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CHAPTER I 

INTRODUCTION 

Preliminary Remarks 

A sensitive method for detecting paramagnetic centers 

in solids is the use of electron spin resonance. Electron 

spin resonance (ESR) 1 can detect minute amounts of impuri-

ties or minute crystal defect's because of the high sensi-

tivity of the method. Electron spin resonance absorption 

can be observed only if an unpaired spin is associated with 

the defect or impurity. The unpaired electron interacts 

,~ith an applied high frequency magnetic field producing 

transitions between Zeeman levels which are established by 

an external magnetic field. An unpaired electron can exist 

in a material for any one of several reasons. Donors and 

acceptors in semiconductors, color centers in the alkali 

halides, free radicals, and any crystal defect having an 

associated electron can exhibit ESR absorption (1, 2, 3). 

1 Electron spin resonance will be abbreviated as ESR 
,,,;,hen appropriate. 
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The purpose of the present study on diamond crystals 

which contain paramagnetic centers is to obtain information 

on the correlation of the diamond's color with its ESR 

absorption. The study will also include a brief review 

of the basic theory of ESR ~nd a discussion of the equip-

ment used in the investigation. 

Electron Spin Resonance 

The phenomena of ESR can be discussed by first con-

sidering a simple system in which an unpaired electron 

is associated with an atom or ion in a single crystal. 

At the present time only the interaction of the electron 

with the externally applied magnetic field will be con-

sidered. Relaxation, hyperfine interactions, spin-spin 

and spin-orbit interactions, and quadrupole interactions 

will be considered in some detail later. Before the 

external field is applied the energy levels of interest 

are degenerate. When the external field is applied each 

degenerate level will split into two levels, one with 

an energy above the original energy and one with an energy 

below the original. The interaction energy between the 

static field Hand the magnetic moment of the electronµ 

• -+ ..;z 
1S - µ • .1::1. The Hamiltonian for the system is of the form 

[H] = - µ 0 H .. (1 .. 1) 
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For a static magnetic field applied in the z-direction 

the value of His given by H = H0 k and the Hamiltonian 

becomes 

[H] = -µ H • 
Z O 

When the value ofµ is substituted in equation (lo2} z 

whereµ = -yfun equation (1.2) becomes 
z s 

[H] = YnH m 
O S 

where n is Planck's constant divided by 2TI, m is the s 

electron spin quantum number, m his the component of s 

(1.2) 

( 10 3) 

the spin angular momentum in the direction of the applied 

magnetic field, and Y is the gyromagnetic ratio which 

3 

is the ratio of the magnetic moment to the spin (a constant). 

When this value of the Hamiltonian is placed into Sch­

+ roedinger's equation with m =-~the energy levels of 
s 

the unpaired electron are given by 

The energy splitting of the two levels is therefore given 

by 

/J. E = yh H • 
0 

(1.5) 

A transition between the parallel and antiparallel 

Zeeman levels can be caused by an introduction of energy 

liE into the system, as will be discussed in greater detail 

in Chapter II. Since /J.E = "bil, where wis the angular 

frequency of the radiation energy, then using equation 



(1.5) the conditions for a transition are rn.et ·when 

yH • 
0 

( -, ,., ) 
\,J_.t) 

Classically the magnetic moment vector prE:1c:er;ses about 

the applied magnetic field direction with an angular 

frequency w= y H and the precession frequency is seen 
0 

to correspond to the radiation energy fr(-:iquency required 

to cause a transition between spin ener9y levels. This 

correspondence phenomena is 1cnm·,•n as resonance. It occurs 

at radiation frequencies in the x-band region of the 

microwave spectrum for field strengths1 o:E several 'k.i.J.o·-

gauss. To obtain a useful expression for thi::-i rer:1onance 

condition in ESR, a ne,,,, parameter (g) nc:,eds t:.o be defined. 

'J~he g-factor is the spectroscopic splitting ct.or given 

by 

Yn 
g = r 

where 13 is the Bohr magneton 11 ( 4) o 'I'he mcpreE.:;s1.on 
2mc 

for the resonance condition in ESR can now be obta 

using (1.6) and (1.7) and is given hy 

h v = gSH 

where v = w represents the microwave frequency. 
2 Tr 

Properties of Diamonrl 

Diai'11onds have been classified into two principal 

types (5). Type I diamonds have an increasing ultra-

(1.7} 

( 1 q) - of,,...,. 
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violet absorption coefficient for wavelengths shorter than 

3000 A0 and infrared absorption bands in the 3-6~ and 6-13~ 

regions. Type II diamonds show the same 3-6~absorption 

bands and these are believed to be due to lattice vibrational 

modes (6, 7}. Type II diamonds do not absorb in the ultra-

0 violet until a wavelength near 2200 A and show no absorp-

tion in the 6-13~ region of the infrared. 

Type I diamonds have been broken down into a further 

classification based on their infrared absorption lines cor-

responding to different absorption centers (6, 7). Two of 

these centers have been designated group A and group B. 

Group A 

Infrared absorption bands: 7.0, 8.3, 9.1, and 20.BM· 

Ultraviolet: Cut-off moves to a longer wavelength 

and the intensity of the 3155 A0 line increases as the 

infrared absorption increases. 

Group B 

Infrared absorption bands: 7.0, 7.3, 7.5, 8.5, 10, 

12.9, and 30.s~. 

Ultraviolet: The cut-off does not correlate with 

these band intensities. 

Type II diamonds have also been broken down into a 

further classification. Their classification into Type Ila 

and Type IIb is based on their electrical conductivity 
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properties and other unusual characteristics such as 

special phosphoresences (6, 8, 9, 10). Type IIb dia-

mends are semiconductors and show absorption in the 

infrared at 1.85, 2.35, 2.43, 3.40, 3.56, 4.07 and 

4.23· µ (7 ,11). They are usually blue in color (10); 

the blue being due to optical absorption in the red and 

near infrared (12). Type IIa diamonds do not possess 

these properties. 

The differences in Type I and Type II diamonds have 

been partly attributed to a high concentration of nit-

rogen in Type I diamonds (13). Some concentrations as 

high as 0.2°~ have been reported. A linear relationship 

was found to exist between the concentration of nitrogen 

and the 7.8µ infrared absorption. These observations 

suggest that the nitrogen enters the diamond lattice 

substitutionally and gives rise to C-N molecular vib-

rations which cause the group A bands. No correlation 

has been observed between the group B bands and the 

nitrogen concentrations (14). 

Other common impurities found in Type I diamonds 

are Si, Ca, Mg, Fe, Ti and Cu in concentrations as high 

18 19 as 10 or 10 atoms per cc. Type II diamonds both 

contain Si, Mg, and Al in concentrations of about 1015 

atans per cc. In general no direct correlation has been 



found between the observed color or the optical and 

electrical properties of diamond and the type or amount 

of impurity known to be present. 

Nitrogen has been detected in diamond using ESR 

methods and sane important results of previous studies 

will be discussed in some detail later (15). These 

results contribute to the orientation methods used in the 

present study. Electron spin resonance has been detected 

in diamonds for various other defect centers and much 

work is still being done by workers in this laboratory 

as well as elsewhere. The exact nature of these struc­

tures has remained uncertain (16, 17, 18). 

In conclusion, a good review of much of the previous 

research is contained in a study by King of this labora­

tory (19) and a text by R. Berman (20). 

7 



CHAP'l'ER II 

ELECTRON SPIN RESONANCE 

Simple Theory 

Solids with covalent or ionic bonds contain noun­

paired spins and are diamagnetic but natural crystals 

contain defects caused by impurities and crystal lattice 

defects. These defects may have an unpaired spin asso­

ciated with them which would make the solid paramagnetic. 

In considering electron spin resonance the interaction 

of an electron spin system with an externally applied 

alternating magnetic system must be considered in more 

detail. The simple system previously considered will be 

referred to again here for clarity o 1', igure l shows the 

separation of the energy levels of an unpaired electron 

by a static magnetic field H0 as previously discussed in 

Chapter Io 

The spin system is in thermal equilibrirun before the 

microwave power is applied. The expression for the dis­

tribution of spins between the two levels is given by the 

Boltzmann expression 

8 



H = 0 

--~------nm = +~an.-- -- --~-­
s 

'--_ __._ _____ -1un = -~- - - - - --
s 

H = H 
0 

Figure 1. Separation of the energy levels of an 
unpaired electron by a static magnetic 
field H. 

0 

.n± .1ifil = exp - kT n-
(2 .1) 

where n+ is the number of spins in the upper level, n_ 

is the number in the lower level, Tis the absolute tern-

perature, and k is Boltzmann's constant. Equally popu-

lated levels result in just as many spins taking part in 

stimulated emission as there are in absorption and no 

rret energy absorption occurs. A net absorption energy 

can occur under equilibrium conditions until the two 

levels become equally populated. Spin-lattice relaxation 

is one mechanism by which thermal equilibrium can be 

re-established. Coupling between the spin system and 

the lattice results in the spins losing energy to the 

lattice and thermal equilibrium is restored. Under these 

conditions a net absorption of energy from the microwave 

field can continue. The length of time required for 

9 



thermal equilibrium to be restored is kno\'m as n sp:Ln­

lattice relaxation time". Weak coupling between the 

spin system and the lattice will result in a long 

relaxation time, whereas strong coupling produces short 

times. The phenomenon known as "saturation" occurs 

when weak coupling produces long relaxation times and 

a sufficiently high microwave power is introduced. 

Under these conditions thermal equilibrium cannot be 

completely restored by the coupling and the net absorp­

tion signal decreases or saturateso 

When a nucleus possessing a magnetic moment is asso­

ciated with the unpaired electron, the electron will see 

an internal field due to the magnetic moment of the nuc­

leus. There will be an interaction between the unpaired 

electron and the nucleus, and the energy levels will 

split into several components depending upon the spin 

of the nucleus. For a nucleus of spin I there will be 

(2I+l} component levels and the ESR signal will have 

(2I+1) peaks. Figure 2 shows splitting of the levels 

for !=3/2. This hyperfine interaction makes it possible 

to identify the nucleus around which the electron is 

moving. 

Rotating Coordinates and Resonance 

The electron is considered to be a small magnet with 

10 



Energy 

F = 2 

F = 1 AfiJ\_J\ t Absorption 

-~l 

H 

Figure 2. Electron spin resonance from an electron asso­
ciated with a nucleus of spin I= 3/2. 

+ 
magnetic moment JJ ( 21) • In the presence of an external 

+ 
static magnetic field H the electron will ex_peririmce a 

-+ 
torque T given by 

( 2 .. 2) 

In the fixed laboratory· system the z-a:;,ds of a rec-

tangular coordinate system x, y, z is taken so that the 

static magnetic field is in the z-direction and is given 

-+ 
by H = H 1t. The magnetic moment of the electron is 

0 

related to the spin angular momentl-un by 
-+ + 
µ = -ry S where 

11 
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-+ 
s =·~n. The equation of motion can then be obtained by 

2 
noting that the time rate of change of angular momentum 

is just the torque T and is given by 

-+ 
dS. (2. 3) 
dt 

This results in the following classical equation of motion 

in a fixed coordinate system: 

-+ 
as = y-+s H-+ 
dt x 

and 

( 2 .. 4) 

-+ -+ 
Sinceµ cannot line up directly with H, it will precess 

-+ 
about H with a frequency 

frequency. 

~ 

-+ 
w = y H k I known as the Larmor 

0 

A solution to equation (2.4) can be obtained con-

veniently by transforming to a rotating coordinate sys-

tern about the z-axis (22). The a:,ces x 1 and y 1 rotate 

about the conu-non z-axis with a constant angular frequency 

-+ 
w • An observer rotating with x' would see the time rate 

of change of t given by 

-+ 

(£.!:!.) 
dt rot 

and the rate of change due to the rotation of the axes 

would be given by 



The equation of motion given in te:rms of the rotat 

system becomes 

-+ 
dµ 

dt 

-+ 
( d );I) + (-;; •,";) - dt "'~ 

rot 

-+ 
and solving for (dµ) (2.5) becomes 

dt rot 

-+ -+ 
(d µ) = ~ - (; X; ) 0 

dt tdt ro 

Using equation (2.4) and rearranging gives 

13 

(2.5) 

(2.6} 

-+ 
'J.'his is the equation for µ in the rotating system. It has 

-+ 
the same form as (2.4) except that H has been replaced by 

-+ -+ 
the effective field H '"f' where H rr is g. iven b\_T e:r: - e:r:r · 

,. -+ 
Ir: w is 

-+ 

-+ 
-+ -+ w 
Heff = H - - • 

y 
-+ 

chosen such that w = YH Jc where F k o · '·o ~ 

·will vanish. Therefore, when 

w = yH 
0 0 

-+ 

-+ 
= H then 

'iilhere w = w ku 
0 

the magnetic moment µ is a constant vector 

and the magnetic moment precesses about H ;with a fre-

quency w O = Y H0 ., the Larmor frequency.. By comparing 

equation {2.8) with equation (1.6) it is seen that the 

Larmor precessional frequency is identical to the ESR 

absorption frequency. 

The transformation just completed does not allow the 



14 

precession of the individual electron spins to be obsc;rved. 

-+ 
Since the electron spin precesses about Hat a constant 

frequency w , an additional al ternat.:i.ng magnetic field 
0 

-+ 
H1 must be introduced in the plane perpendicular to the 

-+ 
static field Hin order to cause spin-flip and allow 

resonance to be observed. The relative position o:f. the 

field and the spin are shown in Figure 3co The change of 

-+ -+ 
Sis perpendicular to both Sand H with angle e being 

0 

constant. 

-+ 
The alternating magnetic field H1 must be circularly 

polarized in the x and y plane and must have components 

H = H cos w t; H = H 
x 1 1 y 1 

t 
1 

(2.9) 

·where w 1 , is the microwave angular frequency. The com-

-+ ponent of H 1 which is rotating in the same sense as µ as 

the frequency approches the resonance condition is given 

by 

A 

Hrot == H1 [ i cos w 1 t + j sin w 1 t] (2.10) 

·w·here i, j, k are the unit vectors along ::ic., y, z respec-

-+ 
tively .. An additional torque is applied by Hrot in the 

z-direction, and the equation of motion (2.4) can be 

written 
-+ 

£l:.. = -+µ x y [ H-+ + H-+ ] 
dt r • 

A transformation to the rotating coordinate system 



w 
(H-~) y 

y 

{a) 

y' 
(b) 

->- y 
H S 

0 " 
2', ( I ' 

( I 
'\, .I 

(c) 

-+ 

Fi ··eff 

Fiqnre 3. r.rhe C',:'.·1 •1f' t.he 1'.i!aqnetic r.1oment µ in. ·tl1.e 
effective magnetic .. field H f.a and the pre-

. . f ~ ' th te .!. "' ' 1 ~ r cession o c 1n e magne 1c rie_a rt. 
0 

15 

rnay also be used to treat the combined fields and equation 

(2.11) can be transformed to rotate with angular frequency 

Equation { 2 .11) in the rotating syistem J .. s g:1.ven 

by 

-+ 

-+ 
{ d )-l) - -+ x y [ 
dt - ]J 

rot 

where H is a constant in the xy-plane directed along the 
r 

-+ 
x-axis as shown in Figure 3a and H 

r 

-),- A 

is given by H = H1i' .. 
r 

The effective field, as seen from the rotating system, 

acts as a constant field. The magnetic moment precesses, 

-+ 
as shown in Figure 3b, about Heff in a cone at :frequency 
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-+ -+ 
-+ = H where H is given b,_,r 
w eff Y e:Ef eff ' 

-+ 
H = H1 i 1 + (H0 _ wl)k'o 
eff 

{2.13) 
y 

When the microwave frequency w 1 is at the resonance 

-+ 
condition the ef:f2ctive field is H1 i I and µ precesses 

-+ -+ 
about H1 with a frequency ;p = YI\. The magnetic moment 

of the electron in the rotating system is 

-+ A A 

]J ::= [ I k I COS t - O j q 8 in W t] µx wp lly p 

-+ -+ 
whereµ precesses in a plane perpendicular to H and - eff 

changes its orientation periodically& The orientation of 

-+ 
µ changes from parallel to antiparallel with respect to 

-+ 
the static field H with a freauencv w «w which causes i .. p O 

-+ 
a slow tipping of µ as it rapidly precesses around Hci'> H1 • 

Bloch Rcmations 

The previous discussion did not include equilib:rium 

conditions caused by relaxation effectso After appli-

cation o:f: the static magnetic field in the z-direction, 

before any energy is introduced into the system the 

electrons will align themselves parallel or antiparallel 

to the field as previously stated. At thermal equilibrium 

the spins populate the two levels approximately ·with a 

Boltzmann distribution and there is a resulting magnetiza-

tion Mk, which is given by 
0 

Mk==X Hlc 
0 0 0 

(2.15) 



where x0 is the static magnetic susceptibility. The rate 

of change of the x, y and z components of the magnetiza-

tion as the system approches equilibrium are given by 

Bloch (23) to be 

dM 
__z 
dt =M x = 

(a) 

17 

... 
M = -y 

(b) ( 2 .16) 

• 
M = z 

(M - M ) 
Z O 

Tl 
(c) 

where T2 is the "spin-spin relaxation time" in the trans­

verse x and y directions, and T1 is the "spin-lattice 

relaxation time" in the longitudinal z direction. Equa-

tions (2.16 a, b, c) are known as the Bloch equations. 

The equation of motion without the relaxation effects 

was previously given as 

dM -+ -+ 
dt =Yl! x M. (2 .4} 

When relaxation effects are included, and assuming H1 <<H0 , 

equation (2.4) becomes 

-+ Mxi + MYJ' dM -+ -+ -
dt = yH x M. - T 2 (2.17) 

which transforms into the rotating system as 
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M - M 
(gm) =· Y(H X M) + O Z 

I k I 
dt rot e Tl 

M, x --
T2 

{• -
M, 
...::L:... J ' ( 2 • 18) 
T2 

-+ 
When the substitutions H e 

and w 1 = -YH1 are made into equation (2.18) it may be 

solved and simplified to give 

M x' = - M Cw 0 -w) y' 

M, 
x -- , 

T2 

M 
M , = - M w + M 1 (w -w ) - J.;_ , 

y z' 1 x o T2 

M • =· M I IJ.l 1 + z y 

M - M , 
O Z • 

Tl 

(a) 

(b) (2.19). 

(c) 

If the rate at which H is swept through resonance is 
0 

long compared to the relaxation time, the magnetization 

can be assumed to maintain its equilibrium value, and 

to a first approximation 

• 
MI= MI= M. = o. x y z 

Assuming a weak alternating field H1 so that T1T2 w1~< 1, 

the equations (2.19 a, b, c) may be solved and simplified 

to give equations (2.20 a, b, c) as shown on the following 

page. The solutions to these equations are obtained 

using an approximation utilizing slow passage because 

this condition relates the scanning rate to the relaxa-

tion times. When this is done equation (2.19) becomes 
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Figure 4. Transverse magnetization; (~} dispersive and 
absorptive modes, (b) vector relationship 
in a rotating frame. 
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The equations (2.20 a, b) can be graphed, yielding M O x 

and M , as functions of T2 ( w -w) as in Figure 4a. Such 
y O 

a plot shows the curves as representations of the dis-

persive and absorptive modes of a harmonic oscillator. 
-+ 

The transverse magnetization vector Mt is found to move 

in a circle as shown in Figure 4bo At resonance Mt is 
-+ 0 + 

shifted from H1 by 90 and is equal to My' maximum. 
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If the high frequency susceptibility xis now intro-

duced where xis given by 

x= x' - ix", 

and M is taken as the real part ofx [2H1 exp (iwt}] 
x 

then M is given by x 

Mx = x• 2H1 cos wt + x" 2I-I1 sinw t. 

(2.21) 

(2.22) 

Consideration of the canponents of M, and M, in the x y 

x-direction allow M to be written in the form x 

M = M , cos Wt - M , sin w t. x x y 
( 2. 21) 

Comparing equations (2.22) and (2.21) shows that 

M . x' x• - _.._ I 
- 2H1 

(2.22) 

where x' gives the dispersion curve and x" gives the 

absorptive curve. 

It should be noted that the power absorbed from the 

alternating field depends on t• and is given by 

P=2wH 2 x" l 

so that 

T2 
2 

p = x. w wo Hl 
2 - w) 2] [1 + T ( w 2 0 

=1T x w w H 2 L(w) 
0 0 1 

where 

(2. 23) 
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Figure 5. The Lorentzian line 
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is the Lorentzian line shape as shown in Figure 5. Note 

that the width of the resonance line at half intensity 

is given by 
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D.W 1... = 2 { WO. - w ) = L 
" T 

(2.24) 
2 

In terms of units of magnetic field {2.24) can be written 

as 

(2.25) 

To obtain a more detailed discussion of the Bloch method 

refer to the book by Abragam {24). 



CHAPTER III 

INSTRUMENTATION 

Basic ESR Spectrometer 

Many ESR spectrometers operate in the x-band region 

of the microwave spectrum which is in the 3cm wavelength 

range and corresponds to a frequency of about 9.5gHzo 

The condition for resonance is given by 

E = hv = g SH ( 3 .1) 

where g for free electrons is approximately 2 (25) .. 

When this value of g is substituted into (3.1) along 

with the values of h, v, and S , as previously discussed, 

a value of magnetic field, H, is obtained which is approx­

imately 3,400 gausso A magnetic field of approximately 

3,400 gauss is therefore required to produce free electron 

resonance in the region of the microwave spectrura .. 

There are,two common types of electron spin resonance 

spectrometers; one fonn uses a reflection cavity, the 

other a transmission cavity. The reflection cavity offers 

the most versatility and is used most often when a bridge 

spectrometer is employed. Since the spectrometer used in 

22 



23 

this study utilizes a reflection cavity, only this type 

will be discussed. To detect ESR the sample is placed 

in the cavity in the magnetic field of an electromagnet~ 

Since it is inconvenient to vary the microwave frequency, 

the magnetic field is scanned so that the resonance con-

dition {3.1) is satisfied. The field configuration of 

the cavity must be selected to place the microwave magnetic 
Ill 

field perpendicular to the electromagnet field at the 

position of the sample in the cavityo When the resonance 

condition is satisfied energy will be absorbed from the 

microwave field and detected by additional instrumentation. 

The electron spin resonance spectrometer consist 

of several basic components as shown in Figure 6. The 

components are as follows: 

{ 1) An electromagnet and magnet power supply with 

a method by which the field can be swept linearly through 

the resonance line. 

(2) A modulation system that introduces a small 

alternating component to the sweep of the magnetic field 

and provides a reference voltage for the phase-sensitive 

detector used in the detection systemo 

(3) A sample cavity in which the sample is placed. 

{ 4-) A microwave circuit that introduces micrm·.rave 

energy into the cavity and permits monitoring of the 
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reflected energy. 

(5) A source of microwave energy that is frequency 

stabilized and has a power output near 100 milliwatts. 

(6) An ESR signal amplifier and a phase-sensitive 

detector operating at the modulation frequency. 
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(7) A graphic recorder or oscilloscope v1hich records 

the output of the phase-sensitive detector. 

These basic components are usually used in one form or 

another though they may be modified. Additional components 

are usually included which increase stability and signal­

to-noise ratio for increased sensitivity. 

Description of the Spectrometer Used in this Study 

The spectrometer used in this research was constructd 

mainly by Bell of this laboratory using fundamental ESR 

design techniques (26) .. It is a microwave bridge spect­

rometer which utilizes a reflection cavity and consist 

of many of the components previously discussed. The 

complete spectrometer used in this research is shown in 

Figure 7 and a brief discussion of the functions of the 

different components will be giveno 

The Electromagnet 

The magnet system is the most expensive single system 
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in the spectrometer and usually must be chosen from an 

economic viewpoint; however, an x-band ESR spectrometer 

0 1 . 1 3 must have a homogeneity of better than • gauss in cm 

and these minimum requirements must be met (2}. The pole 

gap must be large enough to accomodate the cavity and all 

necessary accessories. Although it would be advantageous 

to have a very large gap and high homogeneity, the cost 

of these features must be considered. A practical median 

between cost and quality should determine the type of 

magnet to be used. 

The magnet used in the study is a Varian 6" electro-

magnet, Model 4007-1. 0 It can be turned through 200 

about the vertical axis and has 6 11 ring shim pole pieces 

with a 2 .875" gap. A Model v-2200 Varian regulated power 

supply is used with the magnet. The magnetic field 

contours produced by the 6" pole pieces with a 2.875" gap 

are shown in Figure 8. 

The scan rate'of the field and the contours of the 

field are measured using a nuclear magnetic resonance 

detector. The detector probe is supported by a clamp 

around one of the magnetic pole pieces and the frequency 

of the nuclear magnetic resonance oscillator is measured 
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with a h/p 524 D electronic counter. The frequency of the 

oscillator is related to the proton resonance and the 
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relationship between this frequency and the magnetic 

field is given by 

277" 
H = -v 

yp p 
= 2. 34868 x 104 -,) p 

( 3 .. 2) 

~ 4 -1 -1 where, = 2.67530 x 10 radian seco gauss is the 
p 

gyromagnetic ratio of the proton (27). 

Modulation System 

In order to avoid the instability of the de ampli-
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fiers the field is usually modulated so that ac amplifiers 

may be used. The modulation coils may be placed on the 

pole pieces, on the sides of the cavity, or inside the 

cavity, The modulation amplitude should be variable so 

that very small as well as very large modulating field~ 

are available allowing maximum sensitivity for the line 

width and shape of the ESR lines to be studied, The 

maximum sensitivity is obtained when the peak to peak 

modulation amplitude is on the order of the line width 

of the ESR signal, but distortion occurs if the modula-

tion amplitude exceeds 1/10 of the line width (2). 

Although a low frequency modulation system with 

bolometers used as detectors is available for use with the 

spectrometer, a lOOkc modulation system was used exclu-

sively (26). The system consist of a pair of modulation 



coils mounted on the cavity walls, so that the modulation 

field is parallel to the large de magnetic field, and a 

Varian lOOkc modulation control unit containing a tuned 

amplifier, a phase detector, a crystal oscillator, and a 

modulation amplifier. 

Several effects must be considered when choosing 

the frequency of modulation to be used. When a crystal 

detector is used to detect the ESR signal the crystal 

-~ noise voltage is proportional to (f) and the crystal 

noise power varies as i:.f/f, where llf is the band width 

of the modulation frequency f. This means that at sane 

low frequency, lOOcps for instance, the noise voltage is 
:k 

(f/100) 2 times tha.t at f. Therefore, at lOOkc the noise 

voltage is approximately 1/30 that at lOOcps for the 

same band width. -1 Bolometers do not have the f depend-

ence and can be used as detectors at very low frequencies 

without serious noise problems. It would seem that, if 

crystal detectors are to be used, a very high modulation 
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frequency would be most desireable. However, for frequen-

cies much higher than lOOkc other problems begin to appear. 

At extremely high modulation frequencies the walls of the 

cavity begin to attenuate the signal and the large modu-

lation amplitudes needed at the sample are hard to obtain. 

Even at lOOkc the walls of the cavity must be metallic 
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plated glass or ceramic. If higher frequencies are to 

be used the modulation must be introduced directly into 

the cavity by the use of a high frequency loop rigidly 

connected and inserted properly into the cav!ty. 

Sample Cavity 

The sample cavity is one of the most important can-

ponents of a microwave spectrometer and special cavity 

designs are necessary for measurements under particular 

conditions. The choice between several cavity structures 

is determined by the space available in the magnet gap, 

the size and shape of the sample; the necessary Q for 

the cavity, the desired microwave magnetic field con-

figuration at the sample, and the special effects which 

are to be observed. Two of these several cavity structures 

are shown in Figure 9. The sample is placed in the posi-

tion of maximum microwave magnet~c field and minimum 

microwave electric field. 

The Varian V-4531 rectangular ESR cavity (Figure 9a), 

operating in the TE102 mode, is the only cavity used in 

the present study. It is equipped with varible tempera-

0 0 ture capabilities from -185 C to 300 c, but all data taken 

in this study was at roan temperature and these capabili-

ties were not used. The rectangular cavity has the 
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disadvantage that the microwave magnetic field is intro-

duced in the horizontal plane when placed in the magnet 

gap and the rotatable magnet cannot be moved. If rotation 

is necessary the sample must be rotated by turning the 

quartz rod that suspends the sample in the middle of the 

cavity. 

The cavity is coupled to the waveguide by means of 

a variable dielectric coupling scheme (28,29)e The cavity 

is not adjusted for critical coupling but is adjusted so 

that the cavity is slightly undercoupled. If critical 

coupling were used the possibility of mixing the absorptive 

and dispersive modes would be present; this is an unde-

sirable situation. 

The Microwave Circuit 

The microwave bridge and circuit is shown in Figure 

7. Its basic function is to introduce the microwave 

energy into the cavity and permit monitoring of the 

reflected energy (30). The power from the klystron is 

divided by a magic Tee (T1) and travels into the upper 

and lower branches of the circuit. The power down arm 2 

is introduced into the circulator after passing through 
\ 

a Varian adjustable precision attenuator. The attenuator 

controls the amount of energy incident on the sample in 



the cavity. The power entering arm 1 of the circulator 

must exit by arm 2 and is coupled to the cavity (.31). 

The power reflected fran the cavity enters the circulator 

at arm 2 and must exit from arm 3 into magic Tee (T2). 

Half the power is detected by the crystal detector in 

arm 2 of T2 and the other half is dissipated in arm 3 

of T 2 • A small amount of power is coupled from the 

cavity arm into a 20 db coupler and is detected by a 

crystal detector. The detected signal feeds a wavemeter, 

a power meter, and an oscilloscope. 

The power that travels up through arm 3 of T1 is 

used to bias the crystal detector. This arm contains 
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a ferrite isolator, an adjustable phase shifter, and an 

adjustable attenuator. The phase shifter and the atten­

uator control the bias on the crystal detector. The energy 

in this arm enters the magic Tee (T2) by the upper arm 

and travels into arm 2 and 3 of T2 • The bias attenuator 

maintains the desired bias voltage on the detector and the 

bias phase shifter controls the phase of the bias voltage. 

These controls determine whether the bridge is sensitive 

to dispersive (1_1 ), or the absorptive (-x_") canponent of 

the magnetic susceptibility. 

The slide screw tuner in the cavity arm is adjusted 

so that the reflected power from the cavity is independent 



of the incident power to the cavity and the bridge is 

balanced so that no reflected power reaches the detector 

arm until the sample resonance is reached. A suitable 

adjustment of the phase shifter will enable the desired 

mode of operation to be selected. By proper adjustment 

of the reference voltage to be sensitive to either amp­

litude or phase unbalance, the desired component can be 

obtained (28,32). 

Stablized Klystron 
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The microwave energy is supplied by a Varian refle::·[ 

klystron, VA 201B, which produces approximately 100 milli­

watts of power. A commercial klystron power supply is 

used as the source of power to the klystron and the kly­

stron is mounted on vibration free supports. The entire 

klystron is thermally isolated in a water cooled silicone 

oil bath. 

It is necessary to keep the klystron frequency stable 

over at least the entire period of time required to record 

the passage through resonance. Stablization increases 

the signal-to-noise ratio and helps prevent the admixture 

of the real tx. ') and imaginary (-X..") parts of the magnetic 

susceptibility with a great simplification of the recorded 

data. The stabilization system used in the present study 



is the modified Pound circuit shown in Figure 10 (33, 34, 

35, 36). 
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A small part of the microwave power from the klystron 

is coupled through a 20 db coupler into arm 1 of the 

magic Tee shown in Figure 10 and Figure 7. The power 

divides into arm 2 and 3 which are adjustable to be of 

equal effective lengths. Arm 3 is a matched load, and 

there is no reflected power if the 70kc modulation is 

not present. When modulation voltage is present the 

signal that enters arm 3 is mixed with 70kc signal at 

the crystal. The crystal superimposes the 70kc frequency 

and the microwave frequency to produce side bands 70kc 

above and 70kc below the klystron frequency. When the 

reference cavity is critically coupled, there is no 

reflected energy fran arm 2 if the klystron frequency 

coincides with the reference cavity resonance frequency. 

If the frequencies do not coincide, the reflected wave 

from the cavity has a magnitude dependent upon the fre­

quency difference. 

At the crystal detector in arm 4 the three signals 

come together and are mixed at the detector giving a 70kc 

signal proportional to the reactive part of the wave 

reflected from the cavity. There is a 180° phase 

difference on either side of the cavity resonance, and 
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70kc error signal is amplified, demcdulatec1 6 and compared 

i:;,1ith the reference phase signal in the phase detector. 

The output of the phase detector is a +de signal with an 

mnplitude detennined by the error signal strength and a 

sign detei7nined by the error signal phase. The error 

si9nal is amplified and applied to the klystron reflector 

to adjust the klystron freq:uency. Since the reflector 

of the klystron operates at high negative potentials, 

the phase detector cannot be grounded and must be care-

fully isolated from ground. The frequency of the 1;:lystron 

i1::; nov1 regulated, or locked, to the resonant frequency 

o.P the reference cavity ·which can be manually set to a 

desired frequency by moving the cavity bottom plate as 

shrn·m in Figure 11. 

D~l Detection and Disola.v 

lifaen the bridge is adjusted for the absorptive mode 

·the incident ·waves on the crystal detector in arm 2 of 

~C'ee (T 2 ) are the bias signal and the amplitude modulated 

reflected signal from the s2,1nple cavity. These signals 

a.re mixed at the detector and sent to the Varian modula-

tion and control un:Lt as shm·m in 2 igure 7. 
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The components of the Varian control unit have been 

described previously but will be mentioned again for the 

sake of clarity. The unit consist of a lOOkc crystal 

oscillator which acts as a reference for the phase detec­

tor and provides lOOkc modulation to the modulation coils, 

a iookc amplifier and demodulator, and a rectification 

integration circuit from which the signal is sent to the 

graphic recorder for display. 

The phase detector locks onto the input signal which. 

is a continuous vector sum of the amplitude modulated 

signal voltage and the bias voltage. The detector output 

can be operated with respect to the phase of the refer­

ence-signal either in phase or in varying degrees of 

phase displacement from the refe~ence voltage. In the 

present study only in-phase and 90° displacement was 

utilized. The signal output of the detector system is 

the first derivative of the actual absorption line. It 

is sent to the integrator circuit and then to the graphic 

recorder. 

If low frequency modulation is desired, the twin 

bolometers (barretters) available with the spectraneter 

can be used as detectors. Bolometers respond only to 

changes on the order of one millisecond (37). They are 

used with modulation frequencies of 28,400 and l,OOOcps 
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and a phase detector with a range fran zero to 1,800cps 

produced by using a Bristol synchroverter (26). The bolo­

meters contain a wire filament which changes resistance 

as the microwave energy incident upon it changes and a 

.low-noise amplifier is usec;:l in connection with the bolo­

meter bridge. 



CHAPTER IV 

RESULTS AND DISCUSSION 

General Remarks 

Remarks on Experimental Observations 

The electron spin resonance spectra of a large number 

of Type I {insulating) diamonds were studied. In particu­

lar, the correlation between the color of each diamond 

and its related ESR spectrum was investigated. The dia­

monds were classified into groups according to their actual 

co~or and two or three of these diamonds were compared 

within their group to see if the similarity in color 

caused a similarity in ESR spectra. The splitting, the 

position, and the number of complex peaks were used as 

the methods of canparison. All of the Type I diamonds 

used in the investigation displayed strong substitutional 

nitrogen resonance signals and all had g values of approx­

imately 2. In addition to the diamonds actually used in 

the experimentation, data previously taken by workers on 

other diamonds was used in the comparisons. No semicon-
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ducting diamonds were used by this investigator but 

canparison of previous data was used for correlation of 

blue diamonds. All new data, and all that used as a 

canparison, was taken at room temperature. 

A description of the diamonds used will be given 

as each group is discussed. 

Orientation Procedure 

The diamonds were oriente~ using a Laue back­

reflection x-ray camera. They were mounted on a gonio­

meter with beeswax and irradiated with x-rays. A Gren­

inger chart was used to obtained the desired rotations 

for proper orientation. After the rotations were made 
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a second x-ray picture was taken, and any further rotations 

necessary for exact orientation were made. This process 

was repeated until the desired orientation was achieved 

exactly. The diamonds were then transferred to a quartz 

sample-holder rod which was clamped securely parallel 

to the diamond's orientation direction. The diamond was 

then glued to the quartz rod and removed fran the beeswax. 

The orientation was checked after the sample was 

placed in the rectangular Varian sample cavity of the 

ESR spectrometer. All the samples displayed a strong 

nitrogen resonance, and the orientation could be checked 
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by noting the exact shape and number of nitrogen side 

peaks following the study by Smith, et al., (15). In 

this study the nitrogen was assumed to occupy a substi-

tutional lattice position with the unpaired electron 

fonning a hybridized sp3 antibonding orbital along one 

of the C-N bonds. The electron was assumed to be localized 

on any of the (111) bonding directions. 
~. 

When His parallel 

to one of the (100) directions, (2I + 1) hyperfine lines 

will be produced. Nitrogen has a spin I=l which produces 

a hyperfine structure of three peaks with ratios of 

1: 1: 1. For arbitrary orientations with respect to 

the (100) directions the side peaks split up into as many 

as four peaks. The side peaks splitting for the major 

directions is shown in Figure 12. 

Data Presentation 

The actual recorder graphs could not be photographed 

directly because of the color of ink used in the recorder 

pen. Therefore, it was necessary to trace the actual 

graphic representations as accurately as possible and 

use these tracings for comparison purposes. Since it 

was desirable to include actual copies of the recorder 

graphs showing all noise and exact signal ratios, these 

were Xeroxed individually and appear in Appendix A of 
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this study. Since all of the insulating diamonds displayed 

the nitrogen resonance, only the trace of the canplex 

central structure will be used for comparison purposes. 

The complete ESR signal for each diamond actually run in 

this study appears in Appendix A. 

Observations 

The diamonds investigated were arranged in groups 

according to their observed color. Diamonds of five 

different colors were available in the laboratory for 

use in the experiment., These five colors included clear, 

yellow, green, brown and blue. 

Clear Diamonds 

Three clear diamonds were investigated and compared. 

The diamonds were identified by the letter and number 

assigned to them in the laboratory diamond inventory and 

were designated D-76, D-79, and D-3. Diamonds D-76 and 

D-79 were new diamonds investigated for the first time 

in this study. Diamond D-3 had been studied previously 

by King of this laboratory (19) and his data was used 

for comparison with D-76 and D-79. 

All three of the clear diamonds were triangular in 

shape with flat, parallel, (111) faces. Diamonds D-76 



and D-79 were found to be contact twins (macles) (38). 

There are flat plates with (111) faces and a (111) twin 

plane parallel to the faces. Because of the twin planes 

there are three common [110] axes but no common [100] 

axis. Therefore, the diamonds had to be oriented with 

common [110] axes parallel to the magnetic field in order 

to prevent a mixed signal. Diamond D-3 was not reported 

as a contact twin in the work done by King. 

The complex central structure of the three diamonds 

is shown in Figure 13. No apparent cor~elation between 

the clear color of the diamonds and their ESR absorption 

was found. The signals range in complexity from nineteen 

on either side of center for D-76 to zero for D-79. 

Several levels of power and gain were used in the runs 
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on D-79 but no additional signal could be obtained. There 

was a similarity in the number of peaks between D-3 and 

D-76 but relative intensities differed greatly. Since 

orientation studies by many workers have shown the number 

and relative intensities of complex structures to be 

greatly dependent upon the orientation, a more extensive 

study would be necessary before actual similarity between 

D-3 and D-76 could be established. This investigation 

was only concerned with obvious correlation within a 

particular color group and the absence of a signal in 
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D-79 was sufficient to rule out correlation within the 

clear diamond group. 

Yellow Diamonds 
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Data was taken on D-72 and D-73 in the present 

investigation. The data taken on these two diamonds 

were compared with data previously taken by King of this 

laboratory on D-59. All of the yellow diamonds are 

hexagonal with natural (111) faces forming the flats. 

The diamonds in this group displayed similar ESR 

absorption as shown in Figure 14. The number of peaks 

in the complex central structure appeared to be the same 

for all three samples. Comparison of D-59 was difficult 

because of a poor signal-to-noise ratio and a difference 

in the direction the magnetic field was scanned. King 

started at a field strength above resonance and decreased 

the field. The portion of the signal to the right of 

center on D-59 had to be compared to the portion to the 

left of center on D-72 and D-73 because all runs made in 

the present study were taken using an increasing magnetic 

field scan. When these difficulties were overcome the 

signals seemed to show some similarties. There appeared 

to be fourteen peaks on the low magnetic field side of 

center and about that many on the high side although some 
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Figure 14. Electron spin resonance of complex 
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were nearly lost in noise. All three had nearly the same 

signal intensity ratios with the nitrogen signal in each 

about seven times as strong as the complex structure. 

Comparison of peak splittings between D-72 and D-59 was 

very close as were the signal intensities. The signal 

from D-73 seemed to be spread about 1.5 gauss farther 

than D-59 or D-72 and the signal intensity ratios showed 

less than a factor of seven. This difference could have 

been caused by a small er:i;-or in orientation. Further 

study would be necessary, using a large number of yellow 

diamonds, before conclusive correlation could be estab­

lished. However, within the scope of this investigation 

sane correlation between the color of yellow diamonds and 

their ESR absorption was observed. 

Green Diamonds 

The green diamonds investigated in this study were 

D-69 and D-74. Their ESR absorption was compared to 

data previously taken by Bell (26) and Steckelberg (39) 

of this laboratory on D-57. All three of the green 

diamonds were approximately oval with no recognizable 

natu~al faces. Diamonds D-69 and D-74 were found to be 

twins and the procedure previously discussed was used 

to avoid the mixed signals. 
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The ESR absorption of the three green diamonds with 

<110) IIH is shown in Figure 15. Comparison of the 
0 

signals shown in Figure 15 did not reveal any apparent 

correlation. Diamond D-69 had an asymetric signal about 

the central nitrogen with twenty-one apparent peaks on 

the low magnetic field side and only sixteen on the high 

magnetic field side. The substitutional nitrogen signal 

was not as strong as some of the comple::?c signals and did 

not stand out •. Diamond D-74 appeared to be symetrical 

about a strong central nitrogen signal with sixteen peaks 

on each side. The signal intensity of the central nit-
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rogen appeared to be approximately four times as strong 

as the complex signals. The signal from D-57 was taken 

by Bell using a decreasing magnetic field scan and the 

high and low sides of the signal appear reversed compared 

with D-74 and D-69. Diamond D-57 appears to be symetrical 

about a central nitrogen peak with eight peaks on each 

side. The central nitrogen signal is_only about twice 

as strong as the complex signals. 

An additional comparison was made between D-69 and 

D-57 with <113) lfH0 as shown in Figure 16. Diamond 

D-69 appeared to be symetrical about a central nitrogen 

peak when oriented with the <11~ II H and had fifteen 
0 

peaks on each side for the in-phase run shown in Figure 16. 



D-74 (GREEN) 
<110"- II H y O 

D-57 (GREEN) 
(110)11 H 

0 

D-69 (GREEN) 
(lic) 11 Ho 

53 

r 

increasing H0 __ ,_· --···--\!'<'" 

decreasing H~.....-~­o 

increasing H0 -~ 

Figure 15. Electron spin resonance of complex 
·center in P-74, :0-57, and D-69 
with reference 90° out-of-phase 
and power at -15 db. 
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Diamond D-57 did not appear to be sym.etrical about the 

central nitrogen signal when oriented in this direction 

and had only twelve peaks on the low magnetic field side 

while showing at least fourteen on the high magnetic 

field side. 
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There appeared to be very little apparent correlation 

between the color of green diamonds and their ESR absorp­

tion signal. 

Brown Diamonds 

No brown diamonds were available for direct use in 

this investigation. Therefore, a comparison was made 

using data taken by King and Steckelberg on D-61 and 

D-60. Steckelberg reported on D-60 and D-61 as brown 

diamonds with smooth flat surfaces that were (110) planes 

(39). Figure 17 shows comparisons of two different 

orientations for these diamonds. Both diamonds had 

strong nitrogen central peaks with very little complex 

structure showing. Diamond D-61 displayed some complex 

structure but the complex signal displayed by D-60 was 

too weak to allow accurate comparison. On the basis of 

the previous work done on D-60 and D-61, there seemed to 

be some similarity between the absorption of the two 

samples. However, the signal intensity ratios were not 
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Figure 17. Electron spin resonance of canplex 
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the same for the samples and D-60 displayed no apparent 

peaks comparable to those in D-61. 

Blue Dlamonds 

No blue diamonds were available for direct use in 

this investigation. Therefore, the data used for com­

parison was obtained by Bell in a previous study (26). 

Bell used semiconducting diamonds DS-5 and DS-3 which 

were steel-blue in color and different in shape due to 

cutting and polishing. Diamond DS-3 was reported by 

Be.11 to be a gem stone with a marquise cut while DS-5 

was a large semiconductor with two parallel (111} faces. 

The ESR absorptions for DS-5 at 4.2°K and DS-3 at 

room temperature are shown in Figure 18. Both diamonds 

show only a broad absorption signal near g = 2 and no 

nitrogen signals. Diamond DS-3 has a central peak which 

tapers off for approximately ten gauss to both sides 

before reaching zero. Diamond DS-5 at 4.2°K displayed 

a central peak with a half-width of 5.5 gauss. 

There seemed to be a direct correlation between 

the color of blue diamonds and their ESR absorption. 

Work done by other workers in this laboratory has indi­

cated that most semiconducting diamonds are blue and that 

they all seem to display one characteristic, broad, ESR 
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Figure 18. Electron spin resonance in DS-3 and DS-5. 
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absorption, sigrial., 

Discussion and Summary 

A correlation of color and ESR absorption in diamond 

was investigated for five differently colored groups of 

diamonds. The only color groups to display apparent 

correlation were the group of yellow diamonds and the. 

group of blue semiconducting diamonds. Every blue diamond 

displayed a broad ESR absorption with no nitrogen signal. 

The apparent correlation in the yellow group should be 

investigated further if a large number of yellow diamonds 

is available. It was noted however, that diamonds within 

the same color group displayed similar crystal growth 

habits. 
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APPENDIX A 

SAMPLES OF ACTUAL RECORDER 

GRAPHS USED IN THE STUDY 

The actual recorder graphs could not be photographed 

directly because of the color of ink used in the recorder 

pen. Therefore, it was necessary to trace the actual 

graphic representations as accurately as possible and use 

these for comparison purposes in the body of the thesis. 

Since it was desirable to include actual copies of the 

recorder graphs showing all noise and exact signal ratios, 

these were Xeroxed individually and appear on the following 

pages. The complete ESR signal for each diamond actually 

run in this study is shown for the desired orientation. 

Copies of recorder graphs of the complex centers are also 

shown for both normal and slow scan rates. Other important 

information concerning each graph is indicated on the figure. 

This information indicates the gain of the amplifier, the 

amplitude of the modulation signal, the power level being 

feed to the sample cavity, and the phase of the reference 

signal for each of the graphs. The graphs appear in the 

order in which the diamonds are discussed in the study. 
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Figure 26. Electron spin resonance in D-74 (GREEN). 
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