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CHAPTER I
INTRODUCTION
Preliminary Remarks

Although the properties‘of diamond have been studied for many years,
the detailed nature of various energy levels in diamond has not been de-
termined. The calculations of the band structure assuming a perfect
crystal agree with the experiments that diémond should .be a very good
insulator with a band gap of appreximately 5.5 eV. However, imperfec—
tions in the lattice give rise to allowed energy states within the for-
bidden gap. The types and concentrations of these states depend on the
impurities present, the conditions of crystal growth, and the subsequent
damaging conditions. Even. though diamonds have recently been grown syn=-
‘thetically, the conditions of growth have prohibited control of the im-
purities. Therefore, in order to obtain a reasonable knowledge of the
energy -levels in diamond, it is necéssary to make an analysis of several
properties of each sample in a variety of samples. Attempts are then
made to correlate the properties and ultimately identify the centers
responsible.

A sensitive method for observing paramagnetic defects .in solids

is the use of -electron spin resonance (ESR)l techniques. ESR absorp-

lElectron spin resonance is usually referred.to as ESR for brevity.
This notation will be adopted and used where appropriate.



tion is detected only in defects with an unpaired spin, thus allowing

small amounts of paramagnetic impurities te be examined in the presence

of other non-paramagnetic defects.  The impurity nucleus asscociated
with the'defect‘may sometimes be ildentified by hyperfine interactions.

Electrons or holes may be excited to higher allowed energy levels
by optical illumination with proper wavelength light. Thus the rela-
tive populations of certain levels may be temporarily changed. The
magnitude of the change will depeﬁd upon the number of states avail-
able, the lifetime of the states,_the temperature, and the intensity
- of the light.

The purpose of the present research is to obtain further informa.-
tien on the energy level distribution in diamond and to identify, the
defect centers respensible for the levels by the use of ESR spectra
obtained during simultaneous illuminatien of the sample with menochro-
matic light. The study will also include a review of the pertinent
.properties of diamond and the theory of ESR and a discussion of the

equipment and techniques used.in. the investigation.
Properties of Diamond

Optical Studies

Luminescence studies were conducted and reported for diameand as
early as 1859 by E. Becquerel and 1879 by W. Crookes. In 1891, Walter
observed a dark band at,hl55‘z in the abserption. spectrum of diamond
(1). Other optical properties of diamonds including ultraviclet ab-
serption, infrared absorption, and .photoconductivity were studied by

other early writers (2). A systematic study of the properties of

DN



diamond was conducted by Robertson, Fox, and Martin and reported in
11934 and 1936 (3,4). They classified diemonds into two types: Type I
opaque to ultravieclet radiation of wavelengths shorter than 3000 E and
Type II transparent to 22505_° Many diasmonds show characteristics be-
tweenn these extremes. Correlations were also made between the absorp-
tion at BOOO;K and other properties such as 7.8 u absorption,. birefrin-
gence, and photoconductivity.

In 1952 Custers (5) proposed a further division of the Typé II dia-
mends. Normal Type II he classified.IIa, and Type I1 specimens showing
unusual phespherescence and electrical conductivity were classified ITb.
"The conductivity was subsequently shown to be typical of impurity activa=-
ted conduction in semiconductors by Leivo and Smoluchowski (6).

An intensive study of luminescence and related properties was
.conducted.by several Indian investigaters and reported.from 1941 to.
19L46. Nayer (7,8) found a band structureviﬁ the luminescence spectra
aséociated with the AlBéyK line at . liquid nitrogen temperature. He
demonstrated that the peaks in the absorption spectrum for wavelengths
shorter than,A156,K were the mirror image of the luminescence peaks
with respect to frequency about the AIBé:K.line. Mani (1) showed that
there was also a mirror image of the absorption bands and luminescence
bands about 5032,&, She identified many more lines in the absorption
.band related to the;4156:K system and further corfelated them with the
‘luminescence band. 'In no specimen . did she find.the green luminescence
-system without the blue luminescénee also being present. The gréen was
sometimes much stronger‘thaﬁ the blue, however. ' In. a later paper she

also examined the intensity of the blue and green systems versus the ex-



citing light in the excitation region 3700 A to 6500 A (9). She noted
that no blue luminescence was excited by wavelengths longer than 440 mu.
The peaks in the intensity of blue luminescence corresponded to the
peaks in the absorption spectra for the 4156 1 system. The same general
behavior was obtained for the green abscrption system and exciting
fluorescence peaks for the green. However, the green was not excited
noticeably by the 4156 E absorption system, and she concluded that the
two systems were independent.

In 1956, Clark, Ditchburn, and Dyer (10) reported the existence
of eight absorption sysﬁems in natural Type I diamonds. These systems
were labeled Nl’ Ny, ;.., Ng. ©Subsequently, Raal (11) observed
another system in very thinbslabs of Type I diamond. This system,
which ocours at 2290 - 2310 A and 2350 - 2370 A, was labeled Ng. This
band -had previously been observed in intermediate diamonds by Robertson,
Fox, and Martin (3) and others.

Dyer and Matthews (lZ)vreportédvin 1957 a comparison of the
luminescence of Type I, IIa, and IIb diamonds using the 3650 K Hg
group as the excitdtien source. The luminescence is strongest in
Type I diamonds. The 4150 K emission system was found in all Type
I specimens tested, although the intensity varied considerably. The
5032 K system was found in only about one third of the Type I crystals.
The luminescence of the Type IIla crystals was fairly weak, but the
intensity of the 5032 K system was nearly‘equal-to that of the 4150 K
system. One Type IIa crystal having several properties characteristic
of Type IIb crystals did not have detectable luminescence. There was

no detectable luminescence in any of the semiconducting (Type IIb)



diamends using this exciting light. However, using light with energy
greater than the band gap, they did.obtain the phosphorescence
reported earlier by Custers (5). In a few Type I crystals, a 6195 K
luminescence system was detected. It appeared to be related to the
blue luminescence since it was detected only from the blue luminescing
region of the specimens. Nayer (7) had previously mentioned a lumin-
escence band with concentration near 6200 X, and  Gomon (13);mentioned
a luminescence band in the region 6095 = 6445 K.

A study of long lifetime luminescence was conducted by
Chandrasekharan (la, 15). The diamonds studied included strongly blue
luminescing samples, greenish—yellOW'luminescing samples, and samples
with patches of blue and/or yellow luminescence. The yellow luminescing
samples had little afterglow, but the blue luminescing samples had a
weak, short lifetime blue afterglow and & strong, longer lifetime, yellow
glow. Photographs obtained by placing the glowing sample directly on
the film showed that the blue luminescing regions were responsible for
the afterglow of diamonds with yellow and blue luminescing regions.

The afterglow of the blue diamonds contains a blue component which
decays in approximately 20 sec, and a strong yellow afterglow that
~lasts about 30 minutes. Blue luminescing diamonds were illuminated
with uv and subsequently with red light (above 4800 Z). The red light
induced a blue flash which lasted about 4 minutes. The blue flash was
observed through a filter complementary to the red light used for illum-
inatien. The blue flash also contained a small component of green
which could. be obsertved by the use of appropriate filters. Illumination

with green light after ultraviolet activation gave a violet flash and a



persistent red luminescence. The activated state lasted for at least a
few days, giving rise to flashes from red or green light. The flash
could be stopped by cutting off the red (or green) illumination. When
the red (or green).illumination was resumed, the flash resumed near the
cutoff intensity. However, there wes no flash observed by illumination
with red light after deactivation by green, and likewise for green after
red. Illumination with blue light after uv activation did not appear
to cause a flash but gave persistent green and red luminescence. One
of the green luminescing samples behaved similarly to the blue samples,
except the flash was green rather than blue. The blue flash induced
by red light was split by a three prism spectrograph and photographed.
The 4152 X line and its system of bands was faintly detected. Unpub-
1ished work by Mani on one of the samples showed that the A152_K and
5032 A luminescence systems were present in the long lifetime lumines-
cence. |

The temperature dependence of the luminescence of Type IIb dia-
monds, observed by Krumme and Leivo (16, 17, 18), indicates that the
luminescence in semiconducting diamond is a phosphorescence rather
than a slow fluorescence. They observed a blue system with a decay
lifetime of 0.7 £ 0.1 sec 2t room temperature and a much weaker red
system with. longer decay lifetime. The red system could be detected
only by eye. The luminescence could be observed through an inter-
ference filter centered at 680 mu. This wavelength is not included
in the red system in Type I diamonds (7). The luminescence appeared
to be a bulk effect rather than a surface effect. Because of the very

. weak luminescence of the samples, it was suggested that non-radiative



recombination processes must be dominant.

Wayland and Leivo (19) obtained a carrier lifetime of 9 psec for
photoexcited carriers in semiconducting diamond from the rise time of
the photocurrent. This is believed to be independent of trapping.
Lifetimes of 125 usec, 800 msec, 0.25 sec, 12 min, and 84 min, which
include tjapping, were obtained from the photoconductivity decay curves.

Male (20) studied the luminescence excited by wavelengths near the
fundamental absorption edge. He found peaks corresponding to absorp-
tion bands at 5.250 eV, 5.363 eV, and 5.391 eV in all except the semi-
conducting diamond. Also, broad bands at 5.51 eV, 5.56 eV, and 5.73 eV
occur in all but the semiconducting crystal. The luminescence in the
semiconducting diamend increased sharply in the uv beginning near
5.25 . eV. This is seen to be consistent with an acceptor level at approx=-
imately 0.35 eV above the valence band. Relative intensities of the
4156 E and 5032 R luminescence bands were observed by using a series
. of Wratten filters to observe emission in the wavelength ranges 3200 -
1700 &, 4800 - 6000 A, and 5600 A up. No change in the relative inten-
sity of these bands witﬁ exciting wavelength was observed.

Dean and Male (21)-extended this sﬂudy to the energy interval 5.0
to 7.5 eV. They also checked .the temperature dépendenoe in the range
30° to 350° K.

Work by Flliott, Matthews, and Mitchell (22) and by Clark, Maycraft,
and Mitchell (23) utilizing polarized exciting light for examinationv
of polarization of luminescence has indicated a {110y . symmetry axis
for the 5032 A group and a <11I) symmetry axis for the 4156 A group.
Attempts to examine the polarization of luminescence were begun as

early as 1945 by Mani (24) who observed that the luminescence was only



partially polarized.

Several authors have studied the effects of lrradiation on the
absorption and luminescence of diamond (10, 12, 13, 25, 26, 27, 28).
The samples were irradiated by various energy electrons, neutrons, or
v-rays. In Type I diamonds, a band referred to as the A-band (27) or
GRl-band (28, 29) appears in absorption begimming at 1.7 eV and
extending ‘to 2.5 eV. Also there appears a uv-band begimning at 3.0 eV.
Heating the sample above 600° C significantly decreases both of these
absorption bands and .produces a B-band from 2.5 to-3.0 eV. The B-band
corresponds to the green luminescence band found in non-irradiated dia-
monds except for a line at 4960 X which is always observed in irradi-
ated and hedt treated samples but only occasionally in natural samples
(13). Type IIa samples exhibit very similar behavior if they are
changed significantly, but at temperatures above 900° C all absorption
lines disappear,. and . only continuocus absorption remains. Clark,
Ditchburn, and Dyer (26) suggest that the imperfections are anchored to
the nermally occurring crystal impeffections of Type I diamonds prevent-—
ing complete annealing. In studying the luminescence of irradiated
‘diamonds, Dyer and Matthews (12) reported a new system of emission for
some Type I diamonds in.the région between. 5000 and 6000 Ko There
was no correlation with. observed absofption. Very little change
occurred in the luminescence of most of the Type I specimens.  All
showed. some decrease due to increased background absorptioen at.3650,K,
which was the exciting wavelength being-used. Effects of heat treat-
ment depended upon irradiation. conditions for temperatures below

4500 C. Heating at 580° C produced a 5032'§ system similar to that of



natural crystals in all specimens examined. Using different exciting
wavelengths gave several new emission lines in these heated specimens,
but similar tests prior to high temperature heating had not been made
for comparison. Two of the three Type Ila samples did not show changes
in their emission spectra due to irradiation or‘heatingv In the third
Type Ila specimen, lines were found at 4175 and 4700 K at 80° K in the
emission spectrum.
Ralph (30) examined the electron-excited (cathodoluminescence)

~luminescence spectra of natural and irradiated dismond. Features
observed in natural diamonds included: (1) a broad emissicn band
centered near.AAOO‘K and extsnding from 3800 K to 5200 K; (2). three
overlapping broad bands at 5150 K, 5750 K, and 6300 K; (3) sharp line
systems with principal lines at 5030 K, 5755 K, and occasionally at
4150 X; and (4) several additional sharp lines at 3940 K, @8&5_§, and
L910 K obsérved only in diamonds with the 5755 E system and at 5390 K
observed,only in diamonds with the 5030 K system. The diamonds were
irradiated with 500 keV electrons or neutrons and annealed in vacuo

at temperatures between 600° and 800° C. Tests indicated that anneal-
ing began to occur near 580° C. 1In the electron irradiated diamonds
having a natural 5755 K system, a number of sharp lines referred to

as the 39&0,& system appeared. Annealing produced no change in the
3940 K system. However, the. 5755 K system was increased, and the 5030
K system was induced, if not already present, by annealing. In crystals
with no natural line emission, the’SOBO‘K andv5755vz systems were
observed only after annealing. No change in the spectra was observed

(o]
from radiation alone. The 3940 A system did not-appear in any crystals
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in which .the 5755 A system was completely artificially produced.

Dyer and Du Preez (28), working with Type I electron irradiated
diamends, checked the effects of heating at 500° C in the dark and sub-
sequent illumination with intense light froem a guartz envelope, high-
pressure mercury lamp. Care was taken that the electrons from the
radiation source had energy below that reguired for multiple-defect
generation. - They observed a band which they called the ND1 band, with
absorption between 3.1 and 3.8 eV. The first line of the system cor-
responds with the third line in the AlBOvE band. The second. corres-
ponds with the fourth, and so on. However, it is pointed out that this
is most likely coincidental due to the structure of the bands. The NDL
band .is produced by heating to 500° C in darkness after irradiation.

- Intense light. from a mercury lamp gquenched the peak, but further heat-
ing in darkness brought it back. The heating and bleaéhing cycle could
be repeated iﬁdefinitely.

In a study. of electron-irradiated Type IIb diamonds, Dyer and
‘Ferdinando (31) found evidence that the radiation induced GRL (1.6-

2.6 V) and uv (2.8 eV to fundamental absorption edge) absorption

centers dre donor centers which do not absorb when ionized. Several

. Type 1Ib diamonds were irradiated with 0.6 MeV electrons. Also, Type

ITa diamends were irradiated. simultaneously for comparison. The opti-
cal absérption of the ITb diamonds was unaffected except for a very

weak reduction in abscrption beioer.O.eVG Heating to 600° C after
irradiation produced no additienal effect. The infrared absorptioen
decrease corresponds to further compensation of the acceptor states (32)
cin full accord with observation that irradiation reduces the conductivity

of Type IIb diamonds (33). In one weakly Type IIb diamond, the GR1 and
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uv bands appeared only after an irradiation dose greater than 3.0 x 1018
electrons/cn®, and then both appeared weakly. The TH5 absorption band
‘in the region 2.3 - 2.8 eV appears in the Type ITa specimens after
heating, but as was mentioned above, no change occurred in the IIb
samples after heating. It Was suggested that the TH5 centers are also

optically nonabsorbing when ionized.

Diffusion Effects

An analysis of the diffusion processes in diamond was conducted
by Fratzke, et al (34, 35) of this laboratory. Impurities had prev-
iously been diffused into silicon and germanium which have the diamond
type lattice. However, .according to the calculations of Fratzke, et al,
the activation energies for vacancy and impurity diffusion are so high
for diamond that significant diffusion should not occur belew. 1000° C.
Since the rate of change of diamond to graphite is significant above
1000° C at atmospheric pressure, diffusion experiments above this temp-
erature would require high préssure techniques. The experimental results
were in agreement with the caiculations. The diamond sample was kept in
contact with Al, Be, or B for, times on the order of 100 hours at 900° C
in 2 moderate vacuum. No change occurred in the surface or bulk resis-
tivities or in:the optical transmission. The possiblilty of nitrogen
diffusion was considered, but no change in the 7.8 u absorption was
detected after 200 hours at 900° C in a moderate vacuum.

Later attempts by Wentorf and Bovenkerk (36) to diffuse B and Be
into diamond at a high temperature and pressure were successful. The

crystals which were heated to approximately 1600° C under 8.5 or 35
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kbar pressure in contact with boron did not have reduced resistivities,
but treatment at 1600° C and 60 kbar pressure for 12 min resulted in

greatly reduced resistivities,

Optical Effects on Jounting Diamonds

Crystal counting was first demonstrated in AgCl by Van Heerden
(37). He also experimented with a gem quality diamend, but without
success. Curtiss and Brown (38) found that two of 100 diamond specimens
tested responded well to y-rays. Type II diamonds were at first thought
to be the beét vy-ray counters (39), but later work by Williardson and
Danielson (40) and Chempion (41) has indicated that intermediate type
crystals which are very nearly Type II are somewhat better than the
true Type IT samples. The indications were that the division inte
Type I and Type II was a helpful criterium but not a sufficient:one
for selecting counting diamonds.

The major problem in using diamonds as crystal counters was the
decrease in counting rate with time. When a gamma-, beta-, or alpha-
particle enters the sample, it may collide with an electron, giving
the electron considerable energy which is imparted to other electrons
5y further collisions. For each electron which.is raised from the vale.
ence band te the conduction band, two electrical carriers have been
liberated, the electron and a positive hole. Thus the currént due to
an applied external electric field is a measure of the liberated
carriers and therefore of the incident particles. However, the carriers
may fall into intermediate traps before leaving the crystal. = Since the

. electrons and holes move in opposite directions, the filling of these
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traps forms an internal field thsat eventually cancells the effects of
the external field. Prevention of this infernal field bulld-up has
been accomplished by using .alternating fields, by heating the samples,
and by optically bleaching the traps with light. It is this last meth-
cd which is of interest in the present study.

Chynoweth (42) used a Nernst filament to illuminate the crystals
~used for alpha-particle counting. He obtained an increased . counting
‘rate with no noticeable decay when the light was left en. The counting
~rate decreased rapidly when the light was turned of f. Ne . photocon-
ductivity was observed due to the Nernst fiiament aleone. In.later
experiments counting B-particles, there was no improvement in the
counting rate obtained by use of the Nernst filament (43). Rather,
there was a transient increase, then a continuing decrease. In fact,
the rate of decay increased with intensity of light. A tentative
explanation of the effect was increased separation of trapped holes and
.electrons. He changed to light pulsing techniques using white light as
‘well as infrared and red. The external field was temporarily discon=
nected during the light pulse. Measurementslwere between 1ight pulses,

Effects of monochromatic light on the counting.properties of
diamond have been studied by Urlau, Logie, and Nabarro (44):and-Elmgren
and Hudson (45). Flmgren and Hudson obtained curves for variation in
. the photon-induced decay constant with photon energy for a few samples.
' They postulated levels 0.5 eV, 2.9 eV, and 4.8 &V above the valence
band.  The level at 2.9 eV and lower levels wWere assumed to be filled
.with electrons, while those above were assumed void of electrons.

Urlau, et al plotted curves for the variation.of the photoconductive
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current per unit power of incident light as a function of the energy
of the incident light for a few samples. Experiments were conducted
-to determine the charge of diamonds which had been bombarded with
B-particles or irradiated with light. Since the penetration of the B~
particles into the diamonds was small, the irradiation was sometimes
conducted through the anode or cathode.so that mere electrons or holes
would be trapped due to longer paths through the crystal. Effects of
light would .then give further infermation concerning which levels were
hole traps and which were electron traps. Levels were postulated at
0.94 eV, 1.64 €V, and 3.3 eV -above the valence band. The 3.3 eV level
was assumed to be partly filled and give rise to either n- or p-type
photoconductivity.

"In addition to the levels assumed by the above groups, many levels
. had been postulated from earlier optical data including counting ef--
fects. These are summarized in a table in the report by Urlau, et al

(44).  The results are not at-all consistent.

" The Problem of Two Types of Diamond

Although the division. of diamonds-.inte Types I and IT was generally
accepted following the work of Robertson, Fox, and Martin (3), it was
many years before a widely accepted explanation was presented; and
there are many details which are still not fully explained. Type I
diamonds exhibit an infrared absorption band in the 7 - 8 u.region. in
addition to the bands in.the 3 - 5 u-region found in all diamonds. Type
IT diamonds are transparent to ZZSO)K, while Type I diamonds. -have a

. .
‘strong absorption system starting near 3000 A. Custers and Raal (46)
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have used very thin specimens to show that the absorption coefficient
rises sharply in. Type I diamonds at 2220 K. Photoconductivity in Type
I diamond is observed to increase raplidly with decreasing wavelength
near 3000 Z, but the. increase for Type II appears near 2300 Z {3).
Anomolous x-ray diffraction spikes were observed in several diamonds by
Raman and Nikalantan and were subsequently established as characteris-—
tic of Type I diamonds by Lonsdale and Smith (47). Lonsdale (48) re-
ported that the spikes were not temperature sensitive in contrast to
the behavior of the primary reflection found in all diamonds.

Raman presented an explanation of the 7 - 8 | absorption in Type I
diamond based on .crystal symmetry. He assumed the Type I diamonds are
the most perfect in structure and exhibit tetrahedral symmetry. The
Type II dieamonds were assumed to have octahedral symmetry (L9, 50).

A semiquantitative study of the impurities in diamond wasg. conduc-
ted by Chesley (51) in 1942 using spectrographic analysis on 33 dia-
monds of varied origin and properties. Search was made for 30 elements,
of which 13 weré found. A rigorous comparison. of TypeFI and-II samples
was not made, but the one known Type II sample was the purest. sample
tested. Raal (52) made a more gquantitative spectrographic study of the
impurities in diamond. He looked for the 13 elements observed by
Chesley and also for nickel. Only Si, Ca, Mg, Al, Fe, Ti, Cu, and Cr
were detectedvin this study. The samples used were cleaved or sawed
.into three sections with the central section having two parallel sides
for optical transmission measurements. The two end sections were
crushed for specﬁrographic analysis. No significant difference be=-

tween the impurities in Type I and Type Il diamonds was noted. In
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general, the Type II specimens were purer than the Type I, but particular
Type II specimens were found which were less pure than some Type L
specimens.

In a study of comparative properties of diamond, Sutherland,
Blackwell, and Simeral (47) noted excellent correlation between the
ultraviolet absorptien and infrared absorption intensities, but poor
correlation was found between. strengths of infrared abscrption and
X-ray diffraction spikes. From several considerations, they considered
-Type IT to be relatively pure and Type I to be relatively impure.

They suggested possible impurity centers in Type I diamonds to be

(1) foreign atoms, (2)vvacancies, or (3) carbon atoms in an abnormal
electronic state. Their study indicated no correlation. between varia-
tions in. the carbon 12 to- carbon 13 ratio and Type I characteristics.
Also irradiation. damage failed to produce Type I absorption bands, in-
dicating that vacancies were not respensible for Type I properties.

Frank (53) explained the diffraction spikes in Type I diamonds
assuming segregated (100).planes of impurity atoms. Frank suggested
-silicon as the possible impurity element. Further calealations by
Caticha-Ellis and Cochran (54) agreed well with Frank's work except
the number of necessary impurity atoms was found to be a factor of at
least 80 higher than the concentration of silicon. present in the sam-
ples tested.

In 1955, Lax and Burstein (55) reported .that the symmetry of the
perfect diamond lattice forbids single phenen absorption of irradiatien
but that this absorption may be allowed when imperfectiens are present.

This proef was further evidence that the basic difference between Type
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T and Type II is the presence of certain impurities rather than a differ-
ence in crystal structure.

In 1959, twenty-five years after Robertson, Fox,rand Martin clas-
sified diamonds into Types I and II, Kaiser and Bond (56) reported a
correlation between the nitrogen concentration and the absorption at
3065 i and. 7.8 u. Concentrations of nitrogen as high as 0.2% were found.
They assumed.that the nitrogen occurred in substitutional positions in
diamend and that it produced deep lying donor states. The absorption
band at 3155,& was thought to correspond to ionization of these Impuri-
ty levels.v Correlation of a second infrared absorption band with the
absorption peaks in the A4L55 A band also waé obtained.

‘Lightowlers and Dean (57) repeated the studies of Kaiser and Bond,
finding agreement with the correlation of nitrogen.concentraticn with
7.8 u and 3065 i absorption over a concentration range factor of almost
100. Howeéver, no quantitative correlation appeared to exist between
the second infrared absorption band and the 4155;& absorption band.
Nonetheless, the second infrared system was more commen in diamonds
with strong 4155 i absorption systems. One Type Ila crystal did not
show correlation of nitrogen content with absorption properties. Com-
pensation of tﬁe denor-electrons by aluminum acceptor levels was sus-—
pected, but the concentration of aluminum.was found to be cempletely
insufficient. The density of nitrogen was shown to be non-uniform in
this sample, and this appeared to be the best explanation for the be-
havicor. Bulk optical absorption measurements would be insensitive to
small regions of high absorptien surrounded by regions of low absorp-—

tion.
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Calculations by Yoneda (58) on the x-ray diffraction spikes of
diamond indicated densities as high as 0.8% were nesded to explain the
results. However, a subsequent calculation by Frank (59), with slightly
different assumptions, indicated that the nitrogen content obtained by
Kaiser and Bond was sufficient to produce the observed spikes.

The presence of substitutiocnal nitrogen donors in diamond was
confirmed by ESR in 1959 by Smith, Sorokin, Gelles, and Lasher (50).
The donor electron occupies an antibonding orbital located on the ni-
trogen atom and one of its nearest neighbor carbon ateoms. For nitro-
gen, the nuclear spin:I =1 gives rise to a splitting of the absorp-
tion into three peaks with ratio 1:1:1. However, this structure is
observed only when the crystal is oriented with a <100™> axis parallel
to the magnetic field. The side peaks may split into as many as four
peaks, depending upon the orientation of each of the four <{111% axes
with respect to the magnetic field. With a {100> axis parallel to
the magnetic field, all four <111) axes make angles of 54°40' with the
magnet%c field, and the side peaks are, therefore, superimposed.into
one la£ge peak. The g-value was found to be isotropic and equal to
2.0024 £ 0.0005. A weak additioﬁal spectrum, roughly 180 times smal=-
ler, was detected and attributed to the presence (1.1%) of C'® which
‘has nuclear spin 3. The spin concentrations were estimated to be in
the range lOl5 - 1017/00. This was several orders of magnitude less
than. the amount of substitutional nitrogen observed by Kdiser and Bond
(56). It was assumed that mest of the.nitrogeﬁ is present in a non-
paramagnetic form such as adjacent substitutioenal pairs.

Further work on the ESR: spectrum of substitutional nitrogen in
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diamond has been .conducted by Loubser and Du Preez (61). Additional
weak lines near»ﬁhe main nitrogen lines have been observed. The weak
lines were divided into three groups. Group A lines were attributed
to interaction with ClB. Group B lines were reported to be due to the
nitrogen quadrupole moment. Group C - lines were attributed to N15
nuclei (spin I = 3).

.- A study of the distributiocn of the paramagnetic nitrogen in Type
I diamond was conducted by Samsonenko (62). "In the majority of the
specimens a normal spectrum of donor nitrogen (AH = 0.3 Oe) was ob-
served. However, in some specimens a broad spectrum was found coin-
ciding with the normal nitrogen resonance. He assumed that the broad-
ening was due to separation of the centers by a distance such that the
dipole-dipole interaction of paired electrons was significant. = Calcu~
lations of the density of these centers gave approximately 1020 c:rn”3
for the regions giving rise to the broad part of the spectrum and

3 x 1019 -3

cm © in the regions of normal nitrogen resonance. This study
is important in at least two respects. The overall density of para=—
magnetic nitrogen centers is two or three orders of magnitude higher
than that given by Smith, et al (60), and therefore compares well with
~observed nitrogen concentrations in Typé I diamonds. Also, the con-
centration of paramagnetic nitrogen was not always uniform. This also
agrees well with previous knowledge that Type I diamonds often have
regions of stronger and weaker Type I properties (63).

Evans and Phaal,(éh)rqbserved impurity platelets on (100), planes in
Type I diamonds by transmission electron microscopy on very thin speci-~

mens. Nitrogen is assumed to be the relevant impurity since the den-

sity of the platelets can be explained only by the high concentration



20

of nitrogen in Type I diamonds. Small dislocation loops lying in (111)
planes were observed and ascribed to the condensation of vacancies fol-
lowing formation of the platelets., Neither the platelets nor the dis-
location loops are observed in Type IT diamonds. The absence of low-
angle x-ray scattering was reported to indicate that the nitrogen was
in substitutional positions in the platelets.

The Type IIb diamonds have p-type conductivity apparently asso-
ciated with an acceptor level at 0.35 eV above the valence band (65, 66).
Bell and Leivo (67) reported that photoconductivity could be excited in
Type 11b diamonds by visible and near -infrared light. The major peak
occurs at 660 mp, and a slight peak appears at 890 mp. Peaks in the
infrared absorption observed by Stein (68) and in the low temperature
(150° K) photoconductivity observed by Johnson (69), both of this labor-
atory, give further evidence of the .acceptor level at 0.35 eV and also
indicate a lével at 0.52 eV (70). XKrumme and Leivo (71, 72) have re-
cently reported photoconductivity measurements at liquid nitrogen and
1liquid helium temperatures. The observed photoconductivity spectrum
was accounted for in terms of acceptor levels with activation energies
at 0.30, 0.37, 0.52, and 0.7 eV and a combination of phonons. The
level at 0.52 eV was also reported by Halperin and Nahum (73) in 1961

on the basis of thermeoluminescence data.

Electron Spin Resonance in Diamond

Among the first paramagnetic centers in diamond detected by elec-—
tron spin resonance were lattice defects produced by neutron and elec-
tron irradiation (74, 75, 76). The absorption spectrum was first divid-

ed into three systems: (a) a single isotropic line with g-value = 2.0028
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4 0.0004, whose intensity and line wieth increase with irradiation dose
and decrease with heating; (b) a system of 12 anisotropic lines which
are about 100 times smaller than (a) in intensity and are unaffected
by heating; (c) additional weak lines not yet analysed in detail.

Baldwin (77) observed three centers labeled A, B, and C, with g-
values of 2.00230, 2.00234, and 2.00238 + 0.00010, respectively. On
illumination with ultraviolet light, the A-center increased to com-
pletely mask the B-center. Hyperfine interactions were observed in
the A-center due to the nearest and second-nearest neighbor ct3 nucleli
which are in 1.1% abundance in diamond. The A-center resonance is ex~
cited by photons of energy 2 2.83 eV and quenched by photons with energy
21.10 eV. The A-center was identified as an isolated vacancy. The C-
center resonance was observed only with the reference phase of the phase
detector in quadrature with the modulation field.

Faulkner, Mitchell, and Whippey (78) identified four systems in
neutron irradiated diamonds. Systems (a) and (b) coincided with (a)
and (b) above. System (c) contained six lines and had <100p symmetry
axes. OSystem (d) was a broad anisotropic absorption. Dependence of
each center on radiation dose was observed.

Clark, Duncan, Lomer, and Whippey (29) reported a fairly good
correlation between the strength of the ESR (a)-system and the optical
density at 2.695 eV. Also, fair correlation was found between the
strength of the ESR (c¢)-system and the integrated strength of the GR1
optical absorption band between 1.6 and 2.5 eV. However, although
both the GR1 band and the ESR (c)-system decrease with high tempera-

ture annealing, the temperature dependence of this decrease is not
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the same for both systems.

Dyer and Du Preez (28), whose work was previously discussed, ob-
served a single isotropic ESR line in diasmonds irradisted with 0.78
MeV electrons. The line was observed in the Type Ila sample before
irradiation, but no ESR absorption was observed in the two Type I
samples before irradiation. The strength of the irradiation induced
ESR absorption was changed by heating in darkness at 500°C in vacuo.
However, in some samples the signal increased, while in others it
decreased. The GR1 optical absorption band decreased and the ND1
band increased in all specimens when they were heated. Intense illum-
ination with 1light from a high-pressure mercury. lamp produced an in-
crease in the size of the GRL band and the uv band and a decrease in
the ND1 band and fhe ESR Iine in the two TYpe I samples. Illumination -
had no effect on the Type Ila sample. Subsequent heating restored
the Type I samples to their condition previous to illumination. The
heating and illumination effects could be repeated indefinitely.

The detectieon of substitutional nitrogen donors in natural Type I
diamend by ESR has been discussed in an earlier section. Bell, et al
(79, 80, 81) of this laboratory has shown a correlation between the den-
sity of uncompensated acceptors and the concentration of spins in semi-
conducting. (Type IIb) diamond. They observed a broad, isctropic peak
with g-value 2.0030 + 0.0003. A complex, orientation dependent spectrum
was observed in Type I diamonds by‘Smith, Gelles, and Sorokin (82) and
attributed by them to aluminum acceptors, However, the identity of this
center is still in gquestion.

Bell, et al (79, 8l) investigated the ESR spectrum of a crushed Type
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I diamend Having no detectable initial signal. Crushing created a signal
with g-value 2.0029 £ 0.0003. Subseguent heating at 500° C and 10“6 mm
Hg caused no effect, but heating at 600° C at ILO"6 mm Hg for one hour
caused a significant decrease in signal size and linewidth. The signal
centinued to decrease for a short time at 780° C, but then it reached

a éonstant value which was not changed by heat treatment of 4 hours at
1100° C. . A broad line appeared after heat treatment of 870° C for one
hour. A control specimen was given the same heat treatment as the
crushed sample, but no change in the ESR spectrum or infrared spectrum

was observed.



CHAPTER II
ELECTRON SPIN RESONANCE
Simple Theory

In most compounas, there is a palring of electron spins. Organic
molecules which are exceptions to-this. rule are called free radicals
and are generally unstable. - Perfect solids with covalent or ienic bonds
are diamagnetiC'since they contain no unpaired spins. However, in all
natural crystals, there are defects due to impurities and lattice de-
fects which may be paramagnetic.

The simplest system.to consider -is the case of iselated unpaired
.electrens. In the absence of a magnetic .field, the energy levels are
degenerate in spin. Upen application of a magnetic field ﬁ, the de-
generacy will be remeved, and the leveis will split into two levels.

The classical interpretatioen is that the spins orient either parallel
or antiparallel to the magnetic field. The spin part of the Hamilton-
ian operator for this system is

[H]=+ES - . (2.1)
where vy is the gyromagnetic ratio, I is Planck's constant divided by
21, and Eg is the electron spin operater. TFor a magnetic field .in the
Z-direction with magnitude Ho, the Hamiltenian is

[H] = vAH_S, . (2.2)

2l
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Figure 2-1. OSeparation of the energy levels of an unpaired
electron by a static magnetic field Hj.

The eigenvalues for HSZ are *+ 4R, and the degenerate levels are thus
split by + %HHO as..in Fig. 2-1. The energy separation is therefore
AE = yRH,. (2:3)
Often it is of greater advantage te use the expression
AR = gBH, (2.4)
-where Bis the Bohr magnetonJS%c, and g = g-factor: is defined by the
equation.
Photons of energy AE can cause transitions between the levels.
The induced transitien is often called ”spin.flipﬁ and:is the basis of
electron spin resonance. The resonance absorption.is usually cbserved
at a fixed photon energy by sweeping the magnetic field through the
resonance condition.
‘When the unpaired electron is assoclated with a nucleus possessing
a magnetic mement, it will experience an additional magnetic field due
to the nuclear spin I. The levels will be split into 2I + 1 compon-
ents, -and the ESR absorption will have 2I + 1 peaks. Typical splitting
of the levels and the resulting ESR spectrum for I =1 is illustrated

in Fig. 2-2. The hyperfine interaction thus provides a possible means
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Figure 2-2. Typical electron spinvrésonance from an electron
associated with a nucleus of spin I = 1.
of identifying the paramagnetic center. The hyperfine interactien may
. be partially or completely masked by broadening facters and further

complicated by crystalline field effects.
Classical Treatment of the Effect of Rotating Magnetic Fields

.Although the resenance phenomenon is, strictly speaking, a quantum.
mechanical problem, a classical treatment coentributes significantly te
~one's insight. The electren is censidered.to be a small magnet with
magnetic-momentja. In the presence of a magnetic field ﬁ, the electron
will experience a torque ? given by
> -

T =p x He (2.5)

But the torque is also equal to:-the rate of change of angular momentum,



27

I
which. is % g%, Equating the two expressions for the torque gives

d
Ldid -2, 4
5 g% y x H (2.6)
and
G -vixt
T YHX H. (2.7)

The form of this equation mayfbevchanged somewhat by transforma-
tion to a rotating coordinate system. The direction of ﬁ is taken to
be the z-axis in the fixed laboratery system. The rotating system is
shown in Fig. 2-3(a), where the z'-axis coincides with the z-axis, and
the x!'- and y'-axes rotate about the common zZ-axis with an angular fre-
quency ®. The time rate of change of the magnetic moment observed in

the new system will then be

a -
g.E :gu;_ - -
(dt)r = (o x ). (2.8)

Therefore in the rotating system, equation (2.7) transforms to

(%%) = il x (ﬁ‘+§)- o (2.9)

The form of equation (2.9) is the same as the form of (2.7) with I
.being replaced by an effective field
ﬁe =1+ %5 (2.10)

The effective field is observed to be zero when ® corresponds to the
nLarmor frequency! —yﬁ, which.illustrates that the magnetic moment is
constant in the rotating coordinate system and therefore must be pre-
cessing about'ﬁ at the Larmor frequency.

Now consider the case of a static magnetic field with magnitude Hj
along the common z-axis and a rotating magnetic field with magnitude H,
and in the direction of the x'-axis. Equation (2.10) is still valid

- and may be written as
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Figure 2-3. (a) Rotating coordinate system. (b) Effective
magnetic field in rotating system.
He = Hy1v + (H, +—$)k'. (2.11)

Althoughfﬁ is now observed to precess about ﬁ whenever the con-
: p e’

—
Y) both hold, the effects of H, are neg-
Y 1

ligible. However, when the frequency ® corresponds .closely to the

ditions H;<<H, and H,<<(H, +

Larmor frequency —yﬁg, it is possible to have (H, + $)<Hl with H)<<H,.
The direction of ﬁe will differ significantly from the z'!-axis, and

the precession of ﬁ about ﬁé will introduce periodic changes in the z!-
component of_ﬁ. In the laboratory system, the magnetic moment will
precess about'ﬁg at varying angles with the z-axis. When the resonance
condition

Hy +

<€)

=0 (2.12)
is exactly satisfied, the magnetic moment will precess about ﬁl at an
angular frequency of —yﬁl. The motion of ﬁ in the laboratory system
will be a combination of the precession about ﬁl as observed in the

rotating system and the precession about'ﬁo at the Larmor frequency.
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The classical magnetic interaction energy expression for the system

is
s <h
E =~y -« H% =~ H,. (2.13)

Therefore energy must be absorbed from the rotating magnetic field when
the z-component oflﬁ is decreased. However, the motion of the moment is
periodic. Therefore, if the resonance condition is maintained for a
sufficient time and no relaxation processes occur, there will be no net

absorption, but dlternate receiving and giving of energy.
Bloch Equations

The preceding description did not include considerations of relaxa-
tion effects leading to equilibrium conditions. When a substance is
placed into a'mégnetic field of magnitude H, in the z-direction, the
electrons will align themselves parallel or antiparallel to the magnetic
field and, under equilibrium conditions, will assume a Boltzmann distri-

bution. There is a resulting thermal equilibrium magnetization M.k,

which is given by

Y

P 3
Mok = yHok, (2.14)
where ¥, is the static magnetic susceptibility. Bloch (83) assumed

that the system would approach equilibrium conditions governed by the

equations

(MZ‘_ Mo)

M, = - ————— (a)

'Tl

. My

My == —5 (b) (2.15)
Ty

S

M
Y

M‘y == (c)
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where the "longitudinal" relaxation time T, is generally called the
"spin-lattice relaxation time", and the "transverse' relaxation time Tj
is generally called the '"spin-spin relaxation time", The characteristic
decay time of M, is assumed to be different from that of M, and My, be-
cause energy transfer is required for changes in M,, but the energy of
the spin system is not changed with variations of My or My, which are
perpendicular to ﬁ;.

In the absence of relaxation effects, the equation of motion is

o kT (2.16)

18

With the assumption that H;<<H,, so that the equilibrium magnetization
would be very nearly‘ﬁo, the equation of motion including relaxation
effects is
it
- . i
SR ) I N, SR A ) (2.17)
dt T, Ty Ty

This equation may be written in the rotating coordinate system as

-
vdM‘ S - MO—MZ',.) 'MX’ 2 My' -
—] =v(M x He) + ——— k! = — = e 3, (2.18)
dt r T]_ Tz TE
Since
~d - o
He = (Hy + Dkt + K1, (2.19)

-> -
it follews that (M x Hg) may be written
i - (.U‘% B -
Mx Hg = y'-(Ho + V)l, + [MZgHl - X’(Ho + %)]J! - My'Hlk': (2.20)

and equation (2.18) becomes

dl\dxl V fo

i - - (2)

dt T,

— =Mz H; - Mx'(Ho + %) - (b)) (R.21)

dt Ty
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My ¢ My - Myt
= = Myl b ——— (c)
dt T,

Equations (2.21) may be simplified to

dei 'MX'
—_— == My'(wo - W) = — ) (a)
dt Ty
dMyl My[
—_—= - My, t+ Myi(wg -~ 0) - —, (b)  (2.22)
dt T,
szl MO - Mzg
= My[(l)l +——-————— ’ (C)
dt T,
by the substitutions wy, = - yH, and w, = - vH .

When the time of passage through the resonance condition is long
compared to. the relaxation times, the magnetization can be considered
to have its equilibrium.value. To a first approximatien, this can be
expressed . by MX: = Myt‘=:ﬁzl\= 0. FEquations (2.22) may then easily be
solved for My1, Myr, and Mgy, and give

MOTZwl(wo - w)

Myr = z 3 - (a)
1+ T Tw + Thlwe - w) ]

MoTzw,
My = - — = (b) (2.23)
L+ T Tew +Tp(wg - w) ]

2 2
Moll + (wy - w) Ty
Mgy = = -1 P —rE .
(1 + 7T, Taw, + To(wg - ) ]

(c)

BEquations (2.23) may be further simplified when Hy, is very small,
2
so that T;T,u <<l. Then they have the simple form
2
MoTowy (wg — o),

Mxl = o] -] (a)
.l + Tg(wo- - (l))

MoTaw,
My = - — - (b) (2.2)
1+ Ty (wy - w)
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Figure 2-4. Transverse magnetization.

MZ 1 = M o* . ( C)

In practice, the method used for obtaining the rotating magnetic
field H; is the extraction of a component of an alternating field.
A field linearly oscillating in the x-direction such that Hx(t) is
given by Hx(t) = H,, cos wt may be separated into two rotating com-
penents rotating about the z-axis with angular frequencies w and - w,
respectively. This is demonstrated in Fig. 2-5, where the botating

fields are defined by

ﬁh = %on(i cos wt-+u3.sin wt) (a) (2.25)
ﬁi - %on(i cos wt - J sin wt). (b)

It is clearly seen that the rotating field ﬁl corresponds to ﬁh,with
2H, = Hygo-
The high frequency susceptibility x =x' - x" is introduced, and

M, is taken to be the real part of the complex quantity y[2H, exp(iwt)].
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Then MX is given by
M, = x'2H; cos wt + y"2H, sin wt. {2.26)
From simple considerations of the components of M, , and My, in the

x-~direction, Mi may also be written as

M, =M, cos wt - My' sin wt. (2.27)

Figure 2-5. Separation of an alternating field into two rotating
components.

Comparison of equations (2.26) and (2.27) then yields

Mxl 1\%71

Xl = —_—, XH = - m— (2.28)
2H, 2H,

When a coil of inductance LO is filled with a substance with
susceptibility x(w), the inductance is increased to L [1 + 4my(w)],
where y(w) = x'(w) - ix"(w). For a coil With resistance R  in the
absence of the filling substance, the impedence with the filling sub-
stance will be

Z = lLo(LT(l + Ly ! _-ﬂmx”) + Ry (2.29)
= iL w(l + Lmyx') + L byt + R,.

Therefore, x'! is responsible for a change in inductance, and y" effect-



34

ively changes the resistancs.
If uniform magnetic fields cccupy the volume V and the peak-value

of the alternating current is .i,, the magnetic energy stocred in the

coil is
2 2 2
Lolo HxoV HV
C—— = = e (2,30)
2 8 217

The average power absorbed in the spin system contained in the volume
V is

2 2
i8R io(Lpwlmy)

i

(2.31)

2 2

2
The value of i

o Obtained from equation (2.30). may be substituted into

(2.31). The average power absorbed in the spin system is then given by
- 2 '
P = 2wH, x"V. (2.32)
The power absorbed can be written as a function of w by substi-
tuting for y" from preceding equations. This yields

wH, VM, T,

= 2

levonngwl
= o — (2.33)
1+ Tolwe - w)

2
w0 oH; T5

- 2

=

2
= TMuweXoH g(w — wy)V,

Tz

(2.34)

where glo - w,) = — - .
[l + Tale - wg) ]

The width of the function at half intensity is given by
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W =Wy = =, (2.35)

and the maximum value of g(w - w_), Tp/m, occurs when o = w_.

The line shape can be affected by the following interactions:
(1) dipolar spin-spin interaction; (2) spin-lattice interaction; and
(3) exchange interaction. The resultant line shape may not be
Lorentzian, and definitions of T, sometimes given in terms of line
shape parameters can differ somewhat from the definition previously
given for T,.

The expressions obtained by consideration of an equivalent LC cir- =

cuit are general and apply to microwave cavities as well.



CHAPTER IIT
INSTRUMENTATION
General ESR Spectrometer

As has already been discussed, the conditien for resonance is
E = hv = ggH. (3.1)

Because of the Boltzmann distribution of electrons in the energy levels,
highest sensitivity is obtained at the highest possible energy separa-
tion or highest frequency v which can be obtained. However, there are
other consideratiens for determining v. In practice, the power avail-
able decreases rapidly for wavelengths shorter than 3 cm. Also, detect-
ing elements are inferier at higher frequencies.  Sample size is also
very important for high frequency work. . Although spectrometers using
wavelengths of -1.25 cm or 8 mm are more sensitive than 3 om spectro-
meters for studying very small specimens such as small single crystals,
they are approximately of equal sensiﬁivity for studies of larger sam-
ples or samples in which concentration of spins i1s to be determined
(84). The most common ESR spectrometers operate in the 3 .cm wavelength
range which is classified as the x-band .region of the microwave spectrum
and corresponds to frequencies near 9.5 ko/seé. For free electrons,
g is approximately 2, whence

v = 2.80 H megacycles/gauss sec. (3.2)

36
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A magnetic field of approximately 3400 gauss is therefore reguired
for free electron resonarnce.

Because of the coupling mechanism for transitions, as described in
the general theory of ESR, it is necessary to have the microwave mag--
netic field ﬁ; perpendicular to the large magnetic field ﬁgo Also,
the rate of preceéession is proportional to H,. Hence the sample needs
to be placed at a point of strong ﬁll ﬁo' A microwave resonance cavity
is used for this purpose since it stores large amounts of energy in the
resonaht modes, giving rise to large values of microwave magnetic field
?i. The "Q factor" of the cavity is defined as

Energy-Stored;in Cavity ® - Energy Stored

Q= (3.3)

Energy Lost n-Rate of Energy Loss '
.The munloaded Q" is determined by considering only the energy dissipated
-in the cévity walls. The "loaded Q" also includes the energy lost via
the cavity coupling holes and is the factor measured. Typical loaded

Q values are 3500 for rectangular cavities and 10,000 for cylindrical
cavities.

In erder to determine the energy absorption due to the ESR signal,
eilther the reflecfed energy from‘the cavity or the energy transmitted
through the cavity is observed. Spectrometers utilizing the reflection
type cavity are more versatile and are used more often. Since the spec-
trometer used.in this study utilizes a reflection cavity, only this
‘type spectrometer will be discussed. The cavity is constructed such
-that only the desired resonant mode is established. The sample is
positioned in the region of highest microwave magnetic field, and the

cavity is turned so that the microwave magnetic field in that. region
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is perpendicular to the static field. Criteria for selecting certain
cavity shapes and modes will be discussed in a later section.

Passage through the resonance condition may be accomplished by
varying either the frequency v or the magnetic field H,. Because of
several practical considerations, such as the frequency instability of
the klystron and the sharp freqﬁency dependence of high Q cavities, it
is much more convenient to stabilize the klystron at a particular fre-
quency (usually the sample cavity resonance frequency) and vary the mag-
netic field.linearly in time, sweeping past the resonance condition ex-
pressed by equation (3.1). The resonance signal can be observed as a
‘small dip. in the reflected power level. Since the reflected power level
is subject to various fluctuations? especially drift in the klystron or
cavity frequencies ér the klystron power output, modulation coiis are
usually added to alléw a small alternating field to be superimposed onto
the slowly sweeping field. Changes in the reflected power are then ob-
served at the modulation field frequency. The signal thus determined is
proportional to the first derivative of the resonance signal provided the
modulation field amplitude is sufficiently small. A phase detector is
usually incorporated into the detection system so that only signdls
having a pafticular phase relationship with the modulation field will
be detected and other signals will be rejected.

The basic reflection cavity spectrometer has the following com-
ponents: a microwave sample cavity; microwave circuitry to introduce
microwave energy into the cavity and separate the energy reflected
from the cavity for detection; an electromagnet with associated power

supply including a linear sweep unit; a modulation field unit which
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introduces an alternating magnetic field to the linearly swept field;
and a signal detection system including a modulation frequency phase-
detector and amplifier. An example of a basic reflection cavity
spectrometer is the bridge spectrometer using the "magic-T'" as the

bridge element as shown is Fig. (3-1).
Description of the ESR Spectrometer Used in the Study

Magnet System

An x-band spectrometer operating at 9.5 kMc/sec requires (for
g = 2) a magnetic field of 3400 gauss with sufficient homogeneity and
stability to prevent distortion of narrow signhals. When the line widths
are not less than 100 milligauss, the homogeneity is not as critical as
in nuclear magnetic resonance (NMR) or ESR of solutions. The magnet

. power supply must be well regulated and also equipped to swesp the

field over_avlarge range. The gap must be large enough to accomodate
the cavity and all necessary accessories such as cryogenic equipment.

. Although it would be advantageous to have a very large gap and extremely
high homogeneity, the cost of these features must be considered when the
magnet is selected.

The magnet used in the investigation is a Varian 6" rotating
electromagnet, Model 4007-1, with fing shim pole pieces and a Model
V-2200 Varian power supply. The magnet can be turned a full 200° about
the vertical axis to allow single crystal orientation studies. The mag-
net gap ef 2.875" is a significant factor in cavity and dewar design.

The magnetic field contour is-illustrated in Fig. 3-2.
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The magnetic fleld strength is determined by use of a NMR detector.
The NMR probe is rigidly supported by a clamp around one of the magnet
pole pieces. A h/p‘52h D electronic counter is used to measure the fre-
quency of the NMR oscillator. The field can be determined from the pro-
ten resonance frequéncy v by the simple relation

H = 2.3,868 X'lO%h v gauss sec (79). (3.3)

Klvstron Freguency Stabilization

Although the klystron is selected mainly on the basis of frequency
stability, output power, and tuning range, the stability is not suffi-
cient in a sensitive ESR spectrometer unless seme stabilizing system is
used. A stabilization system which has been used quite suécessfully for
ESR work is the Pound i. f. circuit (85, 86) or its modified form (87).

The stabilization system used in the.present study is a modified
Pound circuit utilizing a Triconix Model KSL klystron stabilizer with a
‘slightly altered.oircuit.2 This arrangement allows the stabilizer to. be
used essentially according to initial design or in the modified Pound
circuit. |

In '"normal" operation, a small 70 kc/sec modulation signal is intro-
duced onto the klystron reflector. (This is introduced through the ex-
terior modulation connection of the powér supply instead of directly as
in the unmodified Triconix stabilizer.) The detected output of a cavity
is utilized to sense the magnitude and direction of any shift of the

klystron frequency with respect to the cavity resonance frequency. The

2The circuit of the Triconix stabilizer was changed by M. D. Bell
while-he was a Research Associate at Oklahoma State University.
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stabilizer adds a L dc voltage to the kiystron reflactor to bring the
frequency of the klystrcon back to the cavity resonance frequency. The
cavity used for fregquency stabilization may be eitherAthe sample cavity
or a variable frequency reference cavity tuned to the sample cavity fre-
quency. The circuit changes are shown in Fig. 3-3.

The modified Pound circuit is shown in Fig. 3~4. A small part of
the micrewave power from the klystron is coupled through the 20 db
directional coupler into arm 1 of the magic-T. The power divides into
arms 2 and 3 which are adjusted to equal effective lengths. The modula-
ting arm 3 is a matched load so that there is no reflected power in the
absence of the 70 kc/sec‘modulation. However, because of the modula~-
tion voltage, side bands 70 kc¢/sec above and below the klystron fre-
quency are reflected back to the magic-T. When the reference cavity
is critically coupled, there is no reflected power from arm 2 when the
frequency of the klystron coincides with the cavity resonance frequency.
When the frequencies do not coincide, the reflected wave from the cav~
ity has a magnitude dependent upon the frequency difference. The out-
of-phase component of the reflected wave has opposite sign on the two
.sides of the cavity frequency. The two reflected waves from arms 2 and
3 gre divided between arms 1 and 4. The reflected waves down arm 1 are
dissipated in the ferrite isolator. The waves entering arm /4 are mixed
at the detector and give a 70 kc/sec signal With magnitude dependent
upon. the frequency difference of the klystron and cavity resonance and
with phase differing by 180° on either side of the cavity resonance.
The 70 kc/sec error signal is amplified and compared with the reference

phase signal in the phase detector. The output of the phase detector
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is a % dc veltage with magnitude determined by the amplitude of the error
signal and sigh determined by ths phase. The de voltage i1s applied to
the reflector of the klystron to correct the klystron. frequency and lock
the klystron to the cavity frequency. Since the reflector is at a high
negative potential with respect to ground, care must be exercised in
isolating the phase detector circuit.

Since the klystron frequency is sensitive to temperature and load,
the klystron. is mounted.in a silicone oil bath surrounded.by water cool-
"ing coils, and a ferrite isolator is used to isolate the klystron from
reflected power from the lead. A vibration free support is provided for
the microwave components and the other critical parts of the spectro-
meter. The power supply for the klystron is a well-regulated commercial
unit. The filament current is supplied by a transistorized dc supply
(79). 1In order to obtain the fine adjustment of the klystron frequency
desired in work with a high Q sample cavity, the battery reflector volt-
age supply shown.in Fig. 3-5 was used. Although capaciters across the
batteries would help reduce any neise in the battery veltage, a short
circult in the capacitors could reduce the reflector voltage to zero

and Jeopardize the klystron.

Reference Cavity

The requirements of a reference cavity are (1) high Q, (2) high
frequency stability, (3),freqpency tuning range covering all resonant
frequencies posseésed by the various sample cavities to be used, and
(4) a fine frequency adjustment to allow very close matching to the

sample cavity. The reference cavity constructed. for the study is
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shown diagramatically in Fig. 3-6. The cylindrical wall of the cavity

is made of quartz plated with silver on the inside surface. The top
plate is a thin silver disk backed by a heavy brass disk. The coupling
is adjusted by a small screw in the brass disk immediately above the
coupling iris in the silver disk. The bottom plate is a small silver
disk backed by a small brass disk attached to a Model 599-299-100

Brown and Sharp micrometer head. The micrometer head is thermally insu-~
lated with plexiglas. The cavity system is then almost totally surround-—
ed by styrofeoam insulation. for further temperature stabilization. A

plug can be removed to allow .the micrometer‘to be ‘read through the trans-

‘parent plexiglas. The cavity operates in.the TE,;; mode, with no inter-
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ference from other modes except in the low freguency extremity of its
range. The frequency variation with end plate micrometer adjustment was
determined by comparison with a calibrated Model 810 Narda wavemeter and

is shown in Fig. 3-7.

Microwave Circuit

The spectrometer used in the present study is illustrated in Fig.
3-8. The power from the regulated klystron is divided by the magic Tee
T;, into arms 2 and 3. The power dqwn arm 2 is introduced into arm 1
of the microwave circulator after passing through a precision variable
attenuator which controls the power to the sample. The power entering
arm 1 of the circulator exits by arm 2 and is coupled into the cavity.
The power reflected from the cavity enters the circulator by arm 2 and
exits by arm 3. The power is then divided by the magic Tee T,, and half
of the power is detected by the crystal detector in arm 2. The other
half of the signal is dissipated (or lost) in arm 3. (An improvement
could be made in the system by utilizing matched crystals in arms 2
and 3.) The power from arm 3 of T, is used to bias the crystal detec~
tor. The variable attenuator in the bias arm is used to adjust the
bias :voltage to the crystal; the phase shifter is used to adjust the
phase for observation of the absorptive (y!) or dispersive (y') com-
ponent of the magnetic susceptibility. The cavity is slightly under-
coupled to allow detection of both y" and y!'.

4 slide screw tuner is incorporated into the sample arm to correct
for imperfections in the circulator behavior. A 20 db directional coup-

ler is used to couple a small amount of the incident wave into an arm
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equipped with a wave meter for frequerncy determination and a power meter
for determination of the incident power. A small ﬁart of the reflected
wave is coupled to a detector for observation on the oscilloscope. The
klystron frequency may be measured more accurately by use of a transfer

oscillator and electronic counter.

Magnetic Field Modulation

Although a low frequency modulation system with bolometer detec~ |
tion is available for use with the spectrometer (79), a 100 kc/sec mo-
dulation system was used exclusively in the present study. The system
consists of a pair of modulation coils mounted on the cavity‘walls 50
that the modulation field is parallel to the large dc field and a Vari_
an 100 kc/sec modulation control unit containing a tuned amplifier,
phase detector, crystal oscillator, and a medulation amplifier. For the
greater part of the study, a cylindrical cavity was used. Two 500.turn
~coils of #40 copper wire were wound and potted in an epoxy cylinder which
fits around the cavity. The coils turn with the dc magnet so that the
modulatien field 1s always parallel to the dc field. The coils were im-
pedence matched with capacitors to maximize the modulation field inside
the cavity. Graphs of the moedulation field at the sample position versus
the modulation amplifier control dial setting are shown. for the cylindri-
cal cavity and.for the Varian rectangular cavity in Fig. 3-9.

To a first approximation, the ESR’signal intensity is proportional
to the modulation amplitude for small modulation field. However, as
the modulation amplitude is increased, the curve departs from a true

derivative of the resonance signal. The maximum sensitivity is ob-
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tained wﬁen the peak to peak medulation amplitude is on the order of the
line width of the ESR signal. bul The signal begins to be quite notice-
ably distorted when the modulation amplitude is over 1/10 of the line-

width (8L).

Microwave Sample Cavity

Since the sample must be placed inside the cavity, special cavity
designs are neéessary for measurements under particular conditions such
as low-temperature studies, pressure effect studies, br optical illumina-
tion studies. Many cavity designs are .described in the literature, and
reference will be made later to several in particular.

The two cavity systems used in the present investigation were a
Varian V-4531 rectangular ESR cavity operating in the TE loz Mmode and
a right circular c¢ylindrical wire-wound cavity operating in the Ty,
mode. The microwave field configuration for these cavities is shown
+in Fig. 3-10. The sample is placed.in the center of either cavity.

The position of maximum microwave magnetig-field,is also a point of
minimum micrewave electric field. This is very important in the case
of semiconducting diamond samples because a conductor in an area of
high microwave electric field will distort the mode configuration and
lower the Q.

The Varian cavity is equipped for variable temperature work in the
range -=185° C to 300° C. The dewar insert of the system is a double
wall, high purity quartz cylinder. Horizontal sloets are provided in
the cavity wall for optical illumination. An optical filter mount was

built to fit on the cavity over the slots. Corning colored glass fil-
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~ters can be slipped into the mount singly er in groups of two or three,
Thquuartz dewar insert is transparent to light of the wavelengths util-
ized in this phase of the illumination study.

Several cavities were constructed and tested for use in the illu-
mination study. Since the ESR spectrum of many diamonds 1s orientation
dependent, greatest considefation was given to cylindrical cavities of
various types. The first cavities considered were pyrex leinders
plated with thin coats of DuPont wLiquid Bright Gold" or "Ligquid Bright
Silver" which were painted onto the inside surface and heated to 500° C.
Copper or silver end plates were glued to the cylinders. The Q of these
cavitles was on the order of 7000 when several platings of metal were
used. However, the 100 kc¢/sec modulation is very noticeably attenusted
by. the metal on the walls. A compromise between the Q and the modulation
amplitude must be reached, and a suitable wall thickness with respect to
the microwave skin depth and the 100 kc/sec skin depth was selected.

A dielectric cavity was constructed with teflon asbthe dielectric.
"The design was patterned after the design specifications of Rosenbaum
(88). " If a quartz dielectric cavity were used, it would allow illumina-
tion of the sample directly through-the walls. Another advantage of
the dielectric cavity is the freedom from metal walls which attenuate
the modulation field. The main advantage in this type of cavity is the
ability to observe the ESR spectrum. of the dielectric material itself,
Optical effects on the ESR spectrum of suitable dielectrics could gquite
effectively be studied with this type cavity.

The problem of ﬁodulation field attenuation has been fairly effec-

tively solved.for TE,,, cylindrical cavities by the use of a helical
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groove of small width and pitch around the cylindrical wall (89, 90).
The groove attenuates all TM cavity modes but does not seriously effect
the TE ,;, modes when the pitch is small. The same effect is accomp-
lished by wire-wound cavities such as. the wavemeler constructed by
Barlow, Effemey, and Hargrave (91).

Wire-wound cylindrical cavities for preliminary checks for appli-
cability to the present study were constructed using #28 and #30 enam-
eled copper wire and a shell of Eccobond 45 epoxy. The cavity Q was
determined to be on the order of 10,000 for both. Attenuation of the
100 kc/sec modulation field was checked by comparison with a third
cavity from which the wire had been removed. There was no noticeable
attenuation in either cavity.

The cavity designed and constructed for the present study is a
wire-wound right circular cylihdrical cavity which resonates in the
TE o, mode and has a 3.2 cm diameter and 3.2 cm length. The dimensions
were selected on the basis of the mode chart and mode shape factor for
right circular cylindrical cavities (92). Secon 99.999% pure 0.0LO"
dlameter copper wire was‘wound onto a highly polished solid aluminum
mandrel (Fig. 3=11) which had been coated with Devcon mold release
agent. The mandrel was placed in a lathe and turned by hand. Clear
Hysol: XC9-CL19 epoexy was brushed onto the mandrel as the wire was
wound. The clear epoxy provides an insulation between the successive
turns of wire and also makes a smooth, easily cleaned .inside surface
for the cavity. Since the clear epoxy is not affected by acetone or
methyl alcohél, these solvents may be used to clean the cavity walls.

The clear epoxy was previously tested for ESR. signal, but none was found.



Figure 3-11. . Aluminum mandrel and potting shell.



After sufficient wire had been wound on the mandrel, the mandrel

o)

was removed from the lathe and heated to hasten the curing of the epoxy.
The aluminum shell illustrated in Fig. 3-11 was placed around the man-
drel and secured with a circular metal band. The shell was then f£illed
with Emerson and Cumming Stycast 3180M epoxy mixed with lithivm aluminum
silicate which has a negative coefficient of thermal expansion. The
epoxy was cured at.an elevated temperature and left for several hours.
The shell was then removed, the mandrel was remounted in the lathe, and
the wall was turned down to the proper thickness. The wire was then
stripped out of the cavity for a very short distance, and the end of the
mandrel was thoroughly cleaned to remove any adhering epoxy. A plastic
hanmer was used to carefully drive the mandresl through the heavy aluminum
washer. It was not necessary to taper the aluminum mandrel when a good
mold release agent was used. ' The cavity was shortened in the lathe to
.the 3.2 cm length. desired.

A plastic cylinder of clear Hysol epoxy containing two 500 turn
modulation coils was molded and machined .to fit between two brass rings
glued to each end of the cavity as illustrated in Fig. 3-12. The coil
leads were attached to metal binding posts melded into.the plastic
shell. Coaxial cables were connected to. the binding -posts. The co~-
axial cables were connected to a shielded cable, and a capacitor was
used for impedence matching.

The top plate is very similar to that described for the refer-
ence cavity. The bottom plate is a copper disk fitted .into a plexi-
glas plate. Both end plates are fastened to the respective brass rings

with four brass screws. The bottom plate has a small hole in the cen-
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‘ter for entrance of the light pipe. The loaded Q of the cavity was
experimentally determined to be on the order of 10,000.

The sample is mounted as shown in Fig. 3-13. A small plexiglas
threaded cylinder is glued to the center of the tep plate with Duco
cement. Sample mounts made of plexiglas with short Suprasil quartz
tubes attached with Duco cement can be screwed into the threaded cylinder
after the cavity bottom plate is removed. Diamond samples are temporarily
glued teo the Suprasil quartz tube. When the samples are oriented using
-x~ray techniques, a small Suprasii quartz fiber is glued to the diamond
in a knewn crystaline direction for orientation reference. The magnet
will rotate In the plane perpendicular to the sample mount axis.

The coupling to the cavity, illustrated in Fig. 3-14, is accom-
plished with a two vane dielectric coupling system (93). The quartz
vanes enter the waveguide through a long slot. They are supported by
-two teflon blocks riding on a threaded.stainless steel rod. The stain-
less steel rod is threaded on one end with. left-handed threads and on the
other end with right-handed threads. The teflon blocks move aparf or
together as the rod is turned. The stéinless steel rod is fastened to
a long nylon rod. The vanes were made from a quartz microscepe slide
and several short sections of quartz rod, cementedvtdgether with
Thermal American quartz cement. Fach vane was cut to a length approx-
‘imately 1/4 the wavequide wavelength at. the cavity frequency. The
teflon blocks and stainless steel rod are housed in a stainless steel
x-band waveguide which is sealed to the regular waveguide. The nyloen
rod exits through a-hole in a teflon seal at.the top of the waveguide

section. " The vanes may be moved closer or farther from the iris, and
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(a)

- Figure 3-13. (a) Cavity with sample mount. (b) Oriented and
mounted sample.
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- the vane separation can bs varied. The coupling system is adequate in
most. cases, but for very lossy samples such as the semiconducting dia-
monds, the cavity can not be critically coupled. The coupling range
can be extended considerably by adding a heavy copper wire, cut to the
vane length, to each vane.

A styrofoam dewar system was constructed te fit around the cavity
and it snugly between the cavity pole pieces. The dewar was designed
to hold .liquid nitrogen which would be in contact with the brass cav-
ity top plate. The dewar turns with the rotation of the magnet, and the
modulatien coils are turned by the dewar. .A small copper tube was epox-
ied to the waveguide about 5" above the iris. Dry nitrogen could be
passed- through . the tube to purge the cavity and waveguldes. Four
small holes were drilled.in the cavity bottom plate to allow the gas
~to escape. The dewar worked nicely in every.way except as a nitrogen
reservolr. The dewar had been constructed from two blocks of styrofoam,
and .the seal between the two sections had many small leaks that were
impossible teo patch.

The system was converted .to a variable temperature arrangement
based on the principle of the Varian variable temperature system. The
heat exchange coils of the Varian unit were utilized. Dry nitrogen
was passed through the coils immersed in a large dewar of liquid nitro- |
gen. The cold gas then passed.through a short rubber tube insulated
with fiberglass into the copper tube in the side of the stainless steel
waveguide. The cold gas was forced to exit eut the four small holes in
the botteom plate of the cavity. The waveguide system above the cavity

- was insulated with fiberglass. The temperature could be varied by a
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change in the gas.flow rate. The temperature could not. be measured
when a sample was mounted for ESE measurements. However, a thermo-
couple was placed at the sample position, and the temperature was de-
termined for the two flow rates used in the study. The temperature on
successive days using the same flow rate was very nearly the same, as
evidenced by the resonant frequency of the sample cavity which is
temperature dependent. ESR data was taken at roem temperature and

at approximately - 50° and - 90° C using this system. One difficulty
encountered in the variable temperature system was the inability to
rotate the magnet after the sample was cold. ' The rubber hose providing
‘the cold gas becomes rigid. The liquid nitrogen: system was originally

designed to allow.orientation studies at low temperatures.

Optical Tllumination System

The initial work in the study was conducted with Corning colored
glass filters mounted on the Varian varilable temperature cavity in
front of the horizontal slots. ILight sources included tungsten fila-
ment lamps, a high-pressure mercury arc lamp, and a Westinghouse 250
~watt heat-lamp. The light from the various light séurcesvwas focussed
by a 6" diameter aluminum front surface mirror. With this system it
was not possible to study the effects of light with wavelength shorter
than the fundamental absorption edge of diamond without also including
visible wavelengths.

As was previously mentioned, the light pipe for sample illumina-
tion in the wire-wound cavity system enters through a small hole in

the center of the bottom plate. The light pipe i1s a 12" Engelhard
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Suprasil quartz rod bent into the shape illustrated in Fig. 3.15. ‘A
3 mm diameter rod was first used, but a 4 mm diameter rod. worked better
and was used in all the later work. A brass mount fastened to the mag-
net yoke supports the end of the light pipe and receives the extended
lens system from the Bausch and Lomb. uv monochromator. The monochrom-
atic light beam is roughly positioned by the brass mount. A 1/2 n
threaded plug can be removed from the brass mount to allow critical
focussing of the light beam on the light. pipe. The light pipe is
shielded . from stray light by a black plastic tube which covers the
light pipe from the brass mount to the cavity bottom plate. The short
wavelength cut-off for the quartz lenses in the monochromator is approx-
imately 195 mp, which is ﬁellvbelow_the fundamental absorption edge for
diamond.

Light sources used with the monechromator included a high-pressure
mercury arc lamp, a high intensity 6-volt tungsten filament automobile
lamp, and a'deuﬁerium lamp with a Suprasil window, which was operated at

approximately 45 watts.

X-Ray Tllumination Mount

A small cylindrical dewar with styrofoam insulation was constructed
for irradiation oqusamples with x-rays at liquid nitrogen temperature.
The dewar system, illustrateh in Fig. 3-16, will hold liquid nitregen for -
approximately 15 minutes if it has been sufficiently pre-céoled. The
sample is glued to a quartz sample tube and inserted through the styrofoam
1id. The sample rests on the 1/4" copper rod. The x-ray beam is unaffec-

ted by the styrofeam walls, and the sample is effectively shielded. from
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room light.

.After the sample has been irradiated the desired period of time,
it is lifted slightly off the copper rod while the dewar is unscrewed
from.the aluminum stand. The dewar is then screwed onto the pre-cooled
Varian variable temperature cavity, and the sample is slipped into the

cavity by way of the hole vacated by the copper rod.



CHAPTER IV
RESULTS -AND DISCUSSION OF THE STUDY
General Remarks

- The ESR spectra of several diamonds were investigated. Experiments
were first conducted with the colored glass filtér system with the
Varian variable temperature cavity. A significant change was observed
in the spectrum of one sample at room temperature. The effect was
stronger in this sample at low.temperatures, and a low temperature
effect was observed in a second sample. The effect of light on the
spectra of these two samples was strongly dependent upon the light inten-
sity, even though the spectra returned to the initial conditions very
slowly in the absence of light. Therefore, a new system was sought
which would provide better light focussing on the sample. The x-ray
- 1llumination system was used since a large number of electrons could
be excited across the forbidden gap.

The cylindrical cavity with the Suprasil quartz light pipe pro-
vides a much more efficient illumination system. The cylindrical cav-
ity system has a higher Q and allows rotation of the magnet and modula-
tion coeils for orientation studies. However, the high Q gives rise to
increased saturation problems, and the spectra of several samples had to
be observed with the reference phase in quadrature with the modulation

field (94, 95, 96).
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Since the styrofoam dewar completely fills the region between the
magnet pole pieces, the magnetic field can not be determined by use of
the NMR probe. Therefore the g-value, line width, or hyperfine splitting
‘must be determined from data taken with the Varian cavity.

A brief study of the luminescence of approximately.72:diamond: ..
specimeéns waSaconducted;S A11 the diamonds were first illuminated by
long and short uv light from a filtered mercury arc lamp and were observed
‘through colored filters. Then most of the samples were investigated
somewhat more rigorously with the Bausch and Lomb monochromator and
colored. filters. Monochromatic light was focussed on the sample, and

luminescence was observed through the Corning colored glass filters.

Optical Illumination Effects on the ESR Spectra

Group 1

The diamonds investigated in the study are divided into groups
having similar behavior. The first group consists of two samples, D-22
and D-37. D-22 is a very very pale green, smooth, triangular diamond;
D-37 is a very pale yellow triangular diamond. The optical transmission
cut-off wavelengths for D=22 and D-37 are 285 mu and 277 my, respect-
:‘Lvely..l‘L Both specimens are weak photoconductors when illuminated with

visible light.”

3Luminescence studies had been previously conducted by other workers
in the laboratory.

hThe ultraviolet transmission cut-off wavelengths for specimens in
the study were determined by C. C. Johnson or C. J. Nerthrup in surveys
of specimens at Oklahoma State University.

5Photoconductivity measurements were made by C. J. Northrup in a
‘survey of the Oklahema State collection.
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The luminescence behavior of D-22 is typical of the strongly blue
luminescing specimens described by Chandrssekharan (14, 15). D-22
exhiblts a fairly strong afterglow. A bright blue pulse is easily ob=-
served .when the sample is illuminated with red light after 313 mu act-
ivation. A slight peak is observed in the luminescence intensity for
excitation wavelengths in the region 210-240 mu.

The luminescence of D-37 is much weaker than that of D-22 but is
still strong compared to most blue luminescing samples .in.the collection.
There is a noticeable green luminescence with the stronger blue emission.
A slight peak -in luminescence intensity occurs for excitation wavelengths
between 215 mp and 225 mp., The effect of red light after uv activation
was not .determined.

Room temperature studies of the effects of light on the ESR spec-
trum of D-22 were made using Corning glass filters. A noticeable in-
crease in the signal was produced by illumination of the sample with long
wavelength uv light. Also, the signal could be reduced to the original
level by illuminatien with red and infrared light. These effects were
again obtained at various lOW'temperatures.down te -~ 155° C. The effects
were stronger at low temperatures.

The sample was irradiated for 10 minutes with X-rays at liquid ni-
trogen temperature. It was then transferred to the variable temperature
cavity which was at approximately - 130° C, and the ESR signal was
checked. The sample was at all times shielded from light during this
phase of the study. HoweVer, no significant change in the signal was
obtained.

After construction of the new cavity and light pipe system, the
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effects of monochromatic light were checked at room tempersture and at
approximately - 60° and - 90° C. The effects at rocom temperature were
observable but weaker than the effects at the lower temperatures. There-
fore, the most complete study was made at approximately - 90° C. The
signal increased when light of any wavelengths between 310 mu and 320 mp
was incident. on the sample. The increase of the signal depended on the
intensity of the light and the time of illumination. The signal increased
-for more than 15 minutes for high intensity light and for a much longer
period with-weak light. The enhanced signal decayed slowly in the absence
of 1light, decreasing only slightly after l% hours. The signal returned
.to normal very rapidly when the sample was 1lluminated with:light passing
through Corning filter 2-6/, which transmits wavelengths longer than

640 mp.

The ESR signal for D-22 appears to be made up of two superimposed
isotropic peaks with apparently the same g-value (2.0027,i'0.0002).
There seems to be a very broad peak which is unaffected by light and
a more narrow peak that increases or decreases with light depending on
.the wavelength.

Studles of the effects of light on the ESR.spectrum of D=-37 were
conducted with Corning glass filters at room temperature and at approxi-
mately - 90° and - 130° C. However, the work done at room temperature
indicatedjthaﬁ the effects were absent or extremely weak at roem tempera-
ture. The effects were noticeably stronger at -"130° C than at - 90° C.
The diamond was also irradiated with x-rays for 10 minutes at liquid
nitrogen temperature. The procedure was the same as that used for D=22;

no significant change was noted in the signal of D-37 either.
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(o)

(b)

Figure 4-1. FElectron Spin resonance spectrum of D-22. (a).Normal
-or deactivated state. (b) Activated state pro-
duced by uv excitation.
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After construction of the new cavity and iight pipe system, the
effects of monochromatic light were checked at approximately - 90° C.
The signal of D-37 increased for light of wavelengths as short as
254 L and as long as 340 mp. This is a much broader wavelength
region than that observed for D-22. The strongest increase was found
near 313 mp. Also the signal wds reduced by wavelengths passed by
Corning filter 7-56, which transmits only in the region 0.75 - 4.5 u.
Corning filter 2-64, found effective for D-22, was more effective in
reducing the signal of D-37 than filter 7-56. Thus, the deactivating
spectrum seems to also be much broader for D-37 but peaks in the same
region. The increase or decrease in signal depended on the time of
illumination as for D-22. The signal decayed slowly in the absence of
‘1light. However, when the deactivating light was used, it was possible
to reduce the signal considerably below the normal level. This was in
striking contrast to the behavior of D-22, whose signal could never be
reduced below the initial level.

The signal of D-37 appears to be only one isotropic peak, which
is somewhat broader than the optically affected peak in D-22. The g-
values of D-37 and D22 agree within experimental error, being 2.0028

and 2.0027 + 0.0002, respectj‘_vely.6

6The g=values were determined by comparison with diphenyl-picryl-
hydrazl (DPPH), a free radical (79).
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Electron spin resonance spectrum of D-37.
(a) Normal or deactivated state.
(b) Activated state produced by uv excitation.
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A brief summary of optical properties of the Group 2 diamonds is
given in Table I. All the samples in this group are single crystals
with the exception of D-2 and D-13, which are macles (64). D=2 and D-13
are flat plates with {lll} faces and a illl} twin plane parallel to the
faces. Diamond D-2 is triangular, D-13.1is somewhat irregularly shaped
but probably was triangular at one time. Because of the {111} twin
plane, there are three common <110) axes but no . common 100> axes.
Therefore, these crystals were oriented with common {110) axes para-
1lel to the magnetic field ﬁg for ESR work. The ESR spectra of the
macles then corresponded to the spectra of the single crystals oriented
with a €110y axis parallel to H,.

The ESR spectra for all samples in this group are very similar.
The spectrum consists of a normal nitrogen resonance and the complex
structure described by Smith, Gelles, and Sorokin (82). A broad struc-
ture is also observed in D-13, D-18, D-50B, and D—SBB. It is strongest
in D-50B. It does not saturate easily and is observed only at high
power levels.

The saturation properties of these samples differs.considerably,
among samples, but. the nitrogen resonance saturates before the complex
structure in all cases, and . both resonance structures saturate to such
an extent that the best signal to noise was always obtained at high
microwave power with the reference phase in quadrature with the modula-
tion field. The bridge was balanced for absorptive mode, and the signal

obtained is very similar to the "in-phase" absorption signal at low



TABLE T

SUMMARY OF SOME OPTICAL PROPERTIES OF GRQUP 2 DIAMONDS
Fluorescenceb

Sample Color Optical Cut-Off% 25L mp Excitation 313 ma Excitation 366 mp Excitation
D-2 Colorless 300 mp VWB,WG WB, WG, VWR  VWB,WC,WR,VWDR
D-3 Colorless 307 mp WB, MG ,WR - MB,MG,WR,, VWDR VSB,SG,WR,VWIR
D=6 Colorless 291 m WB,MG ,WR MB,WG VSB,MG,WR,VWDR

-13 Pale Yellow 289 m VSB,VSG, SR, VWDR VSB,MG MR, WDR VSB, MG, MR WDR

<18 Very Pale Green 305 my SB, SG VSB,MG,WR,VWDR VSB,MG, MR, WDR
D-50B Medium Yellow 305 m WB,SY,WR SB,SYG,MR,WDR VSB,5G, MR, WDR
D-52B . Colorless 307 mp WB,WG WB,MY ,WR ,VWDR VSB,M3 MR, WDR
D-533 Bright Yellow 310 mp 5B,VSG, SR SB,MG, MR ,MDR VSB,MG, MR, MDR
D=57 Medium Green 300 my WB, MG SB,WG VSB,MG,VWR
D~-59 -Dark Yellow 280 mp - SB,VSIG, SR ,MDR SB,V5Y,3R,SDR SB,V3Y , 2R, 3Dk

67 Pale Yellow 295 mp SB,VSG,SR,WDR SB, VSYG,SR,SDR VSB,SYG, SR, SDR

S=Strong, M=Medium, W=Wezk, V=Nery, N=lNot Detected, B=Blue, G=l(reen, Y=Y

Tellow,

“The ultravioclet itransmission cut-off wavelengths for specimens in the study w

C. C. Jolnsen or C. J.

R=Red,

were dek
Northrup in surveys of specimens at Oklahoma State University.

DR=Deep Red.

ermined by

bThe blue fluorescence was observed through Corning filter 5-60, the yellow and green wers observad
through Corning filter 3-71, and the red was observed through Corning filter 2-73 (or 2-61 for DR).

8L
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power. A comparison of the in-phase, low power signal and the 90° out-
of-phase, high power signal is given for D-3 in Fig. 4~3. TFor the major-
ity of the samples. of Group 2, the in-phase signal broadens, distorts,
and gradually disappears as the power is increased. It is difficult to
observe the signal at high powers in-phase because the dispersive mode
signal is very large and a slight drift of the bridge balance will in-
troduce a quite noticeable component of the dispersive signal. In a few
.samples there is a broad in-phase signal at high power. This signal is
shown in Fig. 4-4(a) and compared with the low power in-phase signal
shown in Fig. 4-4(b).

*In all diamonds of this group, the magnitude of the nitrogen reson-
ance was affected by light of the proper wavelengths. A decrease in the
nitrogen signal due to illuminatien with 313 mp mercury light at room
temperature was first observed.in D-3. It was subsequently observed in
D-6 and other samples. In the absence of light the signal returns very
slowly to the initial state, changing only very slightly after several
heurs. However, the signal returned to normal very rapidly when the
sample was illuminated with 546 mp mercury light. Red.light with photon
energy of 1.6 eV and slightly greater was not noticeably effective.
White light from a tungsten filament lamp was very effective in bringing
the signal to normal. However, the nitrogen resonance was not noticeably
- increased abeve the normal magnitude by any wavelength light utilized.
The complex structure did not appear to be affected by the light. Ex-
amples of the optically -induced changes are given in Fig. 4-5, 4-6, and
4=7. The effects of light at - 90° C were observed to be considerably

weaker than the room temperature effects for this group.
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Figure 4-3. ESE absorption spectrum of D-3. (a) Reference phase in-phase, power level
- 50 db. (b) Reference phase 90° out=-of-phase, peower level - 17 db.
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Figure 4-4. ESR absorption spectrum of D-53B. (a) Reference
phase in-phase, - 12 db power level.
(b) Reference phase in-phase, - 4O db power
level.



D-3
T=22°C
L10> YHg

Riae

Ay -~ {a)
dt

>
- H,

~11 gaASQ/ln

x W“"“W“‘”W WI\ y x\;\ \ﬂ\mf\f\mw\é\w wa\m

U

(b}
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Figure L4-5.
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Figure 4-6. ISR absorption spectrum of D=53B. Reference phase 90° out-of-phase, -12 db
power level. (a) Normal signal. (b) Signal during 313 mp illumination.
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Figure 4~7. ESR absorption spectrum of D-59. Reference phase 90°
out-of-phase, =12.5 db power level. (a) Normal
signal. (b)  Signal obtained during illumination
with 313 mp 1light.
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For all samples in the group, with the exception of D-2, the de-
crease in signal is greatest for illumination wavelengths near 313 mp.
The effective wavelength band differs among the samples, and 366 mp
mercury light is slightly effective for several samples. However, D-2
shows almost no change in‘signal due to illumination with 313 mp mercury
light, but a quite néticeable decrease in the nitrogen resonance occurs
due to illumination with 366 mp light.

As .the optical effects of this group were first observed, it was
quite noticeable that all samples showing the nitrogen resondnce and the
complex structure were effected by 313 mp mercury light. There appeared
to be a relationship between the optical effect and the complex structure
even though no change was observed in the complex structure. Howéver,
this apparent relationship was inconsistent with. the observations on
D=2. It is quite obvious from Table I that D-2 exhibits very weak blue
fluorescence, but all other diamonds in the group exhibit strong blue
fluerescence when illuminated with 313 mp or 366 mp light.

Smith, Gelles, and Sorokin (82) indicated a (100) symmetry axis
for the complex spectrum and counted 14 peaks. However, a close exam-
ination of Fig. 4-8 reveals that the peaks are not uniform or uniformly
spaced.in a {100} || ﬁ; orientation. This raises some question about the
true number of peaks and the symmetry directien. . A brief orientation
study was conducted, but a more extensive study is anticipated. by other

workers in this laboratory.
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Figure 4-8. Electron spin resonance spectrum of D-59. Reference phase
90° ocut-of-phase, — 12.5 db power level.
(a) Fast scan. (b) Slow scan of complex central struc-
ture.
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Group 3

The two diamonds.in Group 3, D-60 and D-61, are closely related
to the Group 2 specimens. The normal nitrogen rescnance and the complex
structure are both present. However, the additicnal structure in the
ESR. spectra of these samples merits special consideration.
Unusual side peaks were observed in addition to the normal nitro-
gen resonance side peaks. The in-phase ESR spectrum at high power
contains only the two unusual side pegks, one on each. side of the cen-
tral structure. At high power the normal nitrogen resenance must be
observed with the reference phase in quadrature with the medulation
field. The two unusual side peaks are weakly present under these con-
ditions also. The distance between the peaks appears to be indepen-
dent of the sample orientation with a constant value of approximately
70 gauss. The peaks are observed readily with a {100) H-ﬁ; orientatien.
-As the magnetic field is rotated about a crystaline (100> axis, the

side peaks broaden considerably and disappear in at least one {110) H ﬁg
orientdtion. The (lll)‘H ﬁé orientations are not equivalent, as-illus-
trated in Fig. 4—9‘(a)’and (c). An %xtensive study of the orientation
behavior of these specimens is curréptly being pursued in this labor-
atery. The orientation can be checked very readily by the normal nitro-
gen resonance which.is very sharp in these specimens.

Since the effects of light on the ESR spectrum were- stronger in

'D-61 than in D-60, a more complete study was conducted on D-61. Effects
of light were observed at recom: tempersture and at - 90° C. At - 90° C

the optically induced changes were very weak but similar to the room
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temperature effects.

The unusual side peaks are enhanced by illumination of the.sampie
with 313 mp or 366 mp mercury light. The increase due to 366 mp light is
considerably stronger than the increase due to 313 mp light. The effect
of 366 mp light on the unusual side peaks is illustrated in Fig. 4-9
(a) and (b) and in Fig. 4-10. Sample illumination with.366 mp or 313 mp
mercury light causes a decrease in the normal nitrogen resonance similar
to the effects in Group 2. Deactivation is greatest due to 313 mp
illumination. Effects of 366 mu mercury light illumination on the normal
nitrogen‘resonance are shown in Fig. 4-<10. The lifetime of the induced
signal change 1s at least several hours in the absence of light. White
light from a tungsten lamp reduces the signal to normal in a few minutes.
However, 5A6 mp mercury light is not as effective for this group as for
Group 2 specimens. Observations of the in-phase central structure at
high power before and after sample illumination with 366 -mp light in-
dicates that there is a sharp cemtral peak associated with the unusual
side peaks. The unusual resonance might be associated with nitrogen in
a state not nofmally observed and having g-value identical to the normal
nitrogen resonance. A brief summary of optical properties of Group 3 is

given in Table IT.

Group 4

Group 4 consists of two strongly fluorescing samples, D-51B and
D-58. A brief summary of their optical properties is given in Table II.
D-51B and-D-58 are probably the brightest fluorescing specimens in the

study.
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TABLE IT

SUMMARY OF SOME OPTICAL PROPERTIES OF GROUP 3 AND GROUP 4 DIAMONDS

‘ Fluorescenceb
Sample Color Optical Cut-0ff% 25/ my Excitation 313 mp Excitation 366 mu Excitation
D=60 Dark Brown 290 my, N VWB, VWG MB,MYG ,WR,WDR
D-61 Dark Brown 290 mp N SB, VWG VSB,MG,WR,WDR
D-51B Pale Yellow 280 mp WB,VSY,SR,WDR WB,VSY,SR,SDR MB,VSY,SR,SDR
D-58 Dark Yellow Green 290 mp VWB, MG ,VWR SB,VSY,SR,SDR MB,VSY,SR,SDR

S=Strong, M= Medium, Wleak, V=Very, N=Not Detected, B=Blue, G=Green, Y=Yellow, R=Red, DR=Deep Red.

4The ultraviolet transmission cut—off wavelengths for specimens in the study were determined by

C. C. Johnson or C. J Northrup in surveys of specimens at Oklahoma State University.

PThe blue fluorescence was observed through Corning filter 5-60, the yellow and green were cobserved
through Corning filter 3-71, and the red was observed through Corning filter 2-73 {or 2~61 for DR).

G
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The ESR spectrum of D-51B is iilustrated in Fig. 4-11. The ESR
spectrum of D-58 is very similar and is shown in Fig. L4-12. It is
obvious from a comparisen of the two figures that the ratio of the side
peak to central peak height is not the same for the two specimens. How-
ever, a study of the ESR spectra at different microwave power levels
gives strong evidence that the central peak is the normal nitrogen cen-
ter plus another sharp peak from a center with almost identical g-value.
The orientation behavior of the side peaks is essentially the same as
that reported by Smith, Sorokin, Gelles, and Lasher (60). The addition-
al central structure appears to be due to at least two centers and
most likely three.

No change occurred.in the ESR spectrum upon illumination of either
specimen with light. The signal was not significantly reduced by either

313 mp or 366 mp mercury light.

Group 5

The previous groups contained diamonds having. similar properties,
but-this group contains samples with widely differing properties. Sam-
ples in Group 5 were investigated because of some particular property
exhibited by each diémond. The effects ;f light on the ESR. spectra of
these diamorids are weak or absent. A short summary of optical proper-
ties for Group 5 is given in Table IIT.

Diamond sample D-8 exhibits a very weak normal nitrogen resonance.
Thé room temperature signal was slightly increased by illumination with
red light through Corning filter 2-73 or by white light from a glass

envelope tungsten filament lamp. No illumination effects were detected

at - 90° C.
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Figure L4-11. FElectron spin resonance in D-51B. Reference phase 90°
out-of-phase, - 17 db microwave power level.
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TABLE ITT

SUMMARY OF SOME OPTICAL PROPERTIES OF GROUP 5 DIAMONDS

Fluorescenceb

Sample Color Optical Cut-0fre 254 my Excitation 313 my Excitation 366 mp Excitation
D-8 Very Pale Yellow Green 289 mp WB,MG SB,SG,VWR 3B, 5G , MR, VWDR
D24 Very Pale Yellow 300 mp WB,WG ,VWR MB,SG,MR ,VWDR SB,MG ,WR ,VWDR
D-26 Very Pale Gray 301 mp VWB, VWG WB,WG ,VWR SB,MG ,VWR

D-36 Very Pale Gray 308 mpu VWB, VWG WB,MY,VWR  WB,MY ,MR,VWDR
D43 Colorless 293 mp MB,MG ,VWR VSB,MG,WR ,VWDR V5B, SG,MR ,WDR
D-46 Very Pale Yellow 290 mu MB,VSG,MR V8B, 3G,MR,WDR V5B, SG,MR ,WDR
D-65 -Dark Yelleow Brown 350 mu WY ,VWR VWY VWB,MY ,WR,VWDE

S=Strong, M=Medium, W=Weak, V=Very, N=Not Detected, B=Blue, G=Green, Y=Yellow, R=Red, DR=Deep RHed.

8The ultraviolet transmission cut-off wavelengths for specimens in the study were determined by
C. C, Johnson or C. J. Northrup in surveys of specimens at Oklahoma State University.

Prhe blue fluorescence was observed through Corning filter
through Corning filter 3-71, and the red was observed through Co

60

5' 3
roaing

e yellow and green were cbserved
ilter 2-73 (or 2-61 for IR).

g6
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A small sharp resonance peak was observed in D-24 with the refer-
ence phase in cuadrature with the modulation field. The signal does
not appear to be a nitrogen resonance, but it is so weak thal the side
peaks might not be observed above the noise for a random orientation of
the sample. The resonance line increased very slightly and changed
shape when the diamond was illuminated with uv light around 300 mp.

Diamond D-26 has a very weak easily saturated résonance peak which
might be a normal nitrogen rescnance central pedk. The peak was slightly
increased by weak deep red and infrared light through Corning filter
7-69. The peak was slightly decreased by 313 mp mercury light.

The resonance of D-36 is a fairly strong sharp nitrogen resonance
with a very weak complex structure possibly the same as the Group 2
complex structure. Illumination of the sample with 313 mp mercury light
has no effect on the ESR signal. The resonance decreases very slightly
when 366 mp mercury light is used. White light or 546 mp mercury in-
creases the resonance very slightly above normal.

D-43 has a sharp easily saturated resonance which is too weak to
identify. ‘Illumination caused no large effects, and the signal to
noise ratio was so poor that the results were inconsistent.

The in-phase spectrum of D-46 at high microwave power is a broad
peak plus a complex structure very similar to the signal for D-50 of
Group 2. The complex structure itself does not appear to be of the
same form as the complex structure of Group 2.  Also, the ESR spectrum
at high power with the reference phase in quadrature with the modulation
field is extremely weak, which gives strong evidence that the complex

structure is from a different center than that giving the complex struc-
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ture for Group.Z. The nitrogen resonance 1s not detected. There were
no detectable effects from illumination with any wavelength light util-
ized. .All of the diamonds in Group 5 are weak or very wedk photocon-
ductors when illuminated with visible light with the exception of D-46
which is a very strong photoconductor.5
The available diamond collection contains five small cubes which
range from bright yellow to dark yellow-brown. The uv cut-off is
340 - 350 mp for all five cubes.LP A1l have extremely strong 7.8 u
infrared absorption and have a very strong broad nitrogen ESR signal
with line widths as high as 2.8 gauss.7 Bell (79) discussed these
cubic diamonds, including a consideration of the unusual peaks in the
iﬁfrared absorption. Optical studies on the ESR spectra were made on
several of the specimens using the Varian system, but no positive ef-
fects were observed. Further investigations were conducted on D-65, a
good representative of the diamond cubes. However, no optically in-
duced changes in the ESR spectrum were detected. A reference phase and
microwave power study indicated that the nitrogen resonance behéves
very similarly to the saturation behavior of the nitrogen rescnance in

Group 2 diamonds.

VThe infrared absorpticn measurements were made by previous workers
in the laboratory.
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Discussion

The changes producedbin the BESR spectra of diamonds by illumination
with monochromatic light provide valuable information concerning the
energy levels for electron states in the energy gap. Models have been
selected to explain the ESR resulis and relate them to the optical
properties of the diamonds.

The model proposed for Group 1 diamonds D-22 and D-%7 is shown in
Fig. 4=13. .As a result of the ESR data, a paramagnetic donor level:A
is placed 1.6 eV below the conduction band. The 4156 A blue lumines-
cence band is beliéved to be produced by electron transitions from the
conductilon band to levél B which is 2.98 eV below the conduction band.

o

The 5032 A green luminescence band arises from hole transitions to level

C which is placed 2.46 eV above the valence band. Electrons are excited

(Lt /[ L S

1.6 eV 2.98 eV 5.5 &V

|

! o

| 4156 A Luminescence
— — — — — — L

I
I
I

3.9 eV 2. 5032 A Luminescence

ST T T ey [ )]

Figure 4-13. Energy level diagram for diamonds D-22 and D-37.
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to level A by uv light of wavelengths near 315 mp (3.9 eV). Red light
(hv21.6 eV) excites the electrons from level A to the conduction band,
and many of the electrons make transitions to level B, producing the
blue luminescence pulse easily observed in D-22 and previously discussed
by Chandrasekharan (15). It is further assumed that transitions from
level B to level C are allowed but that the transition probability is
low, as would be expected of different centers (22, 23) which are at
different locations in the diamond. Holes then mdke transitions to level
C producing a green afterglow. Green and blue luminescence would both
be excited by transitions across the band gap according to this model.
The work of Male (R0) gives some justification for this model.
Green and blue luminescence both increase sharply as the photon energy
of ‘the exciting light approaches the band gap energy. Observations by
Mani (9) that the 4156 A& (hv>2.98 eV) ébsorption system gives rise to
blue luminescence but not green and the 5032 K (hv22.46 V) absorption
system gives rise to green but not blue luminescence also agree with the
model. Ilectrons excited from level B could return, but afterwards
there would be no change in the population of states in level C. On
the basis of the results on D-22 and D-37 or the work by Male or Mani,
there is . no reason to select the proposed model over a model with the
levels inverted. However, a model with beth transitions occurring from
the conduction band to the levels or from. the valence band to the levels
is not consistent with observations. In order to observe both the absorp-
tion associated with a center and luminescence from the center due to
illumination with 1light having wavelengths not of the system, it is nec-
essary that the level be only partly filled. FElectrons (or holes) ex=-

cited from one level could return to the other level by that model
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Figure 4-1k. Energy level diagram for blue Juminescing Type I
diamonds.

contrary to the obéervations of Mani. The following discussion of the
work involving the nitrogen resonance will give further justification
to the model selected for D-22 and D-37 in preference to the inverted
model.

The optically induced changes in the substitutional nitrogen donor
ESR spectrum are perhaps the most important results of the study. An
energy level model to explain the changes in the nitrogen rescnance is
illustrated in Fig. 4-lhk. The donor level is placed 3.93 €V below the
conduction band, corresponding to the level attributed to substitutional
nitrogen by Kaiser and Bond (56). There appeared to be a correlation
of the 3155 A (3.93 €V) absorption and the nitrogen concentration as
well as the correlation between the absorption at 3065 K (4L.04 €V) and

the nitrogen concentration (56). Smith, et al (60) suggested that most
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nitrogen in dismond is in a non-paramagnetic form, vow generally consid-
ered to be a substitutional platelel form with palving of electrons (57,
64) .

The paramagnetic nitrogen level is ionized by 313 mp (3.93 V) mer-
cury light, but the electrons can return to the level unless they are
temporarily trapped at other centers. Therefore thers is not always a
change in the nitrogen resonance with 313 mp light. In the case of dia-
monds with a strong blue luminescence and weak green luminescence, the
electrons are temporarily trapped, and the nitrogen resonance is de-.
creased. Although electrons can be excited to the nitrogen level from
the valence band with red light (hv%1.57 eV) according to this model,
apparently the liberated holes can readily make transitions to the level
so0 that no significant increase in the nitrogen rescnance is observed.
Intense 546 mp (2.3 eV) mercury light is effective in liberating the
trapped electrons. White light is more effective than green light alone,
and no sharp dependence on wavelength wés found.

Since the electrons must be trapped temporarily for reduction of
the nitrogen resonance according to the above scheme, it would not be
expected that changes would occur when the green luminescence was much
_stronger than the blue. Group 4 diamonds D-51B and D-58 both exhibit
blue luminescence but much stronger yellow luminescence. No change in
the nitrogen resonance could be produced by light illumination. However,
diamonds D=59 and Dm67.of Group 2 have strong yellow luminescence, and
a decrease in nitrogen resonance is still produced by 313 mu (3.93 eV)

Jlight.
Diamond D-2 of Groﬁp 2 exhibits weak blue and green luminescence.

No change in the nitrogen resonance is produced by illumination with
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313 mp (3.93 eV) light which is in agreement with the previcus argu-
ments. However, 366 mp (3.4 eV) mercury light decreases the nitrogen
resonance significantly. It is assumed that electrons are excited. from
the valence band te a long lifetime state leaving free holes to make
transitions to the nitrogen level.

In addition to the changes observed in the normal nitrogen reson-
ance, there is also a change in additional structure in diamonds D-60
and D-61 of Group 3. From the results of the ESE work in these diamonds,
-1t is believed that they have uncommon nitrogen centers producing a donor
level approximately 3.4 eV above the valence band. The centers are
usually ionized because of compensation by lower lying acceptor states.
The level is filled with electrons excited from the valence band by
366 mp (3.4 eV) mercury light. The optically induced effects on the
normal nitrogen resonance were apparently due to a combination of the
mechanism proposed for D-2 and that proposed for other Group 2 diamcnds.
Intense 546.mp (2.3 eV) mercury light was ineffective in reducing the
unusual side pedks, but white light reduced the spectrum to normal. Al-
though diamond D-2 mentioned above was affected by 366 mp light, no un-

usual side peaks were observed in that specimen.
Summary

Significant changes in the ESR spectra of several diamonds were
produced by simultaneously illuminating the specimens with monochro-
‘matic light. From an analysis of these effects in conjunction with
other optical properties, energy levels for electronic states in the

energy gap of diamond have been proposed for several important defect
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centers. ZXvidence is given for the following levels:

(a)  The paramagnetic substitutional nitrogen donor level is
3.93 eV below the conduction band and is responsible for the 3155 K
absorption observed by Robertson, Fox, and Martin (3).

(b) The 4156 R luminescence is associated with electron transitions
from the conduction band to an energy level 2.98 &V below the conduction
band.

(c) The 5032 K luminescence is dssoclated with hole transitions
- from the valence band to an electron energy level 2.46 &V above the
valence band.

(d) A donor level 1.6 eV below the conduction band is associated
with a paramagnetic center. This level is filled by electrons excited
by 315 mu uv light and is responsible for the blue luminescence pulse
produced by red light in activated strongly blue luminescing diamonds
such as those described by Chandrasekharan (15).

(e) = An unusual nitrogen center has an associated donor level 3.k eV
above the valence band.

Studies of the effects of light on the ESR of splids offer tremen-
dous possibilities. Electron spin resonance provides a possible means
of identifying centers within a solid but gives no information concerning
the position of the energy levels within the energy gap. Changes in
the ESR spectrum due to light not only demonstrate a relation between
the light wavelengths and the paramagnetic center but also indicates
whether the center is populated or depopulated by the light. Thus.the
optical effects study relates the ESR data to many optical properties

of the solid.
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