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ABSTRACT 

AN INVESTIGATION BY ELECTRON PARAMAGNETIC 
RESONANCE OF THE JAHN-TELLER EFFECT 

IN ALKALI-HALIDES DOPED WITH 
TRANSITION GROUP IMPURITIES 

nd^ Configurations in Six-Fold Coordination 

by 

Arlen O'Neil Barksdale 

The EPR spectra of x-irradiated alkali-chioride single 

crystals doped with transition group impurities have been ob 

served near 77°K at x-band frequencies. The optical spectra 

have been taken at room temperature. Samples of NaC1:Ag, 

NaCl:Cu, KCl:Ag, and KCl:Cu obtained from both Harshaw Chemi 

cal Company and Isomet were studied. Modifications to and 

operation of the existing back reflection homodyne EPR spec¬ 

trometer of 10^ AH spins sensitivity is described. 

Q 2+ 2 + 
An nd^ configuration such as Cu or Ag in the six¬ 

fold coordinated site of the alkali-chioride lattice has a 

doubly degenerate vibronic ground state as a result of lat¬ 

tice vibrational coupling to the electronic state. An effec 

tive Hamiltonian for this doublet vibronic ground state of 



the divalent impurities is formulated including the strain, 

Zeeman, and hyperfine interactions. An extension of the 

doublet formalism to include the effects of a nearby excited 

singlet vibronic state is discussed. 

No EPR spectra were observed in as-grown samples. After 

annealing at 500°C and x-irradiation at 77°K, two distinct 

types of spectra were observed at 77°K. One, observed only 

in KC1, is a pair of hyperfine lines separated by several hun¬ 

dred gauss, exhibiting ligand hyperfine structure, and attrib¬ 

utable to Ag°. The other, observed in both NaCl and KC1, is a 

highly anisotropic pattern of several lines varying in inten¬ 

sity - the well-known center resonance. 

Annealing to room temperature for the few minutes neces¬ 

sary for the center fluorescence to die out and subsequent 

quenching to 77°K did not noticeably affect the neutral spec¬ 

trum. However, the center spectrum had almost completely 

vanished and in its place appeared a new axially symmetric 

2+ 2+ spectrum from either a Cu or a Ag center. 

The divalent silver spectrum exhibited 13 hyperfine and 

ligand hyperfine lines in the perpendicular component and 2 

hyperfine lines in the parallel component along a <100> axis 

in NaCl and KC1. Along the same axis in NaCl only, the EPR 



spectrum of the divalent copper displayed a broad resonance 

with some barely resolvable structure in the perpendicular com¬ 

ponent and a four line hyperfine pattern in the parallel com¬ 

ponent. 

The axial spectrum was not observed in KClrCu subsequent 

to x-irradiation and V^-center anneal. This failure is at¬ 

tributed to an insufficient concentration of the monovalent 

copper impurity ions in substitional sites. 

All features of the observed axial spectra are explained 

within experimental error assuming the paramagnetic complex to 
2 

be in the E ground state of the divalent transition group 
y 

impurity ion in cubic symmetry. A static Jahn-Teller effect 

resuiting from strong vibronic coupling can explain all of 

these observations. 
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INTRODUCTION 

In recent years electron paramagnetic resonance tech¬ 

niques have been used extensively to study the effects of lat¬ 

tice vibrational coupling to electronic states. In particu- 

lar, an orbital doublet ground state ( E^) in cubic symmetry 

has been a major point of interest since the first unambiguous 

(1-3) (4) experimental confirmations' of the Jahn-Teller effect . 

Essentially it was proposed in 1937 by H. A. Jahn and E. 

Teller that electronic-lattice coupling would spontaneously 

distort ion sites, thereby lowering the local symmetry if the 

undistorted complex had a degenerate ground state. 

To date two distinct types of Jahn-Teller effect, 

(5-12) f13-28) 
static' ” and dynamic' ■5" , depending on the strength of 

the vibronic coupling, have been observed experimentally and 

(29 30) satisfactorily explained theoretically. Chase' ’ , report- 

24- ing on an excited state of Eu in CaF2> attributes aniso¬ 

tropy in line shape and positions to a vibronic coupling in¬ 

termediate between the limits of strong and weak coupling 

(static and dynamic Jahn-Teller effect, respectively) and 

bases his interpretation on a "tunneling" model. The recent 

(31 32) success of Herrington et al' ’ in applying the moderate 



2 

f 26) coupling model proposed by Ham' ' to the complex features of 

the EPR spectra obtained experimentally on the SrC^jLa^* 

complex, a dynamic Jahn-Teller system, prompted the present 

work. By initiating a comprehensive study of systems exhib¬ 

iting a range of coupling strengths between the static and 

dynamic limits, the experimental facts concerning intermedi¬ 

ate coupling should become clearer. This should then allow a 

detailed comparison to theory - a process which is likely to 

resolve existing discrepancies and influence new theoretical 

initiatives. 

Chapter II presents the basic theory needed to describe 

the EPR spectrum. Detailed mathematical analysis of the ef- 
2 

fective Hamiltonian for the electronic E state can be found 
y 

either in the appendix or appropriate references. To obtain 

pertinent EPR data, the basic spectrometer described by 

( 33) Herrington was modified and improved to fit the experi¬ 

mental requirements of the present project. Chapter III dis¬ 

cusses the design, operation, and performance of the spectro¬ 

meter in detail. Chapter IV discusses the application of the 

theory presented to the experimental data available to date. 

The thesis is concluded with an analysis of the present ac¬ 

complishments of the project and discusses plans for the future. 
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II. THEORY FOR AN nd9 CONFIGURATION 
IN SIX-FOLD COORDINATION 

A Introduction 

In his excellent article on the description of moderate 

vibronic coupling for an orbital doublet in cubic symmetry, 

Ham^^ discusses the general problem of vibronic states 

(coupling between electronic energy levels and lattice vibra¬ 

tions). Following similar arguments, an effective Hami1ton- 

ian is formulated in this chapter to describe a "Eg vibronic 

ground state for an nd9 configuration ion in six-fold coordi¬ 

nation using group theoretical techniques. The assumption is 

made that the energy levels are sufficiently separated such 

that the influence of excited states on the ground Eg state 

2 is negligible. All relevant perturbations on the Eg ground 

state are represented by an effective Hamiltonian. The 

strain, Zeeman, and hyperfine interactions are included. 

In Section B each perturbation Hamiltonian will be for- 

2 
mulated separately for the isolated Eg ground state and then 

in Section C the eigenvalue equation of the combined Hamilton 

ian will be solved using certain assumptions regarding the 

relative magnitudes of the various coupling coefficients con¬ 

sistent with present experimental data. 
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Section D considers the problem of coupling the elec- 

tronic Eg ground state to a crystal field which has, con¬ 

trary to the static case, vibrational degrees of freedom de¬ 

scribed by various distortion modes. 

In Section E the effect of the strong coupling limit is 

taken into consideration with the addition of non-linear 

coupling terms to the general vibronic Hamiltonian. This 

produces a large warping of the potential energy trough re¬ 

sulting in the static Jahn-Teller effect. 

Section F considers the moderate coupling limit where 

the lattice kinetic energy terms give rise to the dynamic 

Jahn-Teller effect. The analysis in this section is limited 

to the case where only linear Jahn-Teller coupling is domi¬ 

nant - i.e., to terms in the vibronic Hamiltonian correspond¬ 

ing to a splitting of the electronic degeneracy linear in the 

distortion. 

Section G describes the theory which is needed to bridge 

the gap between the moderate coupling theory for the dynamic 

Jahn-Teller effect and the strong coupling theory for the 

static Jahn-Teller effect. 
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B. Effective Hamiltonian for an Isolated En State 

in 0^ Symmetry 

An ncr configuration is equivalent to a single d hole. 

The ground term for a d configuration is "D which is reduc¬ 

ible under the influence of a static six-fold coordinated 

cubic crystalline field (point group 0^) to the irreducible 

2 2 
excited T2g and ground Eg orbital states. The splitting 

2 2 
between the T0 and the E„ is commonly referred to as A or 

lODq. it has been found experimentally that dn configura¬ 

tions have crystal field splittings (A) on the order of 

f04 ~ 10 c.wi (34). p0}nted out previously, our formu- 

o 
lation will be concerned with this E_ ground state manifold 

9 
g 

derived from such an nd configuration in six-fold coordina¬ 

tion. In the notation of Bethe, this type of doublet (as 

contrasted to a Kramers doublet) transforms as the irreduc¬ 

ible representation Eg (rs
+) of the point group 0^^^. 

Under the assumption that alt the excited states are suffi- 

2 
ciently separated from the ground E state, we may formulate 

y 

an "effective" Hamiltonian for the ground state manifold dis¬ 

regarding coupling terms between the ground state and all 

other states. Ham^^ has shown that the only orbital opera¬ 

tors which need to be considered in formulating the effective 
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Hamiltonian are those which transform like an irreducible re¬ 

presentation contained within the direct product 

This can be seen by considering after Herrington (33) an 

0 ^ orbital tensor operator Up which transforms like the X 
v 

component of the Ff irreducible representation of the point 

group 0^. The matrix elements of such an operator can be 

calculated by use of the Wigner-Eckart theorem. The result is 

<iW?.*>-*(? 5' j<ws> 
Where I represents the eigenket which corresponds to the 

r1 

wave function that transforms like the m component of the >j 

irreducible representation. The quantity in parentheses is 

the Wigner 3 ~ J symbol (a symmetrized form of the Clebsch- 
P ^ 

Gordon coefficients) and <nif o-, II f?> is a reduced matrix 
P 

J * 

element of the operator 0^ . The important result is de¬ 

rived from the 3'J symbol - it is exactly zero unless F/ is 

contained in the direct product of FJ with itself 

The direct product F$ ® F^ contains F^ , F^ and F^ as 

JJ, 

seen from the multiplication table for the point group 0^ (See 

Table I). Thus any tensor operator considered in our formula- 

tion which operates within the Eg ground manifold may be de¬ 

composed into a linear combination of the four basic operators 
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TABLE I 

Multiplication Table for functions which transform like the irreducible 

representations of the point group 0. 

p, Px P P rv r. r7 n 
p p P P, Pr P p P 

p p ps p p7 P p Px 

P+P+P P*Pj P+Py P, P p^ n 

P/P,-zp r« 
P7<P, p»p *4, f r. 

frr, n 
n.+i; P,«P*P» p 

+2.r,+2P5 
(j 

For the point group 0h» the parity multiplication rule iss 

'7±®r-’fr 
- r 
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@1 and 2/€ which transform like the irreducible repre¬ 

sentations ^7 , and the &,€ components of fj , re¬ 

spectively. Qj (the identity operator xfi) transforms like a 

scalar, R; (^transforms like (V“y2)(yl-2*); and the 

partners transform respectively as (2Ha-X*-yl) and 

V3 (x **y ) , where x,y,z denote the cubic (fourfold) axes. 

Using the coupling coefficients (See Table II) we can 

simply obtain the matrix elements of and and £4 
to within a constant factor by finding those combinations of 

the four operators I9X61 , Ifi'X©/ and |G><Gj 

having the proper transormation properties. The eigenkets 

ie>,/6> are the two eigenkets belonging to the doubly degen¬ 

erate irreducible representation Eg. Taking the matrix order 

le>, |£> we find those combinations to be within a constant 

10X61 * |e><£| = Q 
a^c’I6X6I-C le>«il * Q 

2^-10X01+U>«M ■ (o 

24= |a><e[ + l£><fll = ^ 

<) 

i) 
0 

( 

:) 

(1 .a) 

O.b) 

(l.c) 

(l.d) 
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TABLE II 

Coupling coefficients for functions which transform like the 

components of the Eg ( ) irreducible representation of the point 

group Oh. 

ufv,3 3 3 
w. v* 

3 3 
U, V, 

3 3 
u*. Va 

Ay (O 
i . 

VT 0 0 
1 

vT 
(O 0 

_L 
VT 

! 

"VT 0 

c(e>> 
Ls (C) l 

V? 
0 0 Vz* 

(o 0 
i 

VT 
i 

VT 0 

TABLE III 

Coupling coefficients for functions which transform like the 

components of the A2^ ( Ij ) and Eg ( ) irreducible representations 

of the point group 0^, 

3 
u2v, U»v/ 

cnv) D 1 

E9
(<) (if) -1 0 
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It is necessary to formulate the effective Hamiltonian 

representing all the interactions affecting the electronic 

orbital doublet I6\ [0 by invariants, i.e., operators which 

transform like the identity operator ( ). Three invariants 

form the general operator: 

+ (f, 24 + i %) («. 

Here the f's are functions of the components of internal or 

external perturbations (magnetic field, strain, etc.) and 

other operators (electronic spin, nuclear spin, etc.); , 

fz , fg and transform, respectively, like the irreducible 

representations , and the partners of fg . The 

usual interactions considered involve combinations of the 

components of strain e (symmetric product , electronic 

spin S ( Q ), nuclear spin I ( ) and magnetic field H ( ) 

coupled to the four orbital operators 'll . The entire Hamil¬ 

tonian formulated in this manner must be Hermitian and invari¬ 

ant under all symmetry operations of the point group 0^, time 

reversal included. The multiplication table 
(36) ( Table I ) 

shows that we need only consider the components of the general 

perturbation which transform as 

since these are the only possible operators which c^n combine 

with the orbital operators to yield an invariant ( ). In 
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composing the terms to the effective Hamiltonian, one could 

consider the orbital operator , or which is a /7 in¬ 

variant, but since it only contributes to an equal shift of 

all energy levels and EPR only measures the difference be¬ 

tween energy levels, we will disregard this term. 

The magnetic field H ( (^ ) alone coupled to any of the 

orbital operators 2/ does not yield invariants, hence there 

are no terms of the type HU. Since the electron spin S and 
*m H ^ 

nuclear spin I also transform as , it follows that there 

are also no terms in the effective Hamiltonian of the type SU 

or YU. 

Next we will consider terms in the effective Hamiltonian 

arising from strain coupling yielding terms of the type e2/. 

The strain tensor components are usually defined in Cartesian 

coordinates as: 

J. / + 
2 V c)/!j (3) 

with the subscript i referring to the coordinates x,y,z. The 

displacement vector p * 4 {°y J 4 /°z ^ represents the 

change in position of a point previously located at 4/^K 

when strain is applied. Since the Cartesian components of 

position transform like Q , then the gradient operators with 

respect to the same coordinate system also transform as . 
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Thus the strain e transforms as the symmetric product W 

in accordance with the definition of Equation (3) yielding 
ri-*- |—i + I i + 

three components in cubic symmetry, 14 , |3 and I4 . As 

pointed out previously, [4 cannot couple to 24 to form invar¬ 

iants, so we need only to consider the coupling of the 17 

and 17 components of strain to the orbital operators. 

The (7 component of strain from the coupling table^^ 

for ® is within a constant (See Table IV): 

ei~ k P‘ + ^ fY 4 P* = e»,e«4 e« (4.a) 

The components of [3 also from Table IV are: 

2 eiZ~ e 
XX - e 

?y (4.b) 

(4. 

Coupling these strain components to the orbital opera¬ 

tors, we see from Equation (2) that we should have terms in 

the Hamiltonian of the form eand ( QQ to 

within a constant. Thus the effective Hamiltonian for the 

strain interaction is 

STRAIN ~ ^ + eyy + + ^e) (5) 
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TABLE IV 

Coupling coefficients for functions which transform like the 

components of the Tig ( Q ) irreducible representation of the point 

group 0h. 

,.4 4 
u* vx 

. 4 4 
Vy 

4 4 
ux < 

4 4 
Uy Vx 

4 4 
Uy Vy 

4 4 
Uy 

4 4 4 4 4 4 

A,9 (O 
1 

vr 
O c? 0 

] 

Vi' 
0 0 0 

1 
T3 

Ej" (If) 
1 . 

'vr 0 0 0 
1 

'VC* 
0 O O 

w 

vi 
er (If) 

1 

vr 0 0 0 "Vs? 0 0 O 0 

 cx) 
I15 (0 0 0 0 0 

1 
VZ O 

1 
~r? 0 

<Y> 
I'S Of) O 0 

_L 
MT 0 £ 0 

( 
'fz1 0 0 

-r-a) 
'•3 

c> 
1 

iz1 0 
I 

'\T2? £> O c> 0 0 

0 O <? O 0 
1 

rz 0 
\ 

0 

(Gf) 0 0 
1 

VT O 0 
1 

TT 0 0 

_-Cxy) 
hj (O 0 

1 
VT 0 0 0 0 0 0 0 
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where Vj and V2 are the effective Hamiltonian coupling para¬ 

meters. Again since the term involving the GfO interaction 

can only shift all the energy levels equally, we will not con¬ 

sider it. 

Next we have interaction terms in which two quantities 

couple together and subsequently couple to the orbital opera¬ 

tors. Such a term could be the electronic Zeeman interaction, 

SHU S1 nee both H snd S trsnsform 3S , TsblG IV QIVGS ths 

proper combinations of the components of (4 which yield the 

components of the operator which transform as one 

of the irreducible representations of the point group 0^. 

Again neglecting all terms except those transforming as fj* , 

ir. tr we find that SH ( I4 ® I4 ) has components of the r+ r—1 + 

,, ( and 13 : 

(SH), - S% Hx + My + - S -TT 

(SH)^ ~ 2 SJ - S*My - Sy Hy = 3 - 3 - H 

(SH)£ - '^3' C'SxWy-SyHy) 

(6) 

Forming the effective Hamiltonian after Equation (2) yields: 

ZEEMAN" 4 £ (3 S2 Ha - S-H ) 2^ 

* V? (% Hy - Sy !-ly) tie ] 
(7) 
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where and g^ are the effective Hamiltonian coupling para¬ 

meters and is the Bohr magneton. 

Since 1 also transforms like '4 , we could substitute I 

for S in Equation (7) to get the nuclear Zeeman interaction; 

however, for our application, these terms would be small 

enough to neglect. Replacing H by I, though, one obtains the 

hyperfine interaction terms in the effective Hamiltonian for¬ 

mal i sm: 

= A, 7 S ( 5I.S, - f -S ) 

+ %/s (J,SK-Xys;) ] 
(8) 

where and are the effective Hamiltonian coupling con¬ 

stants . 

Further terms of the type eS2/(strain-electronic spin), 

HSeKCsP'n lattice rel axation) , (quadrupol e), ^ IUS 
*1 * 

(ligand hyperfine interaction) could be easily formulated. 

However at present the scope of this work does not involve 

extending the effective Hamiltonian formalism to include 

these interactions. 
(23) 

Herrington's thesis' gives the effective coupling con¬ 

stants gj, g2> Aj, and A2 as derived from crystal field theory 

in terms of more fundamental parameters: 
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ir-$- ^ 

%--¥ . A,-'P0^1MM (9) 

where A®10Dg is the cubic-field splitting between the 

2 2 2 ground E state and the excited T2 state derived from the D 

term of the free ion, A is the spin-orbit coupling parameter, 

p* ^ + » y is the nuclear g-factor, /SN the 

nuclear magneton, the one electron average of , and X 

is the contact hyperfine interaction parameter. 

We may now write the combined effective Hamiltonian for 

an isolated orbital doublet electronic state in cubic symmetry 

considering the strain, Zeeman, and hyperfine interactions as: 

+ ^ > + 3d3 ^ * k? [W, 

+i/31(5xH,-SrHy)Z(6J + A4r5«l? (,o) 

■» V5dA-IrSy)%] 
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C. Solution to the Eigenvalue Equation of the 
Effective Hamiltonian 

We will now attempt to solve the eigenvalue equation of 

the effective Hamiltonian derived in the previous section for 

2 
an isolated Eg state in 0^ symmetry with a few judicious 

choices regarding the magnitude of the various parameters. 

f 26) From past experience with Jahn-Teller systems' , it is 

known that small local strains at lattice sites will only 

broaden the EPR resonances. However, large local strains af¬ 

fect the EPR transitions more and are generally a larger in¬ 

fluence than the Zeeman and hyperfine interactions on the 

vibronic composition of the states. Consequently, we will 

assume the strain to be the dominant term in the effective 

Hamiltonian and take the Zeeman and hyperfine interactions as 

a perturbation to the strain solution. 

The effective Hamiltonian for the strain interaction is 

from Equation (5), neglecting, of course, the term which 

shifts all the energy levels equally: 

^STRAIN “ \4 ( + ee 1Ag ) (11) 

In a matrix representation, this Hamiltonian can be written 

using the 10^,10 basis after Equation (1) as: 
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JfsTRAIN ^ V fi 

(12) 

'9 

Setting the 2x2 determinant of the eigenvalue matrix to 

zero and solving the second order polynomial, we easily find 

the eigenvalues to be: 

' ‘ (13) E* * \4V«.*♦*! 

These energy levels yield a strain splitting 

AE = ZV.e, (14) 

where e - V + el 

Assuming the eigenfunctions to be of the form 

|HV> = *in | l0> + cos | |£> 

and = cos | | O') - sih | Je) 

(15) 

we find that $ must satisfy the relation 

I -1™' ^ (16) 

Thus the strain has removed the orbital degeneracy of 

the doublet ground state by splitting it into two Kramers 
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doublets separated by Z\f2t . The eigenfunction of each Kramers 

doublet is a linear combination of the orbital wavefunctions 

|0\IO depending on the relative ratio of the G& type strain 

to the type strain. The sign of V£ determines whether 

JHO or | HO is to be the ground state. Note that the strain 

could be randomly distributed as a function of but since 

the strain components could be taken as ecos(j> and esin^j), 

respectively, from Equation (16), the eigenvalues will remain 

constant independent of the strain orientation so long as the 

magnitude of the strain is constant. 

Each of the strain split levels is now an orbital singlet 

with two-fold spin degeneracy otherwise known as a Kramers 

doublet. The first order solution to the perturbation Hamil¬ 

tonian for the Zeeman and hyperfine interactions is easy to 

obtain once the matrix representation is changed from the 

|0\IO basis to the IHO,IHO basis. From Equation (3), 

the perturbation Hamiltonian is 

1 (17) 

+A,rs^ + |3-[(3JA-fs)2/s+Vi'fT,VIYS/^J 

From Equation (A.3) of Appendix A we have the diagonal 

elements of effective spin Hamiltonian on the |H0, |Hl) basis: 
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('SxH,-SJHy)sm(|)] + A,I-S * ^[(3I*S* (,8) 

- x-5)c-os § + iT (l*sx-Ty s^) s;« 4 3 

where ^+1^1*0 and ^.l if 140 are the perturbations to the E+ 

and E_ energy levels, respectively. 

We have taken only the partial matrix elements <Wk> 

on the strain determined orbital basis MOilt) instead of the 

complete first order perturbation matrix elements wijI^ 

l^kfcWjW^on the complete wavefunction basis I H± . Thus 

the result of Equation (18) still represents an operator equa¬ 

tion with respect to electronic and nuclear spin operators 

rather than a simple correction to the energy levels of the 

unperturbed electronic system. By taking the diagonal matrix 

elements on the full bas i s 11,±toiwts\ 1 ^fPeRTl 4** » the 

Zeeman and hyperfine splitting of the respective 140» 140 

Kramers doublet are given to lowest order by Equation (A.6) 

of Appendix A: 

U* = (^pH+A^t) * \ (gapH + A*Wx) , (19.a) 

W* * ± f(Vf H + Ajm^cos^-^) (19. b) 
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where £05 /j) *=:   > 5 i VI (j) - —   4 (19.c) 

f, = cos <|> +-\|3' (j(2-wil)sin ^ » (19.d) 

f- [(-3(JVS»V.(‘,,)]1,
) (19.e) 

cos S' = , 
2-f (19.f) 

and (1,m.n) are the direction cosines of H with respect to 

the coordinate axes (x,y,z). 

Figure 1 shows the dependence of the g-value on the 

angular orientation of the magnetic field and on the value of 

(j), a function of the ratio of type strain to type 

i ir 
strain. Note the absence of anisotropy for f- z > f°r which 

ee type strain is dominant. 

If the value of <j) i s fixed, then each hyperfine compo¬ 

nent at absolute zero temperature will consist of one anis- 

tropic line corresponding to a Zeeman transition within 

whichever Kramers doublet is the ground state (See Figure 2.a 

for the magnetic field along a (100) axis). However, if the 

strains are randomly distributed, that is to say that the 

angle ^ assumes all values in the range 0-({>-Z.1T, then the 

EPR resonance of each Kramers doublet is a broad envelope of 

transitions ranging between extrema corresponding to the 1%-^ 

and J'“IO transitions for (j)-0 . The two strain broadened 
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C3.+ 

(3.- 

FIGURE 1: Angular dependence of the EPR spectrum for an isolated 

2 electronic Eg state split by the Zeeman interaction as a function of 

the strain parameter, <j>. 
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(A) 

<f>-o 
|0> 

Ki)_C*vv) 

do 

o 

I6> 

4>=ir 

l©> 

tO 

<^>-lT 

l£> 

4v=<9 

!e> 

FIGURE 2t (a) Positions of EPR transition depending on whether the 

ground state is, respectively, or l&>for<j>-o and demonstration of 

the envelope of transitions produced when the strain is randomly dis¬ 

tributed, o-4>-fcfl', for the case of a l^i^or l4i} ground state, respectively, 

in (b) and (c). The external magnetic field is taken along a <100} axis. 
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transitions coincide as shown in Figures 2.b and 2.c removing 

any evidence of thermal population effects. 

The energy level diagram in Figure 3 demonstrates the 

effect of the various perturbations considered so far on the 

n 
D ground term placed in a crystalline environment of cubic 

symmetry, subjected to large local strains, and in a magnetic 

field. 
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Z 

T*3 

FIGURE 3: Effect of various perturbations on 2D free ion term. 
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D. Vibronic Coupling Problem 

is orbitally degenerate, it will interact primarily with the 

E-symmetry vibrational modes of the six neighboring cations 

of the alkali-halide lattice and this interaction leads to 

the Jahn-Teller effect in its many forms. We will represent 

the coupling to all the E-symmetry type modes in the phonon 

spectrum by one effective E-symmetry mode described by Q0, 

appropriate modes of distortion of the cluster of the nearest 

neighbor Ions to the Jahn-Teller ion. Table V gives the even 

modes of distortion classified by the irreducible representa¬ 

tion of the symmetry group of the cube to which they belong 

and Figure 4 displays the physical motion of the nearest 

neighbor ions. 

As previously shown in Section B, it is necessary to 

formulate the effective Hamiltonian representing any of the 

interactions affecting the orbital doublet 10), IO by in¬ 

variants. The general operator is composed of three invari¬ 

ants as was shown in Equation (2): 

The pair Q0,Qe can be considered as representing the 

(20) 



TABLE V 
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(a) 
Even modes of distortion for an octahedron of six ions classi¬ 

fied by the irreducible representation of the symmetric group of the 

cube to which they belong. 

A.a OV) : <2, ’ X-i + Y» *ys -2t) 

A (H+) • DISTORTION 

frV) •• Q»-- vk (223-2-zfc'X,+y4 -Y*+ys) 

Q» ! i C X,_Y* _s/t Yf ) 

(The ions numbered 1 through 6 have as their undistorted positions, res¬ 

pectively: (R,0,0), (0,R,0), (0,0,R),(-R,0,0), (0,-R,0), and (0,0,-R). The 

displacement of the ith ion is denoted by X^, Y^, Z^.) 

(.5) 
(a) after Van Vleck 
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In the present case the f's are functions of the components 

of the E-symmetry vibrational mode with f,, f2 j f Q and 

transforming, respectively, like the irreducible representa¬ 

tions f~J , f"^ and the partners of of the point group 

Oh- 

In order to determine the appropriate forms of the f's, 

we can expand the potential energy of the Eg ( Q+) distortion 

mode for the cluster composed of the impurity ion and its six 

nearest neighbors in a Taylor series expansion in QQ , Q€ 

(which transform like . Thus the terms in this expansion 

transform like: 

ofi order • 

“ order : 

2^ order : 

3^ order : 

con 

r+ 
*3 

a4®f7- rr*fr-/T 
P® (7’®ir+= r/^+

+3r
4 

(21) 

Denoting the basis of the Eg distortion mode as Q& t and 

(36) using the coupling coefficients from Tables II and IIP , 

we have functions which transform as 

= cons'ta.vrt, Q© + Qe } Q© ( 3 - Qd ) 

f, -- «« (3Q0-Q/) 

f6’ , Qe (■&*<}*) 

(22) 
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We can now formulate the terms of the effective vibronic 

Hamiltonian consistent with Equation (2) where the f's are 

the appropriate vibrational functions of Equation (22) and 

the four Hermitian electronic orbital operators ? 

and Zle are those which have been defined previously in Equa¬ 

tion (1) to have matrix elements with respect to the basis 

states I IO : 

where rows and columns are labeled in the order 0 , £ . 

Thus the Hamiltonian representing the electronic-vibra- 

tional interaction has the form 

jfv = LJ * V, (Qtlle+ClM +{K(,dl->ql)J 

* u$e<wuj (24) 

+ v3 CQ„(3<}e-Qe)JJ 

*^4 C$0 (■ Qe "* Qt ) Up * Qe Qe) 

In the first approximation for the effective Hamiltonian 

for a vibronic interaction we will consider only the large 

terms from the Taylor series expansion. This includes the 

dominant term which represents the energy of the degener¬ 

ate electronic state in the symmetrical configuration and the 

next two terms which are quadratic in their degrees of 
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freedom, Vj ( Qe^ + and . The second 

term is the leading term in the fundamental interaction or 

the linear Jahn-Teller coupling between the orbital state I 

and the lattice vibrational distortion mode $0,Qe • 

The third term is simply the lattice elastic energy for these 

modes in the harmonic approximation. In the first approxima¬ 

tion we have an effective vibronic Hamiltonian which remains 

electronic in nature with only a parametric dependence on the 

lattice distortion mode in the absence of the lattice kinetic 

energy operator: 

t - e. J * v, ♦ QA) -1 K '25) 

However, this treatment only considers coupling to a 

single pair of lattice coordinates Q&jQe to which the Jahn- 

Teller coupling is most effective, rather than the proper 

coupling to an infinite distribution of lattice phonons. Al¬ 

though this case is an oversimplification of the real situa¬ 

tion, it provides a practical model which can at least pro¬ 

vide a qualitative understanding of the Jahn-Teller effect. 

With the appropriate choices for various parameters, this 

treatment is also successful in giving a quantitative inter¬ 

pretation^^ . 

To solve the Hamiltonian of Equation (25), we seek 
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linear combinations of and IO which diagonalizes the 

matrix representation for fixed Q0»Q6 . 

Making the substitution 

<3,» p 9 

Q6 = f 8 ( 26) 

We find for the eigenstates of = 

| =• sm | J 9} •+ tos z l 
£y 

14,_') = cos 11 0) - s'm | | £> 
(27) 

Using these definitions, we find that 0 must satisfy the 

rel at i on 

0 = tcLn{ 

Q 9 
(23) 

The eigenvalues corresponding to these eigenstates are 

E± (Q..Q.) - E. *v,p + iKp" (29) 

If these energy levels are plotted as a function of Q&, 

Qe one obtains the well-known potential energy surfaces on 

which the nuclei move (after Moffitt and Thorson, reference 

14) as shown in Figure 5. The minimum energy on the lower 

sheet occurs at all the points on the circle ^ • The 

difference between EQ and this minimum defines the energy of 
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Teller distortion. 
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stabilization or what is called the Jahn-Teller energy, 

F - & L TT 2 K (30) 

This is the amount by which the potential energy of the vi- 

bronic complex is lowered when the system is distorted from 

the symmetrical configuration to a configuration represented 

by some point at the bottom of the trough. 
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E. The Static Jahn-Teller Effect 

As the name static Jahn-Teller effect implies, there is 

the possibility of stabilization of the spontaneous distor¬ 

tion of the complex consisting of the Jahn-Teller ion and its 

nearest neighbors into a stationary configuration. Since the 

energies obtained in Equation (30) are independent of O', the 

energy surfaces in Figure 5 have rotational symmetry about 

the origin yielding an infinite number of energetically 

equivalent configurations of minimum energy for the nuclei 

corresponding to all points at the bottom of the trough. The 

nuclear motion is confined at low temperatures to the lower 

portion of the potential surface when the Jahn-Teller energy, 

E.JT, is much larger than the zero-point vibrational energy of 

the E mode. 

However, Equation (25) is not the most general form for 

consistent with cubic symmetry. If the linear coupling 

coefficient Vj in the Taylor series expansion of the poten¬ 

tial energy in Equation (25) is very large, then the next 

higher order coupling terms are not negligible and must be 

included in our formalism. Inclusion of the following terms 

cubic in their degrees of freedom remove the rotational sym¬ 

metry of the potential surfaces: 
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V2 )•=? (31 

Assuming the terms of V2 and V3 small compared to the 

Hamiltonian of Equation (25), we take the diagonal matrix 

elements of the terms in Equation (31) on the I^OJ^bas i s and 

find that the first term which is the second order vibronic 

term changes the splitting of the electronic degeneracy quad- 

ratically in the Q's'1 . The second term which represents 

the first anharmonicity in the lattice vibrational energy in¬ 

troduces a cubic anisotropy with respect to 0 that is propor- 

tional to |Q cos 00 . The resulting eigenvalues are 

now 
(26) 

E* (<*„<},) = Eo + iKpi+ v3 30 

fry+■2 v< 3 s]1 i (32) 

with the result that the bottom of the trough has been warped 
2rr 

with a period of with respect to & . There are three 
Alf -Tj ^ 51 

stable configurations corresponding to 3 ) 3 or 3> ’> 3 

depending on the signs and magnitudes of V2 and V3. These 

stabilized minima are separated by low barriers when the 

higher order coupling terms are small compared to the Jahn- 

Teller energy. 
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Using the notation for » Qfi from Table V for octahed¬ 

ral coordination, the set of equivalent configurations with 

A n ^ ±!J U~ 3 s 3 corresponds to elongation along the z,x, or y 

axis, respectively. Simultaneously, there is a corresponding 

contraction in the plane perpendicular to the axis of elonga- 

tion. The other set 3 corresponds to contraction 

along the y,z,or x axis, respectively, with associated elonga¬ 

tion in the plane normal to the distortion axis. 

If the barriers between the wells are high enough, then 

the distortions corresponding to the three stable configura¬ 

tions at the bottoms of these wells produces the static Jahn- 

Teller effect. For a configuration characterized by a given 

value of 0 f the electronic orbital ground state is either 

if the coupling coefficient V, K 0 or if Y, } 0 . 

This simple approach to the strong coupling case is valid 

since the Hamiltonian from Equations (25- and 31) consists only 

of electronic operators which depend parametrically on the 

lattice coordinates Q0,Qe. Thus any perturbation to the ^Eg 

electronic ground state can be considered on the distortion 

determined basis it.>, i^.> . This allows one to determine 

the effect of static Jahn-Tel1er coupling on EPR spectra sim¬ 

ply by solving the effective electronic perturbation Hamilton¬ 

ian of Equation (8) for the stabilized values of 0 . From 
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Equation (8) we have 

4 A,X■S <P - ^ f(3Ii5,-i-s)% -* N/3 foVlySy)Ve] (33) 

4 ^ f + ee Ifg ) 

where static strains other than those produced by the Jahn- 

Teller coupling have a smaller effect than the lattice dis¬ 

tortion but are very important in stabilizing the distorted 

complex. Using the electronic basis I 4+), 1 4'-') from Equa¬ 

tion (27) and considering the 9-0 stable case, we obtain the 

axially symmetric spin Hamiltonian for the Zeeman and hyper- 

fine interactions only: 

Jfs=<ll>±li?lll'±> -<j* +g^(%H,+s'yH|)+A,fr^H-A1
±(Wr,sv) w 

v/here 

+ 

and 
8A 

}n ' V <k = & ' & 

fc - 
zX 

(35.a) 

" 3r3*' 3s 

& * % = 8* 

A„ ~ A,- 

A; * A,- I? 

0 <o\ 
A (35.b) 2^" ~ 3s A 

A„+ " A^+Ai 

A; -- A, - y 
The + (-) sign refers to the situation V< ( 0 (V, }0) . 

The other equally equivalent stable configurations for 

/) » 2. TT -4ff 
” " 3 and 3 simply yield an axially symmetric Hamiltonian 



33 

of the same form as Equation (3*0 except that the axis of sym¬ 

metry is, respectively, the x and y axis. However, if the 

A Tf ^ Sjr 
stable configurations correspond to tf - 3 , n , and 3 , then 

the spin Hamiltonian has the y,z, and x axis, respectively, 

as the symmetry axis. Then the identities of the effective 

parameters are reversed: the + coupling coefficients are given 

by Equation (35.b) for V, 4 0 and the - by Equation (35.a) for 

v, > 0 . 
Solution of the spin Hamiltonian of Equation (3b) yields 

EPR transitions at the energies from Appendix B: 

2. 
c.os c< 

/ * \* . 2 ' 
+ ( Ji j sin tX 

(36) 

where Oi is the angle between H^ and the z axis. Obtaining a 

solution to the Hamiltonian of Equation (33) for the other 

A ZSf 4ff 
equivalent stable configurations for U~ 3 and "3 corresponds 

to transforming the Hamiltonian of Equation (3*0 for the situ¬ 

ations for which the axis of quantization is the x or y axis, 

respectively. Solving for the EPR transitions with the mag¬ 

netic field rotated in a (110) plane (See Appendix B) yields 

A UT 4ir 
the same result for both o ~ 3 and *3 : 

- v.i c(3,r)‘-(ji*)i>«« * <ji.*)1 '3?) 
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Figure 6.b shows the angular dependence in the (110) plane of 

one of the hyperfine lines of the EPR spectra for the static 

Jahn-Teller effect from Equations (36) and (37) compared with 

the angular dependence (See Figure 6.a) for the isolated E^ 

electronic ground state. Figure 6.c gives the angular de¬ 

pendence in the (100) plane for the EPR transitions calcu¬ 

lated in Appendix B. 

The role of strain in this case is to destroy the equiva¬ 

lence of the three stable distorted configurations by displac¬ 

ing the energy of the three configurations with respect to 

each other. The strain Hamiltonian from Equation (5) disre¬ 

garding the term is: 

JfsnwN " V* (eA + ^ 

The matrix elements of the strain interaction on 

electronic basis are 

(38) 

the 

I = ± v, (e* wsQ + e* *i« 9 ) (39) 

where the matrix elements of K,ue can be found in Appendix 

B and 0 - tan ^ . Taking as an example the case 9-0, 3*3 

we have, respectively, 

A E* ~ z Vz ( 2 - e yy ”) (40.a) 



(c) rotation 
in (100) plane 

FIGURE 6t Angular dependence of the EPR spectrum for (a) an isolated 

2 
electronic Eg ground state in (110) plane and (b) a vibronic ^E ground 

state exibiting the static Jahn-Teller effect in a (110) plane and (c) in 

a (100) plane. 
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A£z- ■kVt ( 2. e** (40.b) 

A £3 “ 7. ^ (2- Z-yy - - exx ) 
(40.c) 

for Vj<0 and for Y| ^ 0 , the same shift but of opposite sign. 

Thus the energy of each stable distorted configuration is 

shifted with respect to the other two. This, of course, sta¬ 

bilizes a particular lattice distortion corresponding to 

whichever of the three minima at the bottom of the trough has 

the lowest energy as a result of the strain interaction. 

At sufficiently high temperatures, a system, which in its 

ground state at very low temperatures manifests a static 

Jahn-Teller effect, exhibits a type of "dynamic" effect as a 

result of rapid thermally induced transitions between differ¬ 

ent eigenstates. This thermally activated reorientation of 

the complex is sometimes interpreted in terms of the conven¬ 

tional theory of motional averaging of the resonance spectra. 
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F. The Dynamic Jahn-Teller Effect 

Due to the rotational symmetry of the energy surfaces in 

Figure 5, there is not a discrete set of configurations of 

the stable equilibrium as long as only linear Jahn-Teller 

coupling is considered. This condition is satisfied when the 

higher order terms in the Taylor series expansion of the vi¬ 

brational potential which lead to warping can be neglected. 

Then one would expect that when the kinetic energy of the 

lattice ions was included in if v , the system would exhibit a 

dynamic behavior, corresponding to some sort of motion around 

the trough in Figure 5. 

Adding the linear momentum operators , conjugate 

to Q,. Qt. the form of the kinetic energy operator 

to Equation (25), we now have the vibronic Hamiltonian 

lar frequency. The force constant K. of Equation (25) is ra¬ 

re M is the effective mass of the mode and OJ is its angu- 

(42) 
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Since the Hamiltonian of Equation (41) has full cubic 

symmetry under simultaneous transformation of both electronic 

and vibrational operators, the exact eigenstates of the cor¬ 

responding eisenvalue equation must belong to an irreducible 

representation of the symmetry group of the original symmet¬ 

ric configuration and, of course, have the respective degen¬ 

eracies. 

(14) Moffitt and Thorson' have shown that the eigenstates 

of the vibronic Hamiltonian in Equation (41) are all doublets. 

(14 15) The ground state is a doublet belonging to Eg * and the 

first excited state is an "accidentally" degenerate doub¬ 

let^wj one state belonging to the symmetric repre¬ 

sentation /L(0 of the point group 0^ and the other to 

;n+i 23 A,0(fT). 
Thus we see that the degeneracy of the ground state has 

not been removed, but only the form of the degeneracy has 

been changed from electronic to vibronic. As long as excited 

vibronic states are far away from the ground state compared 

to any perturbation applied, the properties of the vibronic 

ground state are identical to those of the original electronic 

orbital doublet state when Jahn-Teller effects are not con¬ 

sidered. However, the Jahn-Teller coupling will change the 

value of some of the parameters which describe the ground 
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state (26) 

As pointed out in Section B, the general form of the 

operators representing external perturbations on the elec¬ 

tronic orbital doublet , can be written 

=J+ ix - a24 ik3) 

This Jf describes the effect of interactions with the elec¬ 

tronic state in full cubic symmetry when Jahn-Teller effects 

are neglected. 

For sufficiently strong Jahn-Teller coupling, where the 

kinetic energy of the lattice is ignored, the perturbation 

Hamiltonian of Equation (25) has only parametric dependence 

on the Q , Qe coordinates of a static lattice. However, one 

expects in the weakly coupled dynamic case, where the kinetic 

energy is included, to be dealing with a vibronic Hamiltonian 

in which the electronic and vibrational parts are inextricably 

mixed. One then must transform the Hamiltonian in Equation 

(43) from the orbital basis to a vibronic basis in order to 

solve for the eigenvalues of the coupled system. 

We wi 11 let l^g), (be the two components of the 

doubly degenerate vibronic ground state of ifin Equation (41), 

then the matrix elements of the perturbation Hamiltonian if 

in Equation (43) on the I^J), basis are identically 
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equal to those of 

where p and q are the reduction factors introduced by Ham 

and are defined as 

(44) 

(26) 

3 = - » 

p - i ^zl ’ 

and where ^2.» 2^ and ^r<? are vibronic operators having 

matrix elements between I , i identical to those 

of the orbital operators (2L , Zip and Zl6 between l&y , IO 

as given by Equation (23). 

The function fj in the Hamiltonian is unaffected, but 

the function f£ is reduced by p and , f6 are reduced by q. 

For weak coupling (Ext<^ ^oa) , p and q are given by per¬ 

turbation theory as (26). 

p“ 
A o Izr 

% - 1 ~2 

(46) 
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but for strong coupling (without warping) 

p * 0 

(47) 

f 26) Moreover, it has been shown by Hanr 1 that as long as only 

linear Jahn-Teller coupling is considered with no warping, 

then the relationship between q and p is: 

(48) 

Thus we see that the dynamic Jahn-Teller effect modifies 

the various terms in the effective Hamiltonian for the el ec- 

tronic Eg state in cubic symmetry by simply reducing the 

terms transforming as the 0 t € partners of the irreducible 

representation E. 

The Hamiltonian for the Zeeman and hyperfine interactions 

now has the form 

Jf = + t^C[(3S4H, -H'S )Ve 

+ A, x-s^ •+ -xysr)u,] 

Thus dynamic Jahn-Teller coupling affects the EPR spectra 

of the isolated electronic doublet in 0^ symmetry by reducing 

the anisotropy in g and A as shown in Figure 7. 
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FIGURE 7: The only effect of dynamic Jahn-Teller coupling is to reduce 

the anisotropy in the angular dependence of the EPR spectrum of an elect- 

2 
ronic Eg in 0h (solid lines) by the reduction factor q. The effect of 

this reduction is shown by the dotted lines. 
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G. Intermediate Coupling 

Having already considered the strong and weak coupling 

limits of the vibronic problem (the static and dynamic Jahn- 

Teller effects, respectively), we now direct our attention to 

vibronic solutions in general. The next treatment of Eg 

vibronic coupling in 0^ symmetry should include the inter¬ 

mediate coupling regime - the situation when the magnitude of 

the warping terms in the vibronic Hamiltonian of Equation (31) 

approaches the magnitude of the zero-point vibrational motion 

of the neighboring nuclei. 

Longuet-Higgins et al^"^ in their consideration*of 

linear Jahn-Teller coupling have shown that the first excited 

vibronic state (either an or A2g singlet) approaches the 

2 Eg vibronic ground state asymptotically as the ratio of 

EJJ/KW becomes very large (stong coupling limit but with no 

warping). O'Brien^^ has made some calculations of the ef¬ 

fect of warping in the limiting case of very strong Jahn- 

Teller coupling (EJJ)^ K\ ) when the warping is assumed to 

be a small perturbation relative to the depth of the trough. 

She found that the doublet E vibronic ground state is approached 

asymptotically by an excited singlet state when warping is in¬ 

troduced in addition to a strong linear Jahn-Teller coupling. 
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This approach of the singlet state to the doublet ground 

state as the warping is increased represents the transition 

from the dynamic to the static Jahn-Teller effect. The static 

limit corresponds to an "accidentally" degenerate triplet sys¬ 

tem consisting of the doublet vibronic ground state and the 

first excited singlet. On the other hand, in the dynamic 

limit, the ground state is an "isolated" doublet with the 

first excited singlet far away compared to any perturbations. 

Then an effective Hamiltonian must be formulated for the 

nearly degenerate triplet which consists of the doublet ground 

state and the singlet first excited state for the effect of 

any perturbation on the vibronic ground state in the inter¬ 

mediate coupling regime. 

Although the static Jahn-Teller effect corresponds to a 

vibronic system in which the ground state and the first ex¬ 

cited state form an "accidentally" degenerate triplet, the 

validity of the approach in Section E is based on the fact 

that in this limit the Born-Oppenheimer approximation holds. 

In such a situation, the vibrational and electronic wave- 

functions can be separated and any electronic perturbation to 

the system can be considered solely on the doublet ground 

state electronic basis. 

As a planned extension of the present work for future 
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study, an effective Hamiltonian for the nearly degenerate 

triplet system composed of the doublet vibronic ground state 

and the nearby singlet first excited state will be formulated 

using the group theoretical techniques previously demonstrated. 

As usual, the effective Hamiltonian for each of the perturba¬ 

tion terms (strain, Zeeman, and hyperfine interactions) can 

be solved taking into consideration appropriate assumptions 

regarding the relative magnitude of the respective coupling 

constants. Modifications to the EPR spectra of the moderately 

coupled Eg ground state system as inferred by this model 

which includes the nearness of the excited singlet will be 

discussed. 

Appropriately, a practical reason for developing the 

present theory is that the research now in progress may turn 

up evidence regarding effects in the EPR spectra intermediate 

between the weak and strong coupling limits. At any rate, 

transition metal ions having a vibronic doublet ground state 

with a nearby excited vibronic singlet in cubic symmetry seem 

to be the one of the more promising experimental situations 

at this time in which to seek an intermediate coupling case. 
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Hi. EXPERIMENTAL 

A. introduction to Spectrometer 

A conventional spectrometer as outlined in Figure 8 was 

used to study the Jahn-Teller effect in paramagnetic spin 

g 
resonance spectra of nd^ configuration impurity ions in octa¬ 

hedral sites in alkal?-halide single crystals. The sample 

crystal is placed in a microwave resonance cavity operating 

at a frequency in the x-band (8.2-12.4x10^ sec"M. Monochro¬ 

matic microwaves produced by a reflex klystron are incident 

upon the cavity and the microwaves reflected from the cavity 

are directed to the mixer detection stage. 

A large static magnetic field splits the Zeeman levels 

of the impurity ion. The sample crystal is oriented in the 

resonance cavity such that at the crystal a component of the 

microwave magnetic field of the cavity standing wave pattern 

is perpendicular to the external static magnetic field. Under 

these conditions allowed magnetic dipole transitions (AWls
c4l) 

are induced. With the microwave frequency fixed, power is ab¬ 

sorbed by the sample from the microwave magnetic field as the 

dc magnetic field is slowly swept through the resonance value 

of the magnetic field, where h is Planck's constant, 

*0 is the microwave frequency, is the electronic Bohr 
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FIGURE 8t EPR spectrometer flow-block diagram 
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magnetron, and g is the so-called g-factor. 

The absorption of microwave power at magnetic resonance 

is detected by monitoring the microwave power reflected from 

the cavity at the frequency 'O as the dc magnetic field is 

swept. Since the change in the power level at magnetic reso¬ 

nance is generally very small, detection of the absorption 

signal is enhanced by using phase sensitive detection tech¬ 

niques. The dc magnetic field is modulated at some audio fre¬ 

quency f generated as a reference signal at the phase sensi¬ 

tive detector. As a result the power absorbed by the paramag¬ 

netic ion at magnetic resonance is also modulated at fm. 

This modulated change in the power level is then detected 

at the mixer stage of the microwave bridge. The resulting ac 

signal voltage is amplified and compared to the reference sig¬ 

nal in the mixer stage of the phase sensitive detector. A dc 

voltage signal is formed in the mixer which is proportional to 

the derivative of the magnetic resonance absorption signal. 

The derivative signal is then amplified and displayed on an 

oscilloscope for immediate viewing or permanently on a x-y re¬ 

corder chart. Detailed information concerning the operation 

of the spectrometer and analysis of its various components are 

described in the sections following. 
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B. Physical Measurements in EPR 

Let us consider in more detail the nature of the physical 

measurements one makes in an electron paramagnetic resonance 

(27) 
experiment . As pointed out previously, magnetic resonance 

occurs when the sample is placed in a dc magnetic field and a 

microwave magnetic field which rotates in a plane perpendicu¬ 

lar to the dc field. Classically the magnetic dipole moment 

of the paramagnetic ion precesses about the static magnetic 

field at the Larmor frequency, cJL-¥ H6 where y is the gvro- 

magnetic ratio and HQ is the external dc magnetic field. It 

is convenient experimentally to apply a linearly polarized 

microwave magnetic field, and to visualize it as decomposed 

into two oppositely rotating circularly polarized components 

as shown in Figure 9. Let the microwave magnetic field be 

represented by Hj = cos w^(34) ^ tp,e tWQ cjrcu]ar]y polarized 

components are cosurf + ^ ) and ). 

Resonance occurs because of the interaction of the spins with 

the component which rotates in the same sense as the Larmor 

precession of the dipoles. Using the properly rotating , 

the total magnetic field at the impurity ion site can be writ¬ 

ten H-t cosuit -+^‘ sin k H4. Then the Bloch equations for 

the magnetization precessing in phase and in quadrature with 

the properly rotating microwave field are found to be (see 
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FIGURE 9: The magnetic momentprecesses about the externally applied 

field at the Larmor frequency, , When an oscillating magnetic 

field H, " 2.c H(toe iat is applied, it can be visualized as decomposed 

into two oppositely rotating circularly polarized components as shown in 

the x - y plane. Although not shown, would then precess about the 

resulting magnetic field H - c f~f( Cos ■+ ^ (4, ■siw ojf -y ^ 
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Appendix C): 

magnetization in phase 
(49.a) 

with rf field 

magnetization in quadrature 

with rf field 

magnetization along dc 

magnetic field 

Magnetic resonance is an interaction of a dc magnetic field 

and an rf magnetic field and both are altered when resonance 

occurs. The in-phase component of the magnetization will 

cause a phase shift in the microwave magnetic field, commonly 

called dispersion. The component of magnetization in quadra¬ 

ture with the microwave magnetic field is associated with 

losses resulting in heating of the sample and is called the 

absorption. Finally the component of magnetization parallel 

to the dc field will result in a shift of the magnetic field 

at the sample. We can observe magnetic resonance by detecting 

any one of these three changes which occur. We will restrict 

ourselves to detection of only the microwave field changes as 

the change in the dc field will be negligible for the paramag¬ 

netic ions under study. 
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Magnetic resonance dispersion causes a.small change in 

the resonant frequency of the cavity and magnetic resonance 

absorption causes a small change in cavity Q. Thus at reso¬ 

nance there are reflected from the cavity two microwave volt¬ 

ages in quadrature with each other. That voltage which is in 

phase with the voltage reflected from a slightly mismatched 

cavity at resonance is the absorption signal, and the other 

is the dispersion signal. For a linear detector and small & 
the voltage output will be either ( EL+ £ ) or (E^4 S cos 

depending on . (See Appendix D). Thus a signal appears at 

the detector crystal at the modulation frequency whose 

amplitude is directly proportional to the change in microwave 

voltage reflected from the cavity at resonance. By adjusting 

the phase angle of the voltage from the reference arm, either 

dispersion or absorption can be detected. 

However, pure absorption is detected regardless of the 

setting of the reference phase angle when using the AFC to 

lock the klystron frequency. This is because the AFC pulls 

the klystron to a point of minimum demodulation of klystron 

frequency fluctuations relative to the cavity containing the 

sample. Dispersion is a cavity frequency change thus the de¬ 

tector cannot distinguish between the effects of klystron and 

cavity frequency changes. 
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A slight modification of Equations (D.ll and D.12) of 

Appendix D for the voltage output of a single linear detector 

occurs when a balanced mixer detector is used.. In a magic 

tee mixer, half of the power from both the reference bias and 

the signal reflected from the cavity is directed to each of 

the two detection arms. The part which is an H-plane tee 

splits the power incident on it equally among the two detec¬ 

tion arms and with the same phase. On the other hand, the 

part which is an E-plane tee divides the power into two equal 

parts of opposite phase (180° apart). Thus the output volt¬ 

age will have the form cos 1 at one diode and 

J at the other, where is if the phase 

, IT e" i 
angle f- z or o if f - 0 . When these two signal voltages 

are applied differentially to the input of the signal tuned 

amplifier, the two voltages will subtract yielding only 

£(4>)cosc^t". This technique effectively removes the noise volt¬ 

age associated with the bias Eu. 

Now that we have the means of detecting the magnetic 

resonance absorption signal, we must find the value of the 

resonance absorption voltage ^37), un]0aded Q of the 

cavity may be written 
enevjy <>Toreel 

a.ve\rou^e povocv* lost" 

(50) 
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where U is the energy stored in the cavity, Pw is the power 

lost of the walls of the cavity and Ps is the power absorbed 

by the sample at magnetic resonance. 

For ^ 

where QQ is 

S i nee 

the cavity Q in the absence of magnetic resonance: 

q. = <-> u / R, • 
? QZ 

<*= 9.-4Q , AQ - -Z* (52) 

The average power absorbed by the sample is 

(53) 

Here, Vs refers to the sample volume, is the rf magnetic 

// 

field and % the susceptibility as defined in Equation (C.ll) 
// 

of Appendix C. Assuming no power saturation, p is independ¬ 

ent of , and Ps - ^ y, J14A Jl/S • 

Usually one introduces the concept of the filling factor 

(54) 

where V_ refers to the volume of the cavity. The filling 

factor,'fy , is the ratio of the average energy density in the 
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space occupied by the sample to that in the cavity. We may 

also express the cavity Q in the form: 

u> 

4£ JA ^ 
(55) 

14 P.-K 

where the term in the brackets is the stored energy U, PQ is 

the incident power and Pp is the reflected power from the 

cavity. Inserting Equations (54) and (55) in Equation (53), 

the power absorbed by the sample at magnetic resonance is 

given by: 

% = fa 4 (P.-%) (56) 

We note that the change in the reflected power Pr at reso¬ 

nance is given by: 

A Py* = —*■ iQ 
(57) 

s i nee i 

P
-* 

.i (58) 

then AR- - -A (59) 

The change in reflected power in a magnetic resonance 

experiment is numerically equal to the power absorbed by the 

sample. 

I A 4* *.* r- . (38) In addition, Feher considers the impedance of the 



61 

cavity looking into the connecting waveguide and obtains the 

result for the change in the voltage at magnetic resonance: 

r 
V (60) 

where V is the voltage of the microwaves incident on the 

cavity. Thus for a sample of fixed susceptibility, the sig¬ 

nal output voltage is directly proportional to the incident 

microwave power, the filling factor, and the Q of the cavity. 

Maximization of these parameters consistent with the noise 

figure of the system is desired in order to achieve optimum 

sensitivity of the spectrometer. 
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C. The Microwave Bridge 

Figure 10 illustrates the microwave bridge used in the 

x-band (8.2-12-4 GHz) spectrometer employing a balanced homo¬ 

dyne or continuous wave doppler mixer. There are two basic 

kinds of microwave mixers: superheterodyne and homodyne. in 

superheterodyne mixers, the bridge is operated at an inter¬ 

mediate frequency (IF) which represents the difference between 

the incoming microwave frequency and local oscillator fre¬ 

quency. In homodyne systems, the transmitter tube also acts 

as the local oscillator and an intermediate frequency exists 

only if there is a doppler shift in the transmitted frequency. 

For this experiment homodyne detection was chosen over 

superheterodyne because of its wider dynamic range of applica¬ 

tion coupled with its flexibility and simplicity in construc¬ 

tion. However, there is an increase of approximately 7db in 

noise figure. Although the ordinary back reflection spectro¬ 

meter is the ultimate in simplicity, the large noise figure 

coupled with a reduction in gain at low incident powers yields 

a marginal sensitivity. There was definite benefit to be de¬ 

rived from the relatively small amount of extra effort needed 

to construct a homodyne unit as compared to the reflection 

system. 

Power is furnished to the microwave bridge by the 



63 

isolator —— 
shorting 
switch i——* 

variable — 
attenuator — 

variable phase .. V.y 
shifter - 

detector   
crystal   

thermistor   
mount  ^ 

slide screw y 
tuner 

waveguide-coax  JTTJ 
adaptor   

cavity 
rotary -/FSr 
switch \Q- 

matched —— 
load   

circulator 

klystron ^ | 

FIGURE 10: Schematic diagram of the microwave bridge in the EPR 

spectrometer. 
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specially selected low noise V-153C klystron stabilized by an 

AFC circuit described later. 40 db isolation' is furnished by 

the Melabs RX-10 ferrite isolator to protect the klystron from 

reflected power. The 20 db variable attenuator is a Waveline 

digital dial type used to set and lock the power level output 

to the system at a continuous wave maximum of -20 dbm. 1% of 

the power is picked off and then half of this is used by the 

reference cavity for AFC or frequency monitoring and the other 

half goes to the waveguide-coax adaptor unit for transferring 

power to the HP Model 5245L precision electronic frequency 

.counter. 

Another 1 mw of power is sent into the reference arm pro¬ 

viding a reference microwave voltage of variable phase and 

amplitude at the detector diodes. This reference voltage 

biases the diodes into their linear operating region. 

In the reference arm a rotary switch can be used to tem¬ 

porarily divert the power to a thermistor mount. This allows 

one to set the optimum crystal bias before operation of the 

mixer. The 20db flap attenuator (HPX375A) is used to gradu¬ 

ally apply power to the detectors when the bridge is opened 

avoiding a disastrous transient pulse through the diodes. The 

HPX885A precision phase shifter changes the reference phase 

with respect to the signal arm phase. The switches on each 
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side of the magic tee mixer are solely for protection to the 

expensive, low noise, hard-to-get-within-several-months back¬ 

ward mixer diodes. 

In the signal arm following the 20db reference arm coup¬ 

ler are two 50db precision HPX382A rotary vane attenuators 

used to reduce the power incident on the cavity to a possible 

-8 
minimum of 10 picowatts (10 milliwatts or -80dbm). The 

wageguide switch allows microwave access to an HPX486A therm¬ 

istor mount used in conjunction with an HP431C Power Meter to 

accurately measure the power incident to the cavity. Monitor¬ 

ing of the incident power is required in addition to that in 

the reference arm if one wants a precise determination of in¬ 

cident power levels. This additional power measurement is 

required as a result of marginally known insertion loss of 

the cross-guide coupler between the reference arm monitor and 

the one at the circulator. 

The Melabs H-487 ferrite circulator (20db isolation) di¬ 

rects substantially all of the incident power to the sample 

cavity and substantially all the resonance information from 

the sample cavity to the detector crystals. All, that is, 

except for 10% which is used for preliminary tuneup proce¬ 

dures and stabilization of the klystron to the cavity fre¬ 

quency. The next lOdb coupler is available to add 10% of the 
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"white" noise from a MSC MC5812 calibrated solid state noise 

source to the signal arm as the need arises to monitor the 

noise figure of the spectrometer during operation. The slide 

screw tuner is used for cavity matching to the waveguide 

transmission line in addition to the teflon tuner near the 

cavity iris. 

In this bridge the cavity typically is operated as near 

match (unity coupling) as possible. The signals reaching the 

detector are composed of two parts: (1) a large bias signal 

of fixed operating phase and amplitude from the reference arm, 

and (2) a small signal reflected from the sample cavity, whose 

amplitude and phase change at magnetic resonance. The ampli¬ 

tude of this small component is modulated at the field modu¬ 

lation frequency fm. 
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D. Detector Diodes 

The ultimate sensitivity of the spectrometer is inti¬ 

mately related to the physical properties and operational 

characteristics of the diodes used to detect the magnetic 

resonance signal at the mixer of the microwave bridge. De¬ 

tector diodes are essentially high sensitivity devices which 

function on the basis of direct rectification of the micro- 

wave signal through use of a non-linear resistive element. 

There are three distinct types of comrne r i ca 1 i y available 

diodes generally utilized in microwave applications: (1) 

point-contact, (2) backward, and (3) Schottky-Barrier. The 

diode equivalent circuit and characteristic parameters can be 

found in Figure 11 and Table V, respectively. 

Point-contact diodes are fabricated with a junction com¬ 

posed of a sharp metal whisker making contact with a semi¬ 

conductor element. A typical 1N23 diode designed for opera¬ 

tion at x-band frequencies has an 1-V characteristic as shown 

in Figure 12. 

The backward diodes, so-called because its easy-current 

direction is in the negative-voltage rather than the positive- 

voltage region of the I-V curve (See Figure 12), is a highly 

doped, alloyed germanium p-n junction. Detection and mixing 

exploit the I-V non-linearity in the reverse, negative-voltage 
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FIGURE 11s Diode equivalent circuit. 
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FIGURE 12t Comparison of backward, point-contact, and Schottky diode 

I-V characteristics. Note that the easy-current region of the back¬ 

ward diode occurs at negative bias. 
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direction whereas point-contact diodes operate in the posi¬ 

tive-voltage region. 

The Schottky-Barrier or Hot Carrier diode is essentially 

a rectifying metal-semi conductor junction. The metal-semi¬ 

conductor interface can consist of a variety of metals in con¬ 

junction with either n-type or p-type silicon. Its I-V char¬ 

acteristics are similar to point-contact diodes in that its 

"easy" current flow is in the forward biased region. 

The backward and Schottky-Barrier diodes were chosen for 

initial comparison in the spectrometer over the point-contact 

for their superior signal-to-noise ratio. The signal gain ad¬ 

vantage of the backward diode is apparent from the I-V char¬ 

acteristics shown in Figure 12. The backward diode "easy" 

current is 1 ma at only 0.15v compared to 0.35v required by 

the point-contact diode and at least 0.50v required by the 

Schottky-Barrier diode for the same current. This inherently 

higher current sensitivity of the backward diode is especially 

desirable in small signal detecting and mixing. The abrupt, 

alloyed junctions and high doping levels of the backward and 

Schottky-Barrier diodes yield extremely low diode output 

noise, even at frequencies down to IKc. Comparison of the 

various diode noise corner frequencies (extrapolation of the 

-jr curve to the Odb noise level) demonstrates the ability of 
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both the backward diode and the Schottky-Barrier diode to 

operate down to low intermediate frequencies (See Figure 13). 

Although the backward diode and the Schottky-Barrier diode 

appear to be equal likely choices for spectrometer applica¬ 

tions from their specifications, actual tests under experi¬ 

mental conditions showed the backward diode to have a noise 

figure an order of magnitude better than the Schottky-Barrier 

diode. As a result of this experimental comparison, the back¬ 

ward diode was chosen for use in the present spectrometer. 

It should be noted that although the reliability of the 

backward diode is further enhanced by the inherent electrical 

and mechanical stability of the alloyed junction as compared 

to the pressure dependent whisker contacts, it has the lowest 

continuous wave (cw) burnout rating of the three diode types 

as seen in Table V. 

The higher capacitance of the backward diode (See Table 

V) stems from the high doping and the larger junction area 

associated with alloyed junctions. High-frequency performance 

of the backward diode, and to some extent the Schottky-Barrier 

diode, therefore has been limited. However, improved fabrica¬ 

tion techniques are expected to reduce the capacitance suffi¬ 

ciently to permit use of the back diode and Schottky-Barr?er 

diode above KU-band. The Schottky-Barrier diode is the newest 
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mixer diodes 
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addition to the mixer diode selection and has the potential of 

being the best overall mixer diode not only with respect to 

its high frequency possibilities, but also in consideration of 

\ 
its power handling capability and low ^ noise. 

The lower impedance of back diodes creates a problem 

when used for mixing, but can be eliminated by proper circuit 

design. Matching to ordinary IF amplifiers can be accom¬ 

plished by a common-base transistor stage such as the Philco 

P3003 Preamplifier or a step-up transformer such as the PAR 

Model AM-1. 

Having selected a detector diode, the next task is to de¬ 

termine the optimum operating conditions. Figure 14.b shows 

that at least .01 mw of L0 power is necessary to bias the 

diode into its high sensitivity linear detection region. The 

lowest noise figure of the diode typically occurs at a local 

oscillator power of -3dbm for an IF near 5KHz and a load re¬ 

sistance on the order of 15 SL (See Figure 14.a) Thus the 

optimum leakage bias per diode in a balanced mixer is typi¬ 

cally near 0.5mw. 

Having fixed the L0 power, we must now consider the 

matching of the diode impedance to that of the IF amplifier. 

With an L0 power 0.5mw, Table V shows the IF impedance of the 

backward diode to be approximately 100 ohms. In Figure 15 we 
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40 

FIGURE 14t (a) Typical noise figure versus local oscillator power 

for back diodes and (b) Backward diode detector dynamic characteristics 

for a frequency of • 
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FIGURE 151 Effect of local oscillator power and load resistance on 

backward diode performance. 
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see that the conversion loss and the noise figure of the back 

diode decreases as the load resistance is minimized. Using 

these parameters we conclude that the lowest noise transfer 

of the signal from the diode to the amplifier is obtained by 

using the PAR type B-l transformer-coupled preamplifier work¬ 

ing into the PAR Model HR8 phase sensitive detector. The 

noise figure contours of Figure 16 show that the amplifier 

contributed noise is less than Idb operating at an IF near 

5KHz with a source impedance of approximately 100 ohms. The 

input transformer of the type B1 preamplifier is wired so that 

the dc load resistance on the diode is 15-^T- . This estab¬ 

lishes the proper low dc load on the diode (as previously dis¬ 

cussed) and simultaneously provides a good ac impedance trans¬ 

formation, so that the amplifier "sees11 the correct impedance 

for a low amplifier noise figure. 
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FIGURE 16t Noise figure contours for a typical Type B preamplifier. 

This data was obtained from the PAR Model HR8 lock-in amplifier. 
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E. EPR Cavity 

The microwave cavity is one of the more critical ele¬ 

ments in a microwave spectrometer. The cavity must meet sev¬ 

eral criteria depending upon the particular experimental cir¬ 

cumstances. For the experiments in this thesis a cavity was 

needed which had three major features: (1) permitted sample 

access to irradiation, both optical and x-ray, (2) allowed 

quick sample changes at low temperatures without large cryo¬ 

genic liquid losses since many samples were to be studied in 

one experiment, and (3) had as large a quality factor as pos¬ 

sible to increase sensitivity. 

For magnetic resonance experiments utilizing these cri¬ 

teria, the TEQ|J mode cylindrical cavity (See Figure 17) 

seemed most appropriate. Not only does it have the features 

mentioned previously, but the cylindrical cavity also has the 

additional advantages of being able to accomodate a fairly 

large lossy sample without an excessive decrease in Q. The 

major disadvantage of the cylindrical cavity is its small 

filling factor. 

The cylindrical cavity shown in Figure 18 was designed 

for a resonance frequency when empty of 9.5 GHz at room tem¬ 

perature. The maximum possible Q was obtained by choosing 

the diameter (D) equal to the length (L) (See Alger^*^, 
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(a) MAGNETIC FIELD LINES 

FIGURE 171 Cylindircal *T”E01| cavity mode. 
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p.116). Calculations from the frequency-diameter equation 

^ (z.2z -t-i3.4)V-/o and the mode chart, Page 145 of 

the Microwave Engineers Handbook, for 5 = 1 and 'O - 9.5x10^ 

sec yield a required diameter of 1.7 inches. 

The cavity is formed of 1.68511 ID, 0.065" wall thick¬ 

ness, OFHC (oxygen-free, high conductivity) extruded copper 

tubing. This tubing form was chosen in order to have a 

ready-made microwave finish on the inner surface dispensing 

with further tool machining or finish polishing. OFHC copper 

was chosen for its high conductivity, especially at liquid 

helium temperatures. Thus the inherent spectrometer sensi¬ 

tivity is increased by a factor of ten or more at tempera¬ 

tures on the order of 4.2°K when using OFHC rather than 

brass for the cavity material. 

The potential Q calculated from Equation 17 Page 274 of 

Alger yields a value of approximately 28,000 at room tem¬ 

perature. However, the actual Q observed during the experi¬ 

ment was on the order of 5000 at room temperature and 10,000 

at 1.3°K. The cavity has a 0.125" diameter hole in the top 

plate to allow samples or light to be introduced. Mode 

isolation is accomplished by a 0.125" deep groove, 0.125" 

wide, between the walls and bottom plate of the cavity. 
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The iris and bottom plate are .032" OFHC copper plate backed 

by .125" brass. 

Slots 0.012" wide, parallel to the RF current lines in 

the cavity walls, sufficed to break up eddy currents pro¬ 

duced in the thick copper walls (maintained for the struc¬ 

tural rigidity). Eddy currents reduce the magnetic field 

modulation at the sample site and shifts the phase of the 

modulation frequency. Eddy currents also interact with the 

dc magnetic field giving rise to forces which modulate the 

cavity dimensions coherently resulting in spurious signals 

which pass through the phase sensitive detector. 

Still another problem with a high Q cavity in a high 

sensitivity spectrometer is that of background contamina¬ 

tion. Impurities of parts per million in and on the cavity 

walls contribute to background EPR signals. Contaminants 

on the cavity walls also reduce the cavity Q. Typical con¬ 

taminants are dust and moisture caught in the styrofoam used 

to keep cryogenics out of the cavity and oxidation of the 

OFHC copper surfaces enhanced by moisture trapped in the ad¬ 

jacent styrofoam. Careful cleaning and polishing of the 

copper surfaces, clean styrofoam, handling the cavity with 

clean, dry gloves, and dessicator storage helps to reduce 
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these types of contaminants. 

In order to operate the cavity matched to the connect¬ 

ing waveguide, a variable coupling scheme is necessary. The 

variation is needed because the match depends on cavity Q, 

which in turn depends on sample dielectric losses (which, 

of course, vary from sample to sample). In addition, the 

match also depends on temperature and other uncontrollable 

experimental features such as the condition of the cavity. 

It is common to arrange the incoming waveguide and the cav¬ 

ity such that the rf magnetic fields in each are parallel 

at the interface between them. Coupling occurs through the 

iris placed at that point depending on the iris size and 

shape, or decoupling can be provided by several schemes 

(see Alger^^) of which the teflon tuner seems the most 

practical. 

The teflon coupling mechanism used in this experiment 

was designed after B1 ackstead^*1^ using for the 

width, Lc - ~ ^yp for the length of the section beyond 

cutoff, and LT- - \ —; for the overall length of the 
4 VF 

teflon plug where X is the free space wavelength and b the 

short inside dimension of the waveguide. V/i th the resulting 

values of 0.518" for the width, 0.735" for the length of the 
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cutoff section, and 1.290" for the length of teflon, the 

mechanism as shown in Figure 19 was fabricated. The posi¬ 

tion of the teflon section is adjusted by a lead screw ar¬ 

rangement along the outside of the waveguide. 

The reduced section of waveguide is beyond cutoff atten¬ 

uating essentially all of the incident microwaves along its 

length except when the teflon wedge ( €-2.1 ) Js inserted. 

Any part of the reduced waveguide which does not contain the 

teflon is still beyond cutoff and therefore the microwaves 

exponentially decrease in that portion. A reduced coupling 

to the cavity is thus obtained. 

Initially the cavity must be overcoupled using an over¬ 

size iris. The variable transmission of the teflon tuner 

can be used to reduce the coupling. This method allows cav¬ 

ity coupling without creating standing waves between the 

coupler and the cavity as when using a slide screw tuner near 

the top of the dewar. External control of the teflon tuning 

mechanism from outside the cryogenic bath allows the cavity 

to be kept critically matched as the temperature is changed. 

The entire cavity and coupler system are attached to a 

33" long cryostat support head and stalk assembly for support¬ 

ing the cavity between the dc magnet pole faces while inside 
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FIGURE 19: Cutaway view of the coupler assembly showing the reduced 

section of waveguide with the teflon insert* (b) Screw mechanism used 

to adjust the depth of the teflon insert inside the reduced section. 
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the cryogenic dewar system as shown in Figure 20. All con¬ 

trol access points of the system are vacuum tight and the 

waveguide is sealed with a mica pressure window. Four heat 

shields, 2.375" diameter, spaced 4.50" apart on the stalk re¬ 

duce the radiation heat input contributing to efficient use 

of the cryogenic liquid. An adapter plate allows the opera¬ 

tion of the cylindrical cavity in either of two low tempera¬ 

ture dewar systems as described in the following section. 
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FIGURE 20t Cavity support stalk shown with low temperature systems. 
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F. Cryogenics 

There are several good reasons for operating the spectro¬ 

meter with the sample at low temperatures: (1) to insure that 

the system under observation is predominantly in the ground 

state, (2) lengthen the Tj relaxation time, (3) reduce vibra¬ 

tional and motional effects of the electron-1attice complex, 

(4) increase the sensitivity of the spectrometer since A- is 

proportional to and the cavity Q increases with decreasing 

temperature, and (5) trap charges that aren't stable in the 

lattice at high temperatures. 

Low temperatures are provided by either of two similar 

systems as seen in Figure 20. One is a set of coaxial sil¬ 

vered glass dewars for operation at nearly fixed temperatures. 

With liquid nitrogen in the outer dewar and a helium exchange 

gas in the inner dewar, a temperature near 77°K is obtained. 

4.2°K operation is available if the exchange gas is replaced 

by liquid helium. A range of temperatures between 4.2°K and 

1.3°K is available by varying the vapor pressure over the 

liquid helium by means of a 30 cfm NRC rotary vacuum pump and 

a manifold pressure regulating arrangement. The second system 

is an inner metallic modular 7 liter liquid helium dewar with 

a 5? liter liquid nitrogen outer dewar fabricated of stainless 

steel as shown in Figure 21. Cooling is accomplished by open- 
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FIGURE 21: Andonian metal dewar system. 
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ing a throttle valve at the bottom of the helium reservoir 

allowing helium gas, liquid, or both, depending on the tem¬ 

perature desired, to flow through a capillary tube into the 

2^" ID sample chamber. Temperature stabilization occurs as 

the helium flow rate and current to a 7.5 -CL heater on the 

cavity are adjusted until heat transfer equilibrium is reached. 

The temperature at the cavity is monitored by a germanium re¬ 

sistance thermometer between 1.3°K and 20°K and a platinum re¬ 

sistance thermometer for 20K operation and above. An addi¬ 

tional 20 SL heater is available at the bottom of the sample 

chamber to boil off excess refrigerants or heat the helium 

vapor leaving the capillary tube. 
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G. Magnetic Fields 

Electron paramagnetic resonance occurs when the Zeeman 

energy levels are split by a large static magnetic field.and 

magnetic dipole transitions are induced between the spin 

states. The constant dc magnetic field is supplied by a low- 

voltage high-current Varian V-FR2803 Mark I power supply 

driving a Varian V-HF3400 electromagnet with 9" diameter ring 

shim pole caps spaced 4" apart. Full 360° rotation of the 

magnet about its fixed base is available. The magnetic field 

is regulated to within .001% by the Varian Fieldial power 

supply utilizing a temperature compensated Hall effect probe 

following a one hour period of stabilization. A cylindrical 

volume of 2“ diameter along an axis between the centers of 

the pole faces has a field homogeneity of 1 ppm at approxi¬ 

mately 3.3 kilogauss. 

Measurements of the dc magnetic field are made with a 

Ventron G-502 NMR Gaussmeter using an adaptor for remote con¬ 

trol operation. The dc magnetic field strength can be ascer¬ 

tained within .001%. 

The ac modulation of the dc magnetic field for phase 

sensitive detection purposes is provided by a pair of 11IL 

Varian coils operating at audio frequencies. Each coil is 

composed of 100 turns of #32 AWG enameled copper wire. With 
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dimensions 2.875" OD, 2.50" ID, and 0.060" thickness, each 

coil fits into the 0.125" deep recess of the ring-shim pole 

caps. Having an inductance of 4.3mh in series, a 22 

capacitor was used in series to tune the impendance of the 

coils to a minimum at 5KHz. This allowed maximum power 

transfer from the 16 ft output tap of a 80 watt Lansing-Altec 

power amplifier to the coils. A typical modulation intensity 

in air midway between the pole faces is on the order of 30 

gauss peak-to-peak using the maximum current of l amp allowed 

by the wire diameter near a frequency of 5Kc. 

Additional ac modulation of the magnetic field is sup¬ 

plied by low frequency, large current capacity coils. This 

set of coils is operated simultaneously with the Varian 5KHE 

coils at fields much larger than the line width of the mag¬ 

netic resonance signal. This second modulation furnishes 

means for an oscilloscope display of the derivative of the 

magnetic resonance absorption signal. These coils were fabri¬ 

cated by winding 300 turns of #16 AWG enameled copper wire on 

a machined lucite support form and set with Epoxylite #230 

Stator Impregnating Resin. Four tightly adjusted turnbuckles 

were needed between the two coils to prohibit mechanical vi¬ 

brations at high dc magnetic fields. Each coil is approxi¬ 

mately 1" thick, has a 9.01" ID and a 13.0" 0D and fits 
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snugly over the outside dimension of the 9" diameter dc mag¬ 

netic field pole face. With a dc resistance of 21.4-fl con¬ 

nected in parallel, a 60 cycle oscillating magnetic field of 

approximately 120 gauss peak-to-peak at the maximum current 

of 10 amps allowed by the wire diameter is produced in air 

midway between the pole faces. 

If a conducting material is placed between the sample 

crystal and the coils producing the oscillating magnetic 

fields, there is an exponential attenuation of the magnetic 

field depending on the conductivity of the material, thick¬ 

ness, frequency of modulation, and temperature. The slotted 

copper cylindrical cavity used in this experiment transmits 

approximately 60% of the initial amplitude in the audio fre¬ 

quency range at room temperature. There are imperceptible 

losses due to the silvering on the glass dewars at any tem¬ 

perature and modulation frequency. However, it was found 

that the metal dewar system (two stainless steel walls .035" 

and .020" thick and one aluminum wall .035" thick) attenu¬ 

ated 90% of the peak-to-peak audio frequency modulation in¬ 

tensity at room temperature. Attenuation factors for the 

slotted cavity and the metal dewar system are not available 

at cryogenic temperatures. 
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H. AFC and Phase Sensitive Detection Principles 

Frequently when making physical measurements requiring 

high sensitivity, modulation techniques are employed. The 

modulation signal is amplified with a narrow band amplifier 

tuned to the modulation frequency. In this way only noise 

components near the modulation frequency can interfere with 

the measurements. A particularly good way to obtain a narrow 

band amplifier is to employ phase sensitive detection, in 

which a signal is compared with a reference signal obtained 

from the same oscillator which provides the modulation. A 

phase sensitive detector is a mixer in which the local oscil¬ 

lator (or reference voltage) is at the same frequency as the 

input signal. 

In this EPR spectrometer there are two systems in which 

modulation amplification, and phase sensitive detection, oc¬ 

cur. Figure 22 illustrates the flow diagram of the phase 

sensitive detector. The first detection circuit is associ¬ 

ated with the automatic frequency control (AFC) of the klys¬ 

tron by the Teltronix Model KSLP Klystron Stabilizer. A 

small 70 KHz sweep is applied to the reflector of the klys¬ 

tron which modulates the microwave frequency. If the cavity 

and the klystron are adjusted to the same frequency, a re¬ 

flected signal at 140KHE is obtained. If the klystron is on 
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FIGURE 22i Functional diagram for phase sensitive detection* 
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one side of the cavity resonance, a 70KHz. component is found 

which may be amplified and compared with the original modula¬ 

tion at the phase sensitive detector, in order to derive a dc 

correction signal. This is applied to the reflector to bring 

the klystron frequency back to that of the cavity. The error 

signal is of the opposite phase at 70KHz if the klystron is 

initially on the other side of resonance and a dc correction 

signal of opposite polarity comes from the phase sensitive 

detector. One thus has a discriminator which keeps the klys¬ 

tron and cavity always at the same frequency as shown in Fig¬ 

ure 23. Care must be taken to operate the input gain to the 

signal tuned amplifier high enough for detection of the sig¬ 

nal phase, but not so high as to drive the mixer into an un¬ 

stable condition in which microwave frequency oscillations 

occur as a result of overcompensation for the klystron fre¬ 

quency drift. The 70KHa reference voltage output level must 

be kept to a minimum to prevent large frequency modulation of 

the klystron. Under this condition the frequency modulation 

of the klystron is easily demodulated by a high Q cavity. As 

a consequence the noise level as a function of the 70KHz 

reference voltage amplitude can become larger than the detec¬ 

tor noise, thus becoming the limiting noise source in the sys¬ 

tem. 



KLYSTRON 

REFLECTOR 

VOLTAGE 

97 

FIGURE 23» Klystron Stabilized Frequency Control. The correction voltage 

feedback to the reflector pulls the klystron frequency to the reference 

cavity frequency 
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The second phase sensitive detector in the spectrometer 

Is that associated with the field modulation and detection of 

the magnetic resonance signal. When field modulation of 

amplitude much less than the line width of the resonance 

under investigation is employed, the result is a signal which 

is the derivative of the resonance. 

The audio frequency reference signal from the PAR Model 

HR8 drives a Lansing Altec Model 1569A 80 watt power ampli¬ 

fier, producing a magnetic field modulation at the sample at 

audio frequencies. At resonance, the sample converts the 

magnetic field modulation to a modulation of the microwave 

field. The modulated microwave signal is detected, amplified 

and compared with the original audio frequency modulation at 

the phase sensitive or synchronous detector stage in the PAR 

Model HRS. The dc level output of the HR8 then goes to a HP 

Model 7005B x-y recorder or to an oscilloscope if modulated 

at 60 cycles. Refer to Figure 24. 
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FIGURE 24t Characteristic detection signals in EPR spectroscopy 
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1. Evaluation of Spectrometer Noise Figure and Sensitivity 

Sensitivity problems in EPR spectroscopy usually arise 

from low spin concentrations, rf saturation, broad resonance 

lines, and the limiting noise figure of the detection system. 

Spin concentration and broad lines are fixed properties of 

the sample under study. The problem of rf saturation can be 

to some extent controlled by temperature and power level, but 

the noise figure is an experimental variable which should be 

made as good as is practical. Improving the sensitivity of a 

given system involves procedures designed to maximize the 

signal, minimize the noise, and includes the ability to re¬ 

cover information from a poor signal-to-noise situation; i.e. 

phase sensitive detection techniques. It is just as impor¬ 

tant to reduce the noise level as to increase the signal. 

The ultimate sensitivity of a detection system is fixed 

by the noise presented to the system with the signal. In 

addition, any detection system adds additional noise in its 

detection and amplification processes. The proper approach 

in analyzing the operation of a spectrometer is to search for 

the limiting noise source presented to the input of the ampli 

fication system, assuming that the amplifier noise contribu¬ 

tion is small, or at any rate, generally beyond one's control 

once the instrumental conditions are set. 
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Three critical sources of noise are microphonics, klys¬ 

tron noise and detector noise. Generally speaking, micro¬ 

phonics become troublesome only when operating the field modu¬ 

lation at large peak-to-peak amplitudes in the audio fre¬ 

quency range. Klystron noise due to frequency fluctuations 

is demodulated by the cavity and presented as AM noise at 

the detector. Klystron FM noise is accentuated by a high Q 

cavity and a closely balanced microwave bridge. Hyde^^ 

finds that FM noise becomes limiting for incident powers 

above lOOmw, when using a cavity of unloaded Q of 7000. The 

klystron used in the present spectrometer is a Varian Model 

V-153C selected for low noise characteristics. Stabilization 

of the klystron temperature is achieved by water cooling and 

stabilization of the klystron frequency by AFC locking to a 

reference frequency. However, klystron noise can be dominant 

if the amplitude of the AFC modulation is sufficiently great, 

for then a significant amount of time is spent off the cavity 

resonance, where demodulation of the klystron frequency occurs. 

At high incident powers, one can see a minimum in noise as a 

function of AFC modulation amplitude. Under most conditions, 

however, the detector crystal is the limiting noise source. 

The conversion efficiency and noise temperature of the diode 

depend on the amount of crystal leakage or bias. The noise 
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temperature also depends on the frequency at which detection 

takes place, since the crystal detector generates noise power 

which varies inversely as the frequency. This type of noise 

"1" 
is commonly known as - or "flicker” noise. 

y f 

Optimum performance from the diode detectors is achieved 

by operating at the smallest bias necessary to get into the 

linear detection region of the diode gain, and by operating 

above the ^ noise corner frequency. Under these conditions, 

the Phil co-Ford L4164B backward diodes used for detection in 

this spectrometer need to be operated at Odbm (Imw) bias and 

at an intermediate frequency of 5KHz or greater. (Refer to 

Figures 14.a and 13 respectively). 

Naturally the inherent signal-to-noise of the diodes also 

depends upon the past crystal treatment, how long it has been 

in usage, and varies from crystal to crystal. Minimizing the 

noise figure of the diode involves not only choosing the op¬ 

timum operating parameters for the minimum noise figure as 

pointed out previously, but also by picking a crystal with 

the highest signal-to-noise ratio and using techniques for 

careful handling. 

Careful usage of the backward diodes involves several 

"don'ts": (1) Don't apply bias power any larger than neces¬ 

sary as this contributes unnecessarily to the time dependent 
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degradation of the diode gain and noise figure; (2) Don't ex¬ 

pose the diode to a surge of power such as opening the refer¬ 

ence arm switch when at peak bias power as the transient shock 

to the diode has a more severe effect on the diode's perform¬ 

ance than (1). Similarly, abruptly disconnecting the load re¬ 

sistance when the diode is under full bias current causes the 

same type shock; and (3) Don't allow the reflected power from 

the cavity to become an appreciable percentage of the bias 

power on the diode since this again applies an unnecessary 

power load. 

Periodic monitoring of the noise figure and sensitivity 

of the spectrometer will insure that its performance is con¬ 

sistently up to par. Checking the noise figure of the overall 

system can be accomplished by applying a known level of excess 

noise to the detector input and comparing this noise voltage 

to the noise voltage without the excess present. 

Including attentuation (A) between the excess noise source 

and the input, the noise figure of the system can be found from 

(Appendix E): 

F
 “ A (VHT 

(55) 

or in terms of db where x in db is defined as 10 log(x): 
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NT (Jb) = ( \e%- A)Jt - \o |oj (V-1) C5G) 

where T_v is referred to as the excess noise ratio of the 

noise generator. 

Thus the noise figure (NF) can be determined by measur¬ 

ing the Y-factor which is the ratio of the noise power output 

with the excess noise source "on" to that with the noise 

source "off". Using the calibrated output of the MSC #MC5312 

solid state noise source from Table VII padded with a lOdb di¬ 

rectional coupler, the noise figure of the system for a given 

Y-factor can be taken from the graph of Figure 25. Typical 

noise figures of the EPR spectrometer as a function of inter¬ 

mediate frequency are shown in Figure 26. 

The overall sensitivity of the EPR spectrometer with 

fixed operating conditions could be determined using the 

standard Varian pitch probes: 

#904450-01:3x10^ spins/cm 1.7 gauss line width 

1 3 
#904450-02:1x10 spins/cm g z 2.0028 

The ultimate sensitivity of the spectrometer as derived 

12 3 
from calibration tests was ~ 0.7x10 AH spins/cm at -lOdbm 



TABLE VII 

Data sheet for MSC MC5812 solid state noise source. 

Frequency in T«c in dB 

12.4 28.5 

11.0 29.45 

10.0 29.5 

9.0 28.75 

8.5 29.1 
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FIGURE 25: "Y-factor" chart for determining noise figure with a source of 

18.75 dB excess noise. 
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FIGURE 26: Typical curve showing overall noise figure of spectrometer as 

function of modulation frequency* 
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incident power, ^ 2.0 gauss peak-to-peak modulation ampli¬ 

tude, room temperature, time constant 0.3 sec, and cavity Q 

of /v 3000. 
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J. Tuneup Procedures 

The optimum operation of the EPR spectrometer critically 

depends on several tuneup steps accomplished with the use of 

the oscilloscope. The first step is tuning the output fre¬ 

quency of the reflex klystron to the resonance frequency of 

the cavity. If one places a large audio sweep on the re¬ 

flector of the klystron, the output observed at the AFC de¬ 

tector crystal would be as in Figure 27.a The frequency of 

oscillation of the klystron is determined in part by the re¬ 

flector voltage, and hence in this manner a frequency swept 

signal source at microwave frequencies is obtained. When the 

klystron is tuned to the cavity (See Figure 27.b), superim¬ 

posed on the mode is a dip arising from the resonant cavity 

in which the sample is placed. At cavity resonance, power is 

coupled into the cavity and standing waves are created. As 

the microwave field builds up to amplitudes such that the 

losses in the cavity walls equal the incoming power, no power 

is reflected to the detector and a dip is found in the mode 

sweep. The klystron mode is observed by displaying the dc 

output of the AFC detector directly on the y-axis of the oscil 

loscope, sweeping the x-axis of the oscilloscope coherently 

with the audio modulation frequency that is applied to the 

reflector of the klystron. 
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FIGURE 27s (a) Klystron mode, (b) Klystron mode with cavity dip super 

imposed* 



After the klystron is tuned cw to the resonance frequency 

of the cavity, the next step is to AFC stabilize the klystron 

output. Using the time base sweep on the x-axis, the 70KHz 

signal input to the mixer stage of the AFC is monitored on 

the y-axis. There will be a 70KHz signal present if the 

klystron frequency is tuned to either side of the frequency 

dip. When the klystron output is tuned exactly to the center 

of the cavity dip, there is a frequency doubling of the 

70KHz monitor signal. Activation of the locking circuit of 

the AFC will now keep the klystron tuned to the cavity by 

maintaining the 140 KHs null phase response from the cavity. 

The next stage in the tune-up of the spectrometer is to 

tune the phase of detector bridge for absorption. The signal 

input to the mixer stage of the phase sensitive detector from 

the detector diodes is monitored on the y-axis of the oscil¬ 

loscope with the x-axis driven by the time base sweep. What 

is observed is the “white" noise component at the modulation 

frequency filtered out by the input stage band pass filter. 

As the phase of the reference arm of the spectrometer bridge 

is tuned to a null in the modulation signal present at the 

diodes, there is a minimum in the diode noise voltage. Opera¬ 

tion in this condition will yield magnetic resonance absorp¬ 

tion information. Changing the microwave reference phase by 
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90° and unlocking the AFC tunes the bridge for magnetic reso¬ 

nance dispersion detection. 

Usually one wants to observe the derivative of the reso¬ 

nance absorption. The use of two modulation frequencies leads 

to a particularly useful display of the derivative of the EPR 

resonance on an oscilloscope. One applies a 60 Hz field 

sweep at the sample of amplitude large compared to the EPR 

line-width and simultaneously a small sweep at the audio fre¬ 

quency. The y-axis of the oscilloscope is driven with the 

output of the phase sensitive detector operating at the audio 

frequency, and the x-axis is driven by a constant 60 cycle 

peak-to-peak voltage of variable phase. A schematic diagram 

of the 60 cycle reference phase shifter is shown in Figure 28. 

Under these circumstances, the derivative of the magnetic 

resonance is displayed on the oscilloscope. 

The oscilloscope display of the EPR signal is used in the 

final tune-up particularly in order to adjust the phase and 

to trim the frequency of the 5KHz reference signal for opti¬ 

mum response from the mixer stage of the phase sensitive de¬ 

tector. It should be noted that the correct phase setting of 

the amplifier will depend on the cavity and the modulation 

circuit requiring readjustment if changes to either occur. 

The EPR signal display allows fine balancing of the microwave 
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FIGURE 28: Schematic diagram of the 60 cycle phase shifter used to drive 

the horizontal sweep during scope display of EPR signals. 
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detector bridge for minimum noise level output of the diodes 

when a change in the reference arm phase is required. The 

gain of the diodes can be optimized by adjusting the reference 

arm bias. Gross effects of incident microwave power level, 

field modulation amplitudes, and dc magnetic field orienta¬ 

tion are also easily observed in a rather short period of 

time compared to the repetitive chart recordings otherwise 

required for the same amount of information. The shortcom¬ 

ings obviously are lack of reliable calibration, lack of per¬ 

manent recordings, reduced signal-to-noise ratio and loss of 

detail such as hyperfine splitting. 
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K. Facilities for Modifying Sample Properties 

When undertaking the EPR study of defect centers in 

solids, many theoretical situations arise in which a specific 

impurity ion charge state is desired in a specific site sym¬ 

metry. However, the percentage of these situations which are 

actually possible to achieve in the laboratory is generally 

very small. Therefore it is desirable to have equipment and 

procedures which provide or extend one's capability to pro¬ 

duce the required system. 

Typical capabilities necessary to modify the properties 

of the sample crystal involve: (1) high temperature facili¬ 

ties for changing the site of the ion occasionally accom¬ 

panied by changes in the charge state of the ion, (2) sources 

of ionizing radiation which may be required in situ to change 

the charge state of the ion, preferably without associated 

site and charge compensator changes, and (3) the ability to 

handle samples at low temperatures when stabilization of the 

charge state of the ion occurs only at temperatures below 

room temperature. 

"As grown" samples may or may not have the impurity ion 

in the proper site and desired charge state. A common method 

in which to handle a situation where preliminary studies 

indicate that the final charge state and environment of the 
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impurity ion are not those desired, is to insure that the 

crystal has a majority of these ions in a desired initial 

state and proceed from that basis. This is most easily ac¬ 

complished by annealing the crystal below its melting point 

in the proper atmosphere for an adequate length of time and 

slowly cooling or quenching to room temperature. Previously 

reported results or similar treatments then indicate the 

probable final state of the impurity ion which then may be 

confirmed by optical or EPR techniques. 

Samples which need to be treated in such a manner are 

placed in quartz tubes that were previously sealed at one 

end; any necessary oxidizing or reducing material is included 

along with the sample. The other end is attached to a mechan¬ 

ical vacuum pump which evacuates the tube to about 1mm Hg. 

Lightly applying heat from a bunsen burner to the tube and 

sample will aid in driving off residual moisture. The tube 

is then either left evacuated or backfilled with the required 

gaseous atmosphere. After sealing the other end of the 

quartz tube, it is placed in a furnace for the required length 

of time at a temperature slightly below the melting point of 

the crystal. When the annealing period is completed, the tube 

with the samples are slowly cooled or quenched to room tem¬ 

perature on a aluminum plate. 
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Once one has reasonable knowledge that the crystal con¬ 

tains a majority of the impurity ions in some definite charge 

state different from that desired, the next step is to change 

the existing charge state to the final desired charge state 

without major alteration of the environment of the impurity 

ion. Electron or hole excitation in the crystal by ionizing 

radiation is used in order to produce the required impurity 

ion charge state. There were three sources of radiation 

utilized in this experiment: (1) optical, (2) soft to hard 

x-rays, and (3) high energy gamma rays. In situ optical ir¬ 

radiation of the samples at cryostat operating temperatures 

is available from an Oriel 200 watt Hg or Hg-Xe light source. 

A lens of variable focal length collimates the light into a 

beam roughly 1.5" in diameter. After IR filtration by a 

40mm water filter, the beam passes through a Special Optics 

dielectric interference filter which selects one of the Hg 

characteristic peaks. The beam then passes through a fixed 

secondary lens of 8" focal length and reflects from a 45° 

mirror to form an intense spot of reduced cross-section at 

the top of a 6mm diameter supracil quartz rod. This rod 

transmits the light to the sample attached with silicone 

vacuum grease to the bottom of the 40mm long rod at the cen¬ 

ter of the cylindrical cavity. The high purity quartz rod is 
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chosen for its UV transmission characteristics which include 
o 

a cutoff near 1750 A. Optical excitation with the Hg light 

source is generally used when the first exiton energy or the 

energy separation between the impurity ion's initial charge 

state and the bottom of the conduction band are in the lamp's 

high intensity UV range. 

For higher energy band gaps or quicker conversion in the 

case of optically accessible band gaps, high intensity x-ir¬ 

radiation is used. X-ray energies from 50-150 Kev are sup¬ 

plied by a water cooled Norelco power supply and tube. With 

3mm Be inherent filtration, the tube can supply a maximum of 

9600 roentgens/min. at 200mm when operating at 150 Kev and 

12ma. At present the equipment is set up for irradiation ex¬ 

ternal to the EPR experiment only at room and liquid 1N2 tem¬ 

perature. For liquid N2 temperature the sample is placed in 

a 1 liter dewar (See Figure 29) in which the liquid N2 level 

is maintained for a beam-to-target distance of 6" * 1" by a 

Veeco #VLN-30 controller. Saran wrap over the top of the 

sample holder keeps the crystals from falling out and the 

teflon matrix keeps the crystals separated if the liquid N2 

transfer is rough enough to overturn the "boat". 

The x-ray head can be mounted for in situ irradiation. 

However, if the glass dewars are used, severe yellowing of 
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FIGURE 29i System for maintaining samples at 77°K during x-irradiation. 



the glass will occur as a result of radiation damage. Peri¬ 

odic costly annealing and re-silvering of the dewars is then 

required. With the metal dewars, three walls combine to at¬ 

tenuate the x-ray beam such that the cutoff is ^75 Kev. 

Until definitive test bench observations determine the length 

of time and irradiation energy required to produce the de¬ 

sired charge state, no attempt will be made for in situ x-ir¬ 

radiation. 

Alternatively to x-irradiation, gamma irradiation facili¬ 

ties are available at M. D. Anderson Cancer and Tumor Research 

Institute. Room or liquid N2 irradiation temperatures are 

available with a high flux Cs^7 source of 10^ rads/141 min. 

There is a possible drawback to the production of charge 

states by irradiation external to the experiment. Often 

charge states and configurations which are not stable at room 

temperature under normal lighting conditions require that the 

crystals be handled under the surface of the cryogenic bath 

in the dark or subdued low frequency lighting. Techniques 

must be developed and mastered to transfer the sample from 

the low temperature irradiation sample holder to the low tem¬ 

perature EPR sample holder and subsequently into the EPR sys¬ 

tem. When knowledge of the in situ irradiation requirements 

become available, one can more easily conduct the operation 
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of a low temperature study of irradiated defect centers. 

A dominant problem which arises in many irradiated sys¬ 

tems is the production of other paramagnetic centers. In 

most cases these involve configurations which may have a com¬ 

plicated EPR spectrum that interferes with the study of the 

principal defect. Sometimes these centers can become electron 

donors or acceptors at a particular temperature aiding the 

production of the desired charge state. In any case, it is 

certainly desirable to have variable temperature control so 

that these centers can be selectively annealed if the anneal¬ 

ing temperature is below that of the principal defect charge 

state. The Andonian variable temperature system as described 

in Section I Ii-F furnishes more than an adequate temperature 

control for annealing purposes between 1.3°K and room temper¬ 

ature. 
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IV. DATA PRESENTATION AND ANALYSIS 

A. Sample Preparation 

Doped single crystal samples used in this investigation 

were supplied in part by Dr. L. A. Boatner of the Advanced 

Technology Center, Grand Prairie, Texas, and in part by Har- 

shaw Chemical Company. The assortment of crystals obtained 

from Dr. Boatner were of unknown origin and dopant concentra¬ 

tion with only visually determined optical density and color¬ 

ation as an initial indication of the concentration of the 

impurity ions. This batch of crystals included K1: Ag, NaCl: 

Ag, KCl:Ag (two dopant levels), NaCl:Cu, and KCl:Cu. Harshaw 

supplied single crystals of KCl:Cu and RbCl:Ag initially 

doped in the melt each with 100 ppm (.01 mole% of the re¬ 

spective Impurity ion. Cleavage of these alkali-halide crys¬ 

tals In (100) planes yielded samples suitable for EPR and 

optical experiments on the order of 3mm x 3mm x 10mm. 

The untreated transition-metal doped alkali-halide crys¬ 

tals did not show any detectable electron paramagnetic reso¬ 

nance (EPR) signals when examined at low temperatures in the 

spectrometer described in Chapter III. This seemed to indi¬ 

cate that if the impurity ions had entered into substitu¬ 

tional sites in the lattice, then they would have to be in 
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the monovalent charge state which is not paramagnetic. This 

is normally expected since the lattice site is monovalent and 

one of the more stable oxidation states for the transition 

metals Cu and Ag is 1+. 

Each of the samples was then annealed below the melting 

point of the alkali-halide lattices in question ( ** 500°C) 

for several days (typically 5 days) in an inert atmosphere of 

dry nitrogen and subsequently quenched to room temperature on 

an aluminum block. This technique is designed to insure that 

the maximum number possible of the impurity ions are in un¬ 

compensated monovalent substitutional sites. After this 

treatment the samples still exhibited no detectable EPR sig¬ 

nals as expected. However, optical absorption spectra at 

room temperature were taken on a Cary 14 spectrophotometer at 

the courtesy of Dr. E. S. Lewis of the Chemistry Department, 

Rice University, before and after the annealing process in an 

attempt to determine the relative impurity level concentra¬ 

tions of the transition metals by monitoring the monovalent 

absorption peaks in the near ultraviolet region (between 

1800 A and 2600 A). 

Two techniques for changing the charge state of the im¬ 

purity ion from 1* to 2+ were selected and implemented in the 

following order: (1) gamma irradiation at room temperature 



124 

and liquid nitrogen temperature, and (2) soft x-irradiation 

at the two previously mentioned temperatures. Room tempera¬ 

ture irradiation by both techniques was unsuccessful in pro¬ 

ducing a stabilized 2+ valence state. This is mainly due to 

the instability of the divalent transition metal ions in 

alkali-halides at room temperature^^. However, although 

77°K -irradiation from the high flux Cs^^ source made 

available through the courtesy of Dr. R. J. Shalek at M. D. 

Anderson Hospital Research and Tumor Institute of the Univer¬ 

sity of Texas, Houston, Texas, failed, 50 Kev x-irradiation 

at 77°K from a Norelco industrial x-ray unit was partially 

successful in producing 2+ valence states and other irradia¬ 

tion defects (Vi^ centers^^) observable by EPR techniques. 

Failure to observe X -ray produced defects by EPR is felt 

mainly to involve the delicate task of maintaining the samples 

continuously at 77°K in the dark as they were handled during 

transfer from H. D. Anderson Hospital to Rice University and 

into the spectrometer and, to some extent, the unknown para¬ 

meters of irradiation time and intensity needed to produce 

the desired effect. Development of techniques for handling 

the crystals at 77°K in the dark during x-irradiation, stor¬ 

age, and transfer to the spectrometer was primarily respon¬ 

sible for the successful observation of low temperature x- 
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irradiation damage. Subsequent to room temperature anneal of 

the center, the 2+ valence state was observed in the crys¬ 

tals NaCl:Cu, NaCliAg, and, to a small extent, KC1:Ag. Suc¬ 

cess of this treatment in producing the desired charge state 

in some samples but not in others is attributed to variations 

in the respective impurity ion concentrations. 



126 

B. ERR Spectra 

As briefly mentioned in the preceding section, neither 

the "as grown" nor the 50Q°C annealed samples exhibited any 

detectable EPR signals. However, some of the samples which 

had been x-irradiated at liquid nitrogen temperature (77°K) 

at 50 Kev, 30 ma for 52 hours yielded center EPR spectra 

at 77°K. KCl:Ag, NaClrAg, and NaCl:Cu all had strong Vj^ cen¬ 

ter resonances with KCl:Ag being the strongest. Typical EPR 

spectra for the center in KC1 are shown in Figures 30 and 

31. The only simple spectra that could be obtained for any 

of the samples were along the {100) and (110) axes as the 

externally applied magnetic field was rotated in a natural 

(100) cleavage plane. Each of the KC1:Cu samples, one sup¬ 

plied by Dr. Boatner and the other from Harshaw, exhibited 

only a weak Vj, center resonance. Relative intensities were 

determined with respect to the same DPPH reference signal 

present in all of the EPR traces. 

In addition to the very strong center resonances in 

the KC1:Ag samples, there were also observed simultaneously 

two groups of isotropic lines separated by several hundred 

Gauss with resolved ligand hyperfine structures along the 

(110) axis (See Figure 31). This spectrum is attributable to 

silver neutral (Ag°-^Si. ground state) resonances^. The Cu° 
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and Ag° resonances in NaCl and Cu° in KCl evidently were too 

weak to be detected. 

The samples were annealed to room temperature under a 

weak ultraviolet lamp until the fluorescence characteristic 

of the V|/ center began fading and then were quickly quenched 

back to 77°K. Annealing times were on the order of 15 seconds 

to one minute depending on the type of sample and the concen¬ 

tration of the V|( center as determined by its EPR spectrum. 

Ag^* resonances were observed in NaCl at 77°K after ir¬ 

radiation though partially obscured by the center. Subse- 

quent anneal to remove the center enhanced the Ag reso¬ 

nance in NaCl as shown in Figure 32 for a (100) orientation 

of the magnetic field. The angular dependence of the parallel 

spectrum displays the tetragonal site symmetry with a (100) 

distortion axis. The g values and hyperfine splitting compare 

favorably with those reported by Sierro^^. 

Although the Cu^+;NaCl spectrum was too weak to be ob¬ 

served at 77°K immediately following x-irradiation, after an- 

2+ 
neal of the center the Cu spectrum as shown in Figure 33 

2 + 2+ was easily detected. Similar to Ag in NaCl, the Cu has 

tetragonal symmetry with a (100) distortion axis. The experi¬ 

mental parameters are similar to those reported by Borcherts 

(10) et al 
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Annealing removed the center from KC1:Ag without 

visibly affecting the intensity of the Ag° resonance. Weak, 

broad lines that might be attributed to Ag as shown in 

Figure 34 were found with g values roughly corresponding to 

those found previously by Delbecq et al^^ and Sierro^^. 

There were no Cu resonances observed in either of the 

KCl:Cu samples at 77°K even after anneal of the weak cen¬ 

ter resonance. The Ag doped Kl and RbBr samples did not ex¬ 

hibit an observable V„ center resonance at 77°K after irradi 
l\ 

ation and only exhibited a very slight fluorescence upon 

annealing. 

All EPR data were taken on the spectrometer discussed ? 

Chapter III at a microwave frequency of approximately 9.3GHz 

and power level of 0.1 milliwatt incident on the resonance 

cavity (Q — 5000). Experimental parameters for the axial 

spin Hamiltonian (Equation 34) are listed for all of the 

divalent systems in Table VIII. 
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TABLE VIII 

EPR data for divalent systems 

COMPtfX 9» fyfe*t*ss) /9U (6/UfSs) PSP&P£A/C£ 

A/aCCfg 2.J96 2.04J 38 33 11 

MLCVC* 2.373 2.07 9S 40 Jo 

Kcr-f>gz 2.m 2.03S 40 3Z 11,12 
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C. Optical Spectra 

Room temperature optical spectra for the systems under 

study were obtained on a Cary 14 spectrophotometer. It was 

thought that comparison of the optical spectra to the EPR 

spectra would yield information regarding the minimum impur¬ 

ity dopant level required to get a good divalent EPR reso¬ 

nance. An absorption spectrum was taken on a "virgin" sample 

and an annealed x-irradiated sample of each individual system. 

The absorption spectrum of untreated NaCliAg in Figure 35 
+ ©(43-46) 

displays the dominant Ag resonance near 2200A . The 

spectrum of the annealed x-irradiated sample of NaCl:Ag is 

shown in Figure 36. Note the strong irradiation induced ab¬ 

sorptions B, D, and F^^>53) jn addition to the large Ag + 

O 

resonance near 2200A. In Figure 37 both the virgin and the 

annealed x-rayed samples of NaCl:Cu are shown. In both cases 
0 + 

there is a large broad resonance below 3600A with the Cu 
o 0(43 45,47_5i) 

resonances at ** 2800A and ~ 3400A ’ barely re¬ 

solved; there are no irradiation induced absorptions observ¬ 

able in NaCl:Cu. Shown in Figure 38 is the strong Ag* reso- 
• (43-46) 

nance near 2200A for the heavier doped KC1:Agv sample 

of the two available. Figure 39 shows the strong irradiation 

induced absorptions B, D, and E in the annealed heavily doped 

KC1:Ag^^’. The Ag* absorptions at 'v2150A and '"'2300A 
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FIGURE 35t Optical absorption spectra of untreated Ag doped NaCl 
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FIGURE 36: Optical absorption spectrum of annealed x-rayed Ag doped NaCl. 



1 33 

FIGURE 37: Optical absorption spectrum of annealed x-rayed (a) and untreated (b) 

Cu doped NaCl. 



/?
3
S

o
/?

P
 7

~ /
£

>
*/
 

IZ
T

A
/ 
T

£
-A

/^
/-

r
y

 (
/
-

 

139 





141 

for the lighter doped of the two KClrAg^^"'^ samples avail¬ 

able are clearly seen in Figure 40. In Figure 41 there are 

weak irradiation induced absorptions B, D, and ^(52,53) 0b_ 

servable as well as the Ag+ absorptions near 2150A and 2300A 

in the annealed x-rayed lightly doped KCl:Ag. Strong Cu+ ab- 

O O 

sorptions at ^ 2650A and ^BSOOA for the heavier doped of 

the two KC1 : Cu^^’ '*'^"51) samp]es available are displayed 

in Figure 42. There are no irradiation induced absorptions 

observable in Figure 43 for the heavily doped KCl :Cu sample. 

Figure 44 shows the weak Cu+ absorptions in the lightly doped 

KCl:Cu sample. No irradiation induced absorptions were ob¬ 

served for annealed x-rayed lightly doped KCl:Cu. Table IX 

summarizes the data on the absorption peaks observed in the 

samples along with the reference used for identification. 

The designation F for one of the irradiation induced 

bands in silver doped NaCI and KCl refers to the F-center ab¬ 

sorption. The F-center is an electron trapped at a negative 

ion vacancy in the lattice. Schulman and Compton^"^ point 

out that the models for the other irradiation induced bands 

(B, D, and E) are quite uncertain. Various models have been 

suggested of which there seems to be general agreement only 

for the B-center. It is believed to be an F-center associ¬ 

ated with a nearest neighbor silver ion. 
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FIGURE 40t Optical absorption spectra of untreated lightly doped KCl:Ag. 
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FIGURE 42: Optical absorption spectra of untreated heavily doped KCl:Cu. 
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FIGURE 44; Optical absorption spectrum of annealed x-rayed (a) and untreated (b) 
lightly doped KClsCu. 
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D. Evidence Regarding Divalent Impurity Concentration 

Failure to observe some of the divalent transition metal 

impurities in alkali-halide hosts leads one to be suspicious 

as to whether the dopant level of the impurity ion is suffi¬ 

cient. There are three "indicators" of the dopant concentra¬ 

tion in the alkali-halide crystals studied: (1) visible de¬ 

termination of the optical density and coloration, (2) Vj^ 

center intensity and growth rate, and (3) optical spectra. 

Each of the samples was cleaved to approximately the 

same thickness and observed with a uniform background light¬ 

ing in order to get a crude but reliable estimate of the 

coloration of the sample and its optical density. 

(51 52) 
It is known' * that monovalent and divalent impuri¬ 

ties in alkali-halide crystals greatly enhance the produc¬ 

tion of centers upon x-irradiation. Thus the relative in¬ 

tensities of the center EPR spectra in pure versus doped 

crystals can be a fairly reliable indicator of dopant concen¬ 

tration. Also the intensity of the center luminescence or 

fluorescence upon warming from 77°K can be of assistance when 

the EPR spectra may not be visible. The neutral spectra of 

the impurity produced in conjunction with the center by 

x-irradiation may also be used as an indicator. However, the 

neutral EPR resonance is generally several times smaller than 
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the center resonance and will be proportionately more dif¬ 

ficult to observe in cases of small center concentration. 

Comparison of relative absorption intensities of the 

monovalent ion in the near UV between the samples with and 

the samples without a divalent EPR resonance will indicate 

whether there is enough concentration of the monovalent ion 

to begin with and whether enough of those 1+ ions are being 

converted to 2+ during the x-irradiation coupled to the 

center anneal procedure. 

Table X summarizes the evidence gathered for each of the 

systems under study with the impurity levels from previously 

reported work^^-^^ on these systems included. Obviously 

there is strong indication that the samples of NaCl:Ag, NaCl: 

Cu, and the KC1:Ag (heavily doped) should have a sufficiently 

high concentration of the monovalent impurity to observe the 

EPR of the divalent charge state upon 77°K x-irradiation and 

center anneal. This conclusion is supported by the EPR 

data shown in Figures 32, 33, and 34 with the partial excep¬ 

tion of KCl:Ag (H) of Figure 34 where the intensity of the 

Ag^+ resonance is rather weak. It is evident from Table X 

that KCltAg (lightly doped) does not have an adequate concen¬ 

tration of the Ag+ ions in lattice substitutional sites. The 

optical absorption of Cu+ in the KClsCu (heavily doped) sample 
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seems to be an indicator that the monovalent impurity concen¬ 

tration is sufficient. However, the remainder of the indica¬ 

tors for KCl:Cu (H), the the exception of the optical density 

and coloration, point to a system which has a monovalent im¬ 

purity concentration that is either marginal or too small. 

Obviously all of the indicators for KCl:Cu (lightly doped) 

demonstrate that this system has a concentration of Cu+ ions 

2 + 
which is definitely too small to produce observable Cu EPR 

signals under the present experimental conditions. The con¬ 

clusion is that all of the presently available samples of 

KCl:Cu not seem to have a sufficient concentration of the 

monovalent copper in substitutional sites in order to observe 

Cu EPR signals upon x-irradiation and center anneal. 
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V. CONCLUSIONS AND PLANS FOR FUTURE WORK 

To date the search for an nd^ configuration in six-fold 

coordination which exhibits aspects of intermediate Jahn- 

Teller coupling has only yielded confirmation of previously 

reported static Jahn-Teller systems. The nature of the vi- 

bronic ground state found in NaCl:Ag2+, NaCl:Cu2+, and KC1: 

Ag is consistent with the theory presented in Section E of 

Chapter II. In each case the system is in the strong coupling 

limit indicating that the singlet first excited state is very 

near the vibronic ground state. 

The most significant achievements of this work lie in 

the preparation of the equipment necessary to carry out the 

experiment, the development of techniques to produce the un¬ 

compensated divalent transition group metal ion in a substitu¬ 

tional site in the alkali-halide lattice, and the acquisition 

of the basic theoretical knowledge for comprehension of the 

problem at hand. In essence, the completed work represented 

by this thesis has laid the groundwork for future endeavor 

which should add considerable information to the body of 

knowledge surrounding the vibronic coupling problem. 

Future plans involve continued research directed toward 

a comprehensive study of the range of vibronic coupling 
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strengths for transition group metals (nd^ configurations) in 

the six-fold coordinated substitutional site in alkali-halide 

single crystals. At present, there is the need to obtain ad¬ 

ditional samples of the more promising impurity ion concen¬ 

tration (as pointed out in Section D of Chapter IV) in crys¬ 

tal hosts suitable for the study of intermediate vibronic 

(32) coupling. The work of Herrington et al' indicates that the 

transition from strong to weak coupling occurs as the radius 

of the substitutional ion becomes smaller than the radius of 

the vacant substitutional site. There also seems to be a 

trend toward weaker coupling as the ionicity of the nearest 

neighbor halides is decreased. This information suggests that 

the smaller 3d^ configuration (Ni+ or Cu^+) should be doped 

into the larger, less ionic substitutional sites in the 

alkali-halides such as Rbl, KI, or KBr. As a result of this 

information we are presently in the process of obtaining quo¬ 

tations from various crystal suppliers regarding samples of 

this type with a high dopant level ( ~ 0.1 mole %). Future 

experiments to obtain data on probable intermediate vibronic 

coupling systems will concentrate on the area covered by 

samples of this type. 
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VIII. APPENDICES 

A. Solution to the Effective Spin Hamiltonian in the Limit 
of Large Strains 

The Hamiltonian containing the Zeeman and hyperfine 

interactions of Equation (15) from the text will be considered 

as a perturbation to the strain split eigenstates of the i so- 

2 lated electronic E^ state in six-fold coordination. This 

perturbation Hamiltonian has the form: 

The first order perturbation calculation on the strain deter¬ 

mined basis from the perturbation Hamiltonian (keeping only 

Note that on the strain determined basis from 

Equation (15), an electronic operator U has the expectation 

values 

<fei ' 1 

OWl dzMO - 0 

<^±1 ^ C.OS 

<4M t4(4/±'> " **^4 

(A.2) 

the diagonal terms ) yields the effective spin 

Hami1tonian 
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+NI7 (s^Hf-SjHy) si» i ] +A,i-'s+ | [UVJ-5^) ^A’3' 

<** ^ ■* %)!> C ^ ~ ^ s»* ^3 

If we chose another coordinate system (x? ty' ,z ) with the 

z axis parallel to the externally applied magnetic field H0, 

the x7 axis in the x-y plane perpendicular to z', and the y' 

axis to complete the right-handed orthogonal system, we can 

write the (x,y,z) component of a vector A (real or pseudo) in 

terms of the new system {x ,y' ,z ) as 

A* - K Ax< Ay' + J! A*' 

Ay = -1 A/ + ** A/ + «Ai 
(A.4) 

v — t 

i - " V Ay' + ^ rS2 Ai ~ ■” V Ay' + ^ A/ 

where 1,m,n are the direction cosines of A with respect to the 

(x,y,z) coordinate system and ^ “ \) £4+m.4 . Substituting the 

relations for H,S, and I in terms of the primed coordinate 

system into Equation (A.3) yields 

Jf5
4 - 3V)^» ± j *—<«?)-siw4>J 

A*?*')%' + Jf-A logo Uo. f 4<VVM* 

(A.5) 
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Considering only terms diagonal in both ms and mx, we have 

matrix elements of the Hamiltonian for each strain split 

singlet 

(WjMs I ^f«* I Watts') = E±(*s*wx)= A, **x) 

* "I Hr* A»wr) 

where ^ ■= (3*z- 1 ) c©©*{> +>|iT 4>. 

VM. 
(A.6) 

(A.7) 

The allowed Zeeman transitions for 5-| , Aw\s=i1, 

AE.*»k-o*» (t|*p A, K»I > * i (^.fK.+ A4wr) 

If we let ^(‘3n2-'0- f c©s 

(A.8) 

(A.9) 

and 
1 V? = -f si* S' (A.10) 

then U* =• (^jJ H.+ A<«0 ± f ^,pH„+A,iMI)cos(S’-4) (A,11) 

where f is found to be 

f = jj-3 (fcV vufn1 
*V)24 

(A.12) 
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B. Solution to the Effective Hamiltonian for an Electronic 

^Eg State in Cubic Symmetry Under a Static Jahn-Teller 

D? stortion 

The Zeeman and hyperfine interactions for an electronic 

^Eg state in 0^ symmetry may be written 

+ M )lk ^ -*Sy #4y ) % D (B. 1) 

where the vibronic operators <0, and *lLe have these 

matrix elements on the electronic i++>, i+.> basis from 

Equation (27): 

<+±14,14*) = o 

ico*e ( 

The first order perturbation calculation to the IT*), 

l+-> electronic singlets yields this form for the effective 

spin Hami 1tonian 

+\f31(s*H*-SyHj)«i.i + A.X-'S * ^ [CS^Ia 

-I-s)tos© -v^i7 C^S,-Xy^)s«V&[] 

(B. 3) 
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Since we are assuming that the vibronic interaction 

represented by Equation (25) determines the eigenstates, we 

can neglect the off diagonal terms, | if in the 

first approximation. 

The spin Hamiltonian can be further written in the form 

(B.4) 

Where 

• W* + 3 
± 
p % ■* '3nf 

sy 

-f A* + L* X ^ ^XX "H. Sx H- rr 

■± 
3** * % 

C - % — < aos & ± 
z 

Su* 

% 4 ‘§3 <t£>^ 9 ? 
z 

‘ • z <}*• 
d 

A| ± Az C-es © 

A**. A, 4 + - 2 A, St* 

^ - A, 2 A, 
StH 

(B. 5) 

A static Jahn-Tel1er distortion stabilizes the configurations 

characterized by a given value of 9 . Consider the stable 

case of elongation along the z axis with b-o f then we ob¬ 

tain the axial spin Hamiltonian for the Zeeman and hyperfine 

interactions 
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ts ~ 3u ^ + ^ Cs, w,, + Sy My) + A* I4
Si ■+ A * (T, 5, + XySy) (B. 6) 

where 

^ = ?x* = 3YK “ 3' + z (B.7) 

A* * A« *■ A, ± Az 

A* = Afc*. = Ayy - A., + ^ 

The effective coupling constants gp g£> A], and A2 are 

given in terms of more fundamental parameters by Equation (9) 

(34) After Rake and Estle 

Hamiltonian in this form 

we can write the effective 

X, - f ( H • 3*- s’ ) •+ S-A^X (B. 3) 

where g4 and A* are usually referred to as the g-tensor and 

hyperfine coupling tensor, respectively’, with components de¬ 

fined for the stable 0 case. 

0 \ 

0 

) 

f A-* ■ 0 

0 ht 

0 \ 
(B.9) 

O 0 

Quantizing S along the direction H-g* , i.e. le - 

K } 

. JJi 
IB ■ ' 

we 
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have 

x; - c i H-3*l s. * s; itr-f* 
4* V>MS i «* s. (B.10) 

Denoting the axis of quantization for ! to be 7? , we can 

wri te 

if*- f + ^ 
A*I X*' , 

  —-_j-- 5 4 TtvwiS m 

I H ■j’*! <x*J V 
(B.ll) 

Rotating to the principal axis system of the g-tensor, defin¬ 

ing H with respect to the principal axes by the direction 

cosines (|,m,n), and taking the axial form of the g and A 

tensors from Equation (B.9) yields 

H = ( fi,»*,* ) H0 , 
(B.I 2) 

1^'1* ® (h? > y « 3*) , 

(B.13) 

IH-^I = Ho-J + nzt%n)x
 , (B.14) 

H’^'A " H6 v*3ifA,f) , (B.15) 

and (B.16) 
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Dropping the off diagonal terms in } "Sy } Tx' ) Iy', the 

spin Hamiltonian becomes 

where 

^ ^ + ^ K* I,' 

>/(«W) (fli >* + *a (3,*)" , 

(B.17) 

(B.18) 

and K* = V^W)C«J ^)l+ to* (fyf A*)2, g* . (B.19) 

Computing the matrix elements of the spin Hamiltonian with re¬ 

spect to simultaneous eigenfunctions of ^ and X-' we have 

l^fs*( V^SVMx> ® 

The allowed Zeeman and hyperfine splittings A 

(B.20) 

■= ± 1 . A WlT - O 

for the respective electronic singlet I , i +-> with S = "5. 

are 
k-0* - H* + K*w1 (B.21) 

then the resonance positions of the magnetic field become 

,*■ KV 

H> "ft ' ft 
(B.22) 

The g-value angular dependence of the EPR transions can 

be shown by taking one of the hyperfine lines 
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In)* » -J(JW) C^V + v,1 (g,,*)* (3 H. (B.23) 

and making the substitution 

= eiw o( cos V 

wv ■= sin << siv> V (B.24) 

V\ - COS * 

where in spherical polar coordi nates(K is the angle between the 

distortion axis (z) and the magnetic field and X is the angle 

in the xy plane between the x axis and the projection of the 

magnetic field in the xy plane. This transformation yields 

1^0* - V stwN* + p H6 (B.25) 

where z is the axis of distortion when & - ® . For the other 

stable configurations of & = 3 and 3 , the x and y axis, 

respectively, is the distortion axis. Permuting z, x, and y 

in the expressions of Equation (B.3) leads to these transitions 

for x and y axis quantization, respectively, 

y* = N/ (>*)* 
(bH, 

C©sV + (3* )Z +Oos*af) (B.26) 
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and 
±,2- \ i 
|| I StlA t )Z SUAV 4 (‘BMC* cos^Y + CJ>SZ o() (8.27) 

For the case of magnetic field rotation in the (110) plane, 

V-45° ancj Equations (B.25, B.26 and B.27) become 

Figure 6.b shows the plot of the angular dependence repre¬ 

sented by Equations (B.28 and B.29) where o( is measured from 

a {100) direct i on. 

Magnetic field rotation in the (100) plane is represented 

by putting Y= 0° into Equations (B.25, B.26 and B.27) yield- 

i ng 

(B.28) 

2TT 4 IT 
£=3,3 

e-0 , InJ* - + C(% )Z- (B.30) 

?7T 
b-i>* - V C(g,f 7 - (3^)2 + (3*y f.H. (B.3D 

(B.32) 
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Figure 6.c demonstrates the angular dependence of the g-value 

for magnetic field rotation in a (100) plane as represented 

by Equations (B.30, B.31, and B.32). 
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C. Slow Passage Solution of the Bloch Equations 

In a typical EPR spectrometer, the paramagnetic specimen 

experiences a total magnetic field 

£ M,, Cos cst -+ j -sii/\u)-£ ■+ l< (-l6 (C.l) 

Transforming to a system rotating with at the frequency LO , 

the effective magnetic field at the sample is 

* (H.- ?)f< (C. 2) 

The Bloch equations in this reference system can be written: 

Jit 

JM/ = 
it 

M/ 
T* 

At 
if (MexMV 

(M.- Mt') 

T, 

(C.3) 

Substituting Equation (C.2) for He, we find 

At 

At 

4H*' = Y H, My 4 

u 1 r< 

(C.4) 
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The slow passage solution is independent of time in this 

rotating system with its nearly constant fields; i.e. 

Mv' jM/ = j = 

M M ~ (C. 5) 

Rewriting Equation (C.4) we now have 

M + (vH.-“)My' = o 

(VHO-^MX' - My' -VMt'HK-o 
T, 

(C.6) 

VU,My' - M?' - - 
1 T, T< 

Algebraic solution for the components of magnetization 

in the rotating system yields 

V l-L| ( VM6- <->) 
NV 

My' - 

M, 
- Z 

z 

M 7 

<+ +(y|40-«y T 

 - v ^ u  
1 + yz H* T, Tz + (y Tj- 

1 + (v Ho-T* 

(C.7) 

M, 

h - M, 

( + ^M*T{T;-t(yU6-u>y Xx 

With M0'^0H0and 6oo^vHC), these equations take the 

form of Equations (49.a, b, and c) in the text. 

Including the definition for the complex susceptibility 
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(C.3) 

and its real and imaginary parts in terms of the magnetiza¬ 

tion components 

// 
and 

W 

we further find that 

(C.9) 

 Mo jvj (c.io) 
* + vaW4T4Tr ■+ (y H0 "TV* 

and   v U  

\ + **■14/ Tj T2 - (y (46-W^ 
Mb (c.ii) 
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D. Derivation of Signal Voltage at Detector During Magnetic 
Resonance 

Let the large reference microwave voltage present at 

(37) 
the detector in the bias arm of the microwave bridge be 

C-es {u>{ + 40 t0-1) 

where ^ is the microwave phase and is the microwave fre¬ 

quency. Let 

£ cos uiMf cos ott (D.2) 

represent the modulated magnetic resonance absorption signal 

where is the modulation frequency, and let 

(D*3^ 

represent the modulated magnetic resonance dispersion signal. 

The total microwave voltage is 

ETOTAU. 
=
 ELWS (LO^ + 4) + «-®s cJl!' (D.4) 

+ S^eos (u>-£ + . 

This may be written as a sum of three superimposed waves 

'ff 

^TDTA<_ “ ELaos(uS^4^) -V- - cosO^+u^tf- 

-+- — cos -+ o cos Kui +u>)£ (D.5) 
Z. 2 

+ ■+ ~ f + 'I7 J 2- 
&£>S 
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The first term is the carrier frequency which is independent 

of the modulation frequency or modulation amplitude. The 

second and third terms are the sideband frequencies that 

represent the resonance absorption information. The fourth 

and fifth terms are the sideband frequencies 90° out of phase 

with the previous sideband frequencies and represent the 

resonance dispersion information. 

Terman^^ has shown that the general form of the equa¬ 

tion of a wave which consists of a series of superimposed 

waves 

e ~ E6 £©<; uiJr + E., «>s cos + (°.6) 

has a voltage envelope 

+ Z -co0) E -+ ~l (0.7) 

+ 2. E6 Et e^>5 £ CuJjT i ** ^ “' 
1L 

+ 2.E,EZCC,6 Qco,-cot)E + j 

Thus we may write the absolute amplitude of the voltage enve¬ 

lope with the three microwave frequencies of Equation (D.5) as 

1 ET*TAJ = [X + ^ («A^ "4) + (“W* + 4) 
(D.d; 

+ E^cos 

+ 4 -f) p 
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for £ and & small compared to E^* If <f> - & , one has 
i 

and if (f>= z 
2. ; 1 

(_ Eu + Z EL ^ Cos Ui^ ^ 2 

(0.9) 

(D.10) 

Thus for a linear detector and small £ , the voltage output 

will be either 

(D. 1 1) Eu + 'S C/>s 

or 

E.+ ^ C-BS (D.12) 

depending on (j>. 
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E. Derivation of the Equations Relating to the Measurement 
of Noise Figures 

Let's consider the noise factor of a single channel two 

port transducer of bandwidth B as shown in Figure 4-5. The 

input termination has an available Johnson-Nyquist noise 

power given by 

N - l< TB (E.D 

where 

k - 6.1-4 IM.O.IA W ^S> S4<XIA"{ 

T 4< 4 e VOw'^'u.'rt. 4 K 

0) 4VAci IA}(i+U 

(t. 2) 

The noise performance or figure of merit of the system 

is defined as the ratio of the actual output noise power at 

290°K compared to the theoretical minimum. The noise figure, 

F, is this figure of merit referred to room temperature 

(T=290°K) 

__ Noa Noc; 

N£G ~ MtG 
(E.3) 

where NQ = total noise power out 

Nj = noise power input from source at To(290l<)- KTQB 

^oi = noise power output due to noise input or 

GN. = ICTBG 
t o 



Ml 

FIGURE 45s Simple noise model used to determine the noise figure of a 

system* 
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Noa = noise power output referred to amplifier input 

due to internally generated noise at an effec¬ 

tive temperature T0 , =KTeBG 

G = transducer gain 

Thus the noise figure can be written 

k~k B6- + k i; 13G 

k L E>& 
(E.4) 

Then the effective temperature of the amplifier generated 

noise is 

Te = (F-1)T0 (H.5) 

and the total noise power out is 

N0 = tX +kT (F-l)BS- (E'6) 

If input termination at any temperature T*t rather than 

RT (Tq), the output noise power is 

N. = kt B& kT7 (F-i)BS tE-7) 

Noise figure measurements with an excess noise generator are 

made utilizing a test circuit similar to that in Figure 46. 

This method involves placing two noise sources (Tj and T2) 

alternately at the input of the system under test and deter¬ 

mining the ratio of the noise outputs on a per unit bandwidth 

basis. The total noise output with the input termination 

at T| is 
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FIGURE 46: Block diagram of test circuit used to measure system noise 

figures 
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Ne4 = Q< u k ((r_ 0 l* 1 ^>G 

and at T2 is 

M01 = 
+ k ^ ,61 &G 

The ratio of these two noise level outputs is 

_ Kjjj _ T» -v C F- 1) I. 

NM T| T ( p-i) T 

Subtracting i from both sides 

V- 1 - 
)x -v ( K-l) Ip h (j) 

C F- 1) r0 ’ 

condensing 

Y- i - 
1-2 " 1

 ( 

T(-V(F-D 

and solving for the noise figure, 

h = 
(x -2z ' 0 

Cv-i) 

If input noise termination temperature Tj, were at T 

(E.8) 

(E.9) 

(E.10) 

(E.ll) 

(F..12) 

(E.13) 

o (290°K), 

then 



ex (E.14) 
(1-0 

F = —  
C V -1) 'i-i 

-J” 

where ( := - 1 ) is referred to as the excess noise ratio, T , 
I © “X 

of the noise generator. 

Including attenuation ratio (A) between the excess noise 

source and the input, the noise figure of the system is 

1 Jk 
A y-i (E.15) 

or in terms of dB, where the definition of a quantity x in 

dB is 10 log (x): 

NFC JB) - ( ~lo L C V - 1) (£.16) 


