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CHAPTER T
INTRODUCTION
Preliminary Remarks

Electron paramagnetism occurs when a resultant angular momentum due
to the presence of an unpaired elec¢tron exists, Electron paramagnetic
resonancel‘is produced when the unpaired electron interacts with an
applied alternating magnetic field producing transitions between Zeeman
levels, which are produced by an externally applied static magnetic
field. The first successful electron spin resonance measurements were
made by Zawvoisky (1).

There are several classes of materials which give rise to eléectron
paramagnetism. Atoms and molecules which have an odd number of electrons
or molecules with a resultant angular momentum, transition elements with
unpaired electron spins in .an inner shell, semiconducéors with electron
donor - levels, metals and semiconductors having electrons in the conduc-
tion band, free radicals, color centers or any crystal defect with an
associated electron will all exhibit electron paramagnetism.,

The major effort of this research will be directed toward studies
of diamond crystals which contain paramagnetic centers. The investiga-

tion of .the ground state levels of paramagnetic centers which are con-

lElectron paramagnetic resonance or -electron spin -resonance will be
abbreviated as ESR when appropriate.



tained in single crystals as impurities or inclusions, and the effects
upon the energy levels of the ion caused by the.internal crystalline
fields have been very .fruitfully investigated through ESR techniques.
The contribution to. the susceptibility of a very dilute concentration of
paramagnetic centers in a crystal can be. singled- out 'and investigated
using ESR techniques.

A perfect natural diamond would have the properties of an insulator;
in fact, the band gap has been shown to be on the order 5.5 eV; however,
in 1952 J. F. H. Custers found a diamond that conducted electricity.

The electrical conductivity was shown to typify that of impurity acti-
vated semiconductors (2). However, an exact understanding of what im-
purities and in what manner the impurities are incorporated into the
diamond crystals is still far from complete.

Since natural diamonds obviously depend on the environments. in
which they were formed, thefe will be unknown K impurities and imperfec-
tions in different concentrations. It is, therefore, hopeful that a
combination of information from different types of analysis. will lead to
a better understanding of the nature of the most predominant impurity
levels that are present in.the ‘different types of diamonds,

The present study involves the investigation of the orientation
dependence’of the electron spin resonance spectrum observed.in several
Type I diamonds in our collection. A theoretical model is proposed from

which the behavior of the spectrum can be predicted.
The -Resonance. Condition

A déscription of the resonance.condition of a single crystal con-

taining a dilute concentration of paramagnetic ions will be considered.



The ions will essentially be considered as free, non-interacting para-
magnetic centers. In other words, the interaction of the electron
associated with the paramagnetic center with the externally applied
fields will be considered; the interaction with its surrounding environ-
ment will be neglected. Relaxation, spin-orbit interactions, spin-spin
interactions, quadrupole interactions, hyperfine interactions and crys-
talline field effects will be considered in some detail later. The
crystal is placed in a static magnetic field ﬁo which can be varied in

strength and an alternating field i perpendicular to the static field.

1°
To obtain . the resonance condition, the frequency of the alternating
field is usually in the x-band of the microwaye spectrum, and the static
field strength is several thousand gauss. Also, the magntiude of the
static field is usually much greater than the alternmating field.

.Associated with each of the unpaired electrons is a spin § in units
of h, where h is Plank's constant divided by 2m. An electron with spin
E has a magnitude [S| = \E?E_:Tiy‘h where s takes only the value +s.

->
The spin S has a component in any direction given by S_, where Sz = méh,

z
m_ ranging in value from -s to +s. Therefore, m = t Y%, or Sz =+ b,

The fact that the magnitude of 3 and the z~component Sz of the spin

angular momentum are related to the two quantum numbers s and m, by

VS#(S +1)n >

Mh
s

95}
L]

(7]
n

and z

are identical to these for orbital angular momentum L = Vl(l +1) %

and Lz = mih where m, ranges from -2 to %, should not lead one to think

2

that spin . has a classical analogue. In fact, both values of SZ vanish

as h -+ 0 so that electron spin disappears as h - 0. In the case of



orbital angular momentum where m, = 0, *1, *2,..., a decrease of h in

'3
mih does not delimit the value Of,mih' Therefore, no operator associ-
ated with Sz can be constructed from an operator associated with a class-
ical dynamical variable.

There is also a magnetic moment K associated with each electron.
The ratio of the magnetic moment to the spin is a constant'Y, called the

gyromagnetic ratio. The relationship between the spin and the magnetic

moment is therefore given by
0= -3, (1-1)

if the orbital contributions to the magnetic moment are néglected. This

expression can also be written as

+=_BE-§
H h

where B is the Bohr magneton and g is the spin factor and is usually
referred to as the g-factor. In general, the g-factor is a 3 x 3 symme-
tric tensor of second rank. Therefore, a principal axis system will
exist and will be denoted by 8> 8ys By In the case of a "free" ion
with a resultant angular momentum J placed in a magnetic field,

+ J(J+1) + S(S+1) - L(L+1l)

g = 1 23(3+1)

(1-2)

and is called the Landé g factor.

Initially the interaction of a single unpaired electron associated
with a paramagnetic center will be considered. When the magnetic field
is applied the Zeeman splitting arising from the spin degeneracy of the

energy level will be produced. 1In the case of ‘a single electron spin,

two levels will be produced. The interaction energy between the static



> >
field and the magnetic moment associated with the electron is - u - Ho

>
where the static field in the z-direction is given by HO = Héﬁ;' The

Hamiltonian for the spin system then can be written as

[u] - H
or (1-3)

[H] = Yh—g'—ﬁon

By substituting in the value for ﬁb’ the Hamiltonian becomes
[B] = v B S, . (1-4)
Using the Dirac notation (3), the Schroedinger equation is
Y > =Y
'hHoszlu ‘hHomslu>,

where the eigenvalues m_ are * %, The energy levels of the electron are
then given by * % Y h Ho. The energy splitting of the two spin levels

is given by

AE = Y‘hHo = gBHO (1-5)

In general, the number of energy levels of an atom is 2S + 1 where S is

the total electron spin value, and the eigenvalues of SZ are

A transition between the Zeeman levels can be induced by introduc-
ing an. amount of energy AE given by Equation (1-5) into the spin system,
Since AE = hw, where w is the angular frequency of the radiation, then

using Equation (1-5) the condition for a transition is given by

hw = g B8 H (1-6)



When a transition occurs,.it is usually referred .to ‘as a‘"SPinrflip".
This terminédlogy arises from the classical consideration of the magnetic
moment associated with the electron as being changed from a parallel to
an anti-parallel orientation with respect to the magnetic field ﬁo' It
should be noted that for the case of multiple energy levels that the
matrix element corresponding to each transition must be non-vanishing
or the transition will be forbidden.

The g-factor of a paramagnetic ion in a crystal is defined experi-

mentally by the equation
hv = g B H (1-7)

where v 1s the frequency of the radiation, or in this case the frequency

of the applied alternating field " Equation (1-7) is usually referred

l.
to as the resonance condition. The g-factor 'is usually called the spec-
troscopic splitting factor and is not to be confused with the Landé

g-factor given in. Equation .(1-2).
Diamond Studies

In a comprehensive study of diamond properties by Robertson, Fox,
and Martin (4), diamonds were separated into two classes, denoted as
Type I and Type II. The classifications are based primarily on the ul-
traviolet and infrared absorption characteristics of the diamonds. Type
I diamonds have an increasing ultraviolet absorption characteristic for
wave lengths shorter than approximately 3000 X. They both have infrared
absorption bands between 3y and 6u. The absorptive bands between 3u and
6u are probably due to the crystal lattice vibrational modes (5) and (6).

The Type II crystal has an absorption edge in the ‘ultraviolet region be-



low 2250 X, The 2250 X (5.5 eV) corresponds to the energy of the band
gap between the valance and conduction bands, while the 3000 ﬂ (4.15 eV)
is due to impurity energy levels that are in the forbidden gap. These
levels will be discussed in more detail later.

Some Type I diamonds are further separatedfinto'two sets correspond-
ing to their infrared absorption lines (6). The absorption bands of the
two groups always occur together and have the same ‘relative intensity.
The two groups are denoted as group A and group B. The characteristics

of these groups are:

Group A

Infrared absorption bands: 7.8, 8.3, 1.1, and 20.8u. The ultra-
' o]
violet cut-off moves to a longer wavelength, and the 3155 A intensity

line increasas with increasing infrared absorption.

GrouB B

Infrared absorption band: 7.0, 7.3, 7.3, 8.5, 10, 12.9, and 30.5u.
There is no correlation between tlhese band intensities and the ultra-
violet cut-off.

Type II diamonds have been divided into two classes (6) (7) (8).
The first type is designated as Type IIb, It shows semiconductivity and
phosphorescences in the far ultraviolet. Type.IIa does not possess
these properties. Type IIb diamonds are very rare.

Semiconducting diamonds are generally blue in color (9). This has
been.attributed to optical absorption in the red and infrared (10). Al-
though the nature of the imperfections that produces this absorption is

not completely understood, conductivity and a blue coloration have been



produced in synthetic diamonds by deping with boron.(11l). However, much
experimental evidence indicates that semiconductivity is probably associ-
ated with aluminum acceptor states in natural diamonds.

Spectroscopic studies of Type I diamonds showed the most common
non-gaseous impurities were generally Si, Ca, Mg, Al, Fe, Ti, and Cu in
concentrations as-large-a 1018 impurity atoms per cc, (12). Type Ila
and ITb both were found generally to contdin the same amount of Si, Mg,
and Al. . However, similar non-gaseous impurities were found to be present .
in both types of diamonds and in similar concentrations.

Investigations to determine whether the difference in Type I and
Type II diamonds could be attributed to carbon ‘interstitials, carbon
vacancies or clusters of vacancies instead of impurity atoms.were pur-
sued. However, subsequent work with diamonds irradiated with electrons,
neutrons, and X~rays failed ﬁo produée infrared absorption bands in the
6u to 13u region (13). These investigations did give evidence of the
formation of carbon interstitials and vacancies. Two systems of reson-

ance. lines were produced by neutron radiation and are given as follows:.
(a) A single isotropic line with g-factor approximately 2.0, The
intensity of this line decreases as the sample is heated to 1000°¢.
(b) A less intense set of anisotropic lines which were not-affect-
ed by heat. The symmetry of this set is parallel to any of the <110>
axes3. These lines have been postulated to be due to carbon interstit-

uals which form a more stable C, molecule and do not return to their.

2

3A particular axis or direction in. the crystal will be deneoted by
square brackets, such as [hkl]. A full set of equivalent ‘directions in
the crystal will be denoted by pointed brackets,  such as <hkl>, For a
particular set of planes in the crystal the notation will be a set of
curved braces, such as (hkl), where the set of equivalent planes will be
denoted by braces, such as {hkl}.



original positions upon heating (14). Observed broadening suggested
that -the vacancies were in clusters.

A study of the ESR speetra of diamonds irradiated with 2 MeV elec-
trons ‘again produced the ‘single isotropic line, but the systems of aniso-
tropic lines that were examined did not have the <110> symmetry axis ob-
served by Griffiths et al (13) in the case of neutron irradiation (15).
One system of up to 24 lines seemed to have. a symmetry axis near the,
<221> direction and the second system of up to 6 lines had a <100> sym-
metry axis. Several theoretical models have been postulated concerning
‘the nature of centexs created by irradiation (16) (17) (18).

It was shown. that in order to have sufficient -coupling for single
phonon absorption, the diamond lattice must contain.impurities (19).

The imperfections present in.the Type I diamond producing the 7.8u ab-
sorption band correspond to a single phonon absorption not.present in
Type II diamond (20).

The presence of anomalous X-ray spikes in the diffraction patterns
of some diamonds led Frank (21) to hypothesize the existence of impurity
platelets in the <100> planes. He assumed the impurities-in.the plate-
lets to be silicon; however, the concentrations of silicon were found to
be not nearly sufficient (22),

The differences in Type I and Type.Il diamonds were still not under-
stood in 1959 when Kaiser and Bond (23) reported the discovery . of con-
centration of nitrogen as high as 0,2% in Type.I diamonds. The nitrogen
was assumed to be present in substitutional lattice positions. The in-
frared absorption bands intensities were shown to be linearly propor-
tional to the nitrogen.concentration, In fact all the group A infrared

absorption bands were attributed to carbon-nitrogen band vibrational
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modes. The nitrogen was reported to form deep lying states in the for-
bidden energy gap corresponding to the 3156 2 absorption band character-
istic of ‘group A diamonds. .There was no observed correlation of group B
characteristics and the nitregen cencentration. Lightowler and Dean (24)
repeated this study two years later and substantiated Kaiser and Bond's
measurements, However, they did report that no correlation between the.
group B abgorption and the ‘4150 Z ultraviolet absorption band seemed to
exist.

The same year that Kaiser and Bond reported the ‘detection of nitreo-
gen in Type I diamonds, Smith, et:al., (25) published a very important
ESR study of nitrogen. The nitrogen was assumed to occupy a substitu-
tional lattice position with the unpaired electron forming a hybridized
sp3 antibonding orbital along one of thevcérbonwnitrogen bonds. The
electron was assumed to be localized on a.single-antibonding orbital
with a degeneracy arising from the fact that it can be localized on any
of .the <111> bonding directions. Therefore, it would be expected that
when ﬁo is parallel to one of the <100> directions, equal angles will be
formed with the tetrahedral bonding producing the 2I + 1 hyperfine lines.
The nitrogen atom has a nuclear spin I = 1 producing a hyperfine struc-
ture of three peaks with a ratios of 1:1:1.

The isotropic g-factor was found to be, 2.0027 * .0005. For an
arbitrary orientation with respect to the <100> directions the side
peaks split up into as many as. four peaks.

The electron in the ‘antibonding orbital is thought to be localized
mainly about the carbon, not the nitrogen, atom (26). As a result of
accommodating the unpaired electron in the o-antibonding orbital the

bond length between the nitrogen and carbon is increased approximately
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11%. This also increases the p-character..of the orbital.

The contribution of a small percent (1.1%) of C13 with spin I =.%
was.also observed. Hdwever, when the concentration of nitrogen was cal-
culated, it was found to be several orders of magnitude less than that
measured by Kaiser and Bond.. The number of spins was found to the 1015
to lO17 atoms per cc. It was assumed that the "igsolated donors comprised
only a small percentage of the nitrogen present. The rest of -the nitro-
gen .was assumed to be present in a nonparamagnetic form such as adjacent
substitutional pairs.

Elliott. (27) speculated that nitrogen was the impurity atom that .
formed the platelets in the <100> planes. Evans and Phaal (28) confirm-
ed the existenceé of impurity platelets in the <100> planes by using
transmission electfon microscopy. . They alsc observed dislocation loops
on the <111> planes in the same region with the impurity platelets.. The
loops were assumed to have resulted from the condeﬁsation of ‘vacancies
following the formation of the platelets. The presence of the.denser
concentration of nitrogen at the platelets furiher supports the possi-
bility of the nitrogen being present in nonparamagnetic form. These two
types of imperfections were not observed in Type II diamonds.

It -is thought that the platelets of nitrogen in diamond are the
cause of the anomalous X-ray reflections described as spikes passing
through reciprocal lattice points parallel to <100> directions. James.
and Evans . (29), using the dynamical theory of electron diffraction, com-
puted profiles for the electron microscope images of impurity platelets
found in the cube planés of Type I diamonds. They suggest the platelets
contain. a varying number of nitrogen-rich planes which produce a lattice

displacement of approximately a/6, where a is the (400) interplanar
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spacing. The-diamond on either side ef tle.platelets was observed to be
compressed and some strain was detected in the plane of the platelets.

The diffraction spikes were appreciably decreased after heat treat-
ment to 1160° at 60 kilobars pressure for 14 minutes (30).

A recent study was made of bfoadened lines'which coincide with
normal, narrower nitrogen resenance lines (31l). The broadening was as~
sumed . to be caused by dipole-dipele interaction of the unpaired spins
associated with the nitrogen centers.. It was. assumed the existence of
both the narrow and the broadened lines indicated the existence of re-
gions of normal and enhanced concentrations respectively. Concentrations
of lO20 atoms per cc were found to give rise to the broadened portion of
the spectrum, while 3 x 1019 or less atoms per.cc form the normal con-
centrations. This is in.good agreement with nitrogen concentrations
reported by Kaiser and Bond (23) and Lightowler and Dean (24).

The existence of additional weak lines with the nitrogen resonance
have been classified into three groups (32), Group A lines were attri-
buted to C13 in a second nearest neighbor position, ' Group B lines were
shown to be interactions with the nitrogen.quadrupole moment. Group C
lines were found to be due to le with a nuclear spin I =.3%. The two
lines of Group C were half way between tlie normal nitrogen resonance
peaks with Hb//<100>'

The existence of aluminum-as an acceptor state in diamonds has been

postulated and studied using ESR (33). Aluminum having a nuclear spin
I= g- should give rise to only 6 hyperfine lines. However, from 14-30

>
lines depending on the orientation with respect to Ho have been observed.

The interaction of the quadrapole moment and the field gradient of the

unpaired electron were assumed to permit forbidden transitionms,
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The  symmetry axis of the ESR signed was flound to be parallel to
the <100> axes. Fourteen lines were observed in this-direction._‘This
spectrum is.common in many diamonds.

In a study of the resonance signal.of.vacaneies in diamond a Type
Ila diamond with a very weak nitrogen resonance was irradiated with 0.75
MeV electrons (34). The isotropic line found by Griffiths et al (13)
was found to be composed of three superimposed lines. The centers pro-
ducing these lines were labeled A, B, and C. The energy used favored
the formation of the A centers. The-A center was found to have an
anisotropic line width with the principal axis of the g~factor aleng the
<100>,directions; First and second nearest neighbor hyperfine interac-
tions with C13 were detecﬁed. The hyperfine tensors were found to be
uniaxial with principal axis aleng the <111> directions. The centers
were ionized using light with energies of 2.83 eV and greater. The
electrons produced were trapped in centers lying about 1.10 eV or more
below the conduction .band.

Electron spin resonance was detected in natural semiconducting
diamonds - (Type IIb) by Bell and Leivo (35), A similar resonance line
was .produced in Type Ia diamond as a result of crushing the diamond.
There was also found to be a correlation between the:ESR absorption and
the magnitude of the p-type conductivity of the Type.IlIb diamonds in-
vestigated.

Klingsporn, Bell and Leivo reported an anisotropic ESR spectrum in
Type Ib diamonds (36). It is characterized by a spin Hamiltonian of the
form H = BE-E-E + K?THE, where S = 3 and I = 1, and where one of the
components of the‘K‘and.E tensor has-a <110> orientation.

The effects of UV irradiation on the.ESR spectrum of the sample used
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in the majority of the experimental work in this study was done by.
King (37). The resonance which is- the objeéct of this study was found to
+be increased by irradiation at both 366 and 313 mu. However, the sub-
stitutional nitrogen resonance was decreased in. intensity by the UV ir-
radiation.
In conclusion, an excellent review of selected topics in diamond

research is- contained in a text edited by R, Berman (38).



CHAPTER II
ELECTRON SPIN RESONANCE THEORY

Classical Theory

In considering electron spin resonance phenomenon the interaction
of an electron spin system with an externally applied alternating mag-
netic field must be considered in more detail. The results derived will.
then be argued to hold for the total macroscopic magnetization of the:
sample. The consideration of this chapter will be primarily with refer-
ence to paramagnetic centers which are included in non-paramagnetic
single crystals, A semiclassical theory of the frequency dependence of
the complex susceptibility referred to as the Bloch equations (39) will
be discussed. In -the above discussions the interactions of the para-
magnetic centers with their environment will be ignored. However, the
effects of the crystalline field and subsequent orientation dependence

will be briefly discussed in.the last sections of this chapter.
*

Resonance and Rotating Coordinates

Consider the polarizing or static magnetic field to be in the z-di-
rection and given by ﬁo = Hoﬁ in a stationary coordinate x, y, z? where k
ig the unit vector in the z-direction., If a magnetic moment : is asso=-
ciated with the electron, then the field will exert a torque on thé ’

electron given by T = : X ﬁo' As stated earlier, the magnetic moment

>
associated with the electron is related to the spin angular momentum i S

b i -4
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by the equation E = =Y 6.%;. The equation of motion can then:be obtained
by noting that ‘the time rate of change of angular momentum (which is

equal to the torque) is given by

d3
6&"?-
The equation of motion is then
—>
d s > >
ﬁ'd e YHh SxH, or
de - WxYH .

Since : in general.cénnot-line up directly with the field ﬁb; it will
precess about ﬁo at a constant angle 6 with respect to>ﬁo, The angular
frequency at -which ; precesses about E is the Larmor frequency W =Y Hoﬁ.
The most convenient method for solving equation (2-1) is to trans-.
form.to a rotating coordinate system about the z-axes (40). Consider
the rotating coordinate system x', y', z', where z' correéponds to the
z~axis, as having an instantaneous angular velocity 3. The time rate of

change of ;vin the rotating system is denoted by

dn
Qﬂﬁ ~ ; then

rot
-»> -»>
du | du > -
it (d t)r°t + W x.f . (2-2)

Rearranging Equation (1-2) and combining with Equation (1-1) gives

—>
> >

d u -
A (a t THhu xHeff ’
rot -

(2-3)
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where ﬁé ='ﬁo'- le is the effective field ‘as observed. in the rotating

ff

coordinate system. By choosing w =Y Hoﬁj then

-
I} + ~ .
G = 0 since H = Hk.

A

Therefore, when w, = Y Ho, where W= 3Ok,-the magnetic moment 3 is a
constant vector .in the rotational coordinate system. This implies that
the magnetic moment_,precesses_about‘_ﬁo or k. with an angular frequency
w, = Y Ho’ the Larmor frequency. By comparing this to Equation (1-6)
it is seen that the precessional frequency is identical to the ESR
absorption .frequency.

As stated earlier, the application of the external magnetic field’
will remove the spin degeneracy of the electronic.level. A transition
or spin flip can be produced by the introductipn of a quaﬁtum of radia-
tion. Since the electron spin precesses about the field‘_ﬁo at a con-
stant velocity, then .in order to make the spin.flip to -antiparallel

direction with respect to ﬁo’ an alternating microwave field‘ﬁ must be

1
applied in the plane perpendicular to the static field ﬁo' The relative

positions of the field and the spin are shown in Figure 1. When the
sample resonance cavity is properly placed in the static field, it can

be made to produce a plane polarized microwave field ﬁ‘ perpendicular

1
to‘ﬁo. However, the plane wave can.be considered as the sum of two
circularly polarized components rotating in the opposite direction.

Consider the component of the field ﬁl

>
same sense as U as its frequency approaches the resonance condition -

which is rotating in the

given by Equation (1-6) (41). Arbitrarily assume the right-handed com-

>
ponent of i 1s rotating in.the same sense as u and is given by

1
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-> . ~ ~
H = Hl [1 cos w; t + 3 cos wy t], (2=4)

where:w1 is the microwave angular frequency and i, ﬁ, k are the unit-

vectors along x, y, 2 respectively. The field ﬁr applies a torque on ﬁ‘

in the z-direction. Equation (1-1) can be written

d " > 4 >
ﬁ = TxY[R+ i (2-5)

Equation (2-5) can be transformed into the rotating coordinate system

Y'

-3

Figure 1. The Motion of the Magnetic Moment,ﬁ in the Effective
' Magnetic Field ﬁeff and the Precession of.g in the

Magnetic Fie1d HO
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with angular velocity ; = glk. The field component ﬁr will be a con-

stant vector in the xy-plane and can be assumed to be arbitrarily

directed along the x~axis as shown.in ‘Figure la. Then ﬁf is given by

->

H =H 1'. Equation (2-5) in the rotating coordinate system is

R w A A
Cg-u) " - Tx Y[l -2 k'+u 1']. (2-6)
ot © v ! |

In the rotating frame Kvprecesses about .the effective field

i wl o1 Ty
Heff = (Ho - ?7) k = Hl it (2-7)

as shown in Figure 1(b). From Equation (2-7), it can be seen that when

the microwave frequency Wy is at the resonance condition the effective

field is ﬁl'f', The magnetic moment of the electron then .precesses

about Hl with an angular frequency wp =YH

1+ In general since Ho > H,
the frequency wp is much slower than W, The magnetic .moment of the

electron in the rotating frame of reference.is

Y [ux, k' cos w, t = Myt §* sin W, t]. (2-8)
From Equation (2-8) it can be seen that the magnetic moment in the ro-
tating frame periodically orients itself parallel and antiparallel to
the static field ﬁo with .a frequency wp. This corresponds to magnetic
resonance phenomenon or spin flip at resonance. 1In the stdtionary frame-
the moment .executes a helixical motion about the z-axis.

It should be noted that the magnetic vector component of ﬁl rotat-
ing in the opposite sense with respect to ﬁ applies no net torque on the -

magnetic moment. It should also be noted that no consideration was"

given to the electric field component of .the microwave field. This is
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because the spin flip i1s.a magnetic dipole transition, and hence couples
only with the magnetic component of the microwave field,

The - intéraction of -independent electron spins with an-.alternating
magnetic field has been discussed. thus far. However, the total macro-
scopic .magnetization is the quantity of .interest. Equation (2-1) can be
rewritten by considering the effect of all the dipoles per unit volume,

such that the differential equation is simply written,

o
=¥

= Y ﬁx -ﬁ . (2-9)

(=N
(23

-+
Thus M, the total magnetization per unit.volume, rotates about the ef-

fective field ﬁe at the Larmor frequency.

ff
The Bloch Equations and Relaxation Effects
Relaxation.

The description.of the behavior of the macroscopic magnetization
was developed by Bloch (39). The Bloch equations introduce the concept -
of relaxation times through a phenomenological description of the rate
of change of magnetization of a paramagnetic material as an external
magnetic field is applied. Their solution provides, the.frequency de-

pendence. of the complex susceptibility-

]

x*. = x' -1 x" (2-10)

Bloch assumed that the systems of spins would tend exponentially
toward thermal equilibrium. However, the specific mechanism by which
the spins exchange energy with their surroundings does not.enter into

the phenemonological Bloch theory.
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Spin.Lattice Relaxation

There are basically two mechanisms by which the.spins may. exchange.
energy with their surroundings. The mechanisms are:

(1) spin~lattice relaxation, and

(2) spin-spin relaxation (42).

The Kronig (43) and Van.Vleck (44) theories of the mechanism by
which the spin system exchanges.energy with the crystal lattice is in
good agreement with low spin concentrations. The phonons of the lattice
are coupled to .the paramagnetic center charge distribution via the
crystalline electric .field, However, since the -electron possesses no
electric moment, the crystalline field must be coupled to thée spin indi~
rectly through the orbital angular momentum. The spin angular momentum
and the orbital angular momentum are. then.in turn coupled through spin-
orbit coupling. The spin lattice relaxation time can logically be seen
to depend directly on the energy separation of the orbital levels and
the strength of the spin-orbit coupling.

The spin may flip by either emitting or absorbing a single phonon.
of energy. This is usually predominant at low temperature and the
associated relaxation time has a 1/T temperature dependence. For higher
temperatures multiple scattering of higher energy phonons becomes pre~
dominant. The relaxation time associated with this process has a‘l/T7

temperature dependence.

Spin~Spin Relaxation

A second relaxation process 1s spin-spin relaxation, which is.more .

pronounced ‘in .crystals with high concentrations of paramagnetic centers.

The internal field due to neighboring spin centers must .be considered.
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This field will be a fluctuating field with magnitudé of the order of

ﬁi % B/r3, where.r is the nearest neighbor distance. If the external
field is much less than Hi’ a reorientation of the effective field will
be produced without a change in the magnitude. Hence, a net magnetiza-
tion arises via an.energy exchange between the spin.system and the.
field. The spin will precess about Hi at the Larmor precession fre-.
quency Y Hi’ which gives rise to a spin—spin,relaxationtime'TS = 1/Y Hi'
The spin-spin .relaxation times are usually on the order of 10—10 second
and are independent of temperature. A dispersion or spread of the pre-

cession frequency because of variations of the internal field at‘dif-

ferent nuclei is .given by

Two spins which have their spin relationships in phase at time t = 0
will have lost their phase relationship within time l/Gwo second.

A second process that can ihterrupt‘the phases of the precessing
spins is spin exchange. If two identical spin .systems are antiparallel,
the precessing component of the moment of one produces a precessing mag-
netic field at the other and vice versa. At the proper frequency the
two spins could flip each other, leaving the net energy of the spin
system unchanged. However, the process limits the lifetime of the spin
state, and a spread in energy occurs according to the Heisenberg uncer-
tainty relation. . Both phase destroying processes impart to the absorp-

tion a finite line width,

The Bloch Equations

As stated earlier, Bloch introduced K the concept of relaxation times
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phenomenologically when he agsumed the spins to return to equilibrium
exponentially. At thermal equilibrium before any energy .is introducéd
into.the system, the spins populate the two levels approximately accord-

ing to the Boltzmann distribution.

n .
oo TAE/RT (2-11)
n —

where N, represents the concentration of electron spins in the upper (or

parallel to Ho) level and n_ the lower level population, k is Boltz-
mann's constant, T the absolute temperature and AE the energy splitting
of the levels given in .Equation (1-5).

At thermal equilibrium the lower energy level is more densely
populated, and since absorption and induced emission are equally proba-
ble, in .order to observe net absorption of energy the system must re--
main near thermal equilibrium. -

If the static magnetic field in the z-direction is given by
ﬁ.= Hoﬁ; and the static magnetization is given‘by,.ﬁo = X ﬁo where Xovis
the static magnetic susceptibility, then Bloch assumed the rate of change

of the magnetization in the z~-direction to be

dM M, - M)
it T T (2-12)

where Mz is the instantaneous z-component of the magnetization and Tl_is

the ‘longitudinal or spin-=lattice relaxation time. The rate of change of

the x- and y-component .of the magnetization is given by

dM M
X X
it = - T * and
2 (2-13)
d M M
Y. ¥
dt TZ"



24

where T2 is the transverse or spin-spin relaxation time.

When:the alternating microwave field
T

+ ~ ~
H = Hy (1' cos wt+ ' sin w t)

is applied, then the total rate of change of the.components of. . the mag-

netization are given by

d Mz\ Mo - Mz

T - Tl +Y M x H (a)

T = Y (Mx Mr)x —,Mx/Tz (b) (2-14)
d M N

—ldt = Y (MXH) —M/Tzu (C)

Equations (2-14) are.known as the Bloch equationms,

The solution of Bloch's equations are given in. numerous papers on.
both nuclear and electron spin resonance (39, 45). Therefore, the re-
sults will be stated and discussed.

If the static magnetic field is Hoﬁ and the alternating field is
applied in.the x—direction, then the solution to.the.Bloch,equations is
found by-transforming to a rotating coordinate system about the z-axis
and solving for Mx" My'vand Mz, in the rotating system. The solutions’
that ‘will be given are for slow passage through resonance. In slow pas-:
sage the rate at which ﬁo is swept through resonance is long compared to
the relaxation time; therefore, the magnetization maintains its equilib-
rium value, The components. of magnetization during slow passage can be

considered as being almost constant in the rotating system, therefore,
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By transforming the solution back into the laboratory frame of reference,

it is found that

1+T 2 (w - w)2

2 0
M = X_H . —— - - (a)
2. o "o ) 2 2.2, . °

1+ T2 (wov— w+y -H_l Tl T2

and- (2-15)
T 2 (W - w)(2H coswt+2H sinwt)
2 o 1 1

Mx = 4 Xo “o 2 2 Y2‘ 2 (®)

| 1+ 1) @ -0+ BT T,

where‘wo = Y Ho is . the resonance frequency.

The in phase and out of phase components of.M,x with respect to the-

alternatingﬁiield can be expressed by writing MX in complex form given

by

= * . jwt -
Mx X 2 Hl e (2-16)

where X¥* 1is the complex susceptibility given by Equation (2-10) and'the

alternating field is the real part of 2 Hl e jwt. The x=component of

the magnetization can then be written as the real part of Equation

(2-16), hence,

L ' "
Mx = X 2 Hl cos.wt+ X 2 Hlisin Wt (2-17)

Equations (2-15) and (2-17) can be combined to give the components
of the susceptibility., The susceptibilities are-

' TZZI(wO -
X = %X w
o] o]

— (2-18a)
2 2 2.2
1+ T2 (wo -w) +Yy Hl' Tl T2

and"
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: 1
X" = % x w T (2-18b)
o o 2 2 2 2 .2
1+T, (wo-w) + Y R T T,

In discussing Equations (2-18), there are two conditions that will

be considered. They are as follows:.

(1) The alternating field amplitude is such that Yz le Tl T2 << 1,
The- z-components of the magnetization is approximately equal té the.
static magnetization XO Ho,‘or in other words the spin-lattice relaxa-~
tion time is sufficiently short to maintain the Boltzmann distribution
of the levels., The frequency dependence of the susceptibilities as a

function of (wo - w) T2 is shown in Figure. 2,

(wo - w) T

(wo - w) T2

(a) (b)

Figure 2. (a) The Imaginary Part, X, of the Complex Susceptiblllty
' as a Function of (w - w) T, (b) The Real Part, X'

of the Com; glex Susceptlblllty Both are for the Condi-
tion Y H << 1.
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It should be noted that:the absorption line width. at half intensity

A oo;i is - determined by the spin-spin.relaxation time and A w% = l/T2 = -
y A H%. This is one form. of homogeneous broadening. .

2 le Tl T2 is of the order of unity or greater. This is.

the case of saturation of the spin.system. The spin-lattice relaxation

(2) When ¥

cannot 'carry the absorbed power away fast enough to maintain equilibrium.

As H. is increased, X' and X' will become weaker and eventually broaden

1
out completely,

It should be noted that the power absorbed from the alternating
field depends on the absorptive (or out.of phise) component of the sus-
ceptibility and is given.by
o G

_ 2w
P o= 2T fol

2

->
d M "
T 4t = e X"H"T.,

(2-19)

Crystalline Field Theory

Introduction

For the case of a free ion the general Hamiltonian is given by.

H = VF + VLS + VSS + VN + VQ + VH +1Vh, (2-20)

where V_ is the coulomb interaction term, is the spin-orbit inter-.

F VLS

action, VS is the spin-spin .interaction, V. is the magnetic dipole-

S N

dipole interaction between the nucleus and electronic magnetic moments,

V. is the quadrapole interaction, 'V is the interaction with the external

Q

magnetic field and Vh is the interaction of the nucleus with the externsdl.

H

field (46). However, the influence of the surrounding crystalline field

has not.been.taken into consideration. The interaction potential of the



28

crystalline field will be denotedvvc.

The field distribution of the static crystalline field 1is calcu-
lated by assuming the surrounding ions as point charges or point dipoles
located at .the lattice points. Therefore, the ion is in a Stark field
with the symmetry determined by the static charges,

If ‘the surrounding ions are considered not.to interact ‘with the
paramagnetic center, then the potential Vc obeys Laplace's equation.

The solutions are generalized Legendre polynomials. Vc can.be expanded
using the polynomials, and the.symmetry of -the fields are applied to
terminate the expansions,

The magnitude of the crystalline field is classified as strong,
medium, and weak. The classifications are.considered relative to the
other .interaction terms of the Hamiltonian. In the casé of a weak field
the crystalline field can.be intfoduced as a perturbation. - For medium
fields the perburbation theory is applied before VLS is calculated. Also
the quenching of the orbital angular momentum is common. The strong
fields usually correspond to covalent bonding. Therefore, the strength
of -the crystalline field determines at what point the crystal field
perturbations are introduced. In the treatment of ‘the crystalline field
as a perturbation the operator-equivalent method is-applied to find the

matrix elements of the potentials (46, 47).

Kramer's Degeneracy and the Jahn-Teller Theorem

Kramer's theorem assures that when an ion with an odd number of.
electrons is in the presence.of an electric field having some degree of
symmetry at least a twofold degeneracy will exist. The Kramer's degener-

acy can be lifted by applylng a magnetic field. Paramagnetic resonance
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corresponding to.transitions between these levels can be obseérved.

A second theorem of particular interest is the Jahn~Teller Theorem,
The theorem states that 'if a non-linear molecule of a given symmetry has
a degenerate ground state, that the state will be unstable and nuclear
displacements will distort the molecule.so as to lift ‘the degeneracy. .

The same should hold for an ion in a crystal.

Spin.Hamiltonian Formalism

The magnetic fields that would be created at tlie ion nucleus by the
orbital motion-.of the unpaired electrons would be so great compared to
the externally applied fields that they would be completely dominant.
However, this is not the case. The electron spin associated with the
paramagnetic centers in.single crystals are many times found to be
closely related to the spin of.a free electron with g-factor of 2.0.

This is referred to as quenching of orbital angular momentum. Since the
spin angular momentum 1s predominant, the properties of the péramagnetic
centers can.be incorporated into an effective spin Hamiltonian. The
parameters of the spin Hamiltonian, such as the g-factors in the princi-
pal axis system, the initial splittings and the hyperfine constants, are
determined experimentally. A model of the crystal field is postulated
which will correspond to the spin Hamiltonian and explain.the observed
parameters. The spin Hamiltonian is simply.a descripfion\of the experi-.
mental results.

As stated earlier, in the case when the orbital angular momentum is
quenched the magnetizatlon can be treated as though it:.originates from
spin .alone. The spin Hamiltonian formalism is based on the definition

of an effective spin 3'. The effective spin is chosen so that 2S' + 1
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equals the number of experimentally observed Zeeman transitions, The
-efgenfunctions which correspond to the 2S' +.1 levels are considered to:
be pure. spin.states even though they are actually a mixture of crystal
field and spin-orbit effects. S' is a fictitious spin and it'will be
denoted as S.

The spin Hamiltonian is generally written in the form,

H o= Hy +H VEOFH FHoSH YHE, (2-21)

where the terms are the following,

t’ the crystalline field interaction-

Hso’ the spin-orbit interaction

Hss' the spin-spin interaction

Hé , the Zeeman interaction

th,~the electron-nuclear dipole interaction, or hyperfine inter-
action

the electron-nuclear quadrupole interaction-
H , the nuclear Zeeman interaction.

Ha’ Hst and Hso involve energies which are too large for excitation .

by microwave energies. . HQ and Hn involve interaction which are not.of
importance. for the particular paramagnetic center under investigation in-
this study so they will not.be discussed in detail. -

The spin Hamliltonian which characterizes the ESR spectrum in, this
study consists of only the two terms HZvand an,

However, a.brief mention.of the spin—orbit'-term.Hso is in order

since it can contribute to shifts in the g-value of the resonance.
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As stated éarlier, for a free ion the orbital angular momentum and-
the ‘spin angular momentum are.coupled together (Russell-Sanders coupling)
to give a new quantum number 3“= f’+ E, where 3 is a good quantum num-

"~ ber for low external magnetic fields. The g-factor is given by the.
Lande g-factor given in.Equation 1-2, A classical calculation of the-
field the electron would see is in the ordér'of.magnitude of 600,000
oersted. However, in the presence of a symmetric crystalline field the
spin-~orbit interaction is quenched,

The spin-orbit coupling term is generally written in the form

H = AL-*% (2-22)

where f.is the orbital angular momentum and A is called the spin-orbit-
coupling constant.,

The case where the crystalline field potential is much larger than
the spin-orbit .coupling constant .is the only case that will be consider-.
ed., For this case, another interaction term is considered, that being
B ﬁo ' f; where .8 is the Bohr magneton. It is usually treated in
simpler cases as a perturbation on.the larger A f . E term. However,
neither term gives. a first order contribution.  The B ﬁo ' f.term does"
induce some, small orbital circulation., The spin will therefore, exper~-
ience a.small induced field due.to the small net circulation of the
orbital motioen.

In summary, the g-shift arises because of the interplay between
the spin-orbit and orbital Zeeman interactions. The spin experiences
both the applied magnetic field and an induced magnetic field. A
phenomena involving the effects of two interactions of this nature can

be considered as an application of a generalized form of second-order



32

perturbation theory. If the two terms A:f + $ and ] Hé‘. L are added
“rag ‘'small perturbations to the Hamiltonian they can.producé'a]fiﬁe.struc;
ture term for ground.states of spin.greater than one half, The fine:
structure terms will be discussed in more detail later.

For a very pellucid discussion of the effects of the spin-orbit:
interactions with an.example worked out in ‘detail refer to the~text‘5y

Slichter (41).

The Zeeman Term

The spectroscopic splitting factor or g-value given by.the resonance.
equation -hv = g B H.0 is a real, second rank, symmetric tensor:which can

be written in. the form,

gxx gxy gxz
+l 1 T 1
= , 2-23
g | Byx By By2 (2-23)
g' gv gv

' = v
where gij gji
However, since this matrix is Hermitian, a.similarity transforma-

tion can.be choosen to diagonalize the matrix. The g-tensor can then-

be.written as

g, o O
g =[0 g O (2-24)
0 O gy

It should be noted that the magnetic axes which correspond to the

diagonalized g-tensor will not in general be coincident with the crystal-
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line axes . of the host crystal.

The g-tensor is very commonly written in the dyadic form
-> A ) A A ~
where i, 5; k are the unit vectors for the coordinate system which

diagonalizes the g-tensor.

If the extermnal magnetic field ﬁo is given by

By = H 148 §+H k, (2-26)

. (2-27)

-> e ~ A A
* = . + .
The quantity Hb g Hx g, i Hy gz‘j + Hz g3 k is a vector which may.
vary in both direction and magnitude:from.ﬁé, and therefore,it'can be
thought .of as the effective magnetic field seen by the electron.
are the three mutually orthogonal diréctions

3
which correspond.to the principal components.gl, 8)s and g, of the

If X5 xz, and x

g~-tensor .respectively, then the effective value of .g in the direction

of ﬁd is given by
g = [g 2 cos2 o, + g,2 coszv¢ + g 2'cosz"(b ]k (2-28)
S1 1 27 7 2 3 r3-

Where.¢l, ¢2, and ¢3 are the angles between the external field'Ho and

3 respectively.

For systems of spin where S 2z 1, there is sometimes an additional

X1s Xy, and x

splitting of the levels when the external field is zero. This is caused
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by the Stark effect of the surroundings. This.term is calléd thé "fine
structure" term. For an.axially symmetric . center along the z-axis the
external field ﬁ; parallel te z, the fine structure term can be written

as

v 2._1 -
H = g, 8 Ho.sz +D {sz - 3 S(s+1)} (2-29)

where D is called the fine structure constant., For a more complete
discussion of the fine structure refer to Pryce (48) and Abragam and’

Pryce (49).

The Hyperfine Coupling Term.

The hyperfine interaction term is. a coupling of the magnetic moment.
of the unpaired electron spin atd the magnetic moment of the nucleus.
However, a distinction must belmade between an electron in an s-state
and one which is in a non s=-state.

Consider the non s-state first. The wavefunctions for these states
vanish at the nucleus. This means that ‘the interaction can be consider-
ed as two dipoles which are. separated by a,distancet¥; where the H%mil—
tonian term 1s given by

2

Y 3dHED |
(5:1)

1. 3
r- r

1.3]. (2-30)

I id the spin . quantum number of the particular nucleus involved and Y,
is.thé nuclear gyromagnetic.ratio.

In the case of an electron in an s-state, the electron wavefunction
is non-zero at the nucleus. For these close distances the dipole ap-

proximation 1is given by
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i = 2T'y.ynt 1.8 6@, (2-31)

where 6(;) is the Dirac delta function, which is zero everywhere except

at the nucleus. This term is usually called the Fermi contact term,
Since a knowledge of the true electron wavefunction (which 1s

generally a mixture of s~states and non.s-states) is generally not known,

both terms are included in a.,linear combination of terms of § and E given,

by
I. A, S, I, (2-32)
1,j=1,2,3 11 1 3
WhereAAvij is a component.of an unknown real, second rank tensor which is

determined experimentally.
As -in.the case of the g-tensor, the A-tensor.can also be diagonal-

ized giving

A 0 0
A =0 a, 0 . (2-33)
0 0 &,

In .general, the principal.axes which diagonalize the A-tensor do
not correspond to.the same set of .axes which diagonalize the g-tensor..

vaAl, A2 and A3 lie in the‘yl, yz,«and Y3 directions respectively,

the effective value of A in the direction of'ﬁs can.be written as
2 2 2

cos” &, + A c052 ¢, + A 2 cos? ¢3]% (2-34)

A = [a 1 tAy cos &, Ay

where4¢1, @2, ¢3 are the angles the external fi_eld._ﬁo makestwith1yl, Yo

and,y3 respectively.
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Using the dyadic notation, the hyperfine term can now be written as

B, = T.%.3 (2-35)

H =p8H-g+8 + fT-%2-3 (2-36)

which is the form of the Hamiltonian which characterizes the ESR spect=
rum that is the object of this study.

If the nucleus which the éelectron is associated with has a nuclear
spin,f, then it is quantized into 2I + 1 allowed orientations in the
presence of an external magnetic field. These 2I + 1 allowed orienta-
tions of the nucleus are those for which the projections I.z on the ex-
ternal magnetic field are given by Iz.= MI’ﬁ, MI = I, I-1, I-2,..., -I,
where MI is called the nucleér spin quantum number. Therefore, the ef-
fective magnetic field seen by the unpaired electron depends in which one
of the 2I + 1 states in.-which the nuclear spin is oriented. The absorp-
tion occurs only when the spin changes orientation relative to ﬁo with~
out a simultaneous change in the nuclear orientation. This is usually
stated in, terms of selection rules for allowed ESR transitions. These

»rules are AMS = +] and.AMI =0,

The selection rules are a consequence of the conservation of energy
and angular momentum. With the above two selection rules, when the
system undergoes a transition from m_ = - to m = +% a photon.of energy
hv = g B Ho is absorbed, and the.spin angular momentum changes only by

an .amount 4, which is the unit of angular momentum of the photon absorbed

from the electromagnetic field,



37

In order ‘to better understand the effects of .some of the interaction-
terms of the ‘Hamiltonian on the energy level of a free ion.,when.it is
placed ‘in.a symmetric ‘crystalline environment, consider the .example
given.in Figure 3. The free ion.is first placed in a crystalline field
of 'high symmetry. This removes the five—fold‘orﬁital degeneracy and’
splits the energy level ‘into a doubly and,triﬁly degenerate level, If
the example is thought of as an electron in.a d-orbital, the Td symmetry
field will produce this- splitting of the free ion energy level. waever,,
it ‘should.be noted that the splitting will probably be .on the order of
104 cm_l,'which is much greater than-the microwave.energy. If the sym-.
metry of the field is reduced, the two levels are split into three singly
degenerate and one doubly degenerate level. A crystalline field of D4h
symmetry will produce. this splitting. Again the energies involved be-
tween these levels are much greater than the microwave energies., . The
next interaction shown is the spin-orbit interaction. Note that ‘the
spin-orbit interaction splits the orbital doubly degenerate level. An
external magnetic field is next applied to 1lift the spin degeneracy.

Only the ground state is shown completely. The effects of a 'nuclear spin
of I.= 1 is then.included. The spin.levels are split into three levels
as a result of .the hyperfine interaction. These levels correspond to the
21 + 1 orientations of the nuclear moment in the external magnetic field.
The hyperfine interaction is shown only for the ground state of the ion.

The allowed transitions, AM_ = 0 and AMS,= *1l, are shown by the dotted

I
-1 -1 -3 -1 .

arrows. Energies from 10 em ~ to 10 T cm T are typical of the hyper-

fine interaction term.

For a more detailed description .of the other -terms in the . spin.

Hamiltonian the review articles by Bleaney and Stevens (50), and Bowers



? Energy

5 2

ORBITAL SPIN
(2L +1) (28 +1)

DEGENERACY

couLoms,
FREE ION

Figure 3.

/ L | 2
/ _——<
/
2 /7
N
\ l 2 -
\\ i 2 ~

.Lo.t. 3
-

CRYSTALLINE
FIELD
SPLITTING

line Environment

_—

CRYSTALLINE SPIN-ORBIT  EXTERNAL EXTERNAL FIELD
FIELD OF COUPLING FIELD, ZEEMAN AND H. F. S.
LOWER SPLITTING

SYMMETRY :

Effects on the Energy Level of an Electron From Various Interactiens in a Crystal-.

8¢



39

and Owen. (51), and also the text by Low (46) should be consulted.

The Breit-Rabi Expression

Using Equation.(2-36) for the spin.Hamiltonian, the allowed energy
levels can be calculated, Breit and Rabi (52) calculated these levels
for the case of an isotropic g-tensor and an isotropic.A-temsor. For .
the case of S'= %, the energy for the allowed tr.ansitior;sAMs = %],

AMI:= 0 are, neglecting terms greater than second order in A/gBH,

2
2
hv = gBH + MA + 32 2 o [I(1+l) - M ] (2-37)
for m, = I, I-1, ... , =I. Since the ESR experiments are performed at

I

constant frequency it is convenient.to solve Equation (2-37) explicitly

for the external magnetic field H, .thus

H === [(hv - MA) + 7 (2-38)

288 (hv - M_A)

M -2 [T+ 1) - Mifj

As stated earlier, this expression was derived by initially assuming
that the E and'z tensors to be isotropic. In order for this expression
to be used the variation of both E and K'Will have to be.small. In this-
study the variation of E and'K are small enough.so that the value of g
for a particular orientation can be obtained by using Equation (2-28) and"
the value of A can be obtained by using Equation (2-34). The justifica-
tion for the use of Equation (2-38) in this study will be duscussed in

more detail later.



CHAPTER III
INSTRUMENTATION
Basic.ESR Spectrometer

In order to. produce electron spin resonance, a ‘spectrometer that -
operates in.the x-band region of the microwave spectrum was.used for this
study. In order to produce resonance 'in .this region of the microwave.
spectrum a magnetic field of several thousand oersted is required.

In Chaptér II the condition required to produce resonance was out-
lined, Inathis-chapter‘the,particular instrumentation used in this re-
search to create the resonance.condition and to detect and display the
resonance signal will be outlined. A brief discussion of the functions
of the'différent components of the spectrometer will also be given a-
long with the description of the equipment.

The spectrometer used in this research 1s a microwave bridge spec=s
trometer which utilizes a reflection cavity, The spectrometer was con=-
structed mainly by Dr. M. D. Bell (53) using fundamental ‘ESR design
techniques. The spectrometer can be considered to be comprised of
several basic components as given.in Figure 4. The components are as
follows:

(1) A stabillized source .of microwave energy.

The microwave energy is provided by a Varian reflex klystron,
VA201B; which produces about 100 milliwatts of power., The voltage sup-

ply for the klystron.is a commercial power supply. A modified Pound
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Figu%e 4, The Basic Components of an ESR Bridge Spectrometer

stabilization circuit is used -to stabilize the klystron. The klystron-
is isolated from vibrations, as is the entire,spectromeéer, by vibra-
tion free supports, and it is thermally isolated in.a water cooléd sili-
cone oil bath.

(2) The microwave bridge. The bridge is isolated from the stabi-
lized klystron.by a ferrite unidirectional isolator. The isolator keeps
microwave energy from being reflected back into the stabilizing system ‘
and the klystron. The bridge (see Figure 6) consists of two branches.,
The bridge microwave circuit function is to allow energy to be intro-
duced into the sample cavity and.to permit simultaneous monitoring of

the reflected energy from the cavity. The energy is-.introduced into the
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two branches by:é magic tee. The lower branch contains a precision
attenuator and a ferrite circulator. The four port circulator enables
the energy introduced into the first port to be channeled out of the
adjacent second port only; hence, the energy is.directed to the cavity.
The reflected energy from the cavity travels back into the second port,
is then:.channeled through the third port only, and hence to the crystal
detector. The upper branch provides .a microwave reference or bias
:siénal to the detector.

(3) A var;an 6" electroﬁagnet, Model A 4007-1, with its power.sup-.
ply. The magnét,produces a sufficiently homogeneous magnetic field. -
The magnet has a mechanical linear field sweep which enables the field
to be swept through the resonance line,

(4) A magnetic field modulation system which superimposes a small .
100 ke field on.the large polarizing field of the Varian 6" magnet. The
modulating field is introduced by coils mounted on the sides of the
resonance cavity.

(5) A signal .detection system. . The signal is monitored from the
bridge, using either a silicon crystal diode detector or twin bolometer
detectors. The modulation field .introduced enables ac amplifiers and-a
phase sensitive detector to be employed in the signal detection. . A
Varian 100 kec crystal oscillator and a modulation amplifier to drive
modulation coils is .contained in the Varian modulation and control unit.

(6) A sample cavity with a variable'dielecgric coupling to the
waveguide. The sample cavity is.connected to the waveguide with a
variable dielectric coupling probe that can be manually adjusted for

the desired coupling (54).
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Description and Operation of the ESR Spectrometer

Used in the Investigation

Klystnon Frequency. Stabilization

A modified -equal arm Pound Stabilizationwmicrqwave circuit was used
exclusively in.this research.

To obtain data from a sample.and to display the dispersive or the-
absorptive component of the magnetic susceptibility separately, there
must be a stable source of microwaves.(55, 56, 57). The modified or’
"equal arm" discriminator is shown in Figure. 5.

The klystron 1s isolated from the stabilization system by a ferrite
isolator. The isolator keeps any refleCted power from traveling back
into the klystron and -upsetting its stability. A 20 db coupler then con-
nects a fractioen of ‘the signal power.into arm 1, the H-plane arm, of the
magic tee. fhe signal is divided.into arm 2 and arm 3 of the tee. The
klystron frequency is on.the order of 9.1 kmc and will be denoted by w.

The energy that enters arm 2 is partially reflected and partially
absorbed at the reference cavity. The cavity is a silver plated quartz
cavity with an adjustable 'plunger type" end which can be used to vary
its frequency response. The cavity is encased in-a thermal jacket.

The -cavity is coupled to the waveguide approximately at critical
coupling. There will be a 180° phase change on either side of the
cavity resonance (58). The reflected power from the cavity will travel
into arm 4 of the tee where it is mixed and detected at .the crystal
detector with -the reflected signal.from arm 3,

The half .of the signal that originally enters arm 3 is mixed with

a 70 ke "local oscillator" signal at the modulation crystal. The modula-~
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tion crystal in arm 3 superimposes the 70 kc oscillator frequency and
the microwave frequency to.produce two amplitude modulated side bands.
The side bands generated are above and below the ‘70 kc oscillator fre-~.
quency by an-amount .equal to the intermediate frequency. Upon reflec~-
tion .from.the modulating crystal, the side:bands travel to the detector
in.arm 4 of tee junction. Part.of the éignal from arm 3 returns to the
cavity where it is reflected and produces second-order 'side-bands fre-
quencies. However, these may.be neglected.

At the crystal detector in arm 4 there are three different frequen-
cies incident; the two side bands and the wave reflected from the cavity.
The voltage.thus produced by the crystal is proportional to the reactive
coamponent .of the wave reflected from the cavity. Also, since there is a-
180°_phase change on either side oflthe cavity resonance, the deviation
of the klystron on eithér side of resonance will therefore affect the
phase of the cryétal output (59).°

The signal thus obtained from the crystal detector is amplified and
demodulated using a 70 kc amplifier. The signal is then compared to. the.
70 kc oscillator in .a phase sensitive detector. The detector produces
a dc voltage signal with sign . depending on which side .of the cavity reso-.
nance the klystron.is operating; and the magnitude depends - on.the input .
voltage. The dc "error' voltage is then amplified. After being ampli-
fied, the error voltage is applied .to the klystron reflector intprder
to adjust the klystron.frequency. Since the klystron reflector voltage:
operates -at.a high negative potential, the phase detector cannot operate
at ground potential; the phase detector circuit, therefore, must be
isolated from the ground potential,

The . frequency of the klystron is now essentially "locked" onto the
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reference cavity frequency.

The Microwave Bridge Circuit and Detector .

The microwave signal travels from.the stabilized klystron into the
microwave bridge shown in Figure 6. Again the basic function of the
bridge is to allow energy to.be introduced into.the sample, cavity and
to permit simultaneous monitoring of the reflected energy from the
cavity (59).

When the microwave power enters the magic tee through the arm shown
in.Figure 6, it travels into the upper branch and lower branch of the
bridge. The upper branch contains a ferrite isolater, an adjustable .
ferrite phase shifter, and an adjustable attenuator. The signal from
this branch is used to maintain a bias voltage on the detector crystal
by_adjusting the bias attenuator and the phase of this bias or reference
signal can.be controlled by use of the bias phase shifter. The adjust-
ment of the phase of this reference signal will :determine whether-the
bridge is going to be sensitive to the dispersive or the absorptive
component of the magnetic susceptibility.

The other:half of the signal travels into-the lower branch of the
bridge. The amount power to be introduced into the sample cavity is
controlled using the variable power.attenuator. The signal enters the
folded tee and then enters the four port microwave ferrite circulator.
which is described in detail in literature. (60). Briefly, power enter- .
ing one port of the circulator will exit only from the adjacent port.
The signal entering the circulator travels into the arm containing the
) slide-screw tuner and sample cavity. Power is reflected back into the

circulator -from both. the slide screw tuner and the sample cavity. From
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the circulator it tréﬁels back into the folded tee where part of the
-signal travels up the vertical arm into the folded tee in the upper or
reference branch of the bridge. Therefore, the crystal detéctor re-
ceives . three signals: one is the reference signal from the reference -
branch of the bridge; the second is the reflected signal from the slide~-.
screw tuner, and the third is the reflected signal from the sample
cavity. Since the Varian model V-4560 modulation and control unit is a
phase sensitive detector, the bridge must be "balanced" as closely as
possible.

The phase detector locks onto the continuous input signal. As the
external magnetic field is swept through resonance, the amplitude of the
100 kc signal superimposed on the microwave carrier signal reflected from
the cavity will vary in amplitude depending on the shape of the absorp-
tion curve and will undergo a 180°-phase change as Ho is swept through

the absorption maximum. This is more easily seen in.Figure 7.

Absorption
AAND

H

H (with superimposed
modulation field)

Figure 7, The 100 kc/sec Modulation Amplitude Dependence at Resonance.
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The Varian phase detéctor or.control unit consists of a 100 ke
amplifier demodulator, a 100 kc crystal oscillator which acts as a
reference for the phase "lock-in'" detectdr and provides the 100 kc mod-
ulation frequency to the modulation-coils, and a rectification integra-
tor circuit from which,the signal is sent to. the.graphic recorder. The
signal produced by this detection system will be the first derivative of
the actual absorption curve, The relationship between the phase of the:
100 kc reference oscillator in the Varian control unit -and the. 100 kc
modulation frequency can be be varied. For this study the control unit..
was operated with these two frequencies either in phase or in quadrature
with respect to each other, = This should not be confused with the selec~
tion of the mode of operation,of the spectrometer for either the dis=
persive or absorptive modes by adjustment of the bias phase shifter.

A much more complete description of phase'lockﬁin detectors ‘and

microwave bridge.operation can.be found in the book by Poole (61). -

yggnetichield Modulation

Instead of measuring a dc detector output using dc amplifiers, a
sinusoidal, 100 kc, modulation field is superimposed on the static mag-
netic field H, as it is swept through resonance. This enables AC
amplifiers which are much more stable to be used. This helps reduce.the
signal-to-noise ratio. - Thus, when the microwave frequency-and the modu-
lation frequency are superimposed, .the desired power absorption infor-
mation will be incorporated into the modulation envelope of the micro-
wave.or carrier signal, The amplitude of the moduldtion signal can be
varied :from. .01 oersted to 10.0 oersted.. The selection.of. the proper

amplitude must be.chosen with regards to the line width of the .particular
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sample's absorption.

The choice of the modulation frequency is not critical; however,
several effects must be considéred. When a crystal detector is employed,
it introduces a crystal noise voltage that 'is proportional.to 1/Af, since
the noise power of a crystal rectifier varies as Af/f, where Af is the
band width of the given modulation frequency f. The noise voltage is

shown in Figure 8,

Noise Voltagé

Frequency (£f)

Figure 8. The Characteristic Noise Spectrum of a Crystal Diode De-
tector

A very large modulation frequency would therefore seem most de-
sirable, However, for frequencies much higher than 100 kc, the walls of
the cavity attenuate the signal. The larger frequencies are also de;

sirable since the magnetic field can be swept through resonance faster

without decreasing the signal to noise ratio since the amplifier circuit
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can have shorter time constants because of the possible increase in the
band width. Another reason for larger modulation frequencies arises be-
cause of the possibility of modulation broadening of the absorption line

if the modulation frequency is large with respect to the line width.

The -Electromagnet: System,

The magnet used in the spectrometer is a Varian 6 inch
electromagnet, Model 4007-1, with its own regulated power supply. The
magnet can be rotated 200° about its vertical axis. This enables orien-
tation studies to be made without remounting the crystal for.each
crystal orientation. A cylindrical cavity must be used if the magnet is

to be rotated. The magnet has 6" ring shim pole pieces with a 2.875"

gap.

The Sample Resonance Cavity

A Varian rectangular cavity, Model V4531, was used for the majority
of work of this study. The iris of this cavity is located such that it
will operate in.the TE102 mode. The sample is mounted on a quartz rod
that can be rotated 360° as shown in.Figure 9.

The cavity is coupled to the waveguide using a variable dielectric
coupling scheme (54, 62). However, the coupling is not adjusted for
critical coupling. Instead the coupling is adjusted so that the cavity

is undercoupled. This helps prevent the admixture of the absorptive and

and dispersive modes as the field is swept through resonance,

Magnetic .Field and Scan.Rate Measurements,

The magnetic field and the scan.rate of the magnetic field is meas-
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ured using a nuclear resonance detector. The NMR probe 1s rigidly sup-
ported in the magnetic field with a clamp that fits on. the magnet pole
piece.l The frequency of the NMR oscillator is measured with a h/p 524D
electronic counter. The relationship between the magnetic field

strength and the NMR oscillator frequency is given by

H = ——-vp = 2,34868 x 104 Y (oersted),

where Yp = 2,67530 x 104 rad., sec._l oersted—l is the gyromagnetic ratio
of the proton (63).

A magnetic field interval is determined by measuring the scan.rate
of the magnetic field for that interval. The magnetic field scan rate
is linear over the interval., As the field is scanned, the NMR.oscilla-
tor frequency is measured simultaneously as described above. Markers
are placed on the recorder chart at the positions at which the frequency
is measured. Several such measurements are made in the interval in which
the scan rate is to be measured. The frequency versus the chart dis-
placement (in inches) is plotted. From the slope of the graph the scan.
rate in oersted/inch can be calculated using the above relation between
the magnetic field and the frequency.

A Hewlett-Packard model 540B transfer oscillator is used in con-
junction with the 525D counter to measure the klystron frequency. A

small amount of the klystron output is monitered as shown in.Figure 6.

1'f‘he nuclear magnetic resonance detector is usually abbreviated as
the NMR detector for brevity.



CHAPTER - IV
RESULTS AND DISCUSSION OF -THE STUDY.
Introduction .to Experimentation

General Remarks on Experimental Observations

The symmetry .of .the electron spin resonance ‘spectrum of two Type Ib
(insulating) diamonds was studied and ‘analyzed. In particular; the
symmetry properties of an unusual set of resonance lines in samples D-61
and: D=-60 were studied in detail. Most of the data were obtained usging
sample D-61 since.it had easily recognizable faces which made it easy to-
orient. The hyperfine splitting was measured along the principal direc~.
tions. However, the hyperfine line's intensity was.found. large enough
to-detect only in .two particular planes of the crystal. The experimental
orientation dependence of the hyperfine lines were then compared to the
orientation dependence calculated using the Briet-Rabi expression.

Optical absorption measurements in the visible and ultraviolet at
room temperature were made on .the samples studied.

Laue back reflection X-ray diffraction pictures taken with the
X-ray ﬁeam parallel to equivalent principal axes of .the crystal were
found not-to be the same. The back reflection spots.appeared as streaks

which were very pronounced for some of the orientations.
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Description of the Diamonds Used in the Study

The unusual electron spin resonance spectrum under consideration in
this study was observed in two diamond specimens of our collection which
were denoted D-61 and D-60. Both samples have similar physical charac-
teristics. They are both brown with very smooth recognizable flat sur-
faces, particularly sample D-61 which has two large parallel {110} sur-
faces, Although {110} faces are not particularly uncommon, most diamonds
have {111} faces. y

Since the ESR spectrum for the center under consideration in this
study is not equivalent when the external magnetic field is parallel to
equivalent directions of the crystal, it is necessary to choose a coor-
dinate system to which the orientation dependence can be referred. The
majority of the orientation dependence measurements were made on sample
D-61. The coordinate system chosen 1s shown in Figure 10. The [110]
axis 1s directed out of the page of the paper and perpendicular to the

(110) plane as shown.

The Orientation Procedure

The diamonds were oriented using a.Laue back-reflection X-ray
camera. The diamonds were mounted on a goniometer with beeswax and
irradiated with X~rays. Using a Greninger net (calibrated for a 3 cm.
sample to film distance) the rotations for a desired orientation were
determined. The diamonds were then transferred to a precision quartz
rod,

The quartz rod was .clamped securely in the direction parallel to

the direction in which the diamond was mounted. The diamond was then
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Figure 10. The Coordinate System Chosen for Sample D-61

glued to the quartz rod while still securely held in the beeswax. X-ray
pictures of the sample on the quartz rod, after the transfer was made,
showed the diamond to be accurately oriented, Also since the samples all
had a strong substitutional nitrogen rés&gince, the orientation was

easily verified using the spectrometer.

Orientation Dependence of Previously Observed

Nitrogen Resonances in Type I Diamonds

A more detailed review of the orientation dependence of different

nitrogen .defect centers in diamond is in order since. it will be an aid
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in understanding the particular model chosen. for the center under in-
vestigation in this study.

The most 'commonly observed ESR spectrum in natural, unirradiated,
type I diamonds is that arising from substitutional nitrogen. donors (25).
In -the diamond crystal each carbon atom is surrounded by four equally
distant nearest neighbor carbon atoms which form a regular tetrahedron.
The carbon atoms form covalent bonds with their nearest neighbors. When
nitrogen enters the diamond in .a substitutional position, the unpaired
spin of the donor electron occupies a state which is ‘described as an
anti-bonding orbital which is a hybridization of an s- and p-orbital on
the main N-C bond direction (64). An exteénsion of approximately 11%
from the normal C-C bond length increases the p-characteristic of the
hybrid s-p orbital. The electron is thqught~to be more densely concen-
trated on the carbon atom than on- the nitrogen atom. . Because of the in-
crease of the N<C bond length the site symmetry of the substitutional
diamond, is reduced to a C4v symmetry. It should be noted that the
tetrahedral bond direction in the diamond crystal is parallel ‘to the
<111> directions. For nitrogen in a substitutional position, the donor.
electron .is localized mainly along the <1ll1l> directions and is equally
distributed among the eight equivalent <111> directions. N

Figure 11 shows the resonance of substitutional nitrogen in diamond
for the external magnetic field parallel to the three principal -direc-.
tions in the crystal,

An isotropic g-valﬂe (g = 2,0024 * 0,0005) makes the position of
the central resonance line (corresponding to the nuclear spin.quantum
number m_ =.0) independent of the orientation of the external magnetic.

I
field.



58

’(_ 33.6 Oe 33,
H
o o

30.7 e —>p=— ;
40.8 Oe e 40.8 Oe

L 29.2 Oe T 29.2 Qe
37.6 08¢ ———de—————  37.6 Oe

Figure 11, Schematic Representation of the ESR Spectrum of
Substitutional Nitrogen Donors in Diamond

)
|

30.7 Oe

]
/]

Since the electron is localized along the <111> directions, and
the nuclear spin of nitrogen is 1, then the spectrum should consist of
(2T + I) or three hyperfine resonance lines. However, the eight possi-
ble orientations of the orbital directions introduce the additional
structure to the spectrum. Since reflection symmetry .cannot be detected
using ESR, the number of distinguishable sites is reduced to four. When.
the external magnetic field is parallel to a <100> direction, the bond
directions all make an angle of 54° 40" with ﬁé. The electron sites are
equivalent (that is, the component of the magnetic field along the bond
directions is the same for every site); hence, the spectrum consists of

3 equally intense lines -as shown in Figure 11, When>§o is parallel to
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one of the <111> directions‘of the crystal, one=fourth of the bonds are
parallel to the extérnal field, and three-fourths of the bonds make an
angle»of,.?O.SQ with-ﬁo, The. ratio of the intensity of the.components of

the hyperfine lines corresponding to thé nuclear ‘quantum numbers m_ = +1

I
and. -1 is 3-to-l'as shown in Figure. ll, . With'ﬁé pardllel to a-<110>
direction, one-half of the bond makes" an angle'of’35o 20" with'ﬁé, and
one~half of the bpnds are perpendicular to ﬁ6;lhence; the ratio of
2-to-2 for the coﬁpongnts of the outer hyperfine lines. For -an .arbi-
trary orientation each of the four sites distinguishable by .ESR experi-
ments '"sees" a different component of the external field; hence, the.
outer lines can split into as many as four components.,

Klingsporn, Bell and Leivo .(36) reported a spectrum of a new nitro-
gen.defect center in which the g and A tensors each has one of its
principal‘compdnqnts,gl and Al oriented in a <110> direction. The.
orientation of the .magnetic axis with respect to the pringipal axes of
the host,diamond crystal for one of the possible orientations of the
center 1is shown in Figure 12.

However,'this-center.has‘its glvand Al components randomly distri-
bute among all the <110> direétions; The g, component makes-an angle
P = 45,2o with-the-[IlO] axis, and the'A2 component makes an angle
o = 22,4 with the [110] for the center shown in Figure. 12, - Treating
the center as having a'Td site symmetry, the number of equivalent orien-
tations is 24, However, since ESR experiments cannot distinguish re-
flection symmetry, the number of'dis£inéuishable orientations is 12,
This ig true since the spin Hamiltonian :is invariant under reflection.

For ﬁé in a {110} plane, this;center's.hyperfine components should split-

into as_many.és seven distinct lines, five of which are of double in-
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Figure 12, A Possible.Defect Orientation Which Has its Princi-

pal Components.gl‘and Al in the <110> Direction

(after Klingsporn, et. al.).

tensity. The magnetic field strengths and relative Intensities of the
components of the hyperfine splittings with the field ﬁo parallel to the
three principal .directions in a {110} plane is shown in.Figure 13. Along
the principal directions some of the components of the hyperfine lines
overlap, so that there is not the maximum of seven componetns for either
the low, middle or high field hyperfine lines.

The orientation dependence of a center thought to be due to ionized
nitrogen pairs in. smoky-brown colored single crystal diamonds has been
reported (65). The unpaired electron was assumed to be localized in an
antibonding orbital along the N-=C bond direction and weakly interacting
with the second nitrogen atom., The principal directions of the hyperfine
tensors are assumed to be parallel to the <111> directions. The g-value

of the ionized nitrogen center is isotropic.and reported to be.2.0024,
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which i1s very close to the g-value of the center under investigation in

this study.
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Figure 13. Hyperfine Structure With External Magnetic Field
Parallel to the Principal Directilons

1
The lines with the external field parallel to the principal direc-
tions is reproduced in Figure 1l4. The dotted lines correspond to the

hyperfine lines of substitutional nitrogen. The arrows indicate the
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approximate location of the hyperfine resonance lines of the center which

is the object of this study. -
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Figure 1l4. The Hyperfine Resonance Lines of Ionized Nitrogen
Pairs (after Shcherbskova, et. al.)

Experimental Observations and Measurements

ESR Spectrum Observed in D-61

The ESR spectrum of samples D-60 and D-61 were identical. The
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samples both exhibited the resonance of substitutional nitrogen defect

centers., They also exhibited the complex resonance.in the neighborhood

of g = 2,0 as seen in Figure 15. Figure 15 shows the spectrum of D-61
with o parallel to the principal directions contained in the (010) plane.
The magnetic field splitting of the outer hyperfine lines is shown in
this figure, These are the hyperfine lines for AmI = *+] for the center
whose orientation dependence is thei object of this study.

In order to determine if there were any hyperfine lines which were
associated with this new center and which might have been masked by the
complex spectrum, the sample was irradiated with UV light of wavelength
of 366 mu or 313 mu. The UV irradiation caused an increase in .the in-
tensity of the ESR signal as shown in Figure 16,

It is known from an earlier study undertaken in this laboratory
that the UV irradiation does not~affect‘any of the components of the
complex ESR signal (66). However; in this sample. it is seen that.there
is an increase in one of the peaks in the complekx ESR spectrum. The
increase corresponds in intensity to the increase of the outer hyperfine
lines. It was concluded, therefore, that there are three hyperfine
lines associated with this new ceénter. This would correspond to a
nuclear spin of I = 1, since the number of hyperfine lines is given by
(21 +1).

Other than.nitrogen, only H,, Li, Cu64 and C3130 have a nuclear

2’
. 64 .. 130
spin of one., Both Cu” and Cs are radloactive and have half-lives
of only 12.8 hrs. and 30 min. respectively. Therefore, they are ruled
out., Lithium has not been found in natural diamonds (67). This does,

not rule out lithium, but its presence is not nearly so attractive as

that of nitrogen, which 1s common to all type I diamonds. Using a gas
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Figure 15. Electron Spin Resonance in Diamond D-61 With the Princi-
pal Directions in the (010) Plane Parallel to the
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analysis technique, Kaiser and Bond (23) found only small quantities of
hydrogen in natural diamond. The spin one isotope of hydrogen can be
ruled out since it has a natural abundance of only 0.015%. This leaves
nitrogen the most promising choice since it is found in large concen-
trations in all type I natural diamonds.

It should be noted that in Figures 15 and 16 the hyperfine lines
due to substitutional nitrogen are not present. The spectra shown in
these two figures were taken with the modulation coils on the sample
cavity in phase with the reference signal in the Varian 100 kc phase
detection unit. The substitutional nitrogen resonance i1s maximized
when the modulation coils on the sample cavity are driven 90° out of
phase with respect to the reference signal. When the sample is run in
phase, the substitutional nitrogen resonance.intensity is zero. Since
the reference phase can be adjusted continuously from 0° to 90° out of
phase, the phase was set for 45° out of phase so that both the substi-
tutional nitrogen resonance lines and the new nitrogen resonance lines
were present, The runs at 45° out of phase with ﬁé parallel to the
[001] and [101] axes are shown.in Figure 17.

The spectra with ﬁo parallel to the [111] and the [iOl] axes are
shown in Figure 18. These two spectra were run in phase; hence, the
substitutional nitrogen resonance is not present, but-the arrows indi-
cate the location of the outer hyperfine peaks for substitutional nitro-

gen .

Orientation Behavior of the New Nitrogen.Center

The intensity of the new nitrogen resonance dropped to zero when-

ever the magnetic field ﬁo was. rotated 15° out of either the (I101) plane
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or the (010) plane. Therefore, the signal was observable only in 7 of
the 13 principal directions. The splitting of the outer hyperfine lines

and their approximate relative intensity is given in Table I.

TABLE I

DATA FOR OUTER HYPERFINE LINES IN DIAMOND D-61 WITH THE
PRINCIPAL AXES PARALLEL TO THE MAGNETIC FIELD

- Exp. " Theo Relative

Axis//H Splitting (Oe) Splitting (Oe) Intensity
[101] 88.7 88.7 10
| 101 | 71.7 71.7 6
;010; 81.6 81.5 10
L 100 80.0 80.4 10
| 001 80.4 80.4 10
[111] 74,2 74,7 8
[ 111 | 74.8 74,7 8

The theoretical calculations of the splitting given in Table I will be
explained later,

Several interesting observations about the data in Table I should
be pointed out. As stated earlier, the intensity of the resonance is
observable only in .the (010) and the (101) planes. The largest hyper-
fine splitting is observed with ﬁo//[i01] axis, which is perpendicular
to the (101) plane. The smallest splitting is with ﬁo//[lOl], which is
the axis formed by the intersection of the (010) and (101) planes. Also,
the splitting with ﬁo//[010] was found to be approximately one oersted
greater than with ﬁo//[15o] and’ﬁd//[OOl]{ As will be seen later, this
is predicted by theory. However, the difference in splitting with

ﬁo//[lll] and ﬁo//[ill] is most likely due to experimental error.
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At this point the procedures for taking data and estimates of ex-.
perimental error should be discussed.’ As -outlined in Chapter III, the
scan rate was measured using an NMR probe. Over one scan or run (the-
approximate range of a scan or run being from a field strength of 3200
oersted to.one of 3300 ocersted) the NMR oscillator was.continually re~
adjusted so that:the external field scanned through the NMR resonance
about twelve times. The NMR frequency versus chart displacement .was
plotted to obtain the scan rate, For edch run-this plot ‘was done using
a linear least square fit with the aid of the IBM-360 computer. Mag-
netic field strengths were calculated for .as many as.ten runs with the
same orientation and it was found that the field strengths calculated
seldom varied more than 0,1 cersted.

In order to calculate the magnetic field strength-a standard sample
with a known g-value must be placed in the sample cavity. The magnetic
field at the chart displacement where the standards resonance occurs can.
then be calculated. The standard generally used is DPPH whose g-value is
known ac;urately. However, because of the large complex signal in the
neighborhood of g = 2.0 DPPH .could not be conveniently used because the
intensity of both sample's resonances with both samples in the cavity
caused the chart recorder to go off scale, Therefore, for a.reference
point the substitutional nitrogen resonance.was uséd since. its g-value
of 2.0027 = 0.0005 is known from.literature (25).

The orientation of the sample in the cavity also introduced error,
An -error of as much as one-~half an oersted ‘was observed for principal
directions where the resonance.lines were most highly field orientation
dependent. For each principal direction at.least 10 runs were made and

an, average taken to obtain the field strength for each resonance line.
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The experimentally observed angular dependence of the new nitrogen.
resonance i1s shown in Figures 19 through 24. The experimentally measured
data points are shown as circles., The solid lines correspond to the
theoretically calculated angular dependence and will be discussed in de-
tail in the next section.

Figures 19 and 20 dislplay the angular dependence as Eo 1is rotated
in the (101) and (010) planes respectively, which are the two planes in
which the intensity of the ESR spectrum 1s always observable, For all
these figures the magnetic field strength is plotted against the angular
rotation of the field for the low, middle, and high field hyperfine com-
ponents. Figures 21 and 22 display the angular dependence as ﬁo is ro~-
tated in the (100) and (00l1) planes respectively. The inequivalence of
these two orientations and the angular dependence when ﬁ;‘is rotated in
thé (010) plane is very evideﬁt. Figure 23 shows the angular dependence
with ﬁo rotated in the (110) plane and Figure 24 shows the angular de-

pendence with ﬁo rotated in the (11I) plane.

Optical Data

The infrared absorption.of diamonds D-60 and D-61 are almost iden-—
tical, as is the infrared absorption of several of the diamonds with the
complex structure in the nelghborhood of g =.2,0, All the diamonds with
the complex structure exhibit a strong absorption peak at 7.3u (53).

Optical absorption data in the visible and ultraviolet region of
the electromagnetic spectrum were taken for diamonds D-60, D-61, and
D-18. Diamond D-18 is a clear white diamond with the complex ESR spec-
trum, but it does not have the ESR spectrum whose orientation dependence

1s the object of this study. All the specimens exhibit a sharp absorp-
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tion.peak at 4150 A (2.98 eV) and 'a sharp cut-off in the ultraviolet in
the neighborhood of‘3000 A,  Figure 25 shows the. absorption spectrum for
diamonds D-61 and D-18 at room temperature. However, no prominent fea-
tures ‘in the optical absorption spectra are present which would distin-
guish D-60 or D-61 from those diamonds in .our collection in which the

new ‘ESR spectrum is unobservable.
The Spin Hamiltonian and Calculations

As stated earlier, it is believed that a nitrogen nucleus of spin
one 'is responsible for the three hyperfine resonance.lines observed in
the unusual ESR spectrum observed in samples DP-60 and D-61.

The spin .Hamiltonian chaxactérizing the Zeeman and hyperfine inter-.

actions which have been assumed to be present will be of the form
H=g8H-"g-+8+1-4S5, (4-1)

where S = % and I = 1, The magnitude of the principal components of the
g and A tensors and their principal axes must be determined in order to
describe the resonance. spectrum,

The-Bréit-Rabi~expression\for the energy levels of.the Hamiltonian
given by Equation (4~1) for the allowed ESR transitions Ams = *]1 and

Am_ = 0 are:

I
L A2 2
hv = gfH + IpIA + -Z—gﬁf [1¢z + 1) - my 1, (4-2a)
where
2 2 2 2 2" 2 2
S =“'gl cos . ¢’l + gz cos ¢2 + 83 cos ¢’3’ (4"213)
and
2 2 2 2 2
A =.A;" cos & + A2 cos” @, + A3 cos’ &g, (4-2c)
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The angles ¢i and Qi are the angles between the principal axes of the g
and A tensors, respectively, and the external magnetic field ﬁo'

In order to plot the angular dependence of the different hyperfine
components, Equation .(4-2a) was solved explicitely in-.terms of the mag-

netic field, yielding

R AN e i
H = 728 [Ev mIA + /(hv mIA) 2A[I(T + 1) my i} (4-3)

Ihe fact that the hyperfine lines never split into components in-
dicates that the center is not distributed evenly among the different
equivalent sites of the host crystal. Since the (101) and (010) planes
are perpendicular and because of the symmetry of the spectrum about the
[iOl],’[OlO] and [101] which are orthogonal, these axes were initially
chosen as the principal axes system for both the g and A temsor., It
should be nétéd here that in the ESR spectrum none of the additional
possible orientations can be distinguished from the orientation from
which it was obtained by a 180° rotation. In other words, the spin.
Hamiltonian is invariant to reflection.

The anisotropic features of the spectrum can be explained on the
basis of .a model in which the defect center is oriented so that both. the
g and A tensor's principal -axes are coincident and lie along the [iOl],
[010] and [101] axes of the host diamond crystal as shown in.Figure 26.

The effective value of g given by Equation (4-2b) must be calculated
in terms of the principal axes chosen for g and A. The angular depend-
ence of the effective values of g and A for a defect center with one
component of g and A oriented along a <110> axis is given in literature
(68). If ﬁoiis rotated in the (101) plane and measuring 6 from the

[001] axis, the effective g-value is given by
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Figure 26. Defect Orientation for the Principal Axes of the g
and A Tensors

The expression for the effective value for A is identical in analytic
form to that of g. With ﬁo in the (010) plane the effective g-value is

given by
g = {g12 c052 45° + 0) + g22vsin2 45° + 6)}%, (4=5)

where 6 is measured from the [00l] axis: With ﬁo in the (100) plane the
effective g-value is given by

2

g = {% g12 sin® 6 + % g22 cos® 6 + 84 sin’ e}%,. (4=6)
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where 6 1s measured from the [001] axis. With ﬁo in the (001) plane the

effective value of g.is.given by
g = % g12 cos2 8+ g22 cos2 6+ g32 sin2 6}%, (4=7)

where 6 is measured from the [100] axis. With ﬁo in the (110) the ef-

fectilve g-value is given by

: 2 pcosb . sinb42 - 2 2 2 2 .k
g = { ——acr - + % [- sin 6+ V2'cos 6]° + % sin™ 0} °.
g = {g [\/2— Tl th e v gy

(4-8)

With ﬁo in the (11I) plane the effective value of g is given by

: in® 2 3 3 2
a { N - cos 0]° + [- —— gin 6 - Y% cos 6]
g % g, [—F 1"+, [ o
2 1 ‘ 1 1245

+ —=s8in 68 - == cos 6]°}° . 4-9
55 LE 7z o o (-9

Using Equation (4-3) and substituting in.the>effective values of g
and A given by.Equations (4-4) through (4-9) the magnetic field strength
at .which the hyperfine resonance lines should occur can be calculated as
a.function of the angular displacement 6, The theoretical angular de-
pendence for these six orientations is shown as the solid lines in
Figures 19 through 24,

Using the IBM~360 computer the parameters were adjusted to yield
the best over-all correlation with the experimental data. The resulting

parameters were:

g, = 2,0021 £ 0,0005
g, = 2,0019 * 0.0005
gy = 2.0020 £ 0.0005

and
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A = 4.149 £ 0,005 x 1073 ot
A, = 3.323 £ 0,005 x 1073 emt
A, = 3.811 t 0.005 x 1073 emt

The Breit-Rabi expression for tﬁe energy from which Equation (4-3)
was obtained was derived by neglecting any anisotropy in g. The expres-
sion is acceptable for this analysis since the anisotropy of g is only
0.01% of the average magnitude of g. Furthermore, Equation (4-3) was
obtained neglecting anisotropy in A for second-order terms. However,
the average magnitude of A (3.7 x 10_3 cm_l) is sufficiently small so

that the second-order terms do not contribute significantly.
X-Ray Diffraction Observatioﬁs

Anomalies in.the Laue back-~reflection patterns of diamond D-61 were
observed. The back reflection spots in the pattern appear as streaks in-
stead of a clearly defined spot. The streaks were very pronounced (some
as long as one quarter of an inch on a. 3 cm. sample to film distance)
for some orientations and hardly noticable with other orientationms.

With the'[OlOJ‘hx;s parallel to the X~ray beam the streaks were very
pronounced, but with the [100] parallel to the beam the streaks:are
barely ascertainable. They appear relatively strong when -the [OOl] axis
is parallel to the X-ray beam.

Streaks in the Laue pattern of -a crystal are commonly caused by
distortions of the crystal when impurities in the host crystal form into
platelets. Nitrogen is known to. form platelets in the cubic planes of
the diamond crystal (29). However, if nitrogen platelets are responsi-

ble for the streaks observed in the Laue patterns, then the streak pat-
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terns for equivalent directions such as the [100] directions should be
similar. This not being the case, it 1s possible that the imperfections
causing the streaks are preferentially oriented in the crystal. In
light of the seeming preferential orientation of the defect center re-
sponsible for the unusual ESR spectrum in this sample, this -assumption
does not seem too unreasonable.

An attempt to anneal out the center causing either the X-ray dif-
fraction streaks or the center giving rise to the new ESR signal was
undertaken. The diamond was heated to approximately 1100° ¢, at a pres-
sure of approximately 2 x-lO-6 mm. However, the annealing did not affect
either the intensity of the streaks on the X-ray pattern nor the inten-

sity of -the ESR signal.
Discussion and Conclusions

The fact that ‘the hyperfine lines never split into components indi-
cates that the center 1s not distributed evenly among the different sites:
in.the crystal that are equivalent to the magnetic axis [IOl], [101] and
[010]. For an unpaired electron associated with a single .nitrogen atom

such as reported by Klingsporn, et. al. (36), the T 6 site symmetry of

d
the defect center in the diamond lattice could give rise to 24 components
of . the ESR spectrum. Reflection symmetry reduces the distinguishable
number .of lines to 12 for an arbitrary orientation of the magnetic field.
For'ﬁo in a {110} plane a defect center with one of the principal.com-.
ponents of g and A along any one of the <110; directions, the number of
distinct lines should be .reduced to seven, five of which are of double

intensity. This is what was.observed by Klingsporn .(68).

The center which is the object of this study has-one of the com-.
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ponents of g and A in a <110> direction, but there is only one distin-
guishable hyperfine line for each orientation of the nuclear moment.

The formation of this defect center in a preferred orientation must
have resulted from some unusual circumstance in the environment in which
the crystal was formed, such as a large pressure gradient along a parti-
cular axis of the crystal. This might also account.for the anisotropy
in the streaks of the Laue patterns. However, it is not yet known if
the defect causing the streaks in the Laue pattern and the defect giving
rise to, the ESR spectrum are in.anyway related.

Probably one of the most interesting observations about this center
and the center thought to be due to ionized nitrogen pairs 1is that they
both have approximately the same g-value (2.0024 for the ionized nitro-
gen pairs) and the position of the hyperfine lines for this center falls
very.close to one of the components of the ionized nitrogen pair spectrum
when the external field is parallel to the principal directions of the
crystal. The location of the hyperfine lines of this center relative to
the hyperfine components of the ionized nitrogen pair is shown in Figure
14, The arrows indicate the approximate position of the hyperfine lines
for the principal directions in which they are present.

If this center is a preferentially oriented ionized nitrogen pair,
it would be consistent with the. fact that . upon. irradiation with UV light
the signal increases; whereas the substitutional nitrogen donor signal
decreases upon being ionized by the UV irradiationm.

If the relative intensity shown for the components of the hyperfine
structure are to scale for the ionized nitrogen resonance, (the relative
intensity of the substitutional:nitrogen‘resonance reported in the

original article were not drawn.to scale) then the relative intensity of
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this resonance-withrﬁO parallel to the principal axes of the crystal
corresponds to the intensities shown for the ionized nitrogen.pairs,
except“for'ﬁovparallel to the [101] direction where the intensity of the

signal measured is too large by a factor of 2.

Summary

The new ESR spectrum observed in the two natural type -I diamonds
consists of three anisotropic hyperfine lines. The fact that the hyper-.
fine lines never split into components for -an arbitrary orientation of
the external magnetic field suggests that this defect center 18 preferen-.
tially ordented in the host diamond crystal. The three hyperfine lines
further suggest that the spectrum arises from.the hyperfine interaction
of an unpaired electron with a spin-one nucleus., The most promising im-
purity with a spin-one nucleus was considered to be nitrogen,

The spin Hamiltonian charcterizing the defect center is of the form
H = Bﬁ-g'g + f@éﬁg where S = % and I = 1, Figures. 19 through 24 show
that number of lines and their angular behavior is predicted by a model
in which the defect center has the principal components of both its g
and A tensor coincident and parallel to the [101], [101], and [010] axes.
The angular dependencies shown in Figures 19 through 24 were calculated
using the Breit-Rabi expression for the,energies.abéorbed'for the allow-
ed ESR transitions and are in good agreement with the experimentally ob-
served angular behavior.

Anomalies in the Laue back-reflection patterns.where the back re-
flection spots appear as streaks were observed.. Streaks or 'spikes" in
the Laue pattern are known to be caused by nitrogen platelets in dia-

monds. However, the inequivalence of the streak patterns along equiva-
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lent directions of the host crystal suggests that the defects causing
the streaks are also preferably oriented.

In .order to determine if the defects causing the X-ray streaks and
those causing the new ESR signal were related, the sample was heat’
treated to approximately 1100° C. and 2 x 10_6 mm. pressure. This treat-
ment did not affect the intensity of either phenomenon., A more
detailed anﬁealing experiment at pressures of approximately 60 kilobars
and 1150° C. to 1200° C. might prove to be of interest,. since X-ray
spikes due to nitrogen platelets have been annealed out under these con-
ditions (30).

The similarities between this nitrogen resonance and that thought
to be due to ionized nitrogen pairs suggests that this ESR spectrum may,
be caused by a preferentially oriented nitrogen pairs. This model would
be consistent with the effects of UV-irradiation on the ESR spectrum in

samples D-60 and D-61, -
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