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Structure of V Centers in Irradiated KC10,t
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(Received March 23, 1959; revised manuscript received September 14, 1959)

On the basis of the electron spin resonance spectra of a single crystal of KC103 which has been exposed
to x-irradiation, a model is proposed for the U center produced. The center proposed consists of a C10
radical covalently bonded to a neighboring C103 ion. It is shown that the electron spin resonance spectra
predicted for this radical agrees with the observed spectra, both in the number and spacing of the hyper6ne
components and their orientation dependence in the external magnetic field. It is also proposed that an
02 center is produced rather than the usual Ii center which one might expect to accompany the U center.

INTRODUCTION

'HE exposure of crystals to radiation usually
results in a change in the properties of the

crystal. Since soft x-rays can impart a significant
amount of energy only to the electrons in the crystal,
any change in the properties must result because of a
relocation of electrons in the crystal lattice. In the
simple alkali-halide crystals, the fundamental process
is the stripping of an electron from a halide ion and the
subsequent trapping of this electron in an electron trap,
e.g., in an halide vacancy. The trapped electron in an
halide vacancy is commonly called an F center, and
the negative ion deficiency resulting from the loss of
an electron by the halide ion is usually called a V
center. Considerable experimental and theoretical work
has been done on the nature of these centers in the
alkali-halide crystals. ' '

The purpose of this paper is to describe the effects of
removing an electron from a C10,~ ion in a crystal of
KC103.

In order to determine the nature of the centers, the
optical, infrared and paramagnetic resonance absorption
spectra were observed in single crystals which had been
exposed to 50-kv x-irradiation. The paramagnetic
resonance spectra proved to be the most useful.

A single crystal of KC103 was exposed to x-rays from
an unfiltered Machlett AEG-50 tube operating at 50 kv
and 20 ma for several hours. The crystals turned a
deep orange-brown color, and showed a rather intense
paramagnetic resonance absorption. Crystals left in the
x-ray Aux for a day or so began to disintegrate into a
fine powder. Figure 1 shows the first derivative of this

absorption at three different orientations of the crystal
in the external magnetic field. The rotation is about
the x crystalline axis. At 0' the y crystalline axis makes
an angle of 40' with the magnetic field. The choice of
this direction as a reference is discussed below. The
spectrum consists of two sets of lines. One set is a
single relatively broad line with a g value a little larger
than 2. The other set consists of 16 equally intense
lines with a line width of about 5 gauss, which show a
rather large anisotropy as the crystal is rotated in the
external magnetic field. '

Figure 2 shows the position in the paramagnetic
resonance spectrum of the 16 lines as a function of the
angle 8 of rotation about the crystal axis x. 8 is the angle
between the dc magnetic field and the reference direc-
tion mentioned above. It is apparent that the 16 lines
are four equally spaced groups of four equally spaced
lines each. It is also seen that as the separation between
the groups decreases, the separation between lines in a
group decreases. The separation between lines is the
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FIG. 1. Derivative of paramagnetic absorption of KC103 as a
function of magnetic field strength for different orientation of the
crystal in the external field.
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FIG. 2. A plot of the magnetic field at which each line appears
as a function of the orientation of the crystal in the field. The
dotted sections indicate orientations at which the individual lines
in each of the four groups could not be resolved. The straight line
down the center of the plot is the position of the DPPH line, and
the slightly curved line is the position of the broader stron~ line
attributed to 02 .

same in a 6eld of about 7000 gauss, which indicates that
the splitting is caused by hyperfine interactions.

All the above data were taken at room temperature,
and the intensity of the absorption shows very little
change as the crystal is aged at room temperature after
irradiation. The crystals were only a few millimeters on
a side, since KC103 seems to prefer to grow in the form
of thin wafers, and we have been unable to grow crystals
more than a few millimeters thick. However, the thin
wafers proved ideal for the optical and infrared absorp-
tion measurements.

Optical absorption measurements showed that the
radiation produced a single intense band centered at
2.69 ev (461 mp) with a width between points of half
intensity of 0.35 ev. No absorption in the region 0.8 p,

to 15 p was found that could be attributed to the
radiation.

In an effort to bleach the crystals, they were annealed
for periods of six hours at. temperature intervals of
10'C. After each six-hour period, the paramagnetic
resonance absorption was observed. After annealing
at 85'C, a decrease in the intensity of the 16-line
spectrum was observed, and after annealing at 105'C,
the 16-line spectrum completely disappeared. The
crystal did not become clear, however. It became rather
milky in appearance. An unirradiated crystal annealed
in this manner remained clear.

No bleaching was observed due to exposure to day-
light or to light from a mercury lamp.

STRUCTURE OF THE PARAMAGNETIC CENTERS

Xt is probable that the primary effect of an x-ray on
the crystal would be the removal of an electron from a
C103 ion, leaving a C103 radical. The experimental
evidence indicates that this radical is unstable in the
KC103 lattice. If this radical were stable, the radiation
damage to the lattice would be reversible. The bleaching
experiments, however, show that the damage is

permanent. The C103 radical probably breaks up into
C10 and 02. We propose that the 02 molecule difruses
into the lattice and becomes trapped at negative ion
vacancy, and that the C10, which has an electron
deficiency in its valence shell, shares this dehciency
with the nearest C103 ion. This should result in a
loosely-bound C10—C103 ion.

The nearest C103 ions in the KC103 lattice are the
ions in the upper right-hand corner of one unit cell and
the lower left-hand corner of the unit cell diagonally
above it (see Fig. 3). The separation between these ions
is 3.65 A. The angles between the line joining these ions
(dashed line in Fig. 3) and the x, y, and s crystalline axes
are n, P, and y, respectively, where n=87.3', P —40.1'
and y= 53.9'.

X=X,+XL S+ P(Ly2S) H

r.5

Sx
+—b(r;)S I;

3

e'Q I,(I,+1) 3(r,"I,)'

'=~ 2I,(I; 1) r,'—
where BCO includes the kinetic energy of the electron
and potential energy due to coulomb interactions.

It is assumed that the ground-state eigenfunction of
the above Hamiltonian can be made up of p orbitals of
the C10 radical and the C103 ion. There will be a
certain amount of s character, however, due to the
polarization of the radicals. The ground-state wave
function will be @, where

and
4'= &4 I+&A

4 '= ~'F (r') 1'~, -(0',4 ') ~P'G(r. ).

(2)

(3)

n~ and p~ designate the fraction of p and s character in
—Clo, and n2 and P2 designate the p and s character in
C10& . The coefficients satisfy the condition,

e2+ fI2 —~ 2+p 2 —~ 2+p 2 —1 (4)
'R. W. G. Wyckoff, Tables of Crystal Structure (Interscience

Publishers, Inc. , New York, 1948—51}.' M. H. 1., Pryce, Proc. Phys. Soc. (London) A63, 25 (1950).

PREDICTED PARAMAGNETIC ENERGY LEVELS
OF THE V CENTER

A method of successive perturbation developed by
Pryce' can be used to determine the energy levels
responsible for paramagnetic resonance absorption.
This method can be modified to include the hyperfine
interaction of the electron with two nuclei.

The Hamiltonian for the odd electron (in this case an
electron hole) is X,
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FIG. 3. Location of the atoms in the KC103 structure. The
dotted line at the upper left corner of the unit cell connects the
two C103 ions that form the C10—C103 V center.

If the quadrupole interactions are neglected, and
it is assumed that only the lowest orbital level is
populated, a straightforward application of first-order
perturbation theory gives the following result for the
energies of the paramagnetic levels:

where

X=gPH S+A~Iq S+q~L(L+1)(3 cos'8&—1)I& S
+ApIp S+gpL(L+1) (3 cos'8p —1)I2 S. (6)

The terms with subscript (1) are due to coupling
with the chlorine nucleus in the C10 group, and terms
with subscript (2) are due to coupling with the chlorine
nucleus in the C103 group. OI and 02 are the angles
between the axes of quantization of the C10 and
C103, respectively, and the external magnetic field.
The axis of quantization can be determined from the
observed paramagnetic transitions. Evaluation of
Eq. (5) gives

E"=gPM, H+A gmgM, +Elm)3II, (3 cos'8i —1)
+A2m23fa+E2mg3fg(3 cos'8, —1). (7)

The values of S, II, I., 3f„mI, and m2 are given below:

S 2)

8Z] mQ
3 I

The coefficients A~, A2, EI, E2 must be determined
empirically.

There will be 32 energy levels corresponding to a
(2S+1) (2I&+1) (2I2+1) multiplicity.

The transitions that are observed correspond to the
following selection rules:

COMPARISON WITH EXPERIMENTAL RESULTS

In order to determine whether or not Eq. (11)
leads to the correct angular variation, it is necessary to
fit the four constants a~, e~, kI, k~ to the experimental
curve. Since the maxima and minima of the hyperfine
splitting for both chlorine nuclei occur at the same
orientation it is assumed that for any orientation,
OI= 0&. Hence 0& and 02 will be replaced by 0.

The part of the hyperfine splitting which arises from
the s character of the electron deficiency, is independent
of the angle beteeen the axis of quantization and the
external magnetic field. Thus, the values of a~ and a2
will not depend on the axis through which the crystal
is rotated. This is not true, however, for the part of the
hyperfine interaction which arises from the p character
of the wave function.

The equations developed above were based on the
assumption that the crystal was being rotated about
an axis perpendicular to the axis of quantization. In
cases when the crystal is rotated about an axis not
perpendicular to the axis of quantization the axis of
quantization will make some minimum angle p with
the plane of the magnetic field. E must then be resolved
into its components parallel and perpendicular to the
plane of the magnetic field.

These components are:

k, =k sing, (12)

k( (
= k cosf. (13)

The perpendicular component will remain at right.
angles to the external field„but the parallel component
will make with the field an angle 0, which depends on
the orientation of the crystal. Thus, the equation for
the p contribution to the hyperfine splitting must be

The equation for the frequency of these transitions is:

hv =gPH+A ~m~+E~m~ (3 cos'8~ —1)
+Apmp+Epmg(3 cos'8, —1). (9)

This can be rewritten in terms of the magnetic field at
which resonance occurs:

H =H p a,m—) kgm—g(3 cos'8g —1)
a2m2 k2m2(3 cos'82 —1). (10)

where

a, =A,/g, k, =E,/g, and H p hv/gP——. (11)

The eGect of second-order perturbations will be to
add terms quadratic in H and S. Since 5= ~, the only
contribution to Eq. (9) will be that g should be written
as ge+ f, where ge is the "g" value of the free electron
and f is a tensor with the same symmetry as the
crystalline field. The sign of f would be negative for
an electron excess, and positive for an electron defi-
ciency. In this case, f is positive. No appreciable
anisotropy in f could be determined from the spectra.
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modified to:

( vr

H, = P m, k, sing~ 3cos'——1
~

E 2

+m, k, cosg(3 cos'e —1) .

The total hyperfine splitting is given by:

(14)

The presence of these isotopes allows four diGerent
types of V centers to be formed. They are as follows:

1. Both radicals of the U center contain chlorine-35.
2. The C10 radical contains chlorine-35, and the C103

radical contains chlorine-37.
3. Both radicals contain chlorine-37.
4. The C10 radical contains chlorine-37, and the

C103 radical contains chlorine-35.

H= P m, [a,—k, sinp+k, cosg(3 cos'8 —1)]. (15)

Since g will remain constant for a particular orienta-
tion of the crystal, the constant t,erm is actually
(u;—k, sing), rather than a;. Thus, both the value for
k; and the apparent value for ai will depend on the
axis about which the crystal is being rotated. For the
case &=0, Eq. (15) reduces to Eq. (10). Only in this
case can the actual values of ui and k, be measured.
For the case when P=~/2, the spectrum will show a
minimum splitting for all values of 8.

Since the line joining the C10 and the nearest C103
is the most logical as the axis of quantization, the
crystal was rotated around the x crystal axis. This axis
is almost perpendicular to the line between the
ions (n=g7.3 ). Proof that the line joining the ions is
the correct axis of quantization is that the minimum
splitting occurs when this line is perpendicular to the
magnetic field, and rotation of the crystal about an
axis parallel to this line showed minimum splitting for
all orientations. The data for rotation about the x axis
is used to determine a~, a2, k:, and k2.

The position of the curve at 0=0' was used to
determine k~ and k2. The values of ai and a2 were
measured at 8=57'.

The values from the experimental curve of Fig. 2 are

ai= 41.0 gauss,

a2= 5.0 gauss,

k~= 22.4 gauss,

k2= 2.6 gauss.

Using these values for the constants, Eq. (10) describes
the angular dependence that is shown in Fig. 2 very
well.

The spectrum of the V center is complicated by the
fact that there are two principal isotopes of chlorine
present. These isotopes are chlorine-35, which has a
natural abundance of 75.4%, and chlorine-37, which is
24.6% abundant. Since both of these isotopes have a
spin of —,', they will give the same number of hyperfine
lines, but there will be a slight diGerence in the magni-
tude of the splitting of these lines, due to the diGerence
in the nuclear magnetic moments of the two isotopes.
Chlorine-35 has a magnetic moment of 0.82 nuclear
magneton, and chlorine-37 has a magnetic moment of
0.68 nuclear magnet. on.

We could only detect a diGerence in splitting for the
cases where the C10 radicals contain different isotopes.
The hyperfine interaction from the chlorate is far too
small for separate lines to be detected for the diGerent
isotopes. The presence of two isotopes in the chlorate
radical should only broaden the line. The maximum
broadening that one mould expect is about 5 gauss.

We should be able to resolve a diGerence in the
hyperfine splitting, due to the two different isotopes
that can occur in the C10 radical. At the position of
maximum splitting, the center of the outer line should
be about 19 gauss smaller for centers containing
chlorine-37 than for those containing chlorine-35.
The intensity of these lines should be about one third
as great as for those containing chorine-35. The extra
lines due to the chlorine-37 can be clearly seen in
Fig. 1(a).

THE 02 CENTER

The center which produces the strong central line is
believed to be an 02—molecule ion. Evidence that
this center is associated with a trapped oxygen molecule
is brought out by the heating experiments. As pre-
viously mentioned, the crystal became milky when it was
heated to a temperature sufficient to bleach out this
center. A phenomenon of this type could easily be
produced by the liberation of this trapped oxygen.
It might be mentioned at this point that at no time was
the crystal raised to such a temperature as to cause the
normal potassium chlorate to dissociate. This would
indicate that any oxygen that was liberated would be
that which was trapped in lattice vacancies, and not
from a chlorate ion.

The necessity for postulating the existence of an 02
molecule ion is twofold. First, in order to be consistent
with our theory of the V center, we would have at
least as many 02 molecules trapped in the crystal as we
have V centers. The 02 molecule is naturally para-
magnetic with a spin of 1. This is due to the fact that
there are two electron vacancies in the outer shell of
the 02 molecule. A trapped oxygen molecule would
exhibit a two line spectrum, corresponding to a 25
fine structure splitting. However, if the oxygen molecule
gains an additional electron, the net spin of the system
will be ~, This system would exhibit a single line. The
paramagnetic susceptibility of this system ~outed be
due to a trapped hole. Secondly, from purely electro-
static considerations, we would expect as many electron
traps in the crystals as we have hole traps. Ke have
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evidence that the V center is a hole trap. Thus, we would
expect the other paramagnetic center to be an electron
trap. However, from the paramagnetic resonance
spectrum, we see that the g value of the central line is
greater than that of a free electron. This indicates that
this center is also due to a trapped hole. We must
conclude that this center is actually an electron trap
which behaves paramagnetically as if it were a hole
trap. The 02 molecule ion provides such a center.

Although there is no conclusive evidence that the
trapped O~ molecule ion is responsible for the large
central line, it is in agreement with the other assump-
tions, and with the observed data.

The question now arises as to the mechanism by
which the 02 molecule ion is formed. The most
probable mechanism by which this center may be
formed is as follows:

When the chlorate radical dissociates, the liberated
oxygen molecule will probably disuse through the
crystal until it is trapped in an existing Schottky defect.
A defect of this type is a vacancy which is normally
occupied by a C103 radical. It is surrounded by six
neighboring E+ ions. Thus, we might also expect an
electron to become trapped in this vacancy. This
electron would probably exist in one of the vacancies
of the outer shell of the oxygen molecule leaving an 02
molecule ion. One might notice at this point the distinct
difference between this type of paramagnetic center and
the F center of the alkali halides.

The Hamiltonian for this system could again be
made up of terms of the Hamiltonian for the free ion.
The term Hp would have a very similar appearance to
the Hp term for the V center, the only difference being
that the 0& molecule ion contains only two nuclei.
The terms arising from the spin orbit coupling and from
the interaction with the external magnetic field would
have the same form as those for the V center. Since the
oxygen nucleus has a spin of zero, the Hamiltonian
will contain no hyperfine or quadrupole terms.

The width of the absorption line was approximately
12 gauss at room temperature. The line width decreased

to about 3 gauss at liquid nitrogen temperature,
indicated that the principal broadening mechanism was
the spin-lattice interaction. We were unable to deter™
mine whether or not the line width had any angular
dependence since, for orientations near 90 degrees,
the lines of the V center merged with the central line.

CONCLUSION

In order to determine the energy levels of the V
center, certain assumptions about the wave function of
the unpaired electron were made. The assumption that
the wave function has a large amount of p character is
in agreement with the fact that the positions of the
hyperfine lines are strongly dependent on the orienta-
tion of the crystal in the external magnetic field. It is
also consistent with the assumption that the center is
held together largely by a covalent bond. It has been
suggested by Townes" that the percentage of p char-
acter in a wave function is a direct measure of the
percentage of the bond that is covalent, while the s
character is a measure of the amount of the bond that is
ionic. One might be tempted to say that the ratio of k
to a is the ratio of the amount of the covalent part to
the ionic part of the chemical bond. This is not true,
however, since the hyperfine coupling constants also
depend on the radial parts of the wave function. The
ratio of k~ to k2 was found to be 22.4/2. 6. This ratio is
the same as the ratio a~/a2 to within S%%u~. One is led
to conclude that the deficiency has the same character
about each of the two chlorine nuclei. From these
ratios, the coe%cients a and b of Eq. (2) are computed to
be 0.94 and 0.33, respectively.
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