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CHAPTER 1
INTRODUCTION

Electron paramagnetic resonance, EPR, and electron-nuclear double
resonance, ENDOR, have proven to be valuable féchniqucs in the
investigation of defects in crystals.! If a center in a crystal is paramagnetic
then these magnetic resonance studies can yield information about the
electronic structure, the extent of the wave function, and the surrounding
environment. Magnetic resonance investigations at another level are used to
identify the nature of centers which give rise to macroscopic material
properties.  This is usually accomplished by correlating known magnetic
resonance spectra with other spectroscopic techniques such as optical
absorption and luminescence. In this way magnetic resonance can often
quickly identify or reduce the number of possibilities in determining the
origin of these optical phenomena and suggest the source of such defects, i.e.,
impurities from growth, color centers produced by irradiation, oxygen
vacancies from partial reduction, etc.

The two studies described in this dissertation will be examples of these
different levels of magnetic resonance investigations. The first to be
presented is an ENDOR study of the self-trapped hole, or Vi center, in KMgF3.
Vi centers have been studied since the early days of EPR beginning with the
alkali halides and eventually in more complicated structures.2-9 The Vi

center in KMgF3 was first studied using EPR as early as 196610 and the work

contained herein builds upon these earlier studies in an effort to answer



some yet unresolved questions. The second study to be presented involves
using EPR to give insight into the nature of defects encountered in potassium
titanyl phosphate (KTiOPO4 or KTP). Very few magnetic resonance studies
have been done in KTP; however the preliminary indications show EPR as
being a promising tool in the identification and characterization of defects
arising from growth, laser damage, and hostile environments. At this point it
should be helpful and for the sake of completeness to present a brief

overview of EPR and ENDOR.
EPR
An unpaired electron which has ‘spiﬁ vector S has spin angular

momentum +H©S. The magnetic moment of the electron is then proportional to

#S and is given by

He=-vhS =-gcB S (1.1)
where v is the gyromagnetic ratio, g is the electron g factor and B is the Bohr
electron magneton. Since there is a magnetic moment there will be an
interaction with a magnetic field and the energy of interaction (the spin-
Hamiltonian) is given by

$=4, H=g.,pS-H . (1.2)

If the magnetic field direction is defined to be the z direction then H= H, and

the energy levels are defined by



E=g.BHmg . (1.3)

Thus, for electrons with § = 1/2 and mg =+ 1/2, there are two energy levels
which separate linearly as the magnetic field strength is increased. The

separation between the two levels is given by
AE=g,BH . ( (1.4)

If an electromagnetic field with photon energy equal to the energy of
separation is introduced, then transitions ‘can be induced between the two
levels. The electromagnetic field induces transitions ‘in both directions with
transitions up absorbing photons and transitions down emitting photons.
The rate at which these transitions occur depends on the incident photon
density and the number of spins in each level. The population ratio of the
two levels (at thermal equilibrium) is given by the Boltzmann factor. That is
to say there are more spins in the loyver energy level (mg = - 1/2) than in the
upper energy level (mg = + 1/2). Since'there are more spins in the lower
level than the upper level; there will Be a net absorption of photons. This
absorption of photons is thé¢ EPR signal.

The system will continue to absorb the incident photons until the
populations of the two levels become equal. At this pOiI:It the number of
transitions down equals the number of transitions up and there is no net
absorption and no EPR signal. However, the system is subject to other
interactions that are .nonradiative which work to bring the system back into
thermal equilibrium. These interactions are collectively called spin-lattice

interactions and are a result of the thermal motion of the lattice.
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Experimentally the magnetic resonance phenomenon is detected by
directing microwaves of a single frequency on to the sample and then
increasing the magnetic field until the separation of the two energy levels
is equal to the microwave energy. Figure 111 shows the energy levels and
absorption of microwaves as e; function of magnetic field for an S = 1/2
system. The EPR signal is enhanced by the 'appropriéte choice of
temperature and microwave power so as to balance the spin-lattice relaxation
and microwave absorption to produce the maximum net absorption of
microwaves.

If another spin I = 1/2 is added to the system then the spin-

Hamiltonian has three terms
#=BS- g H+S A-T- ggpoI-H . (1.5)

The first term in this equation is the electron Zeeman term previously
described. 1In the case of spin systems in environmenfs of symmetry lower
than cubic the g-factor discussed earlier is anisotropic and must be
considered as a tensor. The; second term is the hyperfine term which gives
the energy of interaction of ‘the’ electron spin with the nuclear spin. It also
is generally anisotropic and is denoted by a tensor. The third term is the
nuclear Zeeman term and is analogous to the electron Zeeman term and is
generally considered to have an isotropic -g factor. For isotropy, or fixed

orientation, the above equation reduces to

$=gpS-H+ AS-T- guByI-H . A (1.6)



The first order energy levels are then given by

Ei/2,1/2=gB H2 +hA/A - gnfn H2 (1.7.2)
Ei/2,-1/2=gB H2 - hA/4 + gy By HR2 K (1.7.b)
E.1/2,-1/2=g B H/2 +hA/A + gy Bn H2 | (1.7.¢)

E.1/2,1/2 =gb H/2 -hA/4 - g, Bn H2 ‘ (1.7.d)
where the first subscript denotes the mg value and the second subscript
denotes the mj value. If the assumption'is made that the electron Zeeman
term is larger than the hyperfine term which in turn is much larger than
the nuclear Zeeman term, as is often the case, then the energy level -
spectrum would be represented as in Fig.\ 2 where broken lines correspond to
EPR transitions in the absence of hyperfine interaction.

The EPR transitions are subjyect to the selection rules Amg =+ 1/2 and
Am; = 0. EPR transitions then occur between levels 1 - 4 and between levels 2
- 3. The separation between successive line positions will then give the
magnitude of the hyperfine interéction A. The accuracy with which this
hyperfine parameter can be determined is then limited by the consideration
of linewidth. If the spacing of a set of lines does not exceed their linewidth
then the splitting of electron levels due to the nuclear interaction cannot be
detected except perhaps for av broadening ofy the EPR line. The accuracy of
such hyperfine measurements would be greatly enhanced if nuclear

transitions could be observed directly.
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ENDOR

In Fig. 2, the intensity of the EPR signal for transitions from 1 to 4 is
dependent on the microwave power and on the population difference
between the two levels. If the microwave power is high enough and the
spin-lattice relaxation is slow enough then the populations of the two levels
will approach each other. As the populations .become more nearly equal, the
net absorption of microwaves decreases and the EPR signal decreases. This is
called power saturation. If a nuclear transition frequency is applied to the
system which corresponds to the energy difference between levels 1 and 2 or
the energy difference between 3 and 4, then nuclear transitions will be
induced between these levels. Transitions driven between these nuclear
energy levels will in turn change the populations of levels 1 and 4. As the
population difference between levels 1 and 4 changes, the net microwave
absorption changes and the intensity of the EPR signal will change
accordingly. This change in EPR signal intensity is called the ENDOR
response. It is therefore a necessary but not sufficient condition that the
EPR signal be saturated in order to obtain an ENDOR spectrum. In order to
saturate the EPR si/gnal, the spin-lattice relaxation must be slowed so as to
allow microwaves of some reasonable power to begin ‘to equalize the
populations of the two EPR levels. As a resul;, most ENDOR experiments must
be conducted at very low temperatures (liquid helium).

Nuclear spin transitions are subject to the selection rules Amg = 0 and
Ami=+1. Applying these selection rules to the first order energy levels
given in (1.7), the first ortder nuclear transition frequency for transitions

between levels 3 and 4 is given by the relation



| E1/2,1/2 - E1/2,-1/2 | =hvp1 = | hA2 - gy By HI . (1.8)
Defining gn Bn H/h as the nuclear free spip frequency, vo, gives:
vnl =1 A2- vol . ’ 1 (1.9)
In a similar fashion

vn2 =1 A2 +vg | | (1.10)

where vy corresponds to transitions between levels 1 and 2 of Fig. 2. The
nuclear free spin frequencies, vy, of common isotopes are known and can be
looked up in regularly available tables.

These transition frequencies given above may manifest themselves as
one of two possible spectra dependiﬁg on which of the two terms in the
absolute value is the largest. The case where vo > A/2 (hereafter denoted as a
type 1 ENDOR spectrum) is chafacterigcd by“ the two ENDOR lines centered on
vo and separated by A. The type 1 ENDOR spectrum and its energy levels are
shown in Fig. 3.11 The second case, that where A/2 > vo, is characterized by a
pair of ENDOR lines centeréd on A/2 and separated by 2 vo. This spectrum is
denoted as a type 2 ENDOR spectrum and its energy levels and spectrum are
shown in Fig. 411 When one obtains an ENDOR spectrum the first task is to
determine which of these two types of spectra is being observed. Once the
type of spectrum has been dete;rmined, the nuclei resbonsible for the

hyperfine can be identified directly (to first order) from the spectrum by
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Figure 3. Type 1 ENDOR Energy Levels and Spectrum
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Figure 4. Type 2 ENDOR Energy Levels and Spectrum
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measuring the frequency corresponding to the center of the spectrum for a
type 1 spectrum or by measuring the separation between lines and dividing
by two for a type 2 spectrum. Similarly, the magnitude of interaction can be
read from the line separation in a type 1 spectrum or by measuring the
frequency cérresponding to the centér of the spectrum and multiplying by
two for a type 2 spectrum.

It should bé noted at this point that the energy levels given in (1.7)
were the first order energy levels and higher order terms may not be
negligible. These higher order terms may produce ENDOR spectra which
deviate somewhat from those shown in Fig. 3 and Fig. 4; however, the general
features of these spectra‘ are often a good 4approximation. ENDOR. spectra may
get much more complicated as spin values greater than I = 1/2 are
encountered and as other terms in the spin-Hamiltonian become more
important (nuclear quadru[')olle, crystal field, etc.). In addition, the discussion
thus far has primarily dealt with isotropic Hamiltonians. In most single
crystal studies, the electron g-factor and thp hyperfine A parameter are not
isotropic and are only truly qucified by tensors. These are 3 x 3 hermitian
tensors and arc’ thus specified by 6 independent parameters. These six
parameters are usually determined in one of two ways: (1) the six elements
making ul; the upper right triangle of the tensor or (2) the threé principal
values of the diagonalized tensor and three angles (Euler angles) which
rotate the tensor into its diagonalized form. In order to determine these
parameters, the line positions are monitored as the orientation of the crystal
relative to the external magnetic field is changed. A block diagram of an
EPR/ENDOR spectrometer is given in Fig. 5.11 The ENDOR components are

outlined in bold.
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CHAPTER I

THE Vi IN KMgF3
Introduction

Self-trapped holes, otherwise :known as Vi centers, were first studied
in alkali halide materials.2-9-12 Th\e commonaly accepted mechanism of
production is the Pooley-Hersh mechanism.!3 Ionizing radiation produces
excitons (electron-hole pgirs) which subsequently dissociate and the hole
becomes localized on a pair of adjacen:t ‘halide ions. The halide ions move
toward each other to form. K a molecular ion with a single negative charge
[X2-]. As long as the hole is present there will be a local lattice distortion to
stabilize the hole. Thus the hole is said to be self trapped. Figure 614 shows
the [Cly"] Vi center in KCl. The molecular ion may be oriented along any one
of the [110]-type directions.

The Vi centers in alkali halides have a simple structure because of the
cubic symmetry exhibited by these materials. On the other hand, KMgF3 has
the lower cubic peroiskitc symmetry. The KMgF3 structure may be
visualized as being made ﬁp of cubes in which the cube center is occupied by
a Mg2+ ion, the cube corners are occupied by K* ions and the cube faces
occupied by F- ions as shown in Fig. 7(a)l4 The first report of the Vi center
in KMgF3 was made by T. P. P. Halll0 and its configuration was determined by
EPR. Figure 7(b) shows the configuration of the self-trapped hole as

determined by Hall. By comparison with the Vi center in the alkali halides of

14
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Fig. 6, it should be immediately noted that the [F-] molecular bond in the
cubic perovskite is "bent " from that of the [011]-type bond observed in alkali
halides. The origin of this bending can be thought of as due to a repulsion of
the hole away from the doubly positive ionized Mg ion. This bent bond is
detected experimentally through the angular dependence of the EPR spectra
which shows that the principal axes of the two fluorine ions which constitute
the [F2~-] molecule are not colinear with each other or the [011] direction.
The angle of deviation from [011] shown in Fig. 7 was found to be 7°. Hall
showed that an approximation to the molecular bond could be constructed
from p-orbitals which lie nearly along the [011] direction and are centered
on the two constituent fluorine ions. ‘

The EPR spectra of the Vi center for H along the two high symmetry
directions are shown in Fig. 8.14 From Fig. 7 it can be seen that there are
twelve possible crystallographic orientations of the [F2-] molecular ion in
the unit cube. With H Il [001] the twelve different orientations will fall into
two magnetic orientations relative to the ﬁlagnetic field direction. The four
crystallographic orientations which lie in the (001) plane will have a
molecular axis oriented 90° to the 'magnetic field while the other eight
crystallographic orientations which lie in the (100) and (010) planes will be
oriented 45° to the magnetic field. Thus the EPR spectra shown in Fig. 8§ for H
Il [001] is composed of a superposition of two sets of lines, i.e., eight molecules
oriented 45° and four molecules oriented 90° to the magnetic field. As the
magnetic field is rotated about the [100] away from the [001] toward the [011],
many of these degeneracies will be lifted. Of the four molecules which lie in
the (100) plane and are oriented 45° to the magnetic field with H Il [001], two
will rotate into a 0° orientation with the magnetic field with H |l [011] and two

will rotate into a 90° orientation. All of the four molecules which lie in the
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(010) plane and have a 459 orientation with H Il [001] will be rotated to a 60°
orientation with H Il [011]. Thus the 45° orientation EPR lines when H Il [001]
will split into three lines in a 1:2:1 ratio with the lines rotating into 90°, 60°
and 0° oricntation respectively when H Il {011]. The four molecules which lie
in the (001) plane and are oriented 90° to the magnetic field with H Il [001]
will all rotate into a 60° orientation w1th the magnetic field when H Il [011].
Therefore, the H Il [011] spectrum is a superposmon of three spectra having
molecular axes oriented 0°0, 90°, and 60° with the magnetic field.

All of the EPR lines of Fig. 8 are inhomogeneously broadened due to
unresolved hyperfine with neighboring nuclei, whereas the 0° EPR lines of
the [011] spectrum show some resolved hypc}finq. Except for the unresolved
hyperfine, the EPR spectra can adequately be fit to a spin-Hamiltonian of the

form

!

$#=5.g-H+S-A;- 1] +5 A 15 - gnPnH- (1 +13) (I1.1)

Where g is the g-tensor of the hole and Kl and Ay are the hyperfine tensors
of the two fluorine nuclei of the [F2°] molecule.

It is the subject of this work to. determine the nature of the unresolved
hyperfine using ENDOR. In order to accomplish this, an additional term must
be added to the spin-Hamiltonian to account for< the interaction with other

surrounding nuclei. Thus the spin-Hamiltonian takes the form

=5 3-H+S K- +5 %G +5.A5.5
- B H- (1 + L +13) (I1.2)
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The end result of this work is then to determine the principal values and
principal axes of the A3 tensor in the above Hamiltonian for each of the
neighboring nuclei contributing appreciably to the unresolved hyperfine

interaction.
Experimental Procedure

The Vi center in KMgF3 is produceci, by ionizing radiation and is
unstable above 110 K. In the experiments described here a sample of KMgF3
was irradiated for 3 minutes in liquid nitrogen with 1.5 MeV electrons
produced by a Van de Graaff accelerator operating at 10 pA. The sample was
then kept cold as it was quickly transferred in;o an Oxford Instruments
ESR900 continuous flow liquid helium cryostat inside of the microwave cavity
and the temperature stabilized at 20 K. The coil that delivered the rf field was
mounted directly on the glassware of the cryostat as shown in Fig. 9.15 Al
data was taken on an ER 200 Bruker EPR spectrometer with ENDOR
attachment.

The cavity was critically tuned at 9.31 GHz and the magnetic field was
swept to produce the EPR spectrﬁin. ‘The sample was carefully aligned to
produce the EPR spectra shown in Fig. 8. Once the alignment was completed
and the EPR spectrum obtained, the magﬂctic field was set to the field value
corresponding to the peak of the microwave absorption and then recorded
using a Varian E-500 NMi{ gaussmeter. The microwave power was then
increased to cause partial saturation of the EPR signal. The EPR signal began
to saturate at 0.67 mW and the microwave power required to optimize the

ENDOR signal was determined to be 3.36 mW.
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With magnetic field set to the peak of the microwave absorption the
spectrometer was switched to the ENDOR mode and the rf frequency was swept
from 5 to 30 MHz. The rf amplifier was capable of delivering 200 W of peak
power; however, power was not constant over the sweep range. The rf
attenuation was set to 0 dB to deliver”rﬁaximum available power. The rf field
was frequency modulated at 12.5 kHz and the modulation depth varied from 10
to 50 kHz. Several rf scans were taken and added together in order to improve
the signal-to-noise ratio of the ENDOR signals. The ENDOR spectra which
were recorded intol a.computer were ‘'stored as first derivative spectra. The
spectra were later integrated to give} the -absorption curves so that peak
positions could be ‘detgrmined.

After recording the ENDOR spectrum, the magnet was rotated about one
of the crystallographic axes by an angle as small as 1° and no greater than 5°.
As described earlier, this rotation will split the EPR lines and they will move
to new magnetic field values. The spectrometer was then returned to the EPR
mode and the magnetic field was swept to generate the new EPR spectrum.
The magnetic field was then moved to the new field value of the EPR line of
interest and recorded via the NMR probe. Next, the ENDOR spectrum was
taken. This processes was repeated for the 45° of rotation that takes the
magnetic field from H |l [001] to H Il [011], recording the magnetic field, the
angle, and the ENDOR -spectrum.

- ENDOR spectra were recorded primarily while monitoring two EPR
lines. * One being the line that corresponds to a 45° orientation of the
molecular ion when H |l [001] and which rotates into a 09 orientation when H
Il [011]. It is hereafter denoted as the 0-45 line. The second is the line which
correspond to a 459 orientation of the molecular ion when H Il [001] and

rotates into a 60° orientation when H !l [011]. It is hereafter denoted as the
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45-60 line. This is equivalent to following a single Vi center through two 45°
rotations in perpendicular planes as shown in Fig 10. One rotation being H Il
[001] — H Il [011] and the other being H Il [010] — H Il [101]. After
integration of the ENDOR spectra, the frequencies corresponding to nuclear
spin transitions were determined and each daéa point was recorded as three

numbers: angle, magnetic field, and rf frequency.
Results and Analysis

The simplest of the ENDOR spectra is that taken while monitoring the
0© orientation EPR line with H Il [110] shown in Fig. 11. The first task is to
determine which of the two possible types. of ENDOR spectra mentioned
earlier is being observed. This was accomplished by comparing the ENDOR
spectra obtained from monitoriné the high field and low field 0° EPR lines.

The high field 0° line and the low field 0° line should contain the same
information. As stated eérlier there are two terms in the first order ENDOR
transition frequencies, the hyperfine and the nuclear free spin.  Recall that
the nuclear free spin frequency, defined as gNBNH/h, is dependent on the
magnetic field while the hyperfine parameter, A, is not. Therefore, although
the ENDOR spectra obtained by monitoring the high and low field 0° EPR lines
should contain the same information, they will not be identical since the
magnetic fields of the two lines are vastly different. If the ENDOR spectrum
of the high field 0° EPR line is type 1 then the ENDOR lines are centered on
the free spin frequency which is magnetic field dependent. By moving to
the low field 0° EPR to prﬁduce the ENDOR spectrum the free spin frequency

shifts to lower frequency. Thus, the low field spectrum should be identical to



Figure 10. Equivalence of Two Molecules and One Rotation
with One Molecule and Two Rotations
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Figure 11. ENDOR Spectrum Obtained While Monitoring the High Field
00 EPR Line When H || [110]
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the high field spectrum only shifted to lower frequency. If the ENDOR
spectrum were a type 2 spectrum then the center of the spectrum, which is
given by A/2, should remain the same but the line separation should change
since it is the separation that is determined by the ‘field dependent nuclear
free spin term in a type 2 spectrum. Fig. 12 shows conclusively that the
spectra from the Vi center are indeed type 1.

Once the type of spectrum is known one must determine which
neighboring nucleus is rqsponsible for a particular pair of ENDOR lines.
Figure 11 shows five pairs of lines all approximately centered on 17 MHz.
Table 1 shows the pqssible oﬂgins of theﬂ lines A;and their respective free spin
values. Nuclear free spin values are typically referenced at a magnetic field
of 3500 G and their value at some other field can be easily calculated from the

relation

vo(H) = vo(3500G) x H /3500G . (11.3)

The spectrum of Fig. 11 was taken at 4201 -G. Using (IL.3), the fluorine free
spin frequency at 4201 G is 16_.8367 MHz. Comparing with Fig. 11 it can easily
been seen that all of the ENDOR lines are due to fluorine nuclei since all of
the other free spin frequencies of Table 1 are much lower than that
corresponding to the center of the spectrum. Having determined the origin
of the ENDOR lines as being fluorine it is. helpful to eliminate the dependence
" on the magnetic field by plotting the ENDOR line positions as measured from
the calculated fluorine ‘free spin frequency for each respective measured
magnetic field. In this way the angular dependence of the ENDCR line

positions appear as in Fig. 13.



12 16 20 24

Figure 12. ENDOR Spectrum While Monitoring the (2) High Field and (b)
Low Field 0° EPR Line
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TABLE 1

NUCLEI IN KMgF3 STRUCTURE POTENTIALLY
CONTRIBUTING TO HYPERFINE

Natural \ ENDOR fregq.
Isotope Abundance Spin at 3.5 kG
(%) (MHz)
1 )
F19 100 5 14.02721
5
Mg25 10 5 0.91291
3 .
K39 93.26 5 0.6963030
K40 0.0117 4 0.86582
3 ,
K41 6.73 > 0.3821910
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Fluorine is a 100% abundant nuclear spin 1/2 so that each of the
various neighboring fluorine nuclei should contribute only one pair of lines
to the ENDOR spectrum. At this point it is still undetermined as to which of
the nuclei contribute which pair of lines to thel spectrum. Figure 14 shows
the 12 nuclei which make up the first five nearest neighbor fluorine shells.
To simplify the figure, potassium nuclei are not shown. In Fig. 14, nuclei
which are symmetric about the Vi center are labeled with like letters and
nuclei within these groups are denoted ’by numbers. For some arbitrary
orientation of the magnetic field, each of the 12 fluorine nuclei contribute a
pair of lines to the spectrum to account for a total of 24 lines. Along the
high-symmetry directions many of the nuclei become equivalent with each
other with respect td the magnetic field -and the [Fp~] molecule.

The A nuclei lie in a mirror plane of the Vi center and one of their
principal axes should lie perpend'icular té this plane which is the z axes in
Fig. 14. The principal axis corresponding to the largest principal value for
the A nuclei should lie nearly along the diagonal [110] direction of Fig. 14
that is to say, in the direction of the Vi center. This is expected to contribute
the largest hypérfine interaction 6f any of the fluorine nuclei due to the
p-orbital nature of the Vi centef which cxtends beyond the two nuclei
making up the molecule toward the A nuclei. This interaction should be
largest when H is along the molecular’axis, i.e., the 09 orientation H Il [110]
EPR line. Due to the bent bond nature of the Vi center, it is expected that the
principal axis of the A nuclei which corresponds to this largest principal
value should deviate ‘from the [110] direction just as is the case for the
principal axis of the two nuclei comprising the molecule. However, the
degree of this deviation should be less than that of the two molecular

fluorines, that is to say less than 7° deviation from [110]. The magnitude of



31

[010]

D2

_ Oaz

y

(001}

Figure 14. First Five Nearest Neighbor Fluorine Shells

(100]



32

this largest principal value can be estimated from the EPR spectrum.  Figure
15 shows an expanded view of the high field 0° EPR line with H Il [110]. Along
this direction the two A nuclei are equivalent and the EPR line shows the
1:2:1 splitting characteristic of the hyperfine interaction of two equivalent
I = 1/2 nuclei. The splitting between the center iine and the outer lines is
approximately 8 G. Using} the following relation along with the
approximation (g/ge) = 1, the largest principal valﬁe of the A nuclei can be

estimated to be about 22 MHz.

A(MHz) = 2.80247 (g/ge) A(gauss) ' (I1.4)

Since the A nuclei are equivaleﬁt when. H is along the molecular axis,
the two nuclei should contribute only 1 pair of lines Yto the ENDOR spectrum
while monitoring the 0° EPR line with H Il [110]. As H is rotated away from
[110], the two A nuclei become nonequivalent and the single pair of ENDOR
lines should split into two pairs. The A nuclei should remain nondegenerate
for all other orientations in the 0-45 and 45-60 rotations of Fig. 13.

It is relatively easy to identify rin Fig. 13 a set of ENDOR lines which
satisfy the above prescribed criteria: a ‘single pair of lines with 22 MHz
splitting along the 0°© orientation which splits into two pairs when rotated
away from this orientation. The‘se ENDOR lines are then singled dut and
identified as belonging to the A nuclei.

The two D nuclei of Fig. 14 are located close to the center of the
molecular ion and should also contribute appreciably te the hyperfine
interaction. They also lie in a mirror plane of the molecule and therefore
must have one axis perpendicular to this plane, that is to say one axis along

the [110] direction. This axis is not expected to correspond to the largest
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principal value of the D nuclei since it would not be directed toward the
molecule but parallel to it. The D nuclei which lie symmetrically above and
below the plane of the molecule (the x-y plane of Fig. 14) will be equivalent
for all magnetic fields in this plane and nonequivalent when the magnetic
field is rotated out of this piane. | Thus, ig Fig. 13 there should be a single pair
of lines in the 0-45 rotation which splits( into two pairs as the magnetic field
is rotated into the 45-60 plane. ‘Such a set of lines can be found and are thus
identified as belonging to the' D nuclei.

There are four nuclei in the E set. All fouNr E nuclei are equivalent
when H is parallel to the molecular axis. ‘The E1 and E2 nuclei lie
symmetrically above and below the x-y plane and are therefore equivalent
for all magnetic field orientations.in the x-y plane and nonequivalent when
the magnetic field is rotated out of this plane. The E3 and E4 nuclei behave
similarly but will be nonequivalent to the E1 and E2 nuclei for all magnetic
field orientations in the x-y plane except H Il [110]. Thus, there should be a
single pair of ENDOR lines for the ’0'°Aorientation H Il [110] which split into two
pairs during the 0-45 rotation. Each 'of these two pairs should again split
making four pairs in the 45-60 rotation. A set of lines following these
symmetries can be partially identified’ and are thus assigned to the E nuclei.
The reason that a full identification cannot be made is that near the middle of
the spectrum there are many lines whose linewidth is nearly that of their
separation so that distinguishing between lines is difficult.

The B and C nuclei are expected to contribute the smallest hyperfine
interaction, but in general should have the same symmetry as the A nuclei.
Their small interaction places their ENDOR lines in the center of the

spectrum making identification of these nuclei very difficult. Table 2



TABLE 2

NUMBER OF ENDOR PAIRS FROM

FLUORINE NUCLEI
Direction
of H [110] [010] [011]
Orientatioh r
of [Fp-] 1 0° 45° 60°
Molecule '
Nuclei
A 1 2 ‘ 2 2 2
D 1 1 1 2 2
E 1 2 2 4 4
B 1 2 2 2 2
C 1 2 2 2 2
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summarizes the degeneracy patterns for the 5 sets of nuclei expected to
contribute the largest hyperfine interaction.

Having identified the nuclei responsible for various ENDOR lines, the
principal values and orientations of the principal axes of the various nuclei
must be determined. This is accomplished by fitting the data to the spin-
Hamiltonian numerically using a computer.

To determine the principal values and principal axes of the A3 tensor,
the angular dependence’ data was fit to the spin-Hamiltonian

Dt

% =pH.-E -5+ A

—t —

1-S+15-A2-S+13-A3-S-gupnH-T1 + L +13) . (IL5)

When the direct products are expanded, (IL.5) becomes

F = B(ngngSXg + HYgngSYg + HZgngS‘Zg)

XAk Sk + I Ay, Sy, + IyAz Sz,

2 2 L2 A2 Q2
+ Isz S A Sy2 + IZZAZ2S?2 (11.6)

33,83, + B,A3,S3, + B,Al s,

- enBNHLL + B + 1)

where (xg, yg, zg) is the coordinate system where the g tensor is diagonalized
and similarly (x1, y1, z1), (X2, y2, z2) and (x},, y3, z3) are the coordinate
systems where the Aj, Ay and A3 tensors are diagonalized, respectively. The
(x, y, z) coordinate system is reserved for the magnetic field system. Then

(I1.6) can then be rewitten in the condensed form
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3 3 3 3
F =B 2 Higg;,Si+ X X I1,ALSi - enBNH X I (In.7)
i=1 .

n=1 i=1 n=1

where n denotes the nuclei and i denotes the ith coordinate of the n'h nuclei
coordinate system.

The transformation matrix [TG] is defined as transforming a vector
written in the g coordinate system to the crystal system.' Then an arbitrary

- ,
vector V is transformed as’

Vxg Vxe
Vyg | = TG | Vy, (11.8)
Vzg Vi,

Likewise, if [R] transforms from the crystal coordinates to the magnetic field

coordinates such that

Vi, Vx
Vy.| = Rl | Vy ” \ (I1.9)
Vze Vz
then
Vx Vx
g
Vyg | = [TRGI| Vy where [TRG] = [TG] [R] . (I1.10)
Vig \f



In a similar fashion [T1], [T2], and [T3] are defined such that

Vx, Vx

where [TRn] = [Tn] [R]
Vy, |= [MRa] | Vy

and n=1or2o0r3 . (I1.11)
Va, \Z

Any .individual element of a vector can then be written in terms of its

magnetic field coordinates as

3
Vi, = 2, TRn(i,k) Vi (11.12)
k=1 | .

Using (11.12), all of the elements in (II.7) can be written in the magnetic field

coordinate system so that the spin-Hamiltonian can now be written

3 3 V 3
H=pY, X TRG(k) H g Y, TRGG,D) Sp

i=1 k=1 p=1
3 3 3 3
+3 Y Y TRn(,q) I A} D, TRn(i,t) S
n=1i=1 g=1 S

el (11.13)

3
- gNBNHz z Ig

n=1

Defining the magnetic field as the z direction so that Hy = Hy =0 and H; = H,

then by regrouping terms, (II.13) is simplified further to the form

38



3
¥ =BHY, QGp Sp

=1

3 3

3
+2 Zanq,tIESt

n=1 g=1 t=1

3
- gnBNH. Y, 17

n=1

where

3
QGp = 2. g, TRG(i,3) TRG(.p)

i=1
and

3
Qng,; = Y, A}, TRn(i,q) TRn(,t)

i=1

Using the relations

1 i
S1=Sx=5 (S4++8S.) $2=Sy=7 (S+ - S.)

1 i
I =1x =3 (4 + L) =ly=5 (4 - L)

(I1.14) can be written in terms of raising and

lowering operators.
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(11.14)

(I1.15)

(11.16)

(I1.17)



52 = pHLQG, - Log)
+ BHB—QCH + -zi—QGz}
+ BHQG3 IS,

3 . .
-gnBNH Y 17

n=1

n=1

S+

S.

+L11—(Q111,1 + Qny )

?

-iQn, ,
2 |
+2Qny 3
2 ]
-1Qn, 5
2 )

+i—QH23
2 ’_

3 ' .
+ X [i{in,l - Qny5) - El‘in,?.] 7S,

] s,

+ 1—((2111,1 - an,z)\+ é—in,z] I’S.

IS,
I'S,
I7S.

IZS.

s,

(I1.18)
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TABLE 3

LOWER HALF OF THE SPIN HAMILTONIAN MATRIX

A A A A A A A A A A A A A A A A
+ I + I + I + I + | + I + I + |
+ + [ I + + | I + + [ I + + [ I
+ + + + | | | | + + + + - | | | |
+ + + + + + + + I I | | I I I I

<++++1 (1,1

<+++-1 @21 (2,2

<++-+I 3,1 3,3)

<++--| (4,2) 4,3) (4,4)

<+-++1| 5.1 (5,5)

<+-+-1 (6,2) (6,5)  (6,6)

<+--+1| (7,3) (7,5) (1.7

<4---l (8,4) (8,6) (8,7 (8,8)

<-+++1| 9,1 (9,3) (9,5) (9,9)

<-++-1 (10,2) (10,4) (10,6) (10,9) (10,10)

<-+-+1 any (11,3) (11,7) (11,9) (11,11)

<-+--1 (12,2) (12,4) (12,8) (12,10) (12,11) (12,12)

<--++1 a3 (13,5) (13,7) (13,9) (13,13)

<--+-1 (14,2) (14,6) (14,8) (14,10) (14,13) (14,14)

<---+I (15,3) (15,5) (15,7) (15,11) (15,13) (15,15)

<----1 (16,4) (16,6) (16,8) (16,12) (16,14) (16,15) (16,16)

|84
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The system contains four spins (one hole and three nuclei) each of

spin 1/2. The basis set then consists of sixteen ecigenvectors written as

| mg, my,, mp,, mr, >. The matrix form of the Hamiltonian will be a 16x16

hermitian matrix and is thus specifiedlby it lower half shown in Table 3.

The matrix element H(9,1) for example corresponds to the element
<-+++|HI++ + +> The only non-zero terms in the Hamiltonian, (II.18), are
those whose operators are S., I1,S., 12, S.and 13, S.. The above matrix

clement is then defined to be

9(9,1)=(1/2)QG1 + (i/2)QGz + (1/4)Q1;.3 + (i/4)Ql2 3
' (11.19)
+ (1/4)Q21,3 +i/4)Q22,3 + (1/4)Q31,3 + (i/4)Q32,3

The other non-zero lower half matrix elements are:

F(1,1) = (1/2)QG3 + (/49)(Q13,3 + Q23,3 + Q33,3) - (3/2) gnBNH
H#(2,2) = (1/2)QG3 + (1/4)(Q13,3 + Q23,3 - Q33,3) - (1/2) gnBNH
#(3,3) = (1/2)QG3 + (1/4)X(Q13,3 - Q233 + Q33,3) - (1/2) gnBNH
F(4.4) = (1/2)QG3 + (1/4XQ13,3 - Q23,3 - Q333) + (1/2) gnBNH
$(5,5 = (1/2)QG3 - (1/4XQl13,3 + Q23,3 + Q33,3) - (1/2) gnBNH
F(6,6) = (1/2)QG3 - (1/4)(Q13,3 + Q23 3 - Q333) + (1/2) gnBNH
F(1,7) = (1/2)QG3 - (1/4)(Q13,3 - Q23,3 + Q33,3) + (1/2) gnBNH
F(8,8) = (1/2)QG3 - (1/4)(Ql3,3 - Q23,3 - Q33,3) + (3/2) gnBNH
F09.9) = - (112)QG3 - (1/9(Q13,3 - Q23,3 - Q33,3) - (3/2) gnpNH
F(10,10) = - (1/2)QG3 - (1/4XQl3,3 - Q23,3 + Q33,3) - (1/2) gNBNH
F(11,11) = - (1/2)QG3 - (1/4)(Q13,3 + Q23,3 - Q33,3) - (1/2) gNBNH
F(12,12) = - (1/2)QG3 - (1/4)(Q13,3 + Q23,3 + Q33,3) + (1/2) gnpNH
$2(13,13) = - (1/2)QG3 + (1/4)(Q13 3 - Q23,3 - Q33,3) - (1/2) gNBNH
F(14,14) = - (1/2)QG3 + (1/4)(Ql3,3 - Q23,3 + Q33,3) + (1/2) gnBNH
F(15,15) = - (1/2)QG3 + (1/4)(Q13,3 + Q23,3 - Q33,3) + (1/2) gnNpNH
F(16,16) = - (1/2)QG3 + (1/4)(Ql3,3 + Q23,3 + Q33,3) + (3/2) gnBNH



F.1) = (1/2)QG1 + (1/4)(Q11,3 + Q21,3 + Q31,3)
+ (i/2)QG1 + (i/4)(Q11,3 + Q21,3 + Q31,3)
#(10,2) = (1/2)QGy + (1/4)(Q11,3+ Q21,3 - Q31,3)
+ (i/2)QG1 + (i/4)(Q11,3 + Q21,3 - Q31,3)
F(11,3) = (1/2)QGy + (1/4)(Q11,3 - Q21,3 + Q31,3)
+ (i/2)QG1 + (i/4H(Q11,3 - Q21,3 + Q31,3)
F(12,4) = (1/2)QGy + (1/4)(Q11,3 - Q21,3 - Q31,3)
+ (i/2)QG1 + (i/4)(Q11,3 - Q21,3 - Q31,3)

F(13,5) = (1/2)QG - (1/4)(Q11,3 + Q21,3 + Q31,3) -

+ (i/2)QG1 - (/4)(Ql1,3 + Q21,3 + Q31,3)

$8(14,6) = (1/2)QG - (1/4)(Q11,3 + Q21,3 - Q31,3)
+ (i/2)QG1 - (i/4)(Q11,3 + Q21,3 - Q31.3)

$(15,7) = (1/2)QG1 - (1/4)(Ql113 - Q21,3 + Q31,3)
+ (i/2)QG1 - (i/4)(Ql1,3 - Q21,3 + Q31,3)

$(16,8) = (1/2)QGi - (1/4)Ql1,3 - Q21,3 - Q31.3)
+ (i/2)QG1 - (i/4)(Q11,3 - Q21,3 - Q31,3)

$(2,1) = (1/4)Q31,3 + (i/4)Q32,3

$(4,3) = (14)Q31 3 + (/4)Q32,3

F(6,5) = (1/4)Q31,3 + (i/4)Q3a

$8,7) = (/HQ313 + (/4Q32,3

$£(10,9) = (-1/4)Q31,3 + (-i4)Q32,3

$(12,11) = (-1/4Q31,3 + (i/4)Q32,3

F(14,13) = (-1/4)Q31,3 + (-i/4)Q32,,3

F (16,15 = (-1/4)Q31,3 + (-i/4)Q32,3

$G3.1) = (1/4)Q21,3 + (/4)Q22,3

@42) = (1/HQ213 + ((/4Q2,3

F(7.5) = (1/4)Q213 + (1/4)Q22,3

$(8,6) = (1/4)Q21,3 + (/4)Q22,3

F(119) = (-1/4)Q21,3 + (i/4)Q2 3

$(12,10) = (-1/4)Q21,3 + (-i/4)Q22,3

F(15,13) = (-1/4)Q21,3 + (-i/4)Q22,3

F(16,14) = (-1/4)Q21,3 + (-i/4)Q22,3

(5.1 = (1/4Q113 + (/4)Ql2, 3

$(62) = (1/4Q11,3 + ((/4)Ql2 3

$(73) = (14)Q11,3 + (/4)Qlz,3

$(8.4) = (1/4)Q11 3 + (/4)Qlz, 3
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F(13,9) = (-1/49)Q11,3 + (-i/4)Ql2,3
F(14,10) = (-1/4)Q11,3 + (-i/4)Q12 3
F(15,11) = (-1/4)Q11 3 + (-i/4)Ql2,3
F(16,12) = (-1/4)Ql1,3 + (-i/4)Q12,3
F(9.5) = (1/9H(Q11,1 + Ql22)

F(10,6) = (1/4)(Q11,1 + Ql2,2)

F(11,7) = (1/49H(Q11,1 + Ql22)

F(12,8) = (1/4)(Q11,1 + Ql2,2)

F(13,1) = (1/4)(Qly,1 - Qlz2)+ (/2)Qly,2
F(14,2) = (1/4)(Ql1y,1 - Qla2)+ (1/2)Ql1,2
F(15,3) = (1/4)(Q11,1 - Qlz2)+ (i/2)Q11 2
F(16,4) = (1/4)(Q11,1 - Ql22)+ (1/2)Q11,2
F(9,3) = (1/4)(Q21,1 + Q22,2)

F(10,4) = (1/4)(Q21,1 + Q22,2)

F(13,7) = (1/4(Q21,1 + Q22,2)

F(14,8) = (1/4)(Q21,1 + Q22,.2) ‘
F(11,1) = (1/4)(Q21,1 - Q22,2)+ (i/2)Q21,2
F(12,2) = (1/4)(Q21,1 - Q22 2)+ (1/2)Q21,2
F(15,5) = (1/4)(Q21,1 - Q22.2)+ (i/2)Q21,2
F(16,6) = (1/4)(Q21,1 - Q22,2)+ (1/2)Q21 2
F(9,3) = (1/4)(Q31,1 + Q32,2)

F(10,4) = (1/4(Q31,1 + Q32,2) ~

F(13,7) = (1/4)(Q31,1 + Q32,2)

F(14,8) = (1/4)(Q31,1 + Q32,2)

F(1L,1) = (1/4)(Q31,1 - Q32,2)+ (i/2)Q31,2
F0(12,2) = (1/4)(Q31,1 - Q32,2)+ (/2)Q31,2
F(15,5) = (1/4)(Q31,1 - Q32,2)+ (/2)Q31,2
F(16,6) = (1/4)(Q31,1 - Q32,2)+ (1/2)Q31,2
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The Ham1lton1an matrix elements. defined above were incorporated in a

computer program to calculate the hyperfine principal values and principal

axes. A flow chart of the fitting program is given Fig. 16.
program which ran on an Hewlett Packard model 300 computer is given in

the Appendix. The principal values and principal axes were determined for

The actual,
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each set of nuclei separately. The data points corresponding to a specific set
of nuclei, selected as described earlier, were entered as nuclear transition
frequency, and magnetic field. These data points were then compared with
those generated from the spin-Hamiltonian. The principal values and
principal axes us;d in the spin-Hamiltonian w;:ré systematically change to
minimize the difference between the Hamiltonian generated data points and
the measured data points. The principal‘ values and principal axes as
determined from the above ‘described 'prbgam are given in Table 4 where ¢
and 6 are the polar and azimﬁthual ‘-; éngles _respectively, along with those for
the molecular fluorines as determined from EPR by Hall. Figures 17, 18 and
19 show the experimentally measured data points (represented by the *) and
the computer-predicted line positions (represented by lines) for the A, D, and
E nuclei described earlier. Figues 20, 21 and 22 show the principal axes

orientations given in Table 4.
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| Initialize 1€
Read first data point:
transition frequency,
magnetic field, angle

-l Define Hamiltonian  }e

{ Diagonalize |

Calculate transition frequency

Diff = |calculated-measured |
Error = Error + Diff

" Is this

N the last data Y
_ point ?
Is
Read next new error
data point <
old error

?

Accept new
Reject new parameter
parameter Error = 0
Change next
parameter

Print final Eror = 0
parameters Change next
parameter

Figure 16. Flow Chart of Fitting Program
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TABLE 4

PRINCIPAL VALUES AND
PRINCIPAL AXES

ORIENTATION
Principal Values Orientation
0,0

2x 2.024 90 , 135
gy 2.018 0,0 Determined
2z 2.0024 90 , 45 by
MA 160 90 , 128 Hall
May 160 0,0
Map, 2479 90, 38
AAy -1.8 90 , 138.3
AAy -1.6 0,0
ApA, 22.7 90, 48.3 Determined
Dz 8.2 132.3 , 135 by
DAy 3.0 423, 135 Current
Da, 6.8 90 , 45 Investigation
Eax -2.7 123.4 , 53.8
EAy -2.0 684, -22.5
EA, 12.9 138.9 , -85.6
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out of plane

Figure 20. Configuration of Principal Axes of Molecule
and A Nucleus
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CHAPTER III
POINT DEFECTS IN KTP
Introductioﬁ

Potassium titanyl phosphate (KTiOPO4 or KTP) is a material with
application in nonlinear optiés and electro-optics.16:17 It is commonly -
employed in second-harmonic generation (frequency doubling) of 1.06 pm
Nd:YAG laser radiation producing 0.53 pm output.17-18 KTP has also been
shown to permit type-2 phase-matched second harmonic generation and
sum-frequency generation down to 0.4950 pum and 0.4589-pm resp\ectively.19
KTP has been used to produce a Mach-Zehnder electro-optic waveguide
capable of modulating light up to 12 GHz.26

The rather complicated crystal structure of KTP (Fig. 23)2! was studied
by Tordjman et al. who determined the point group to be mm and the space
group to be Pn2ja. The lattice constants are a = 12.814 A, b = 6.404 A and ¢ =
10.616 A. The phosphate octéhcdra account for 8 of the 10 independent
oxygens found in the unit cell. The other two oxygens are bonded to onmly
potassium and, titanium ions and in each case, these two oxygens have one
short bond to Ti (bold lines in Fié. 23). The structure is characterized by
chains of PO4 - TiOg - PO4 - TiOg - in both the a and b directions. In the a-c
plane these chains are separated by TiOg octehedra which in turn form a

chain of TiOg octehedra that zigzag along the ¢ axis. Alternating long and
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Figure 23. Projection of KTP Structure in (a) a- Plane and (b) a-b Plane
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short Ti-O bonds occur along these chains which result in a net z-directed
polarization.  This polarization arising from altcrnating long and short bonds
is the major factor giving rise to the large nonlinear-optic and electrooptic
coefficients of KTP. Channels exists along the c-axis through which K% ions
can diffuse with a diffusion coefficient several orciers of niagnitude greater
than in the x-y piane.l

Both hydrothermal and flux techniques have been successfully used in
the growth of fairly large KTP single érystals.23'29 The hydrothermal
process for KTP requires growing crystals 'in a high-pressure, high-
temperature autoclave operating at 5500 to 600° C and at 25,000 psi for
approximately 6 weeks. Equipment restrictions due to the high-temperatures
and high pressures limits crystal size to approximately 20 mm x 20 mm x 60
mm. The flux technique which is carried out at atmospheric pressure is not
hampered by the need for sophisticated high pressure equipment. Flux
techniques vary depending on the specific flux used and crystals have been
grown from 700°C to 1000°C with growth times ranging from 10 days to 2
months. Typical crystal dimensions from flux growth are 60 mm x 55 mm x 30
mm.

While the nonlinear optic and electro-optic coefficients of KTP grown
by the two different techniques are similar, differences exist in dielectric
and optical damage properties. KTP crystals are s1;bject to optical damage;
one form of which is the production of gray tracks when high power, high
repetition rate laser pulses are doubled.30 Repbrts of the optical damage
threshold for frequency doubling of 1.06 pm light range from 150 to 5000 MW
cm-2. Indications to date suggest that the damage threshold for
hydrothermally grown KTP is somewhat higher than that for flux grown

material.
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If a crystal used for nonlinear interaction has even a small amount of
absorption, the efficiency of the nonlinear interaction is greatly decreased.
The absorption of laser radiation occurs throughout the volume of the crystal
through which the beam passes. This causes heating in this illuminated
region. Cooling however occurs l;y conducting heat to the surface of the
crystal which then produces thermal gradients. Since the refractive index
depends on the temperature, gradients and variations in the refractive index
will also be génerated. ’fhese variations will result in nonideal
phasematching in the volume of nonlipear interaction causing degradation
in the efficiency of such interactions. The gray tracks characteristic of
optical damage in KTP absorb both the fundamental and second harmonic
thus rapidly degrading doubling efficiency. Continued operation after the
formation of the gray ‘coloration may quickly lead to catastrophic failure.

While the growth of KTP crystals for frequency doublers has been
commercialized and are readily available, many aspects of the growth are not
well understood. In addition to tl;e variations in optical damage threshold
other inconsistencies exist between crystals grown by the two different
methods as well as inconsistencies between crystals grown under apparently
identical conditions. KTP is generally transparent from 0.35 mm to 4.5 mm,
however, some crystals have a slight yellow coloration after growth even
though the process followed seems to be the same vas those which appear
clear. Absorption coefficients may vary by as much aé an order of magnitude
at some wavelengths. Nonuniformities also exist within a single crystal.

It is the purpose Qf’ the current studies herein to show the potential of
magnetic resonance as a spectroscopic technique to be used in the evaluation
of KTP crystals as well as the identification and characterization of defects.

To date there have been only a few EPR studies of KTP. Iron has been studied
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in Fe-doped crystals31:32 and Ti3*+ spectra have been identified in electric
field treated samples.33 Both of those studies were conducted on flux grown

material.

Experimental Procedure

All of the KTP samples used in this investigatic;n were hydrothermally
grown and supplied by Litton/Airtron. These samples were actual
commercial products prepared to function as frequency Ydoubling devices
used to double 1.06 pm Nd:YAG radiation. Satﬂple dimensions were 3 x 3 x §
mm. The c-axis lies 'pcrpendicular to oﬁe of the sample faces and
perpendicular to the long dimension of the crystal. The a and b axes
however, were rotated out of the face by 220 corresponding to the phase-
matching angle. Figure 24‘ shows ' the orientation of the sample faces with the
crystallographic axes

EPR spectra were taken at 20 K on a Bruker ER-300 spectrometer
operating at 9.44 GHz with 100-kHz field modulation. All EPR spectra given
herein were taken with the magnetic field along the c-direction. Optical
absorption spectra were taken at-80 K by mounting the sample in a liquid
nitrqgen Dewar. An aluminum window for irradiating was perpendicular to
the optical faces and quartz glass windows were mounted to allow unimpeded
optical access. ’The liquid nitrogen Dewar was placed in the sample chamber
of a Perkin Elmer 330 uv-‘visible-NIk spectrophotometer. EPR and optical
absorption spectra were taken in the as received condition as well as after
irradiation and reduction. |

Electron irradiations were' carried out at 77 K using 1.5 Mev electrons

from a Van de Graaff accelerator operating at 10 pA. Radiations for EPR were
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Figure 24. Frequency Doublers Used as Samples
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conducted in the same m'anncr as described for KMgF3 in the previous
chapter, the samples were irradiated while submerged in liquid nitrogen
then quickly transferred to the Oxford Instruments ESR900 continuous flow
liquid helium cryostat in the EPR cavity. Radiations for optical absorption
were conducted by placing the aluminum window of the liquid nitrogen
Dewar directly in the path of the electron beam and the sample

turned so that the beam was incident on the optical face. After irradiating,
the sample wés fot;ted 90° inside the Dewar so that the optical face would be
parallel to the quartz windows and thcﬁ the Dewar placed in the
spectrophotometer. .

Pulsed anneals were conducted 611 both the EPR and optical absorption
spectra induced by radiation. For EPR, ‘the pulsed anneals were carried out
inside the cryostat and cavity thus eliminating the need and errors of
realignment. The cryostat temperature was warmed to the annealing
temperature and held for five minutes then cooled back to 20 K and the EPR
spectrum recorded. The process was repeated in 20 K steps up to 300 K. In a
similar fashion, a pulsed anneal of th; optical absorption was conducted
without removing the sample and- Dewar from the Spectrophotometer to
eliminate descrepencies due to sample placement. The sample was annealed
in the same 20 K steps as for the EPR anneal, cooling back to 80 K after each 5
minute anneal and recording the optical absorption spectra.‘

Reductions were carried out by placing the samples inside of a
stainless steel tube. The tube waé placed th‘roﬂugh an oven so that the sample
lay at the center of the oven. ‘The tube was then evacuated with a roughing
pump and flushed with argon several times after which the tube was slightly
over pressurized with argon. EPR spectra were again taken at 20 K following

reduction.
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Experimental Results

Of the three device-type samples provided, two were clear to the eye
and one showed some yellow coloration in the as-received condition. The
yellow coloration being (as described above) an intermittent unexplained
inconsistency of growth. All three of the samples‘showed Fe3+ spectra in the
as received condition. However thére were marked (differencesﬁ in the Fe3+
signal intensity (Fig. 25). However, the Fe3* does not correlate with the
yellow coloration as the yellowish sample and one of the ‘clear samples show
high concentrations of iron while the other clear sample shows significantly
smaller iron signals. |

By visual inspection, electron irradiation at 77 K produces a reddish
coloration which is not stable when gently warmed to room temperature. It
is interesting to note that in an attempt to visually observe
thermoluminescence, one of the samples was rapidly warmed to room
temperature. While no thermoluminescence was visible the sample‘ showed
violent sparking which cracked the crystal.  Although the red coloration was
no longer present the sample appeared blue-gray. Blue-gray coloration is
reported to be a result of optical damage (gray tracking) from high intensity
laser radiation. Optical absorption spectra taken at 80 K before and after
irradiation are shown in F1g 26.

Figure 27 shows the EPR spectra before (lower) and after (upper)
irradiation. The Fe3+ llin‘cs decrease in intensity by approximately a factor of
four after irradiation. The irraﬂiation also produceé three new sets of
lines.The first set consists of three lines as shown in Fig. 28. This set of lines
is characterized by two lines equally spaced about the third at a magnetic

field of 2600 G to 2900 G. The ratio of the lines is 1:4:1 which leads to the



| J J yellow
T - Y 4 Apsocen rv:'r-
clear
clear
l ] 1 ] ! | | 1 ] ! l
500 1500 2500 3500 4500 5500
[G]

Figure 25. EPR of As Received KTP




(cm-i)

ABS. COEFF.

o

0

1600 800 600 400 300

WAVELENGTH (nm)

ENERGY (eU)

Figure 26. Optical Absorption Spectra (a) Before and (b) After Irradiation

£9



l l : (@)
b L A ‘
v L 4 v (.

1 l L ] l l I 1 ] ] | l

500 1500 2500 3500 4500 5500

Figure 27. EPR Spectra (a) Before and (b) After Irradiation

v9



] ] 1 1 l | | l
2400 2500 - 2600 2700 2800 2900 3000 3100

. [G]
Figure 28. Pt3t EPR Spectrum Produced by Irradiation

$9



66

identification of the lines as being due to platinum. The 1:4:1 equally spaced
lines would suggest trapping centers one third of which have hyperfine
interaction due to spin I = 1/2 and two thirds which show no hyperfine
interaction. Candidates for such a spe;cti'um must therefore have an isotope
with nuclear spin I=1/2 that ‘is nearly 3'3.3 % abundant and no other
paramagnetic isotope. The only nuclei satisfying such criteria is platinum
with 195Pt having I = 1/2 being the only magnetic isotope and occurring in a
natural abundance of 33.8 %. In addition, the most étable oxidalltilon state of
platinum is 4+ with ionic radii of 0.64 A. Similarly, titanium in KTP is in a 4+
state with an ionic radius of 0.68 A. Thus the spectrum is unambiguously
identified as platinﬁm, which most likely subtitles for titanium in the KTP
structure. The identification of a strong platinum signal is somewhat
surprising since the autoclave used in the hydrothermal growth process of
these crystals is not platihum‘ but gold.‘ It was later determined that platinum
crucibles were used in the preparation of nutrients used in the growth
process and is a likely source of the platinum impurity.

The higher temperatures of the flux growth process require platinum
crucibles and it is likely that growfh at higher temperatures in platinum
crucibles would lead to higher concentrations of platinum impurities
incorporated in the flux grown material.i Flux grown samples were not
available at the tinie of this report but immediate future plans include testing
of flux material to compare platinum concentrations with that of the
hydrothermally grown samples.

The next line in the spectra éhov;/n Fig. 29 is a éinglé line at
approximately 3350 G corresponding to g = 2 and which shows very little

angular dependence. Such a signal is typical of a trapped hole (h*) and is
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identified as being such. The third set of lines is similar (although not
identical) to spectra reported earlier as tentatively identified as Ti3* in Fig.
30.

A rough production study of these éignals was carried out which
showed that the decrease in the Fe3+ and appearance and increase in the new
signals saturate with two to three rﬁinutes of irradiation. This would indicate
that these radiation induced signhals are due to ionization effects and not
dislocation.

The results of the .pulsed anneal are shown in. Fig. 31. The h*, Pt3+, and
Ti3+ EPR signals decay in the range 120 K to 160 K. In this same temperature
range the Fe3+ signal Tecovers and two new platinum signals at slightly
higher field appear and areAlabeled Ptg and Ptc in Fig. 32 thus leaving the
platinum signal of Fig. 28 which appears upon irradiation as Pta.

The first attempt at reduction was a 7500 C. anneal in argon for one
hour. No apparent damage was caused. The sample was then heated to 850° C
for three hours after which the sample was completely black (no
transmission of visible light). The EPR spectrum taken at 20 K following the
8500 reduction is shown in Fig. 33. Fe3+ signals are still present but not
observed on the scale of the figure. None of the other EPR signals present
after irradiation are present after reduction except the Ti3* around 3800 G
were observed. Figure 34 shows ‘an expanded view of the Ti3+ signél. By
comparison with the Ti3* signal induced by radiation shown in Fig. 30, it can
be seen that the two signals "aré not identical. The origin of thése difference

are not determined yet.



i l l | | 1 |

3600 3700 3800 3900 4000 4100 4200
(G]

Figure 30. Ti3+ EPR Spectrum Produced by Irradiation

69



Arb Units

0.75

0.5

0.25|

._|..
3+
A | —— Ti
—— nt
—X— PtA
-8~ Fed*
—
PtC
—o— PtB
O —A—  Opt.
/
®

100 150 - 200 250 - 300
Anneal Temperature (K)

Figure 31. Pulsed Anneal of EPR and Optical Spectra

0L



1

e MM!W

L——-I—-—l ‘ w
Pt A . Ptg

1 | 1 | L ] 1

2400

2500 2600 2700 2800 2900 3000 3100
(6]

Figure 32. Pt3+ Spectra Which Grow in During Anneal

1L



L 1 | ] |

|

500

1500

2500 3500 4500

Figure 33. EPR Spectrum After Reduction

5500
[G]

L



73

uononpay PPV [eudIS Ydd 4 ¢IL "€ N3LI

[9] |
ooey : 000V , 008E 009€E




CHAPTER IV
CONCLUSION

Electron paramagnetic resonance .and electron nuclear double
resonance have been and continue to be widly used in the study of defects in
solids. Although EPR and ENDOR are not new techniques they continue to
offer valuable insight into the nature and origin of many macroscopic
phenomena.

Two different levels of magnetic resonace investigations have been
presented in this dissertation. Chapter IT describes the study of the self-
trapped hole, Vi center, in KMgF3. The Vx center and variations therof
(perturbed Vx centers) have been the subject of investigation in many
materials including KMgF3. These magnetic resonance studies have spaned
nearly four decades and yet many questions are yet unresolved. This
dissertation has answered one of these lingering questions.

ENDOR has been employed to determine the origin, strength and
structure of the hyperfine interaction of neighboring nuclei. The
unresolved and partially resolved hyperfine interaction is evident in the EPR
spectra. The origin and nature of these interactions have been the source of
speculation since they were first reported in the mid 1960's. ENDOR data
contained herein absolutely identifies the source of the unresolved
hyperfine to be neighboring fluorine nuclei. In addition, the hyperfine
tensors of the three most strongly interacting nuclei have been determine.

This was achieved by: (1) Monitoring the ENDOR line positions as a function
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of magnetic field orientation. (2) Identifing the specific nucleus responsible
for a given set of lines from the crystal symmetry and line degeneracies. (3)
Writing a computer program to fit the data to a spin-Hamiltonian.

Although KMgF3 is not a commercially significant material, this work
should provide a foundation for ENDOR studies of other fluoride materials
such as YLF and LiCaF. EPR studies of a Vg center in YLF have already been
reported. This ENDOR study in KMgF3 has i)roven to be a formidable task and
it is be expected that ENDOR studies of the much m'()’re complicated YLF
strucure should be‘ ‘even more difficult.

The second study presented was an EPR investigation of point defects
in KTP. KTP is ’a ’remakable material with many applications. IL is currently
manufactured and sold at a fairly high p‘rice‘. Even though it is commercially
viable product, many 6f its properties ’are not well understood. There appears
to be rather significant inconsistencik\eKS in the properties of material grown
not only by different'fechniques‘but also material growﬁ prepared in
apparently the same way. Evgn samples cut from different regions of the
same growth show differences. The rﬁost significant of these differences is
the laser damage threshold. |

This dissertation shows how EPR can rapidly identify the general
nature of some point defects and relate them to macroscopic properties.
Platinum has been - identifed as a c;ommén, previously unexpected impurity in
KTP. Iron has been previously identifed in KTP and speculated by some to be
the source of intermittent yellow crystals; The data herein shows that iron is
not likely to be a major contributor to the yellow coloration.

These EPR investigations in KTP (in contrast to KMgF3) are the early
stages of magnetic resonance studies. These results show magnetic

resonance to be a promising tool in the identification of defects in KTP.
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SPIN HAMILTONIAN FITTING PROGRAM
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OFTION BASE 1 "
DEG
DIM Ar(16,16) ,A1(16,14) ,Trg(3,3),Tri(Z,3),Tr2(3,3),Tr3(3,3)
DIM Tg(3,3),T1(3,2),T2(EF,3),T3(3,3) ,R(Z,3),6(3) , Tt3(F, 3)
DIM Rr(2,3),R3(Z,3),R1(3,3),R2(3, )
DIM D(16),E(16),E2(16),Tau(2,16)
DIM A(S,3) ,Tr(0:3,3,2),0(0:3,3,3)
DIM F(b&),Fara(s)
DIM Dat{(150,8),Delta(s)
DIM Rxz=(3,3) ,Ryy(3,3),Rizy (3, T) ,Rn (3, 3)
DIM RchO(Z, ) ,Rch6(2, %), Iden(3,3)
REMEXKX KKK KK RKKKKKKKKKKKKKKKKKKX CONSTANTS KK KKK KK K K KK K KK KK K K K K K K XK XKk % K X %
REM
MASS STORAGE IS ":,700,1"
INFUT "FILE NAME",F1d%$
ASSIGN ®Fi1d TO Faid$
FOR I=1 TO 150

FOR J=1 TO 8

ENTER @&Fi1d;Dat(I,Jd)
IF Dat(I,1)=1000 THEN GATO 230

NEXT J
NEXT I
ASSIGN @F1d TO x
REM 30K KKK 50K 30K 30K 0K K KK K K 0K KK K KKK KK K XK KK KK KOKR KKK KKK KK F KR KKK KK KKK KKK KKK
REM XK K0K X KK KK KKK KK KKK KK KK KK KKK XK KK KKK KK KKREKK KK RKK K KKK K KKK R KKK KKK kKKK KX
Delta(1)=.1
Delta(2)=.1
Delta(3)=.1
Delta(4)=.1
Delta(S)=.1
Delta(b)=.1
J =5
Idat=1
Icount=0
N=16
Nm=1&
Error=1000
B=9.2741/6.6262
En=.0050951/6.6262
Gn=5.2877
Gnb1=GnXxBn/2
GBnbIl=GnXxEn/2
GnbT=GnXEn/2
Rz (1,23)=1
Rz (2,2)=1
Rxz(3,1)=1
Ryy(1,1)=1
Ryy(2,2)=-1
Ryy (3,3)=1
Rxzy(3,1)=1
Ruzy(2,2)=-1
Rxzy(1,3)=1
Iden(1,1)=1
Iden(2,2)=1
Iden (3, 3)=1
REM 50K KK K KK K KK K K0K0K0K KK KK KK KK KK KK K K K 50K 0K 30K X0K0K XOK X0 K X0K K 0K K KK 5K K 0K 0K F K KK K X0k X K X
Fhi1g=43
G(1)=2.024
G(2)=2.018
G(3)=2.0024
Tg(1,1)=COS(Fhig)
Tg(1,3)=SIN(Fhig)
Tg(2,2)=1
Tg(Z,1)=-SIN(Fhig)
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210
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0
F40
S0
F6C
F7CQ
980
90
1000
1010
1020
1030
1040
105¢
10460
1Q7¢
1080
1090
1100
1110
1120
1130
1140
1130
1160
1170
1180
1190
1200
1210
1220
12320
1240
1250
1260
12760
1280
1290
1300
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Tg (3, 3)=COS(Fh1i1qg)

AR 2SS 3232038233333 33¢2 3020002300003 0203 3300338332320 038020020¢1
Fh12=32

All,1)=160

A(L,2)=160

A(l,3)=2479

A(2,1)=160

A(2,2)=1460

A(2,3)=2479

T2(1,1)=COS(Fh12)

TZ2(1,3)=SIN(Fh12)

T2(2,2)=1

T2(3, 1)=-SIN(Fh12)

T2(3,2)=COS(Ph12)

MAT Ti= TIKkRxzx T

REMX KKK K KX KK KKK KRR KRR R TNFUT 000K k0K KK 50K K K K 0K 30K 0K KK XK K0K KK XKk Kk KoKk ok
FRINT "FOR NUCLEI A ENTER 1"

FRINT "FOR NUCLEI B ENTER 2"

PRINT “FOR NUCLEI C ENTER 3"

FRINT “"FOR NUCLEI D ENTER 4"

FRINT "FOR NUCLEI E ENTER S*

INFUT "NUCLEI",Nuc

ON Nue GOTO 8%90,990,1090,1190, 1290

S 2 S P T 28283 73 C8020 0233223233333 338333 3220233333320 02223220222229%
Npam=4 T - .
Fara(l)=-1.6

Fara(l)=-1.8

Para(Z)=22.7

Para(4)=48.7

Fara(3)=0

Para(6)=0

GOTO 1380

REM xxxxxxx*xxxxxxx;**xxkxxxxxxxxxx*xxxx*x*xxxxxtxx**xxxxxx*xtxx*x*xxx*x*
REM R KKK 30K 3K 3K K ok 0K0K 080K K K K KK K 3K K K KK KK oK K K KK KK KK K0k X KKK XK X K KKK XK KKK K KK KOk XKk XKk
Npam=4

Fara(1)=335

Fara(2)=19 -

FPara(2)=-28

Fara(4)=1

Fara(g) =9

Fara(4)=7

G0TO 1380 .

REM X KKK KK % K K K X KK 30K % K K K 30K 0K KK 0K 0K K K K 30K K KK 0K K 3 KK 5K 30K 3K K X0K KK X 50K XK K K X KKKk KK Xk
REM X KX KK KKK KK KK KK 50K K KKK HOKR KKK KKK KK KKK KRR R KR KRR KR KKK KKK KRR KRR KKK XKk kK
Npam=4
Fara(1l)=35
FPara(2)=19
Fara(2)=-28
FPara(4)=1
Para(S)=9
Para(s)=7
60TO 1380 )
REM *x**xxxxxx:xxxxx*#xx*xxxxxxxxxxxx?xxx*xxxtxx*xxx*xxxt*xxx#xxxxxx#x*xx
REM % KKK OK 00K KK K K0K0K0K K KK 5 KK 30K 50K 30K 30K K 0K 30K 350K 0K 30K K K KKK KK KK X OK0K0K KK K0K K KK K K KKK KKK K
Npam=3

Para(1)=8.2 ’ .

Fara(2)=3

Para(2)=42.73

Fara(4)=6.8

Fara(g) =45

Fara(6)=0

GOTO 1780

REM **Xt**x*t*#*XX*X**X*X**X*******Xt**#t!*t*t***XX**X**X***#X**X*****X*X
REM 30K KK 30K 3K KK K 2K K K KKK 0K 30K 30K 3K 0K 30K 3K K K KKK 0K KR KKK 0K K 30K K K 30K KK K 0K R 00K KOk KK KKKk K
Npam=6&

Fara(1)=-2.7



12710
1220
17320
1240
1250
1360
1370
1280
12390
1400
1410
1420
14320
1440
1450
1460
1470
1480
1430
1500
1510
1520
1530
1540
155

135460
1570
1580
1590
1600
1610
1620
1630
1640
1650
146460
14670
1480
14690
1700
1710
1720
17320
1740
1730
1760
1770
1780
179¢
1800
1810
1820
1830
1840
185Q
1860
1870
1880
1890
1900
1910
1920
19320
1940
1950
1960
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Fara(l)=-2.0

Fara(Z)=12.9

Fara(4)=179.Q

Fara(35)=4.5

Fara(s)=-587.0

GOTO 1380

REM X***X**X**X*X****X*X****X*t***#*t*****K**Xt*X***X*******X**X*****XX**
F(1)=Para(l)

F(2)=Para(2)

P(3)=Fara(3)

F(4)=Para(4)

P(S)=Fara(S)

FP(&)=Fara{b)

REM xx*x***xx*xxxxx*x*x**xxxx**xx****xxx**tx*xxx**xxxxxxxxxxx*xx*xx***x
FOR I=1 TO =

FOR J=1 TO 3

T2(I,J)=0 i )

Tt3(I,J)=0 N

NEXT J

A3, I)=0

NEXT 1

A(Z, 1)=F(1)

AlI,2)=F(2) ,

A3, 3)=F(3)

Theta=F(4)

Fphi1=F(S)

Fsi1=F (&)

T3 (1, 1)—CDS(P51)XCDS(Pph1)—CDS(F=1)XSIN(Pph1)¥SIN(Theta)
Tt‘(1,2)-CDS(PS1)ISIN(Pph1)+COS(Theta)*CDS(Pph1)KSIN(Fsz)
Tt3(1,7)=SIN(Ps1)XSIN(Theta) -
Tt;(:,1)——SIN(F51)kCDS(Pphl)—CDS(Theta)XSIN(thx)XCOS(PS;)
Tt3(2,.2)=-5IN(Fs1) ¥SIN(Fph1)+COS (Theta) ¥CAS (Fph1) ¥COS (Fs1)

T3 (2,3)=COS(Fs1) ¥SIN(Theta)
Tt2(3,1)=SIN(Theta)*xSIN(FPph1)
Tt2(Z,2)=-8IN(Theta) XxCOS (Fph1)
Tt3(3,3)=CO0S(Theta)

REM XXXKKKKEKRKAKE KK KKK EEE KK R KKK KKK KR KNKARKE KRR KRR KR KK KKK KRR KKK KKK KKK
REM XXXKKXKKKKKKRRXKKKKKKKKRKKKK DATA KKKk K KK KK K0 K K K KK KKK KK KK XK KKK KK K K KX
IF Dat(Idat, 1)=1000 THEN GOTQO 4130

Nucn=Dat (Idat, 1)

k.plan=Dat (Idat,2) ,

Fhi=Dat (Idat,3)

H=Dat (Idat,4)

Freqm=Dat (Idat,S)

Freqml=Dat (Idat,6)

IF Nuc=1 AND Nucn=1 THEN MAT Rn= Rxz

IF Nuc=1 AND Nucn=Z THEN MAT Rn= Iden

IF Nuc=4 AND Nucn=1 THEN MAT Rn= Iden

IF Nuc=4 AND Nucn=2Z THEN MAT Rn= Ryy

IF Nuc=5 AND Nucn=2 THEN MAT Rn= Iden

IF Nuc=5 AND Nucn=1 THEN MAT Rn= Ryy

IF Nuc=5 AND Nucn=7 THEN MAT Rn= Rx:

IF Nuc=3 AND Nucn=4 THEN MAT Rn= Ru:zy

MAT T3= TtIxRn

G0O0TO 1920
FOR I=1 TO
FOR J=1 TO
FPRINT Tt3(I1,J),T3(I,d)

NEXT J

NEXT I

NSRS PS030 3223383233033 23333333008 8233 0020833233333 ¢23302822 3529
FOR I=1 TO 3

FOR J=1 TO 3

Rch0(1,J)=0

Rché& (1,J)=0

R1(1I,J)=0

¥ W]



197¢
1980
1990
2000
2010
2020
2070
2040
2030
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
21920
2200
2210
2220
2230
22440
2280
2260
2270
2280
2290
270Q
2710

2320

A
——

23740
2730
2360
2370
2780
23790
2400
2410
2420
2470
2430
24350
24460
2470
2480
24990
2500
2510
2520
2530
. 2540
25580
2560
2570
2580
2590
2600
2410
2620
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NEXT J
NEXT I
REM K*XXX**xx***X**********X**#X*********#Xttiii*X********X**K**Y*****x**
IF tplan=1 THEN Phi=-Fh
Rch© (1, 1)=COS (Fh1}
RehO (1, 3)=SIN(FPh1)
Rch(2,2)=1
RchO (2, 1)=-SIN(Ph1)
RchQ (3,3)=C0OS(Fh1) .
Rch&(1,1)=1
Rch& (2,2)=C0OS (Fh1)
Rchb (2, 3)=-SIN(Fh1)
Rcho (3, 2)=SIN(Fh1)
Rché (5, 2)=COS(Fh1) -
REM ***x**xx*t#xx**x*x*xx*xt*xx*xxxi*xi**xxtt**xx*x*txx**x**x*xxxx*xxm
IF Fplan=2 THEN
MAT Rr= RchQ
END IF
IF I plan=1 THEN
MAT Rr= RchO !
Fhi=-Fh1i
END IF
IF Fplan=T THEN
MAT Rr= Rché
Fhi=-Fhi
EMD IF
REM ‘
REM*R**X**##*X*X*X**X******X**X**X*#X*X****Xx*ttlX***K*****X*****X#**X**X
REM
MAT Trg= Tg*Rr
MAT Tri= TLl¥Rr
MAT Tr2= TZ*Rr
MAT TrJ= T3IXRr
FOR I=1 TO =
FOR J=1 TO 3
Tr(0,.1,J)=Trg(l,J)
Tr(1,I1,0)=Tr1(I,J)
Tr(2,1,3)=Tr2(I.J)
Tr(2,1,J3)=Tr3(I,J)
NEXT J
NEXT I
FOR I=0 TO 3
FOR J=1 TO &
FOR k=1 TO 3
0(I,J,K)=0
NEXT K
NEXT J
NEXT I
FOR L=1 TO 3
FOR k=1 TO 3
D(O.3,L)=D(0,3,L)+B*H*Tr(O.h,S)XTr(G,h,L)XG(K)
Q(o,L,)=0(0,3,L)
NEXT k.
NEXT L
FOR I=1 70O Z
FOR L=1 TO 3 ‘
FOR J=t TO 3
FOR k=1 TO 3
Q(I.L,J)=Q(I,L,J)+A(I.L)XTr(I,k,L)XTr(I.P.J)
NEXT t.
NEXT J
NEXT L
NEXT I
REM xxxxx*xxxxt*x*xxxxxxx*xxxxxxxx*xxx*xx*xxxxxtxxtx*xxxxxmxxxxmx*tx*xxxx
FOR I=1 TO 16
FOR J=1 TO 16



2670
24640
2650
2660
24670
2680
2690
2700
2710
2720
27730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2970
2940
2930
29460
2970
2980
2990
000
T01Q
TO20
TOT0
3040
050
T060
2070
080
090
Z100
3110
I120
..‘ - C’
>140
T130
7160
3170
3180
3190
T200
J210
T220
qﬂ-o
240
ngO
I260
3270
280
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Ar (1,J)=0

A1 (1, 3)=0

NEXT J

NEXT I

Ar (1, 1 =000,3,2) /2+(+0((1, 3,30 +0(2, 2, 2)+0(3,3,3) ) /4— (+Gnb1+Gnb2+Gnb) %H
Ar(:,:)_o(o’J’u)/ﬂ+(+Q(IngJ)+D(h|J,U)_D(u,_,u))/4—(+an1+6nbﬁ—6an)*H

Ar (3,3)=0(0,3,3) /2+(+0(1,3,3)-0(2,7, D +0(3, 3, T) ) /14— (+Bnb 1-Bnb2+Gnb ) XH
Ar(4,4)=0(0,3,3) /2+(+0(1,3,)-0(2,3,3)-Q(3,3,3)) /4~ (+Gnb1-Gnb2-Gnbx) XH

Ar (5,5)=0(0,3,3) /2+(-0(1,3,3)+0(2,3,2)+0(3, T, 3) ) /4~ (-Gnb 1 +Gnb2+Gnb =) XH
Ar(6,6)=0(0,3,3) /2+(-0(1,3,3)+0(2,3,3)-0(3,3,3)) /4-(-Gnb1+6Gnb2~Gnb7) xH
Ar(7,7)=Q(0,3.3)/:+(—Q(1,3.3)—@(:,3,3)+Q(3,3.3))/4“(—an1—an2+an:)*H
Ar(8,8)=0(0,3,3) /2+(-0(1,3,3)-0(2,3,3)-0(3, 3, T)) /4—(-Bnb1-Bnb2-Gnb3) kH
Ar(9,9)=-0(0,Z,3) /2+(-0(1,3,3)-0(2,3,2)-0(3,3,3)) /4—(+Gnb1 +Gnb2+GnbJI) ¥H
Ar(10,10)==0(0, 3, ) /2+(-0(1,Z7,3)-0(2,3,3)+0(3,3,3) ) /4-(+Gnb1+6Gnb2-Gnb3) xH
Ar(11,110)=-0¢0,3,3) /2+(-Q(1,3,3)+0(2,2,3)-0(3,3,3) ) /4-(+Gnb1-Gnb2+GnbI) ¥H
Ar (12,120)==0(0, 3, T) /2+(=0(1,3,3)+0(2, I, T +0(3, 3, 3) ) /4— (+Gnb 1-Bnb2~Bnb ) kH
Ar(13,127)=-000,3,7) /2+(+0(1,3,3)-0(2,3,3)-0(3,3,3)) /4= (-6nb1+Gnb2+Gnb ) ¥H
Ar(14,14)=-0(0,3,3)/2+(+0(1,3,3)-Q(2,3,3)+0(3,3,3) ) /4-(-Gnb1+6nb2-Gnb3) %xH
Ar (15, 15)=-0(0,3,3) /2+(+0(1,3,2)+0(2,3,3)-0(Z,3,3)) /4-(-Gnb1-Gnb2+Gnb3J) xH
Ar (16,16)=-0(0,3,3) /2+(+0(1,3,3)+0(2, 3, 3)+0(3,3,3) ) /4- (=Bnb 1-Gnb2-Gnb3) ¥H
Ar (2, 1) =+Q(0,3,1)/2+0Q((1,1,7) /4+0(2,1,3)/4+0(2,1,3) /4

Ar(lU,Q)'+D(U _,1)/&+Q(1 1,2)/74+0(2,1,3)/74-0(2,1,3)/4
Ar(11,3)=+Q0,7,1)/2+0(1,1,7)/4-0(2,1,3)/4+0(3,1,7) /4
Ar(12,4)=+0(0,3,1)/2+D(1,1,3)/4—0(2,1,3)/4—0(3,1,3)/4
Ar(12,3)=+0(0,3,1)/72-0(1,1,7)/74+0(2,1,3)/4+0(3,1,3) /4
Ar(14,6)=+0(0,7,1)/2-0¢(1,1,3)/4+0(2,1,3)/4-0(3,1,2)/4
Ar(135,7)=+0¢0,7,1)/2-0(1,1,32)/4-0(2,1,3)/4+Q(3,1,3) /4
Ar(16,8)=+0(0,Z,1)/2-0(1,1,3) /4~ 0(2,1,3)/4-0(3 s 1.3)/4

A1 (2, 1) +O(U.?,:)/”+D(l.2,:)/4+Q(:.:.f)/4+0(4._,J)/4

AL (10,2)=+Q(0,T,2)/2+0(1,2,3) /4+4+0(2,2,3) /4-0(2,2,2) /4

A1 (11,3)=+0(0,3,2) /2+0(1,2,7) /4-0(2,2, ) /4+Q(3,2,%) /4

AL (12,4)=+0(0,3,2) /2+0(1,2,3) /4-0(2,2,3) /4-0(3,2,3) /4

AL (13,3)=+Q(0,3,2)/2-Q(1,2,3)/74+0(2,2,3) /4+4Q(3,2,3) /4

AL (14,6)=+0(0,3,2)/2-Q(1,2,2)/74+0(2,2,3)/4-Q(3,2,3) /4

AL (15,7)=+0(0,%,2)/2-0(1,2,0)/4-0(2,2,3) /74+0(2,2,. ) /4

AL (16, 8)-+a(u,:.:)/“—u<1,~.J)/4 8(2,2,3) /4~-0(2,2,3) /4

Ar(‘,l)—+Q(u 1,3)/74

Ar (4,3)=+0(3,1,3) /4

Ar(6,3)=+Q(3,1,3) /4

Ar(8,7)=+0(3,1,3) /4

Ar(10,9)=-0(3,1,3)/4

Ar{12,11)=-0(3,1,3)/4

Ar(14,13)=-0(7,1,3)/4

Ar(lé, ld)-—a(d,i’J)/4

Ql(h,l)—+0(\.~.-)/4

A1 (4,T)=+0(3,2,3) /4

A1 (6,5 =+0(3,2,3) /4

A1 (8,7)=+D0(Z,2,3)/4

A1(10,9)=-0(3,2,2)/4

AL(12,11)=-0(3,2,3) /4

A1 (14,13)=-0(Z.2,3)/4

AL (16,15)=-0(3,2,7)/4

Ar (3,1)=+0(2,1,7)/4

Ar(4,2)=+0(2,1,3)/4

Ar(7,5)=+0(2,1,3)/4

Ar(B,6)=+0(2,1,3) /4

Ar(11,9)=-0(2,1,3)/4

Ar(12,10)=-0(2,1,%)/4

Ar(15.13)=—0(2,1,3)/4

Ar(16,14)=-0(2 ) /4

A;(J,l)-+0(‘.:,w)/4

AL (4,2)=+0(2,2,3) /4

A1(7,3)=+0(2,2,F) /4

A1 (8, 6)—"’0(&, sy 3)/4

A1(11,9)=-0(2,2,%)/4

AL (12,10)=—-0(2,2,3) /4



290
T300
MY
3320
ITTO
3740
ITS0
2360
370
3380
3390
3400
J410
3420
J470
3440
3450
3T4460
Z470Q
480
I490
7500
7510
3520
3IST0
340
2930
2360
570
3580
2590
S600
7610
2620
3630
3640
Z630
T660
T670
2680
Z670
3700
I71Q
3720
37350
3740
3750
3760
770
780
3790
2800
3810
I820
870
-840
=850
28460
870
880
890
3900
3910
3920
3930
2940

A1(15,13)=-0(2,2,3)/4

AL (16,14)=-0(2,2,T)/4
Ar(S,1)=+0(1,1,3)/4
Ar(6,2)=+0(1,1,3)/4
Ar(7,3)=+0(1,1,3)/4

Ar (8,4)=+Q(1,1,3)/4
Ar(13,9)=-0(1,1,3) /4
Ar(14,10)=-0(1,1,3)/4
Ar(1S,11)=-0(1,1,3) /4
Ar(16,12)=-0(1,1,3)/4

A1 (5,1)=+0(1,2,3)/4

A1 (6,2)=+0(1,2,3)/4
A1(7,2)=+0(1,2,3)/4

AL (B,4)=+Q(1,2,3)/4
A1(13,9)=-0(1,2,3)/4
A1(14,10)=-0(1,2,3)/4
A1(15,11)=-0(1,2,3)/4
AL(16,12)=-0(1,2,3)/4
Ar(9,5)=0(1,1,1)/4+0(1,2,2)/4
Ar (10,6)=0(1,1,1)/4+0(1,2,2)/4
Ar(11,7)=0(1,1,1)/4+0(1,2,2)/4
Ar(12,8)=0(1,1,1)/4+0(1,2,2)/4
Ar(13,1)=0(1,1,1)/4-0¢1,2,2)/4
Ar(14,2)=0(1,1,1)/4-0¢1,2,2)/4
Ar(15,3)=0(1,1,1)/4-0(1,2,2)/4
Ar(16,4)=0(1,1,1)/4-0(1,2,2)/4
A1 (13,1)=0(1,1,2)/2
AL(14,2)=0(1,1,2)/<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>