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Abstract:
High and low field g-values and the angular and temperature dependence of the linewidths for both
anilinium tetrachlorocuprate and ethylenediammonium tetrachlorocuprate were taken on a Varian E-3
spectrometer. The spin-orbit coupling constant λ was shown to lie between -200cm^-1 and -600cm^-1.
The data taken on the temperature dependence of linewidths was used as a further test of the model
proposed by Zaspel which has been shown to agree with data taken on other 2-dimensional
compounds. 
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ABSTRACT

High and low f i e l d  g -values  and the  angular  and tempera ture  
dependence o f  the  l inew id ths  f o r  both an i l in ium  t e t r a c h l o r o c u p r a t e  
and e t h y l ened iammonium t e t r a c h l o r o c u p r a t e  were taken on a Varian 
E-3 spec t rom ete r .  The s p i n - o r b i t  coupling c o n s t a n t w a s  shown 
to  l i e  between -BOOcm- I and -600cm"I .  The data  taken on the  
tempera ture  dependence o f  l inew id ths  was used as a f u r t h e r  t e s t  
of  the  model proposed by Zaspel which has been shown to  agree  with 
d a ta  taken on o th e r  2-dimensional  compounds.



I .  INTRODUCTION

The main in form at ion  gained from e l e c t r o n  paramagnetic 

resonance (EPR) s p e c t r a  i s  an ev a lu a t io n  o f  the  var ious  terms in 

th e  sp in  ham il ton ian .  Although the  c r y s t a l  f i e l d  and s p i n - o r b i t  

en e rg ie s  a re  independent ly  eva lua ted  from o p t i c a l  s p e c t r a ,  they 

can be c o r r e l a t e d  with EPR d a ta .  The most in fo rm at ive  EPR da ta  

w i l l  be t h a t  which i s  recorded a t  more than one tem pera tu re ,  

f requency ,  and microwave power. EPR da ta  can be used to  i d e n t i f y  

an unknown t r a n s i t i o n  metal ion o r  l a t t i c e  d e f e c t .  I t  can d i s ­

t i n g u i s h  between seve ra l  va lence  s i t e s  o f  the  same io n ,  and i t  can 

a l s o  f r e q u e n t ly  i d e n t i f y  the  l a t t i c e  s i t e  and symmetry o f  the  ' 

paramagnetic  s p e c i e s .  Much in form at ion  can be e x t r a c t e d  about 

d i f f u s i o n  c o n s ta n t s  and c o r r e l a t i o n  t im es ,  and sometimes r e l a x a -  

t i o n  t ime da ta  w i l l  d e t e c t  long range e f f e c t s .

In t h i s  t h e s i s ,  th e  angu la r  and tempera ture  dependence of 

th e  g va lues  f o r  the  Cu++ ion in  am* I in i  urn t e t r a c h l  o rocupra te  

(ALTC) and e t h y l end iammonium t e t r a c h l o r o c u p r a t e  (EDTC) were 

measured.  ALTC i s  a quas i -2 -d imensiona l  layered  s t r u c t u r e .  There 

i s  a wide i n t e r e s t  in s t r u c t u r e s  of  t h i s  type because they can be 

used to  approximate a plane of magnetic atomic d i p o le s .  For 

example,  t h e o r e t i c a l l y  t h e r e  should be no long range o rder ing  in . 

2-dimensional c r y s t a l  s t r u c t u r e s ,  but experiments have in d ic a ted
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t h a t  some o rde r ing  does indeed e x i s t .  ■ Both ALTC and EDTC w i l l  

be e v e n tu a l ly  s tu d ie d  by o th e r  techn iques  to  see i f  t h e r e  i s  any 

long range o rde r ing .  Also,  the  exchange energ ies  can be es t imated  

by comparison o f  the  exchange-narrowed l inew id ths  with c a l c u l a t e d  

second moment w id th s ,  and o th e r  i n t e r e s t i n g  informat ion comes from 

th e  tem pera tu re  dependence o f  th e  l in ew id th s .

Once th e  g va lues  and c r y s t a l  f i e l d  s p l i t t i n g  a re  known, 

th e  s p i n - o r b i t  coupling c o n s ta n t  Xcan be found. We w i l l  see  t h a t  

because o f  th e  s t r u c t u r e ,  we w i l l  only be ab le  to  s e t  l i m i t s  on 

th e  va lues .  The s t r u c t u r e  of  EDTC i s  unknown but comparison of  

t h e  g values  i n d i c a t e s  t h a t  i t  i s  much l i k e  the  s t r u c t u r e  of  ALTC.

Paramagnetic resonance i s  the  spec t roscopy of  magnetic 

d ip o le  t r a n s i t i o n s  induced by an o s c i l l a t i n g  magnetic f i e l d  between 

th e  energy l e v e l s  o f  a system o f  paramagnets.  The magnetic d ipo le s  

with  which we a re  concerned a re  those  on the  atomic l e v e l .  An 

atom may have a magnetic moment owing to  nuc lea r  s p i n ,  e l e c t r o n  

s p in ,  o r  e l e c t r o n  o r b i t a l  angu lar  momentum, but because o f  t h e i r  

g r e a t e r  o rde r  of  magnitude,  only t h a t  due to e l e c t r o n  sp in  S and 

e l e c t r o n  o r b i t a l  angu lar  momentum L w i l l  be cons idered .  Resonance 

occurs in a s t a t i c  magnetic f i e l d  Hq when a small, p e r tu rb in g  t ime 

dependent magnetic f i e l d  causes t r a n s i t i o n s  between the  d i f f e r e n t  

atomic energy l e v e l s  c r e a te d  by Hq or  quantum m echan ica l ly6.

2



where h i s  P lan ck 's  c o n s t a n t ,  r  i s  the  frequency o f  H1 and

where ^  i s  the  Bohr magneton, and g& i s  the  f r e e  e l e c t r o n  g va lue .  

For a c r i t i c a l  t r e a tm e n t  o f  non-sphere ica l  symmetry, such as in  a 

s o l i d ,  i t  i s  convenient to  d e f in e  a g f a c t o r  which r e l a t e s  the  

a ngu la r  momentum to  the  d ip o le  moment in  g e n e r a l .

source  f o r  the  Hq f i e l d  and an r . f .  source  f o r  the  t ime-dependent 

f i e l d .  The Varian E-3 EPR spec t rom ete r  provides  both .  The 

frequency  o f  th e  H1 f i e l d  i s  kept c o n s t a n t  and the  H„ f i e l d  i s  

s lowly v a r i e d ,  so s lowly t h a t  i t  can be considered  c o n s t a n t  

compared to  H j , through resonance.  At resonance ,  energy i s  

absorbed by the  c r y s t a l  from the  r . f .  f i e l d .  The spec t rom ete r  

w i l l  d e t e c t  t h i s  energy ab so rp t ion  and because of phase d e te c t io n  

w i l l  p l o t  the  d e r i v a t i v e  o f  the  a b so rp t io n  with r e s p e c t  to  the  

f i e l d  Hq . This curve i s  then used to  compute the  g values  fo r

i s  the  magnetic moment which i s

To measure the  g values  a t  resonance ,  one. must have a



I I .  THEORY

The Cu++ ion has a ls^2s^2p^3s^3p®3d^ c o n f ig u ra t io n  in

th e  ground s t a t e  so we can co n s id e r  the  c o l l e c t i v e  motion o f  the

nine  3d e l e c t r o n s  as a hole in a Sd^ c o n f ig u ra t io n .

F i r s t  we cons ide r  the  p e r tu r b a t io n  produced in  the  c r y s t a l

f i e l d  due to  cubic  and t e t r a g o n a l  symmetry. Then we in c lu d e  the

e f f e c t  o f  s p i n - o r b i t  coup l ing ,  and f i n a l l y  add the  p e r tu rb a t io n

o f  t h e  e x te rn a l  f i e l d  H . - -o
The f r e e  ion o r b i t a l  can be r ep re sen ted  by .. This

i s  an e ig en fu n c t io n  o f  Lz . For a f r e e  ion ,  the  hamil ton ian  w i l l

be i n v a r i a n t  under r o t a t i o n  about the  Z a x i s ,  and so i t  w i l l

commute with Lz - But f o r  an ion in  th e  c r y s t a l  l a t t i c e ,  t h e re

i s n ' t  s p h e r i c a l  symmetry so t h a t  t h i s  commutation no longer

occurs .  In the  lower symmetry we can choose th e  proper  l i n e a r  •
•2

combina tions  o f  the  o r b i t a l s  us ing a method developed by Bethe. 

This r e s u l t s  in a change from running to  s tand ing  waves and i s  

done by forming:
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FIGURE I

Diagrams o f  d -  e l e c t r o n  o r b i t a l s  a t  a s i t e  o f  oc tahedra l  

symmetry in  r e l a t i o n  to  s ix  eq u iv a l en t  p o in t  c h a r g e s , shown as . 

d o t s .
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a
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o r  more simply

■z.

%

Now, co n s id e r  nega t ive  p o in t  charges symmetr ically  placed
L p + 1along th e  ax i s  (F ig .  I ) .  The energy l e v e l s  f o r  and

w i l l  be r a i s e d  th e  same amount and they w i l l  be t r i p l y
(7"  s 7 odegene ra te .  I t  i s  not  obvious t h a t  S r  and y** w i l l  be ■ 

lowered by the  same amount but t h i s  i s  indeed the  c a s e . ^ This 

w i l l  cause a double degeneracy.

Now co n s id e r  the  non-symmetric s i t u a t i o n  caused by moving 

th e  charges  on the  Z ax is  ou t  by a small amount. We can see t h a t

Y 'iL
* and

lowered. The degeneracy in

w i l l  be r a i s e d  the  same bu t  w i l l  be

and w i l l  a l so  be l i f t e d

(Fig.  2) .  This leads  to  one doubly degenera te  and t h r e e  s i n g l e t

l e v e l s .  Now each o f  th e se  s t a t e s  i s  doubly degenera te  because
-u itT„ I-

o f  s p i n ,  with v '  . and V r  as the  lowest  o r  ground
- s- B I

s t a t e  (F ig .  2 ) , .where i s  sp in  up and B i s  sp in  down.

Consider the  e x p ec ta t io n  va lue  o f -L f o r  the  s t a t e  

( see  appendix ) .  ■ The vanish ing  o f  the  ex p ec ta t io n  value
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FIGURE II

S p l i t t i n g  o f  the  D term by a t e t r a g o n a l Iy d i s t o r t e d  cubic

field.
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of  Lz  i s  c a l l e d  "quenching" of  the  o r b i t a l  angular  momentum.

To see  any e f f e c t  o f  the  s p i n - o r b i t  i n t e r a c t i o n  the  pe r tu rbed

wave fu n c t io n  must be used.

_ L

Cf

where t h e  summation, runs over a l l  s t a t e s  inc lud ing  s p in ,  except

m=K.
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The expecta tion- va lue  o f  on the  pe r tu rbed  wave func t ion  

does not vanish  (see  append ix ) . Then to  f i r s t  o rder  f o r  th e  ground

£  = 4
where equals  the  c r y s t a l  f i e l d - s p l i t t i n g  (Fig.  2).  We see 

t h a t  th e  s p i n - o r b i t  i n t e r a c t i o n  adds a small amount o f  angu la r  

momentum and because of  t h i s ,  sp in  only  p r o p e r t i e s  cannot be 

expected.

Now l e t ' s  co n s id e r  the  e f f e c t  of  an ex te rna l  magnetic 

f i e l d  Hq ap p l ie d  to  th e  c r y s t a l .  F i r s t  we wi l l  cons ide r  the  

component o f  th e  hamil ton ian  in  the  Z d i r e c t i o n :
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we ge t

5X &

We have an e f f e c t i v e  "spin"  hamiI torn" an which can be w r i t t e n

where
K

F i n a l ly  we see  t h a t  t h i s  i s  a t e n so r  £  which can 

re p re se n te d  by a 3 x 3 m atr ix  which w i l l  r e l a t e  Aa* to  S:

be

The r e s u l t  o f  a l l  t h i s  i s  t h a t  the  p e r tu r b a t io n  due to  angu lar  

momentum can be c o l lap sed  i n to  t h i s  £  t e n s o r  and only th e  sp in  

needs to  be cons idered .

So f a r  we have cons idered  only th e  g va lues  along the  various  

s i t e  ax is  X5 Y5 and Z. However5 the  ex te rna l  magnetic f i e l d  Hq
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can be in  any a r b i t r a r y  d i r e c t i o n  r e l a t i v e  to the  s i t e  ax is  so we 

must co n s id e r  th e  hamil ton ian  f o r  any angle  & . The hamil tonian 

then becomes

A a #
(Al.5. s 4© I

where Q  i s  the  ang le  between Hq and the  Z axis, and

where ^  i s  an ang le  in  th e  X, Y p lane:

5 -  =

-  .

Solv ing th e  s e c u l a r  de te rm inan t

14

we have:

_£ 
-  a

4SL
0 0
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Now w i th in  the  co p p e r -ch lo r in e  plane in ALTC, the  Z ax is  

o f  the  neighboring  Cu++ ions a re  p e rpend icu la r  (F ig .  3) .  Because 

o f  the  superexchange i n t e r a c t i o n  between the  neighboring copper 

s i t e s  the  g^ and a values  wi l l  be in termixed so t h a t

We w i l l  s t i l l  assume t h a t  gx equals  gy and t h a t  gx i s  equal to 

gx  , but g ^  w i l l  now be c a l l e d  Qm- .



FIGURE I I I

O r ie n ta t i o n  o f  th e  co p p e r -ch lo r in e  bonds in ALTC.7





I I I .  DATA

Anilinium t e t r a c h l o r o c u p r a t e  (ALTC)9 (CgHgNH^)2 CuCi^9 i s  

monoclin ic  with a space group P2^/c and with a = 15 .OSOA0 9 

b = 7.443A0, o = 7 . 180A, = 100.7° and Z = 2 as shown in
5

Figure  3. The copper ions  l i e  in a p lane  and a re  surrounded by 

s ix  c h lo r in e  l i g a n d s .. Four o f  th e se  c h lo r in e  l igands  bind the  

copper ions  to  o th e r  copper ions in th e  same p lane ,  and the  two 

ou t  of  p lane  c h lo r in e  l igands  bind th e  copper ions to  benzene 

r i n g s  which b r idge  th e  copper  p lanes  (see  Fig. 4) .  . Addit ional • 

in fo rm at ion  provided by Larsen gives  th e  "co r rec t"  o r i e n t a t i o n  of 

the  c o p p e r - ch lo r in e  bonds. The leng ths  o f  the  c o p p e r -ch lo r in e  

bonds a long the  X9 Y9 and Z ax is  a re  2 . 2804A°9 2 . SOOZA0 9 and . 

2.9178A0 r e s p e c t i v e l y .  The Z ax is  a t  one copper s i t e  i s  connected 

by a c h l o r i n e  l igand  to  th e  X ax is  o f  the  nex t  copper s i t e ,  and 

th e  ang les  between the  copper and c h lo r in e  a re  not a l l  ex ac t ly  

90° (F ig .  3).  Also the  c o p p e r -ch lo r in e  bonds between the  Y and 

Z ax is  l i e  ou t  of th e  copper p lane ,  so the  X ax is  does not l i e  

along a l i n e  p e rp e n d icu la r  to  the  copper-copper p lanes .  Since the  

EPR d a ta  f o r  e t h y l enediammoniurn t e t r a c h l o r o c u p r a t e  (EDTC)9 

(C2H^(NHg)2 ) CuCl^9. i s  s i m i l a r  to  t h a t  of  ALTC9 t h e i r  s t r u c t u r e s  

were assumed to  be s i m i l a r .

/
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FIGURE IV

Drawing o f  copper planes  s epa ra ted  by benzene r i n g s .
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Data f o r  both ALTC and EDTC were taken on a s tandard  Varian 

E-3 EPR spec t rom ete r .  A scan t ime o f  8 minutes was used, the  

modula tion was 100 k i l o h e r t z ,  and the  microwave frequency 

was 9.523 megahertz f o r  ALTC and 9.155 megahertz f o r  EDTC a t  room 

tem pera tu re ,  and 9.155 megahertz f o r  ALTC and 9.153 megahertz f o r  

EDTC a t  77° Kv The scan range was. 250 Gauss with a t ime c o n s ta n t  

o f  I second.

The re so n an t  magnetic f i e l d  Hq v s . angle  Q  i s  given in 

Figure  5. These a r e  the  t y p ic a l  cos ine  curves one would expect 

from the  angu lar  dependence o f  the  g equa t ion .  Solving th e  energy 

equa t ion  f o r  g g ive s :

Calcu la ted  values  o f  g and g . f o r  both ALTC and EDTC are  

■given in  Table I .  The da ta  was taken a t  both room tempera ture  

(300° K) and l i q u i d  n i t ro g en  tem pera tu re  (77° K).

W i l l e t t  has shown in h is  i n v e s t i g a t i o n s  o f  monomeric copper 

( I I )  c h lo r id e s  t h a t  A ~  IO5OOOcm"""*" and/ss .  12 ,OOOcrn""\  f o r  

Cu ( I I ) . ^  I f  the  assumption" i s  made t h a t  g^ = g^ and t h a t  

g = k(q  + q ) no c o n s i s t e n t  va lue  f o r  the  s p i n - o r b i t  coupling 

c o n s ta n t  i s  p o s s ib l e .  This o f  course  i s  because th e  s t r u c t u r e ,  

given e a r l i e r ,  of ALTC i s  more complicated than the  above assumptions



FIGURE V

Magnetic'  f i e l d  (H) versus ang le  ( H )  f o r  ALTC and EDTC.
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TABLE I

MEASURED g VALUES AND LINEWIDTHS

Compound ^min ^max l inew id th  gmax linewid th r̂ni n

( C g H g N H g ig  C u C l^ 2.088+.01 2 .144+.Ol 42.5 gauss 41.25 gauss 3 0 0 ° K

2.090+.Ol 2 . 146±.Ol 9.4 ■ 15.6 77°K

C2H4 (NH3 ) 2 CuCl4 2 . 097±.Ol 2.155+.Ol 45.9 3 8 . 7 3 0 0 ° K

2 . 097±.Ol ■ 2 .154+.Ol 11.25 9.7 7 7 ° K
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The values  t h a t  a re  c o n s i s t e n t  with th e  above assumptions wi l l

range between -200cm and -600cm"™ .

The I inew.idths a t  an angle  o f ©  = O0 a re  shown a t  77° K

and 300° K in  Figure  6. These were the  only temperatures  a v a i l a b l e

to  use and a re  p re l im in a ry  temperatures  to  be used to  f u r t h e r  t e s t  .

th e  model proposed by Zaspel in h is  Ph.D. th e s i s .®  By cons ide r ing

o p t i c a l  phonon modulat ion of  the  symmetric exchange i n t e g r a l , the

model p r e d i c t s  a l i n e a r  tempera ture  dependence o f  the  l inew id ths

.AH. Although th e  model supposes no p re fe r r e d  geometry,  layered

compounds such as ALTC and EDTC a re  expected to  behave in  t h i s

manner. A l i n e a r  tempera ture  dependence o f  the  exchange c o n s ta n t
in

has been shown f o r  KgCuCl^ ? HgO and o th e r  layered  compounds.

Linewidths vs .  angle  a t  both 77° K and 300° K a re  a l so  

i n t e r e s t i n g  and a r e  given in  Figure  7. ALTC d isp lay s  the  expected 

angu la r  dependence whi le  c u r io u s ly  EDTC shows j u s t  th e  o ppos i te  

angu la r  dependence. Richards has proposed a model which gives 

I i reshape as a fu n c t io n  o f  angle  by a Four ie r  t rans fo rm  of  a 

r e l a x a t i o n  fu n c t io n  which i s  expressed in  terms of  exchange modula­

t i o n  o f  the  d i p o l e - d i p o l e  p e r tu r b a t io n  f o r  S s t a t e  ions .  In g e n e ra l ,

however, th e  p e r t u r b a t i o n s  may inc lude  s p i n - o r b i t ,  c r y s t a l  f i e l d  
11c o u p l in g s ,  e t c .  . Drumheller has found o th e r  compounds which 

d e p a r t  from the  Richards model, such as the  methyl and
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FIGURE VI

Linewidths (4 H) versus tempera ture  a t  an angle  of  zero 

degrees  f o r  ALTC and EDTC.

\
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FIGURE VII

Linewidths ( i  H) versus angle  ( 8 )  f o r  ALTC and EDTC.
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12e thyl ammonium t e t r a c h l o r o c u p r a t e  compounds. So f a r  t h e r e  i s  no.  

exp lan a t io n  f o r  t h i s  anomalous behav ior .



I V .  CONCLUSION

By measuring the  g values and observing the  angu lar  and 

temperature  dependence o f  the  l inew id ths  f o r  both ALTC and EDTC 

we have shown in t h i s  work seve ra l  q u a l i t a t i v e  f e a tu r e s  which a re  

o f  i n t e r e s t  in the  s tudy o f  2-dimensional magnetism. F i r s t  we have 

shown t h a t  the  s t r u c t u r e  o f  EDTC i s  layered  and s i m i l a r  to  ALTC.

Also we have found two more examples tha t ,  seem to  s u b s t a n t i a t e  the  

model proposed by Zaspel f o r  tempera ture  dependence o f  the  l i n e - ,  

widths  and t h e r e f o r e  the  exchange energy. This in fo rm a t io n ,  

however, does no t  g ive  the  na tu re  o f  th e  exchange i n t e g r a l  J ,  

so the  magnet ic  s u s c e p t i b i l i t y  f o r  both ALTC and EDTC needs to 

be measured.  From d a t a ,  the  i n t e r - p l a n e  and i n t r a - p l a n e  exchange 

can be found and th e  n a tu re  o f  J determined.

Eventua l ly  d a ta  on the  magnetic s p e c i f i c  h e a t  Cffl w i l l  be 

taken on th e se  compounds, and i t  may be p o s s ib le  to  determine from 

t h i s  da ta  i f  the  model proposed by Z a sp e l , which depends on the  sym­

m e t r i c  exchange i n t e r a c t i o n  S - - S . ,  i s  r e a l l y  r e s p o n s ib le  f o r  the
• J

l i n e a r  tem pera ture  dependence o f  the  l i n e w id th s ,  o r  i f  i t  i s  due to
13the  an ti symmetr ic  exchange i n t e r a c t i o n  S. x S . .  Both models pre- 

d i e t  a l i n e a r  tempera ture  dependence o f  the  l in ew id th s .  Because we. 

need no n -cen t ra l  symmetry and n o n -S - s t a t e  ions f o r  t h e . a n t i ­

symmetric exchange to  be p r e s e n t ,  the  magnetic s p e c i f i c  hea t  would
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behave d i f f e r e n t l y  f o r  non-symmetric exchange than f o r  symmetric 

exchange .^  Also th e  a ngu la r  dependence on the  l inew id ths  fo r  

EDTC needs to  be f u r t h e r  i n v e s t i g a t e d  and c o r r e l a t e d  to  the  

ap p a ren t ly  anomalous behavior in o th e r  .compounds. . .
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on the  ground s t a t e  wave func t ion

To show t h a t  the  expec ta t io n  value o f  L vanishes  opera te

so

Then we can see  t h a t  because of  the  o r th o g o n a l i ty  of  th e  wave

fu n c t io n s  the  e x p ec ta t io n  value  of  Lz vanishes .  The same, of

c o u rse ,  w i l l  be t r u e  f o r  L and L .x y

Because th e  pe r tu rbed  wave fu n c t io n  f o r  the  ground s t a t e

< <t  z & j SC'> 
— 4 %. >  -1 *  ^  ■

i s  a m ix ture  o f  a l l  o th e r  s t a t e s  except 9 ^  = whose m atr ix  elements 

with  r e s p e c t  to  the  ground s t a t e  v a n ish ,  the  e x p ec ta t io n  value  o f  

Lz no longe r  van ishes :
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So to  f i r s t - o r d e r  the  e x p ec ta t io n  value  o f  L on th e  per tu rbed

ground s t a t e  i s  equal to  , where X  i s  the  s p i n - o r b i t  coupling
tS.

c o n s ta n t  and and <£ a re  th e  c r y s t a l  f i e l d  s p l i t t i n g  (F ig .  2).  

Since ^  i s  on th e  o rder  o f  10,000cm * a t  room temperature  th e  

popu la t ion  o f  the  o th e r  s t a t e s  i s  i n s i g n i f i c a n t .  .

Now we can show t h a t  t h e  expec ta t io n  value of the  ham i l ton ian 

) C ^  on the  pe r tu rbed  ground s t a t e ,  where ^  ) / ^ 2 -

i s  equal to  - J r - 4  ^  ^A / t .  ^  .
. Then the  s p l i t t i n g

d  E - -  C g . -  x 2  ,

Now l e t ' s  take  the  e x p ec ta t io n  value  o f  J f wi t h r e s p e c t  

t o  J j l which because o f  symmetry i s  eq u iv a l en t  to  t h e  expec ta ­

t i o n  va lue  o f

The diagonal  m atr ix  elements vanish .  With a l i t t l e  work 

i t  can be shown t h a t  to  f i r s t  o rde r



LITERATURE CITED



LITERATURE CITED

' I .  C. Poole ,  E lec t ron  Spin Resonance, (John VJiley and Sons„ New 
York, 19677: ;

2. I .  J .  de Jongh and A. Miedema5 Adv. in  Physics 235 I (1974).

3. ' H. Beth, Ann. Physic ,  _3, 133 (1929).

4. G. Pake, Paramagnetic Resonance, (W. A. Benjamin, I n c . ,
New York, 1952).

5. K. Larsen,  Acta Chemica Scandinavica  A28, 194 (1974).

6. K. Emerson, p r i v a t e  d i s cu s s io n .

7. K. Larsen ,  p r i v a t e  communication.

8.  R. W i l l e t t ,  0. L i l e s ,  J r . ,  and C. Michel son, Inorg.  Chem.
6, 1885 (1967).  •

9. C. Z a s p e l , On The Temperature Dependence of  The Exchange 
I n t e r a c t i o n , T h es i s ,  (Montana S t a t e  U n iv e r s i ty ,  1975).

10. C. Zaspel and J.  Drumhelle r ,  Soli tf  S t a t e  Commun., 17, 1107
(1975).. ~~

11. P. R ic h a rd s , Magnetic Resonance in  One- and Two-Dimensional
■ Systems, (Sandia L a b o ra to r i e s ,  Albuquerque, N. Mex., 1973)7

12. H. Boesch, U; Schmocker, F. Waldner, K. Emerson, and J .  
Drumheller,  Physics L e t t e r s ,  36A, 6 (1971).

.13. M. Seehra and T. Cas tner ,  Phys. Kondens. M ater ia ,  7,  185
( 1 9 6 8 ) .

14. C. Z a s p e l , to  be pub l ished .



3 1762 10012907 9

N378 Bergstrom, Richard A
Bl+56 Electron paramagnetic
cop.2 resonance of anilinium  

tetrachlorocuprate and 
ethylenediammonium 
tetrachlorocuprate

D A T E I S S U E D  T O

A J S W


