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CHAPTER I 

INTRODUCTION 

Magnetic resonance is a name given to phenomenon ob-

served in many magnetic systems because the system® possess 

both magnetic moments and angular momentum. The tern reso-

nance implies that there is a natural frequency of the 

magnetic system which is in fact just the gyroscopic pre-

cession frequency of the magnetic moment in a static 

magnetic field. Transitions among the Zeeman energy levels 

of the system may be induced by irradiation at this resonance 

frequency. Magnetic resonance typically falls into two 

classes: nuclear magnetic resonance (NMR) and electron spin 

resonance (ESR). The discussions in this thesis are directed 

mainly toward ESR, although the general theory of magnetic 

resonance encompasses both NMR and ESR. 

In order that a substance be classified as paramagnetic, 

it must possess unpaired electron spins. In addition to the 

intrinsic moment associated with its spin, the electron ha® 

a magnetic moment because of its orbital motion. The reso-

nance phenomenon, however, is observable only in systems 

which exhibit a net spin magnetic moment, so consequently 

not all matter can be studied using resonance techniques. 

Fortunately, paramagnetism is exhibited by a considerable 
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array of materials which includes atoms, odd-electron 

molecules, free radicals, some biradicals, transition-

group ions and others too numerous to mention here (2, 

p. 2). 

As a research tool, ESR is important in two main 

aspects: (1) it can be used t© detect extremely small 

quantities of paramagnetic material, and (2) the inter-

action between the electron and the nuclear magnetic 

moments makes possible the detailed study of the magnetic 

properties of the sample being investigated. 

Electron ©pin resonance is a relatively new field of 

physics, the first ESE observation having been made in 

Russia by Zavoiskiy in 1944 (4, p. 5), Preceding his dis-

covery, however, were a number of theoretical assumptions 

concerning the nature of the expected effect. As early as 

1922, Einstein and Ehrenfeet proposed a number of arguments 

concerning quantum transitions between magnetic sublevels 

of atoms under the influence of equilibrium radiation (1, 

p. 21). Their considerations followed the experiments by 

Stern and Oerlach on spatial quantization in 1921 (3, pp. 

334-335). Employing the arguments of Einstein and Ehrenfest, 

Dorfman in 1923 suggested the possibility of resonance ab-

sorption of electromagnetic waves by paramagnetic substances, 

a phenomenon to which he attached the name "photomagnetic 

effect" (1, p. 21). Then in 1932 Waller, at the suggestion 
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of Pauli, introduced a quantum theory of paramagnetic 

relaxation in solids which served as a basis for further 

development in the theory of paramagnetic resonance (1, 

p. 22). 

The first attempt to detect ESR in bulk material is 

believed to have been made by Gorter and his co-workers 

in 1936 (1, p. 22). They were undertaking a systematic 

study of the absorption and dispersion of radi©frequency 

electromagnetic waves by paramagnetic substances. The 

studies were conducted at frequencies of one to ten mega-

cycles per second in the presence of static magnetic fields. 

That their attempt to detect resonance did not succeed was 

due largely to imperfections in technique and the use of 

insufficiently high frequencies. 

Zavoiekiy tried a different approach from that of 

Gorter. Whereas Gorter had sought to detect the heat liber-

ated by the paramagnetic substance, Zavoiskiy attempted to 

measure the decrease in energy of the high-frequency field 

as a result of the absorption. Extending the range of 

frequencies to three kilotaegacycles per second, Zavoiskiy 

succeeded not only in discovering the phenomenon of reso-

nance, but also investigated a number of resonance properties 

and considerably enlarged the scope of paramagnetic relaxation 

studies. 
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CHAPTER II 

BASIC THEORY 

Consider an assembly of non-interacting particles, 

each having a total angular momentum t an orbital angular 

momentum iM , and a spin angular momentum S-ft . The total 

magnetic moment will be denoted by . It is assumed here 

that the particles carry a negative charge, since ESR is 

primarily concerned with electrons as the particles under-

going transition®. In the quantum theory JU» and J are 

treated as operators and are shown to related by <10, p. 2) 

= -tfrtj, (i) 

where Jf is the gyromagnetic ratio and is Planck's 

constant divided by 2K . It is convenient to let if repre-

sent a positive quantity, so the negative sign has been 

explicitly incorporated in equation (1). The interaction 

energy of a magnetic dipole in an external magnetic field 

is given by the expression E = yU-E so that the Hamiltonian 

is very simply expressed as 

2C= (2) 

If the magnetic field is taken to be in the z-direction with 

a magnitude H0, the Hamiltonian may be written 

% = H n Q j z . (3) 
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The eigenvalues of this Hamiltonian are very simple, being 

only multiples of the eigenvalues of J2; therefore, the 

allowed energy levels are 

E m = ( i f . ) 

where m = J, J - 1,..., - J and the J's are the eigenvalues of 

the operator j2. if the eigenfunctions ©f the time-independent 

Schroedinger equation are denoted by Uj^m, the time-dependent 

solution for a particular value of m is given by (8, p. 77) 

= uJ,m e xp[- i Em tA] • C5) 

The most general time-dependent solution is obtained by 

taking a linear combination of the solutions given in equations 

(5): 

^ ( t > * Z T
a*UJ,ai * (6) 

Bl=~J 

where the are complex constants. The expectation value 

of any observable 6 is given by (10, p. 12) 

<0(t)> = Ct) Q H'ct) dT (7) 

so that the expectation value of the components of yOL may 

be written 

</*iCt)> = £v%<*'|/Ai|»»i> exp[i(Em -E )t/J , <S) 

where 

A v J , * 6 x (9) 
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is a time-independent matrix element. Equation (®) shows 

that the expectation value will in general be time-dependent 

and consist of a number of terms oscillating harmonically; 

and that the possible frequencies (Em' -E^^are just those 

that correspond to the frequency of absorption or emission 

between states m and m', From equation (1) 

< » / Jil»> • <l0> 

In the general theory of angular momentum in quantum me* 

chanics, it is shown that ^m' 'I J J m > and ^m'f J^j m ^ vanish 

unless m' « m t 1 and that |J2|m> vanishes unless 

m' = m (7, p. 108). Combining equation (4) with the Bohr 

frequency condition, E » ̂  ui , it is seen that equation (8) 

must necessarily contain only those terms for which the 

angular frequency is * H 0 or - *H0. 

For an electron with spin angular momentum J » S * •§• 

(in units of ), the expectation value for the three com-

ponents of j}L may be found. For example, the x-component is 

<f/exCt)> = [ a | a ^ O | j x | - i > exp(i U4t) (11) 

where to. = VH q = ( y - E ^ . Since <'-i(jx(i> « J
x| 

one obtains 

</* xtt)> = -2 ft Re exp(ii^t)] . (12) 
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Employing the "step-up" and "step-down" operators, J* and J" 

(7, p. 106), on® obtains 

<rtpx|-i> « § ci3) 

and 

^l|jy|4> - 4i. 

The constants may be written in terms ©£ the real quanti-

ties b,c,«,p: 

«| » be1* (14) 

* ce1? 

With these substitution®, equation (12) nay be rewritten 

c ^ *b«*cos( j3-<<+^t). (15) 

Similarly, the other components are found to be 

« ~ X^'bc*ain(p -ct+ ^ t ) (16) 

(b2- c2\ 

5 /. (I?) 

Th«st it is seen that < ^ x > and ^ > oscillate in tine 

at the frequency H^, called the Laraor frequency. The 

Lanaor frequency is the classical precession frequency of 

a magnetic moment vector in a static magnetic field (9, 

p. 16), The z-cowponent of <yU>, however, i® constant in 

time. Changing to spheric*! polar coordinates give® 
• 9 V > = «* ©in © cos $ (18) 

m* 

and < M y > = l l sin © cos 0 
/ 2 

mid < / t
z > • jj& COS ® # 



provided that 

0 = p -OC* (Ot (19) 

and b2= l"cgsQ 

2 
and c2= l+cosQ . 

2 2 

where b +c = 1 because of normalization of the wave function. 

Equations (18) have a simple physical significance. The 

expectation value of the operatorJu acts as a vector of length 

whose direction is given by the spherical coordinates 

0 and 0, If the orientation is specified at any time t, it 

can be found at any future time by recognizing that it pro-

cesses with angular frequency a>o in the ̂ -direction. The 

orientation may be specified quite arbitrarily by specifying 

b or c and -o( . That is, in terms of the two quantum 

states m = +•§., an expectation value of the magnetization 

may be described which goes all the way from parallel to 

anti-parallel to the field, including all the values in 

between.* 

It is desirable to have a differential equation relating 

the time variations of the expectation values, ^JU >» 

<Mr>* </ i
z>' Consider first some operator 0 which does 

not depend explicitly on the time. The operator d O/dt is 

defined by the expression (10, p. 11) 

*For example, a wave function with b = c has an expec-
tation value corresponding to a magnetisation lying somewhere 
in the x-y plane, the orientation in the plane being given by 
the complex phase fi-tf. js »y 
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(20) 

d 0 1 [ty6] (21) 

From the general theory of quantum mechanics it is a familiar 

result that 

3* = T 

where is the usual commutator H0~6%- If the 

total magnetic field is along the z-axis at seme instant, 

then by equation (3) 

CbL = jt*HoJz. (22) 

The equation of motion for the x-component of J may then be 

rewritten 

= i *H0 [5„JX] . (23) 

Using the commutation relationships for the components of 

angular momentum permits equation (23) to be written 
A 

3¥* = " * V y < 2ka) 

One can show similarly that 

3 ^ • » " V x l 2 W 

and 
A 

££.2 = 0. (2^) 

M 

These equations £(24)] are the components of a vector 

operator equation 
A 

(25) 
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arid since /< = - y^ J the expression may be rewritten 

* -/Tx ar!T0. (26) 

By equation (20), this expression is just 

d ^ > = yH0x
 ( 2 7 ) 

so that the expectation value of obeys the classical 

equation of motion of a magnetic moment vector in a magnetic 

field, i.e.^Zc>precesses about HQ at the angular frequency 

u> = YE0. The result holds for both time-dependent and 

static "H. 

To see how <Jt> varies with time under the influence 

of a rotating magnetic field, consider the case for which 

there is a rotating field H^, rotating with an angular 

frequency CO and oriented perpendicular to if such that the 
o 

total field is given by 

H(t) * iH, cos <*>2t+jH fsin 6>2t*kHQ (28) 

The Schroedinger equation for this case is 

' | | ? = c ^[H0Jz+H1(Jxcos 05zt+Jysin ̂ ztj^ . (29) 

A rotation operator, exp(i w2tJ2), transforms J x according 

to 

Jx' = expJT-i co2tJ2Jjx exp£i ̂ tJzJ (30) 

which after a little manipulation can be shown to be just 

the expression in the parentheses of equation (29). Thus, 

it is convenient to perform a rotating coordinate trans-

formation so that 
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exP l|* • (31) 

That is, and differ by a rotation of axes through an 

angle (Out. Calculating » / 0t fro® equation (31) and z 

substituting into the Schroedinger equation, one obtains 

^ ( « o - < W **HlJx]*' • (32) 

where use was made of the fact that Jz and exp(i 

commute. Comparison with equation (29) reveals that in the 

rotating coordinate system the spins are quantized along an 

effective field 

Ktf • % > - <Vv] + i H1 »3) 

with an energy spacing of ri 
Heff' agreement with the 

classical result (9, p. 18). 

It is instructive to investigate the situation for 

which Hq » » knc>wn as the resonance condition. The 

transformed Hamiltonian for this special case is 
9t'= V<|HLJx, (34) 

so that in the laboratory frame of reference the time-

dependent solution to the Schroedinger equation is 

ty(t) « exp^io^tjjexp jji 7C t/fcj ty(G). (35) 

Thus, the ̂ -component of the expectation value of the 

magnetic moment can be written 

s - yi l( e xp[ -ifc^tJ^exp^ i ^(0)^ (36) 

exp£-i <»>ztJzJ exp £ i*>,tJxJ Y(Q). 
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Making use of the Hermitian property of J and J arid per-
x y 

forming a rotating coordinate transformation about Jx, one 

obtains ^ 

^ z ( t ) > « ^ s i n ^ t W*(0)Jy>f><
0)dt' (37) 

•yfccos^t jty*(0)J2ty(0)dT, 

which can be rewritten as 

</<z(t)> = - sin Mjt + cos (38) 

If at time t * 0 the magnetization is along the z-axis, 

then (0)y = 0 so that 

*^(0)>cos yHlt. (39) 

Thus, the expectation value alternately become® parallel 

and anti-parallel to the static field HQ and doe® so 

sinusoidally, in agreement with the result one obtains 

classically (9, p. 20). 

One common feature of both the classical and the 

quantum-mechanical treatment® of non-interacting spins is 

the periodic motion of the magnetization* in the rotating 

reference frame. For example, the magnetization at resonance 

continuously changes its orientation with respect to the 

external magnetic field. As a result, the energy needed to 

reorient the spins from anti-parallel to parallel with the 

field is recovered when the spins return to the anti-parallel 
• 

The magnetization is defined as the magnetic moment per 
unit volume. 
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position during the succeeding half-cycle. There is then 

no net absorption over long time periods but simply an 

alternating absorption and recovery. It is clear that there 

must exist some mechanism which spoils the coherent pre-

cession of K/A > about ftj_ in the rotating reference frame 

in order for a net absorption of energy to occur. 

In the discussion of the transitions from energy level 

m to atf, it was assumed that the energy levels were "sharp", 

i.e. that they were well-defined. In practice, however, 

the energy levels have a certain width and the energy 

difference. Em - E_ =~t\to , is described by a distribution 
* SI in w 

^(£E) around a central value AE° = A £0©. Normalization 

requires that Jf(Al) d ( « ) = 1. It is often convenient 

to introduce a distribution function g(>* ) - h f (h •*£) 

S. $ V 

g( > )d V = !• Th« transition proba*-

bility per unit time induced by the radio-frequency field 

of angular frequency to between states /m^ and (m1^ is 

given by (10, p. 138) p ~ pm,m' = pm*,m 
2 7 C 4 I 2 £ . | m > | E), (40) 

where x t is the so-called perturbation Hamiltonian and is 

given by the time-dependent portion of equation (29) as 

0C\. ~ i "h (J+exp £-i <ozt] +J""exp[i &>zt] ). 

Substituting equation (41) into equation (40) and considering 

the special case for spin one obtains 
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where 
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P 8 i w , 2 g(%>)# (42) 

GO 2 _ 2 ac y V 

In order to see how the distribution function is re-

lated to the absorption of energy, let N and N denote 
Hr «• 

the populations of the upper and the lower energy states, 

respectively, and Wfl and the absorption and emission 

transition probabilities per unit time induced by whatever 

interactions with the lattice enable spins to change energy 

states, creating or inelastically scattering phonons in the 

process* When the system is in thermal equilibrium, the 

populations of the energy states are governed by the 

Boltzmann distribution and are related by 

N2/N$ a exp [ AE/kT ] = exp[ YtiE^/kf] , (43) 

where k is the Boltzmann constant and T is the absolute 

temperature. It is easy to show that the same expression 

holds for the ratio of the transition probabilities: 

We/Wa * exp [AE/klj. If the population difference is de-

noted by n = N̂ -Nj. and the total number of spins by N = N_+ N+, 

it can be shown that (9, p. 37) 

dn/dt = W [l+expC-AE/kT)] • ̂  N -nl , <i*) 

where W = W e and W a is given by W = W • exp( AE/kT). At 
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equilibrium dn/dt = 0 so that n0 = N(l-exp £-4£/kTj )/ 

(1+expAE/kTJ ). Expanding the exponentials and keeping 

only first-order terns (9, p. 37), one obtains for the 

population difference at equilibrium 

nt. = Nyfc H0/2kT. (45) 

The effect of applying an oscillating field Hj per pendicular 

to H0 is to alter the transition rates by introducing a 

second transition-producing agent. It has been shown that 

H1 produces a reversible transition probability rate given 

by equation (42). Since 4E « kT, the rate equation (44) 

may be rewritten 

dn/dt - »'(n0-n). (46) 

The factor 2W has the dimensions of inverse time and in 

fact is usually written l/T^ where Tx is so-called thermal 

or longitudinal relaxation time (4). Just how T^ is re-

lated to the actual relaxation mechanisms is to be discussed 

later. 

With the effect of included, the rate equation can 

be expressed in the form 

dn/dt = (no-n)/T1-2np, (47) 

where p is as defined in equation (42). The steady-state 

condition then becomes 

ns = n0/(l+2Tlp), (48) 

where ns is the excess population in the lower energy level. 

Since p is reversible, the rate of absorption of energy is 
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expressed as A * n . Substituting from equation® 

(48) and (42), one obtains for the rate of energy ab-

sorption: 

A • n„ i | Y2H,2 fc»>gCV). (49) 
0 l H l ! Y 2 H l 2 g W 

The shape of the absorption curve in equation (49) clearly 

depends on the nature of the distribution function g(V), 

and for that reason g(tO is often called the line-shape 

function. 

In an attempt to explain the relaxation processes 

that occur in paramagnetic materials, Bloch introduced in 

1946 & set of phenomenological equations, which today are 

still referred to as the "Bloch equations". The complete 

derivation and discussion of these equations can be found 

in the early work by Bloch (4); however, it is essential 

that a brief discussion of the reasoning which led to the 

development of these equations be presented here along with 

a summary of the main results. 

Bloch proposed that, in addition to the thermal relax-

ation processes, there also exists a transverse relaxation 

mechanism which tends to destroy any transverse magnetization 

which might exist in the material. The associated relax-

ation time, which will be designated as Tg, is usually much 

shorter than T^ (9, p. 26). The longitudinal relaxation 

process is a direct interaction of the spins with the lattice, 
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resulting in an energy exchange which require® that energy 

be conserved (10, p. 29). In that sense, Tj_ is usually 

called the ©pin-lattice relaxation ticse. On the other hand, 

the presence of other magnetic locales in the material 

causes the different spins to see different local magnetic 

fields. Because of the local field variation®, the spins, 

in the classical sense, have different L&rotor frequencies 

and quickly lose their phase coherence. As a result, the 

transverse magnetization is rapidly destroyed. This process 

requires no energy exchange and may proceed at a more rapid 

rate than does the longitudinal relaxation process. 

Since the magnetization i© proportional to the magnetic 

moment, the magnetization also obeys the classical equation 

of motion [equation (27)J . If one includes the relaxation 

processes, the equation may be rewritten in component form 

in the following way; 

dMjj/dt = y(HxM)x-Mx/T2 (50a) 

dMy/dt = Y(mm)y"My/T2 (50b) 

dMz/dt = y(H^!)z+(M0-Mz)/T1. (50c) 

Equations (50) are the now-famous Bloch equations. One 

should note that the signs are consistent with the expected 

result as equilibrium magnetization is approached. 

The rotating field may be considered to be the proper 

rotating component of an oscillating field Hx = 2H^cos a>t 

since the counterrotating part will be far off resonance when 
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the proper rotating part is near resonance (9, p. 27). 

Since the magnetization has components in phase and out 

of phase with H it is useful to consider H as the real 

part of a complex magnetization and H x a© the real 

part of 2H^exp(i6?t). Then 2H^exp( i ttft), where 

is the complex susceptibility ~ 7C" The real 

part, Mx, can then be written 

M x = Re *2H^coscot* "X^^H^sin^t. (51) 

The details of the calculation may be found in the book by 

Pake (9, pp. 28*29) and the result is 

« ifX H T 2
 t2^ «t+2H^sinU)t, (52) 

1+T|(a?0 -w)2+ y%|TjT 2 

where ^C0 is the static susceptibility, defined by (6, p. 30) 

= N K2ft 2J(J+l)/3kT. (53) 

Comparison of equation (52) with equation (51) shows that 

r 4 Y T V ^ Q - t o ) 
- r© o 2 i+Tjj-( to0-a>)

2+ C54a) 

- 2 t°oT2 i + t2 ( y2Hfr1T2'
 ( 5^ b > and 

The average rate at which energy is absorbed is given by the 

expression (9, p. 29): 

/»*%> 
A = u)/2ic I (H*dM/dt)dt. (55) 

o 
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Substitution of the expressions for Hx and M̂ . into equation 

(55) gives 

A = 2<oX"H*. (56) 

Substitution of equation (54b) for X " permits the last 

expression to be rewritten in the form: 

A = ^ o T 2 * o " l ( „ a ) 

l+(t0*-0>)2Tj+ 

and if IT2H2T1T2 « 1, then equation (57a) has the form: 

A - ^ " o T 2 * c f t . (57b) 
l+(60C -CO)2t2 

Equation (57b) should be compared with equation (49) for 

small H^. Substitution for n0 Jequation (45)j and the 

expression for Xo [equation (53) with J = fJ gives for 

equation (49): 

A « i%0£Oou)H}g(-p>). (58) 

Comparing the two expressions [equations (58) and (57b)J t 
one observes that g(V) « 2T2/ 1+T|(2 /z)2( » which 

is of the form g(x) - l/l+x2. This particular line-shape 

function is the same as that which occurred in the early 

electron theory of optical absorption and is often called 

the Lorentz line-shape function (9, p. 30), 

The condition <£<C 1 can be assured if is 

small enough. As the amplitude of the oscillating field 
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increases, however, the expression (57a) approaches a limiting 

value Ama>; = ^o^o^l. The leveling-off of the absorption as 

increases is called saturation because the paramagnetic 

system is saturated with power to the extent that the spin-

lattice relaxation processes cannot carry the energy to the 

lattice without disturbing the equilibrium of the paramagnets 

(9, p. 34), At resonance, equation (54b) reveals that 

% • it 

0^0^*2 *-n the absence of saturation and 

%> x £ (i)qTg/d* V^l^T^Tg) in the presence of saturation. 

The factor 1/(1+ Jf^H^T^Tj) is therefore often referred to a® 

the saturation factor (6, p. 130). 

It is possible to measure the two relaxation times by 

methods based upon the theories just presented. For example, 

the profile of the Lorentz shape function gives information 

concerning the relaxation time T^, since the width of the 

Lorentzian absorption line at half-height is l/T . The 

saturation effect permits one to determine the longitudinal 

relaxation time T since at saturation Tx is the parameter 

which determines the maximum rate of energy absorption (9, 

p. 34). 

Line Shapes and Line Widths 

The relaxation processes which occur in a paramagnetic 

substance affect both the shape and the width of the resonance 

line. The shape of the line is determined by the type(s) of 
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relaxation process(es) while the magnitude(s) of the 

processes) determined ) the width of the line. It has 

been shown that spin-lattice relaxation processes result 

in a Lorentzian line shape while spin-spin relaxations 

result in a Gaussian-shaped line (3, p. 22). There are 

other relaxation mechanisms possible, however. For example, 

spin relaxation through exchange interaction operates by the 

interchanging of spin orientations between two or more para-

magnetic structures (2). When the exchange is strong, the 

magnetic field exerted on a given spin by neighboring spins 

is averaged out, thus modulating the dipole-dipole inter-

action® (3, p. 22). The mechanisms which affect the line 

widths (sometimes called line-broadening mechanisms) have 

been classified as being either homogeneous or inhomogeneous 

(3, p. 23). Homogeneous broadening occurs when some mechanism 

preserves the thermal equilibrium of the spin system during 

resonance absorption. Lines which have been homogeneously 

broadened are Lorentzian in shape (9, p. 23). Examples of 

homogeneous broadening are: (a) dipole-dipole interactions 

between like spins, (b) spin interactions with the perturbing 

field and (c) spin-lattice interactions. Inhomogeneous 

broadening arises from variations in the local magnetic field 

environment of the absorbing spin. The spin "seas" only the 

result vt of the local field and the external field so that 

resonant absorption occurs at different frequencies (or at 
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different values of the external field if the frequency is 

held constant), resulting in line-broadening. Inhomogarieous 

Interactions occur outside the spin system and act for times 

that are long compared with the spin transition time (3, p. 23). 

Inhomogenaous mechanisms are therefore time-dependent. Lines 

which have been inhomogeneously broadened are Gaussian in shape 

(3, p. 23). Examples of inhomogeneous broadening mechanisms 

are: (a) hyperfine interactions, (b) dipole interactions 

between spins with different Larmor frequencies and (c) in-

homogeneities in the external magnetic field. The shapes of 

lines resulting from exchange interaction depend upon whether 

the exchange is between similar or dissimilar ions. For 

similar ions the exchange effect narrow® the line at the 

center and broadens it in the wings, a phenomenon known as 

exchange-narrowing. For dissimilar ion® (those having 

different Larmor frequencies), the line will broaden. A 

more detailed study of line-broadening mechanisms is given 

by Ingram (6, pp. 120-133). The shapes of the Gaussian and 

the Lorentzian lines and their first derivative® are presented 

in Figure 1, A description of the line shapes is given in 

Table I (3, p. 22). 

Hyperfine Interaction 

If the nucleus of an atom or ion which i® responsible 

for paramagnetism has a spin, the nucleu® also has a mag-

netic moment. Hyperfine structure is a result of the 

magnetic dipole-dipole interaction between the unpaired 
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Fig. 1—(a) Gaussian and Lorentsiari line shapes and 
(B) the associated first derivatives. 
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electron and the nucleus. Because of this interaction, 

the energy levels of the electron are split by a small 

amount. If the nucleus has a spin I, then in the presence 

of strong magnetic fields the electron spin transitions 

are split into 21*1 lines of equal spacing and intensity. 

This situation results from the quantization of the nuclear 

magnetic moment into 21+1 different orientations along the 

external magnetic field direction, the net effect being 

that the external magnetic field seen by the electron is 

either increased or decreased by the nuclear field. Thus, 

the splitting between the lines is twice the value of the 

field produced at the electron by the nucleus. The magni-

tude of the splitting can be taken as a direct measure of 

the interaction between the proton and the unpaired electron. 

A rather simplified model based on energy-level diagrams is 

given by Ingram (6, pp. 22-27) and is very useful in ex-

plaining the elementary principles of hyperfine interaction. 

A general theory of hyperfine interaction based upon 

quantum-mechanical arguments and pertaining to the ESR of 

paramagnetic atoms and ions is given by Schlichter (10, 

pp. 189-195). For the case of a single nucleus and a 

single unpaired electron with spin-only angular momentum, 

a hyperfine Hamiltonian is written (10, p. 190) 

^hf =~ ** fc2[^*^A3-3(rVf) (?.S)/r
5-(8Tc/3) $ (r) (59) 
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where and ^ are the gyrosiagnetic ratios of the 

electron arid the nucleus, is the position vector of the 

electron relative to the nucleus, and & Cr) it the delta-

function for the electron-nucleus separation, normalized 

in three dimensions. The Hamiltonian m expressed in 

equation (59) is somewhat simplified sinoe it is assumed 

that the electron has spin-only angular momentum. The 

effect of strong crystalline electrostatic fields causes 

the orbital angular momentum of the electron to align itself 

in the direction of the field in such « way that the spatial 

components of the angular momentum are no longer constants 

of the motion (3, p. 19). The time average of these com-

ponents is, to first approximation, zero, and the orbital 

contribution of the magnetic moment vanishes. This so-

called "quenching" of the orbital angular momentum is 

observed to be almost complete in many paramagnetic systems, 

especially in free radicals <6, p. 126). The degree of 

quenching can be determined by measuring the "g"-value, 

which is an indication of how much the total angular mo-

mentum of the electron deviates from the free-spin value, 

g » 2.0023 (5, p. 337). 

The first two terms in the hyperfine Haniltonian are 

the quantum-mechanical equivalent to the classical dipole-

dipole interaction between two magnetic moments and represent 

the anisotropic portion of the hyperfine interaction. In 
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most cases hyperfine ESR studies are made with samples in 

dilute liquid solutions. This technique eliminates the 

intermolecular exchange interactions between the electrons 

and averages to zero the anisotropic contribution to the 

hyperfine interaction. The anisotropic portion will average 

to zero only if the tumbling rate is much greater than the 

hyperfine interaction expressed as a frequency (6, p. 104), 

which is usually the case. The remaining term in the 

Hawiltonian is isotropic and is known as the Fermi contact 

tern (6, p. 104). Anderson (1) has given a simplified semi-

classical treatment of this interaction. The presence of 

the delta-function in the isotropic term restricts the iso-

tropic hyperfine splitting to the situation in which the 

electron has a finite probability at the nucleus. Only 

e-type wave functions satisfy this requirement in single 

atoms (5, p. 311). In free radicals, where the electron 

is in a molecular orbital, only the <T-type wave functions 

will contribute to the effect (6, pp. 104-105). The expec-

tation value for the interaction Hamiltonian is then 

< X > - r) d r - - ( 8TC /3 ) y e y n t 2 1 ^ ( 0 ) 1 2 f ' f ( 60 ) 

where |^P(o)| 2 is the probability of the electron at the 

nucleus. Thus, a resolved hyperfine structure in ESR pro-

vides a means for determining Ĵ P(o)| 2 and, therefore, for 

testing experimentally various approximate wave functions 

for complex atoms (1). 
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It has been stated that the requirement for an observed 

hyperf irie splitting is that the unpaired electron be in an 

s-state (or <T-orbital for free radicals). For example, 

Mn++ has a ground-state configuration (3s)^(3d)^ and there-

fore should exhibit no hyperfine structure. Experimentally, 

however, there has been observed in Mn++ a hyperfine splitting 

of approximately one hundred gauss between components (6, 

p. 105), leading one perhaps to question the validity of the 

isotropic interaction term. It should be noted that the 

assignment of ground-state configurations is based upon 

optical spectra which are relatively insensitive to the fine 

details of the interactions between the electrons. The 

electron-electron interactions within the atom are sufficient 

to "unpair" slightly the electrons in the s-state, resulting 

in an observable hyperfine structure. There is also some 

admixing of p-type wave functions with s-type wave functions 

so that the p-state electrons actually exhibit some s-state 

behavior. This so-called configurational interaction is 

treated in considerable detail by Ingram (6, pp. 105-107). 

Hyperf ine interaction is perhaps most useful in de-

termining spin densities of the electrons at the different 

nuclei in free radicals. The unpaired electron in a free 

radical is in a molecular orbital which causes the electron 

to interact with more than one nucleus. The shape of the 

hyperfine resonance can display very accurately the extent 
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to which the electron interacts with each nucleus, For 

example, the free radical 1»l-diphenyl-2-picryl hydrazyl 

(DI'PH) shows five resolved uyperfine lines with en in-
O ^ , C,9£C\ ;f '1, 

t*n*ity rati© ̂ 5z3:i;Uf~p7im. A model based upon 

' assumption thet the electron interacts equally with 

each of the two nitrogen nuclei predicts such a spectrum 

(6» p. 138). Hyperfine studies are also very ueeful in 

determining structural differences in free radicals whose 

chemical structures are quite similar. For example, the 

free radical N-picryl-9«aminocarbaeyl differs from DPPH 

only in that the cerbaeyl radical has a bridge between the 

phenyl groups (6, p. l<*0), The observed hyperf ine splitting 

in carbasyl, however, consists of seven lines with an in-

tensity distribution 1:1:2:1:2:1:1 (0, p. 140). This pattern 

can be explained if it is assumed that the interaction of the 

electron with one nitrogen nucleus is exactly twice that with 

the other. 
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CHAPTER III 

TEE DESIGN AND CONSTRUCTION OF 

AH ESR SPECTROMETER 

The basic ESI spectrometer is an instrument capable 

of detecting the absorption of electromagnetic energy ae 

a function of frequency. According to equation (2) of 

Chapter II, the free-electron transition frequency is 

given by 

-V a 2.80255 H, (I) 

where -%r is the frequency in megacycles and H is the mag-

netic field strength in gatis®. Equation (1) in itself 

places no restriction upon the magnitude of the field or 

the frequency; however, for reasons which will become 

apparent later, the customary range of fields and frequen-

cies is approximately three to fourteen kilogauss and ten 

to forty^megacycles, respectively. The range of frequen-
" V " " " " 

cies quoted constitutes a region of the electromagnetic 

spectrum generally referred to as the microwave region, 

and the ESK methods employed at these frequencies come 

under the general heading of microwave spectroscopy. As 

a general rule, modern ESR spectrometers are operated at 

a frequency of about 10** megacycles, corresponding to a 

32 
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wavelength of three centimeters and a magnetic field 

strength of approximately 3500 gauss# 

The basic components of the spectrometer arm: (1) a 

source of radiation of approximately three-centimeter® 

wavelength, (2) an absorption cavity into which the sample 

cell can be placed and microwave power concentrated, (3) a 

large direct-current magnetic field of about 3000 gauss 

over the sample volume and (4) a detector with which to 

measure the power absorbed by the sample at resonance. 

Basically an ESR spectrometer works in the following 

manner. Energy is concentrated in a resonant cavity which 

contains the paramagnetic sample. The cavity is situated 

between the poles of an electromagnet which is capable of 

field variations of several kilogausa. Either the field 

or the frequency is slowly varied through the resonance 

condition of equation (1) and the reflected energy* from 

the cavity is detected and displayed. As the resonance is 

approached, the amount of reflected energy changes because 

of the absorption by the sample. After passing through 

resonance, the sample no longer absorbs power and the re-

flected energy returns to its value below resonance. Thus, 

a plot of the reflected energy from the cavity against the 

*It is assumed that the spectrometer is of the re-
flection-type. The transmission spectrometer employs the 
sane basic operating principles and will not be discussed 
here. See Ingram (8, pp. 20-22). 
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magnetic field strength results in a profile of the reso-

nance curve. In order to avoid the inherent disadvantages 

of a d.c. detection system, the external magnetic field is 

usually modulated at an audio frequency (9, p. 21). Modu-

lation of the field permits the use of a.c. detection 

systems, which results in considerably improved sensitivity. 

The details of the modulation techniques will be presented 

in a later section. While illustrating the basic operating 

principles, the spectrometer just described cannot meet the 

sensitivity requirements demanded by modern ESR studies. 

Certain refinements and modifications are required which 

will be discussed in considerable detail. 

The spectrometer commonly employed in ESR studies is 

of the balanced-bridge type, a detailed discussion of which 

can be found in any standard treatise on ESR spectroscopy 

(2,9,10). The details of the instrumentation vary according 

to the requirements of a particular investigation, but the 

basic components are essentially the same for all spec-

trometers . 

The source of radiation is a klystron, generally of 

the reflex-type (10, pp. 17-21). Tuning of the klystron i® 

accomplished primarily by varying the dimensions of its 

resonant cavity, but frequency variations over a range of a 

few per cent may be accomplished by adjusting the repelling 

potential, a technique known as electronic tuning. The 
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klystron cavity is loop-coupled (18, p. 225) to the wave-

guide, thus allowing the energy to be transmitted from the 

cavity into the waveguide structure. 

The theory of waveguide transmission is treated in any 

standard textbook on electricity and magnetism and is omitted 

here (16, pp. 520-530). To insure that the energy is mono-

chromatic, the waveguide is usually operated in the TE^q 

mode (16, p. 528), below the cut-off frequency for the next 

highest mode. 

Any energy reflected back into the klystron causes 

instability of operation which can be prevented by a ferrite 

isolator, a unidirectional device which allows energy to be 

transmitted in one direction while exhibiting a high degree 

of attenuation in the reverse direction (18, p. 142). 

It is often necessary to reduce the power which is 

incident upon the sample cavity. This power reduction can 

be accomplished by means of a variable attenuator (18, 

p. 132) placed between the klystron and the sample cavity. 

The attenuator usually takes the form of a section of wave-

guide with a narrow slot in the center of the wide wall 

(the position of the maximum electric field). A resistive 

card, or vane, is allowed to move in and out of the guide 

through the slot, permitting part of the power to be dissi-

pated in the vane. Precision attenuators are available and 

are usually calibrated in decibels attenuation. 



36 

An essential feature of the balanced-bridge spec-

trometer is the microwave bridge, consisting of a junction 

of four waveguide arms as illustrated in Figure 2. This 

configuration is called a "hybrid-tee", and if the tee is 

properly matched and terminated, it is also referred to a® 

a "magic-tee" (13, p. 230). Power is introduced into the 

first (series) arm* and is equally divided between the 

second and third arms, called the comparison arms. If the 

two comparison arms are correctly matched and terminated by 

equal admittances, no power enters the fourth (shunt) a m , 

which contains the detecting element. The necessary condition 

for matching an arm of a microwave bridge is that the arm 

should produce no reflections (9, p. 57), a condition which 

can be met by inserting a perfectly absorbing load at the 

end of the arm. In practice, a perfectly absorbing load is 

never obtained and a certain amount of residual reflection 

is usually produced. To compensate for the residual re-

flection, a phase shifter and an attenuator may be inserted 

in the arm (10, p. 58). Another matching element commonly 

employed is the slide-screw tuner, which produces essentially 

*Thia is not necessary since power may be introduced 
into the fourth arm with essentially the same results. The 
difference arises in the phase relationship of the signals 
fed into the comparison arms. 

Admittance is defined as Y * 6+iB where 6 is the 
conductance and B is the susceptance of the guide. The ad-
mittance is the reciprocal of the irapedence and thus is a 
complex quantity. 
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Fig. 2--A hybrid-tee junction 
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the same results (9, p. 47). Discontinuities at the tee-

junction introduce mismatches which are compensated for 

by the placement of posts and irises a short distance from 

the junction <18, p. 116), the sizes of the posts (or 

irises) having been adjusted so that their susceptance 

cancels that introduced by the junction discontinuities. 

The termination for one of the comparison arms is the 

sample cell, which also produces residual reflections. The 

matching element of the opposite a m is, therefore, adjusted 

so that the admittances of the two arms are equal. Under 

these condition® no power enters the detecting arm and the 

bridge is said to be balanced. At resonance, however, power 

is absorbed in the sample, producing an imbalance in the 

bridge; and power is fed into the detecting ana. Thus, the 

bridge serves to balance out the steady microwave power and 

is sensitive only to the small imbalance produced by resonance 

absorption* In practice the bridge is never operated under 

the condition of perfect initial balance. It will be shown 

later that the optimum detection sensitivity is not attained 

for low power levels incident on the detector. Furthermore, 

when the bridge is initially balanced, there appears in the 

detector arm a mixture of both dispersion and absorption 

signals (9, p. 40). Feher (6) has shown that by choosing 

either a pure amplitude or a pure phase imbalance initially, 

the absorption and the dispersion signals can be obtained 

separately. 
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The heart of the ESR spectrometer is the sample cell, 

which takes the form of a resonant cavity. The cavity may 

be either rectangular or cylindrical, the rectangular shape 

being the more commonly used. As illustrated in Figure 3, 

the sample cell is a section of waveguide shorted at each 

end and of such length as to cause the cavity to be resonant 

in the TE^qj ®ode (10, p. 61). It is a well-known result 

from waveguide theory that the maximum magnetic field 

strength for a cavity operating in the TE^q2 ®©d© oeeur® 

at the center of the cavity and is oriented parallel to the 

wide face and perpendicular to the narrow face. Since maxi-

mum absorption is proportional to the square of the oscil-

lating magnetic field strength, the sample is placed in the 

region of maximum magnetic field, as illustrated in Figure 

3. Power is fed into the cavity through a coupling hole 

placed in one end. The size and location of such hole® have 

been determined for optimum coupling (6). 

The ability of the cavity to concentrate the microwave 

power is measured quantitatively by its Q-factor, defined 

as the ratio of the energy stored in the cavity to the 

energy dissipated during one cycle. If dissipation in the 

cavity walls is considered to be the only mechanism for 

energy loss, the Q-factor is termed the "unloaded QM, The 

energy lost through the coupling holes is accounted for by 

an "external Q" and the unloaded Q and external Q taken 
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together constitute the "loaded Q" of the cavity. If the 

cavity has a resistive loss R arid the waveguide has a 

characteristic impedance Z0, then the unloaded and the 

loaded Q's are respectively 

Q0 « 0>L/& (2) 

and 

QL = u>L/R+Z0. (3) 

In these expressions the equivalent circuit notation is 

used in which L is the equivalent inductance which gives 

a resonant frequency CO and an unloaded Q of Q0 for a 

given wall resistance R. The coupling coefficient is 

defined as Z0/R (9, p* 67), and it can be shown from 

equations (2) and (3) that if this ratio is unity, Q0 is 

equal to 2QL, The cavity is then matched to the charac-

teristic waveguide impedance and no reflections occur. 

The balancing of the cavity arm of the magic-tee depend® 

on this condition, but since the coupline holes are never 

of exactly the right size, a matching element is included 

to compensate for the mis-match, as discussed earlier. The 

loaded Q of the cavity may be determined by examining the 

absorption curve of the cavity as a function of frequency.. 

If the half-power points occur at frequencies f^ and f 2 and 

the cavity absorption is peaked at f0, then the loaded Q is 

simply expressed a® QL = fe/|fi-f2| (18, p. 153). Usually 

one is more interested in the unloaded Q and this has already 
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been shown to be Q 0 = 2Q^ when, the cavity is matched to the 

waveguide impedance. Introduction of the sample into the 

cavity also alters the Q-factor, an effect which will be 

discussed in a later section. 

Dielectric substances in the cavity cause a shift in 

the resonant frequency and a reduction of the overall Q as 

a result of dielectric losses (3, p. **1). To compensate 

for any frequency shift due to dielectric properties of the 

sample or the sample holder, a dielectric tuning screw is 

often inserted through the end wall ©f the cavity, permitting 

the resonant frequency of the cavity to be brought back to 

that of the klystron a® well as providing a convenient method 

for tuning the cavity to different frequencies. 

The methods for detecting the output signal from the 

bridge vary, but the most common method employ® a crystal 

diode detector coupled to a phase-sensitive detector-amplifier, 

Silicon-tungsten crystals are the cemmonly-used detecting 

elements and their construction is described in any standard 

treatise on microwave techniques (13, p. 78). There are 

three important parameters which govern the behavior of the 

crystal: the conversion loss, the noise voltage (or power) 

and the impedance. The conversion loss is a measure of the 

fact that not all the microwave input power incident on the 

crystal is converted into d.c. power in the crystal. For 

very low input power the conversion loss is quite large, 
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decreasing rapidly to a fairly constant value of approxi-

mately six decibels for crystal currents above 0.5 milli-

amperes (10, p. 30). A discussion of the noise voltage 

will appear in the section concerning sensitivity. The 

matching of the crystal impedance to the waveguide im-

pedance is also important and may be effected without 

difficulty since the crystal impedance is fairly constant 

above rectified currents of approximately 0.5 milliamperes 

(10, p. 30)* 

Crystal characteristics are usually divided into two 

regions: a square-law region, where the rectified current 

is proportional to the incident power; and a linear region, 

where the rectified current is proportional to the square 

root of the incident power. The square-law response holds 

up to approximately 10'^ watt® and the linear response hold® 

for power levels above 10""̂  watte. 

The most sensitive ESR spectrometers employ a technique 

known as phase-sensitive detection, which requires modulation 

of either the klystron frequency or the external magnetic 

field. For various reasons* the klystron frequency is held 

constant while the external magnetic field is modulated at 

• 
The primary reason for not frequency-modulating the 

klystron is that the klystron frequency must remain "near" 
the peak of the cavity absorption curve; otherwise, a 
mixture of absorption and dispersion signals will appear at 
the detector. 
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an audio frequency. The output at the crystal detector is 

then an audio-frequency modulation of the absorption signal 

and may be detected by standard a.c. detection methods. The 

type of signal obtained depends on the amplitude ©f the 

modulation and is discussed in more detail in a later section. 

If the noise level in the system is below the level of the 

signal, the resonance absorption pattern can be observed 

with quite satisfactory results. This condition is often 

not the situation encountered in ESR studies, however, so 

there must be included in the system a method for suppressing 

the noise level, i.e. of increasing the signal-to-noise rati©. 

The noise level may be reduced by making use of the fact that 

noise is random in both amplitude and phase, whereas the 

resonance absorption signal is coherent with the field modu-

lation (3, p. 48). A common type of phase-sensitive detection 

system employs a chopper-operated lock-in detector, the basic 

principles of which are illustrated in Figure 4. Here Er is 

the reference voltage and Eg is the signal voltage. Since 

both voltages are the same frequency, the output voltage 

clearly depends on the phase angle between Er and Eg and is, 

in fact, shown to be proportional to the cosine of the angle 

(10, p. 36). As applied to ESR, the signal voltage Eg is 

the modulated resonant absorption which is clearly coherent 

with the modulation voltage. The noise, being random, is 

in general eliminated during the phase-sensitive detection. 
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The detection system Is also sensitive t© noise components 

in the frequency range immediately surrounding the modu-

lation frequency. This range of noise sensitivity i® 

narrowed by the use of low-pass filter networks in the 

detection system, represented by in Figure k* 

There are two ways in which magnetic field modulation 

can be employed. If the modulation amplitude is large 

compared to the absorption line width, the entire absorption 

pattern is swept through twice during each modulation cycle. 

The signal is thus in the form of a narrow pulse, repeated 

at twice the modulation frequency, and requires an ampli-

fier of considerable bandwidth for faithful reproduction 

of the line shape (9, p. 78). The necessity for wideband 

amplifiers renders the method highly insensitive. If phase-

sensitive detection is to be employed, the amplitude of the 

modulation must be considerably less than the absorption 

line width. As illustrated in Figure 5, the output signal 

is then proportional to the average slope of the absorption 

curve, and if the modulation is about one-tenth of the line 

width or less, the first derivative of the absorption curve 

is accurately reproduced (3, pp. 50-51). Under these con-

ditions, the largest output signal occurs when the field 

value is at the points of maximum and minimum ©lope on the 

absorption curve and the signal has zero amplitude at the 
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resonance peak.* a compromise is usually made between the 

strength of the signal and the accuracy of reproduction ©f 

the actual absorption derivative. If the modulation is too 

large, the output signal will indicate an absorption line 

broadening, an effect known as modulation broadening (see 

Figure 5). In most cases, if the modulation amplitude is 

no more than about one-sixth of the absorption line width, 

a fairly accurate first-derivative tracing of the absorption 

pattern is obtained without too much loss in signal strength. 

Factors Affecting Sensitivity and 

Minimum Detectability 

The waveguide absorption cell can be represented by 

the equivalent circuit of Figure 6, the impedance ©f which 

is given by 

Z = R+i(*>L~l/«C). (4) 

With the sample inserted in the coil there is a change at 

resonance in the complex susceptibility of the sample. The 

inductance of the coil is altered because ©f the change in 

the permeability of the filling medium, where the permeability 

i© given by The inductance L is then replaced 

by L( l«Mtin|"X ), where the filling factor, ̂  , is proportional 

The output signal at the resonance peak is zero only 
after phase-sensitive^detection because the input to the 
detector contains & signal at twice the modulation frequency, 
which is rejected by the filters. 
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Pig, 6--Equivalent circuit for a wave-
guide absorption cell. 
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to the fraction of the coil volume occupied by the sample. 

Thus, the impedance at resonance is given by 

Zg = R+4 7r^«A>LX*+i(c»>L^^fr> LX' -1/coC). (5) 

It is seen from this expression that the presence of the sample 

at resonance causes an increase in the circuit resistive loss 
v#/ 

of 4 7t ̂ o> L X. and an increase in the circuit inductance of 

where x! and X" a r® previously. The 

increase in the reaistive component results in a decrease 

of the unloaded Q of the cavity and since Q0 » (OL/R, the 

unloaded Q at resonance is 

Qo » — 2 ® _ — _ • (6) 
l^lC^QoX-'7 

X
// 

is always so small as to make the second term in the 

denominator much less than unity and as a result the de-

nominator may be expanded to give 
AQ 0 = -4ir^Q0

2)c". (7) 

Similarly, one can show from equation (5) that there i© a 

change in the resonant frequency by an mount 

-2/E#£U>2%/. (8) 

ESR is thus detectable either through a decrease in the un-

loaded Q of the cavity or as a shift in the resonant frequency. 

As mentioned earlier, the balanced-bridge spectrometer may be 
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tuned to respond to either the absorption or the dispersion 

separately. It is usually the absorption mod® which is of 

most interest. 

In determining the ideal minimum detectable signal, 

on® assumes that the signal saust compete only with the 

thermal (Johnson) noise of the detector and that the ob-

servation of the ESR signal is possible only when the signal 

is equal to or greater than the noise voltage (3, p, 59). 

If the microwave voltage incident on the cavity is V0, then 

the reflected voltage is given by Vr = ]* V0, where 

V « 2 - Z Q / Z + Z Q is the reflection coefficient of the cavity 

at resonance (7). Z and ZD are the cavity impedance and 

the waveguide characteristic impedance, respectively. If 

^ is the reflection coefficient in the absence of resonance, 

then equations (k) and (5) combine to give T * V© +i2 rc Q0X-

For a system tuned to the absorption mode, the change in the 

reflected voltage at resonance is seen to be 

A V - 2 71 »JQ0X"V0 (9) 

The total rms noise voltage at the input of the detecting 

amplifier has been ©hown to be (3, p. 59) 

Vn = >f 2k.TRAV , (10) 

where k is the Boltzman constant, T is the absolute temper-

ature, R is the internal resistance of the noise-voltage 

source and is the bandwidth of the amplifier. Combining 
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equations (9) and (10), the miniaum detectable susceptibility 

is given as 

^t&in « • w 'jvA -)̂  » (11) 

where P is the power incident on the. cavity. To relate this 

result to the number of unpaired spin® present in the sample, 

the Langevin equation for the static susceptibility as given 

in Chapter II is combined with equation (11) to give 

» - , d 2 ) 

where the relationship at resonance, X © " X#/4H/H was used 

(9, p. 33). Thus, if the line width is accurately known, 

the ainitausa number of detectable spins can be calculated. 

Equation (11) represents an ideal situation which is 

not realised in general because of the presence of other 

noise sources in the system. The important sources of noise 

in any practical system originate in the following ways (3, 

p. 60); detector flicker noise, klystron noise, klystron 

frequency instability and cavity vibretions. Flicker noise 

is that noise which is in excess of the thersal noise and 

results from the flow of current through the crystal. 

Klystron noise is due to random variations in the oscillator 

output and can be reduced by voltage stabilisation, thermal 

isolation, Mechanical rigidity of the klystron count and 

making certain that a quality klystron is used. Feher (6) 
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has considered in detail the affect of klystron instabilities 

on the noise level of a given system. The analysis applies 

also to random variations in the resonant frequency of the 

cavity, and it is shown that if the system i© tuned to the 

dispersive mode, the noise is directly proportional to the 

frequency deviation and to the unloaded Q of the cavity. 

If the cavity is tuned to the absorption mode, this noise 

becomes a second-order effect in the frequency deviation. 

Feher concludes that the effect of the noise may be mini-

mized by producing as little reflection as possible from 

the slide-screw tuner and by overcoupling to the cavity 

when studying the absorption mode. 

In general, it i® the flicker noise of the crystal which 

places the limit on the sensitivity. The flicker noise may 

be considered to arise from a small component of the crystal 

resistance which has been randomly amplitude-modulated. This 

noise power has been shown to be proportional to 1^ &V/-pr , 

where 1 is the current in the crystal, ~%T i® the modulation 

frequency and £xV is the bandwidth of the amplifier (3, 

p. 61). Thus it would appear that the best response from 

the crystal is obtained at low power levels. It shoule5 be 

recalled, however, that at low incident power levels, the 

crystal has a high conversion loss. 

The crystal detector plays an important role in the 

choice of the field modulation frequency. Since the noise 
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power varies as & » / v , the modulation frequency should 

be a® high as possible. As sight be expected, there are 

als© high-frequency limitations on the modulation. One 

of the limitations is purely practical in that it is diffi-

cult to produce fields of the required sweep amplitude at 

the specimen when very high frequencies are employed. If 

narrow-line resonances are to be studied, the modulation 

frequency is limited by the fast that a line broadening 

approximately equal to the modulation frequency is produced 

(12), The skin effect also becomes an important factor in 

the choice of modulation frequency since most resonant cavi-

ties are atade of metallic conductors. 

It was shown earlier that a small-amplitude modulation 

of the external field produces an output proportional to 

the average slope of the absorption curve. This situation 

results only if the spins are in thermal equilibrium at all 

times as the external field passes through resonance. The 

time required to establish thermal equilibrium is closely 

related to the thermal relaxation time of the paramagnetic 

substance. If the field value changes at a rate comparable 

to the relaxation time, the spins will not have aufficler.tr 

time to reach equilibrium and as a result, the true ab-

sorption curve will not be reproduced. Thus, the upper 

limit on the field modulation frequency is strongly dependent 

upon the relaxation time of the sample. For example, a 
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substance with a relaxation time of the order of 10"® 

seconds would place a limit of approximately one hundred 

megacycles on the modulation frequency, sine® the period 

**8 

of a one-hundred-megacycle sine wave is 10 seconds. 

If the absorption pattern is to be swept through 

completely during each modulation cycle, as is the case 

when employing video detection, the modulation frequency 

must be low enough to meet the requirements of the so-

called "adiabatie" or "slow-passage" condition (15, pp. 24-

27). This condition is that the "steady" field H0 be swept 

through an interval comparable to the field (see Chapter 

II) during a time which is long compared to t = l/|yH|j 

(15, p. 25). Classically the condition requires that in 

the rotating reference frame the magnetization M must follow 

the effective field Kg as Hg changes its orientation through 

the resonance condition. For a field of about one gauss, 

t is of the order of 10""® seconds. Again it is seen that 

the upper limit on the modulation frequency is approximately 

one hundred megacycles for a one-gauss line. 

Construction of the Spectrometer 

A spectrometer which has been constructed for the purpose 

of studying narrow-line electron spin resonance is shown in 

Figure 7. The magnet power supply is not shown. A block 

diagram of the instrument is shown in Figure 8. The source 

of radiation is a Varian Model ¥-58 reflex kystron operated 
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from a Hewlett-Packard Model 716-A kyetron power supply. 

The entire klystron is immersed in a temperature-controlled 

oil bath for thermal stability. The mechanical tuning range 

of the klystron is 8.5-10.0 kil©megacycles and the electronic 

tuning range is approximately forty megacycle®. The maximum 

output power of the klystron is approximately one watt, 

although normal operating condition® require power levels 

©f less than one hundred milliwatts. 

The klystron frequency is measured by a cavity wave-

meter coupled to the main waveguide section. The wavemeter 

consist® of a cylindrical cavity, the length ©f which can 

be altered by means of a shorting plunger driven by a micro-

meter screw and calibrated to read the frequency directly. 

The wavemeter operates on the principle that when the cavity 

is tuned to the resonant frequency of the klystron, a small 

amount of power is absorbed in the cavity, the absorption 

being observed as a small change in the power level at the 

detector. The wavemeter is capable of measuring frequencies 

with an accuracy of one part in nine thousand. 

The ferrite isolator is & Caswell Electronics Model 

X-101-D and is designed to have a reverse-to-forward loss 

ratio of about 800:1 within the operating frequency range 

of the klystron. The isolator is of the permanent-magnet 

type. 
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The microwave bridge is essentially the suae as that 

described earlier. A hybrid-tee was chosen that could be 

correctly matched at the operating frequency. The power 

is introduced into the series a m and is detected in the 

shunt ana, the choice being one of convenience. Since the 

cavity never provides a perfect termination, a slide-screw 

tuner has been included in the arm opposite the cavity to 

balance out the residual reflections. The tuner also 

provide® the initial imbalance of the bridge in the manner 

described earlier. 

The sample cavity is made from a section of copper 

waveguide, the inner dimensions of which are 0.4 x 0.9 x 1.S7 

inches. The latter dimension is the guide wavelength corre-

sponding to a frequency of approximately 9.1 kilomeg&cyoles. 

A Teflon dielectric tuning-screw inserted in the terminal 

end of the cavity permits small adjustments to be made in 

the cavity resonant frequency. 

The cavity i« coupled to the waveguide by a small 

circular aperture in the front wall ©f the cavity. No 

coupling was observed when the front wall was made from a 

brass plate approximately one-sixteenth inch in thickness; 

however, good coupling was observed when the wall material 

was replaced by brass shim, stock of five-thousandths inch 

*The criterion for matching the hybrid-tee to the wave-
guide is that the voltage-standing-wave ratio (VSWR) measured 
at the tee input be unity (13, p. 112). 
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thickness. The maximum coupling was observed when the 

coupling-hole diameter was 0,244 inches. Experimentally 

the maximum coupling is observed by superimposing the 

cavity absorption curve onto the klystron mode pattern 

displayed on an oscilloscope. 

The sample is introduced through two hole® in the 

narrow walls of the cavity, one hole being on the opposite 

side of the cavity from the other (see Figure 3). The 

hole® are placed so that the sample lie® in the region of 

maximum microwave field strength. The hole-diameters are 

approximately one-half centimeter so that rather large 
ik 

sample volume® may be placed in the cavity. If dielectric 

solvent® are used, however, the sample-tube diameter is made 

much smaller than the maximum diameter ©f the insertion holes 

so that dielectric losses may be minimized. 

The loaded Q of the cavity was determined by measurements 

made with a reflect©meter, which consists primarily of a re-

verse directional coupler with the cavity placed at its termi-

nal end. The branch-arm of the coupler receive® only the 

energy that is reflected from the cavity. If the klystron 

is frequency-modulated in such a way that the cavity resonance 

is swept through during each modulation cycle, the cavity 

absorption spectrum is obtained at the output of the detector. 

*The size of the sample holder is limited by the uniformity 
of the magnetic field at the sample location. 
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A wavemeter placed in series with the branch-arm is used to 

determine the frequencies at the half-power points of the 

cavity absorption and the cavity Q can therefore be determined 

in the manner described earlier. The loaded Q ©f the cavity 

was found by this method to be approximately 1800. 

The crystal detector in the output arm of the bridge is 

a Philco Model LI53 diode, which is characterized by a rela-

tively low noise voltage compared with similar crystal®. 

The comparisons were made by observing the noise level of 

the output signal under the conditions of maximum signal-to-

noise ratio obtainable for the particular crystal being in-

vestigated. It was observed that the diode produces the 

best signal while operating into an impedance of a few 

hundred ohms. The impedance-matching circuit shown in 

Figure 9 was experimentally determined to produce the most 

favorable signal-to-noise ratio. 

Since the signal at resonance appears a® a small change 

in the detected output power, a high-gain low-level pre-

amplifier is required to amplify the signal before feeding 

it into the phase-sensitive detector-aaaplif ier. A Tektronix 

Type 122 preamplifier with a gain of 1000 and an input im-

pedance of ten megohms was found to be sufficient for ampli-

fying the signal to well above the detectable level. The 

high input impedance of the preamplifier permits the crystal 
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to operate into a constant impedance determined by the 

resistance in parallel with the input. 

The resonance absorption signal is taken from the 

preamplifier and fed into a 500 cps phase-sensitive de-

tector. The, reference signal for the detector is obtained 

0—[>4 

JOOIUIZSKIL 
TRANSFORMER 

CRYSTAL 
DIODE £ 

O 
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TO 
PRE-AMP 

Fig. 9—Impedance-matching circuit for LI53 diode 

from a 500 cp® oscillator and modulation amplifier which 

also supplies the external field modulation. The reference 

signal from the oscillator is amplified by the reference-

voltage amplifier while the proper phase relationship of 

the two voltages is established by the phase-shifting net-

work. The output of the detector is d»c.-amplified and 

passed on to the recorder. The circuit diagrams of the 
I 

-phase-sensitive detection system are shorn in Figure® 10 

through 13. 
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The field modulation ceils are attached directly to 

the pole face® of the magnet in such a way that the external 

field is alternately aided and opposed by the modulation 

field. To determine the amplitude of the field modulation, 

a coil of known dimensions and known number of turns was 

placed between the poles of the magnet at a point midway 

between the modulation coil®. The field value was then 

measured as a function of the voltage applied to the modu-

lation coils (17, p. 37). The amplitude of the modulation 

field was determined in this manner to be nineteen gauss 

(peak-to-peak) per ras volt at the sample location. 

The static external magnetic field for the instrument 

is supplied by a six-inch electromagnet operated from a 

Harvey-Wells Model HS-1050 magnet power supply. The power 

supply is capable of producing currents up to fifty ataperes. 

With the pole faces separated by a two-inch gap, the magnet 

can produce fields of approximately ten kilogauss. Temper-

ature stability of the current coils i© maintained by a 

continuous-flow water cooling system. 

The slow linear sweep of the magnetic field is provided 

by the circuit ahown in Figure 14. The potentiometer is 

driven by a small electric motor (one rpm) and the sweep 

rate is varied by adjusting the value of Rg and the voltage V, 

A record of the absorption spectra i® obtained by taking 

the output of the d.c. amplifier and feeding it into a Varian 
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Model G-10 graphic recorder. Since the recorder chart-

speed is constant at two inches per minute, the linear 

field sweep is calibrated in gauss per inch. A Bell 

Model 240 differential gauss-meter, which employs a Hall 

probe to measure the magnetic field, is used in conjunction 

with the circuit of Figure 14 to calibrate the field sweep. 

The sweep rates are indicated on each of the spectra pre-

sented . 

Performance Characteristics 

The performance characteristics of the spectrometer 

were studied using paramagnetic samples whose properties 

have been extensively investigated: the organic free 

radical DPPH, mentioned earlier; and the inorganic free-

radical ion, peroxylaraine dieulfonate. 

The absorption derivative of a polycrystalline sample 

of DPPH a® obtained from the spectrometer is shown in Figure 

15, Ingram (9, p. 136) reports that the line width at half-

height i® 2*7 gauss, which is equivalent to a line width of 

1.5 gauss between points of maximum and minimum slope. The 

line width of the curve presented in Figure 1% is' seen to 

be 1.5 gauss in agreement with the value reported by Ingram. 

It should be pointed out that the line width varies markedly 

with the type solvent from which the DPPH has been re-

crystallized. The spectrum in Figure 14 wa® obtained from 

pure DPPH and is characterized by a narrow resonance line, 
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Fig. 15—Absorption derivative for poly-
crystalline DPPH (pure). 
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whereas spectra from benzene-derived sample® show signifi-

cantly broader lines. The line widths for DPPH obtained 

from various solvents have been tabulated by A1*tshuler 

and Kozyrev (1, p. 299). An investigation of a benzene-

derived sample did show a small increase in line width, 

but not in agreement with the tabulated values. The cause 

of the discrepancy is not apparent, but it should be noted 

that chemical analysis has never shown proof that the 

solvent appears in the crystalline lattice in stoichiometric 

proportions (1, p. 299). 

The asymmetry in the DPPH spectrum is indicative of a 

small amount of the dispersive component having combined 

with the absorption signal. Careful adjustments of the 

bridge and reduction in sample volume tend to eliminate a 

major portion this difficulty, but usually some type of 

automatic frequency control is required (10, pp. 24-26*) 

If the DPPH sample is dissolved in benzene, the 

absorption line initially broadens as the exchange inter-

action is reduced <9, p. 138). If the solution is made 

sufficiently dilute (approximately 0.005 molar or less), 

the electron spin-spin interaction is decreased and a 

resolved hyperfine spectrum is obtained as a result ©f the 

interaction of the electron with the nitrogen nuclei. 

Figures 16 and 17 compare the hyperfine spectra of two 

different concentrations of DPPH in benzene. The 
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Fig. 16--Absorption derivative for 0.005 molar 
DPPH in benzene. 
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Fig.•17•-Absorption derivative for 0.001 molar DPPH in 
benzene, 
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concentrations were determined by weight to be 0.005 molar 

and 0.001 molar, but comparison with spectra obtained by 

other investigators (3,4,5) indicates that the concentration® 

are less than these values, possibly because of sample de-

composition. That the sample concentrations were less than 

the values determined by weight was concluded ©n the basis 

that the spectra show a more completely resolved hyperfine 

structure than similar spectra obtained by others at the 

same concentrations. The extreme hyperfine splitting between 

points of maximum and minimum slope is seen to be approximately 

thirty-eight gauss, which is in agreement with the values 

reported in the literature (8) for studies made in low concen-

trations of the free radical. 

The disulfonate ion also shows a hyperfine splitting in 

aqueous solutions up to the limit of solubility (11, 14). 

The splitting between the three adjacent lines has been shown 

to be thirteen gauss (11, 14). The line width varies with the 

concentration, the variation having been well established by 

Jones (11). The spectrum obtained from the spectrometer is 

shown in Figure 18. The ion concentration of the sample was 

measured as 0.005 molar by weight, although sample decompo-

sition probably lowered the concentration slightly. The 

solution wa® buffered with K2^G03^2 t o r c^ u c e the decompo-

sition rate and the spectrum was obtained immediately after 

the sample was prepared. The spectrum in Figure 18 shows a 
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line width of 0.5 gauss, which is in agreement with the 

value obtained by Jones (11) for a 0.005 molar ion concen-

tration. The thirteen-gauss splitting between component 

lines is also observed in agreement with the literature. 

In each of the studies the power input to the cavity 

was of the order of a few milliwatt®. Power levels above 

this value were sometimes employed, but in all cases it 

was determined that the sample had not become saturated 

simply by noting that an increase in the input power level 

was always accompanied by an increase in the signal level. 

It was observed that the best signal is obtained when 

the bridge is initially unbalanced so as to cause a biasing 

current of approximately seventy-five microamperes to flow 

through the crystal detector. The amplitude of the field 

modulation was set at approximately one-tenth gause (peak-

to-peak) for investigations of solid DPPH and the disulfonate 

ion because of the narrow line widths. For DPPH in solution 

the modulation amplitude was increased to approximately four 

gauss in order to take advantage of the increased signal 

strength. Since the line width of each individual hyperfine 

component is approximately ten gauss (8), the modulation 

amplitude was not sufficient to cause modulation broadening. 

The sensitivity of the spectrometer can perhaps be best 

described in terms of the minimum number of detectable spins. 

Figure 19 shows the spectrum of a 5 x 10"^ molar concentration 
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fig.1 19--Absorption derivative for 5 x 10"^ Molar 
DPPH in benzene. 
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of DPPH in benzene. The sample volume was measured to be 

approximately 0.25 cubic centimeter®, which for the stated 

-5 
concentration of DPPH amounts to approximately 5 x 10 

grams of the free radical. Assuming that in DPPH there 

21 
are 3 x 10 unpaired spins per gram (2, p. 60), the 

minimum detectable number of spins is found to be of the 

1 7 
order of 10 . By comparison, the ideal minimum detect-

13 

ability based on equation (11) is of the order of 10 

spins. 
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

The results obtained from the spectrometer indicate 

that it is capable of producing spectra which compare favor-

ably with results obtained by other investigators. The 

sensitivity has been shown to be adequate for obtaining 

spectra fro® extremely small quantities of a paramagnetic 

substance, and in most cases the resonance pattern is 

characterized by a large signal-to-noise ratio. Resolution 

of line widths of the order of a few tenths ©f a gauss indi-

cates a high degree of oaagnetic field homogeneity over the 

sample volume. 

In many studies of paramagnetic substances, one is 

interested in measuring the g-value, which has been defined 

in Chapter II. In order to measure any small deviation from 

the free-spin g-value, the resonant absorption frequency and 

the value of the magnetic field at resonance must be very 

precisely known. Techniques are available for measuring both 

the frequency (3, pp. 36-42) and the magnetic field (3, pp. 

101-103) with extremely good accuracy, but these measurements 

are necessarily limited by the accuracy with which one can 

locate the peak of the absorption curve. The location of 

the peak can be determined quite accurately if the noise 
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level of the system is reduced to Insignificance and the 

results presented here indicate that the spectrometer is 

capable of producing spectra which are relatively free of 

noise (with reasonable sample volume#). 

Recommendations 

Although the spectrometer perform® reasonably well in 

most eases, there are certain modification* to be suggested 

which should improve the overall performance of the instru-

ment. Essential to the detection of the absorption mode 

free of dispersive effects is having the cavity frequency 

at all tines locked to the klystron frequency (2). Some 

type of automatic frequency control Cafe) circuitry added 

to the system could perform this function quite well (3, 

pp. 24-26} I). The afc circuit would also improve the 

noise figure of the spectrometer by minimizing the effect® 

of random cavity vibrations which often occur because of 

inadequate shock-mounting of the instrument. 

As mentioned earlier, improvement in the sensitivity 

can also be obtained by employing higher field-modulation 

frequencies. Although the modulation frequency may be 

sufficiently low to satisfy the "slow-passage" condition 

at resonance, there remains the problem of producing the 

required modulation amplitude at the specimen through the 

metallic wails of the cavity. This skin-depth problem can 
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fee eliminated either by using a non-metallic cavity whose 

inner wall® have been coated with a thin film of conducting 

material, or by placing the modulation coila inside the 

oavity. For practical reasons, the latter method seems more 

desirable. 

It has been observed throughout the investigation that 

the reduction of electrical and mechanical noise is not only 

•desirable but often necessary if good quality spectra are to 

be obtained. Shock-mounting of the entire instrument elimi-

nates much of the mechanical noise while the electrical noise 

may be reduced by operating the instrument from a stabilised 

voltage source. It is possible that the performance might 

be improved by magnetically shielding the klystron, although 

it i® not certain to what extent the spurious magnetic field 

fluctuations affect the sensitivity in the particular en-

vironment in which the preliminary investigations were made. 

The spectrometer in its present form is useful in 

tearching for new apectra and, except for situations in 

which extremely hign sensitivity ia required, fairly accurate 

measurement® can be made on the specimen®. If the suggested 

modifications are made, the spectrometer should be capable 

of obtaining spectra of good quality from sample concen-

trations well below 1Q"5 molar at approximately 10'1 cubic 

centimeters volume. 
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