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The resonance f i e l d s  and peak-to-peak amp l i tudes  o f  t h e  ESR 

spectrum o f  cr3+ i n  a x i a l  symmetry have been computed as f u n c t  i o n s  o f  

t h e  ze ro- f  i e l d  s p l  i t t i n g  parameter,  D, f o r  t h r e e  o r i e n t a t i o n s  o f  t h e  

magnetic f i e l d  r e l a t i v e  t o  the  symmetry a x i s :  oO, 40° and 90°. The r e -  

s u l t s ,  which a r e  presented i n  g r a p h i c a l  form, may be used f o r  t h e  iden- 

t i f  i c a t i o n  and i n t e r p r e t a t i o n  o f  cr3+ spec t ra  i n  s i n g l e  c r y s t a l s  and i n  

p o l y c r y s t a l l i n e  m a t e r i a l s .  

Os campos de ressonância e amp l i tudes  p ico- a- p ico  do espec t ro  

de ESR de cr3+ em s i m e t r i a  a x i a l  foram ca lcu lados  em função do parâme- 

t r o  de desdobramento de campo zero, D, para t r ê s  d i f e r e n t e s  o r i e n t a -  

ções do campo magnético em re lação  ao e i x o  de s i m e t r i a :  O', 40' e  90' . 
Os resu l tados ,  que são apresentados em forma de g rá f i cos ,podemser  usa- 

dos para a i d e n t i f i c a ç ã o  e i n t e r p r e t a ç ã o  de espectros de c r3+  em mono- 

c r i s t a i s  e em m a t e r i a i s  p o l i c r i s t a l i n o s .  

1. INTRODUCTION 

The ESR spectrum o f  a  d iamagnet ic  sample doped w i t h  a paramag- 

n e t i c  i rnpur i t y  g e n e r a l l y  c o n s i s t s  o f  severa! l i n e s .  Some o f  these l i n e s  

a r e  due t o  t h e  dopant, and may correspond t o  one o r  more symmetry s i -  

tes;  o t h e r s  a r e  due t o  unwanted paramagnetic i m p u r i t i e s ,  which a r e  f r e -  

q u e n t l y  p resen t  i n  s i g n i f i c a n t  c o n c e n t r a t i o n s .  In  o r d e r  t o  i n t e r p r e t  

the  spectnum, one g e n e r a l l y  assumes t h a t  a  p a r t i c u l a r  l i n e  o r  a s e t  o f  

l i n e s  i s  due t o  a p a r t i ' c u l a r  i o n  i n  a g i v e n  symmetry s i t e ,  compat ib le  

w i t h  t h e  symmetry o f  t h e  n j a t r i x .  T h i s  i n i t i a l  assumption can then be 



checked by p r e d i c t i n g  t h e  assoc ia ted  spectrum f o r  o t h e r  o r i e n t a t  ions 

and/or f o r  o t h e r  t r a n s i t i o n s .  There a r e  two c h a r a c t e r i s t i c  f e a t u r e s  o f  

a  resonance l i n e  which a r e  e a s i l y  measured i n  a  conven t iona l  ESR espec- 

t romete r  w i t h  f i r s t - d e r i v a t i v e  p r e s e n t a t i o n :  t h e  resonance f i e l d ,  ti, , 
and t h e  peak- to-peak amp l i tude ,  P. These can be used toge ther  t o  r e s o l -  

ve a m b i g u i t i e s  i n  the  spectrum, as i t  happens when t h e  resonance f i e l d  

i s  about t h e  same f o r  d i f f e r e n t  ions. 

The c a l c u l a t i o n  o f  resonance f i e l d s  and peak-to-peak a m p l i t u -  

des f o r  a r b i t r a r y  angles and syrnmetries i s  a  cumbersome procedure,which 

invo lves  t h e  d i a g o n a l i z a t i o n  o f  t h e  s p i n  Hami l ton ian .  A s imp le  method 

t o  e s t i m a t e  t h e  l i n e  p o s i t i o n s  and amp l i tudes  g i v e n  a  p a r t i c u l a r  s e t  o f  

s p i n  Hami l ton ian  parameters o r ,  conversely ,  t o  e s t i m a t e  t h e  s p i n  Hamil-  

t o n i a n  parameters g iven  a  p a r t i c u l a r  spectrum, i s  c l e a r l y  d e s i r a b l e .  I n  

t h e  p resen t  work, such a  method i s  developed f o r  a  s p i n  S = 3 / 2 i n a x i a l  

symmetry. l t  c o n s i s t s  i n  genera t ing  a  s e t  o f  graphs f o r  t h e  resonance 

f i e l d s  and r e l a t i v e  ampl i tudes as f u n c t i o n s  o f  t h e  z e r o - f i e l d s  s p l i t t i n g  

parameter,  D, f o r  se lec ted  ang les  between t h e  magnetic f i e l d  and t h e  

c r y s t a l  c - a x i s .  

2+ 
' The ions  1 i k e l y  t o  have a  s p i n  angu la r  momentum o f  3/2 a r e  V , 

c r 3 +  and Iln4+. The p r i n c i p a l  i sotopes o f  vanad ium and manganese have a  

nonzero nuc lear  s p i n  and t h i s  leads t o  h y p e r f i n e  s p l i t t i n g ,  w h i c h i s n o t  

inc luded  i n  t h e  c a l c u l a t i o n s  t h a t  f o l l o w .  The d i r e c t  a p p l i c a t i o n  o f  t h e  
3+ presen t  work i s  t h e r e f o y e  r e s t r i c t e d  t o  C r  . 

2. THEORY 

2.1. Spin Hamiltonian 

The energy l e v e l s  o f  t h e  ground s t a t e  o f  ~ r l +  (S=3/2) i n  a x i a l  

symmetry can be descr ibed  by t h e  s p i n  Hami l ton ian  : 

1113 (1 

i e d  f i e l d ,  B i s  t h e  wherefi and T-I a r e  t h e  components o f  t h e  appl  z ' Y 

800 



Bohr magneton, g,, and g, 

t h e  z e r o- f  i e l d  sp l  i t t i n g  

c r y s t a l  c - a x i s .  The d i f f  

and w i l l  be neg lec ted  i n  

cr3+, t h e  assumption t h a t  

mat i o n 2.  

a r e  t h e  spec t roscop ic  sp 

parameter and t h e  z  a x i s  

erence between g,, and g, 

t h e  c a l c u l a t i o n  t h a t  f o l  

i t t i n g  f a c t o r s ,  D i s  

i s  taken a long  t h e  

i s  usual  l y  v e r y  smal12 

ow. I n  t h e  case o f  

g,, = g, = g = 1.98 i s  a  f a i r l y  good a p p r o x i -  

To per fo rm t h e  necessary c a l c u l a t i o n s  we have r e w r i t t e n  t h e  

Hamil t o n i a n  o f  eq. (1) i n  a  l a b o r a t o r y  system o f  r e f e r e n c e  axes, x r  , 
y ' ,  z ' ,  where t h e  z' a x i s  i s  a long  t h e  a p p l i e d  f i e l d  L'. The y '  a x i s  i s  

chosen t o  c o i n c i d e  w i t h  t h e  y a x i s .  I f  t h e  a p p l i e d  f i e l d  L' makes an 

ang le  0  w i t h  t h e  c- a x i s ,  t h e  l a b o r a t o r y  c o o r d i n a t e s  x', y '  , z r  o f  a  

p o i n t  x ,  !y, z  i n  t h e  unprimed system a r e  g i v e n  by 

x r  = x  cose + z s ino  

Y' = Y 

Z '  = -x  s ine  + z  cose 

The s p i n  o p e r a t o r s  Sx, S  and Sz a r e  t ransformed t o  Sxl, S  
Y  Y "  

S Z r  
i n  t h e  same way as t h e  coord ina tes .  I n  t h i s  c o o r d i n a t e  system t h e  

s p i n  Hami l ton ian  becomes 

iminated by w r i t i n g  G = gBH/D, so 

i a n  assumes the  form 

The parameter D can be e1 

t h a t ,  t a k i n g  S = 3/2, t h e  Hami l ton 

H = GSZ, + (1/2) (3 



2.2. Line Amplitudes 

The paramagnet ;c resonance absorp t  i o n  i s  produced by app l  i c a -  

t i o n  o f  a microwave r a d i a t i o n  f i e l d  H, coswt, t h a t  induces t r a n s i t i o n s  

among t h e  energy l e v e l s  descr ibed  i n  t h e  preceding s e c t i o n .  I n  t h e  

usual exper imenta l  c o n f i g u r a t i o n ,  HI i s  p a r a l l e l  t o  t h e  y r  a x i s .  The 

r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t y  f o r  a  t r a n s i t i o n  between two p a r t i c u l a r  

l e v e l s ,  i and j, i s  g i ven  by 3:  

where v i s  t h e  microwave f r e q u e n q  and g (H) i s  t h e  1  ineshape func-  i j 
t i o n  . 

I f  t h e  l i n e  shape i s  t h e  same f o r  a l l  t r a n s i t i o n s ,  as  i s  f r e -  

q u e n t l y  t h e c a s e ,  t h e f a c t o r g  (H) may b e d r o p p e d f r o m e q .  (5 ) .  The 
i j 

r e l a t i v e  l i n e  i n t e n s i t y  can thus be w r i t t e n  as: 

I f  t h e  modu la t ion  amp l i tude  i s  much l e s s  than t h e  l i n e w i d t h ,  

t h e  1 i n e  i n t e n s i  t y  Iij i s  p r o p o r t i o n a l '  t o  t h e  peak- to-peak ampl i t u -  

de o f  t h e  f i r s t - d e r i v a t i v e  l i n e ,  Pij, t imes t h e  square o f  t h e  peak-to- 

-peak l i n e w i d t h ,  
P P :  

I n  a  f i e l d  swept spectrum, t h e  l i n e w i d t h  i s  g i v e n  b y 3:  

where AV i s  t h e  l i n e w i d t h  i n  a  f requency swept spectrum. 
PP 

Accord ing t o  eqs. (6) ,  (7) and (8) ,  and assuming t h a t  AV i s  
PP 

t h e  same f o r  a l l  t r a n s i t i o n s ,  we have: 



l 'he v a l u e  o f  aH/ahu i n  eq. (9) i s  g i v e n  by5:  

aH 1 - 1 

ahu=p I<ilsZ,lj> - <jls,,li>l 

The r e l a t i v e  amp l i tude  may thus  be expressed as: 

'ij = I<ilsy,/j>I2 < i ~ ~ , , ~ j >  - <ji~~,/i>l 

3. CALCUIATIONS 

where 

The mat i x  d e r i v e d  f rom t h e  Hami l ton ian  (4)  i s  g i v e n  below. 

'The m a t r i x  above was d i a g o n a l i z e d  w i t h  t h e  h e l p  o f  a cornputer 

program w r i t t e n  i n  FORTRAN. For a g i v e n  angle,  0, and a g i v e n  normal ized 

f i e l d ,  i:, the prograrn c a l c u l a t e d  t h e  parameters Wij, Xij, Pij, d e i  ined as 
- - - 

- Wi - V .  i s  t h e  d i f f e r e n c e  i n  energy between pai rs  o f  eigen-  f o l  lows. - 
3 

values,  expressed i n  d imensionless u n i  t s  o f  hu/D. X . = G / % ~ = ~ B H / ~ U  i r  t h e  
i~ 

normal ized resonance f i e l d .  I t  can a l s o  be expressed as H/H,, where Ho= 

= hu/gB i s  a convenient  parameter.  Pij i s  t h e  r e l a t i v e  peak- to-peak am- 

p l i t u d e ,  c a l c u l a t e d  accord ing  t o  eq. (11) .  By r e p e a t i n g  t h e  c a l c u l a t i o n s  

f o r  severa1 va lues  o f  G ,  i t  i s  p o s s i b l e  t o  o b t a i n  p l o t s  o f  hU/D vs.  H/H, 

and P vs. hu/D f o r  a g iven  a n g l e  8. 



Due t o  p r a c t i c a l  l i m i t a t i o n s  ( a t  l e a s t  two p l o t s  are needed f o r '  

each ang le )  the  r e s u l  t s  a r e  presented f o r  o n l y  t h r e e  angles:  O', 40' and 

90'. Th is  cho ice  has been made f o r  t h e  f o l l o w i n g  reasons. I n  t h e  case o f  

s i n g l e  c r y s t a l s ,  the  sample i s  g e n e r a l l y  c u t  p e r p e n d i c u l a r l y  t o  the  c- 

-ax is  and t h e  f i r s t  measurements a r e  taken w i t h  t h e  magnetic f i e l d  pa- 

r a l l e l  and perpend icu la r  t o  t h i s  a x i s .  A f t e r  t h e  Hami l ton ian  parameters 

have been e s t  imated, measurements may be taken a t  another  ( a r b i  t r a r y )  an- 

g l e  t o  check t h e  r e s u l t s .  Wi th  p o l y c r y s t a l s ,  t r a n s i t i o n s  a r e  u s u a l l y  ob- 

served3 o n l y  a t  the  t u r n i n g  p o i n t s  o f  the  Hami l ton ian,  i .e., a t  f i e l d s  

where aW30 21 0. For a  s p i n  3/2 i n  a x i a l  symmetry, t h e  t u r n i n g  p o i n t s  

occur 5 a t  O', 90° and an ang le  between 35O and 45'. The ang le  o f  40' was 
O 

chosen as a  compromise. Graphs f o r  8=40 a l l o w  a  f a i r l y  accura te  est ima-  

t e  o f  t h e  l i n e  p o s i t i o n s  f o r  o f f - a x i s  t r a n s i t i o n s  i n  p o l y c r y s t a l l i n e  spe- 

cimens. On the  o t h e r  hand, i n  t h e  case o f  p o l y c r y s t a l s ,  t h e  l i n e  amp l i -  

tude depends n o t  o n l y  on the  s i n g l e - c r y s t a l  amp l i tude  a t  t h e  t u r n i n g  

p o i n t s ,  b u t  a l s o o n  t h e f a c t o r s  s i n e a n d  38/30 (see R e f e r e n c e 3 ) .  A s a  
O o  

r u l e ,  the  t r a n s i t i o n s  w i t h  t u r n i n g  p o i n t s  a t  0=90 and 0 % 40 a r e  more 
o  

in tense  and t h e  t r a n s i t i o n s  w i t h  t u r n i n g  p o i n t s  0=0 a r e  weaker ( a c t u a l -  

l y ,  the  o n l y  t r a n s i t  ions t h a t  may have t u r n i n g  p o i n t s  a t  0 % 40° a r e  2-3 

and 1 .4 ) .  

4. RESULTS 

The r e s u l t s  o f  t h e  computat ions descr ibed  i n  t h e  preceding 

s e c t i o n  a r e  shown i n  F igs .  1-6. The p l o t s  o f  W/D (= hu/D) as  a  func-  
o  t i o n  o f  F/H, f o r  0  = O', 40' and 90 a r e  show i n  F igs .  1-3. The p l o t s  

o f  P as a  f u n c t i o n  o f  W/D f o r  8  = O', 90' appear i n  t h e  same graph, 

F ig.4.  F igs .  5 and 6 show t h e  r e l a t i v e  i n t e n s i t y  f o r  0 = 40'. The 

t r a n s i t i o n  a r e  labe led  i n  terms o f  t h e  energy l e v e l s  invo lved .  The 

energy l e v e l s  a r e  numbered i n  o r d e r  o f  decreasing energy. 

The use o f  t h e  graphs i s  i 1 l u s t r a t e d  i n  t h e  exemples t h a t  

f o l  low. 



NORMALIZED FIELD, H/Ho 

F i g . 1  - W/D as a function of R/Ho for 0 = 0' 

NORMALIZED FIELD, H/Ho 

F i g . 2  - W/D as a function of H/H, for 9 = 40'. 



NORMALIZED FIELD, H/H, 
F i g . 3  - W/D as a funct ion o f  H/H, f o r  '8 = 90'. 

NORMALIZED ENERGY, W/D 

Fi.g.4 - P as  a funct ion o f  W/D f o r  0 = 0' and '8 = 90'. 
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NORMALIZED ENERGY, W/D 

Fig.5 - P as a function of W/Ü for 9 = 40'; transitions 1-2, 2-3, 3-2 

and 3-4. 

NORMALIZED ENERGY, W/D 
Fig.6 - P as a function of W P  for B = 40'; transitions 1-3,  1-4, 2-4 

and 4-2. 



5. EXAMPLES 

5.1. ESR of cr3' in Single-Crystal AI,O, 

5.1.1. Sample Preparation 

The Al2O3 s i n g l e  c r y s t a l  used i n  t h i s  work was c u t  f rom an 

i n g o t  k i n d l y  p rov ided  by P r o f .  Zora ide  A r g u e l l o  o f  UNICAMP. The i n g o t  

was o r i e n t e d  by x- ray  d i f f r a c t i o n ,  u s i n g  Laue's back s c a t t e r i n g  tech-  

n ique,  and s l i c e d  w i t h  a  diamond saw. 

5.1.2. Experimental Results and Discussion 

The spectrum o f  a  sample o f  s i n g l e - c r y s t a l  AI203 shows se- 

v e r a l  l ines, which a r e  a t t r i b u t e d  t o  i m p u r i t i e s .  Chemical a n a l y s i s  

shows t h a t  t h e  main paramagnetic i m p u r i t i e s  a r e  c r 3 + a n d  ~ e ~ + .  I t  i s  
o  

n o t  p o s s i b l e  t o  measure t h e  l i n e  p o s i t i o n s  w i t h  good accuracy a t  %=O, 

because some 1 ines a r e  p a r t i a 1  l y  superposed. A t  0 = 90°, t h e  spectrum 

i s  much s imp le r  ( ~ i g . 7 a ) :  i t  c o n s i s t s  o f  f o u r  w e l l - s e p a r a t e d  l i n e s ,  

t h a t  f o r  a  microwave f requency o f  9.25 GHz appear a t  f i e l d s  o f  1325, 

1954, 3369 and 5387 gauss. 

We beg in  by assuming t h a t  g = 1,98, so t h a t ,  w i t h  v = 9,25 

GHz, we g e t  H, = hv/gB = 3428 gauss. The normal i zed  f i e l d s  f o r  t h e  

fou r  l ines a r e  thus H/H, = 0.39, 0.57, 0.98 and 1.57. I f  t h e  l i n e w i t h  

H/H, = 1.57 ( 1  i n e  D) i s  a t t r i b u t e d  t o  the  c r3+  i o n  i n  a x i a l  symmetry, 

i t  can be due o n l y  t o  t h e  1-2 t r a n s i t i o n  (see F ig .3 ) .  I f  t h i s  i s  t h e  

case, W/D % 1.60 and a  second 1 i n e  ( t r a n s i  t i o n  3-4) i s  p r e d i c t e d  a t  

H/H, % 0.55, i .e . ,  a t  H  % 1900 gauss. S ince a  l i n e  i s  found n e a r t h e  

p r e d i c t e d  p o s i t i o n  ( l i n e  B ) ,  t h i s  hypo thes is  seems t o  be c o r r e c t .  Mo- 

reover, no o t h e r  t r a n s i t i o n s  should be observed, and t h e r e f o r e  the 1 i- 

nes a t  H/H, = 0.39 and 0.98 ( 1  i nes  A and C) a r e  a t t r i b u t e d  t o  t h e  

~ e ~ +  i on . 

As a  check, one may compare t h e  p r e d i c t e d  l i n e  p o s i t i o n s  a t  

0 = 40° w i t h  t h e  exper imenta l  r e s u l t s .  T h i s  spectrum i s  shown i n  F ig .  

7b. Accord ing t o  F i g s .  2,5 and 6, t h r e e  1  ines  should be observed, co r-  

responding t o  t r a n s i  t i0n.s 3-2, 3-4 and 2-3, a t  f i e l d s  o f  390, 2690 



F i g . 7  - ESR spect ra  o f  a sample of  s i n g l e - c r y s t a l  A1,0, conta in ing Cr 

and Fe as  i rnpur i t ies  (room temperature, u =  9.25  GHz). (a)  Q = 90' ; 

íb) 8 = 40'. F i e l d  va lues  f o r  the  cr3+ l i n e s ,  i n  gauss: A.  1325; B,  

1954; C,  3369; D ,  5387; E ,  395; F, 2670; G, 4510. 

and 4520 gauss. Three l i n e s  a r e  indeed found near these p o s i t i o n s  ( l i -  

nes E , F , G ) .  The l i n e  corresponding t o  t h e  1-2 t r a n s i t i o n  i s  n o t  seen 

due t o  i t s  low ampl i t u d e  (see F i g .  5 ) .  A I1  o t h e r  l ines i n  F i g .  7b a r e  

due t o  ~ e ~ +  ions.  

The bes t  es t imates  f rom t h i s  a n a l y s i s  a r e  t h e r e f o r e :  

g = 1.98 

I ~ l / h  = v/1 .60 = 5.78 GHz 

where D i s  expressed i n  f requency u n i t s .  

The bes t  exper imenta l  va lues  f o r  t h e  Hami l ton ian  parameters 

o f  cr3+ i n  AI ,O,, obta ined by f i t t  i n g  t h e  exper imenta l  r e s u l  t s  f o r  se- 

v e r a l  angles i n  h i g h - p u r i t y  c r y s t a l s ,  a r e 5 :  

g,, = 1.9817 

g ,  = 1.9819 

( ~ ( / h  = 5.747 GHz 



5.2. ESR of ~r 3+ in Polycrystalline MgO 

5.2.1. Sarnple Preparation 

The chromium-doped MgO sample used i n  t h i s  work was prepa- 

red frorn pure oxides c a r e f u l l y  g r ind ing them together and then f i r i n g  
O 

the rnixture f o r  96 hours a t  1350 C. Actual chromium concentrationwas 

deterrni ned by x- ray f 1 uorescence spectrometry t p  be 0.8 ca t ion% C r  . 

5.2.2. Experimental Results and Discussion 

The spectrum of a chromium-doped sample o f  MgO powder (Fig. 

8) shows, beside a strong l ine a t  3338 gauss, due t o  the cr3+ i on  i n  

cubic symmetry6, weaker l i n e s  a t  712, 2560, 3233, 3712 and 4317 gauss, 

which a re  a t t r i b u t e d  t o  the cr3+ ion i n  lower symmetry s i t es .  

I n  order t o  f i n d  ou t  whether some o r  a l l  o f  these l i n e s  are  

due t o  cr3+ i n  ax ia l  symmetry, we begin by assuming tha t  thes t rongest  

Fig.8 - ESR spectrum o f  a sample o f  HgO powder con ta i n i ng  0.8 ca t i on% 

cr3+ íroorn temperature, u = 9.25 GHz).  F i e l d  values f o r  fhe a x i a l  

spectrurn, i n  gauss: A, 712; 8, 2560; C ,  3233; D ,  3712; E, 4317. The 

cen t ra l ,  high-arnpl i t ude  l ine i s  due t o  cr3+ ions i n  cubic symnetry s i -  

te5. 



o l i n e ,  a t  3712 gauss, i s  due t o  a 8 = 90 t u r n i n g  p o i n t .  The norma l i -  

zed f i e l d  f o r  t h i s  l i n e ,  u s i n g  t h e  same v a l u e  f o r  H, as i n  t h e  prece-  

d i n g  example, i s  H/Ho = 1.08. Accord ing t o  F ig .  3, a l i n e  w i t h  

H/Ho ?. 1.0 cou ld  be a t t r i b u t e d  t o  t r a n s i t i o n  2-3 w i t h  a low v a l u e  o f  

D, of t h e  o r d e r  o f  0.1 W. I n  t h a t  case, however, F i g s .  3 and 4 show 

t h a t  another  high-ampl i tude t r a n s i  t i o n ,  t r a n s i t i o n  3-4, should be ob- 

served i n  t h e  neighborhood o f  H/Ho = 0.9, i .e., H = 3085. S ince  t h i s  

l i n e  i s  n o t  seen, o u r  i n i t i a l  assumption i s  c l e a r l y  wrong. 

I n  t h e  nex t  t r y ,  we a s s i g n  t h e  second most i n t e n s e  l i n e , t h e  
O 

one a t  3233 gauss, t o  a 8 = 90 t u r n i n g  p o i n t .  The normal ized f i e l d  

i s  H/Ho = 0.94. Accord ing t o  Fig.3, a l i n e  w i t h  H/R, 0.95 c o u l d  

be a t t r i b u t e d  t o  t r a n s i t i o n  2-3 w i t h  W/D ?. 4. F igures  3and  4 show thaf 

i f  t h i s  assignment i s  c o r r e c t ,  o t h e r  s t r o n g  l i n e s  should be observed 

a t  H/Ho = 0.75 ( t r a n s i t i o n  3-4) and H/Ho = 1.25 ( t r a n s i t i o n  1-2 ) .  

The corresponding f ie1ds a r e  2571 and 4285 gauss..Since two 1 ines  a r e  

found near t h e  p r e d i c t e d  p o s i t i o n s ,  o u r  assumption i s  p robab ly  c o r -  

r e c t .  

As a check, we use F igs ,  2 and 5 t o  p r e d i c t  t h e  p o s i t i o n s  

o f  o t h e r  high-ampl i tude 1 ines i n  the  spectrum. S i  nce we know5 t h a t  
o 

t h e  o n l y  t r a n s i t i o n s  t h a t  may have t u r n i n g  p o i n t s  a t  8 ?. 40 a r e  2-3 

and 1-4, t h e  o f f - a x i s  t r a n s i t i o n s  a r e  p r e d i c t e d  t o  occur  a t  H/H = 0 . 2  o 
( t r a n s i t i o n  1-4) and &'Ho = 1.1 ( t r a n s i t i o n  2-3) .  The cor respond ing  

f i e l d s  a r e  686 and 3771 gauss. Two l i n e s  a r e  indeed found near t h e  

p r e d i c t e d  p o s i t i o n s  ( l i n e s  A and D i n  F i g . 8 ) .  

O The l ines  corresponding t o  t h e  t u r n i n g  p o i n t s  a t  8 = O a r e  

too  weak t o  be observed i n  t h e  s c a l e  o f  F i g .  8. I f  t h e  g a i n  o f  t h e  

instrurnent i s  

pos i t ions pred 

A I  1 

l i n e ,  can thus 

ncreased, however, a d d i t i o n a l  l i n e s  a r e  seen near t h e  

c t e d  w i t h  t h e  h e l p  o f  F igs .  1 and 4. 

ines i n  t h e  spectrum o f  ~ i g . 8 ,  except  the c e n t r a l  s t rong 

be a t t r i b u t e d  t o  t h e  cr3+ i o n  i n  a x i a l  symmetry. The 

Harn i l ton ian parameters a r e  es t imated  t o  be: 

g = 1.98 

( ~ l / h  = v/4.00 = 2.31 GHz 



The exper imenta l  va lues  f o r  t h e  Hami l ton ian  parameters o f  

C r 3 +  i n  a x i a l  symmetry s i t e s  i n  MgO, o b t a i n e d  f rom s i n g l e - c r y s t a l  

work, a r e 7 :  

6. CONCLUSIONS 

The examplesof t h e  p reced ing  s e c t i o n  show t h a t  w i t h  t h e  h e l p  

of t h e  graphs presented i n  t h i s  work i t  i s  p o s s i b l e  t o  i d e n t i f y  t h e  l i -  

nes due t o  t h e  c r3+ i o n  i n  a x i a l  symmetry s i t e s ,  b o t h  i n  s i n g l e  c r y ç -  

t a i s  and i n  p o l y c r y s t a l l i n e  m a t e r i a l s .  I s  i s  a l s o  p o s s i b l e  t o  e s t i m a t e  

t h e  v a l u e  o f  the  z e r o - f i e l d  s p l i t t i n g  parameter,  D, w i t h  f a i r l y  good 

accuracy. 

REFERENCES 

1 .  B.Bleaney and K.W.H. Stevens, Rep.Progr.Phys. 16, 108 (1953). 

2. J. E.Wertz and J.  R. BOI ton, Electron Spin Resonance ( ~ c G r a w - ~ i  1 1 ,  New 

York, 1972), Chapter 1 1 .  

3. G.van Veen, J.Magn.Resonance 30, 91 (1978). 

4.  J . S.  d de ,' Experimental Techniques i n  EPR (Var i an, Pa l o AI t o ,  1963) , 
p.10. 

5.  T.T.Chang, D. Fosrer ,  and A.H. Kahn, NBS J .  o f  Research 83,133 ( 1  978). 

6. W.Low, Phys. Rev. 105, 801 (1957). 

7. J.E.Wertz and P.Auzins, J.Phys.Chem.So1 i d s  28,  1557 (1967). 


