.94/
-14,3853
-15,385 9

3,053.5^
40,507^
-14,995*
175,90(P
77,900fc

a

Based on data published in Handb. of Chem. and Phys., 55th ed., CRC Press, Cleveland, 1974 and by
Varian Assoc, Palo Alto, 1972.
6
Reference [30].
c
Reference [31].
d
Calculated by multiplying the value for the other isotope with the ratio of the corresponding nuclear moments.
e
Reference [32].
/ Reference [33].
9
Reference [34].
h
Reference [35].
{
Reference [36].
j
Reference [37].
k
Reference [38].

in the analysis of the hf parameter of the ns 1 centers
this contribution is not explicitely considered, being
either neglected or formally included in the contact
term.
Theoretical evaluations, as well as experimental

data obtained from magnetic resonance measurements on ion beams or ions (atoms) trapped in inert gas matrices show (Table 2) that several I ^ 0
isotopes exhibit large hf splittings (A 3> g/j,BH), at
least in the microwave X-band (9 GHz) in which the
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EPR measurements are usually performed. For this
reason, in many cases, the spin Hamiltonian parameters are now determined by fitting the experimental magnetic field values of the EPR transitions with
the corresponding values obtained from a numerical
diagonalization of the spin Hamiltonian (14).
In several particular cases accurate values of the
spin Hamiltonian parameters have been obtained
by fitting the transition fields with analytical solutions corresponding to the diagonalization of the
spin Hamiltonian (14) in various approximations. In
all cases the energy levels are mainly determined by
the first two terms, which are the largest.
The nuclear quadrupole interaction term has
been considered only in a very few cases. It vanishes for / < 1/2. In other cases it is either too
small, or it is difficult to determine, being a second
order phenomena.
The superhyperfine (shf) interaction with the
nuclei of the neighboring ligands has been taken
into consideration only in those cases when the corresponding structure in the EPR spectrum is resolved. Its theoretical treatment will be discussed
separately.
In the high symmetry crystal-lattice hosts, such
as alkali halides, the EPR spectra, of the n51-centers
are isotropic, or there is a small anisotropy (~ 1%)
in g and A, which is neglected. The EPR spectra
are then described by the simple spin Hamiltonian
H =

-S +

AS-I-

I

In the strong magnetic field approximation [formula (18)] the intensity of the transitions are ~
jg2HBH2, where Hi is the microwave magnetic field
component. For such transitions the spin Hamiltonian parameters can be determined with the aid of
the following general formulae:

21+1
-A(2mgTfiBH)

9T

- (hu +
-(gTiiBH)2

V
\ A )
V A
hv +

A2

I A

(16)

= —— AW
±-

Am p

1 + 21 + 1

1/2

(17)

where F — S + I,mF = m ± ^,x =
gfiB)H/AW = gTfiBH/AW, AW = (A/2)(2I + 1).
In the zero magnetic field there are only two levels with energies (A/2)I and -(A/2)(I + 1), separated by AW. Two types of transitions are observed, corresponding to the selection rules in the
extreme cases:
> A:

AF = ±1, AmF = ±1

(AM = ±l,Am = 0)
< A:

(18)

AF = 0, AmF = ±1
(19)

(20)

where v is the microwave frequency of the ESR transitions. In the g^BH S> A case, a perturbation solution of the spin Hamiltonian (16) in the third order
of approximation gives the following formula for the
magnetic field at resonance [40]:
hv
A
1I A A
-m 2 gp,B hv
gfj,B

\ A A

Ag/j,B(hv)

H 7

g\xB

A

The eigenvalues of (16) are given by the Breit-Rabi
formula

E(F,mF)

=0

(21)

In the case of a weak magnetic field the spin
Hamiltonian parameters can be determined from the
following formula:
A

2

1 /
— |

r,

,,

\
I

U

+(hv ± gNiiNH)2

+

2

= 0 (22)

For some of the ns1-centers, such as Pb 3 + or Tl 2+ ,
two transitions corresponding to the selection rules
(19) are observed at the magnetic fields H\ and H2.
The spin Hamiltonian parameters are then obtained
in a good approximation with the simple formulae:
2hv(hv + A)
2hv(hv - A)
(23)
9 = (2hu
(2hv -

Vol. 16, No. 3/4
A

199
and

=

Hm = H'm (for gNfiN = 0)
(24)

Additional transitions, corresponding to the selection rules AM +_ 2, Am = 0, ±1, normally forbidden in the high field limit, can be observed in intermediate cases with intensities lower by a factor of
(A/g^sH)2 compared to the normally allowed ones.
In many crystal lattices with lower symmetry the
EPR spectrum of the nsx-centers exhibits a clear
anisotropy, which was attributed [41] to the presence
of an odd crystal field component which mixes the
excited 2 P state into the ground 2S state.
The exact solutions of the anisotropic spin
Hamiltonian (14), from which the last two terms
were neglected, have been reported earlier [42, 43,
44] for the case of the magnetic field along one of
the principal axes, when 5 = 7 = 1/2. In the case
of H || z they are:

=^ ± \

Formula (27) is valid for all positive solutions and,
in particular, for all values of
/ u / » (A/2) (21+1).
The corrections to the EPR transitions, at fixed
m, in the first order of perturbation associated with
the anisotropy in the spin Hamiltonian are given by
cosz m + i]

m+-J coszm+±

(28)
1/2

1/2

sin 2.

where

\{AX -

(29)

(25)

\(AX + Ay)2
(26)
The solutions for H \\ x and H \\ y are obtained
by cyclic permutations of gi and Ax. Similar expressions have been reported for the 5 = 1/2, I = 5/2
system [45, 32].
Approximate solutions to the secular equation,
for moderately anisotropic spectra were obtained
[46] by considering the anisotropy as a perturbation
added to (16). The starting point is the expression
of the magnetic field transition for the isotropic case
written as,

/\2

where
/ _

and

m

Pm =

(30)

1 + 1/2
In a different approach [47] the spin Hamiltonian
(14) has been expressed in a reference frame associated to the magnetic field. Afterwards, only the
following part of the rotated Hamiltonian has been
diagonalized:
ASZIZ

1 (AzAxy

(S+I- + S-I+) +

+

AxAy
A xy

[{QX COS2 ip

+ Qy sin2

sin2 6 + Qz cos2 6] II - gNpNHIz

(31)

Here g and A have the usual [1] angular dependence
of the polar angles 0 and ip of the magnetic field, in
the frame associated to the principal axes of the g, A
and Q tensors, considered coaxial. Assuming small
anisotropies, the rest of the terms were neglected.
Analytical expressions for the energy levels, wave
functions and transition probabilities were obtained
for I > 1/2, S = 1/2.
Solutions for the first two terms of the spin
Hamiltonian (14) with rhombic symmetry, for S =
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I = 1/2, have been obtained [48] by rewriting it in
a coordinate system associated with the magnetic
field (H || C):
— Ho + Hi + H2 + H3

(32)

Ho = gPHSt + KStl?
Hi = KiS+I?+KtS-I?

(33)

H2

—

A20+J4- + A 2 O - i -

(34)
(35)

H3

—

1\3J + 1— + JX-iO — l^-

(36)

where K{ are polynomial expressions of g,, A, and
orientation angles of H. The relative contribution
of Hj's to 7is differs from center to center, but Hi
is considered to be the smallest, at least for centers
with large hf coupling.
B.

The superhyperflne interaction

The interaction of the s-electron with the magnetic momenta of the neighboring ligands is considered as a perturbation, producing the shf splitting
of the EPR lines. However, for the majority of the
ns -centers its contribution consists only in an inhomogeneous broadening of the EPR lines. Neglecting
the shf interaction in determining the spin Hamiltonian parameters might result in significant errors if
a low field transition with energy comparable to the
shf splitting is considered.
Due to the usually isotropic character of the ns 1 type EPR spectra the shf structure represents the
main source of information concerning the structure
of the involved center.
The number and the intensity of the various components of the shf structure are obtained by the binomial rules [2, 40]. The shift of each component
from the center of the EPR line is given by
2

2

2

[{A\f cos 6 + {A\) sin d\^

(37)

where 9 is the angle between the direction of the
magnetic field and the bond direction, and mn represents the nuclear magnetic moment of the n-th ligand. Formula (37) can be rewritten by introducing
the isotropic (AJ) and anisotropic (A") components
of the shf tensor An;
= Ans

with the ligand nucleus. The anisotropic part (Aa)
is a sum of two contributions: the anisotropic interaction of the p-orbitals (Ap) and the dipole-dipole
magnetic interaction {Ap) between the paramagnetic electron and the ligand nucleus:
A

— A

AD

(39)

The quantitative analysis of the shf parameters
is usually performed [2, 49] by admixing the n's and
n'p orbitals from the neighboring ligands into the
central ns orbital. By considering covalency effects
it is possible to explain the large positive Ag shift
and the decrease of the hf constant A, compared to
the free ion value Af. The same molecular orbital
(MO) model in a covalency calculation offers a consistent interpretation of the optical absorption spectra of the ns 2 - and ns ^centers in crystals [50, 51].
According to the MO model, initially applied
to octahedral [52] coordination (MX6 clusters) and
tetrahedral [53] coordination (MX4 clusters) of ligands, the wave function of the paramagnetic electron is written as:
(40)

where
(41)
^ s is the ns orbital of the central ion. Xs and X
the linear combinations of atomic orbitals (LCAO)
of the neighboring ligands with the same symmetry
properties i.e., the a\g and a\ representations of the
Oh and Td symmetry groups, respectively [49, 54].
Neglecting the overlap of the atomic orbitals, the
hf constant is given in both cases by:
A = N2Af

(42)

where Aj is the free nsMon (atom) hf constant.
The shf constants are given by:

A, = HNX.fA",
(43)
AD

=

where / is 1/6 and 1/4 for the MX6 and MX4 clusters, respectively. A® and A® represent the free ligand ion hyperfme parameters,

(38)

The isotropic part (As) is considered to be mainly
due to a Fermi-type interaction of the s-electron

2
5*

~-3\
/n'p

(44)
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The Ag shift is given by the following formula,
valid for both coordinations [53]:
=

~N2[\l
xAE(p-

+ XaXsmR{3px
s)Ti~

l

AE

\x\3s)

(45)

where m is the electronic mass, R is the distance
to the ligand, AE(p — s) is the energy separation
between the n'p and n's orbitals, ((r) is the spinorbit interaction constant of the n'p electron and
AE is the energy separation between the ground
antibonding a\g orbital and the nonbonding t\g orbital, which can be determined from optical spectra.
Formula (45) explains the large Ag shift observed
for the ns1-centers in crystals with strong covalent
bonding and offers the possibility of connecting the
EPR and optical spectra.
The relevant free-atom values in the above formulae were calculated [30] for elements from thallium to bismuth, using Hartree-Fock-Slater atomic
orbitals [55]. Formula (42) shows a decrease of the
hf-constant with an increase of the covalency. The
consistency of the MO model has been checked for
various ns1-centers by fitting the covalency parameters As and \a to the measured shf constants and
afterwards calculating the hf constant A, according
to formulae (44). The calculation usually results in
a smaller hf-constant. Better results were obtained
by considering [56] the overlap of the orbitals. The
theory of Watanabe has been further refined [57],
by choosing the wave functions which diagonalize
the spin-orbit interaction as the basis wave functions. Such an approach takes a better account of
the larger spin-orbit interaction in the progression
of ligands from S, Se to Te.

IV.
A.

EPR Results
Trapped electron ns^centers

Trapped electron ns -centers are easily produced
by irradiating with ionizing radiation crystals doped
with IB or IIB cation impurities, as well as by subsequent optical bleaching and/or pulse anneal at various temperatures. The corresponding trapped electron ns1-centers have been mainly observed in alkali
halide crystals.

1.

The IB-group (Cu°, Ag°, Au°)

With very few exceptions, the ns^centers associated with the IB-group impurity cations have been
reported in copper and silver doped alkali halides.
Gold centers were less studied, mostly due to the
difficulties in doping (Tables 3-5). It is worthwhile mentioning that the IB-group cations, with
d10 outer electron configuration, can also trap holes
resulting in paramagnetic d? transition ions.
The alkali halide crystals employed in these studies were grown from melt, with about 0.1 to 0.2
mol% of the impurity halide added. Both copper
and silver halides being stable at high temperatures,
large amounts of the corresponding Cu + or Ag+ impurity ions are found in the crystals grown from melt
(about 10% of the initial concentration). Due to
the thermal instability of the gold halides, the doping with gold was done by adding the metal to the
melt, under a chlorine atmosphere.
The trapping of electrons by the Ag+ and Cu +
ions in alkali halides has been earlier suggested
[25, 58] to explain the new optical absorption bands
observed after X-ray irradiation.
The first EPR spectrum of a ns1—center(Ag°)
has been observed [9] in a KCl:Ag crystal after
electron-irradiation at 77K. It consisted of two transitions attributed to the superposition of the hf components from the two silver isotopes with 7 = 1 / 2
(Table 2). The interpretation of the well resolved
shf structure confirmed the substitutional localization in a regular six-fold octahedral coordination,
which suggests that the center is produced according to the reaction (1). The substitutional model of
the Ag° centers in KC1 and NaCl, has been latter
confirmed by ENDOR measurements [71, 72].
Cu° centers in alkali chlorides [31, 61] and Au°
centers [59] in NaCl and KC1, have been also observed after X-ray irradiation at 77K. Their EPR
spectra exhibit a more or less resolved shf structure
and were interpreted with the spin Hamiltonian (16)
to which the shf interaction was added.
Due to the presence of two isotopes with I =
3/2 (Table 2), the X-band EPR spectra of the Cu°
centers consist of a pair of lines for each isotope,
attributed to the (F = l,mF = - 1 ) <—> (F =
2,mF = -2) and {F = 2,mF = - 2 ) <—> (F =
2, mp = — 1) transitions (A > g(5H approximation).
Gold has only one natural isotope with nuclear
spin / = 3/2 and hf splitting A ~ g(5H (Table 2).
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Table 3: The EPR parameters of the Cu°—type centers at 77K. The hf parameter A and the shf parameters
As and Ap for the NN anion ligands are given in MHz.

Center
Cu^ in LiCl
Cu° in NaCl
Cu° in KCl
Cu° in KCl
Cu° in RbCl
Cu£ in NaCl
Cu°, in KCl
Cu°(I") in KCl
Cu°(I) in quartza
Cu°(II) in quartz"
Cu°(III) in quartza
a

As
75
67
31
36
28

g

1.999
1.997
2.000
1.9992
2.004
1.995
1.998

Ap
5.6
5.6
2.8

5,876
5,566
4,844
4,858.1
4,405
2,380
2,578
4,800
28
A,(r)=560
5x=2.004 Ax=3,191 503 28.3
5y=1.998 ^=3,186
Az=3,130
5z=2.004
p2=2.004 A2=3,029
52=2.006 A2=3,464

References
[31]
[31]
[31]
[60]
[61]
[62]
[63]
[64]
[65]
[65]
[65]

Measured at 120K. Shf interaction with one 29Si ligand.

Three EPR transitions were observed [59] in the Xband.
It has been mentioned [59] that before X-ray irradiation the alkali chlorides doped with copper or
gold had to be annealed at high temperatures and
quenched to 77K. This observation suggests that a
certain amount of the two impurities enters the lattice in a higher valency state (+2, +3), resulting in
impurity-cation vacancy aggregates which have to
be thermally dispersed.
From the analysis of the isotropic shf constant As
of the Cu° and Ag° centers in alkali chlorides and
in KBr, it has been found [66] a significant outward
relaxation (between 14% and 27%) of the nearest ligands. This effect has been explained as an accommodation effect of the larger Cu° and Ag° atoms,
compared to the host lattice cations.
A strong temperature dependence of both hf constant A and isotropic shf constant As, has been observed at low temperatures, for the Ag° and Cu°
centers in LiCl, NaCl and KCl [67], and for the Cu°
centers in RbCl [61]. With the exception of the Cu°
in KCl and RbCl, for all other centers both parameters decrease by increasing the temperature. No

quantitative interpretation of the above results has
been given yet.
The quantitative evaluation [70] of the isotropic
shf constant As for the Cu° and Ag° centers and
of the hf constant A for the Ag° center in alkali
chlorides, in the frame of the Adrian theory [68],
resulted in a good fitting with the experimental data
only for the Ag° centers in KCl and RbCl.
An unusual behavior of the shf structure of the
Cu° center in KCl at very low temperatures (T <
20K) has been reported [60]. By lowering the temperature, the observed shf structure, characteristic
for an interaction with six equivalent chlorine nuclei, becomes unresolved at T < 40K. Below 20K
the shf structure is again resolved, but its interpretation shows that the Cu° atom is now displaced to
an off-center position, along a (111) direction. A
theoretical analysis of the shf parameters temperature dependence shows [69] that in the 30-40K range
the interaction constant of the Cu° atom increases
2.8 times for the nearest ligand lying in the direction
of the off-center displacement and decreases for the
other NN ligands.
It has been suggested [61] that the similar tem-
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Table 4: The EPR parameters of the Ag°—type of centers at 77K. The hf parameter A and the shf parameters
As and Ap for the NN anion ligands are given in MHz.

Center
Ag" in LiCl
Ag° in NaCl
Ag° in NaCl a
Ag° in KCl
Ag° in KCl a
Ag° in RbCl
Ag° in KBr
Ag° in KI
Ag£, in LiCl
Ag^ in NaCl
Ag£ in KCl
Ag£ in RbCl
Ag°(I") in KCl
Ag^(Br-) in KCl
Ag° in SrCl2
Ag° in KCl
Ag° in L1KSO4
Ag° in (NH 4 ) 2 SO 4
Ag° in K 2 SO 4 c
Ag° in K 2 SO 4 d
Ag°(I) in quartz e

Ag°(II) in quartz 6
Ag°(III) in quartz 6

g
2.001
1.999
1.9951
2.000
1.9963
2.001
1.987
1.966
1.996
1.996
1.998
1.994
1.989
1.996
1.9934
1.997
2.0012
b

\imA\

As
79.2
68.3
68.99
37.2
37.8
29.4
219
269

1,927
1,8701,883
1,890
1,889
1,878
1,870
1,855
1,395
1,835
1,305
1,285

1,838
1,323
1,444
2,025
1,966
2.002
2,133
2.001
2,136
# x =2.0002 ^ = 1 , 3 0 0
3y=1.9935 Ay=1,304
fir2=2.0000 A 2 =l,251
52=1.9955 ^ 2 =1,316
02=1.9957 4*=1,386

Ap

2.8
5.6
4.0
2.8
3.89
20

29.8
35.7
53.9

>l s (I-)=404
A s (Br")=267
6.1

351.7

17.7

References
[70]
[70]
[71, 72]
[70, 9]
[71]
[70]
[73]
[73]
[74]
[74]
[74, 75, 15]
[74]
[76]
[77]
[78]
[79, 75, 15]
[78]
[80]
[81]
[81]
[65]

[65]
[65]

ENDOR measurements.
Measured at 290K.
X-ray irradiated at 77K.
X-ray irradiated at 300K.
Measured at 120K. Shf interaction with one 29Si ligand.

perature dependence of the hf constant A observed
for the Cu° center in KCl and RbCl must be due to
the same off-center displacement of the Cu° atom.
Another type of ns1-centers, called PSp centers,
have been observed [75, 15] in silver doped alkali
chlorides after X-ray irradiation at RT followed by
optical bleaching in the F-band. Such centers have
been latter obtained [63, 62] in copper doped NaCl
and KCl, directly by X-ray irradiation at RT. Their

concentration could be further increased by bleaching in the F-band. k°F centers have been directly
observed [74] in silver doped thin films of alkali chlorides. A°F centers have not yet been reported in gold
doped crystals. The corresponding spin Hamiltonian parameters are given in Tables 3 and 4. No shf
structure has been observed in the EPR spectra of
the A1^ centers.
It has been suggested [75] that the A°p center
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Table 5: The EPR parameters of the Au°—type centers at 77K. The hf parameter A and the shf parameters
As and Ap for the NN anion ligands are given in MHz.

Center
Au^ in NaCl
Au° in KC1
Au£ in NaCl
AuS in KC1
Au£ in RbCl
Au°, in NaCl
Au°, in KC1
Au°, in RbCl

g
2.001
2.004
2.00
2.020
2.024
2.012
2.010
2.020

| i 9 7 A|
2,840
2,530
2,350
2,170
1,980
2,780
2,410
2,160

consists of a ns 1 -atom (A = Cu°, Ag°) next to an
anion vacancy. Because the unpaired electron is expected to be partly localized at the anion vacancy,
it is possible to consider the A°F center as being an
F-center next to the cation impurity.
In the absence of a clear anisotropy of the EPR
spectra, or of a resolved shf structure, the structural
model of the AF centers had to be supported by
indirect arguments. The proposed structural model
has been initially based on the similar production of
the A^ centers with the F ^ centers [17].
Additional arguments favoring the A°F center
model, were based on the analysis of the hf constant shift 8A and of the linewidth of the various
ns x -centers [75].
According to formulae (15) and (42) the quantity
A

-Aj

A~

= 8A•f

(46)

which is the relative shift of the hf constant A to the
free atom/ion hf constant Af, represents the degree
of the delocalization of the paramagnetic electron
at the neighboring ligands. Due to the F-character
of the unpaired electron wave function at the anion vacancy site, the A°F structural model with a
neighboring anion vacancy involves a large 8A shift.
By examining the hf constant of the corresponding M° and A°F center (Tables 3,4), it was found
that in each particular case 8A(A°F) > 6A(M®).
For example, in the case of the Ag° centers in KC1
8A{A%) = 34% > 6A(Ag°) = 4.4%. This type of

As
46.2

36

Ap
56

References
[59]
[59]
[59]
[59]
[59]
[59]
[59]
[59]

argument has been latter employed to identify new
A°F centers.
Considering the linewidth of the ns 1 -centers as
being mainly determined by the isotropic shf constant As, in the case of the AF centers one has to
consider the shf interaction with five anions next
to the ns 1 atom and the shf interaction with five
cations next to the anion vacancy. It is then expected that crystals grown with various isotopic
pure cations will exhibit different linewidths of the
A°F centers. Using single crystals of alkali chlorides grown from the isotopic pure cations 39 K, 41 K,
85
Rb and 87 Rb, a variation in the linewidth of the
Ag^ centers from 4.5 mT in 39KC1 to 16 mT in
87
RbCl was determined [82], which could be accounted for by the anion vacancy model. New
ns^centers, called Cu°(X~~) and Ag°(X~), where
X~ =I~ and Br~, have been observed [64, 77, 83]
in mixed crystals of KCl(KI) and KCl(KBr). The
structural model, inferred from the analysis of the
shf structure is based on a M° model (M = Cu, Ag)
with one of the six neighboring ligands replaced by
an impurity anion. The larger isotropic shf constant
As (X~) due to the shf interaction with the NN impurity anion, compared to the shf constant with the
NN host anions, suggests a local deformation of the
crystal lattice.
The trapping of an anion vacancy next to a
cationic substitutional neutral impurity atom is now
supported by the direct observation [10, 18] of such
a process in the EPR spectra of the anisotropic
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np 1 -M°(l) centers (M=Ga,In,Tl). An analysis of
the production properties of the A°F centers [15, 75]
shows that reactions (9) and (11) are involved in the
formation of both M°(l) and A^ centers.
Alkali chloride crystals doped with gold exhibit
after X-ray irradiation at 77K, besides the cubic Au°
centers, a second type of ns^centers, called Au° centers [59]. The Au° centers are converted to new Au°
centers by annealing above 140K. The Au° centers
exhibit the largest 6A shift and an isotropic splitting
of the EPR lines in 7 equidistant components, with a
maximum along a (100) direction. They are considered [59] to consist of an Au° atom at a cationic site,
with a Vfc center in the NN anion site, along a (100)
direction. The Au°, centers, with a 6A shift slightly
larger compared to the Au° centers and with similar linewidths, are considered [59] to be Au° centers
with a perturbing defect in a NNN position.
The X-ray irradiation at RT of the silver doped
alkali chlorides results in the formation of Ag°, Ag2+
and F-centers, with their characteristic EPR spectra, as well as of negative Ag~ ions, supposed to
be localized at anion sites and identified by their
optical absorption B-band [19, 20].
The Ag° center, observed [15, 75] after optical
bleaching at 300K, in the B-band of the KCl-Ag
crystals, is considered to be a silver atom at an unperturbed anion site, produced according to reaction (12). In the absence of a resolved shf structure
the anion localization of the silver atom is suggested
by the smaller linewidth; 2.1 mT for the Ag° centers
in KC1, compared to 4.1 mT for the Ag^ centers,
both at 300K. Because they are produced at temperatures where the vacancies are mobile, the presence
of vacancies in the neighborhood of the Ag~ or Ag°
centers cannot be however completely excluded.
The observed linewidth and hf constant increase
with temperature of the Ag^ centers, for T < 100K,
has been explained [79] by an off-center displacement in a (111) direction, by analogy with the Cu°
centers in RbCL
The production of a dimer-type of trapped electron center has been reported [84] in KCl:Ag crystals, after long X-ray irradiation at RT. The resulting Agj" center exhibits an isotropic EPR spectrum
with ^=1.986, suggesting the unpaired electron to
be localized in a s-type orbital. A well resolved shf
structure could be observed in samples doped with
silver enriched in the 109Ag isotope. It has been sug-
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gested that the Ag j" center consists of two Ag+ ions
in a cation site, which have trapped an electron.
Ag° centers have been reported in X-ray irradiated SrCl2 and LiKSC-4 crystals doped with silver
[78]. A partly resolved shf structure has been observed for the SrCl2 crystals, suggesting a cationic
localization of the Ag° atom, but no detailed analysis has been reported. Atomic Ag° centers have
been also observed [85, 81] after X-ray irradiation
at RT of silver doped (NH4)2SO4 and K2SO4 crystals, both exhibiting low symmetry crystal lattice
and structural phase (SP) transitions.
2.

The IIB-group (Zn+, Cd+, Hg+)

The elements of the IIB-group are expected to
enter the crystal lattice in their +2 valency state. In
the case of the alkali halides, in which the resulting
ns1-centers were mainly reported, several effects are
to be expected:
• The segregation coefficient during the growth of
such doped crystals is larger than in the case of the
doping with monovalent impurities. Consequently
a smaller concentrations of IIB-group impurities is
found in the resulting crystals. For example, the
concentration of cadmium in the KBr crystals was
found to be 200 times smaller than in the melt [86].
• The IIB-group impurities enter the lattice accompanied by an equal number of charge compensating cation vacancies, usually at NN lattice sites.
• The impurity-charge compensating vacancy
pairs have the tendency to aggregate, even at RT.
Consequently, before producing ns^centers by irradiation the samples have to be annealed at temperatures close to the melting point and quenched at RT
or even at lower temperatures, in order to achieve
their dispersion.
The presence of trapped electron ns1-centers in
crystals doped with IIB impurities has been initially
suggested [87] from optical studies on additively colored KChCd crystals.
Cubic Cd,f centers have been observed by EPR in
alkali chlorides [88, 89] after X-ray irradiation at RT,
or after X-ray irradiation at 77K followed by warming up to temperatures close to RT, where the initially bound cation vacancy could move away. Cubic
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Zn+ centers in NaCl and cubic rlg^ centers in LiCl,
NaCl and KC1 were obtained by similar production
procedures [90]. They all exhibit well resolved shf
structures, characteristic for a substitutional Me+
(Me = Zn, Cd, Hg) ion in a regular octahedral coordination of chlorine ligands.
The EPR spectra of the Zn+ centers in NaCl
exhibit only one transition at g ~ 2, due to the even
isotopes. The hf transitions from the 67Zn isotope,
with 7 = 5/2 and natural abundance of 4.16%, could
be observed [90] only in crystals doped with 88%
enriched 67Zn isotope.
Natural cadmium contains six isotopes, of which
four are even isotopes (7 = 0) and only two exhibit
nuclear moments ^jv > 0 (Table 2). The X-band
spectrum of the Cd+ centers consists of a line at
g ~ 2, from the even isotopes and two pairs of lines
due to the hf transitions of the odd isotopes,
(F = l , m F = 1) <—> (F = 0,m F = 0)
and

(F=l,mF

=

= l,mF =

Natural mercury contains, besides the even isotopes with 7 = 0, two isotopes with 7 = 1/2 and
3/2 and nuclear momenta of opposite sign (Table
2). Consequently, the X-band EPR spectra exhibit,
besides the g ~ 2 line, two lines from the hf transitions,
(F = l,mF

= - 1 ) <—> (F = l,mF

= 0)

and

(F = 1, mF = 0) *—> (F = 1, mF = 1)
of the 199Hg isotope and one line from the hf transition,
(F = 2, mF = 1) <—y (F = 2, mF = 2)
of the 201Hg isotope.
The EPR spectra of the IIB-group n^-centers
have been described by the spin Hamiltonian (16).
including the shf interaction term, if necessary. The
resulting EPR parameters are given in Tables 6-8.
A decrease of the hf constant A with increasing
temperature was found [92] for the Cd+ centers in
KC1. The temperature dependence, described by
formula:
A = Ao(l - CT)
(47)

where C = 1.5 xlO 4K 1 in the investigated temperature range (100-300K), has been quantitatively
accounted for [92] with a Simanek-Orbach type
mechanism [97]. According to this interpretation
the thermal vibrations of the crystal lattice induce
a noncubic crystal field at the Cd + ion, which mixes
the 5p excited states into the ground 5s electronic
state. The normalization of the new, mixed electron wave function results in a reduction of the 5s
electron density at the Cd nucleus, and according
to formula (15), of the hf constant A. Neglecting
the contribution from the dipolar interaction term,
the temperature dependence of the hf constant A is
described by formula:
l
.— coth 2kT

1-

(48)
where 7? = 3.1 xlO- m, E 5p - E 5s = 4eV and
(5s|x|5p) = 1.6 x 10~10m. In the investigated temperature range formula (48) can be approximated by
(47). The resulting value of a; = 1.4xl013s~x is close
to the phonon frequency UQ = 1 x 10 13 s -1 obtained
from the analysis of phonon-induced optical transitions of Ag+ in KC1. It seems highly probable that
the same mechanism, involving the decrease of the
Fermi-type hf interaction by the electron-lattice coupling of the excited p-like states, describes the similar temperature dependence of other ns1-centers,
such as Ag° in KC1.
Three types of paramagnetic centers, exhibiting
broad lines, without shf structure, have been observed [91] in cadmium doped NaCl and KC1 crystals, after X-ray irradiation at 77K. The centers,
called CdJ (I), (II) and (III), are considered to be
the precursors of the Cd+ centers, i.e., Cd+ — vc
pairs with the cation vacancy vc situated at various
sites next to the Cd+ ion. By warming up the samples the cation vacancy is freed, which results in the
formation of the cubic Cd+ centers (reaction 7).
EPR spectra attributed to Cd£ centers have
been observed [91] after X-ray irradiation at RT of
cadmium doped LiCl, NaCl and KC1. The proposed
structural model is based on the observation that
their linewidth is smaller than for the Cd^ centers
and changes as a function of the lattice host in a
similar way as the linewidth of the F centers.
Cd+" centers have been observed [93] in all alkali
earthfluoridesdoped with cadmium after x-ray irradiation at 77K or, in the case of the BaF2, even after
10
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Table 6: The EPR parameters of the Z n + - t y p e centers at 77K. The hf parameter A and the shf parameters
As and Ap for the NN anion ligands are given in MHz.

Center
Zn+ in NaCl
Zn+ in CaCO-3
Zn+ in K 2 SO 4
site I
Zn + in K2SO4
site II

g
1.999
311=2.0008
5 x =1.9965
^=1.9975
3 y =1.9965
p 2 =2.0010
3x=l-999
^=2.004
gz=2.005

\67A
2,030

Ap

References |

5.6

[90]
[32]

A||=l,444
A_L=1,412

A s =l,569
Ay=l,568
Az=l,595
i4x=l,730
Aj,=l,750

[45]

[45]

^=1,750

RT irradiation. The resolved shf structure has been
interpreted with a substitutional model in which the
Cd + ion is surrounded by a regular cube of eight F~
ligands.
EPR spectra attributed to Cd + centers have
been reported in Cd2+ doped f3—K2SO4 crystals
[94] and Cd 2+ doped (NH4)2SO4 crystals [95, 96] after X-ray irradiation at RT. The two rhombic EPR
spectra (Table 7) have been attributed to Cd+ ions
at the two inequivalent cation sites with Cs symmetry, which are distinguished by their different coordination. It has been reported [94] that the Cd+
centers are not produced in the /3—K2SO4 crystals
by X-ray irradiation at 77K. No shf structure has
been reported for these centers.
Anisotropic EPR spectra attributed to Zn+ type
centers have been reported in irradiated CaCO3
(calcite) [32] and K2SO4 crystals [45]. The EPR
spectrum, observed after 7-ray irradiation at RT of
natural calcite crystals containing 0.05% zinc, exhibits axial symmetry, characteristic for a Zn+ ion at
a Ca 2+ site. The strong intensity of the EPR spectrum made possible the observation of the hf structure of the 67Zn isotope. The observed six hf components were attributed to the AF — 1, Amp = 0
transitions. The spectral parameters (Table 6) were
determined by using the following analytical expressions of the resonance fields for the axial case [32]:
hv

Aa
56

a + ^a2\
5/?3,4 = T ^

16

a I

' hv (49)
hv

where
A=z:A

= 9\\,
a =

2

\\

142]

for H || (111), and
9 = 9±,

a = 4 [{hvf - I^i]
for HI (111).
The number of the Zn+ centers observed in
K2SO4 crystals after irradiation at RT depends on
the nature of radiation [45]. Eight centers have been
observed after X-ray irradiation and four centers after 7-ray irradiation. No EPR spectra attributed to
Zn+ centers could be observed after irradiation at
77K. Two of the Zn+ centers, called I and II, and
considered to be situated substitutionally at the two
K + sites, were found to be the most stable, their
concentration increasing by subsequent warm-up to
400K, an effect also reported in alkali chloride crystals [91]. EPR spectra were recorded in both X and
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Table 7: The EPR parameters of the Cd+—type centers at 77K. The hf parameter A and the shf parameters
As and Ap for the NN anion ligands are given in MHz.

Center
Cd+ in LiCl
Cd+ in NaCl
Cd+ in KCl
Cd+ in LiCl
Cd+(I) in NaCl
CdJ(II) in NaCl
Cd+(III) in NaCl
Cd+(I) in KCl
Cd+(II) in KCl
Cd£ in LiCl
Cd+ in NaCl
Cd+ in KCl
Cd+ in CaF2
Cd+ in SrF2
Cd+ in BaF2
Cd+(I) in /3-K2SO4
Cd + (II) in /3-K2SO4

Cd+ in (NH4)2SO4
site I

a

Cd+ in (NH4)2SO4
site II

a

g

1r

1.998
1.996
1.996
1.998
1.995
1.998
2.000
1.998
1.998
1.993
1.990
2.00
1.9984
1.9965
1.9896
1.999
0X=1.996
5 y =1.998
c/2=2.000
gx=l.9975
gy=1.9972
5z=2.0002
<?x=1.9975
$,,=1.9972
ff2=2.0002

AI

12,493
12,426
12,379
11,570
11,770
11,950
12,130
11,190
11,520
9,060
8,730
10,100
13,200
13,260
12,960
13,501
^=12,618
A y =12,645
.4Z=12,668
^=11,888
Ay=ll,908
A 2 =ll,924
Ax=ll,933
i4y=ll,936
AZ=U,93S

As
69.3
60.1
47.6

Ap
5.6
5.6
5.6

392.5
310
220

44.2
40.1
34
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[89, 91]
[88, 89, 91]
[89, 92]
[89]
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[89]
[89]
[89]
[89]
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[89]
[93]
[93]
[93]
[93, 94]
[93, 94]

[95, 96]

[95, 96]

Measuring temperature 290K.

Q bands on samples doped with zinc enriched 67 Zn
isotope. The spin Hamiltonian parameters (Table
6), have been determined with generalized versions
of formulae (25,26).
In the absence of any resolved shf structure it
is difficult to suggest accurate models for the Zn +
centers in CaCC>3 and K2SO4. The large 6A shift
in both cases suggest the presence of neighboring
vacancies, although that would result in a lowering
of the local crystal field symmetry.
Anisotropic EPR spectra attributed to Hg + centers at low symmetry lattice sites have been reported

[95, 36] in (NH 4 ) 2 SO 4 , KH 2 PO 4 and NH 4 H 2 PO 4
crystals X-ray irradiated at RT. The two Hg + centers observed in (NH 4 ) 2 SO 4 were attributed [95]
to substitutional Hg + ions at the two inequivalent sites with C s symmetry. No shf structure
has been observed at the measuring temperature
(290K). The Hg + centers exhibit in both KH 2 PO 4
and NH 4 H 2 PO 4 lattice hosts an axial symmetry
(Table 8), suggesting a substitutional K + or NH4"
site. A shf structure consisting of a 1:4:6:4:1 quintet has been observed for H || c in both crystals,
at 300K, in the paraelectric phase. By lowering the
temperature the quintet changes to a 1:2:1 triplet at
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Table 8: The EPR parameters of the Hg+—type of centers. The hf parameter A and the shf parameters As
and Ap for the NN ligand are given in MHz.

Hg+
Hg+
Hg+
Hg+
site I

Center
in LiCl
in NaCl
in KCl
in (NH 4 ) 2 SO 4

T(K)
77
77
77
290

Hg+ in (NH 4 ) 2 SO 4
site II

290

Hg+ in KH 2 PO 4

300

Hg+ in NH 4 H 2 PO 4

300

g
1.997
1.999
1.998
0X=1.9959
gy=1.9948
gz=1.9927
5X=1.9941
5y =1.9941
&=1.9967
5||=1.9965
pj.=1.9972
511=1.9959
5 ± =1.9950

148K, the phase transition temperature to the ferroelectric phase of NH 4 H 2 PO 4 . The shf structure
has been attributed to the interaction with protons
(7=1/2).
B.

Trapped hole n s ^ c e n t e r s

The trapped hole n^-centers are easily produced by irradiating with ionizing radiation crystals
doped with IIIA or IVA cation impurities. However,
in studying their production properties one should
take into consideration that such cations can also
act as electron traps, resulting in paramagnetic np1type centers [98]. The trapped hole ns1-centers have
been observed not only in alkali halides but also in
many other ionic and semiconducting crystals.
1.

The IIIA-group ( G a 2 + , In 2 + , T l 2 + )

The IIIA-group cations enter the alkali halides lattice mainly as monovalent ions. Consequently, it is
possible to grow doped crystals containing relatively
large concentrations of such impurities, especially
thallium. It seems that in gallium or indium doped
alkali halide crystals a certain amount of impurities
are in a higher valency state (+3). This could explain the increased concentration of the ns 1 -centers

32,690
32,100
32,790
A x =34,046
Ay=M,08Q
A2=34,060
A x =34,043
A y =33,962
A z =34,009
A||=34,174
A ± =33,994
A||=33,944
^ x =33,973

54.2
47.2
38.0

Av
13.4
11.4
8.94

References
[90]
[90]
[90]
[95]

[95]
13.4

[36]

13.0

[36]

obtained in samples annealed at high temperatures
before irradiation, as well as the presence of new
ns 1 -centers with cation vacancies in their structure
after low temperature irradiation [99, 100].
Cubic ns^M 24 " (M = Ga, In, Tl) centers have
been obtained in alkali chloride crystals after X-ray
irradiation at various temperatures. The highest
concentration was obtained [52, 56, 99, 100] by irradiating at 77K and pulse-annealing at temperatures where the holes are mobile (> 170K in KCl).
The resulting Ga 2 +, In 2 + and Tl2,"1" centers exhibit
a well resolved shf structure for the magnetic field
along the main crystal axes. The analysis of the shf
structure confirms [52, 56] the regular octahedral
symmetry of the surrounding ligands.
Additional isotropic EPR spectra, without shf
structure, attributed to noncubic n^-centers have
been observed [99, 100] in gallium and indium doped
KCl crystals after X-ray irradiation at 77K. The one
(Ga 2 + )' and the two (In 2 + )' and (In 2 + )" centers observed in KCl have been considered to consist of a
Ga 2 + and In 2 + substitutional ion, respectively, next
to a cation vacancy. The presence of two noncubic
In 2 + centers has been attributed [100] to the existence of two ns 1 ion-cation vacancy configurations.
It is considered [100] that in the (In;?+)" centers,
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which are produced at higher temperatures than
the (In 2+ )' centers and exhibit a partly resolved shf
structure, the vacancy is farther away from the In 2+
ion, resulting in a smaller perturbing effect.
High concentrations of cubic Tl 2+ centers were
produced by X-ray irradiation at 77K of double
doped KCl:Tl:Pb and NaCl:Tl:Pb crystals [100].
This effect has been explained by the strong electron
trapping properties of the Pb 2 + ions [101, 102]. By
warming up such crystals, at temperatures corresponding to the onset of motion of cation vacancies
released by the Pb + centers, it has been than possible to obtain Tl 2+ v c centers according to reaction
(6). The presence of such centers was reflected in
the splitting of the Tl 2+ hf structure in two components with less resolved shf structure.
The EPR spectra of the M2+ (M = Ga, In, Tl)
centers were described by the spin Hamiltonian (16),
with or without the shf interaction term.
The EPR lines of the Ga 2+ centers, observed in
the X-band, were attributed to the transitions (F =
2,mF = -2) <—> (F = 2,mF = -1) and (F =
\,mF — —1) *—* (F = 2, mF = —2) from the two
natural isotopes 69Ga and 71Ga, both with nuclear
spin / = 3/2 (Table 2).
Indium has two natural isotopes, 113In and 115In,
both with / = 9/2 (Table 2). The X-band EPR spectrum consists of one line, due to the transition (F =
5,mF = —5) <—> (F = 5,mF = —4), which can be
seen at high magnetic fields (~ 1.5T). Another transition (F = -5,mF = -5) <—> (F = 4,mF = -4)
has been observed in the Q-band.
The large zero-field splitting and the close nuclear momenta of the two thallium isotopes 203Tl
and 203Tl, both with / = 1/2 (Table 2), yields an
EPR spectrum consisting of two lines. They represent the superposition of the transitions (F =
l,mF = 0) <—> (F = l,mF = -1) and (F =
l,mF = 1) <—> (F = l,mF = 0) from the two
isotopes. The spin Hamiltonian parameters can be
determined with the formulae (23,24).
The isotropic EPR spectrum, without shf structure, observed [103] in SrCl2:Tl crystals after X-ray
irradiation at 77K, has been attributed to Tl 2+ ions
with a neighboring charge compensating vacancy.
By pulse annealing above 130K the vacancy moves
away resulting in a partly resolved shf structure.
Isotropic Ga 2+ centers [104, 105, 106], In 2+ centers [107, 105] and T12+ centers [105] have been ob-
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served in ZnS crystals by photostimulation. All centers exhibit large 5A shifts, compared to the corresponding cubic centers in alkali chlorides (see Tables
8-10). Such large 6A values can be explained by the
stronger covalent character of the bondings in ZnS
(formula 42).
Slightly anisotropic ns1-type EPR spectra, attributed to Ga2+ in silicon [109], In 2+ in ZnO
[110], Tl 2+ in hexagonal ZnS [105] and in K2SO4
[111, 112], have been also reported. The anisotropy
of the EPR spectra of the Tl 2+ centers in the orthorhombic /3-K2SO4 has been quantitatively explained [111] by the effect of the odd crystal field
component at the cation sites (C5-local symmetry).
By using a cluster model in deriving the effective
crystalfieldoperator, a good agreement between the
calculated and the experimental spin Hamiltonian
parameters has been obtained [111].
The spin-lattice relaxation time T\ of the Tl 2+
centers in K2SO4 has been measured in the 1.5 to
25K temperature range by observing the spin-echo
signal [113]. It exhibits a temperature dependence
of the form:
Tf 1 = LOT x 3.3 x l(T 5 T/(0/T)

(50)

where T is the temperature, #=120K is the Debye
temperature and f(0/T) is a factor describing the
deviation from a pure Raman process, attributed
[113] to the large hf splitting.
Tl 2+ centers produced by X-ray irradiation
have been used as paramagnetic probes in studies concerning structural phase transitions, such as
the paraelectric/ferroelectric transition in KD2PO4,
Rb2H2PO4 and (NH4)2SO4 crystals [41, 114, 115,
116, 117] and the paraelectric/antiferroelectric transition in NH4H2PO4 crystals [118]. The measured
spin Hamiltonian parameters (Table 11) are slightly
but clearly anisotropic, reflecting the local symmetry of the paramagnetic center and the changes in
the local symmetry, such as the lowering of the symmetry by going from the paraelectric phase to a ferroelectric or antiferroelectric one.
The spontaneous symmetry breaking and the local freeze-out during the transition from the paraelectric to the ferroelectric phase has been studied
[117] in the KH2ASO4 crystals using both Tl 2+ and
AsO4~ paramagnetic centers, simultaneously produced by X-ray irradiation at 77K. The spectra of
both centers exhibit axial symmetry in the high
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Table 9: The EPR parameters of the Ga2+—type centers. The hf parameter A and the shf parameters As
and Ap with the NN ligands are given in MHz.

Center
Ga^+ in NaCl
Ga 2 + in KCl
Ga2,+ in KCl
Ga 2 + in ZnS(cub)
Ga 2 + in ZnS(hex)
Ga 2 + in ZnS a

T(K).
77
77
77
20
20
2

Ga 2 + in Si

a

g
2.062
2.012
.2.01
1.9974
2.0006
2.001
2.001
5||=2.0014
51=1.9973

9,350
8,860
6,320
6,076
6,200

As

Ap

References

52.2
47.9

12.1
11.5

[99]
[99]
[99]
[105, 106, 108]
[105, 106, 108]
[104]

Acub=6,080
Ahex=Q,150

[109]

A||=3,292
A ± =3,253

ODMR measurements.

Table 10: The EPR parameters of the In 2+ —type centers. The hf parameter A and the shf parameters As
and Ap for the NN ligands are given in MHz.

Center
In in KCl
(In 2 + )' in KCl
(In 2 + )" in KCl
In 2 + in ZnS(cub)
In 2 + in ZnS(hex)a
2+

In 2 + in ZnO

a

a

T(K)
77
77
77
77
2
2
2
2

g
1.98
2.00
1.98
1.993

0H=1.9574
51=1.9562

14,700
12,000
14,000
9,362
9,720
9,630
9,510
A,|=100.24

As

Ap

References

52.4

13

49.2

12

[100]
[100]
[100]
[105]
[107]
[110]

A_L=100.14

ODMR measurements. The hf constants correspond to three different sites.

temperature, paraelectric phase, and orthorhombic
symmetry with additional splittings due to the presence of four inequivalent lattice sites, in the low temperature, ferroelectric phase. It has been observed
that the temperature dependence around the transition temperature Tc of the additional line splitting
due to the presence of domains of opposite polarization is different for the two paramagnetic centers. The corresponding spontaneous dynamic sym-

metry breaking, seen above Tc in the EPR spectra
of AsO^", but not of Tl 2 + , has been explained by
the different coupling of the two defects to the surrounding pseudospins.

2.

The IVA-group (Ge 3+ , Sn 3 +, Pb 3 + )

The impurities of the IVA group of elements enter the ionic crystals mainly as divalent ions: Ge 2 + ,
Sn 2+ and P b 2 + . Consequently, monovalent lattice
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Table 11: The EPR parameters of the Tl 2+ —type centers. The hf parameter A and the shf parameters As
and Ap for the NN ligands are given in MHz.

Center
Tl^+ in NaCl
Tl 2 + in KCl
Tl 2 + in RbCl
Tl 2 + in KBr
Tl 2 + in SrCl 2
T12+ in ZnS(cub)
Tl 2 + in ZnS(hex)

T(K)
77
77
77
77
77
77
77

Tl 2 + in CdTe
T12+ in K 2 SO 4
site I

77
77

Tl 2 + in K 2 SO 4
site II

77

g
2.009
2.010
2.010
2.067
2.0120
2.0095
511=2.0093
5_L=2.0103

Tl 2 + in NH4H2PO4
(antiferro. phase)

a

85

Tl 2 + in KH2PO4
and KH 2 As0 4 b
(ferro. phase)
T l 2 + in Rb 2 H 2 PO 4
(ferro. phase)

77

Tl 2 + in KD 2 PO 4
(ferro. phase)

77

Tl 2 + in (NH 4 ) 2 SO 4
(ferro. phase)

85

110

2.035
^=1.997
5y=1.995
^=1.998
^=1-993
gy=1.994
gz=1.997
5^=1.988
S y =1.994
gz=l.998
<fe=1.987

gy=1.9%
# 2 =2.000
&—1.9986
gy=1.9902
^=1.9848
Px=l-998
0y = 1.992
^=1.987
^=1.986
5j,=1.998

&=1.983
a
6

|205A|

108,500
105,800
104,900
92,600
108,860
71,530
A||=71,980
Ax=71,140
53,700
^ = 1 2 3 , 6 00
^=123,90 0
A2=124,050
i4x=115,090
^=115,100
A2=115,520
^ = 1 1 1 , 6 68
Ay=U2.22Q
y!2=112,682
^=115,66 0
yl,,=116,135
^ 2 =116,680
ylx=107,150
^=106,42 0
vlz=105,840
^=116,10 0
^=115,50 0
A z =115,000
i4 s =107,872
>ly=109,145
A=108,103

Aa

Ap

References

45.9
42.6
42.6
173.3

17.1
15.9
15.9
70.2

[56]
[56, 52]
[56]
[56]
[103]
[105]
[105]

697.7

185

[119]
[111]

[111, 112]

[118]

[115, 41]

[114]

[41]

[116]

Slightly different values of the hf constant are reported in Reference [121].
As reported in Reference [16].

hosts, such as alkali halides, can be doped only with
relatively low concentrations (~ 102ppm) of such
impurities. The doping with germanium is even
more difficult due to the low boiling point and thermal instability of germanium halides. The presence
of the charge compensating cation vacancies is expected to have the same consequences as in the case

of doping with IIB impurities.
Ge 3 + centers have not yet been reported in alkali halides. However, germanium doped NaCl and
KCl crystals have been obtained and the electron
trapped Ge + centers could be observed after X-ray
irradiation [122].
A Ge 3 + center, exhibiting the largest reported hf
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Table 12: The EPR parameters of the Ge3+—type centers. The hf parameter A and the shf parameters As
and Ap for the NN ligands are given in MHz.

d+

Ge
Ge 3 +
Ge 3 +
Ge 3 +

Center
in BaGeF 6
in ZnS(cub)
in ZnSe
in ZnTe

T(K)
30
77
77
77

2.0038
2.0086
2.4026
2.1375

Ge 3 + in CdS

77

5H=2.0021

Ge 3 + in CdTe
Ge 3 + in quartz;
A(GeLi) center

20
300

Ge 3 + in quartz;
C(GeLi) center

300

Ge 3 + in quartz;
(Ge(I)e~)~ center

77

Ge 3 + in quartz;
(Ge(II)e~)~ center

77

Ge 3 + in quartz;

77

(Ge(A)e-/Na + )°

center
Ge 3 + in quartz;
(Ge(C)e-/Li+),
or C, or Cji/+ center
Ge 3 + in quartz;
(Ge(C)e-/Na+)
center

|73A|

300

77

300

Ap

References

386
508
476

98.1
204

[123]
[124]
[125]
[126, 124]
[108]
[127]

573

170

As

1,779
914a
782
657

635.6

(Ge(A)e-/Li+)°,
or A, or AM+ center
Ge 3 + in quartz;

a

g

5_L=2.0059

A ± =990

2.1451
Sx=1.9913
5 y =1.9965
5 z =2.0014
5X=2.0000
5 y =1.9973
5Z=1.9962
51=1.9941
52=2.0012
53=2.0023
51=1.9936
52=2.0010
53=2.0015
51=1.9907
52=2.003
53=2.0019
51=1.9918
52=2.0002
53=2.0015
51=1.9947
52=1.9983
53=2.0014
51=1.9959
52=1.9970
53=2.0005

615

A x =278.69
Ay =295.63
A z =282.06
A x =864.5
A y =823.15
A 2 =825.3
Ac=776

A c =758

A c =845

[126]
[128, 129, 121, 46]

[128, 129, 121, 46]

A c /( 29 Si)=3.6
A c ,,( 29 Si)=6.7
A c »/( 29 Si)=ll

[121]

[121]

A c =782

A c =785

192

Ai( 7 Li)=1.15
A 2 ( 7 Li)=2.94
A 3 ( 7 Li)=1.29
yli( 23 Na)=1.71
A 2 ( 23 Na)=2.74
yl3(23Na)=1.71
Ai( 7 Li)=2.3

A 2 ( 7 Li)=-0.2
A 3 ( 7 Li)=-0.9

Ai( 23 Na)=1.9
^2(23Na)=2.5
A 3 ( 23 Na)=2.97

[128, 121]

[129, 121]

[128, 121]

[121]

A value of 864MHz is reported in Reference [130].

constant, has been observed [123] in 7-ray irradiated
powders of BaGeFg. The center, which seems to be
a self-trapped hole, exhibits a shf structure from a
regular octahedron of six NN F " ligands.
The EPR spectra of the Ge 3 + centers consist of

an intense line at 5 ~ 2 from the even isotopes and
a weak hf structure of 10 lines from the 73 Ge isotope with / = 9/2 (Table 2). Due to the small
zero-field splitting, the hf structure is due to the
AM = ± l , A m = 0 transitions, described by for-
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Table 13: The EPR parameters of the Sn3+—type centers. The hf parameter A and the shf parameters As
and Ap for the NN ligands are given in MHz.

Center
3+
Sn in NaCl
(Sn 3 + )' in NaCl
(Sn 3 + )" in NaCl
Sn 3 + in KCl
(Sn 3 + )' in KCl
(Sn 3 + )" in KCl
(Sn 3 + )/ in KCl
(Sn 3 + )// in KCl
Sn 3 + in SnCl2
Sn 3 + in Snl 2
Sn 3 + in SnSO4
Sn 3 + in K 2 SnF 6
Sn 3 + in CdS

T(K)
77
77
77
77
77
77
35
35
77
77
77
30
77

Sn 3 + in CdSe

77

Sn 3 +
Sn 3 +
Sn 3 +
Sn 3 +

20
77

g
2.011
2.00
2.00
2.013
2.00
2.00
2.011
1.997
2.00
2.00
1.993
2.0011
5,1=2.0024

CdTe
ZnS(cub)
ZnS(hex)
ZnSe

Sn 3 + in ZnTe
Sn 3 + in ZnO

20

Ap

References
[26]
[131]
[131]
[26]
[131]
[131]
[132]
[132]
[133]
[133]
[133]
[123]
[127]

46.1

15.2

49.5

14.1

51.2
48.9

20.5
12.6

5,1=2.0059

24,600
20,500
25,200
24,400
20,100
25,200
19,220
22,610
4 is =17,495
As=28,676
i4 is =29,330
29,745
.4,1=15,825
Ax=15,212
X|,=13,663

320.6

94.5

[127]

2.1012
2.0057
2.0075
2.0176
2.0251
2.1001
1.9877

11,794
15,644
16,353
14,780
14,291
12,265
9,974

597

204.7

541

224

[126]
[130]
[134]
[57]
[108]
[126]
[135]

5J_=2.0031

in
in
in
in

|119^|

mulae (20). The spin Hamiltonian parameters of
the various Ge 3 + centers are presented in Table 12.
Although the 73 Ge isotope has a small abundance, the corresponding hf structure has been reported in irradiated SiO 2 (quartz) [43, 46, 128, 129].
Ge 3 + centers have been also observed in as grown
II-VI semiconductors doped with germanium by diffusion. The concentration of the Ge 3 + centers could
be drastically altered by photoexcitation with light
of energy close to the band gap. The shf structure
observed in ZnSe [125], ZnTe [126, 124] and CdTe
[126], has been attributed to the interaction of the
4s electron with the nuclei of the tetrahedrally coordinated ligands 77 Se (/ = 1/2, 7.58% abundant),
123
Te (/ = 1/2, 0.9% abundant) and 125Te (/ = 1/2,
7% abundant), respectively.

The natural tin contains, besides the even isotopes, three isotopes with nuclear spin / = 1/2, but
different nuclear momenta and abundances (Table
2). For this reason it is difficult to study the hf interaction of the Sn 3 + centers in crystals doped with
natural tin. Various Sn 3 + centers were reported in
NaCl and KCl doped with SnCl2 containing 87.8%
117
Sn [26, 131], as well as in KCl doped with tin
enriched in the 119 Sn isotope [132].
Besides the g ~ 2 line from the even isotopes
the X-band EPR spectra of the Sn 3 + exhibit at
high magnetic fields two hf lines due to the AF =
0, Amp = ± 1 transitions. The hf constant A can
be determined with the aid of formulae (23,24). The
spin Hamiltonian parameters of the Sn 3 + centers reported in the literature are presented in Table 13.
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Sn 3+ centers with isotropic lines and well resolved shf structure were obtained [26] in KC1 and
NaCl in a maximum concentration, by X-ray irradiation at 77K and pulse-annealing around 160K.
Two Sn3+ centers, called (Sn 3+ )' and (Sn3+)",
exhibiting anisotropic high field hf transitions were
observed [131] in both NaCl and KC1 after X-ray
irradiation at 77K. The (Sn 3+)" center exhibits a
C2 symmetry axis, attributed to the presence of a
NN cation vacancy, along a (111) direction.
Other two Sn 3+ centers, called (Sn 3+ )/ and
(Sn 3+ )//, with resolved shf structure at 35K, have
been also reported in KC1, after X-ray irradiation
at 77K and warming up at various temperatures
[132]. The (Sn 3+ )/ center reaches its maximum concentration after pulse annealing at 230K. The shf
structure, due to the interaction with six neighboring ligands, exhibits a (111) symmetry attributed to
the presence of an interstitial Cl~ ion. The (Sn 3+ )//
center reaches its maximum concentration by pulseannealing at 280K. The suggested structural model
consists of a Sn3+ ion with two neighboring cation
vacancies.
Sn 3+ centers, which seems to represent selftrapped holes at cationic sites, were reported in
SnCl2, Snl2 and SnSO4 crystals [133] after X-ray
irradiation at 77K and in K2SnFg powder after
7-irradiation [123]. The Sn3+ center observed in
K2SnFg exhibits the largest reported hf constant in
a crystal lattice, characteristic for a strongly ionic
compound.
Sn3+ centers have been also observed in various
II-VI semiconductors. With the exception of CdS
and CdSe, where they exhibit axial symmetry, in all
other crystals the Sn3+ centers are isotropic.
Pb 3 + centers have been reported in alkali chlorides, in alkali earth fluorides, in various oxides and
in II-VI semiconductors (Table 14).
Natural lead contains only one odd isotope
(207Pb) with / = 1/2 (Table 2). Due to the large
zero-field splitting, the EPR spectra of the Pb 3 +
centers consist of a line at g — 2 due to the even
isotopes and two lines at higher magnetic fields due
to the two AF — 0,Amj? = ±1 transitions. The
spin Hamiltonian parameters for the isotropic case
are determined by formulae (23,24).
Two types of Pb 3+ centers have been observed
in KCl:Pb crystals [138] after X-ray irradiation at
77K and subsequent warm-up. The first one, al-

215

ready produced after irradiation, reaches its maximum concentration by pulse-annealing at 220K. Its
well resolved shf structure has been described in a
good approximation by the interaction with a regular octahedron of six chlorine ligands. It has been assumed that an accompanying charge compensating
cation vacancy may be present in a (2,0,0) site, or
further away. The second Pb 3 + center was produced
by pulse-annealing above 220K. It had the same g
and A values, but a less resolved shf structure, attributed to the presence of a second cation vacancy.
The source of the cation vacancies seems to be the
Pb + centers, also produced by X-ray irradiation
[29, 101]. Similar Pb 3 + centers have been observed
in other alkali chlorides [26, 131, 136]. Two types of
Pb 3 + centers have been reported [131] in KC1 and
NaCl, after X-ray irradiation at 77K, and attributed
to different configurations of Pb 3+ -v c pairs.
Pb 3 + centers have been reported [85, 139] in lead
doped CaF2 and BaF2 crystals, after X-ray irradiation at 77K or RT and in SrF2 after X-ray irradiation at 77K. The well resolved shf structure corresponds to a substitutional Pb 3 + ion surrounded by
a cube of eight F~ ligands. Due to the large shf
interaction the forbidden (Am/ = ±1) transitions
are partly allowed. A second type of Pb 3 + centers
exhibiting different shf structure has been observed
[139] at T<100K. The EPR spectra are described by
the same spin Hamiltonian as the Pb 3+ centers to
which a supplementary term due to the interaction
with a ninth fluorine ligand situated in an interstitial site is added. Only the Ay9 shf component has
been reported, with values of 952 MHz for CaF2,
812MHz for SrF2 and 615MHz for BaF2.
Cubic Pb 3 + centers, representing the selftrapped hole at a cationic site, have been reported
in PbF2 crystals after 7—ray or neutron irradiation
at low temperatures [140]. Due to the complexity of
the shf structure only the shf parameters from the
first shell of eight F~ ligands could be determined.
Pb 3 + centers, which seem to represent selftrapped holes at cation sites, have been also reported in PbCO3 crystals [133] and BaPbF6 crystals
[123].
Cubic Pb 3 + centers have been reported [141, 143]
in ThO2 and CeO2 crystals with the fluorite structure, grown from lead based fluxes, after e~ or 7ray irradiation at 77K or RT. An additional Pb 3 +
center, exhibiting anisotropic spectra with trigonal
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symmetry around the < 111 > axes and shf structure due to the interaction with one 19F ligand
nucleus, has been observed only in TI1O2 crystals
grown from a PbF2 based flux. The center is considered to consist of a substitutional Pb 3 + ion, with
one of the eight nearest O2~ ligands substituted by
an F~ ion. The presence of both Pb 3 + and Pb 3 +
centers was also reported [142] in as grown ThO2
crystals prepared from a PbF 2 based flux. In this
case it has been found that their concentration is
greatly enhanced by illumination with 400 nm light.
Pb 3 + centers with isotropic EPR spectra, attributed to substitutional Pb 3 + ions at cubic sites
have been reported in the as grown crystals of
ZnO and CaO [144], Lu 3 Ga 5 0i 2 , Y3A15O12 and
Lu 3 Al 5 0 12 [42].
Axial Pb 3 + centers, at substitutional cationic
sites, in CaW0 4 crystals [146, 147] and CaCO3 (calcite) crystals [44, 143, 145], have been observed after X or 7-ray irradiation. The EPR spectra of the
Pb 3 + centers in CaW04 exhibit a partly resolved
shf structure, attributed to the interaction with the
183
W nuclei (I = 1/2, 14.4% abundance). The hf
constant of the Pb 3 + centers in CaCO3 exhibits [44]
the same temperature dependence as the one previously observed for the Cd+ centers in KC1 (formula
47). The temperature dependence of the hf constant
and the large Lorentzian linewidth of the various
transitions have been quantitatively explained [152]
in terms of a Raman spin-lattice relaxation corresponding to a Kramers spin system with large hf
interaction.
Pb 3 + centers with axial symmetry were reported
in as grown YPO4 and LUPO4 orthophosphates prepared from lead based fluxes [148]. In an unexpected
way, the shf interaction parameters with the 31 P nuclei of the second shell of ligands has been found to
be larger than for the first shell.
Photosensitive Pb 3 + centers have been also observed in the II-VI semiconductors, ZnSe [150],
ZnTe [27, 125, 126, 124] and CdS [133, 127] as well
as in CaSe [151].

The spin Hamiltonian parameters of the IVAgroup of ns1 —centers in cubic II-VI semiconductors (Tables 12-14) exhibit specific features: large
and positive Ag = g - ge shifts and large hf shifts
6A. The above characteristics have been explained

[53, 57] in a satisfactory manner with the holetrapped MO model. The model, briefly presented
in paragraph 1.3.2., describes the wave function of
the paramagnetic electron as a linear combination
of the central ns wave function and the s-p orbitals
of the ligands (formulae 40,41). Quantitative analysis of the experimental spin Hamiltonian parameters have been initially performed for the n51-centers
in zinc chalcogenides [150, 153] using Watanabe's
model [53]. Further analysis, have been performed
for the ns^centers in zinc chalcogenides [57], for the
Ge3+ and Pb 3 + centers in zinc chalcogenides and
CdTe [149], and for the Ge 3+ , Sn3+ and Pb 3 + centers in CdTe and ZnTe [126]. The analysis show
that the increased spin-orbit coupling in the S, Se,
Te sequence of ligands is responsible for the positive, increasing Ag shift, observed along the zinc or
cadmium chalcogenides sequence. In the same manner the hf shift 6A decreases with the ionicity of the
ligand bonds.

V.

Concluding Remarks

The present survey shows that among the various inorganic crystal-hosts of the n51-centers the
interest was mainly concentrated on the cubic alkali
halides. However, even inside this group of compounds there is a strong discrepancy between alkali
chlorides and bromides, in which many ns^centers
have been observed, the alkali iodides in which a few
such centers have been observed and the alkali fluorides and cesium halides in which ns1-centers have
not been reported yet. In this connection the study
of the ns^centers in the latter crystal-hosts would
be of interest regarding the validity of their production and recombination mechanisms under irradiation.
Although a relatively large number of ns1-centers
have been reported in other cubic and non-cubic
crystal-lattices, only a few reports are concerned
with the identification of their structural model
i.e., their position in the lattice and the presence/absence of neighboring lattice defects. This is
not at all surprising considering that in the absence
of a resolved shf structure the structure determination is extremely difficult.
Several papers have been devoted, especially in
the last years, to the study of the ns1-centers produced in crystals with low symmetry lattice exhibit-
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Table 14: The EPR parameters of the Pb 3+ —type of centers. The hf parameter A and the shf parameters As
and Ap for the NN ligands are given in MHz.
Center
Pb^ in LiCl
P b 3 + in NaCl
(Pb 3 + )' in NaCl
(Pb 3 + )" in NaCl
P b 3 + v c in KCl
Pb 3 + 2v c in KCl
(Pb 3 + )' in KCl
(Pb 3 + )" in KCl
P b 3 + in RbCl
P b 3 + in CaF 2

T(K)
77
77
77
77
77
77
77
77
77
77

Pb3+
Pb3+
Pb3+
Pb3+
Pb3+
Pb3+
Pb3+

SrF 2
BaF 2
PbCO 3
BaPbF 6
PbF 2
ThO 2
ThO 2

77
77
77
30
77
77
77

P b 3 + in CeO 2
P b 3 + in CaO
P b 3 + in ZnO
P b 3 + in CaCO 3
(calcite)
P b 3 + in CaWC-4

77
1.6
1.6
77

P b 3 + in YPO 4

300

P b 3 + in LuPO 4

300

+

in
in
in
in
in
in
in

100

P b 3 + in Y 3 Ga 5 Oi5
Pb3+
Pb 3 +
Pb3+
Pb3+

in Lu 3 Ga 5 Oi 2
in Y3A15O12
in Lu 3 Al 5 0i 2
in CdS

300
300
300
77

g
2.033
2.034
2.040
2.040
2.034
2.034
2.030
2.030
2.0033
2.0020
2.007
2.0018
1.9963
2.00
2.0023
2.007
1.9666
5,1=1.9704
5_L=1.9637
1.9649
1.999
2.013
5||=l-9704
31=1.9637
5H=1.9919
51=1.9887
5||=2.0001
51=2.0002
5||=2.0001
31=2.0011
2.002

2.001
2.002
2.000
5H=2.0020
5_L=2.0049

|207A|

33,600
33,600
35,500
35,500
33,000
33,000
33,000
33,000
32,700
52,800
51,350
49,580
34,700
47,868
47,100
36,875
A y =35,796
^1=35,404
36096
32,070
24,220
Ay =35,796

As

Ap

36.4
40.2

27.9
18.3

87.7
43.6
36.3

15.6
20.8
14.2

313.7
381
288
259

121
46.8
122
123

231

126

39.4

a

8.24 a

References
[136, 137]
[26, 136]
[131]
[131]
[138]
[138]
[131]
[131]
[136]
[85, 133, 139]
[78]
[85, 139]
[85, 139]
[133]
[123]
[140]
[141, 142]
[141, 143, 142]
[141]
[144]
[144]
[44, 143, 145]

AJ_=35,404

A||=38,410
Aj_=38,437
A{\ =48,691
A ± =48,810
A,, =49,530
Ai=49,800
A x =37,860
^=37,980
A 2 =37,790
38,130
40,138
41,427
Ay =36,800

[146, 147]
A1
An
A1
A11

= 7.656
= 37.2fc
= 6.726
= 40.06

[148]
[148]
[42]

[42]
[42]
[42]
[133, 127]
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Table 14: continued.
Center
3+
P b in CdTe
P b 3 + in ZnSe
P b 3 + in ZnTe
P b 3 + in CaSe
a
b

T(K)
20
77
77

g
2.2054
2.0721
2.167
2.173

\'M7A\

14,642
20,654
15,680
20,480

As
416.5
215
130

Ap

186
110
70.3

References
[126, 149]
[150]
[27, 125, 126, 124]
[151]

The shf parameters are referring to the 19 F ligand
The shf parameters are referring to the 3 1 P ligand.

Table 15: The EPR parameters attributed to the VA group of ns 1 centers. The hf parameter A for the
121
Sb and 209 Bi isotopes and the shf parameters As and Ap are given in MHz.

Center
j T(K)
As in CsAsF 6 30
Sb 4 + in CsSbF 6 30
Bi 4 + in CsAsF 6
4+

a
6
c

g
2.0030
2.0015
2.0134

\A\
9,403a
21,3906
36,020c

As
693
697
414

Av
160
153
163

6A
0.36
0.39
0.55

75

As,

References
[154]
[154]
[155]

A/( 75 As)=14,660 MHz.
A/( 121 Sb)=35,100 MHz.
A/( 209 Bi)=77,530 MHz.

ing structural phase transitions (SPT). Besides producing and describing their EPR properties, the resulting ns 1 -centers have been employed in certain
cases as paramagnetic probes in investigating the
mechanism of the SPT. Considering the wide temperature range in which some of the n^-centers can
be observed by EPR, it is expected that their use as
microscopic probes in the study of the SPT will be
extended.
It should be also mentioned that other impurity
ions, besides those presented in Table 1. are able in
principle to produce new ns^centers. It is the case
of the VA-group of elements (As 4+ , Sb 4 + , Bi 4 + ), as
well as Al 2 + and Si 3 + .
In this respect one should mention the reported
observation of new EPR spectra in 7-irradiated
polycrystalline samples of CsAsF6, CsSbF6 [154]
and CsAsF 6 doped with BiF^r [155]. Although the
resulting paramagnetic species were assigned to free
radicals of the type MeF|~ (Me = As. Sb, Bi), re-

spectively, the parameters (Table 15) corresponding
to the spin Hamiltonian (16) describing the observed
spectra, strongly suggest the presence of Me 4+ (ns 1 )
centers. The large hf shift 8A and shf coupling parameters As and Ap of the observed centers result
from a strong delocalization of the central ns 1 electron to the neighboring ligands, which may explain
their assignment to free radicals.
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