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The second-order hyperfine splittings observed in the ESR spectrum of an unpaired electron spin interact-
ing with two equivalent nuclei depend upon the relative magnitude of the quadrupole interaction 3Cq and the
second-order effect 3 of the hyperfine interaction JCps. If the first-order effect of 3Cq is much smaller than
JCne? (case A), then a perturbation analysis of the spin Hamiltonian can be conveniently carried out in the
coupled |77, /M) representation, and for the allowed ESR transitions the I;+7541 values of I are good
quantum numbers. If, however, 3Cq is much larger than 3Cn? (case B), then the perturbation analysis must
be carried out in the |I173, M2+ M 2% M) representation, and M2+ M 22 replaces I as a good quantum num-
ber. The second-order hyperfine patterns are qualitatively and quantitatively quite different for the two
cases. As a specific example, the ESR spectra of the Vg-type I, center in KI, and the Vk- and Vp-type
I, centers in Pb**-doped KCl:KI and KBr:KI are discussed. The ESR analysis is limited to the situation
where the magnetic field is parallel to the internuclear axis.(§=0°), and it is shown that the I;~ spectra are
very well described by the case B perturbation solution. The §=0° spectrum shows weakly allowed transi-
tions from which the quadrupole term can be accurately determined. In these transitions M; and M, change
by one unit but in opposite senses, so that M; remains unchanged. A short discussion of the formation and
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decay of the I;~ centers is also given.

INTRODUCTION

N the ESR spectra of paramagnetic molecules or
molecular complexes one often observes hyperfine
interaction of the unpaired electron spin with two (or
more) equivalent nuclei. Two nuclei are equivalent with
respect to a given orientation of the external magnetic
field H (which is an axial or pseudovector) if (a) they
are identical and (b) they show an equal hyperfine
interaction with the unpaired electron spin S for that
particular orientation of H. This does not necessarily
require that the two nuclei are related to each other by
inversion symmetry, but if they are, the two nuclei are
equivalent with respect to all orientations of H.
To first order, the hyperfine interaction of two
equivalent nuclei each with nuclear spin I gives an ESR
spectrum of 471 equally spaced lines whose intensities

degenerate. This degeneracy originates in the fact that
there are several combinations of the individual nuclear
quantum numbers M and M, that give rise to the same
total nuclear quantum number M;=M;+M, Quad-
rupole and second-order hyperfine effects lift part or all
of this degeneracy and if the hyperfine interaction is
large enough and/or if the linewidths are narrow enough,
these second-order hyperfine splittings are experimen-
tally observable.

Many of the systems in which second-order splittings
have been observed contain equivalent *H or 1°F nuclei
which have nuclear spin /=%, and therefore show no
quadrupole effects.! Typical examples of hyperfine inter-
action with two equivalent nuclei, where both quad-
rupole and second-order hyperfine effects are present,

* Based on work performed under the auspices of the U. S.
Atomic Energy Commission.

1R. W. Fessenden, J. Chem. Phys. 37, 747 (1962); J. R.
Morton, Can. J. Phys. 41, 706 (1963); R. W. Fessenden and
R. H. Schuler, J. Chem, Phys. 45, 1845 (1966).
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are offered by the homonuclear X~ molecule ions
(X=Cl, Br, I) which are produced at low temperatures
by ionizing radiation in pure or doped alkali-halide
crystals.2~* These molecule ions are embedded in a crys-
talline environment, so that in general the g tensor
and hyperfine tensor A deviate somewhat from axial
symmetry. Therefore, the spin Hamiltonian proposed
to analyze the X~ ESR spectra is?

5¢/g08= (1/0)[g:HsS:+g=H oSx+8,H S, ]
2
+3 [4uSud ot AoSo o +A4,5,1,4]

F=1
gnBn

2
2 HL, (1)
goﬁ' k=1

2
+2 PL. -

k=1

in which g is the Bohr magneton and 8y is the nuclear
magneton, go=2.0023 and gy are, respectively, the free
electron and nuclear g factor. The direction of the
molecular axis is z, and axial symmetry was assumed
for the quadrupole term P.

The importance of both the second-order hyperfine
and quadrupole effects in connection with the second-
order hyperfine splittings was already stressed by
Castner and Kanzig? Their discussion was not very
detailed but they presented numerical results for the
splitting of the | M| =2 lines of the 6=45° spectrum of
Br;~ in KBr. However, as will be shown in this paper,
the second-order hyperfine patterns depend very
markedly both qualitatively and quantitatively on the
relative magnitude of the quadrupole and second-order
hyperfine effects.

2T. G. Castner and W. Kanzig, J. Phys. Chem. Solids 3, 178
(1957); T. O. Woodruff and W. Kanzig, 2bid. 5, 268 (1958).

3C. J. Delbecq, W. Hayes, and P. H. Yuster, Phys. Rev. 121,
1043 (1961); C. J. Delbecq, B. Smaller, and P. H. Yuster, ibid.
111, 1235 (1058).

4E. Boesman and D. Schoemaker, J. Chem. Phys. 37, 671
(1962).
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In the first half of this paper a perturbation-theory
analysis of (1) will be given. This treatment follows in
many respects the one given by Feuchtwang in Ref. 5,
where the analysis of the ENDOR spectrum of the F
center in KCl was reduced, for a nonspecial orientation
of the magnetic field, to a problem of two equivalent
nuclei. However, the discussion here is specifically
applied to the ESR spectrum of two equivalent nuclei,
and the two important cases that can be distinguished,
viz., whether the first-order quadrupole effect is smaller
or larger than the second-order hyperfine effects, are
discussed in detail. In the second half the formulas are
applied to various types of Iy~ centers in the alkali
halides. The I;~ centers were chosen because they
exhibit well resolved second-order hyperfine patterns
(the nuclear spin of "I is § and it has a large nuclear
moment and quadrupole moment), and since ?7I is a
1009, abundant isotope, the experimental spectrum is
not complicated by the superposition of various spectra
involving different isotopic combinations, as is the case
for Bry~ and Cl;~.2

Since, except for a short paper,* not much has been
published on the ESR spectra of the I~ centers, it
seemed interesting to go beyond a mere application of
the formulas, and to present also a short description of
the more important formation and decay properties of
these centers. The experimental details are the same as
in a previous paper.®

I. PERTURBATION-THEORY ANALYSIS
OF THE SPIN HAMILTONIAN

In order to perform a perturbation-theory analysis
for an arbitrary orientation of H, spin Hamiltonian (1)
will be recast into a suitable form.278 First, (S,,5,,5:)
are transformed to (S.,S,/,S./) by an orthogonal trans-
formation which is chosen such that no terms in .S, and
S, occur. This transformation thus produces the result
that the electron spin is always quantized along the
direction of the external static magnetic field H. Second,
Lokl y kL 2,) are transformed to (Lum k,Lyr koo 1)
and this transformation is chosen so that no terms in
Sz Iz and S, 1, occur. As a result the nuclear spins
are quantized along the local field generated by the
electron spin at each nucleus, although some important
off-diagonal operators remain. The transformed spin
Hamiltonian has the following form:

JC/ggﬁ= 3z+3Cn ’
with
3z=(g/g)HS~ (2)
and
3Cn=3Ch+In+3o+3Hnz,

5 T. E. Feuchtwang, Phys. Rev. 126, 1628 (1962).

6 D. Schoemaker, Phys. Rev. 149, 693 (1966).

7 B. Bleaney, Phil. Mag. 42, 441 (1951).

8 W. Low, Paramagnetic Resonance in Solids (Academic Press
Inc., New York, 1960), p. 54.
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2
Knit=KS» Y I,

k=1

2
=3 [BSylyr s+CSolo p+DSyl 1],

k=1
2
He=2 [RU i
=1
+RS(IVI,,7,I,::,;,+I,:,.kIyu.k)—[-—SZI,u'kZ]’

2
Kyz=THY I,

k=1
and
g¥=g,* cos?0+ g% sin%,

gl=gs cos’o+g,? sinp,
K?g*= A 2g,* cos’0+ A ,%g,2 sin,
AlglP=A7gs cosPp+A, g, sinp,
B=4.4,/K, C=A4,,
D= (g.8./¢)[ (42— A.%)/K] sinf cosf,
R?*=P(422.2/K%?) sin%,
S?= P (4 2g.2/K%?) cosd,
_A 28z Cos®0+ A g, sin?0 /_ gNﬂN)
Kg \ g8/’

in which (,¢) are the polar coordinates of the external
magnetic field H with respect to (#,7,2). In the trans-
formed spin Hamiltonian, all terms except the electron
Zeeman term JCz and the first-order hyperfine term
JCns' were simplified to axial symmetry. For the halogen
X5~ molecule ions in the alkali halides, this is a good
approximation. Also, only the first-order part of the
nuclear Zeeman term 3Cxz was retained. The electron
Zeeman term 3z is assumed to be larger than 3Cy. It
lifts the degeneracy of the two electron spin states but
leaves the nuclear spin degeneracy. The latter is lifted
by 3Cx and the dominant term here is 3Cn¢, which is
diagonal in any representation that diagonalizes
Io=1, 31+1., 3Cn¢ has only off-diagonal elements
and contributes only in second order, and 3Cq and 3Cx
are assumed to be much smaller than 3¢y, However,
Jeust does not lift all of the nuclear degeneracy, but only
that part that is dependent upon the total nuclear
quantum number Mr=M ;4 M,. 5Cp? and 3Cq lift the
remaining degeneracy and it is these terms that give
rise to the second-order splittings of the lines that have
the same M. The first-order effects of 3¢q may be
smaller, comparable to, or larger than the second-order
hyperfine effects caused by 3Cn® and in the perturbation
analysis it is important to make these distinctions. We
should start out, therefore, by treating 3 and 3¢, on
an equal basis, and this can be done by using the Pryce
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perturbation procedure’: The eigenvalues of 3¢/g¢8 in
(2) corresponding to a given degenerate eigenvalue E(m)
of 3¢z can be obtained from the effective Hamiltonian

Pm:}CNPnGCNPm

n#FEm

where P,, and P, are projection operators, operating
within the manifold of states belonging to 3Cz. Since in
the case we are considering S=%, 3¢z has only two
eigenstates, namely, E(M g)= (g/g0)HM s= H,M s, with
M s=+1%. Consequently, there are only two projection
operators and there is no summation in (3). Calculation
of (3) leads to the following two effective nuclear spin
Hamiltonians:

g 2
3'(Mg)=Ms—H+MsK3 I

£o k=1

D2 /e 2
a2 (5 10)
2H o\ k=1

BZ_I_CZ 2 2 2 2
I ) (3 1]
4H, k=1 k=1

B—C? P 2 2 2
+Ms [(Z Iu",k> —<Z Ix"Jc) :]
4H, k=1 k=1
BC 2

+— 2 Lo 43Co+3Cnz.  (4)
4H, #=1

Two clear-cut cases can be distinguished : It may be that
the first-order effect of 3Cq is much larger than the
second-order hyperfine effects 3Cu¢% i.e., > hs, or
it may be that 3€o<&3Cn. The distinction between these
two cases is not very important for a single nucleus spin
Hamiltonian, but for a system of two equivalent nuclei
it leads to quite different second-order hyperfine
patterns. These two cases will now be discussed, and
we will limit ourselves to a first-order analysis of (4).
This means, e.g., that we can ignore the term involving
B2—(? since it only contributes in a higher-order calcu-
lation. Furthermore, B~C when the hyperfine inter-
action is not strongly anisotropic. Only when B>C,
which can happen for 65%0° when there is large anisot-
ropy, may it be necessary to include the effect of
this term.

A. Case A: 3Co<K3Cy ¢

If we neglect 3Cq for a moment, the structure of (4) is
such that it is natural to introduce the total nuclear

spin operator

I=Il+12 .
Since
2 2 2 2
(Z I:c",k) +<Z [y”,k) =IZ“‘IZHQ,
k=1 k=1

9 M. H. L. Pryce, Proc. Phys. Soc. (London) A63, 25 (1950).
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the first-order energies E'(M g) of the effective nuclear
spin Hamiltonians (4) are easily determined in the
coupled |77, M) representation with

I=Il+12, 11—*‘[2_‘1, MY I1—12=0,

(5)
M;=1, I-1, ---

and inspection of E'(M s) shows that the degeneracy of
all the I manifolds is lifted.

For the allowed ESR transitions Mg=-1 to
M s= —1 the selection rules are

AT=0, AM;=0,

__I’

and the second-order term linear in 7,.» and the nuclear
Zeeman term do mnot contribute anything. Putting
E(+3)—E(—%)=Ho=hv/g8 (v is the microwave
frequency) and solving for the magnetic field H, one
obtains the following formula giving the ESR line
positions in gauss:

H(I,M1)=(go/g)Ho— (8o/ O){KM 1+ (D*/2H)M 7
+L(B+C)/4H I (I+1)—M 2T}, (6)

in which 7 and My take on the values given in (5).

Solution (6) is definitely applicable when I;=1I,=1,
since such nuclei do not possess a nuclear quadrupole
moment. A typical example is the Fy~ molecule ion
produced by ionizing radiation in the alkali fluorides.210
The 1009 abundant *F isotope has nuclear spin % and
from (6) the second-order separation between the H (1,0)
line and the H(0,0) line is (go/g) (B2+C?)/2H,.

The effect of 3Cq on E'(M g) can be calculated with
conventional perturbation theory. 3¢q involves squares
and products of the components of the individual
nuclear spin operators and the formulas giving the
necessary matrix elements in the coupled |I17,/M )
representation are well known.* We will not perform
this calculation since the condition Hg<3C,¢ is not
realized at X-band frequencies for the Cly~, Bry~, and
I~ molecule ions which we are considering, and they
are probably representative for most systems in this
respect. Furthermore, the effect of 3¢y can be made
much smaller by working at higher microwave fre-
quencies, i.e., at higher magnetic fields H,.

However, in order to discuss what the qualitative
effect of 3Cq is, we have to bring out something that was
implicit in the foregoing. Spin Hamiltonian (1) is
invariant under exchange of the two nuclei. Therefore
the nuclear eigenstates should belong to the even
(symmetric) or uneven (antisymmetric) representations
of the permutation or the inversion group, i.e., the
nuclear eigenfunctions should have a definite parity.
This is a rigorous requirement and independent of the
relative magnitude of the various terms in (1). For the
magnetic dipole ESR transitions parity ®= =1 must be

10 C. E. Bailey, Phys. Rev. 136, A1311 (1964).
1E. U. Condon and G. H. Shortley, The Theory of Atomic
Spectra (Cambridge University Press, New York, 1935), p. 64.
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conserved, but this condition is intrinsically satisfied by
the AI=0 selection rule. This is so because the parity
of |IiI.IMy) for all M is given by (—1)I*1 when
I,=1,=1 is a half-integer or by (—1)7 when 7 is an
integer. Thus there are (i4-1)(2¢4+1) symmetric and
1(2:4+1) antisymmetric nuclear states.? So, in second
order, 3o will mix states into |I1/.IM) differing in 1
(and M), but since parity must be maintained, it
follows from the previous discussion that only states
for which A7 is even can be mixed. This means that
when 3Cg becomes larger, transitions of the type

Al==2, +4, -, )

but not of the type AI=-+1, £3, ---, will become
weakly allowed and more and more so as 3Cq becomes
stronger. Consequently, I ceases to be a good quantum
number when JCq becomes comparable to, or larger
than, 3Cu¢%. The latter case will now be discussed.

B. Case B: 3>>%Chs

Inspection of 3¢ and 3¢ in (4) now indicates that
the following functions, which obey the parity require-
ment and which diagonalize simultaneously I,»=1,/,
+1,2and I 241, 2 (and of course also I;2 and I?),
are suitable zero-order functions for a first-order per-
turbation analysis:

IIII2’ Ml2+M22y MI)
=V2(| [ 1M 2M o) | [LIM 2M 1)) . (8)

The left upper indices 1 and 2 on the M’s temporarily
identify the nuclei and the lower indices 1, 2,3, -+ -, on
the M’s distinguish between the quantum numbers.

In representation (8), 3Cq lifts part of the degeneracy
of the lines for which M,+2M,='M;+2M, since
M 24-2M 5% M 24-2M 2. This still leaves a twofold
degeneracy of the lines because M 142M ="M »4-2M ;.
We will drop the left upper indices from now on since
it will cause no confusion. M+ M is, to this order of
approximation, a good quantum number except when
|M1—M,|=1. To see this, the fourth term in (4) is

12 The two nuclei of the halogen X,~ centers are identical, but
since the molecule is not rotating in the crystal, the two nuclei are
distinguishable. Therefore both the symmetric and antisymmetric
nuclear states do exist. If the molecule were rotating, the two
nuclei would have to be treated as indistinguishable particles.
Since all halogen nuclei are fermions, this means that the total
wave function comprising the electronic, rotational, and nuclear
parts should be antisymmetric under exchange of the two nuclei.
Thus, if X,~ were in its lowest, totally symmetric, rotational state,
only the symmetric nuclear states could exist since the 23°,*
electronic ground state is antisymmetric. (See Refs. 2 and 3.) Such
effects have been observed experimentally for other systems; see
H. M. McConnell, J. Chem. Phys. 29, 1422 (1958); R. L. More-
house, J. J. Christiansen, and W. Gordy, ibid. 45, 1751 (1966).
The continuous change in orientation that the X,~ centers undergo
above their disorientation temperature does not constitute a
rotation, since the disorientation involves a breaking of the X,~
molecular bond and subsequent reformation of a new X;~ molecule
ion in another orientation, and so on. (See Refs. 3 and 18.)
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rewritten as follows:

B+ >
Ms—— 3 [I2—1." ;%]

4Ho k=1
B2+C2
+MS_-*(I+,1I_,2+I_,1I+,2), (9)
4H,

where I, =1,4-I,.

The last term represents a pseudo (i.e., transmitted
through the unpaired electron spin) dipolar coupling
between the two nuclei and it splits each twofold-
degenerate energy level for which |M;—M,|=1 into
its symmetric and antisymmetric components. From
(4) and (8) the energy levels are found to be

E'(Mg) =M s(g/g0)H+M sKM 1+ M 5(D*/2H o) M 12
+M 5[ (B*+C?)/AH ][ 2i(i4+1)— (M 24+ M 2)]
+M s®[(B*+C*)2H [ (i+1)— MM, ]
X[6(M1, My— 1)+6(M,, My+1)]
+ (BC/AH)M 1+ (S*—3R2) (M 2+ M 2)
+THM;, (10)

With MI=M1+M2, i=Il=Iz, and M1, M2=’£, 1—1,
**, —i. ®@ has the values =4=1 depending upon the
parity of the nuclear spin wave function (8) and § is
the Kronecker symbol.
For the allowed ESR transitions Mg=-+1 to
M g= —1 the selection rules are now

AMP+MPA)=0, AM;=0, AP=0,

and the last three terms of (9) do not contribute any-
thing. Putting E'(4-3)—E'(—1)=H, and solving for
the magnetic field H, one obtains the following formula
giving the ESR line positions in gauss:

H(My,M2,®)= (g0/g)Ho— (g0/8){ KM 1+ (D*/2H o) M 2
+L(B+C)/AH ][ 2i(i41)— (M 2+M 2)]
+CL(B+C?)/2H J[i(i+1)— M1M,]

X[O(My, My—1)+8(My, Mo4-1)]) . (11)

Note that though (11), to this approximation, does not
show any explicit® quantitive effect of the quadrupole
interaction upon the line positions, the presence of an
J>3Chs* profoundly affects the second-order hyper-
fine pattern. Formula (6) lifts the degeneracy of all the
lines with the same M;=M;+M; value, but (11)
yields nondegenerate lines only when |M,—M,|=0
or 1, while the lines for which |M;—M,|>2 remain
doubly degenerate. Therefore, the qualitative appear-
ance of the experimental ESR spectrum immediately
tells whether or not an appreciable quadrupole inter-
action is present.

Actually, for the X;~ molecule ions 3Cq is large enough
so that in second order it does influence the line posi-

8 That is, one cannot extract a value of P from the second-order
shifts or splittings of the allowed ESR lines.
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tions. The calculation is straightforward and the
supplementary terms that must be added to (11) are’

8 S (QRISY )ALt 1)~ 8M 2~ 1M,
: — (RY2K) 21T+ 1)—2M 2— 1M 1} .

This correction is zero for §=0°.

When the magnitude of 3Cq is reduced, the relative
importance of the second-order hyperfine terms (9)
increases. The pseudo dipolar coupling term in (9)
mixes |(Mi1)*+ (M,F1)?, M) states into |M
+ M2, Mr). This means that in the limit of 3Ce=0
the functions that diagonalize (4) to first order will
consist of linear combinations of (8), of the same parity,
and for which either | M;— M| is even (including zero)
or uneven. These functions are, of course, nothing but
the |I..M7) functions of the coupled representation
that we used in Sec. TA, and the condition A®=0 is
intrinsically satisfied by AI=0.

The foregoing discussion indicates that even when
3Co>3Cus?, transitions of the type

M12+M22“‘> (M1i1)2+ (M2:F1)2, (12)

with A®=0, and which leave AM;=0, do have a
nonzero transition probability. These transitions, which
give rise to satellite lines whose intensity is proportional
to [(B*4C?)/Ho P} are easily calculated from (10) and
the separation between them is determined by the
quadrupole interaction. When, e.g., states with M =M,
are involved, there are two satellite lines whose separa-
tion is, to first order, given by

4(80/8) (S*—3R%). (13)

These weakly allowed transitions, which are observed
experimentally for the I~ centers, are unique for a

DIRK SCHOEMAKER
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T16. 1. (a) Model of a Vi-type I~
center in a I"-doped KClI lattice; (b)
model of the Vp-type I, center in a
Pb*+ and I~-doped KCI lattice. The
molecule ions are represented by an
approximate contour of the total elec-
tronic density. These centers are the
same in I"-doped KBr and in KI.

system of two equivalent nuclei: Nothing analogous to
it exists for a single nucleus spin Hamiltonian.”

There is of course another class of more or less weakly
allowed transitions. These are of the type

AM1=ﬁ:1, AM2=0 (14)

or vice versa. They are analogous to the AM;==+1
transitions of a single-nucleus system.” Their strength
with respect to the allowed lines is proportional to
(P/K)* but the angular variation of the intensity is
such that these lines vanish for §=0°.” These transitions,
which can be calculated from (11), have been observed
experimentally in 6520° spectra of the Cl;~, Bry~, and
I;~ centers but they will not be discussed in this paper.

II. APPLICATION TO I;~ CENTERS

A. Vig-Type I;~ Center in KC1:KI:Pb*++

The V-type 15~ center, depicted in Fig. 1(a), can be
produced as follows. A KCl crystal strongly doped with
I~ ions (~1 mole 9, KI added to the melt) and contain-
ing electron traps!® such as Pbt+ ions® (~1 wt9, of
PbCl, added to the melt) is warmed to a few hundred
degrees centigrade for several minutes and quenched!®
and then irradiated at 77°K with x or v rays. This
irradiation creates electrons, many of which are trapped

1 D. Schoemaker and J. L. Kolopus (unpublished).

16 The Vg-type I;~ center can also be produced in KCl:KI
crystals that have no intentionally added electron traps (see
Ref. 4). The Cl;~ concentration produced by x or v irradiation at
77°K and the resulting I,~ concentration after warm up to, e.g.,
room temperature, is then considerably lower, however.

16 This quenching is a routine procedure for Pb+*+-doped crys-
tals. It apparently disperses precipitates of Pb** ions and
vacancies and enhances the number of Pb*+ ions that can trap
electrons, resulting in a higher concentration of hole centers. In
the heavily I-doped crystals the precipitates also involve I~ ions
giving the crystal a yellowish color, which disappears after the
quenching treatment.
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FiG. 2. Pulse-annealing results in a I"- and Pb**-doped KCl
crystal after x irradiation at 77°K. The successive temperature
intervals were 10°K and at each temperature and the crystal was
held for 2 min and then cooled rapidly to ~85°K, where the changes
were measured. The experimental points are not shown. The
relative intensity between the two types of Is~ centers is roughly
correct, but not between the Cly;~ and the I,~ centers. The ICI~
center is not observable at 85°K and its behavior could not be
followed.

by the Pb** ions forming Pb*, and positive holes which
become self-trapped and form Vk-type Cls~ centers.23
Some of the holes are also trapped by the substitutional
I~ ions and form (110) oriented ICl~ centers.l” With
the high doping concentrations of KI that are being
used, the probability of having two I~ ions in sub-
stitutional positions next to each other is appreciable

SPIN HAMILTONIAN OF EQUIVALENT NUCLEI
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and some of these pairs also trap holes and form (110)
oriented Vg-type I~ centers. Above —100°C the
Cly, or the holes for that matter, become thermally
unstable and move through the lattice.?'® These holes
are trapped and stabilized by the I~ ions (single or
pairs) and enhance the ICI~ and I~ concentrations. The
foregoing is illustrated by Fig. 2, which gives the results
of a pulse-annealing experiment on an irradiated
KCI:KI:Pbt+ crystal. Figure 3(a) gives the Vg-type
I;~ ESR spectrum for H||[110] at ~85°K.1* The ICl-
center is not observable at this temperature.l” The
11-line §=0° spectrum caused by the hyperfine inter-
action with the two equivalent *'I nuclei (nuclear spin §)
is clearly visible. The well resolved splittings of the
lines are caused by the second-order effects described in
the first half of this paper. Figures 3(b) and 3(c) give the
calculated spectra, respectively, based on solution (11)
of case B (JCg>>3Ch%) and on solution (6) of case A
(JCe<K¥Cys?). It is abundantly clear from this figure that
the case B solution gives a very good qualitative and
quantitative description of the experimental I;~ spec-
trum, while this is definitely not true for the case A
solution. The quantitative accuracy of the case B
solution can be judged from Table I, where the measured
and calculated line positions are compared and it is seen
to be very good. Thus the qualitative appearance of the
experimental I;~ spectrum immediately shows that an

§=0°

A X

Fic. 3. (a) Experimental Vk-type Is~
spectrum in KCI:KI:Pb** observed at
~85°K for H|[[110]. The 11 groups of
lines in the #=0° spectrum are readily
seen. The bracketed arrows indicate pairs
of transitions of the type (12); (b) com-
puted I~ spectrum with formula (11) of
case B; (c) computed spectrum with
formula (6) of case A. The microwave
frequency is »=9.260 kMc.

8=60°

LA K N N K R R R

KCI :KI:Pb**
H|| [110] - 12 (v type)
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M. L. Meistrich and L. S. Goldberg, Solid State Commun, 4, 469 (1966).

1B,
ibid. 154, 812 (1967).

J: Keller and R. B. Murray, Phys. Rev. 150, 670 (1966); F. J. Keller, R. B. Murray, M. H. Abraham, and R. A. Weeks,

19 With the variable temperature setup (see Ref. 6) it is not possible to cool the sample all the way to 77°K.
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TaBLE II. Spin Hamiltonian parameters at ~85°K of the Vk-and Vr-type I,~ centers in various alkali halides obtained from the analysis
of the §=0° spectra. AH is the linewidth between points of maximum slope and 5 is the bending angle.

Iy A, Ay |P| AH

Crystal Type of center  (=0.0003) (£0.3G) (£2G) (£0.5G) 8 (£0.5G)
KCL:KI(Pb*t) I,~(Vk) 1.9118 +397.9 147 349 0° 5.0
KBr:KI(Pb*t) I, (Vk) 1.9069 -+-388.2 +144 33.9 0° 10.0
KI(TTH)b I~ (Vk) 1.9037 +384.8 +140 33.2 0° 11.0
KCI:KI: Pbt+ I~ (V#) 19285 +461.8 +192 403 (6.0°0.5%)c 5.0
KBr:KI:Pbt+ I~ (Vr) 1.9226 +440.5 +182 38.8 (5.1°40.5°)¢ 10.0

a g] is estimated to be around 2.27.
b Measured at 77°K.
¢ Estimated from g..

appreciable quadrupole interaction is present even
though the spectrum does not show an explicit®® effect
of 3Cq for this orientation. However, the quadrupole
term P can be accurately determined from the weakly
allowed transitions of the type (12) that are observed in
the 6=0° spectrum. Two pairs are visible in Fig. 3(a)
and they are indicated by arrows. From (13) the separa-
tion of a pair equals 4(go/g.)P, whence |P|=34.9 G.
This may be compared with the | P| = 50-G estimate.®
The spin Hamiltonian parameters, which are more
accurate than the earlier ones,* are given in Table II.
The reasons for giving both 4, and 4, a positive sign
have been presented in Ref. 6. No attempt was made to
analyze the 60° spectra. The large second-order shifts,
especially those caused by the term in D, and the
prominence of transitions of the types (12) and (14)
make a ready identification of the lines difficult, espe-
cially for large 6. Therefore, if the §520° spectra are
studied (to determine gz, gy, 4z, 4,), it may well be
necessary to perform the measurements at higher micro-
wave frequencies so as to minimize the second-order

effects that depend on H¢%.

TasLE I. Comparison between the experimental and calculated
[formula (11) of case B] line positions of the Vx-type Is~ center in
KCI:KI (Pb**). Microwave frequency »=9260.34 Mc (H,
=3304.24 G).

B. V-Type I,~ Center in KCI:KI: Pb++

A pulse anneal in a KCI:KI crystal in which NO,~
lons instead of Pb** were present as electrons traps
shows that the Vk-type Iy~ center decays around
+120°C. No other center is detected after such treat-
ment. However, in a KCI:KI crystal containing Pb++
ions the Vx-type Iy~ center decays in the region between
—350 and 0°C and another I~ center, the V p-type I~
center, is formed. The model for this center is depicted
in Fig. 1(b) : It consists of an Iy~ molecule ion associated
with a positive ion vacancy. The internuclear axis z is
still oriented exactly along the [1107] direction, but
because of the presence of the positive ion vacancy the
molecular bond is bent in the (001) plane. The two
hyperfine tensors are still equal in magnitude, but the
two symmetry axes do not coincide with the inter-
nuclear axis z but make angles § and —§ with it. These
conclusions regarding the model and the symmetry of
this type of Iy~ center cannot be drawn from the
analysis of the §=0° spectrum to which this study was
limited. They are based upon the very close parallels
that exist between the formation and the properties of
this Vp-type I~ center with the Vp-type Bry~, Cly,
and CIBr— centers?® that have been found and
extensively analyzed in Pb*+- and Br—-doped KCl.

The doping with Pb*+ ions is essential for the occur-
rence of the Vp-type centers, because its incorporation
also introduces positive ion vacancies in the lattice in

Line Expt.  Calc. Line Expt.  Calc. order to maintain charge neutrality of the crystal. Tt is
0. ce . . .

@M1, M,0) (£01G)  (G) WMe®)  (£016) @) e positive ion vacancies that are used in the forma-
G, 5 +) 5527.9 5527.4 (—%,—%,+) 13594 13599 tion of the Vp-type centers.

(g: 2, ) 51145 51140 (—3%,—%,+) 17469 1746.0 Since Vg-type I~ centers in KCl are thermally
33+  S079.5 50800 (—§, —% —) 17793 17800 stable to at least +100°C, as shown by the experiments
(5,3 &) 46731 46735 (—§,—3,+) -+ 21662  with NOs~-doped crystals, it is believed that between
5 +) 466670 4666.7 (-, ‘%: £) 21730 21730 _50 4nd 0°C positive ion vacancies diffuse toward the
3,5 —) 42106 42;(6).3 E:Z, ;1 )+) gigg? V{g-type I;~ to form the Vp-type Iy~ centers. This
4, —3% %) 42570 1315.9 (_2’ %4 L 2603.3 ugration is undoubtedly helped by the fact that there
(f’ 3, ;*‘) gﬁgg 38468 TR +) ... 20861 Is an electrostatic attraction between the positive ion
gf ® i; 38058 38264 (_g’% ;’) 2092.2s 29929 Vvacancy, which has an effective negative charge, and
(;’ N f*’_) 38207 3819.6 (_%’ %’ +) 30124 30133 the Vk-type center which has an effective positive

» 2 * r &

G, —§, &) 34432 34436 charge.

11 1 34334

&5 ggg 1 34164 ® W, Kanzig, J. Phys. Chem. Solids 17, 80 (1960).

(Rt ) . . *D. Schoemaker, in International Symposium on Color
G, —%+) 337220 33722 Centers, Urbana, 1965, Abstract Nos. 167 and 168 (unpublished).

2 Error: 0.5 G.

% D. Schoemaker, C. J. Delbecq, and P. H. Yuster, Bull. Am.
Phys. Soc. 9, 629 (1964).
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The foregoing points will be dealt with extensively in
forthcoming papers on the Vg- and Vp-type Cly~ and
CIBr~ centers.”® We will simply state here that very
likely the model for the V p-type Is~ center as depicted
in Fig. 1(b) is the correct one. The V p-type I~ does not
have inversion symmetry and the two nuclei are not
equivalent for @l orientations of the magnetic field H.
But for the case to which we limit ourselves, namely,
H parallel with the internuclear axis z, i.e., §=0°, they
are equivalent. The 6=0° spectrum observed when
H||[110], is shown in Fig. 4, and as can be seen it is
qualitatively identical to that of the V-type I~ center.
Clearly, it again belongs to case B. The bending angle
d is quite small, only a few degrees, and its effect on the
6=0° spectrum is practically negligible. Therefore
formula (11) was used to analyze the experimental
V p-type 15~ spectrum and it was indeed found that an
almost as accurate description of the Vp-type Iy~
spectrum was obtained as for the Vx type. Transitions
of the type (12) are also strongly visible in Fig. 4, and
from them the quadrupole term P is easily determined.
These satellites are stronger than for the V x-type center,
reflecting the fact that 4,(Vp)>A4,(Vk). Actually,
with respect to the sum of the twofold-degenerate
H(%, %, ) line and the two satellite lines, these satellite
lines are about 2.0 times stronger for Vp than for Vg.
This agrees with [A2(Vr)P(Ve) B/[A2(Vk)P(Vr) P
=1924X34.92/1474X 40.3*=2.2. The spin Hamiltonian
parameters are given in Table II together with an
estimate of the bending angle 8. This estimate was
obtained from an analysis of the g, factor and will be
discussed in another paper.2*

The Vp-type Is~ center in Pbt+-doped KCl decays
at 4+170°C (see Fig. 2). This is probably caused by the
fact that the trapped electrons, presumably in the form

% C. J. Delbecq, D. Schoemaker, and P. H. Yuster (unpublished).
2 D. Schoemaker (unpublished).

3000 3500 4000 4500 5000 5500 6000
H (GAUSS)

of Pb*, are liberated (leaving behind Pb*+) and destroy
the Vp-type I;~ center. Before it decays, however,
there is a strong increase in the V p-type Is~ concentra-
tion around -130°C. Obviously, some center decays in
this temperature region which enhances the Vpg-type
15~ concentration. The exact nature of this center is not
known, but it probably involves both a trapped hole
and a positive ion vacancy. The hole and the vacancy
would be thermally liberated from this center at this
temperature and be retrapped by a pair of substitutional
I~ ions producing the ¥ type Is~ center. One possibility
for this unknown center is an ICI~ molecule ion associ-
ated with a positive ion vacancy. The analogous center,
namely, a CIBr~ molecule ion associated with a positive
ion vacancy, has been observed and thoroughly
studied®% in Pb++-doped KCl: KBr crystals. However,
the ESR spectrum of such an ICl~ center has not been
observed at either 77 or 20°K. So the exact nature of
this center that decays at +130°C remains at this
point unknown.

C. V- and Vp-Type I,~ Centers in KBr:KI: Pbt+

The Vk- and V p-type 15~ centers can also be produced
in Pb*+- and I~-doped KBr crystals. The pulse-anneal-
ing results are shown in Fig. 5. After x or vy irradiation
at 77°K of a heavily I--doped (~1 mole 9, KI) KBr
crystal also containing Pb*+, positive holes either have
been self-trapped, forming Vx-type Brs~ centers, or
have been trapped by single or pairs of substitutional
I~ ions, forming (110) oriented IBr— and I, centers.
In contrast to ICI~ in KCL} the ESR spectrum of
IBr~ can be observed at 85°K.24 The Bry~ decay around
—130°C and the liberated holes enhance the IBr~ and
I;~ concentrations. The IBr— center decays around
—80°C by losing its hole and leaving behind a sub-
stitutional I~ ion. This hole may be retrapped and
stabilized again by a pair of substitutional I~ ions
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Fic. 5. Normalized pulse-annealing results in a I"- and Pb*+-doped
KBr crystal after x irradiation at 77°K.

enhancing the Vik-type Is~ concentration. Above
—60°C the Vg-type Is~ center decays and the V p-type
I~ center is formed. Since experimentsinan NO;~-doped
KBr:KI crystal show that the Vik-type Is~ center is
thermally stable to about 0°C, it is believed again that
it is the positive ion vacancies moving toward the
Vk-type I;~ centers that are responsible for the forma-
tion of the Vp-type Is~ centers. This center decays
around +100°C and again probably through electrons
that are thermally liberated from Pb* ions. In contrast
to the KCl, case there is now no enhancement of the
Vp-type Iy center in a temperature region below
+100°C. This probably reflects the fact that no IBr~
center associated with a positive ion vacancy is produced
in these crystals. Figure 5 shows indeed that IBr—
decays at temperatures below where the vacancy starts
to move and, e.g., forms the Vp-type I3~ center out of
Vi-type I;~. The spin Hamiltonian parameters are
given in Table II.

D. Vk-Type I~ Center in KI

The existence of the I;,~ ESR spectrum in KI:TI*+
was mentioned briefly by Castner and Kanzig? but no
results or analysis were presented. The optical-absorp-
tion spectrum of the I;~ center was subsequently
determined by Delbecq, Hayes, and Yuster,® who found
that it is strongly produced by x or v irradiation at
77°K in K1 containing TI+, Agt,or NO;~ ions as electron
traps. A thermal-decay curve can be found in Ref. 18
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and it shows that the Iy~ decay around 105°K. There-
fore, in order to avoid thermal decay, the ESR measure-
ments were performed at 77°K by immersing the sample
in liquid nitrogen using a little Dewar with a narrow
tail that could be inserted in the microwave cavity.
The ESR spectrum for H||[110] is qualitatively identi-
cal to that of Fig. 3(a) but the linewidth is 11 G. The
spin Hamiltonian parameters are given in Table II, and
are more accurate than the earlier ones.%2°

Since it appears to be somewhat difficult to introduce
Pb*+ in KI, no attempt was made to produce the V p-
type I;~ center.

III. CONCLUSION

In a perturbation treatment of a spin Hamiltonian of
two equivalent nuclei (and consequently also for sys-
tems with more than two equivalent nuclei) it is
important to distinguish whether the first-order effect
of the quadrupole interaction is larger or smaller than
those parts of the second-order hyperfine effects which
are nondiagonal in M /% The nuclear energy levels and
the nuclear wave functions are influenced considerably
by a large quadrupole interaction, but because of its
particular nature, its first-order effect on the energy
levels is subtracted out when calculating the allowed
ESR transitions. The presence of a large quadrupole
term is therefore only seen through its effect on the
nuclear wave functions and this manifests itself in
different selection rules, i.e., in different second-order
ESR hyperfine patterns, compared to the case where
the quadrupole effect is neglected or small. These
calculations have been applied to the ESR spectra of
the Iy~ centers in the alkali halides and it was found
that the quadrupole effects dominate the second-order
hyperfine effects that are nondiagonal in M2 This is
also true for the Brs~ and Cly;~ molecule ions which
were not discussed in this paper, and quite likely also
for most other systems of two equivalent nuclei that
show quadrupole interaction.
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