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CHAPIER I
INTRCDUCTIGN

LThe study of radiation-induced defects in solids
started before 1900 with limited success. Not until the agé
ot technoloyy was well urderway could the study truly conme
1nto its own Wwith the help of the technological advances of
the second world War. with the war also came the urgent
need to study .rddiaticn-induced defects. Later, these
defects came to be studied fcr peaceful purposes, and the
recent consciousness cf the energy situation has spurred
these 1nvestigyations still mbre.

50l11ds in general are tcc complex to do microscopic
analysis of radiatiou defects. The logical starting point
ror such an 1nvestigaticr wculd be perfect (or as close as
possible) crystals. The radiation defects in alkali hal-
ides, such as LiF, KC1l, ard NaCl, were first toc be charac-
terized. The study then expanded to the more comjplex mate-
rials such as the perovskite-structured fluorides (NaMgFS,
ﬁMng)'and simile oxides (EeC, MyG, and SroQ).

slectron spin resonance (ESR) has been used success-
tully since the early 195C's to oktain detailed infcrmatican

about well-localized defect centers (called poeint derects)



in simple crystalline sc]idé. Two general types of poiat
uelfects Were found to occur frequently in halide materials:
(A) the electronic defect, or V-tyre center!, first charac-
terized by Castner and Karzig (2) im 1957 using LiF; and (B)
the icnic defects, 1interstitial atoms and vacancies, or BH-
and F-type ~centers, respectively, first characterized Ly
Kanzig and woodruff (3). These ionic defects come in pairs,
known as Frenkel pairs, of interstitials (H centers) and
lattice vacancies (F centers). The H center was found by
Kanzijy and wWoodruff to ke a halogenz mclecule-ion centered
on a halide lattice site, which would imply Frenkel pair
defects. This has alsc teen studied in a perovskite-struc-

~tured fluoride--KMyF_, (4).

3

There are two kncwn processes that fproduce ionic
defects—--elastic collisicn and radiclysis. The elastic col-
lisicn process has Leen fcund to be the»dominant damage
process in the simple oxides, such as MgO {5). Radiolysis,
however, presents a pcre tenable method for interstitial
production in halide materials, since icnic displacement is
easily achieved with relatively low energy electrons és well
a5 X and yamma  rays. A study by Riley and Sibley (6) sup-
porCts this "photochemiéal" radiation-dauagé prccess for the

production or ionic defects in KMgF and 1ionic damage is

3'
even more easily obtained ir RbCaFS. H center production in

ﬁbCaﬁS is tuen tentatively assigned to radiolysis.

——— e —— — — —— ——— ——————

15ee Sonder and Sibley (1), for the notaticn used.



It is the purpose cf this fpafper to study the H ceater
in RbCaﬁs. Sevefal properties of this defect have turned
out to be mnon-standard and have led to scme interesting
Juestlionss first, scme background information is necessary
and is presented in the rewaining two secticns of this chap-
ter. The crystal's structuie, ghase changes, and previously
studiedAdefects are out1ined in the first section. The sec-
ond section provides a short summary of work on a few other
 Jerovskite-structured flucrides for later comparison to the

results of this investigaticn.

A. The RbCaFS Crystal Structure

The room tewmjperature structure of RbCaF3 is the cubic
perovskite as shown in the rall-and-stick model in Figure 1.
Thne lattice parameter is frcm Wwyckcff (7). As in most other
materials of its kind, EbCaF3 yoes through hase changes.
Three of them have been repcrted (8) at 198 K, 42 K, énd 7 K
from specific Leat measurements.

The optical birefringence, Raman scattering, and neu-
tron scattering measuremerts cf Bates, Major and Modine (9)
show the 198 K transiticn to Le second order with a small
first order contribution, and give indicaticn of a small
(015 K) hysteresis. Halliburtcn aund Sonder (10) 1in their

E5r investigation of the V., center found that this defect,

K
an intrinsic self-trapred hole shared by two adjacent fluo-

rine ious, was rotated cff the [110] direction by 7.1°2 at 77



Figure 1. The Crystal Structure of RbCaF



K- This suyyests alrotaticn of the normal CaF6 cctahedra by
this same magnitude about a [100])-type directicn. Modine,
sonder aud Unruh (11) in their original study of the mate-
rial, observed domain structure in the tetragcnal phase in
their E3R and birefringerce measurements. These domains
aliyned themselves in the three [100] directions with pref-
erential aliynment most rncticeable in crystals that had not
been taken throuyh the fhase changes very many times and had
been annealed at about 3509 C for several hours. The
aligned domains alsc cccurred in crystals cut 1in thin
plates. Seretlo, Martir and Sonder (12) have studied the
optical spectra of RtCaFz in the tetragonal phase and at
liguid helium temperaturte, but could make no definite
assiynments of the optical ltands.

The second transitior at 42 K is of lower order than
the first transition. This phase reportedly requires either
a vicgin sample (one that has not been previously ccoled
below 40 K and warmed tc rccm temperature) or it requires
tuat the -crystal first e annealed at 350° C fcr several
nours. Thus far, there Las been no study of the lattice
structure in this ;hase. Bates et al. reevaluated the hys-
teresis reported by Modine et al. and showed that this
cLansition occurred at varying rates between 42 K and about
25 K. - They then used Raman scattering déta tc show that
- both phases can be present in this temperature range. They
could not, however, observe either this transitiocn or the

one at 7 K with neutron scatteringe.



The third transitico (as well as the first two) has
been detinitely established at 7 K by Eo and Unruh (8) in
specliflc heat experiments, but the change in specific heat
was toco swall to say much more aktout the transition. No

information is available on the structure of this phase.

B« Other Perovskite-Structured

Fluorides

Of the 145 possible ccmbinations of the IA, IIA, and

VIIA chemical yroups cf tle form RMX only 10 are rerorted

3
in-dyckoff (7) and orly six cf these are assigned to the
cubic perovskite structure. ‘In this section we will briefly
describe Lour of these materials: NadgP;, KCaF;, KMgF, and
KUMQFS .

The first crystal, baMyF, is not a cubic perovskite
pelow 9009+259 C. Frcm 7€C9 tc 900° C it is tetragonal, and
velow 760° C it is orthorhontic. At rcom-témperature, its
structure can best be describted as perovskite with the
octanedra "tilted" twice--cnce about a tetrad axis as in
kbCaF; at ‘low temperatures, and‘once again akout a diad
axis. This unijue doukle tilt makes it possible to obtain a
[ 100 J-type L% defect, studied by M. Young for his disserta-
tion (13), between twc flcurines cf seperate octahedra. The

usaal [ 110 J-type V ‘were also studied, but since the symme-

K
try or the material is so low, the detailed study of both Vi

types was severely hampered. 1TIc date, no interstitials have



been studied in this material since its low symmetry makes
the detailed study of its defects quite difficult. Optical
studies (12) show, hcvwever, that F and F-aggregate ceaters

exist in NaMgF 50 that H centers are very likely to coccur

3
as well.

KCaFS has Dbeen studied very 1little since 1960. No
information is available on 1its pcint defects and -little
information is available on its structure. Wyckoff (7)
Calls its structure perovskite with a mcnoclinic distortion.
Since this material 1is cJoseiy related ;6 KHng as well as
kbCars, a study of its defects may provide more insights
. into the nature of the defects and phase changes 1in these
simple crystals.

For many years, researchers have investigated magnetic
KMuFS,.and ror almost as nany, they have looked at its close

relative KMyF Intrinsic (H) and impurity-associated (HA)

3*

interstitial defects have lteen studied _in KMgF3 {4, 16) «
The intrinsic H center was found to be scmewhat analcgous tc
that in KCl--the interstitial pair of flourines interacted
slijhtly with another pair cn either side along the [110]
axis, as shown in Figure 2(A), taken from Rose (4). Since

KMjF, 1s a cubic perovskite, there are close-packed rows of

3 N
rluorines which would make it possibkle for a replacenent
ccllision sequence to cccur in the radiolysis process. As

will be discussed 1later, there is some evidence that this

ccllision seyuence may not ke necessary. The imjurity-assc-
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ciated H center was fourd to be cnly three interacting flou-
rines alony a bent bcnd (1€) . The wunique discovery about
this Lattéc center was that the interstitial displayed
restricted motion between the two end flourines. This mot-
ion averayed out the ESR spectra at liquid nitrcgen tempera-
ture, but was inhibited at liguid helium temperature. The
model is-shown 1n Figure 2(B).

The final "perovskite" crystal, RbMgF turns out nct

3
to be perovskite. Recent ofptical studies by Koumvakalis and
vsibley {(14) have confirmed that this material has a hexago-
nal Symmetty, similar toc the hexagonal form of BaTiOS.
Their study revealed some of the fproperties of the F and
F-aygregate centers and the VK center. ESR studies of the

VK center have recently been done at this institution by
saha (15), but have not yet Leen published. To date, no

studies have been made of the B center in RbMgF

3"

Iable I summarizes tlhe <c¢rystal symmetries, lattice
constants, defect tyres studied ty ESR, and spin Hamiltonian
parameters Lor these four naterials. Tlke crystal symmetries
are givén as "¢ for cubic, "T" fcr tetrahedral, "QO" for
srtnorhombic, and "H" for hexagonal. The lattiée paraneters
are the approximate c-axis distance between alkali atoms,
gyiven in aaystrom units. References are giveh fcr each
.ue¢Lect. The sy in resonance garameteés in the tatle are reg-

resentative values orly. khere the defect invclves more

than one nucleus, average values are given unless the values



diifer widely, in which case koth values
nuclear hyperfine terms are given in Gauss.

means no informatica is available.

TABLE 1

A SUMMARY OF THE RESUL1S OF

PREVIOUS WCEK

10

are given. All

A question mark

MATERIAL SYMMETRY C DEFECIS

PARAMETERS

Natg¥, c,T,0 3.826  [100] v (13)

[110] v (13)

KCaF c? 4.371 ?

KMgF C 3.973 v (17)
B {4)

Hy (16)

RbMGF it v, (15)

gz=2.0034
Az=928

gX,y~2.02
gz=2.004
Ax,y-~35
Az-~S03

?

gx,y~2.020
Gz-~2.0024
AX,y~56.7
Az~E83.6

gx,y~2.013
Gz=2.0032
Ax,y-~0
Az -~S855

gg,y~2.02
Gz=2.0018
Alx,y-~187
A1z=1113.8
A2x,y~67
A2z=599.6
A3x,y=5.414.
A3z=50.7

gx,y~2.021
Gz=2.002
Ax,y-~100
Az=866




CEAETER II
EXPERIMENTAL FRCCEDUEE

This chapter outlines the g¢general experimental proce-
dure and eguipment used in obtaining the preliminmary charac-
teristics aud data for the H center in RbCaFS. Secticn A

describes the sample crystals and section B describes the

a,paratus aad procedure.
A. Sarple Preparatioca

The crystals used in these experiments were obtained
frem br. ©. Sonder at the o0Oak Fidge National Latoratories
and are from the saue katch as those used in the paper by
Modine et al. (11). ‘The} were prepared by é Bridgman tech-

niyue from RDF and CaF., of stated >99.9% puritye. One crys-

2
tair used in this study measured 3X3X6 mx, and the rest‘were
cf ccmparable size, although flattened somewhat in the fiist
dimension.

A list of the major impuriiies in the crystals and

thelir approximate concentiation is reproduced from the paper

of Mcdine et al. 1in Takle 11I.

11
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TABLE 11

#$AJOR IMPURITIES IN RbCaF3 CRYSTAILS

e e e et e e e e e e —— - — ——

Impurity * Concentration (PFM)
Al 100
Fe 10
K 1000
My 20
‘Na 100
Cs 100

E. Tte Erocedure

The 1initiad production of defects 'made use of the
electron beam output <¢f a van de Graaff acceleratcr. One
trial irradiation was dcne at room temperature with no usa-
ble results and the rest cf the irradiations were dome at
ii14uld nitrogjen temperature with the sample placed in a sty-
rofoam cup. The cup, with the sample broadside against the
wall, was placed behind a 3 mm-thick aluminum safety barrier
which was, in tura, 4 cn from the 0.2 mm aluminum window cn
the accelerator. This alrangement resuvlted in a total dis-
‘tance Letween the sanple ard accelerator window of 6 cn.
Except rfor a tew exploratcry experiments, the irradiatioans
were -done at 1.5 MeV andé 10 microamperes. The styrofoan
Cups and the liyuid nitrccen were changed after every 5 min-

utes ¢f irradiation time.
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Two methods were used to Lbleach the samples with
ultraviolet light while at liquid nitrogen temperature. One
method was to bleach it while in the cavity through slits in
the cavity wall. This sethcd wvwas used when the variable
temperature assembly was Leing used, or when the aligmment
of the crystal was critical. Ancther method, if the finger
Dewar was being used, was to remove the Dewar from the cav-
ity, set it in a ring stacd, and bleach the crystal while in
the Dewar. The ultraviolet light was supplied in Loth cases
by an unfiltered 100 watt mercury arc lampe.

The ESR spectra were€ cktained with an X-baand homodyne
spectrcmeter as illustrated in the block diagram in Figure
3. The magnetic field was supplied by a curreat-regulated,
6-inch Varian electromagnet. The field was modulated at 100
kHz using the power outpruvt c¢f the Varian lock—-in detector
connected to modulaticn coils just outside the cavity walls.
Field measurements were made with an NMR proton grcbhe, a PAR
lock—-in detector, and a Hewlett-Packard digital frequeﬁcy
counter.

A frequency stabilized klystron supplied the microwave
power. The ESR signal, mcdulated by the 100 kHz field modu-
lation and superimposed on the sicrowave power reflected
from the sample cavity, was recovered with the microwave
detector diode. This was then passed through tke Varian
lock~in detector where the nmodulation technigue allowed the

phase sensitive detector to greatly enhance the signal-to-
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noirse ratio. The resulting first-derivative ESR signal was
then displayed on a Leeds and Ncrthrup strip chart recorder.
dicrowave frejuency measurement made use of a Hewlett-Pack-
ard transfer oscillatoer and the RF digital freguency
couunter.

The cavity wused was a Varian V-4531 rectangular ESR
cavity which could accocmmcéate either a fiﬁget Cewar or the
Varlan variable temperature assemtbly. In either case, the
sample was mounted in a teflcn hclder on the end of a hollow
stainless steel rod. On the top end of the rod was a cover
with angle markings and a pointer, so that the rod and sam-
yle cculd be turned through measurable angles.

The variable tempetature assembly was used in the
pulsed anneal studies. The temperature was controlled by
forciung dry gaseous nitrogen through a heat exchanger
iwmersed in a lijuid nitrogen tath, then into a vacuun-
sheilded transfer tube with an electric heater inside, and
finally through the cavity. The temperature was measured
with a copper vs. constantan thermocouple wusing standard
gotentiometric technigues. The temperature anneal data were
obtained by bringingy the sample temperature to the desired
level, lLolding that level fcr three minutes, then lowering

the temperature to near 80 K to take the spectrun.



CHAPTER I11
EXPERIMENTAL RESULTS

[he details of the experimental procedure and results
are herein presented in tle 1lcgical order of discovery—-not
necessarily in  the order of achievement. " The results cf
computer analyses are also presented tc complete the identi-
fication of the center. Tke next chapter will discuss sore
Of the implications of this project and will ccmpare these
results with those of cther materials.

As noted 1in Chapter I, the octahedra, each composed of
one calcium and six fluorine atcoms, are rotated by approxi-
mately 7° at 77 K as a resvlt <¢f the phase change at 198 K.
I[his produces a unij ue axis in the crystai which will be
referred to as the 4, or [001], crystal axis. Figure 4
shows the [001] spectrum (i. e., the spectrum taken with the
mayne tic field alony the [001] axis) with the line assign-
ments displayed via the stick diagram at the ©bottcm cf the

Lijure. The lines assigred to the V (self-trapped hole)

K
center have been analyzed by Halliburton and Sonder (10) and
were used 1n these experiments tc check the aliynment of the

sample, silince they are more sensitive to the field angle.

Nwotice that the three distinct lines attributed to the H

16
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cenﬁer {labeled H in Figure 4) have intensities cf roughly
1-2-1 relative to each ctter. The next few fparagraphs
detine a model to explain these lines.

For a tree electron {or one that is bouna to éinucleus
which has no nuclear spin), the spin resonance syéctrum is a

singyle liue at the magnetic field value given Ly

hv = gBH
where
h = Plank's ccnstant,
v = microwave frequency,
g = the electron's Zeeman (g) factor,
B = the Bohr magnetcn,
H = the magnetic field value.

This line corresponds to a transition betvween the two energy
levels for the elect[ch established by the magnetic field.
veunotiny tne sgin magnetic moment quantum number by MS
Jives, in Dirac's notaticn

| | M.>

S S

where ES is the energqgy eigenvalue due to the sgin. The

selection for the abscrpticn of microwave energy 1s AM

> =
IMS E

)

' S=t1,
which with two eneryy levels gyives only one spectrunm line.

| Adding a nucleus with spin 1/2 to the system has the
effect of splitting out tte spectrum into two lines, imply-.
i1ny four éuergy levels. This can Le seen frcm the quantunm
mechanical representation

IMSMI> = | M

Egp IMgly>



Figure 4. The [001] ESR Spectrum of RbCaF

18
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where ty is the nuclear magnetic moment guantum number with
the poussible values.of t1/2. Since MS and MI a:é independ-
ent and have four distinct comkinations, four energy levels
result. The selection rule for spin resonance then gives
only two lines in the spectrum for this case. Qualita-
tively, 1f the difference in magnetic field vaiues of the
observed lines is denoteé ty A, the spectral 1lines can bhe
described tu first order Ly
hv = ggH + 1A

For a spin—1 nucleus, with the fpossible magnetic guan-

tum numbers
MI =1, ¢, -1

there are six available energyy levels, and three spectral
lines result. Notice, howswever, that all thrée'lines will be
e, ually luteusé since each tramsition is eyually prokable.
This, then, could not ke the model for the center resgponsi-
ble for the spectrum in Figure 4.

Consideriny the case 6f two spin-1/2 nuclei, the num-
ber of eneryy levels is raised to eight. Denoting the fipst
nuclear magnetic guactur number by M and the second by

I
“I , We have
2

1M .M. M_ > = E MM M. D,

S I1 I, ‘SIlIZ S Il I2
In this case there are eight fossible energy states (with
the same selection rule) and thus four 1lines. The lines
would follow the conditicr

hy = ggh + M. A, + M .
1,1 1,%2
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If the two A values were ggual; then the two central lines

currespondinyg to the cases

=
[}

1 2
1 I2
will be degyenerate, and the spectrum will again have three

-1,2

=
i

lines, but with the central 1line twice as intense. This,
then, 1is the model that shculd ke used to explain the thfee
lines in Figure 4.
The Hamiltonian used to descrike this model is
= B3egeill + (I; ¢ T,)eFeS - gypy(I] + Ip)ei.

rhe first term is the electron Zeeman energy and is the
laryest of the three, givirg the value of the ragnetic field
about which the spectral lipes will be (more or less) evenly
distributed. The second term is called the nuclear hyper-
tine term aud describes the interaction of ihe electron with
the two nuclei. This term gives the major splitting cof the
spectral lines. The third term describes the very small
perturbation caused by the interaction of the magnetic field
with the nuclei. Notice that the two nuclear hyperfine ten-
sors ¢t the two nuclei were taken to be ejual (A). This is
'Justified on the basis cf the symmétry cf the spectrum-there
should be only three distinct transiticn values for the mag-
netic field aliyned with the axis of the model. It can alsc
be seen that the principal- axes of the . and ¥ tensors
should be coaxial with the [001] crystal axis. ﬁith these
restrictions, the mcdel for the center is as pictured in

Fiyure 5.
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Uf course, the real physical systen isn't as ideal as
has been assumed. The [CC1] spectrum of Figure 4 should
also contain lines yiven ty the two cther orientations of
the center. One would then obtain all the necessary parame-
ters from this (001] spectrum. 1This is not the case in this
instauce, however, for reascns to be'discusséd~later.‘ In
order to observe the c¢ther orientations of the defect,

another sample was used. The V, center spectrum was elimi-

K
nated in order to measure the field positicns cf the innerx
lines. This was done by Lkleaching the sample with UV light
as Jdescribed in chapter I11. After bleaching, iﬁree small
llnes remain on tuc Low-field side of the.large éentral line
as shown an Figure 6. These, as well as gart of ‘the centrai
line, .are due to the centers aligned perpendicular to the
[O0V1] axis. Since there are cnly three, instead of six, of
these lines, then the X and Y principal axes of the<§ and A
tensors are ceyuivalent tc within the resolution cf the spec-
trcmeter. A study of the angula: depencéence of the spectrun
in Figure 7 suickly verifies thisi. | Figure 8 disglays the
three unigue orientations c¢f the defect, with the numbering
couvention used 1in the [0C1° spectra of Figures 4 and 6.

A computer program was used tc calcul&te the g and A

parameters by adjusting a given set of farameters to fit the

1This fiyure "was actually generated by ccmjputer from
the model, but is representative of ar actual experimental
study, of which Figure 6 is a part.



Figure 6. The [001] ESR Spectrum After UV Bleaching
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cxpérimental data. The degree of closeness of the fit vas
determined by a least-squares process. The lines used vere
the two outermost lines (giving gz and Az), the two low-
field 90° lines (yiviny ygyx=qgy and Ax=4ay), and the distinct
90° line to the immediate left cf the large 0° 1line (fcr

gJreater accurdacy). The results are given in Table III. The

TABLE II1I

H CENTER PARAMETEES FERCH
COMPUTER ANALYSIS

Jx (=9Y) = 2.016
9z = 2.007
AX (=Ay) = 42.6 G
Az = 924.3 G

tlowcharts or the programs used are in the Appendix.

The exact nature of the center has still nct Lkeen con-
pletely specified. The =ncdel sc¢ far consists of two
" spiu-1/2 nuclei aligned alcny the «crystal axis, =sharing an
electron. The 1nuclei car ke assumed to be fluorines, since
tney have a nuciear spin ¢f 1,2 and most of the other con-

stituents of the crystal éo not. The nuclear hyperfine par-
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ameters\also ccmngare with the parameters of flucrine nuclei
in other derfects and materials. More informaticn can be
obtained by studying the jrcducticn of the as yet undefined
center in Figyure Q. The radiation dosage indicated in the
fijure 1is only apgrcximate (1€). The VK are seen to grow
and saturate very faste. The center Leing analyzed 1is
labeled as an H center ané grows in muchk more slcwly. This -
would seem to indicate that this radiaticon-induced defect is
an iouic defect rather than an electronic cne. This cbser-
vation, alony with the model develcped earlier, indica@es
that the defect is, indeed, an H center. Since it is ah
ionic defect 1t might Le essumed to be thermally mcre stable
than the VK since its destruction requires moVément of an
atcm,  rather than the entrapping of an electrcn. This is
not the case, however, as shown in the thermal annealing
gragh 1n Figu;g 10. The VK and H centers are seen to decay
between 110 K and 150 K. This may have caused scme confu-
sion in  the optical studies of this material, as will be
discussed in the next chafpter.

A difrferent set cf lines from the H and V, appeared in

K
the spectrum at about 110 K. As the B and the VK centers
decayed, this new 1line grew until at 160 K 1it, too,
decayede This center has leen tentatively called an HA cen-

ter (an H ceunter next to an imgurity) . Further 'study is

peiny done on this defect.
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Siuce the H centers are all aligned with the crystal
axis and if equal populations of the three orientations are
assumed, it would be expected that the H center spectrum
would be the same for the nmagnetic field oriented alonyg any
oﬁ the three crystal axes. Figure 11 shows the spectrum of
the sawe sample as in Figure 4 with the magnetic field along
a crystal axis perpendicular to the unigue [001] axis, say
the { 100] axis. From the VK spectra in the two figures, it
can be seen that the crystal is largely single-dcmained. In
other Qords, tae VK spectia, which are sensitive to the
rotation éf‘tne octahedra, show that most of the octahedra
have a common axis of rotaticn (see Halliburtcn and Scader
(10)) « The_ critericn for a crystal to be largely singly
dcmained, as outlined in Chapter 1, were satisfied for this
saumple. The saméle had nct keen used very many times previ-
ously, aund 1t had beer arnealed at 3600° C for several hours
just prior to the experiment. Notice, hoﬁevet, that this
Was not the case for the spectrur in Figure 6.

The outermost pair cf B center lines have greatly
diminished in 1liotensity in the [100] spectrum, indicating
that the number of centers with theit molecular axis (the
axis drawn throujh the twc nuclei) parallel toc the [100]
crystal ax1ls 1s much less than the number with their molecu-
lar axis parallel to the [001] crystal axis. By observing
the inner lines during rotation of the magnetic field, one

can see that this is also the case for the centers aligned
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Figure 11. The [100]-ESR Spectrum of RbCaF
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with the | 010] axis. Thus, the H center in this material is
vleterentially aligyned alcrg the unique axis of the crystal,
an etfect which is rarely ckserved in the halides.

ln summary, the detect which gives rise tc the part cf
the spectrum in Figure 4 indicated &Ly the 0° markings is an
intrinsic H center ccmposed cf twc fluorine atcms sharing a
sinjle fiuorine lattice site ané¢ an unpaired electrocn. This
defect 1s preferentially aliyned along the unique axis of
the crystal. The next chapter will discuss the implications
~of these results and ccompare them tc those for other halide

materials.



CEAPIER 1V
D1SCUSSION AND SOUMMARY

The i center 1n RbCaF3 involves only two fluorine nuc-
lei=--1t does not interact ncticeatbtly with any other anions.
This 1s different fror the usual I center encountered in the
‘alkali halides (sudch as LjF, KCl, and Ne&Cl) and in KMgF3 in
that, 1n these two classes of .materials, the two strongly—
interactinyg fluorines also interact to a noticeatble extent
witn two other rluorines along the close—-packed row (see
rigure Z). This can qualitativly be ex;lained through the

lattice constants. Iu KMGF the distance Letween [110]

3
nearcst—neighbqr fluorines is approximately 2.8 2 ‘and the
interaction of the outer two fluorine nuclei with ﬁhe
unpaired electron is very sewall, as indicated Lty the nuclear
nyperfine Luteracticn terscrs for these nuclei (4). - In
rbCar , the distance Lbetween [110] nearest-neighbor fluc-
rines 1s 3.2 Z, 50 that tle interaction should ke much less,
and 1n this 1nve$tigaticn it was undetectable. . |

The anneaiing temperature c¢f the B center in RbCaF3 is
also different from the normal. In the 1i, Na, and K alkali

halides, the H ceater anneals Lelow liguid nitrcgen temjera-

ture. The annealing tesperature of the H center in Kﬂgf3

33
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iias not been definitely established, but i1t is alsc below 77

n. The il center in RbCaF however, is stable approximately

37
30 degyrees above liguid nitrcyen temperature.

Pdiriug this high tlermal stability with the relative
case with which these centers are produced results in the
suspicion that the process c¢f replacement collisicns along
cLose—gackei ross of halides may not be an important gart cf
the radioly;is plocess in EtCaEé. Since %( cehtefs (suppos-
edly the initial step in the radiolysis seguence) are at an
anjle of 7° with the clcse-pack rcw axis and the rest of the
row 2zigy-zays at a comparalle angle, a replaéement-ccllisicn
seyuence would teyuire more emergy to produce and maintain.
sercetlo, Martin, and Sondel (12) menticr this in the summary
to their paper. Jnfortunately, the work presented here cap-
“not  lend much support tc either prove or disprove thié
polnt.

The three optical bands regorted for RbCaE3 in the
paper or Seretlo- e£ al. <can now ke identified tc a higher
degyree of céttainty. These tands appeared at :20, 400, and
530 nme Comparing the defect producticn study cf the pres-
ent iuveStigation to the study given -in the paper, - it is"
re-verified that the £30 1s kand is due to electron traps.

The 320 nm band, which is pgrcduced quickly but doesn't
saturate as fast as the 530 ©m band, 1is probably a combina-
tron cr two sgectra--the vKrand the H. The guick initial
jroWwth is  due to the Vi - The gradual rise with further

irradiation is due to the growth of the H center.
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»Thé 400 nm band whcse polarization and‘ parrow width
led to suspicionus of its crigin is most likely the F center.
In the case of the H center, it was seen that certain orien-
tatious were preferred, shcwing that the lattice sites for
the fluorines are axially csysmetric. This could account for
4 polarization of an F certer in that pcsition.

The narcrow linewicth «c¢f the 400 nm tand can be

explained by tne larger lattice ccnstant. In KMgF the

X
ions are much closer together than in RbCaFS. This makes
the F center, whose wave functicn extends over several lat-
tice syagihgs, more suscejtiktle to thermal kroadening of its
absor.tion spectra. The onuch larger lattice sgacing in
frbCaF reduces the number cf lattice icns within the F cen-
ter's extent., 1his in turn reduces the ‘effect of thermal
shonons on the F center's abscrption, thﬁs narrowing the
optical band.

| from these aSsignmerts, it may te eipected that the
400 nm and 320 nm thermal anneal graphs from Séretlp's work
shouid contain sligat "steps" in thé decay 1lines in the
range of 120 to 180 K. Tlese wculd be due to differences in

the'annealing tewperature cf the H anc il, centers for the

A

400 nm band, and tae VK ard H centers for the 326 nm band.
Ludecd, a closer look at the 400 nm decay line in Seretlo's
sdpel reveals just such a possibility. Further study is

needed to ccufirm this, however.
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Another rejion reguiriny further study is the "“H,"
center. Re;eaxch is [presently under way to determine its
.structure and verify the rcmenclature used ‘for it here.
LNUUR could be used, as well, to deterrine the stabilizirg
impurity. |

The F ceunter in FtCaFz has not yet been clkserved Hith
LoRa A po0ssible prccediie fcr the examination of this
defect would be to irradiate the crystal at roca temperature
to produce only F centers (and %ggregateé), thén to cool the
crystal to 77 ‘K or lower to oktserve the spectra. In this
way, no other defects would occur which would <cover the
spectruwm, and tae unigque local symmetry of the tetragonal
phase would be imposed cn the defect. The spectrum wculd
probakly be faint, howveverl.

Further optical study could be dcne on the F center,
das Wwell, such as the pclarizaticn cf the 400 nm rand. Does
the polarized bleaching of one tyge of F cénter affect the
population of the other type? Excitation lifetime studies
could indicate the extent tc which the F center is localized
and how much effect the tlermal phonons have on it. ENDCR
could also be used tc¢ cbtain this informétion.

Optical'studies could also ke dcne on the H center.
Canu the 320 nm baud‘be cnly partially ktleached, as would bke
the cdase 1f 1t were due tc tkcth the H and Vg centers?

i centers in other materials need to Le studied. Does

the H center exist in RtHgF3 and if it does, what 1is its
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coustruction? How many fluorines are involved? Does it
display the sawe restricted motion as the H, center in
KM gEq 2

KCaFS has been studied very 1little beyond its crystal

structure., It has similarities tc both KMgF3 and RbCaF

3.
Does 1t gyo tanrouyh phase changes? What are tie defects
produced by radiation? Wtkat are their mEcdels? What is the

effect of its lattice spacing which is intermediate to KMg F;
and RbCaFS?

The subject of radiaticn—-induced defects in halide
@aterials hLas been well studied in the past, Lut there are
many more yuestions such as the extent to which the ;eplace—
ment—collision segquence plays a part in the H center prod-
uction in halide materials. Can the "area of influence" of
the il center derect te descrited guantjtativelyl tc predict
the amount of 1nfluence cf next-nearest anion neighbors?
What causes some defects to Le preferreﬂtially aligned?
what is the structure «c¢f these materials following their
phase change, and what are the characteristics and effects
Jf the phase chnanyes?

The answers to these questions and many more are
needed to fully understaré simple crystals and the effect

cadlation has ou them.
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APEENDIX

PROGBAM FLOWCHARTS

Line Position Prediction Program

This proyram produces the field values of the electron

resonances ror several ocrientatiocns of the magnetic field,

s1milar to an angular defendence study. Rough plotting rou-

tines were also available fcr plotting the calculaticns, but

these dare not shcwn here.

1.
BEGIN

{

1.
ASSIGN
CONSTANTS

i

2.
SET le
INITIAL
CASE

4

:

3.
PRODUCE
MATRICES

Assign the initial <ccnstants,
such as the Hamiltcunian parame-
ters and the initial magnetic
field angle.

Set the initial case for the
model, i. €. the orientation of
the defect with respect to the
crystal axes. For the case cf
a [100] defect with gx=gy and
Ax=Ay, there are 3 cases.

Prcduce the rotaticn matrices,
which rotate the individual
Frinciple axis systems into the
magnetic field systenm.

40



SET INITTIAL
TRANSITION

SET INITIAL
FIELD VALUE

6.
PRODUCE
HAMILTONIAN

MATRIX

7.

DIAGONALIZE
HAMILTONIAN

8.

ERROR
?

YES _

PRINT
ERROR
MESSAGE

ADJUST
FIELD
VALUE

L 1

5.

9.

10.

41

Set the initial transition num—
ber. Each line in the spectrum
is the result of a tramsition,
sc that this counts the lines.
for an 8X8 Hamiltcnian matrix,
there are four traunsitions.

Set tke initial magnetic field
value to scme arbitrary num-
Ler--3,000 Gauss in this case.

Prcduce the Hamiltcnian matrix,
such that the eigenvalues
cbtained uilL be in MHz units.

Ciagcnalize the Hamiltonian
ratrix and find the eigenva-
lues. This 1is dcne with tuo
subroutines from the EISPACK
ecigenvalue sukroutine fpackage.
Diagonalization leaves the
eigenvalues in ascending order
in a cne-dimensional matrix.

If an error was flagged in the
subroutines, print an appropri-
ate error @essage (this never
cccurred) . :

By subtracting the appropriate
elenments cf the eigenvalue
matrix, determine if the pre-

dicted microwave frequency
matches the experimental fre-
Juencye. If it doesn't, go tc

10 If it does, go to 11.

Ad just the magnetic field value
by multiplying it by the ratio
of the experimental tc the gre-
dicted freguency.



PRINT
FIELD
VALUES

11.

42

If there are any more traans-
iticns, get the next one and go
to S.

Print the field values for all
transitions for the present
field angle and orientation
case. :

If there are more cases, .get
the next cne and go tc 3.

If there are more field angles,
get the next one and gc to 2.
Otherwise, end the program.
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Parameter Fitting Program

This program fit a spin damiltonian to the experimen-
tal data througyh recursive adjustment of tke y and A parame-
ters and diagyonalizaticn of the representative Hamiltonian
matrix. Two modified sulkroutines ottained frcrm J. Ee
rRhoads?! dissertaticn controlled the prccess of varying the
garamneters. These rcutipnes were intended to search for ‘a
minimum of a function by varying any numsber of fparameters to
the runction. The function minimized in this case was the
sum of the squares of the differences tetween the field val-
ues and anyles. See Chapter III for an explanation of the

experimental data used.

1« Assign the constants wused in
BEGIN : the rrograr, such as the number
of parameters to adjust and the
ad justment size.

I.
ASSIGN 2. Set the initial parameter val-
CONSTANTS ues. '
' 3. Evaluate tte sum of the squares

of the differences betveen

J experimental and calculated
2. frequencies for the initial
SET farameters. Save the value.

INITIAL See the next secticn of this
PARAMETERS appendix fcr a flowchart of the
functicn.

3.
EVALUATE
FUNCTION

8




4.
MAKE
EXPLORATORY
SEARCH

6.

MAKE

PATTERNED
SEARCH

7 >

REDUCE
STEP
SIZE

OWEST
STEP SIZE

NO

PRINT
FINAL
PARAMETER

VALUES

END
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Make an exploratcry search cf
each of the yparameters in turn

~by adjusting them ugp and down,

testing if the functicn value
is lowered. Leave each parame-
ter at the value whichk lowered
the functicn value, or at the
original value if the functicn
value was not lowered by the
adjustments.

Did the search lower the func-
tion value? If not, go to 7.
If so, go to 6.

Make a search, patterned after
the results of the previous
exploratory search. 1. e., if
a particular parameter vas
changed in the exgploratory
search, <change it by the sane
amount and 1in the same direc-
ticn as before wuntil the func-
ticn value has been minimized.
All parameters are adjusted
btefore each evaluatica of the
function.

Reduce the step size by a user
defined amcunt. The step and
step reducticn sizes are set
and kept individually for each
rarameter.

Has the step size been lowerd
past its lowest value as set Ly
the user? If not, go to 4 for
ancther exploratoty search. If
so, write the final farameter
values and end the frcgranm.
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Function Subprogram to the
Parameter Fitting Prcgranm
This subroutine calculates the sum of the sgquares of
the differences in experimental and theoretical rescnance
fregyuencies for a given set of parameters for the H center
in RbCaF . Its resultant answer is minimized by the parane-
ter fitting progcram tc cktain the spin Hamiltcnian parame-
ters for the center.
FUNCTTO 1« Define all needed constants
N such as the microwave frequency
and the experimental magnetic
field values. The sgin Hamil-
tcnian parameters are passed to

the functicn as parameters in
the functicn call.

DEFINE
CONSTANTS

Z. Set certain indicatcrs for thev
calculation of a prediction of

the line Fositicn. This
2. o includes selecting the experi-
SET . mental field value, the sus-
CASE ‘ pected corresponding orienta-
SSIGNMENT tion, and the  particular
transition that produces the
line. ‘
3.
PRODUCE 3. Prcduce the representative Ham-
HAMILTONIAN iltcnian matrix using the expe-
MATRIX rimental field values and trial
parameters.
4. Diagonalize the Hamiltcnian and
4. oktain the predicted micrcwave
DIAGONALIZE frequency which would give rise
HAMILTONIAN to the transition.
MATRIX

&)



5.
ADD SQUARE
DIFFERENCE
TO SUM

RETURN

4e

Add the square of the differ-
ence in [predicted and experi-
mental microwave frequencies to
the sum of otlker such squares.

Is this the 1last assignment of
an experimental field value to
the model? If not, yo back to
2 to oktain the next assign-
ment. If so, assign the sum of
squares to the functicn result
and return to the calling pro-
gram.
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