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CHAPTER I
INTRODUCTION

Definition of Research Problem and

Review of Literature

This thesis is primarily concerned with the development of an ENDOR
spectrometer capable of measuring the hyperfine interaction of the in-

trinsic self-trapped hole (VK center) in KMgF Since the formation of

3°
a VK center is one step in the commonly accepted primary production
mechanism for F centers in halide materials, namely the Pooley-Hersh
mechanism (1,2,3), its detailed structure is of great importance. An
ENDOR investigatiqn of the VK center would determine the i;teractions of
the unpaired electron with its surrounding ions. From these interactions
an idea of the lattice distortion associated with the formation of a VK
center can be deduced.

Investigations have already been made for the intrinsic VK centers

in LiF (4), NaF (5), BaF_. (6),'and CaF2 (6), and for the extrinsic V

2 KA

center associated with Li in NaF (7). These investigations conclusively
confirmed the VK center model for those compounds and also showed that
many of the ions surrounding the VK center have negative contact terms.
However, all of these ionic compounds have cubic type crystal structures.
It would be of interest to determine if any important differences exist

for VK centers in lower symmetry crystal structures.



Recently, extensive work hés been done on materials other than the
alkalide halides to better understand the mechanisms of radiation in-
duced damage. One of these materials is the perovskite KMgF3 whose unit
cell is given in Figure 1. T. P. P. Hall (8) has shown that in KMgF_ V

3 K
centers are formed between two of the six fluorine ions surrounding a
center Mg2+ ion. These Vk centers were found to decay at 110 K and
exhibit the bent bond configuration shown ianigure 1. This bent bond
arises from the self-trapped hole being repelled from the double posi-
tively charged Mg2+ ion.

An interesting feature of thé ESR spectrum is seen in Figure 2 for
the OO lines with' the magnetic field along the [llO] direction. These
lines exhibit a resolved structure which is attributed to interactions
of the VK center with the fluorine ions forming set A. Therefore, this
result-ciearly shows that the ESR lines are broadened by interactions of
the unpaired electron with nearest neighbor fluorine ions. The fact,
Fhat all VK center ESR lines are inhomogeneously broadened, was dis-
covered by Castner and Kanzig (9).

Of all the halides, only fluorine VK centers have been investigated
using ENDOR, because the ENDOR spectra from these VK centers are both
more easily detected and more easily interpreted. Fluorine has only one
isotope having a spin of one-half. Thus, each inequ?valent fluorine ion
surrounding a'VK center will give rise to only twé EﬁDOR lines. Further-
more, these ENDOR spectra are analyzed by diagonalization 6f the matrix
representation of the spin Hamiltonian. Consequently, for smaller spin
quantum numberé:fewer eigenfunctions form the basis set used to make the
matrix representation of the spin Hamiltonian. Therefore, the smaller

the spin, the smaller the matrix representing the spin Hamiltonian. For
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instance, a 16 x 16 matrix is needed to represent a fluorine ion inter-
acting with the unpaired electron of a fluorine VK center, but a 128 x
128 matrix would be needed if chlorine were used. Since fluerine has a
spin of one-half, it exhibits no quadrupole splitting'of EﬁbOR lines to
further complica;e the ENDOR spectra. On the other hand, since no quad-
rupole terms canzbe:determined for a spin oné—half system, no informa-
tion caﬁ be gained as to the. electric field gra@ients at each fluorine
site. Another consideration for studying fluorine ionic crystals is that
the g value for a fluorine nuéleus is much larger than the g value for
the other halides. Thus, the nuclear Zeeman splitting in an applied
magnetic field will result in a greater thermal spin population differ-
ence than if a nucleus of smaller g value were ﬁséd, Since the size of
an ENDOR signal is dependent upon the population differences between
spin energy levels, fludrine ions would be expected to give the largest

ENDOR signals.
Electron Nuclear Double Resonance (ENDOR)

To better understand the principles ;nd prerequisites of ENDOR, a
short description of the experiment is given in the next few paragraphs.
More detailed descriptions can be obtained in the chaptgrs on ENDOR in
the selected references (10,11).

An ENDOR experiment is essentially the observation of a change in
an ESR signal resulting from driving an NMR transition. Depending upon
the relaxation times, two basic types of ENDOR experiments are possible.
If the relaxation times are extremely long, the>method of adiabatic fast
passage can ﬁe'used (12) . For shorter relaxation times, the method of

steady state ENDOR (13) is used. Since steady state ENDOR was used in



this investigation of the VK center in KMgF3, this type of ENDOR will be
described in greater detail.

One of the greatest advantages of ENDOR is that it resolves inhomo-
geneously broadened ESR lines. An iphomogeneously broadened line is one
which has a number of unresolved resonanées, caused by small hyperfine
interactions, contributing to the total line shape. This broadening of
the ESR lines is not to be confused with broadehing caused by fast re-
laxation proéesses, Therefore, an inhomogeneously broadened ESR line
constitutes the first prerequisite for an ENDOR investigation.

Another condition for an ENDOR investigation is thaﬁ an ESR signal
must be able to be saturated. Saturation corresponds to the condition
where the number of elect;ons in the +% state approaches the number of
electrons in the -% state. To achiévelsaturation, the microwave power
is increased until the ESR signal no longer increases. Since saturation
can many times only be achieved at low temperatures with reasonable
microwave powers, ENDOR is often done at liquid helium temberatureso

A further prerequisite for ENDOR is the ability to get a sufficient
rf field on the sample. When the rf corresponds to the difference
between energy levels cobeying the selection rules AmI = *1, AmS = 0, NMR
transitions will occur. If these same levelé have different electron
spin populations, the rf can cause the electron spin populations to
change for each level. Large rf fields are desired for ENDOR since
ENDOR signals are proportional to. the rf field until saturation of the
NMR transitions is achieved. Abqgve the saturation level, further in-
creases in rf field will not increase the ENDOR signals.

Now the importance of saturation will become apparent. Remember,

the saturated ESR electron spin states have. a nearly equal amount of



electrons in the +% state as in. the -% state. For the unsaturated tran-
sitions the number of electrons in the +% state and the number of elec-
trons ip the -% state is determined by a Boltzmaﬁ aistribution° There~-
fore, algreater electron spin population difference between energy

levels exists for the unsatureted transitions than for the saturated
transitions. If a AmI>= il,Ams =0 JNMR) transition occurs between a
saturated‘eﬁergy level and an unsaturated energy lewvel, the electron,spin
population differences between these energy levele will cause the former-
ly saturated ES@ ffansitioﬁ to become.unsaturated and change the ESR
eignal's intensity. ENDOR is 'this change in the intensity of a saturated
ESR transition caused by a NMR transition. It is strongly suggested
that: the reader refer to the selected references on ENDOR for a complete
discussion of the population dynamics during an ENDOR experiment.

Since NMR transitions cause the observed changes in the ESR signal,
the. ENDOR spectra will obey AmI = #1, AmSv= O selection rules. If the
hyperfine terms are smaller fhan the nuclear Zeeman interaction, as they
are for VK centers, the ENDOR lines will occur above and below the free
spin. frequency (the frequency a free nucleus would resonate in an applied
magnetic field). However, if the hyperfine interaction is much larger
than the nuclear Zeeman term, the ENDOR lines will be seperated by the
frequency corresponding to an energy ZganH°

vFrom the discussion of the conditions necessary to observe ENDOR
transitions, it was implied that the size of an ENDOR signal is dependent
upon the induced electron spin population differences between energy
levels of the formerly saturated ESR transitions. These population dif-
ferences are dependent upon the spin lattice relaxation times of differ-

ent energy levels and to the degree a NMR transition will change. the



electron spin populations of the energy levels of the saturated ESR tran-
sition. Consequently, the size of an ENDOR signal is not a conclusive
indicator of the degeneracy of a transition as is the case fér ESR. 1In
fact, sometimes ENDOR transitions are observed when neither of the energy
levels cdrresponding to the NMR transition are the same energy levels
which the saturated ESR transition connects. In such. a case, the in-
tensity of the ENDOR response is decreased and one could easily, wrongly,
deduce that this line was less degenerate than other lines in the ENDOR
spectra. |

‘NMR on a crystal would have ions from different environments such
as impurities as . well as VK centers resonating about the free spin fre-
quency. Since ENDOR is only sensitive to ions strongly coupled to,the
VK center, the ENDOR spectra will have many less lines than an NMR
spectra. Consequently, even if NMR;could be made sensitive enoughxto
detect NMR transitions due to the surroundings ions of the VK center,
the NMR épectra would probably be too complex to interpret due to other
defects in the crystal.

Summarizing, ENDOR represents a powerful technique which combines
the sensitivity of ESR with the resolution of NMR. The necessary con-
ditions for ENDOR to be observed illustrate the necessity for a versa-
tile ENDOR spectrometer capable of varying temperature, rf and microwave
power lévels, and rf and static field modulations. Also, the size of an
ENDOR signal does not necessarily indicate its degeneracy. = Furthermore,
ENDOR spectra vary depending upon the ratio of the hyperfine term com-

pared to the nuclear Zeeman term.



CHAPTER II
APPARATUS AND EXPERIMENTAL PROCEDURE
Introduction to Instrumentation

A block diagram of the ENDOR spectrometer is given in Figure 3.
Compared  to mést ENDOR spectrometers, this spectrometer is both a con-
ceptually and inétrumen?ally simple system. It utilizes an X-Band homo-
dyne microwave bridge. To detect the ENDOR signal a double modulating
"scheme (14) is used; whereby the static magnetic field is amplitude
modulated at 100 kHz and the rf is frequency modulated at 50 Hz. The
high degree of coding produced by double modulation enables one to dis-
criminate against appreciable noise. Furthermore, the ﬁxequency modula-
tion of the rf resultsvin very little baseline shift as compared to
amplitude modulation. The stafic magnetic field modulation fiequéncy
can easily be modified to lower audio frequencies if desired for é par-
ticular ENDOR problem. The main prbblem with the ENDOR spectrometer is
an inefficient utilization of rf power. Consequently, the rf power must
be increased to a level where appreciable heatihg occurs. As with all
ENDOR spectrometers, the ENDOR spectrometer does not have quite the.sen—

sitivity one desires.
Microwave Bridge

An X-band homodyne .bridge, having both a.bias and sample arm, was

.-used.in this. ENDOR. spectrometer. The sample arm contains a zero to 60
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dB precision attenuator to easily control the saturation level of the
.ESR transition.

A special low noise back diode from Microwave Associates was used
as the detector diode for the microwave bridge. For this diode the in-
herent noise at 100 kHz was nearly equal to the inherent noise from a
less expensive Schottky barrier diode. However, at lower frequencies,
for instance 2 kHz, the back diode has much less inherent noise than the
Schottky barrier diode. Since most ENDOR studies must be done at very
low modulating frequencies in order to avoid passage effects, this type
of diode is imperative., Passage effects are effects caused by the spin
system not relaxing fast enough to follow the modulating field of the

static magnetic field.
Detector System

As,wés stated previously, this .ENDOR spectrometer employs a double
modulation scheme to deteét an ENDOR.signal. The static magnetic field
is amplitude modulated.at.1l00.kHz while.the rf is frequency modulated at
50 Hz.  Therefore,.the ESR transition is saturated and unsaturated at
-the frequency.(100.kHz) of the static magnetic field modulation. Since
an ENDOR response can.only be observed when the ESR transition is satu-
.rated, an ENDOR.signal results at a frequency of 100 kHz if only the
. .one static .magnetic modulation frequency is used. However, the rf is
- .being frequency modulated at 50 Hz, Thereforé, the resulting signal
fromhthe‘detector,diode"is,a.lookkHz carrier.along .with sidebands, which
.contain .the .ENDOR-information, at 99.95.kHz and 100.05 kHz.

This.signal.is then de-modulated and the ENDOR signal detected by

use of two.lock-in .amplifiers in tandem. The detector diode is impedance
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matched to a pre-amp by means of a tuned transformer (copied from the
Varian Model 4560 modulation unit). Then the signal from the pre—amp is
fed into a PAR 128 lock-in amplifier whose reference frequency is 100
kHz and whose time constant is on external. This lock-in amplifier de-
tects the 100.kHz .carrier, which is invarient, and also demodulates the
side bands so.that.a 50 Hz signal results at the output of this lock-in
amplifier. The signal from the PAR 128 lock-in amplifier is fed into a
Keithley lock-in amplifier whose reference is at 50 Hz and time constant
at 10 seconds. . The 50 Hz ENDOR signal is detected in the second lock-in
amplifier and.recorded on a Leeds and .Northrup recorder.

A static magnetic field modulation.frequency of 100 kHz was used
for its greater. sensitivity and for its greater ease for operating the
ENDOR -spectrometer. . .If the first lock-in amplifier detects the static
field modulation, one .can easily oscillate between an ESR and ENDOR
spectrometer by taking.the output.from.either the first or second lock-
in amplifier...When.operating in the ENDOR mode, one can easily adjust
the magnetic field.to the.field corresponding to the ESR transition by
observing .the meter.on.the first lock-in amplifier. Also, before the
back diode.was .available,-100.kHz was used since we wished to operate at
a frequency.which minimized the .inherent noise from the detector diode.
The 50 .Hz.frequency.modulation.of .the.rf was used since the PAR 128
attenuated.the .sidebands.associated with .the higher rf modulating fre-

quencies.
~......Static Magnetic Field Modulation

Because of .the.large ESR linewidth.of the VK_center, an appreciable

-static modulating.field must be attained. To produce this modulating
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magnetic field, modulation.was supplied by a.set of Helmholtz oriented
modulating coils which are tied onto the outside of the inner helium
dewar. The .power to these modulation coils was supplied by a 100 kHz
oscillator and.amplifier copy from.the Varian Model V4560 modulating
unit. The coils must be retied onto the dewar, following each immersion
in liquid N2,”orwthey,willuvibrate.and cause considerable‘microphonics.
However, these.coils were able to .provide the necessary modulating

static magnetic field into the cavity.
Cavity

The cavity used in this ENDOR investigation had to have the capa-
bilities of being able to be irradiated at liquid nitrogen temperature -
since the VK center decays at 110 K, be very reproducible ruling out
placing the rf coils inside the cavity, and let about 12 Gauss of modu-
lating field into the cavity since the linewidth of the ESR lines for
the VK center is near 12 Gauss. To achieve these goals a TE 102 rec-
tangular cavity with three slots and an irradiation window was used
(15,16) as shown in Figure 4. The three slots allowed both static mag-
netic field modulation and rf to enter the cavity. The rf enters the
cavity when rf surface currents induced on the sides of the cavity flow
through the slots to the'inside of the cavity (17).

To supply the rf, a five~£urn coil of #30 magnet wire was wound.
around the outside of the lower end of the cavity. Since the coil is
outside the cavity, it can not lower the Q of the cavity due to mis-
orientation while the cavity was being mounted at liquid nitrogen tem-
perature.

To enable the cavity to be mounted while the lower end was immersed



Figure 4.

Cavity and Waveguide Connecting Cavity
to Microwave Bridge
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in liquid nitrogen, the holes at the upper flange of the cavity were
threaded. Also, styrofoam filled the inside of the cavity to exclude

liquid helium.
Waveguide

The waveguide connecting the cavity to the microwave bridge was de-
signed to prevent a large heat leak into the inner helium dewar. To
accomplish this goal, the waveguide was made of stainless steel (0.025
inches thick). Radiation baffles were placed eight and twelve inches
from the top brass plate (see Figure 4) to shield the liquid helium from
room temperature radiation. A thin walled stainless steel tube was used
as the ground sheath for the coaxial cable transmission line leading to
the five turn ENDOR coil around the cavity. In this way copper, which
conducts heat well, usually used as the ground sheath was replaced by
stainless steel which conducts heat poorly.

The capacitance, associated with the coaxial cable, was a problem
since it and.the inductance of the ENDOR coil formed a parallel reso-
nance circuit. To give a more nearly constant rf power transfer to the
ENDOR coil as a function of frequency, the center conductor and surround-
ing insulator of a low.capacitance qable (RG 62/U, 13.5 yuF/Ft.) was
strung through the thin-walled stainléss steel tube. With this cable
and five turn ENDOR coil a parallel resonance occurs at approximately 18
MHzZ.

Besides these design factors it was found necessary to ground the
cable to the waveguide to prevent large baseline shifts in the ENDOR
spectrum. Also, the waveguide was stuffed with styrofoam to exclude

liguid helium.
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R. F. System

A Hewlett Packard Model 202 H signal generator (56-216 MHz) was
used to generate the 50 Hz frequency modulated rf signal. This unit is
capable of both AM and FM at a number of internal frequencies and the
frequency deviation of the F. M. can be varied from 0 - 250 kHz. This
signal is fed into an univerter (ﬁP Model 207H) and beat down to the
frequency range (0.1 - 50 MHz). The resulting signal was fed into both
a counter and a 50 watt linear power amplifier. The signal at the out-
put of the power amplifier was fed through the previously described

coaxial line to the ENDOR coil.
Sample Preparation

Two different crystal samples of KMgF3 were used for the ENDOR ex-
periments. Both crystals were grown by the Bridgeman—Stockbarger method
in the crystal lab at Oklahoma State University. One of the sample's
dimensions were 3 mm by 3 mm by 6 mm while the other sample's dimensions
were 3 mm by 3 mm by 4 mm. Considerable effort was expended to get as
large a sample as possible. Unfortunately, larger sampies f&om crystals
grown by the Bridgeman-Stockbarger method invariably contained more than
one crystallite.

The impurity content of the two samples was quite different. The
larger sample was quite impure in that the ESR signal due to Mn2+ was
approximately the same intensity as the ESR signal due to the intrinsic
VK center. Cdnsequently, when one wished to observe ENDOR responses

2+

from the ESR lines due to the VK center in the region of the Mn ESR

signals, one could never be certain that the ENDOR spectra observed were

due entirely to the Vg center and not to the Mn impurity. This fact
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necessitated using the smaller sample which was doped with 60 ppm Li and
had relatively little Mn impurity. Also the larggr, highly impure sample
had to be annealed after every irradiation or the number of VK centers

produced decreased for an unknown reason.
Crystal Mounting and Irradiation Procedure

To irradiate the samples, a procedure was used whereby the cavity
with sample was irradiated at liquid nitrogen temperatures. Then the
cavity was bolted to the waveguide while the lower end was immersed in
liquid nitrogen since the intrinsic Vk center decays at 110 K.

The sample was mounted on a cleavage plane and adhered to the cavity
(with silicon vacuum grease) either on one of the slots or next to the
irradiation window. The size of the ESR signal, when the sample was
mounted next to the irradiation window, was deéreased by a factor of
three when compared to the . ESR signal from the same sample when mounted
over one of the three sloté. However, a more intense rf field was ob-
tained for samples mounted next to the irradiation window when compared
to samples mounted over one of thé slots. In practice, the sample was
usually mounted over the slot next to the irradiation window. After the
crystal was mounted, styrofoam was stuffed into the rest of the cavity
to exclude liquid helium.

The‘cavity was then placed in a cup filled with liquid nitrogen and
the styrofoam cup was élaced in a Co60 Gamma Cell (105 R/hr). Three
hours of irradiation were needed to séturéte the number of Vk centers
which could be produced.

After irradiation, taking care that the cavity was always immersed

in liquid nitrogen, the cavity and iris were bolted onto the waveguide.
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Meanwhile, the inner dewar was cooled to near 77 K. The waveguide was
quickly placed inside the inner dewar and a check was made to be certain
that the resonance frequency of the cavity was within the klystron range.
Then liquid helium was transferred into the inner dewar before the

sample was able to warm up to 110 K.
Measurement of ENDOR Spectra

To find the [100] direction, ESR traces were taken of the low field
line due to the molecular ion being orientated at a 45° angle to the
magnetic field. When the sample is slightly off angle from the [lOO]
direction and the sample is mounted on a [100] plane, the line splits
into 3 lines in a 1:2:1 ratio. Thus, the [100] direction could be found
by adjusting the angle of the magnetic field till these three lingﬁ be-
éome degenerate. In a similar manner, the [110] direction was found by
observing the low field line due to the molecular ion being orientated
60o to the magnetic field. For this case, the ESR line splits into two
equally intense linegs. In Figure 2 the [lOO]‘and [llO] ESR traces are
shown.

After orientation of the sample was determined, the magnetic field
was adjusted to the value corresponding to éne of the peaks of the de-
rivative of the ESR absorption curve. Each different orientation of a
VK centér will give rise to a four line ESR spectra. However, each of
these four lines contains exactly the same information about the hyper-
fine interaction of the surrounding ions of the VK center with the un-
paired electron. Consequently, it is only necessary to observe the
ENDOR spectra on one of the ESR lines for each different orientation of

the VK center. Usually we chose a line that was not near the g = 2
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region where the impurity Mn?* ESR signals were appreciable. To deter-
mine the magnetic field, using a transfer oscillator, three beat fre-
quencies of the microwave frequency were recorded, and the line width of
the ESR line was recorded.

The microwave power was adjusted to the saturation level which
maximized the ENDOR signal. The best ENDOR responses were found to be
at microwave power levels of 25.5 dB for the smaller Li doped sample and
17 dB for the larger highly impure sample.

For the VK centers in KMgF3, a frequency deviation of 80 kHz was
found to correspond to the approximate line width of the ENDOR lines.
With this frequency deviation, little, if any, sensitivity was lost, and
the ENDOR lines were still well resolved.

The mechanical sweep unit was operated at a 32/1 gear reduction
ratio which corresponds to a sweep rate of 2.5 kHz per second. At this
sweep rate the ENDOR lineshapes were not distorted. Slower sweep rates
and longer time constants in the last lock-in amplifier could be used to
improve the signal to noise ratio of the ENDOR signals, if the liquid
helium did not evaporate so quickly.

The rf was swept decreasing and then swept increasing the frequency.
Data taken inithis manner can be reduced in such a way as to minimize
systematic frequency shifts in the ENDOR line positions (refer to Chap-
ter III, Section, Reduction of Data). Frequency markers were placed on
the recorder chart by the operator while observing the radio frequency

displayed on the counter.



CHAPTER III
ANALYSIS AND REDUCTION OF DATA

ENDOR line positions could only be taken.along three highly degen-
erate angles of the magnetic field relative to the axis connecting the
two fluorine nuclei of the VK center. With the magnetic field in the
[100] direction the Vk center axes form either 45° or 90O angles with
the magnetic field in a ratio of 4:2, respectively. With the magnetic
field in a [110] direction the VK center axes form either 600, 900, or
0O angles with the magnetic field in a ratio of 4:1:1, respectively.
Consequently, the ENDOR spectrum can most easily be obtained along the
highly symmetrical directions where the static magnetic field is either
9OQF 60o or 45O to the VK center axis.

If one attempts to observe ENDOR spectra along a lower symmetry
direction, the corresponding signal to noise ratio significantly de-
creases. For the most favorable directions for which ENDOR spectra have
been taken, the typical signal to noise ratio was approximately 10:1.
Therefore, since an arbitrary angle of the magnetic field to .the VK
center has four times less VK centers contributing to the ENDOR spectra,
a signal to noise ratio of 2:1 or lower is expected. Thus, the sensi-
tivity of our present ENDOR spectrometér is insufficiént to attempt a

complete angular study of the ENDOR line positions for the intrinsic VK

center in KMgF3°
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Reduction of Data

To analyze the ENDOR spectra, the magnetic field must be determined.
The parameters of the ESR spin Hamiltonian of the intrinsic VK center
have already been determined (8) and can be described by a spin Hamil-

tonian of the form.

A=8H-. g é+% A $+% A é BH(%+I)
- g i~ M 2 2 InF *n 1772

where )
-21.

B = Bohr Magneton = 9.274096 x 10 erg/Gauss

+

S = spin operator for unpaired electron

g = g tensor for v, center
Ai = hyperfine tensor of either nucleous 1 or 2
3 :

Ii = splin operator of nucleous 1 or 2

gnF Bn = gyromagnetic ratio of a flourine nuclei times Plank's

constant divided by 21 = 2.654144 x 10 20 erg/Gauss

The principle axes of the A tensor are defined in Figure 1. The tensors
were found to have the values gx = 2,025, gy = 2,018, 9, = 2,0024,
Ax = 160 MHz, Ay = 160 MHz and Az = 2479 MHz.

Using these values and the measured microwave frequency, the mag-
netic field could be obtained by diagonalization of a 8 by 8 matrix
representation of the spin Hamiltonian. A value of magnetic field was
initially assumed at the input of a fitting program and adjusted until
the measured microwave frequency and the calculated microwave frequency
agreed. The actual magnetic field was not, however, the value calcu-
lated by the above fitting routine, but #% the linewidth of ESR line

being saturated depending on which peak of the derivative of the ESR
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line one was observing.

The next step in analyzing ENDOR spectra is to calculate the differ-
ence betweeﬁ the measured frequency of an ENDOR line and the frequency at
which a free fluorine nucleus would resonate due only to its magnetic
moment. Since ENDOR is done by observing the change in intensity of an
ESR line, obviously the magnetic field must be adjusted to the value of
magnetic field corresponding to the ESR transition. However, the mag-
netic field at which an ESR transition occurs depends upon the angle the
VK center axis makes with the magnetic field. Therefore, in order to
study the angular dependence of ENDOR lines, one must do ENDOR at vary-
ing magnetic fields. Since the hyperfine interaction is smaller than
the nuclear Zeeman term, the ENDOR spectra will be centered about the
free spin frequency which is determined by the magnetic field. There-
fore, ENDOR spectrums, corresponding to different orientations of the VK
center, will be centered about varying frequencies. Thus, when analyzing
line positions of an ENDOR.spectrum, the difference between the observed
ENDOR frequency and the free spin frequency must be determined if the
angular dependence of the hyperfine interaction is to be studied.

The ENDOR line positions were experimentally determined by increas-
ing and decreasing sweeps of the radio frequency. The average of each
line position.should then be taken. to give the correct ENDOR line posi-
tion. If the microwave frequency is different between the increasing
and decreasing.radio frequency ENDOR traces, the magnetic field will be
different between the two ENDOR traces. Consequently, to compensate for
the difference of magnetic field between the increasing rf trace and the

decreasing rf trace, the difference between the ENDOR frequency and the

free spin frequency should be the averaged quantity. By averaging the
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ENDOR line positions with one of the methods described abowve. frequency
shiffs‘in ENDOR line positions (caused by the large time constants used
in the last lock-in amplifier) are nullified,

In practice, ncne of the data.was reduced completely with the pre-
scribed method given above since no parameters could be determined and
reduction of this data would merely waste computér time. However, the
line positions experimentally measuréd are listed in Tableg I, 1I and
III along with the microwave frequency and line widths. This will pro-
vide a starting point for future caiculations after a complete angular

study can be made.
Analysis of Data

As shown in Figure 1, the surrounding fluorine ions can be grouped
into five symmetry sets labeled A thru E. Eaéh of the sets A, B and C
has a plane of reflection symmetry, namely the mid-plane bPerpendicular
to the [110] direction. Sets D and;E.have a plane of reflection both in .
the mid-plane Perpendicular to the.[llo] direction and also a plane of
reflection symmetry in the plane contaiﬁing the VK center. These five
sets comprise the 12 nearest néighbqr fluorine ions.

Even though no angular dependence of the ENDOR line positions could
be made, by considering the symmetrf of the ions surrounding the VK
center scme conclusions can be drawﬁ from the ENDOR spectra observed
along the high symmetry directions.

For instance, Figure 5 shows that when the magnetic field is in gz
[001] direction and makes an angle of 90O to the VK center axis, five

pairs of lines are observed. This trace implies that five different isn

sets are contributing to the ENDOR spectrum. For this orientation, each



ENDOR LINE POSITIONS TAKEN ON LOW FIELD 45° ESR LINE
WITH.MAGNETIC FIELD IN [100] DIRECTION

TABLE I

24

Trace Taken.While .Increasing rf

Trace Taken While Decreasing rf

ENDOR Line

Positions (MHz) . .

Microwave
-Frequency (GHz)

ENDOR Line

.Positions (MHz)

Microwave
Frequency (GHz)

6.686
7.305
7.55
8.2
8.55
8.708
8.923
9.108
9.46
~ 9.926
~10.1
~10.47
10.76
10.89
12.84

13.29

8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694
8.694

8.694

6.66

7.306

7.51

8.19

8.536

8.70

9.43

~ 9.87

~10.04

~10.40

10.72

10.89

12.82

13.277

8.699

8.699

8.699

8.699

8.699

8.699

8.699

8.699

8.698

8.698

8.698

8.698

8.698

8.698

8.698

8.698

Line width of ESR line = 15 *2 Gauss.

Magnetic Field = Calculated magnetic field + 7.5 Gauss.
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TABLE II

(o]
ENDOR LINE POSITIONS TAKEN ON LOW FIELD 60 ESR LINE
WITH MAGNETIC FIELD IN [110] DIRECTION

Trace Taken While Increasing rf Trace Taken While Decreasing rf
ENDOR Line Microwave ENDOR Line Microwave
Positions (MHz) Frequency (GHz) Positions (MHz) Frequency (GHz)
6.869 8.742 6.82 8.741
8.756 8,737 8.725 8.740
8.82 8.737 8.78 8,740
9.40 8,740 9.34 8,740
10.054 8.741 9.996 8.739
10.24 8.741 10.21 8.739
10.7(?) 8.742 10.61(?) 8.739
11.51(?) 8.744 11.44(?) 8.739
-= (?) -- 11.61(?) 8.739
12.05 8.744 11.94 8.739
12.21 8.744 12.12 8.739
13.94 8.746 13.89 8.737
15.02 8.747 14.92 8.736
15.85 8.748 15.76 8.735
15.85 8.747 15.798 8.749

Line width' of ESR line = 15 *2 Gauss.

Magnetic Field = Calculated magnetic field + 7.5 Gauss.



TABLE III

ENDOR LINE POSITIONS TAKEN ON SECOND LOWEST FIELD 90o ESR

LINE WITH MAGNETIC FIELD IN [001] DIRECTION
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Trace Taken While Decreasing rf

ENDOR Line Position (MHz)

Microwave Frequency (GHz)

9.759

10.066

10.49

10.87

11.2

12.705

13.238

14.046

~14.2

14.78

8.807

8.807

8.807

8,807

8.806

8.806

8.806

8.806

8.806

8.806

Line width of ESR line = 12 fl1l Gauss.
Magnetic Field = Calculated magnetic field + 6 Gauss.

Crystal mounted slightly off cleavage plane (< 20).
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Figure 5. ENDOR Spectrum Observed While Saturating Second Lowest Field .90 ESR Transitioen With Mag-
netic Field in [001].Direction
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member within a given set is equivalent and would give rise to an ENDOR
spectrum consisting of five pairs of lines. Thus, one can conclude that
the ENDOR lines observed are due only to the 12 nearest neighbor fluo-
rine ions.

Furthermore, the set labeled D would be expected to have the largest
hyperfine interaction in this orientation, since this set is closest to
the VK center and its principal axis is more nearly parallel to the mag-
netic field. - Therefore, the outside lines of this spgctrum are tenta-
tively assigned to the set D fluorine ions. Even though the set A fluo-
rine ions have a very strong hyperfine interaction with the Vk center,
their strongest principal axis is known to be approximately along the
[110] direction (8). Because the magnetic field is perpendicular to
this direction, the hyperfine interaction due to set A would be weak in
comparison to the D set. No further arguments about the relative magni-
tude and directions of the principal axes for the hyperfine tensors of
the other sets can be made. Consequently, no further tentative line
assignments can be made for this spectrum.

When the magnetic field is along the [100] direction but makes an
angle of 450 with the axis of the VK center, a 16 ENDOR line spectrum
shown. in Figure 6 is observed. In this orientation, the members con-
tained in each set D and E are still equivélento However, the members
contaihed in each set A,VB, and C bec;me inequivalent. Therefore, as
observéd, eight inequivalent fluorine sites surround the VK center and
give rise té a 16 line ENDOR spectrum.

For the case where the magnetic field is 60O to the VK center's
axis, a 15 line ENDOR spectra is observed. For this orientation, the

symmetry is entirely destroyed‘since, for all sets, the individual mem-
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Figure 6. ENDOR Spectrum Observed While Saturating Low Field 45 ESR Transition With Magnetic Field in
[100] Direction
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bers contained in each set are inequivalent. The result is that 12 dif-
ferent fluorine ion sites surround the VK center and should give rise to
a 24 line spectrum. However, many of the lines are nearly degenerate
and the resulting spectrumwould not be expected to have 24 resolved
ENDOR lines.

The [001] 90O spectrum has been identified as arising from five
equivalent sets of ions. However, each pair of lines are observed not
to be centered about the same frequency. Therefore, the "effective"
free spin frequency is not the same for each set of ions. This effect
can be explained by the effective magnetic field created by the unpaired
electron of the VK center. Since for inequivalent sites the‘effective
magnetic field created by the unpaired electron is different, the pairs
of lines would be expected tb be centered about slightly different free
spin frequencies. Furthermore, the electron interacting with the two
fluorine ions which most strongly share the electron creates an effec-
tive magnetic field. This effective magnetic field is common to all the
surrounding ions and depends upon the spin state of the VK center. A
detailed perturbation treatment of these effects is given by Gazzineli
and Mieher (4).

Because of the fact that the ENbOR liné positions depend upon the

spin state of the VK center, the spin Hamiltonian used to calculate the

A A

o e : A='\ +H ._H
ENDOR line positions must be of the form H Hoor ENDOR ENDOR’

alone, does not account for the effective field and therefore can not

fit the data. ﬁESR is the spin Hamiltonian previously given to calculate
th tic field and H 51 A g
e magnetic fie and Hp o = ni. i .
A, = Hyperfine tensor of each fluorine ion surrounding the V

ni K

center.
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A

+ .
Ini = Spin operator of each fluorine ion surrounding the VK center.

To evaluate this‘spin Hamiltonian, each nuclei is treated as being
independent of the spin state of the other ions surrounding the VK
center. For instanée, the spin Hamiltonian for ion Al includes only the
interaction of Al with the VK center and not interactions of any other
neighboring ions with VK center. Before it was found. that no complete
angular data could be determined, a computer program was written to cal-
culate the ENDOR line positions of sets A through D. Set E was not in-
cluded since none of its principal axes directions could be deduced from
symmetry considerations. Using the previously described spin Hamilton-
ian, ENDOR line positions were calculated using parameters given by
Gazzeneli and Meiher (4) for the intrinsic VK center in LiF. The pre-
dicted spgctra exhibited the same gross behavior as our spectra. Thus
no large differences are expected for the VK center in KMgF3 as compared

to the-vK center in LiF.



CHAPTER IV
SUMMARY 'AND CONCLUSIONS

A homodyne ENDOR spectrometer using a double modulation detection
scheme was developed, and ENDOR spectra for the intrinsic self trapped
hole (VK center) in KMgF3 were observed. With_this spectrometer, ENDOR
spectra could only be observed along the high symmetry directions of the
static magnetic field with respect to the axis of the VK center. The
ENDOR spectrum with the magnetic field along the [001] direction perpen-
dicular to the4VK center axis could be explained as arising from inter-
actions of the 12 nearest neighbor fluorine ions with the unpaired elec-
tron of the VK center.

The sensiqivity of the ENDOR spectrometer was insufficient to do a
complete anguiar study. Consequently, no hyperfine parameters due to
the ions surrounding the VK center could be determined. A coﬁplete de-
termination of the interaction of the surrounding ions of the VK center
with the unpaired electron awaits further improvement of thg present

ENDOR spectrometer. Appendix B discusses attempted modifications of the

ENDOR spectrometer.
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APPENDIX A

ANALYSIS OF ENDOR SPIN HAMILTONIAN

To analyze this spin Hamiltonian all the tensors must be transform-
ed to the coordinate system where z is defined to be the direction of
the magnetic field. To understand how this transformation is done, con-

sider the total spin Hamiltonian needed to analyze the ENDOR data.

A=8H-3 é+—% A é+$ a é*.;.'% '\ é
B d 1™ 2 M2 ni  ni
(1)
B B3 +1 +13
gnF n 1 2 ni
Define the rotational matrices as follows.
X ~ X
(v) = R (y)
Z crystal Z magnetic field coordinate system
coordinate (direction of magnetic field is z)
system
X ~ X ~ ~ X
(¥) =T (y) =T, R (¥)
Z principle Z crystal Z magnetic field coordinate
axes of A coordinate system
tensor system
X ~ X ~ o~ X
(¥) =T, (y) =T, R (¥)
Z principle axes Z crystal 2 magnetic field
of A_ tensor coordinate coordinate system

2 system
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) =% . & =% . &R @

Z principle ALz crystal ni Z magnetic field coordin-
axes of A | coordinate ate system
tensor ™ system

Using these rotation matrices, the spin Hamiltonian (Egn. 1) becomes in
the coordinate system where z is defined to be the direction of the

magnetic field

N - w=ln 5 5 ~ ~. =1 ~ o ;
H=B8H - -8+ o {(T TR} -
B {R "g R} - S T, {( R A (F )} - s
v o EB T AGER) - S+T. c(G.BYE.G B -
2 2 A2 2 ni ( ni Ani ni g )
8 H (%’ +1 43 )
gnF n ) 1 2 ni

Now, a spin operator (Jx, Jy"Ji)“iS transformed into the raising and

lowering operators by the transformation

101
I, + z 2 °
= 0 o = | 1 -1
- = = o
2 2i
z z 0o 0 1

This transformation is substituted into Egn. 2 to finally give the spin
Hamiltonian in the magnetic field coordinate system and in terms of the

spin operators (J+, J , Jz)a

0>

- > o=l o~ v > 3 T~ o~ =1 ~ =~ 5
H=BH - {(R) 1 g(R) O} = S + Il - {0 (TlR) Al(T, RO)} -
S AT ~ o~ =1 - - ~ o~ :> -,—; ~ ~ 1 ~ ~ o~
+ o . + . T . RO
12 {0 (TZR) AZ(TZ RO)} S Ini {07 (T .R) Anl( i )

5 3 5
I I I .}

(3)

Using the above spin Hamiltonian a 16 by 16 matrix representation is
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diagonalized by computer to obtain the eigenvalues. The appropriate
eigenvalues are subéracted, taking into account the selection rule

AmI = %1 and the ESR line being saturated, to find the ENDOR frequencies.



APPENDIX B
MODIFICATION OF PRESENT ENDOR SPECTROMETER

A number of attémpts were made to improve the sensitivity of this
ENDOR spectrometer. To aid others who may also try these modifications,
they are discussed in the following paragrath.

Many variations, all of which proved unsatisfactory, for both rf
and static field modulation were tried. Thé first of these was to only
modulate the rf and not modulate the static field at all. No matter if
the rf was frequency modulated or amplitude modulated, no ENDOR signal
could be seen from the test sample of irradiatéd MgO. When the rf was
amplitude modulated instead of frequency modulated, while the static
magnetic field was being modulated, the sensitivity was found to decrease
substantially. Finally, the rf was both amplitude modulated and fre-
quency modulated with the static magnetic field also being modulated.
For this scheme no improvement was found. over double modulation.

A teflon filled cylindrical cavity was méde for the usual increase
in Q of a cylindrical cavity as compared to a rectangular cavity. To
admit static field modulation and also rf into the cavity, slots were
cut through the walls in a manner which did not interrupt microwave sur-
face current flow in tﬁe cavity. An ENDOR coil was wound around the
belly of the cavity but little, if any, rf penetrated into the cavity.
Furthermore, the Q of the cavity was significantly decreased. by the

slots cut through the cavity walls.
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To increase the rf field incident on the sample, a 50 watt power
amplifier instead of a 12 watt power amplifier was used to supply power
to the ENDOR coils. While this power amplifier did increase the field
inside the cavity and consequently improve the ENDOR signals, it also
caused the liquid helium to boil away much more rapidly. Also, as a
test, when a coil was wound directly around a sémple, it was found pos-
sible to saturate the ENDOR transitions with sufficient rf power.

If the sample size is kept constant, a factor of 22 increase can be
gained by increasing the microwave frequency from X-band to K-band.

With this fact in mind, a cylindrical K-band cavity was designed where
the coil was wound over the sample. Since a K-band cavity is much
smaller than an X-band cavity, it does not need to be filled with teflon
to reduce the cavity dimensions. The major problem encountered with the
cavity was that an approximate maximum of 1 Gauss of 100 KHz static
field modulation would penetrate into the cavity. This result implies
that much lower static field modulation frequencies must be used. Since
a low noise back diodg is not manufactured for K-band, the inherent 1/f
noise of a contact diode increases to a level where the sensitivity
gained switching to K-band is lost by the necessary decrease in static
magnetic,field modulating frequency. Perhaps a wire wound»cylindrical
cavity or an extremely thin-walled cavity could be made tolbetter admit
100 KHz static magnetic field modulation. One further problem with
operating at K-band frequencies is that doped KMgF_:Li samples, which

3

were not lossy at X-band frequencies, became lossy at K-band frequencies.
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