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CHAPTER 1
INTRODUCTION

The study of radiation damage in insulating materials has become
an important part of solid state physics. The interest in this field
was originally stimulated by the need to comprehend the problems intro-
duced by radiation effects in fission reactors. In recent years, the
feasibility of producing power froﬁ coﬁtrolled‘thermonuclear fusion has
grown, and with this development will come a renewed need to understand
the characteristic radiation problems involved (1).

Interest in radiation‘damage extends well outside the realm of
reactor technology, however. The potential use of radiation induced
defects for information storage has been considered (2). Somewhat more
. exotically, the radiation damage features in lunar dust grains have been
analyzed to yield information concerning the past and present activity
of the Sun (3).

In order £o fully understand the effects produced by the interac-
tion of radiation with matter so that potential uses of these effects
may be efficiently explored, a thorough comprehension of the underlying
physics is mandatory. Furthermore, investigations of radiation effects
for their own sake are important since such work can lead to insights
into the properties of imperfections in solids.

" Investigations of radiation damage in ionic crystals, and in par-

ticular the alkali halides, have been carried out extensively (4,5).



This has come about primarily because such crystals are easily studied
by the_experimental techniques‘employed in optical spectroscopy and
electron spin resonance (ESR). Such investigations have yielded a
wealth of knowledge concerning the defects formed by radiation.

The irradiation of ionic crystals results in producing defects
whiéh may be grouped into three broad classes (6): (A) electronic de-
fects, which are associated with changes in valence states; (B) ionic
defects, which involve displacement of lattice ions; and (C) gross im-
perfections, such as dislocation loops and voids. ' In the present study,
emphasis was placed on defecté which fall into the first two classes,
and a further description of these defects will néw be given.

Changes in valence states méy occur for impuriﬁies introduced into
the crystal intentionally (doped) or inadvertently in the growth
process. These are the simplest radiation end products, and many exam-
ples may be found in the literature (7-12). The change of valence of
impurities arises from capture of electrons or holes and may vary con-
siderably depending on the type of impurity and the particular host
lattice.

The electronic defect which is of importance in the investigation
being reported here is the self-trapped hole or VK center. The elec-
tronic structure of. the VK center in the alkali halides was first
analyzed by Castner and Kidnzig (13). From the analy;is of the VK
center ESR spectra, the configuration was found to consist of two
nearest-neighbor <110> halide ions that have given up an electron
(trapped a hole)vand have subsequenfly‘moved together to form a halide
[X;] molecular ion. The electron will then be trapped at some other

defect within the crystal, commonly at an impurity. Thus the impurity



(electron trap) concentration within a crystal can greatly alter the
number of VK centers formed. Optical absorption bands associated with
the VK center have also been identified (14-16).

However, the study of VK centers has not been limited to the alkali
halides. Self4trapped holes have also been investigated in a number of
other compounas, including the ammonium halides (17), cubic alkaline
earth halides (18,19), and KMgF3 (20) . Furthermore, the study of hole
centers is now being extehded to materials with lower symmetry crystal
structures such as tetragdnal MgF2 (21) .

\

Ionic defects consist mainly of vacancies, vacancy aggregatés, and
interstitials. Extensive work has been carriéd out on negative-ion
vacancies.in ionic compounds. The anion vacancy that contains an elec-
tron is referred to as the F center. Spin resonance measurements on
this center were first performed by Hutchison (22). The hyperfine
interaction of the F center with surrounding nuclei can be resolved by
means of ENDOR (electron nuclear double resonance), first developed by
Feher (23). This technique yields detailed information concerning the
spatial dependence of the charge density.

Prolonged irradiation, special heat treatment, or optical bleaching
will produce vacancy aggregates. The basic F center aggregates have
been designated M centers (two F centers) and R centers (three F cen-
ters). No direct observations have been made on positive-ion vacancy
aggregates in halide combounds.

Displacing a lattice atom or ion from its normal lattice site will
result in the production of both ayvacancy and an interstitial. The

combined defect is referred to as a "Frenkel defect". The interstitial

species which has been studied extensively in the alkali halides is



referred to as the H center. The electronic structure of the H
center was first analyzed in detail by Kidnzig and Woodruff (24). It
was found that the fuﬁdamental interstitial produced in the alkali
halide§ is a halide atom which has bonded to a lattice halide ion, thus
sharing a single léttice'siﬁe. The resulting center takes on the form
of a molecu;ar ion reminiscent of the VK center. The structure of the
H center in KMgF3 has been determined, and a model has been developed
based on a molecular ion configuration similar to that found for the
alkali halides (25). The structures of the fundamental defects pro-
duced in halide materials are illustrated in Figures 1 and 2 for a NaCl-
type lattice. A comprehensive review of the properties of electron ahd
hole'centérs-has been given by Klick (26) and Kabler (27) respectively.
Having introduced the basic defects produced by fhe irradiétion of
halide crystals, it now remains to discuss the basic mechanisms by which
these defects are formed.

At the outset of the forﬁulétion of the theory of radiation démage,
before the identities of all the defects had been firmly established,
there existed some controversy as to whether the primary defects formed
in halide compounds were Frenkel défects or Schottky pairs consisting of
cation and anion vacancies. The Schottky pair model originated from a
suggestion by Seitz (28) that electronic deexcitation would occur at
dislocations resulting in an "evaporation" of cation and anion vacancies
from the dislocation. This model was subsequently rejected following
the identification and characterization of the H center (24) and after
simultaneous measurements of the expansion of a crystal and its increase
in lattice constant yielded results which were inconsistent with a model

based on the production of Schottky pairs (29). Thus Frenkel defects



Figure 1. The Structure of the (a) VK Center and
(b) H Center in the Alkali Halides



(b)
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Figure 2. The Structure of the (a) F, (b) M, and
(c) R Centers in the Alkali Halides



are the primary radiation damage products.

. In the alkali halides defect production has been found to proceed
quite efficiently, with Frenkel defects being formed through the mere
application of ultraviolet light (30). Thus defect production must
proceed through a conversion of electronic excitation energy into a
- form suitable for producing lattice défects, rather than by means of
elastic collisions. Such a "radiolysis" process must then proceed
through three basic steps: (I) an electronic excitation resulting in
the production of a charged electronic defect in the lattice, (II) the
conversion of this energy into kinetic energy of.a lattice ion, and
(III) the motion and final stabilization‘of the ion.

The initial electronic excitation leading to the production of a
charged defect in the lattice is provided by the absorption of energy
from the radiation field. When the source of radiation is high energy
electrons, there will be a scattering of the incident electrons with
the electrons of the crystal. An outline of the processes by which this
energy is ultimately dissipated in the crystal may be found in nuclear
physics texts (31) and will not be.discussed here.

One of the first attempts to explain Frenkel defect production
through radiolysis in the alkali haiides was made by Varley (32) who
suggested that the initially charged defects consisted of doubly ionized
halide ions. If the doubly charged states had sufficiently long life-
times, then the ions could be electrostatically ejected from their
lattice positions into interstitiai.positions. However, calculated
production efficiencies were tod low compared with the experimental
production rate for Frenkel defects at liquid helium temperatures (33).

Furthermore, it is doubtful that the double-ionization state has a long



enough lifetime to allow ions to move before an electron is recaptured
(34).

The presently accepted model for defect production in the alkali
halides was arrived at through the observation that there existed a
relationship between electron-hole recombination and the production of
ionic defects. The so-called fundamental luminescence which arises
through recombination of self-trapped holes with electrons during irra-
diation with ultraviolet light or x-rays was observed in KI to cease at
a temperature (~ 100 K) at which F center production increased by an
order of magnitude (35). This anticorrelation between fundamental lum-
inescence and f center production has also been observed for a number
of other alkali halides (36). The definitive experiment showing that
electronJhole recombination does in fact produée’Frenkel pairs was per-
formed by Keller and Patten (37). 1In this experiment electrons trapped
at impurities (T1l) in KCl were released at low temperature (25 K) by
bleaching into the impurity absorption band, and the subsequent recom-
bination with [Clg] centers resﬁltéd ih the formation of H centers in
direct proportion to the number of self-trapped hole centers destroyed.

Thus radiblysis proceeds through ﬁhe initial formation of electron-
hoie pairs (excitons). The formal theory for the excitonic production
of defects in the alkali halides was originally put forth independently
by Pooley (38), and Hersh (39). Thg theory assumes that the excitons

*

take on the molecular ion configuration (X: ). Their formation may be

understood in terms of an initial ionic excitation:

- -
X + hv > X , (1)

followed by the formation of the self-trapped exciton.



- - =%

X +X >X (2)
=%

The x2 molecule may then deexcite through several distinct channels.

The most important deexcitation paths are:

=% - '
X2 + 2X + hv ' (3)

- restoriﬁg the lattice and yielding luminescence;

=% - ’
X > 2X + hv (4)
2 P

- resulting in phonon emission,

X, - X, + X + F center (5)
2 int :

- resulting in the productién of Frenkel defects. Note that in the last
deexcitation path it is the uncharged‘Frenkel pair that is produced
(interstitial atom and F center) rather than the charged pair (inter-
stitial ion and o center (halide vacancy)). This is supported by the
experiments done by Ueta and co-workers (40) on the production of F
centers in KC1l through application of short (30 nsec) pulses of high
energy electrons and then comparing the results for both virgin and
preirradiated samples.

The interstitial atom moves from the vacancy (F center) via a re-
placement sequence along close-packed rows (<110>‘directions). Experi-
ments have been performed (41) which show the importance of having
focusing directidns within the érystal so that the replacement sequence

may proceed efficiently.
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Radiation damage studies have been extended beyond the alkali
halides to include such materials as the alkaline earth fluorides
(42,43), KMgF (44), and RngF3 (45) , where again the basic photochemi-
cal daﬁage processes found for the alkali halides appear to be opera-
tive.

The presence of‘significant concentrations of impurities in halide
compounds can affect the production rate of radiation-induced Frenkel
defects in these materials (6). The production rate at lower tempera-
tures may be enhanced through increased interstitial stabilization (46)
and near room temperature may be suppressed as a result of "short-cir-
cuiting" of the excitonic production mechanism (47). Transition metal
impurity ions are expected to suppress the damage rate since electron-
hole recombination energy may be transferred té these ions resulting in
excitation of the 3d optical t;ansitions. The influence of transifion
metal ions on the defect production rate in the alkali halides has not
been extensively studied because of the complexities introduced by the
necessity for charge compensation (cation vacancies), although a para-
magnetic center associated with Mn2+ in NaCl has been investigated by
Itoh and co-workers and attributed to a Mn2+—interstitial ion complex
(48) .

In KMgF3 divalent transition metal ions may be introduced witbout
the need for charge compensation. This compound is fherefore more suit-
able for investigating the effect of 3d impurity ions on the excitonic
radiation damage ﬁechanism. As shown in Figure 3, KMgF3 has the ideal
(cubic) perovskite crystal structure. Based on their ionic sizes,

S : ‘ 2+
transition metal ions are expected to substitute exclusively for Mg
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Crystal Structure of KMgF

Figure 3.
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in this material.*

In order to investigate the suppression of radiation damage in
halide compounds due to the presence of transition metal impurities,
Sibley and ' co-workers havevconducted a series of radiation damage

y 2+ ; .
studies on KMgF_ doped with Mn~ . The initial study (50) confirmed that

3
the presence of Mn2+ will partially suppress F center production in
KMgF3. This work alsp resulted in the characterization of an optical
absorption bapd which was tentatively attributed to Mn2+ ions perturbed
by an adjacent F center. The defect was shown to have <100> symmetry
and could be selectively destroyed, but not reoriented, with optical
bleaching. = In a subsequent investigation (51), a detailed analysis of
the luminescence associated with this center was performed, and it was
determined that the oscillator strengths of the 6ptical transitions for
the perturbeden2+ ions were enhanced by approximately three orders of
magnitude over those observed in KMnF3; Recently, a second Mn2+-F
center type complex has been reported in KMgF3 (52). This second center
differs from.the initially reported defect both in luminescence and
optimum production conditions. The'ihitiélly reportéd defect is pro-
duced primarily at 77 K or below and is currently believed to be a Mn2+-
F center-interstitial complex. Thevrebentiy observed center is produced
primarily at room temperature and is thought to be a Mn2+—F center pair.
One objective of the present study was to usé ESR to investigate
radiation induced defects associated with Mn2+ in KMgF_ in an effort to

3

substantiate the defect models set forth by Sibley and co-workers, and

* +
Although the rare earth ion Eu2 has been found to substitute
primarily for k' (49).



13

thereby contribute to the present understanding of the suppression of
radiation damage in halide cqmpounds through the inclusion of transition
metal impurities. These investigations were successful in identifying
the ionized form of the Mn2+;F center pair (Mn2+—fluorine vacancy cen-
ter). 1In a later section of this report, a complete analysis of the
ESR spectrum associated with this defect will be given, together with
details of its production and thermal decay charactefistics. A treat-
ment of the thermoluminescence obtained following the same irradiation
procedure that produced the Mn2+—fluorine vacancy center will also be
given.

A further objective of this study was to determine the structure
of the intrinsic self-trapped héle centers in NaMgF3 as part of the ex-
tension of,ihvestigations of radiation damage in iower symmetry materi-
als. NaMng is a pseudo—perovsk%té structured material strictly iso-
morphic with the original perovskite CaTiO3 (53). The compound occurs
naturally astthe mineral neighborite and was first identified in the
dolomitic o0il shale of the Eocene River formation of South Ouray,

Uintah County, Utah. Synthetic crystals were used in the present study.

X-ray powder diffraction patterns- taken at different temperatures
have shown (53) that NaMgF3 is cubic above 900° + 25°C with a = 3f9552'
tetragonal from 760°C to 900°C with a = 3.942A and ¢ = 3.933A (at 760°0),
and orthorhombic below 7600C with’unit cell dimensions at room tempera-
ture of a = 5.3633, b = 5.6762, and ¢ = 5.5032. The room temperature
crystal structure of NaMgF3 is shéwnlin Figure 4 (after Megaw (54). It
can be seen that the structure is ah orthorhombic tilt system. The

underlying reason for this tilting, when compared to KMgF_, may be

y

3

+ (]
understood upon examination of the ionic radii of the Na ions (.95A)
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compared to that of K+ (1.332). As a result of the smaller jionic radius,
the Na+ ions fail to fill the cavities between the octahedra. This re-
sults in a tilting of the octahedra in order to minimize the volume
occupied by the Na+ ion. The bonding in NaMgF3 is ionic and the MgF6
octahedra are thergfore expected to remain regular at all temperatures
(53). &he layer of octahedra above and below the plane shown in Figure
4 are mirror images of the layer depicted, thus yielding a rather com-
plex crystal structure. The tilting of the octahedra may be envisioned
as occurring in two steps relative to the ideal perovskite.structure

and are illuétrated in Figure 5. There is first a rotation (w) about a
tetrad axis perpendicular to thelplaﬁe of the Figure (b). An example

of a structure exhibiting this kind of tilting is the low temperature
(<198 Ki.tetragonal form of RbCaF3 (55). This is followed by a rotation
(¢) about a diad axis for NaMng (c). 1In Figure 4, the orthorhombic
unit cell is represented by dashed lines and the pseudocubic subcell is
represented by full lines. It can be seen that the pseudocubic cell is
determined roughly by the eight Na+ ions surrounding each octahedron.
The relationship between the dimensions of the unit cell and the pseudo-

cubic cell may be represented in matrix form as:

1
a* — 0 0 a
V2
b* = o % o0 b (6)
1
c* 0 O —-= c
T2 J
L _ L _ L

o o o
Thus, at room temperature a* = 3.792A, b* 3.838A, and c* = 3.891A.

The variation in the dimensions of the pseudocubic cell as a function of



IDEAL PEROVSKITE

STRUCTURE ABOUT TETRAD
(KMgF3) , (RbCaF)

ABOUT DIAD
. (NaMg%)

Figure 5. The Tilting of Octahedra in NaMgF3 Compared to the Ideal Perovskite Structure

9T
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temperature is shown in Figure 6 (after Chao, et al. (53)). No deter-
mination pf the crystal structure below room temperature has been made,
but thermallconductivity data obtained below room temperature gave no

evidence for any phase changes (56) . The tilt angles of the octahedra

may be related to the lattice parameters through the equations:

Lw = cos_l (!Eé) (7)
b
4 = cos ! (%) | (8)

or in terms of the pseudocubic dimensions:

w = cos (E;) (9)
-1 a*
¢ = cos (E;) (10)

The predicted tilt angles at room ﬁemperature assuming that the octa-
hedra remain regular are w = 8.880.(about the tetrad axis) and ¢ = 12.95°
(about the diad axis).

As a starting point for the study of VK centers in this material,
one should make use of the knowledge that has already been obtained for

VK centers in KMgF3 which is also characterized by MgF_ octahedra, but

6
possesses no tilting. 1In KMgFB, the self-trapped holes form along

<110> directions (20), and there is a bent bond which arises primarily
from the repulsion of the effective positiée charge of the hole by the
Mgz+. The structure of this center is shown in Figure 7. It was then

reasonable to expect that a similar bent bond would also be present in

the VK centers found in NaMgF3. A new type of VK center which results
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from the peculiar tilting of the octahedra in NaMgF3 and which possesses
~ [lOO]—type symmetry was also analyzed. An additional result obtained
from the analysis ofvthe VK center ESR spectra involved a determination
of the tilt angles of the octahedré at low temperature (77 K).

A complete analysis of the intrinsic self-trapped holes in NaMgF3
will be presented. The production and thermal decay characteristics

will be correlated with complementary thermoluminescence measurements.



CHAPTER II
EXPERIMENTAL PROCEDURE
A. Crystals

investigatiohs of radiation damage in KMgF3:Mn were carried out
primarily on single crystals obtained from Oak Ridge National Labora-
tory. They were grown by the Stockbarger technique and were doped with
approximately 400 ppm manganese. Additional crystals were grown in the
Cklahoma Staté-University Crystal Growth Laboratory bybﬁeans of a modi-
fied Bridgman-Stockbarger technique énd contained approximately. 8000
ppm manganese. All samples were found to cleave along <100> planes.

Crystals of NaMgF3 used in this study were also grown at Oklahoma
State University by the Bridgman-Stockbarger technique. No impurity
analysis was made, but ESR data taken at high gain for virgin crysta;s
revealed the presence of Mn2+ as a trace impurity. Typical crystals
possessed a characteristic twinning which cowplicated the analysis of
ESR data. Such twinning is common for compounds with tetragonal or
orthorhombic crystal structures. For example, several types of twinning
have been observed in i;omofphous CaTiO_, (57). Only one type of twin-

3

ning was discernable in NaMgF_ based on the jnalysis of VK center ESR

3

data. This domain structure was believed to be similar to that found
in orthorhombic SmAlO3 (58). For this type of twinning the pseudocubic

c* axis would be coincident in every domain whereas the a* and b* axes

21
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alternatively interchange from one domain to the next. This proposed
domain structure is consistent with that evident in the ESR data and
will be discussed further in the experimental results. When samples
were annealed, it was found that quenching to room temperature too
rapidly resulted in cleavage into several fraémeﬁts. One such crystal-
lite was found to bé essentially single, i.e., no discernable twinning
was present from an initial observation of the ESR data. This sample
was thus used for the detailed analysis of the ESR spectra. Samples
could be cleaved parallel to any of the three pseudocubic faces.

For ESR measurements, the crystal dimensions were generally limit-
ed by the diameter of tﬁe inner quartz tubing of the finger dewar (Sec-
tion C). Various sample sizes were used, but volumes were typically
50-100 mm3. Samples of comparable size were uged for thermoluminescence

measurements.
B. Irradiation Procedure

Samples were irradiated primarily with 1.5 MeV electrons from a Van
de Graaff accelerator at beam currents ranging from 5 to 15 HA. Typi-
cal irradiation times ranged from 10 to 30 minutes; For irradiations
at room temperature samples were wrapped in aluminum foil and mounted
on the face of an aluminum block which acted as a heat sink. The com-
bination was fhen placed approximately 2 inches from the end of the
accelerator tube. For irradiations af 77 K, samples were placed in an
eight-ounce styrofoam cup filled with liquid}nitrogen. The cup was
positioned approximately 1 foot from the end of the accelerator tube,
and an aluminum shield ~1 mm thick was placed in front of the cup in

order to protect the accelerator tube window from any hazards which
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might. be introduced through the build-up of ozone in the liquid nitro-
gen. Such dangers were also reduced by limiting the irradiation time
to 5 minutes per cup of liquid nitrogen. When smaller dose rates were
desired, a 60Co Y cell (~ lO5 R/hr) was used. Bleaching with ultravio-
let light was accomplished through the use of a 100 watt Hanovia low

pressure Hg lamp.
C. ESR Measurements

Two methods were employed for mouhting the samples in preparation
for the ESR measurements. For all of the work done on KMgF3:Mn,samples
were mounted by a ¢1eavage plane onto the end of a copper rod .125 inches
long using silicon high vacuum grease. The rod—samplé combination was
then screwed into a 3/16" x 7" stainless steel rod and lowered into a
5 mm I.D. finger dewar filled with liquid nitrogen (see Figure 8). Using
this method, samples had to be mounted prior to irradiation at 77 K.
Although irradiation of the grease at 77 K was found to produce radicals
which gave rise to ESR lines near g = 2, this did not hamper the inves-
tigations of KMgF3:Mn since the cubic Mn2+ signals always present in the
samples were in this same region of the spectrum.

The work done on NaMgF3 did require an alternative method of mount-
ing since ESR lines necessary in the analysis of the VK center spectra
were obscured by the spurious grease lines. This was accomplished by
replacing the copper rod arrangement with stainless steel tubing
equipped with an adjustable spring insert (see Figure 9). Samples
could then be spring-loaded to a desired tension, thus by-passing the
need for an adhesive agent. Using this technique, irradiations could

be performed directly with unmounted crystals.
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Figure 8. Liquid Nitrogen Finger Dewar Used in Conjunction
With the Varian V-4531 Rectangular ESR Cavity
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Following this initial procedure, the finger dewar was placed in a
Varian V-4531 rectangular cavity, and an ESR measurement was subsequent-
ly performed. All ESR measurements were made at 77 K. The ESR spectro-
meter was of the X-band homodyne variety and utilized 100 KHz field
modulation. The static magnetic field was supplied by a Varian six-
inch magnet. For pulse anneal studies, a Varian Variable Temperature
Accessory was uséd in conjunction with the Varian V-4531 cavity. A
more detailed description of both the spectrometer and variable tempera-
ture system may be found in reference 59.

The measurement of magnetic fields was accomplished through the
use of an NMR (proton) probe. Several probes were constructed which
were used in conjunction with a marginal oscillator (59). The source
of protons for these probes was pure white glycerin, C3H803' Using
different probes, measurements of magnetic field from ~1780 gauss to
~7210 gauss could be achieveq. In order to convert from the measured

NMR resonance frequency to magnetic field the following relationship

was used (60).
H(gauss) = 234.87v (MHZ) (11)

Corrections had to be made for the fact that the sample position and
probe position weré not coincideﬂt. This correction was assumed to
vary linearly with the magnetic field. Additional correcﬁions were
-made to account for possible shifts in the microwave frequency occurring

during the course of the field measurements.
D. Thermoluminescence Measurements

All TSL measurements were performed in the dewar shown in Figure
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10. This dewar was designed for measurements following electron irradi-
ation near liquid nitrogen temperature. Samples were mounted by means
of a brass clamp onto a cold finger positioned within a stainless steel
hull fitted with brass bellows and two windows. One window wés made of
aluminum and was positioned in front of the sample.during eiectron
irradiation. The other window was made of sapphire and was positioned
in ffont of the sample during TSL measurements or during bleaching.

The windows could be mechanically interchanged at any temperature > 77 K
by means of the bellows mechanism. ‘All irradiations and fSL measure-
ments were performed using a roughing pump vécuum to insure against
condensation on the sapphire window. Luminescence waé detected by
means of a RCA 1P28 photomultiplier tube. Sample temperatures were
measured by means of a copper-constantan thermocouple wedged between
the sample and brass clamp. The TSL data was recorded by means of a
Mosely 135 XY Recorder where theJY axis indicated the photomultiplier
tube current (luminescence intensity) and the X axis gave the sample

thermocouple voltage (temperature).



Figure 10.

Dewar Used for Thermoluminescence
Measurements
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CHAPTER III
EXPERIMENTAL RESULTS

In this chapter the results of ESR and TSL measurements will be
pPresented. The findings for KMgF3:Mn and NaMgF3 will be treated in two
. Separate sections with the first section centering on experiments re-
lated to the Mn2+—fluorine vacancy center. The second section will be
devoted primarily to the ESR results obtained for the intrinsic self-
trapped holes in NaMch3 and will also include a bresentation of comple-
mentary TSI meésurements. The detailed analysis of this data will be

given in the following chapter.
2+ )
A. The Mn~ -Fluorine Vacancy Center

Prior to electroh or Y irradiation, ESR measurements taken for
single crystals of KMgF3:Mn (400 ppm) yielded an intense and highly re-
solved spectrum which was recognized as arising from Mn2+ at sites of
octahedral symmetry. This spectrum has been analyzed in detail by
Ogawa and Yokozawa (61) and is shown in Figure 11. The complexity of
«the.spectrum arises for several reasons. The octahedral crystal field
splits the six-fold degeneracy of the 655/2 ground state of the Mn2+
ion into a quartet and a doublet. The origin of this zero field
splitting is not completely understood at bresent, but a comprehensive

review of the theory is given in reference (62) . The Zeeman splitting

will then 1ift the remaining degeneracy of the energy levels correspond-
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ing to the magnetic substates defined by mS = -5/2, - 3/2, - 1/2, 1/2,
3/2, and 5/2. There is a further hyperfine splitting of these energy
levels arising from interaction of the unpaired electrons with the 55Mn
nucleus. The corresponding nuclear spin I is 5/2, and therefore the
associated magnetic substates are given by mI = -5/2, - 3/2, - 1/2,
1/2, 3/2, and 5/2. Finally, there is a superhyperfine splitting orig-
inating from interactions between the unpaired electrons and the six
equivalent surrounding 19F nuclei (I = 1/2). The ESR selection rules
for the transitions between energy levels are Ams =+ 1 and AmI = 0,
and there are a total of 210 lines in the spectrum (including supérhy—
perfine structure). For the case of octahedral symmetry, the hyperfine
splitting is approximately one order of magnitude greater than the
crystal field splitting. Thus consiaerable overlapping of lines occurs
in the spectrum which consequently takes on the appearance of a six-line
hyperfine group.

When crystals were electron irradiated at room temperature up to
30 minutes at 10 pA no new spectra were observed to grow in, and no
discernable change in the cubic M£2+ spectrum was detected. However, if
following the room temperature irradiation the sample waé exposed to an
unfiltered mercury lamp at.77 K, then a new spectrum was generated. A
typical spectrum obtained for an orientation éf the static magnetic
field parallel to a [100] direction is shown in Figure 12. Both the
maximum splitting of the lines and the best resolution of the superhyper-
fine structure occurs for this orientation of the magnetic field. This
spectrum was generated after a room temperature electron irradiation of

30 minutes at 10 pA followed by a 77 K uv bleach for 2 hours. The spec-

trum was characterized by division into six-line hyperfine groups and
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was thus attributed to Mn2+. The range of the spectrum was found to
extend roughly from less than 1000 gauss to nearly 6000 gauss which was
indicative of a large crystal field splitting. This also indicated

that the Mn2+ was at a site departing significantly from octahedral
symmetry. The analysis of this spectrum, to be discussed in the next
chapter, resulted in a model in which the initial room temperature
irradiation creates an F center adjacent to a Mn2+ ion, and the subse-
quent uv e#citation at 77 K removes the F electron leaving a Mn2+—fluo—
rine vacancy center. A further consequence of the analysis was that the
crystal field did not possess perfect [100] axial symmetry, but was de-
termined to have a rhombic contribution. As a result, the spectrum was
broken up into three distinct groups of lines. One group (I) arises

for orientations of the magneticlfield parallel to the defect axis de-
fined by the Mn2+-fluorine Vacahcy. The other two groups (II and III)
arise from orientations of the m;gnetic field perpendicular to the
defect axis. A stick diagram of.the complete spectrum constructed after
the computer analysis of the data is shown in Figure 13. Due to compli-
cations introduced by the overlapping of lines from different groups

and the presence of the cubic Mn2+ spectrum, not all of the line posi-
tions in the [100] spectrum were measured. Furthermore, lines occurring
at field positions of less than ~ 1780 gauss were outside the range of
the proton probe. Thus values of magnetic field for 22 line positions
were measured and are indicated in the stick diagram. The corrected
‘experimental field values together with those calculated in the analysis
are shown in Table I. The microwave frequency during the course of
these measurements was 9.242362 Gﬁz. No magnetic field measurements

‘were taken for any orientations of the magnetic field other than <100>.



i

w [[]]] IHIH

@ [[]]]]

f
|
l
|
|
, .
111
; |
T
|
!
]
|

11111111

11111111

' <m>l/§’)lllh“f) Iwm »
| wau'
, Mn l
o
|O'OO ZO'OO 31:0100 | 4OIOO 5OIOO 6060 GAUSS



TABLE I
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CORRECTED FIELD POSITIONS (IN GAUSS) OF RESONANT LINES OF

THE Mn

+
~FLUORINE VACANCY CENTER ESR SPECTRUM

Group I
Line Experimental Calculated
4 4395.18 4392.72
5 4495 .40 4493.06
6 4598.11 4597.85
7 4703.17 4703.91
13 5585.55 5583.93
14 5680.71 5678.34
15 5782.47 5780.01
16 5888.71 5887.38
17 1864.03 1861.37
18 1972.47 1971.66
19 2079.56 2079.94
Group II
Line Experimental Calculated
1 3855.09 3853.90
2 3951.40 3952.13
3 4048.39 4049.47
8 4935.09 4930.49
9 5024.57 5022.81
10 5120.81 5120.88
11 5223.90 5225.81
12 5334.91 5336.47
20 2418.31 2416.17
21 2510.05 2510.60
22 2603.20 2605.17
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This was due to the fact that both broadening and increased overlapping
of the lines made it difficult to make absolute assignments for the
transitions.

The superhyperfine structure, which arises through an interaction
of.the unpaired electrons with the five nearest neighbor fluorine nuclei,
is only partially resolvéd. However the resolution is sufficient tb
distinguish group I resonances from group II since the superhypgrfine
structure on each hyperfine line differs for different orientations of
the Mn2+—fluorine vacancy center relative to the applied magnetic field.
The two lowest field sets of hyperfine lines are shown in Figure 14.

Data was also obtained for the more heavily doped KMgF3:Mn crystals
(8000 ppm). However, no resolved superhyperfine structure could be ob-
served in the ESR spectra generated using these crystals.

Band pass filters were used in order to determine the approximate
wavelength of light necessary to produce the ESR spectrum. It was found
that the.spectrum could be easily produced using filters with trans-
missions centered at 25363 and 3130%, but using a 40002 filter with
comparable bleaching time the intensity of the spectrum was reducéd by
more than a factor of three. Thus an upper limit on the wavelength of
light necessary for efficient production of the spectrum would lie in
the range 3500—40002.

The results of a saturation séudy of the production of the ESR
spectrum are shown in Figure 15 for an initial electron irradiation .of
20 minutes at 10 uA. The tempefaFure of the crystal was maintained at
77 K throughout the course of this saturation study. The data indicates
that the Mn2+—fluorine vacancies initialiy grow in very rapidly, then

taper off to nearly a linear growth until saturation is achieved.
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Mn2+—fluorine vacancy centers could also be generated by room tem-
perature 60Co Y irradiation (plus 77 K uv excitation), but this required
irradiation times of ~ one day in order to préqﬁce enough Mn2+—F center
‘pairs to be observable. |

Direct electron irradiation of virgin or annealed crystals at 77 K
could also produce Mn2+—fluorine vacancy centers. This procedure was
not as effective in producing the centers cdmpared to the previously
described procedure. For example, electron irradiation for 45 minutes
-at 77 K produced a spectrum ~ 1/4 as intense as that found for an elec-
tron irradiation of 30 minutes at room temperature followed by 2 hours
of uv bleaching at 77 K. ESR signals arising from intrinsic VK centers
were also observable in the spectrum obtained for direct electron irra-
diation at 77 K. Howeve?, when crystals were warmed through the first
TSL glow peak (115 K) which corresponds to the thermal decay of the VK
centers, the intensity of the Mn2+—fluorine vacancy Spectrum remained
unchanged.

The results of a pulse anneal study of the Mn2+—fluorine vacancy
spectrum are shown in Figuré 16. This data was obtained by three minute
pulse anneals at progressively higher temperatures. The monitoring
temperature (i.e., the temperature of the nitrogen gas used in conjunc-
tion with the Varian Variable Temperature Accessory) was ~ 96 K. This
study indicates that the thermal decay of the Mn2+—fluorine vacancy
center occurs at ~ 185 K.

After annealing to room temperature, the Mn2+—fluorine vacancy
centers can be regenerated by an additional uv bleach at 77 K. This
regeneration effect is shown in Figure i7. In Figure 17(a), the samble

was bleached for one hour at 77 K following the initial room temperature
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electron irradiation after which the ESR intensity was measured (column
1). Columns 2, 3, and 4 represent the ESR intensity obtained by con-
secutively warming the sample to room temperature and rebleaching for
one hour at 77 K without additional room temperature irradiation. In
Figure 17(b), the sample was treated the same as in Figure 17(a) except
the initial uv bleach was nine hours. The large relative difference
between columns 1 and 2 indicates that the longer initial uv bleach
destroyed a much larger percentage of Mn2+—F center pairs in (b) than
in (a).

Thermoluminescence (TSL) was generated between 77 K and roomrtem—
perature using the same irradiation procedure that produced the Mn2+—
fluorine vacancy centers. The TSL is obtained only if crystals are
electron irfadiated prior to uv:'bleaching, i.e., uv bleaching of anneal-
ed or virgin crystals at 77 K wili yield no TSL. Typical TSL data is
shown in Figure 18 for an iﬁitiél room temperature electron irradiation
of 20 minutes. The solid curve was taken following an initial oneyhour
uv bleach at 77 K. Each of the dashed curves were obtained without
additional room temperature irradiation by warming the sample to room
temperature and then rebleaching at 77 K in a manner similar to Figure
17(a). Thus the TSL exhibits a regeneration property similar to that
found for the Mn2+—fluorine vacancy centers. However, no TSL glow peaks
(140 X, 160 K, 205 K, 236 K) coincide with the thermal decay of the
: Mn2+—fluorine vacancy ESR spectrum. No detailed spectroscopic analysis
was performed of the TSL emission, but visual observation of the emis-
sion indicated that the light wasfprimarily 590 nm (63), characteristic
of cubic Mn2+.

When crystals of KMgF3:Mn (400 §pm) were electron irradiated at
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77 K and then warmed to room temperature, an additional rather weak ESR
spectrum remained which was of unknown origin. This data could not be
generated solely by electron irradiation at room temperature, and only
the low field portion of the spectrum was examined. This spectrum is
shown in Figﬁre 19 and possesses well defined hyperfine structure. The
spectrum is centered at ~ 850 gauss and shows no significant angular
dependence for rotations of the magnetic fieid as much as i20O off <100>
directions. There appear to‘be 10-11 hyperfine lines in the spectrum
with an associated splitting of ~ 50 gauss which is approximaﬁely half
the hYperfine splitting for isolated Mn2+. The spectrum could originate
in Mn2+ pairs, since this would reduce the hyperfine splitting by
approximately 1/2 and increase thevnumber of hyperfine lines from 6 to
11. However, since irradiation was necessary to produce the spectrum,
then isolated Mn2+ pairs are uniikely. This data was not analyzed in

detail in this study, but is included here for the sake of completeness.

B. Intrinsic VK Centers in NaMgF3

When typical crystals of NaMgF3 were electron irradiated at 77 K
and an ESR measurement was subsequgntly performed, a complex spectrum
was observed for an arbitrary orientation of the applied magnetic field.
Through a consideration of results obtained for other halide compounds
subjected to similar irradiation treatments; this spectrum was believed
to arise from VK centers. If crystéls were oriented so that the applied
magnetic field was approximately perpendicular to one of the pseudocubic
faces, then the spectrum would exhibit a fairly high degree of symmetry.
One such spectrum is shown in Figﬁre 20 following electron irradiation

for 20 minutes (10 uA) at 77 K. Upbn warming the crystal to room tem-
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perature and then performing another ESR measurement at 77 K, there re-
mained a spectrum which exhibited [lOO]—type symmetry, i.e., the maxi-
mum splitting of the lines occurred for an orientation of the applied
magnetic field perpendicular to one of the pseudocubic faces. This
spectrum is shown in Figure 21. The analysis of this data, given in the
next chapter, yielded a model for the center giving rise to this spec-
trum (Figure 21) as originating in a self-trapped hole with its molecu-
lar axis aligned parallel to an [010] direction in the crystal. Note
that lines 1 and 2 in the spectrum are not the same intensity as lines
3 and 4. In fact, these intensities were found to vary considerably
from sample to sample as may be seen in Figure 22, which depicts a
spectrum obtained in the same way as for Figure 21, but using a differ-
ent arbitrarily chosen crystal. The lines arise from two mutually per-
pendicular orientations 6f the VK center molecular axes, i.e., one
orientation is approximately parallel to the magnetic field and the
other orientation is approximately perpendicular to the magnetic field.
This was verified experimentaliy by rotating the crystal 90° about an
axis perpendicular to the mégnetic field and observing that the line
positions interchanged (Figure 23). The variation in intensities was
attributed to twin related domains in the crystal. Only one type of
domain structure was discernablé in the ESR spectra.

As described in Chapter II, a crystal was found which was deter-
mined to be essentially a single domain, i.e., there was no evidence of
twinning aé reflected in the VK center ESR spectra. For this single
domain crystal, the spectrum generated through the same irradiation
procedure as for Figure 21 is shown in Figure 24. It can be seen that

there is but one orientation of the center in this crystal as was ex-
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pected. The other mutually perpendicular orientation would have orig-
inated in the other domain had it been present. Because of its symmetry,
the defect giving rise to this spectrum will henceforth be referred to
as a [lOO]—type VK-center.

The existence of the [lOO]—type VK center allowed the magnetic
field to be aligned unambiguously parallel to an [010] orientation of
the cyrstal which is also parallel to the tetrad axis of rotation (see
Chapter I), since the greatest splitting of the lines occurs when the
magnetic field is parallel to the molecular axis of this defect. This
experimental fact further aided the analysis of the spectrum generated
immediately following electron irradiation at 77 K. The spectrum ob-
tained following electron irradiation for 10 minutes at 16 pA using the
single domain crystal is shown in Figure 25. Lines 1 and 14 arise from
the [lOO]—type VK’center, thus verifying that this defect was produced
by the initial irradiatién at 77 K. The analysis (Chapter IV) of the.
other resonances in the spectrum (Figure 25) yielded the result that
lines 2, 4, 6, 8, 9, 11 and 13 arise from VK centers of the same type
as those found in KMgF3 in that they are formed between fluorines on
the same octahedron. These will be referred to as [110]—type VK cen-
ters. Lines 3, 5, 7, 10 and 12 arise from fluorine molecular ions, but
no precise model has been developed for these centers in this study.

ESR measurements taken for 77 K electron irradiation times ranging
from 20 seconds to 20 minutes invariably yielded the same spectrum,
i.e., the ESR lines associated with all the Vk centers were observed to
grow in simultaneously. For example, in Figure 25 the ratio of the in-
tensity of line 13 (part of the [llO]—type VK spectrum) to line 14 (part

of the [lOO]-type VK spectrum) was élways ~4.8 if the sample temperature
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was maintained at 77 K. Nd detailed production study of the VK centers
wés performed, but the intensity of the spectrum was found to saturate
for electron irradiations of 10-20 minutes at 77 K.

The spectrum shown in Figure 25 is for an orientation of the ap-
‘'Plied magnetic field parallel to an [010] direction since, as stated
previously, the maximum splitting of the lines associated with the
[lOO]—type VK center occurs for this orientation. The acuity of the
lines associated with the [llO]—type VK center in this spectruﬁ was not
arrived at easily, i.e., fine adjustments of the magnet orientation and
waveguide tilt were necessary before a precise alignment was obtained.

If after éenerating this spectrum (Figure 25) the crystal was ro-
tated 90o about an axis ﬁerpendicular to the applied magrietic field and
a subsequent ESR measurement perfo:med, the spectrum shown in Figure 26
was obtained. This data represents an orientation of the magnetic field
parallel to a [100] direction and,.as may be observed, is inequivalent
to the spectrum obtained for the [010] orientation. This result was
expected since these two orientations are crystallographically inequi-
valent, i.e., one orientation’([OlO]) was parallel to the tetrad axis
of rotation and the other orientatidn ([100]) was perpendicular to this
axis.

In this spectrum (Figure 26), lines 15, 16, 18, 19, 20, 21, 22,
23, 24, 25, 27, and 28 arise from thei[llo]—type VK center, and the
other lines (17 and 26) arise from unidentified fluorine molecular’ions.
For this orientation, the molecular axis of the [100]—type VK center
will be perpendicular to the magnetic field and will therefore give
rise to lines in the center portion of the spectrum, i.e., underneath

lines 21, 22, and 23.
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The influence of the domain structure in typical crystals may now
be understood upon reexamination of Figure 21. If the spectrum shown in
Figure 26 is superimposed onto that shown in Figure 25, the spectrum of
Figure 21 will then be obtained upon adjusting the line intensities to
account for the fact that the crystal was composed primarily of the
domain associated with Figure 25.

The corrected experimental field values together with those calcu-
lated in the analysis are given in Table II for the’resonances numbered
in Figures 25 and 26. The microwave frequency during the course of
these measurements was 9.1819680 MHz. No magnetic field measurements
were performed for the resonaﬁceé associated with the isolated [lOO]—
type VK center spectrum obtained after the [llO]—type VK centers were
eliminated by warming to room temperature. This was due to the fact
that an exact alignment of this center relative to the applied magnetic
field could not be made with absolute certainty, somewhat paradoxically,
because of the great simplicity of the spectrum, i.e., the acuity of
the lines associated with the [110]—type VK center was the strong
criterion for exact alignment in the spectra obtained immediately after
electron irradiation at 77 K, and this criterion was lost after warming
the sample beyond the thermal decay temperature of the [llo]—type VK
center.

When a sample was electron irradiated at 77 K and then exposed to
the unfiltered output of a mercury lamp for ~ 5 minutes, a)subséquent
ESR measurement revealed that the VK centers had been bleached, i.e.,
no vK center resonances were observed. This behavior is typical for
inﬁrinsic VK centers and is due to the release of electrons from traps

annihilating the self-trapped holes. All types of VK centers bleached
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CORRECTED FIELD POSITIONS (IN GAUSS) OF RESONANT LINES FOR
THE ESR SPECTRA ARISING FROM THE INTRINSIC
SELF-TRAPPED HOLES IN NaMgF3

H || [o10] || [100]
Line Experimental Calculated Line Experimental Calculated

1 4201.44 - 15 4011.44 4016.98

2 3980.69 3952.38 16 3947.07 3949.23

3 3592.14 - 17 3612.84 -—

4 3415.59 3431.85 18 3556.78 3562.98

5 3333.70 - 19 3402.93 3422.89

6 3251.17 - 20 3333.75 _—

7 3157.62 — 21 3251.90 -—

8 3137.10 - 22 3161.69 -—-

9 3082.14 — 23 3108.94 3089.21
10 2890.11 _— 24 2871.50 2873.97
11 2859.61 2866.48 25 2740.35 2750.64
12 2717.42 - 26 2705.71 -—
13 2473.99 2504.12 27 2494.56 2506.23

14 2344.96 - 28 2457.31 2468.71
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equally at 77 K. After warming a sample to room temperature following
a 77 K electron irradiation so that all that remained were the [100]—
type VK centers and then applying uv light after the sample had been
recooled to 77 K, it was found that bleaching of the [lOO]—type'VK
centers alone was not as effective as bleaching the entire spectrum ob—
tained directly following the 77 K electron irradiation. This result
was anticipated, since in thé process of warming the sample to room
temperature a large share of the trapped electrons which would have
been bleached by the light were annihilated by the thermally activated
[llO]-type hole centers.

The results of a pulse anneal study of the VK centers formed
through eiectron irradiation at ?7FK are shown in Figure 27. This data
was obtained by pulse aﬁnealing for three minutes at progressively
higher temperatures. The monitoripgvtemperature.was 89 K. The figure
is divided into two parts. In Figure 27(a) the thermal decay of the
[llO]-type VK center spectrum is dgpicted and shows that this center
becomes thermally unstable\at approximately 120 K. 1In Figure 27 (b) it
can be observed that at this same temperature (120 K) the [lOO]—type VK
center spectrum, which was presenf initially at 77 K, increases in in-
tensity ana does not become thermally unstable until near room tempera-
ture (~ 295 K). Tolerances of at least *10 K must be placed on these
transitionAtemperatures due to the facf thét in the transfer of the
crystal‘from the liquid nitrogen bath to the microwave cavity, which
was maintained at ~ 89 K by flowing nitrogen gas, the crystal tempera-
ture rose beyond the transition temperature as could be ascertained by
comparing the intensity of the [lle-typg VK center spectrum to that of

the [lOO]—type VK center, and this could have influenced the temperature
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of maximum change in the intensity of the spectra. Furthermofe, the
thermal decay temperature of the [100]—type VK center (295 K) was not‘
explicitly obtained in the pulse anneal study, but was arrived at in
consideration of the fact that a few of these centers could still be
detected if crystals were allowed to remain at room temperature in
darkness up to 10 minutes.

Thermoluminescence was also obtained between 77 K and 600 K follow—
ing eléctron irradiation at 77 K. A typical TSL measurement is shown
in Figures 28(a), (b), and (c) following a 77 K electron irradiation of
5 minutes at 10 pA. TSL glow peaks were found to occur at temperatures
of 133 K, 180 K; 212 K, 246 K, 286 K, 317 K, 365 K, 402 K, and 573 K.
The glow peak at 133 K, which was by far the strongest peak in the TSL
data, is associated with the thermal decay of the [llO]-type VK centers,
and the luminescence thus competes with the conversion of these holes
into [lOO]—type VK centers.

A reduction in the TSL intensity was found to occur if following
the 77 K electron irradiétion samples were exposed to the unfiltered
output of a mercury lamp. In Figure 29 is shown the TSI obtained
betweenv77 K and room temperature following a 77 K electron irradiation
for 5 minutes at 10 pA followed by application of uv light fdr 30 min-
utes. As a result of thé uv bleach, the TSL intensity was reduced by
more than two orders of magnitude, but was still easily discernable.
This result was indicative of the high relative sensitivity of the TSL
technique, since only 5 minutes of uv bleaching was required to com-
pletely annihilate the VK center ESR spectra under comparable experi-

mental conditions.



PM TUBE CURRENT (ARB. UNITS)

(a)

Xl

XI0

1
100 150

Figure 28. Thermoluminescence Obtained for NaMgF

tion at 77 K:

200
TEMPERATURE (K)

(a) 100 K » 273 K

250

Following Electron Irradia-

Z9



PM TUBE CURRENT (ARB. UNITS)

XI0

l

300 350

Figure 28. Thermoluminescence Obtained for NaMgF_ Following Electron Irradia-

tion at 77 K:

400
TEMPERATURE (K)

(b) 273 K > 485 K

450

€9



PM TUBE CURRENT (ARB. UNITS)

(c)

X10

500 | 550 600
TEMPERATURE (K)

Figure 28. Thermoluminescence Obtained for NaMgF3 Following Electron

Irradiation at 77 K: (c) 485 K - 600 K

i4°}



PM_TUBE CURRENT (ARB. UNITS)

X300

| N |
00 150 200 , 250
TEMPERATURE (K)
Figure 29. Thermoluminescence Obtained for NaMgF3 Following Electron Irra-

diation at 77 K and Application of uv Light (100 K - 273 K)

S9



CHAPTER IV
ANALYSIS AND DISCUSSION

A complete analysis of the experimental results will be given in
this chapter. As in the previous chapter, this presentation will be
divided into two separate parts with the first section being devoted to
an analysis of the Mn2+—fluorine vacancy ESR spectrum and a discussion
of the complementary TSL measurements. The second part will be con-
cerned primarily with an analysis of the ESR spectra associated with

self~-trapped holes in NaMgF3.

. ‘ 2+ . .
A. Analysis of the Mn -Fluorine Vacancy Center

In the as-grown KMgF3:Mn crystals only the cubic Mn2+ ESR spectrum
was present, and no additional épectra were observed to grow in as a
result of room temperature electron irradiation. However, following
the room temperature irradiation,‘a new spectrum appeared (Figure 12)
when samples were exposed to an unfiltered mercury lamp at 77 K. This
data was immediately recognized as arising from Mn2+ since the spectrum
was characterized by a division.into six-line hyperfine groﬁps with an
associated splitting of ~ 100 gauss typical for this ion. Since irra-
diation of a crystal was necessary to produce the spectrum, then it
could not have arisen simply from a change in the electronic structure
of a nearby associated defect, present in the crystal prior to irradia-

. . 2+
tion, otherwise a perturbed Mn ESR spectrum would have been observed
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prior to irradiation. The spectrum required relatively large doses to
produce and slowly increased in intensity with increasing duration of
the initial room temperature electron irradiation. This indicated that
it could not be due to a straight ionization process but must have its
origin in an intrinsic defect growing in slowly with irradiation. This
was further substantiated by the fact that the spectrum could be gener-
ated in the more heavily doped (8000 ppm) crystals so that the defect
reséonsible for the spectrum was characteristic of KMgFB:Mn crystals in
general and not a peculiarity of ;he more lightly doped (400 ppm) boule.
Furthermore, the spectrum was shown to have [100] symmetry, since the
maximum splitting of the lines.was observed to occur for orientations
of the applied magnetic field parallel to [100] directions. This fact
indicated that the defect aséociatgd with the Mn2+ ion was situated in
a [100] direction relative to the Mn2+.

The above observations were consistent with a model in which the

s . s ' 2+
initial room temperature irradiation creates an F center next to a Mn

ioni and the subsequent uv bleach at 77 K removes the F electron leaving
a Mn2+—fluorine vacancy center. The proposed model also explained the
necessity of pre-irradiating at room teﬁperature since exposure to uv
light alone will not produce F cénters in this material. Since the
formation of F centers was necessary, then any irradiation procedure
.which produced F centers.should have led to the production of the ob-
served ESR spectrum: This was supported by the fact that Y irradiation
at room temperature followed by a 77 K uv bleach as well as direct
e;ectroﬁ irradiation at 77YK would produce the ESR spectrum. The direct

production at 77 K was not nearly as efficient as the combined room

temperature irradiation and 77 K bleach, but this was expected since in
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this irradiation procedure both F center production and ionization were
necessary to pfoduce the fluorine vacancies.

The ESR pulse anneal study yielded a thermal decay temperature of
approximately 185 K for the Mn2+—f1uorine vacancy spectrum (Figure 16).
From a study of M center férmation in KMgF3, Riley (64) has shown that
fluorine vacancies become mobile in the tempefature range 180 K - 200 K.
The results of the presént study provide independent confirmation of
this fact when one interprets the thermal decay of the Mn2+—fluorine
vacancy center as resulting from movement of the vacancy away from the
Mn2+ ion. Thus the study of similar defects in other halide compounds
may be of use in the determination of unknown vacancy mobility tempera-
tures.

Following an anneal to room temperature, the Mn2+-f1uorine vacancy
ESR spectrum could be regenerated if an additional uv bleach was per-
formed at 77 K (Figure 17). This regeneration effect was in fact due
primarily to an incomplete ionization of the originally produced Mn2+—F
center pairs. However, since after attaining the saturation ESR inten-
sity and then warming the sample to room temperature, approximately 10%
of the maximum ESR intensity could be regenerated by a subsequent 1 hr.
77 K uv bleach, then a partial reformation of F centers in the process
of warming the sample to room temperature could occur.

Thermoluminescence was generated following the same irradiation
procedure that'produced the Mn2+—flgorine vacancy ESR spectrum and
possessed a similar regeneration behaviour (Figure 18). However, none
of the TSL glow peaks coincided with the thermal décay temperature
(185 K) of the Mn2+—fluorine vacancy ESR spectrum. This lack of corre-

lation implies that no significant electron-hole recombination accom-
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panies the disappearance of the ESR spectrum and thus lends further sup-
port to the proposed vaéancy migration.mode of thermal decay. The TSL
glow peaks occurring below the thermal instability temperature of the
'Mn2+—fluorine vacancy center must be associated with a hole release
process, since thermally released electrons would have partially annihi-
lated  the Mn2+—fluorine vacancy ESR spectrum and this was nét observed.
The ESR spectrum associated with the Mn2+—fluorine vacancy center
exhibits a strong crystél field splitting. The two more widely split
groups of lines in Figure 13 were observed to have turning points for
<100> orientations of the applied magnetic field. The <100> orienta-
tions also gave the best resolution of the superhyperfine structure
(Figure 14). These results implied that the principal axes qf the
crystal field interaction must be the three mutually perpendiéular <100>
crystalline directions. In the initial ESR analysis of the Mn2+-fluo—
rine vacancy spectrﬁm, it was assumed that the crystal field symmetry
was perfectly axial. However, a good fit of the experimental line posi-
tions to a simple axial spin Hamiltonian could not be achieved. For a
complete description of the ESR spéctrum, the following spin Hamilt;nian

was necessary:

4 4 2
H=g8§-§+3[s +s +s4-ls(s+1) (3s° + 35 - 1)]
6 x y Z 5

L2 1 2 2 F 4 2
+ - — 8 + + - —— 5 -

p[s_ 3 S(s+ 1] E[sx s, 1+ 185 [3ss, 308 (s + 1)S_

2 2 2 > > '

+ 258 " - 6S(S + 1) + 35°(S + 1) ] + a1-s . (12)

The first term is the Zeeman splitting, and the terms involving the

6
parameters a, D, E, and F arise from the splitting of the 35/2 ground
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2+ . . .
state of Mn by the crystalline electric field. The parameter a repre-
sents the cubic field contribution while D and F represent the axial
field contributions of second and fourth degree respectively. The
parameter E represents the non-zero rhombic contribution for symmetries

» ’ + _+ . . » .
lower than axial. The last term, AI-S, gives the hyperfine interaction
between the unpaired electrons and the manganese nucleus.

Rewriting the spin Hamiltonian in terms of the operators SZ, s,

+

and S_ gives:

(a + 2F/3) ¢ 4 475 2 2835
- = = /27 - =2 B
H 9gBH S, 120 [3552 2 %, T 16 ]
2 35 a 4 4 E | 2 2

+ .D[Sz -1t 5 I:S+ +5 ]+ > [S+ + 5 7] (13)

+ hoslu - iHy]s+ + hgBlH_+ iHst_

+

A .
5 [I+S_ + I_S+] +ALS_

where Hx, Hy, and Hz are the components of the magnetic field along the

principal axes of the center. Note that the term é%—[s+4 + 8_4] con-
nects states which are well separated in energy and results in only a
small perturbation on the energy levels. The significant fourth order
parameter is (a + 2F/3) which can be determined with much greater cer-
tainty than either a or F individually.

Twelve transformations were nécessary in order to take the princi-
pal axes for the crystal field interaction into the fixed crystal axes.

These transformations were
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[0 1 o] [0 -1 o] [0 o 1
T = ’
0o o 1 0o o -1 0o -1 o0
1 0 of, 1 o o], 1 o o],
[0 o -1] -1 o o] 1 o o
o1 o o o 1 0o o -1
1 0 o, o 1 o], o 1 ol
L _ | .J L ]
(14)
[0 o 1] [0 o -1 (-1 o o]
1 0 o -1 0 o 0o -1 o0
o1 o, o 1 o], o o 1/,
1 o o] [0 -1 o] o0 1 o
o1 o 1 0o o -1 0 o
o o 1/, o o 1]/, o o 1

The crystal axes were then transformed into the magnetic field system

for an arbitrary orientation of H through the use of

cos 6 -sinf sing sinb cos¢
R = 0 cos ¢ sin ¢ (15)
-sin 0 —-cosf sing cosf cos¢

The spin Hamiltonian was expressed in the form of a 36 x 36 matrix
by using the ms,mI> basis set where S = 5/2 and I = 5/2. The deter-
mination of the parameters was accomplished through repeated diagonali-

zation of the 36 x 36 matrix kAppendix E). The computer program (Appen-

dix A) was designed to systematically increment the Hamiltonian para-
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meters until a "best" fit to experimentally measured line positions in
the [lOO] spectrum was obtained. The values for the calculated para-

meters are:

g = 2.0018 * 0.001
D = -588.4 * 1 gauss
|E| = 115.5 + 0.5 gauss (16)
a+ 2F/3 = 3.5 * 1 gauss

A = -100.3 £ 1.5 gauss

The signs of the parameters were determined by assuming that A was nega-
tive. The tolerances were arrived at by assuming that the magnetic
field measurements were accurate to within * 1 gauss. A separate pro-
gram (Appendix B) was used to predict line positioﬁs.

The most striking feature of the Mn2+—fluorine vacancy ESR spectrum
is the deviation from purely axial symmetry. Such a deviation is not
unreasonable when one considers the degree of openness in the cubic
perovskite structure (Figure 3). The effecfive charge of the fluorine
vacancy exerts a repulsive electrostatic force on the Mn2+ ion. This
in turn causes the axial fluorine on the opposite side of the Mn2+ ion
from the vacancy to be displaced slightly in one of four equivalent
<100> diréctions at right angles £o the defect axis. These four equiva-
lent <100> directions are relativel& open in the cubic perovskite
structﬁre and thus easily allow such displacements. This suggested
structural model is jillustrated iq Figure 30. Further investigation
of the partially resolved fluorine superhyperfine structure by means of
the ENDOR technique may provide additional evidence to support the

proposed model.
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B. Analysis of Intrinsic VK Centers in NaMgF3

[llO]—Type VK Centers

As stated in Chapter I, the MgF6 octahedra in NaMgF, are expected
to remain regular with fluorine-fluorine separations comparable to those
found for octahedra in KMgF3. One therefore would expect VK centérs to
be formed in NaMgF3 which are morphologically the same as those found
in KMgF3 in that they are formed between fluorines on an octahedron. -
This has been confirmed by the analysis, which is given in this section
of the experimental data obtained following electron irradiation at
77 K; and the self-trapped holes so formed are labeled [llo]—type VK _
centers by analogy with the.symmetry of comparable defects in the ideal
structure (KMgF3). Before discussing the details involved in the
diagonalization of the matrix representation of the spin Hamiltonian
and the sophisticated'computer programming techniques used therein, a
presentation of the evolution,of the logic which resulted in the final
model for the spectra will be given.

In the crystal structure of .NaMgF3 (see Chapter I), the tilting of
the individual octahedra may be understood in terms of a resolution of
‘the resultant tilt into two distinct rotations. The initial rotation
(w) is about a tetrad axis parallel to an [Olo]-direction. This is
followed by a rotation (¢) about a diad axis of the octahedron. In a
specific layer of octahedra in an (010) plane of the crystal, there are
two inequivalent octahedra distinguishabie by the sense (%) of each
component rotation relative to the ideél (untilted) structure. The
octahedra in a mirror layer above or below this specified layer will

individually have the same sense of rotation about the tetrad axis
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([010]), but respectively opposite rotations about a diad axis. Thus
there are four distinguishable octahedra which are individually charac-
terized by the sense of each rotation. These four octahedra are shown
in segregated form in Figure 31. The labels A++ and B are assigned to
the dissimilar octahedra found in the layer illustrated in Figure 4,
and the labels C+- and D_+ are assigned to the inequivalent octahedra
in the mirror layer directly above (or below) this layer. 2 The first
superscript to the right of each letter indicates the sense (+) of the
tetrad rotation, and the second superscript indicates the sense of the
diad rotation. For example consider the A++ type of octahedron. The
rotation about the tetrad axis perpendicular to the plane of the figure
is counterclockwise (+). This is followed by the diad rotation (+)
which lifts two fluorines out ofvthe plane of the figure (denoted by +)
and lowers two fluorines through tge plane of the figure (denoted by -).
In the orthofhombic crystal struéture, the C+_ type of octahedron is
found directly above the A++ type and has the same tetrad rotation, but
the diad rotation is constrained, by the octahedra above and below the
c —, to have an opposite sense (-).

Of’the twelve possible [llO]—type VK centers that can potentially
be formed on an octahedron, there are at most six that can be inequiva-
lent for an arbitrary orientation of the applied magnetic field, i.e.,
there can be no more than six different angles between the applied mag-
netic field and the twelve VK center ﬁolecular axes. This simplifica-
tion enables one to consider without loss of generality only those VK
centers formed on the upper half of each octahedron. These six inequi-

valent Vk centers are labeled 1-6 in Figure 31.

Note that for orientations of the applied magnetic field parallel



Figure 31.
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to the tetrad axis, which is perpendicular to the plane of Figure 31,
that the magnitude of the tetrad rotation (w) will have only second
order effects on the angles between the magnetic field and the VK cen-
ter molecular axes. Thus the ESR spectrum obtained for this orienta-
tion of the magnetic field will contain no information pertinent to the
evaluation of . Furthermore, all four types of octahedra (A, B, C, D)*
will be equivalent for this orientation of the magnetic field so that
in the analysis of the ESR data it is necessary to consider only one
octahedron. This equivalency may be explicitly expressed in terms of

the individual VK centers on each octahedron as:

|| [o10]

1a = 1B = 1C

o

1D
2A = 3B = 3C = 2D

3A = 2B = 2C = 3D

(17)
4A = 5B = 5C = 4D
5A = 4B = 4C = 5D
6A = 6B = 6C = 6D
where the = sign is interpreted to mean the same angle between the VK

center molecular axis and the magnetic field. An additional simplifica-
tion occurs since, for example, on the A-type octahedron 2A = 5A and
3A = 4A for orientations of the magnetic field parallel to [OlO].

For orientations of the magnetic field perpendicular to the tetrad

axis and parallel to [100] (or [001] equivalently), the A-type octahedra

'

*
The superscripts (*) serve no further explanatory purpose and

will henceforth be deleted.
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will be equivalent to the C~type octahedra, and the B-type octahedra
i
will be equivalent to the D-type octahedra. 1In terms of the individual

VK centers, these equivalencies may be written:

H || [100]
A =2C B =D
1A = 1C 1B = 1D
2A = 3C 2B = 3D
3A = 2C 3B = 2D (18)
4A = 5C _‘ 4B = 5D
5A = 4C 5B = 4D

6A = 6C 6B = 6D

Thus it is necessary to consider only the A and B-type octahedra in the
analysis of the ESR data for orientations of the magnetic field parallel
to the [100] or [010] pseudocubic directions. The analysis of the ESR
spectra was restricted to these two orientations, since ény other orien-
tations would have not only yielded extreﬁely complicated spectra, but
also would have supplied no significant additional information.

Consider now the structures of the octahedra (A and B) of interest
in the analysis relative to their specific placements within the envi-
ronment of the pseudocubes defined by the Na+ ions (Figure 32). It is
glearAthat not all of the VK centers that can potentially be formed
will have the same environment with respect to the Na+ ions or nearest
fluorine ions. However, the defects may be grouped together or sub-
divided into classes in which thejenvironments are essentially the same .
There will be six such classes és given in Table III. This class

scheme was devised in anticipation of the expected result that the
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The Two Inequivalent Octahedra in NaMgF3
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values of the spin Hamiltonian parameters would be slightly different
for each class. Having made this division of VK centers, the method
will now be given by which the correspondence was made between the

individual lines in the ESR spectra and the classified defects.

TABLE III

CLASSES OF [110]-TYPE v, CENTERS IN NaMgF,

Class I II . III Iv v VI

Elements 14,1B 6A,6B 2A,3B 3A,2B 4p,5B 5A,4B

The spin Hamiltonian appropriate for the analysis of ESR spectra

associated with self-trapped holes is given by (13)

->

f=pgHg8+1 2 S+1T R 5-9g BH-(T +1) (19)
= PEg 1™ 2"%2 InePnT 1T T2
where.v
. -21 erg
B' = Bohr magneton = 9.274096 x 10 —_—
Gauss

>

S = the spin operator

<>

g = the g tensor

> .

H = the direction and magnitude of the applied magnetic field

<>

Ai = the hyperfine tensor representing primarily dipole-dipole

interaction between the unpaired spin and the two fluo-
rine nuclei, as well as an isotropic Fermi contact inter-
action ' o
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<>
Ii = the nuclear spin operator
gNFBN = the'gyromégnetic ratio pertinent to fluorine nuclei times

Plank's constant h divided by 2m = 2.654144 x 10-20 erg/
Gauss

and

FK;I = ﬁK;| by symmetry.

The values of the spin Hamiltonian parameters obtained for the intrinsic

VK center in KMgF3(20) are given in Table IV.

TABLE IV

SPIN HAMILTONIAN PARAMETERS FOR THE INTRINSIC
SELF-TRAPPED HOLE IN KMgF3

g = 2.024 ' A = 160 MHz
X + . X
g = 2.018 “ A = 160 Miz
y y
g = 2.0024 A = 2479 MHz
Z Z

(o]

(Bent Bond) = 7

If one initiall? assumes that values of the spin Hamiltonian parameters
for‘the [llO]-type VK centers in NaMgF3 are eéual to those for thg
intrinsic self-trapped holes in KMgF3, then the ESR spectra arising
from the [llO]-type»defects may be roughly predicted if one uses the
estimated room temperature tilt angles of w = 8.88° and ¢ = 12.950.

The results of this initial calculation are given in Table V for
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PREDICTED LINE POSITIONS (IN GAUSS) FOR THE [llO]-TYPE VK CENTERS
VK CENTER SPIN HAMILTONIAN PARAMETERS

IN NaMgF3 USING KMgF

3

H || [100]
\Y 1 2 3 4
K
1A 2663.47 3167.86 3335.41 3690.36
2A 2683.60 3163.59 3337.02 3659.62
3A 2511.86 3202.34 3322.93 3937.68
4A 2938.45 3236.83 3250.75 3351.72
5A 3091.34 3144.20 3235.44 3287.08
6A 2530.69 , 3197.79 K 3324.49 3904.69
1B 2517.34 3200.36 3323.93 3927.86
2B 2532.39 3196.73 3325.17 3901.57
3B 2657.76 3168.42 '3335.46 3699.01
4B 2951.40 3234.70 3250.24 3339.75
5B 3095.47 3140.48 3236.71 3285.53
6B 2673.77 3164.99 3336.75 3674.34
H || [o10]
1A,1B 3105.91 3130.13 3235.28 3286.44
2A,3B 2521.63 3199.79 3323.89 3920.44
3A,2B 2672.04 3165.85 3336.23 3677.13
4A,5B 2672.02 3165.85 3336.23 3677.16
5A,4B 2521.64 3199.79 3323.89 3920.41
6A, 6B 2940.56 3237.19 3250.06 3356.61
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orientations of the magnetic field parallel to [OlO] and [100]. If one
focuses attention on the farthest split lines associated with each Vi
center, i.e., neglecting columns 2 and 3, the outer lines in the ESR
spectra (Table II, lines 2, 3, 4, 11, 12, 13, 15, 16, 17, 18, 19, 23,
24, 25, 26, 27 and 28) may be roughly matched to the predicted line
positions. Consider first lines 2, 3, 4, 11, 12, and 13 in the spectrum

obtained (Figure 25) for orientations of the magnetic field parallel to

the tetrad axis ([010]). The following correspondence can be made:

(1 || [oroD)

Ve | ESR Lines

1a,1B (indeterminate)

23,38 . 2,13

3a,2B . 3,12

(20)

4a,5B : 3,12

5A,4B | 2,13

6A, 6B 4,11

Since the 1A ané 1B VK center molecular axes remain perpendicular to
the magnetic field for this orientation, they will give rise to lines
-in the center :portion of the spectrum and therefore no definite initial
correspondence could be made. Next, consider lines 15, 16, 17, 18, 19,
23, 24, 25, 26, 27, and 28 in thé spectrum obtained for orientations of
the magnetic field perpendicular to the tetrad axis (Figure 26). The
‘correspondence here is not as obvious as for the previous case, but a

close comparison of Table V with the measured field values will yield

the following initial assignments:
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(1 || [100])
VK ESR Lines
1A 17,26
1B 15,28
2A 18,25
2B 16,27
3A 15,28
3B 17,26
4A 19,24 (21)
4B 19,24
5A 23
5B 23
6A 16,27

6B 18,25

Thus using these correspondences, the outer lines in the ESR spectra
for orientations of the applied magnetic field parallel and perpendicu-
lar to the tetrad axis were fitted to exactly bylvarying the spin Hamil-
tonian parame£ers and the two tilt angles. This fitting was performed
for each VK center class separatel& sinde the values of the adjusted
parameters were expected to vary from class to class. The results of
these calculations are giveﬁ ig Tagle VI. In order to insure that
bsufficient information was provided in the fitting calculations to
properly determine the parameters, the number of parameters was effec-
tively reduced from eight to six by setting the x and y components of
the ; and K tensors equal to each other within the iteration scheme
used in the calculations. This was a reasonable assumption since these
components are typically quite close in value (65). In particular for
class I, these parameters (gx,gy,Ax,Ay) were held constanﬁ since only
four lines were fitted to. It is immediateiy discernable from Table VI
that there is generally poor agreement between results obtained for the

different classes. Furthermore, the values obtained for some para-

meters border on being unphysical, i.e., they are vastly different from



TABLE VI

INITIAL CALCULATION OF SPIN HAMILTONIAN PARAMETERS FOR
EACH OF THE SIX CLASSES OF [110]-TYPE
V, CENTERS IN NaMgF,

Lines

VK Center Fitted Ax.= AY AZ
Class t = MHz MHz
| o gx gy gz ( ) ( ) w )
[, 1A 17,26 2.0250 : 100 (Not- R 5
1B 15,28 (Not 2.0000 Varied) 2557 14.35 16.85
Varied) '
. 6A 4,11,16,27 o o
II: 411,18 25 2.0250 2.0076 110 2499 15.6 18.45
2A 2,13,18,25 - ' o o
IIT: S 211317 26 2.0241 2.0047 97 2534 6.85 22.45
3A 3,12,15,28 o
IV: 2.0250 .0040 35 2532 0.55 20.05
Vi 2B 3,12,16,27 2 1 1
. 4A 3,12,19,24 o o
v oo 312,23 2.0160 2.0200 70 2572 9.15 20.85
5A 2,13,23 o o
. 113y 2. ] ~ 4.3 ]
VI: o 213,19, 24 0140 2.0030 0 2602 14.35 16.85

q8
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the values obtained for other VK centers (65). For example; the wvalue
of 9, for class V is significantly larger than that found for any other
fluorine molecular ions. Note also that the values of the tetrad rota-
tions (w) calculated for classes III, IV, and V are approximately the
same or less than the value of this angle calculated from room tempera-
ture lattice parameters (8.880). However, in consideration of the fact
that a continuous increase in the tilting of the octahedra occurs simul-
taneously with the decreasing size of the»pseudocubic cell (Figure 6),
a larger value for the 77 K tetrad rotation was expected. Finally, it
must be noted that the simplicity of the ESR spectra made it necessary
to assume a nﬁmber of fortuitous degeneracies. For example, the 4A and
4B VK centers are members of different classes (V.and VI, respectively)
and are therefore assumed to have slightly different spin Hamiltonian
parameters, and yet both are assumed to give rise to lines 19 and 24 in
the [100] ESR:spectrum (Figure 26). Such degeneracies are expected to
occur father inffequently, and the number required to explain the spec-
trum was, therefore, unsatisfying. These results posed a dilemna which
had to be resolved before confiaence in the calculated parameters could
be realized.

The first step in the resolution of the cited inconsistencies in-
volved a reevaluation of the importance of the difference in the rela-
tive intensities of the lines in the ESR spectra. The constructed cor-
respondence between the specific VK centers and their line positions
(Eq. 20) in the ESR spectrum indicated that the intensities of lines 2,
3, 12, and 13 should be identical and individually twice asiintense as
lines 4 and 11. As can be observed (Figure 25) this is not the case.

Furthermore, lines 3, 5,.7 and 12 are broadened with linewidths ranging
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from ~16 gauss to ~20 gauss, whereas the other lines in the spectrum are
sharper with linewidths of less than ~15 gauss. Lines 17 and 26 in the
[100] ESr spectrum (Figure 26) are also broadened and occur at nearly
the same positions of magnetic field as lines 3 and 12 (Table II). The
line broadening was not an orientation effect since the spectra repro-
duced exactly for a number of different measurements. The most logical
explanation consistent with these facts was to assume that the broadened
lines were not part of the [110]—type VK center ESR spectra, but belong
to other fluorine molecular ions which are formed as a consequence of
the lower symmetry crystal structure. No model has been developed for
these centers in this study. The loss of the broadened lines (3, 5, 7,
12, 17, and 26) for use in interpreting the [llO]—type VK center ESR
spectra imposed the requirement that certain QK center orientations
were missing, since the only alter;ative would involve assuming an. in-
crease in the "accidental" degeneracies. The logic behind the assign-
ments of the missing orientétiahs &ill now be given.

For classes IV and V (see Table VI), lines.3 and 12 in the [010]
ESR spectrum were the only possible choices for the assignments of the
transitions associated with the 3A, 2B, 4A, and 55 VK centérs (compare
Tables II and V. ). Thus if lines 3 and 12 are not part of the [llO]—
type VK center ESR spectrum, then classes IV and V must be missing,
i.e;, the 3A, 2B, 4A, and 5B VK centers are not present. If lines 17
andi26 in the [100] ESR spectrum are not éssociated with [llO]—type VK
,cenﬁers, then it would initially appear that classes I and III are
missing. However, lines 15, 26, and 28 must be accounted for and there-

fore both classes cannot be absent. In fact, since lines 15 and 28 are

associated with class I only, then this class must be present, and the
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~ assignment of lines 17 and 26 to the 1A VK must be modified. This can
be done if one observes thét this assignment was nét as absolute as for
the previously considered cases, and assignments of lines 18 and 25 to
the 1A VK are equally valid. Further justification for the choice of
class I over class III may be obtained through a reexamination of Figure
25 and noting that lines 8 and 9 arise from Vchenters with their molec-
ular axes ~ perpendicular to the applied field. The 1A and 1B VK cen-
ters are the only possible defects which will exhibit this behaviour
since, as can be seen in Figure 31, only the tetrad rotation will affect
these VK centers.relative to orientations, of the magnetic field parallel
to [010] or [100].

Thus it is concluded that only three of the possible six classes of
[llO]—type VK centers are present in NaMgF3 crystals following electron
~irradiation at 77 K. Even though only half of the VK center orienta-
tions are present, all the outer lines in the spectra may be accounted
fdr and only one degeneracy is assumed, namely the assignment of lines
18 and 25 to both 1A and 6B VK centers. The missing orientations may be
explained by considering the faét ﬁhat the Na+ ions are shifted in the
- distorted low temperature crystal structure from their high symmetry
positions in the cubic structure (> ~ 9OOOC). These smail relative
displacgments may be sufficient to make some VK center orientations
preferentially unstable due to the repulsion of the effective positive
charge of the self-trapped holes by the shifted Na+ ions. Thus when a
[llO]—type VK cenﬁer is formed at 77 K in one of the less stable orien-
tations, it immediately makes a single jump to an orientation of lower
energy on the octahedron. This reorientation must be limited to the

octahedron on which the VK center is initiallyrformed since the relative
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intensities of the ESR lines for the [110] and [100]—type VK centers

are always the same. Similar thermal reorientation behaviour has been
observed to occur at ~120 K for VK centers in RbCaF3 (66) . That com-
pound has a tetragonal crystal structure at low temperatures, and the
intrinsic self-trapped holes are divided into two classes. The ESR
spectra associated with the intrinsic VK centers in this latter material
for orientations of the magnetic field parallel and perpendicular to

the unique (tetrad) axis aré shown in Figures 33 and 34.

The fact that only three classes of [110]-type VK centers were
present in crystals of NaMgF3 indicated}thét certain unknown distortions
accompanying fhe formation of self-trapped holes in this material might
exist. This may_have been refleéted in the result that realistic spin
Hamiltonian parameters could not be calculated, héwever, the tilt angles
calculated for the existing ciasses were not unreasonable (Table VI).

It was further recognized that the‘fitting calculations could not inde-
pendently distinguish between small changes of AZ, w, and ¢.

- Thus, since the spin Hamiltonian parameters were not expected to
depart significantly from those obtained for VK centers in KMgF3, then
these values (Table IV) were used in a final set of fitting calculations
with only the tilt angles being allowed to vafy. The resulﬁs’of these
calculations are given in Table VII. The tilt angles for classes II
and VI which gave the best prediction of the experimental line positioné
based on the preceding assumptions were determined first, énd an average
value for the diad rotation of 18.5:C> wés obtained. Since the‘class I
VK centers were expected to be‘insensitive ﬁo the value of ¢, then the
average value (18.50) was assumea to be correct for this class and only

the tetrad rotation was allowed to vary. The tilt angles calculated in
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TABLE VII

CALCULATION OF THE TILT ANGLES FOR THE OCTAHEDRA IN NaMgF
BASED ON AN ANALYSIS OF THE VK CENTER ESR SPECTRA

92

V.. Center
K w (o)
Class Lines Fit to (Effective) (Effective)
1A 18,25 o o
I: g 15,28 17.1 '18.5
6A 4,11,16,27 o o
ITI: . .
6B 4,11,18,25 15.5 18.55
5A 2,13,23 o o
VI: 4B 2,13,19,24 15.3 18.45
Crystalline o o o
Tilt Angles: w=16.0 =% ¢ = 18.5 + 3

'
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this way were "effective" values since they also contained the inherent
influence of distortions of the VK center molecular axes away from the
true lines of fluorine ions (i.e. [llO]—type directions) within the
octahedra. Thus the average values of these calculated angles were
assumed  to be representative of the true crystalline tilt angles, and
liberal tolerances (% 30) were placed on these values to account for
the effect of the local distortion crea£ed by the VK'center itself.
Using the tilt angles for each VK center class separately, the line
positions were predicted and are given in Table II (Chapter III). It
can be seen that the agreement with the experimental field values ié
far from perfect but for a given resonance is generally within a line-
width (~15 géuss).

At the heart of the calcula;icnsbused in the analysis of the [llO]-
type VK centef ESR spectfa is’the spin Hamiltonian (Eg. 19) and the
.diagonalization of its matrix rgpresentation. There were five coordin-

ate systems necessary for a complete treatment. These are defined as:

xg,yg,zg: g tensor principal axis system

,yl{zlz nucleus 1 hyperfine principal axis system

*1
1Y, rZ, : nucleus 2 hyperfine principal axis system

xu,yu,z : "untilted" crystal axes

X, Y, 2z : magnetic field.system

Rewriting the Hamiltonian in the various coordinate systems:
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+ I1 A S + Il A S + Ii A S

1YY 12%
, (22)
+ I2 A S + I2 A S + 12 A S

XZXX2 Yzyyz 22222

1 2
- H(I® +
gNFBN ( z Iz)

where the superscripts denote nuclei 1 and 2. It was then necessary to
reexpress the Hamiltonian in the magnetic field system. This was accom-
plished through the use of the five different transformation matrices

defined by:

cos B. O sin B

BB

Il
o
=
[®)

(23)

-sin B' O cos B

which transforms the nucleus 1 hyperfine system into the g tensor sys-

tem (B = bent bond),

cos B 0 -sin B

BBB = 0 1 0 i (24)
sin B 0 cos B

which transforms the nucleus 2 hyperfine system into the g tensor sys-

tem,
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1 0 0O 1/2 V272 - 172 172 V2.2 1/2 ]
c=]l0 1 o -V2/2 o) ~/2/2 V2/2 0 V272

o o 1, |-12 Vo2 172, | 1/2 V272 - 1/2J ,

-1/2 V272 - 1,2 1/2 Y272 172 o) o 1

-V2/2 0 V272 V2/2 o -/2/2 0O -1 o (25)

172 V272 1721, - 172 V272 - 1/2 |, 11 0o o

which transforms the g tensor system for VK centers 1 through 6 (see

Figure 31) into the g tensor system of VK occupying position 1 (VKl),

cos ¢ cos w sin ¢ cos ¢ sin w
T = -sin ¢ cos w cos ¢ =-sin ¢ sin w (26)

-sin w 0 cos w

which transforms the g tensor system of VK 1 into the "untilted" crystal

axes (w = tetrad rotation, ¢ = diad rotation), and

cos ¢ sin 6 sin a -sin 6 cos a

R = 0 cos o sin @ (27)
sin © -cos O sin o cos B cos o

which transforms the "untilted" axis system into the magnetic field
system for an arbitrary orientation of H. The complete transformation

was thus of the form:
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(G) (T) (R) = GTR

(BB) (G) (T) (R) = BBGTR
(28)
oxr
(BBB) (G) (T) (R) = BBBGTR

For example,

1
I1 = BBGTR(l,l)Il + BBGTR(l,Z)Il + BBGTR(1,3)I
X, X vy z

After the Hamiltonian had been reexpressed in the magnetic field system,
it was then necessary to introduce raising and lowering operators given

by:

n
il

(s + s )/2 I =(I +1I)/2
+ - X + - (29)

i

w0
Il

(s, - 5_)/2i I, = 12t - 1)

The matrix representation of the spin Hamiltonian was then constructed

using the eight basis vectors defined by:

mm_m_ >
SI, I

where

m, = % = spin magnetic quantum no's.

m = +i s ,
Il - nuclear magnetic quantum no's.

~ for nuclei 1 and 2

m = x4

I
2

which yields an 8 x 8 matrix of the form:
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[ a(1,1)

A(2,1) A(2,2) ~__

A(3,1) ) A(3,3)

0 A(4,2) A(4,3) A(4,4)
A(5,1) A(5,2) A(5,3) o A(5,5)

A(6,1) A(6,2) o) A(6,4) A(6,5) A(6,6)

A(7,1) ) a(7,3) A(7,4) A(7,5) 0 a(7,7)
A(8,1) A(8,2) A(8,3) A(8,4) o] A(8,6) A(8,7) A(s8,8)

The eigenvalues of this hermitiaﬁ matrix were calculated using the
diagonalizing subroutines (Appendik E) since the matrix is hermitian
only the lower half was needed in the calculations.

The eight energy eigenvalues obtained from this diagonalization

, :

could then be used to determing the magnetic field positions associated
with the four transitions for each VK center in the ESR spectra. One
program (Appendix D) was used to predict the line positions assuming
constant Vélues of the eight parameters (gx'gy'gz'Ax'Ay'Az'u“ and ¢) . In
another "fitting" program (Appendix C), each parameter was adjusted

independently until a "best" fit to measured field values, comprising

part of the program input, was obtained.

[lOO]—Type VK Centers

Aé described in Chapter III, when crystals of NaMgF3 were electron
irradiated at 77 K and then warmed to room temperature, a subsequent
ESR measurement revealed that a spectrum remained which possessed
[lOO]-type symmetry, i.e., the maximum splitting of the lines occurred

for orientations of the static magnetic field:perpendicular to a pseudo-
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cubic face. For the single domain crystal, the presence of only three
resonances in the spectrum (Figure 24) with an intensity ratio of
approximately 1:2:1 was indicative of an interaction with two spin %
nuclei. Furthermore, the roughly measured hyperfine splitting of ~2600
MHz was typical for fluorine molecular ions. These facts suggested that
the defect giving rise to this spectrum was a VK center with its molecu-
lar axis parallel to a pseudocubic direction. The simple three-line
pattern indicated that there was only one orientation of this VK center
within the crystal. This self-trapped hole has been labeled a [100]—
type VK center because of its observed symmetry}

A careful study of the assumed 77 K crystal structure for NaMgF3
resulted in the conclusion that only one possible model could be con-
structed for this defect consistent with the crystal symmetry and the
restriction that a unique orientation of this center existed in the
crystal. This structural model is depicted in Figure 35 which shows
two octahedra for <010> pseudocubic directions. This type. of VK center
is capable of forming as a result of the diad tilts (¢) which bring the
fluorine ions, specified in the figure, into close‘enough proximity for
the VK centers to be formed. Note that since the two octahedra have
the same tetrad rotation (w), then the fluorines that could potentially
form these'VK centers will still be aligned parallel to an [010] pseudo-
cubic direction. No other relatively simple éefect model could be en-
visioned which would yield only one possible orientation for the VK
center molecular axes in the crystal. |

The distance between the fluorines prior to formation of the [100]—

type VK center may be calculated from the value obtained for the diad

. o, . . C
rotation (18.5 ) in the [llO]—type VK center analysis. Upon examining
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Figure 35. Model for the [lOO]—Type VK Center in
NaMgF3
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the geometry of the tilted octahedra in the plane perpendicular to the
axis of the diad roéation, the following equation may be arrived at
which relates the diad rotation (¢) to the intra-octahedral fluorine-
fluorine separation (&) and the distance (s) between the two inter-
octahedral fluorine ions potentially giving rise to the [lOO]—type VK

center:
. o
sin(45 - ¢) = —- . (30)

and for ¢ = 18.5° this gives s = .892%. Thus the fluorine-fluorine
separation for [100]—type VK centers is comparable to and in fact
élightly less than that for [110]—type VK centers.

This simple calculation would initially appear to be inconsistent
with the experimental result that the [lOO]-type VK center has a greater
thermal stability than the [llO]—type VK center, since larger ionic
separations are expected to provide an increase in the amount of lattice
distértion available and therefore allow a deepér self-trapping of the
hole. However, since the analysis of the [llo]—type'vK center ESR
spectra indicated that some distortions arising from the shifted Na+
. ions and the presence of the self-trapped hole‘itself were present, then
it is reasonable to assume that similar effects may contribﬁte to in-
creasing the thermal stability of the [lOO]—type VK centers.

The values of the parameters Az and gz associated with this defect
were calculated directly from the experimental line positions (Table II)

and were determined to be:

A, = 2602 MHz g = 2.0034 ' (31)
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No determination of the other components of the hyperfine and<§* tensors
was attempted, since this would have required a measurement of the mag-
netic field positions associated with the isolated spectrum for an exact
alignment of the applied magnetic field parallel to [lOO]. Such a meas-
urement was not possible because, as argued in Chapter III, exact align-
ments of the magnetic field for the isolated spectra could not be
achieved. The yalues of AZ and gz were determined solely from the
measurement of lines 1 and 14 in the spectrum obtained following direct
electron irradiation at 77 K (Figure 25).

It is interesting to speculate that the [lOO]—type VK center may be
preferred over the [llO]-type VK cénter in regard to the production of
defects by way of the Pooley-Hersh (excitbnic) mechanism (Chapter I).
This conjecture arises from the fact that the lines of fluorine ions
are uniform in £he direction of alignment of the [lOO]—type VK center
molecular axes but are staggered in the direction of alignment of the
[llO]—type VK center molecular axes. Thus, after formation of the self-
trapped excitons, the subsequent dissociation and ionic replacement
sequence may proceed more efficiently for those X;* molecular ions
formed at [lOO]—type VK center sites. Verification of this speculation
could possibly be realized by way of an experiment'similar to that per-
formed by Keller and Patten (Chapter I) once the interstitial molecular

ions in NaMgF3 are characterized.

Finally, it should be pointea out that the structure of the [lOO]—
type VK center has to our knowledge no precedent among the self-trapped
holes studied in various halide materials in the sense that it is formed
as a consequence of the particular tilting of the octahedra in NaMgF3.

This suggests that similar centers may also be found to occur in other
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’ o
compounds with tilted octahedra such -as the low temperature (< 25 C)

form of KMgCl3 (67) .

Thermoluminescence

Following electron irradiation of NaMgF3 at 77 K, thermoluminescence
was found to occur continuously from 77 K to 600 K and was characterized
by a number of well defined glow peaks (Figure 28). The strongest glow
peak occurred at ~133 K and was believed to be associated with the
thermal decay (120 + 10 K) of the [llO]—type VK centers. This interpre-
tation is supported by the resul£s obtained for KMgF3 in which a rela-
tively sharp and intense glow peak was found to occur at approximately
the same temperature as that corresponding to the thermal decay of the
intfinsic VK centers in that coﬁpouqd. A specific model for the origin
of the luminescence involves assuming that electron-hole recombination
occurs at an impurity ion which in the process changes valence state.
The recombination energy is then transferred to the impurity ion which
subsequently deexcites through the emission of a photon, thus yielding
the luminescence. The luminescence will therefore be‘chafacteristic of
the impurity ion in the newly formed valence statg. This model has
been found to agree well with results obtéined in a comprehensive study
of TSL iﬁ rare earth doped CaF2 obtained following irradiation with
x-rays at low temperatures (68).

ESR méasurements taken after samples had been warmed through the
first TSL glow peak and then subsequently recooled to 77 K revealed the
presence of weak séectra associated with fluorine molecular ions other
than [lOO]-type VK centers. These centers were assumed to be perturbed

defects and were not analeed in this study. However, the thermal decay
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of these centers may have been responsible for the weaker glow peaks
(212 K, 246 K, and 286 K) in the TSL data since only [100]-type v, cen-
ters were observed with ESR to be present after samples had been warmed
completely to room temperature. The thermal decay of the [lOO]—type VK
center cannot be unambiguously correlated with a TSL glow peak due to
the presence of several peaks in the temperature range of thermal in-
stability for this center.

The TSL generated above room temperature may originate in inter-
stitial-F center recombination near an impurity. This explanation dif-
fers from the electron-hole recombination model proposed for the low
temperaFure TSL in that it does not specifically require any changes in
impurity valence states. Such a model has been suggested previously
(69) for the high temperature TSL observed in KMgF3 following electron
or Y irradiation at room temperature.

No detailed spectroscopic analysis of ﬁhe TSL emission was per-
formed, but visual observation of the emission revealed a predominantly
blue luminescence for the TSL emission in all temperature ranges. This
emission is most likely associated with a transition metal ion such as

2+
v . ,



CHAPTER V
SUMMARY

This study has resulted in the ESR identification and characteriza-
tion of several defects produced by irradiation in crystals of KMgF3:Mn
and NaMgF3. The production and thermal aecay of these defects have
been corrélated with complementary thermolumingscence measurements.

In KMgF3:Mn, the ESR identification of the ionized form of the
Mn2+—F center pair (Mn2+—fluorine vacancy center) has been made, ahd a
defect model has been proposed based on the analysis. This study has
provided independent verification that the increase in oscillator
strengths of the optical transitions for the defect associated Mn2+ions
in KMgF3 is a result of exchange interaction rather than a change in
site symmetry. A list of further radiation damage studies related to

those performed for KMgF :Mn which would be useful might include:

3
: . . . 2+ . .
(1) An ESR investigation of the Mn~ -F center pairs directly.
" Such a study may provide more information concerning the exchange in-
teractions between the two defects.
’ 2+ . - .

(2) An ENDOR study of the Mn -flyorine vacancy center may provide
a more detailed and accurate model for this defect.

(3) A more complete study of the TSL generated at low temperatures
(<295 K) following room temperature electron irradiation and 77 K UV

bleaching is in order. In particular, the correlation between ESR re- '

sults obtained for the pure samples following this same irradiation

104



105

procedure should be performed since a brief ESR investigation indicated
that fluorine molecular ions grew in under such irradiation treatments.

(4) The study of Mn2+—F center type defects may be extended to such
halide compounds as MgF2 and RngF3 and the same series of experiments
performed.

(5) A determination of the concentration of Mn2+—F center pairs in
the crystal would be useful in determining if a preferential production
of F centers next to Mn2+ occurs.

(6) A more complete study of the unknown ESR spectrum that remain-
ed after electron irradiating at 77 K and subsequently warming to room
temperature (Chapter III) may provide more information about the elec-
tron traps in this compound.

A study of NaMgF3 electron irradiated at 77 K revealed the exist-
ence of two distinct and yet both intrinsic self-trapped holes in this
material. The twp fluorines sharing the hole were found to be on the
same octahedron for one VK center i[llo]—type VK) and on adjacent
octahedra for the other VK center ([iOO]—type VK). The thermal decay
of the [110]—type VK center was foﬁndlto be accompanied by both a
strong thermoluminescence glow peék and a conversion into [IOOJ-type VK
centers. The analysis of the ESR gpectra associated with the fllo]—
type VK center yieided values for previously undetermined 77 K octa-
hedral tilts of 16.0O about a tetrad axis and 18.5o about a diad axis.

All the low temperature TSL in NaMgF_ is associated with a hole release

3
process since the [lOO]-type VK center remains stable throughout the low
temperature luminescence range (77 K to room temperature) .

The following topics are suggested for future study in NaMgF3:

(1) An ESR investigation of fluorine molecular ions which are pro-
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duced by electron irradiation at room temperature followed by a 77 K uv
bleach. These defects are most likely interstitial centers.

(2) An ESR investigation of NaMgF3 electron irradiated at i4.2K
should have all classes of [llO]—type VK centers formed. This would
thus be a teét of the thermal reorientation behaviour assumed in the
analysis.

(3) More precise measurements of the thermal decay temperatures
for the intrinsic self-trapped holes are needed to establish the rela-
tionship with the TSL more precisely.

(4) The optical absorption bands associated with the intrinsic
radiation induced defects in NaMgF_ are in need of absolute identifica-

3

tion.
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