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Abstract:

The temperature dependence of the intensities of the electron paramagnetic resonance (E.P.R..)
spectrum for one percent Eu++ impurities in fluorite crystals has been investigated. This temperature
dependence has been analyzed and has been shown to result from crystal expansion due to anharmonic
terms of the lattice vibrations and from the harmonic terms which modulate the crystal-field as seen by
the paramagnetic electrons.

It was determined that the relative intensities between forbidden and allowed hyperfine lines varied
with temperature as [formula not captured by OCR] Good agreement between the predicted
temperature dependence and the experiment were found; however, the value of C based on point charge
calculations was subject to some question because of crystal-field parameter values.

In the analysis of the hyperfine spectrum as it depends on spatial orientation with respect to the
magnetic field, certain "forbidden" hyperfine lines, heretofore not identified, were cataloged.
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ABSTRACT-

The temperature dependence of the .intensities of the
electron. paramagnetlc resonance (E.P.R.) spectrum for
one percent Eu*" impurities-in fluorite crystals has
been investigated. This temperature dependence has been
analyzed and has been shown to result from crystal expan-
sion due to anharmonic. terms of the lattice vibrations .
and from the harmonic terms which modulate the crystal-
field as seen-by the paramagnetic.electrons.

It was-determined that the relative intensities be-
tween forbidden and allowed hyperfine lines varied with
temperature as -

: "G/T
I/T, = (Lg/1,)qoq(L - CTS: Jo xiLexp x-117% ax).

Good agreement .between the predicted temperature depen-
dence and the.experiment were found; however, .the value
of C based on point charge calculatlons was.. subject to
some question because of crystal-field parameter values.

In the analysis of .the hyperfine spectrum as it de- ,
pends on spatial orientation with respect to the magnetic
field, certain '"forbidden'" hyperfine lines, heretofore not
1dent1f1ed were cataloged..




CHAPTER I
INTRODUCTION

The research problem in this thesis is the investi-
~gation of the temperature dependence of the intensities
of the E. P. R. spectrum lines of paramagnetic europium
impurities in those cubic crystals which are, for the most
part, bound by coulomb forces i.e. ionic binding.

Investigations made on Fu' " in CaF, were at first
concentrated on measuring the fine structure parameters
and hyperfine structure parameters, (Baker, éleaney, and
Hayes, 1958 and Lacroix, 1957), .The early interest also
sought to give reason for the crystal-field splitting of
an S-state by an electro-static fielq;f;fhg}theofies did
not give numerical aéreement with exbariﬁént;H but did
propose possible machanisms for the splittiagﬁ(Abragam
and Pryce, 1951), The spin Hamiltonian of Chapter II was

introduced to account for the nature of the splitting

ﬁThesaﬁparameters were measured not calculated (Pryce, 1950).

Temperature dependent effects between paramagnetic
ions and the crystal environment in which they may be
placed were first studied theoretically. Waller (1932)

in his paper ”Uber dle Magnetlslerung von Paramagnetlschen

oo ey -

Krlstallen in Wechselfeldern,” proposed two methods of
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paramagnetic relaxation, spin-spin and the spin-lattice
interactions. Fierz (1938), Kronig (1939) and Van Vleck
(1939, 1940) developed this fheory but found poor
agreement between susceptiﬁiiity experiments and the
theory. The failure of the explaination by Van Vleck
has been attributed to the chemistry of the alums to
which:he applied the theory (Manenkov and Orbach, 1966).

The advent of electron paramagnetic resonance (E.P.R.)
experiments introduced by Zav1osky (1945, 1946) and de-
VeIoped mainly by the Claredon Laboratory at Oxford,
~gave a new tool to relaxation measurements. A renewed
interest in this field was a result of a paper by Finn,
Orbach, and Wolf (1961). They proposed an additional pro-
cess, the Orbach process, for relaxation. Van Vlqu_(1940j
had considered the "direct" process for spin-lattice relax-
ation and a "Raman'" process. The direct process refers to
a first order effect involving a single phonon exchange be-

tween excited and ground state configurations of paramagif;

netic ions. The Raman process is a second order effect in--

volving two phonons and a virtdal process which allows the

entire phonon spectrum to interact between two para@%gnetic'

states. Orbach's process was simply a resonance fluore-

scence type process of two phonons which unlike the Raman
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process includes conservation of energy.

Finn, Orbach, and Wolf's work revived an interest in
spin-lattice relaxation which led to the consideration of
other temperature dependent effectéiﬁé&wgéﬂﬁ?hgﬁbﬁgyéhdwgﬁg/
paramagnets. Blume and Orbach (1962) -applied ££é”£€%£6&'
to S-state paramagééis and developed an orbit-lattice
interaction for Swgéate transition metal ions. In this
work they also proposed a form for the ground state split-
ting by a crystal field which allowed them to predict
phonon.COntributions to the femperature dependence of
ctystal field splitting&i The crystal field splitting
in S-state transition métal ions is small while the
hyperfine splitting is large. The crystal field splitting
of rare-earth S-state ions is large. - Eu' " in fluorite
crystals exhibits both a large crystal field splitting(\
and large hyperfine splitting making this ion ideal fofJ
a study of temperature dependent effects. |

Temperature dependent effects of crystal field para-
meters have Been measured by Rewaj (1968) and Horai (1964).
Rewaj assumed the dependence to be due solely to lattice
expansion and predicted the dependence of the parameter b4
to be

~16.3 ++) 1.1

b, = KR (CaFZ: Eu
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Where R is the nearest neighbor ion separation.. Walsh,
Jeener, and Bloembergen (1965) examined the dependence of
irpﬁig?buﬁtS}Sféﬁé-iBﬁ;barameters both as to temperature
dependence anddthéir‘dependence on R_directly,by subject-
ing the crystal to hfdrostatic pressure, Because of the
small value of b, it.was not possible to tell if orbit-
lattice effects contributed to the temperature dependence,
Hurren, Nelson, Larson, and Gardner (1969), made similar
hydrostatic pressure measurements for - the crystal field
++

parameter of CaFZ:. Eu and found

~8.9

b, = KR 1.2

4

The difference between Rewaj's results and Hurren, et.él.,
sugge;t an orbit-lattice contribution to b4.

In‘this‘work,the dependence of b4 on the orbit-lat-
tice interaction was examined by measuring the temperature
dependence of the intensities of the hyperfine sfectrum{
A similar investigation for the iron-group S-state ion was
undertaken by Shrivastava and Drumheller (1969).  Bir,
Bulikov, and Sochara (1965) have shown the angular depen-
’dence of the hyperfine intensities depend quadratically
on the crystal field parameter. In Bir's method the

hyperfine transitions depend on the strong magnetic field
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at the-nucleus created not so greatly by the laboratory.
magnet but by the eléctroni; state of the 4f shell of
spin 7/2z. This field, the effective field is

= A .
Heee = 53 < [SlY > . 1.3

nn

A is the experimentally measured-hyperfine coupling con;
stant g B8  is the nuclear magneton, |Te> are the elec-
tronic wave functions and 3 the spin operator for the
electrons. In Chapter 11 the wave functions Ye will be
developed. Then in Chapter III the induced field method
of Bir will be developed for the Eu’ " ion in fluorite
crystals. During this invéstigation some transitions

.predicted by the theory butilﬁ?fgggfofé ~not reported were

examined. The results of this invg;tigation are included
at the end of Chapter III.

The orbit-lattice interaction was largely developed
by Menne; Ames, and Lee (1968). Menne used the inter-
action to explain the temperature dependence of the hyper-
fine coupling constant A. Chapter IV will be devoted to
expounding the orbit-lattice interaction and applying it
to predict the temperature dependence of the hyperfine

spectrum.

The results displayed in Chapter V include corrections
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for crystal expansion extracted from the hydrostatic pres-
sure measurements of Hurren. Very glear spectra wefe ob-
tained in this ihvestigation due to using the single iso-

tope Eu151. The sample .obtained from A, E. C. was 96.67%

Eu151 and 3.33% Eu153

with trace amounts of rare earth
and other meﬁal ions present. The crystals were grown by
Optovac, Inc. |

The crystal structure chosen to produce a cubic
environment for the paramagnetic ion was fluorite. Ex-
amples of a fluorite crystal are CaF,, BaF,, and SrF,

The unit cell of fluorite is;faee—centered cubic. The
besis is usually an alkaline earth-halide molecule of the
form abz. The cation a of ‘the basis is located at (0,0,0)
corner of the cube. An anion b is located at .each posi-
tion (1/4,1/4,1/4) and (3/4,3/4,3/4) on the diagonel of
the cube.

The fluorite structure is referred to as eight-co-
ordinated because each cation is situated in an enyiron-
ment of eight nearest neighbors, all anions being located
at the eight cormners of a cube (See Fig, 1). The crystal
structure is also reférred to as XY to i#nclude in the

reference structures of this type where the bondlng may

not be ionic -and the X's and Y's can be a molecular




structure such as water.

Europium ions were chosen for the paramagnetic im-
purity because the doubi&ﬁiionized atoms replace the cation
of XY without requiriné a charge compensation elsewhere
in the crystal which would change the enyironmment of seme
sites from cubié to axial. The triple ionized gadolinium
ion would also have an 887/2.ground state such as europlum

but presented charge compensation problems.
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Crystallography of CaF, with functional cell of F and
Ca ion shown.




CHAPTER II

SPLITTING OF THE °

87/2 GROUND STATE OF
Eu' IN FLUORITE CRYSTAL

Crystal Field Théorx

The electric field at the paramagnetic electrons of
Eu ions in a crystal is the field from all sources in the
crystal, The strongest influence results from the nearest
neighbor ions. A first order effect can be calculated by
considering only these nearest neighbors. In order to
make this calculation a very simple model is devised for
the nearest neighbor interaction., First, the source ions
are considered to be point sources. This assumption is
much better for rare earth paramagnets than for the tran-

sition elementlgroups because ﬁﬁéflapwdf fhéhelectron wave
function of the deep-seated f eiectfon”Wifh the electronic
wave function of the anion is 1ess.. The anion will hence-
forth be fluorine F. Second, the fluorine ions will at
first be considered to be in a fixed position. This wili
neglect vibrations and use a time average position for the
fluorine as if in a rigid lattice. Third, a semi-classi-
cal theory will be used where the electric field is cal-

culated classically, then used.as alquéntum operator. Of

course, any variance of this theory with an experiment
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will point up the weakness of this- theory and also will

point to corrections which may be made to the theory

(Griffith, 1961, page 65)

The Hamiltonian of the ion in a crystal, ﬂncludlng y

_‘.-.'v -
[ SP — 7oA Sy

 0n1y Klnetlc and coulomb energles -and spin-orbit effects

n PXZA Zez o
= Z‘ {2 « — + ¢ (rk)z § + VCTk) . Z
k21 2m 1y k>d r

]\_S

k)

The term V(?k) is the potential energy of the kth electron

in the electrostatic crystal field. The other terms are
the same as for the free ion. When V(?k) is small, the

Hamiltonian can be written as

where Vl is a small correction due to the-Stark interaction
of the electrostatic field with the ion. This form of H
allows a perturbation type calculation to find the energy
1eveis relative to the ground state free atom, and the
wave function in terms of the free atom wave functions.
Using the model of Fig. 1.1 the electrosfaflz ~field
at the site of a paramagnetic electron can be calculated
classically considering the fluorine ions to be point

sources. In this way the field point is in a charge-free

region and the electric field results from a solution of
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Laplacets equation

vV () = 0 . 2.1
The potential energy V(?) of the paramagnetic electron is
then

V@) = ~| eddr

T IR-F
Chooéing the paramagnetic ion as the center of the co-
ordinate system, R is the location of the field source,
i.e. the fluorine iéns, and T is the location of the field
point, the electrons, In rare earth étoms the assumption
R > 7T is valid.

i
|R-F] = R% + r% - 2R cos v)*

Using a binomial expansion for the function 1/|R-T|, V(T)

is

V(F) = - epgi) c’zo B P, (cos y)dr. 2.3
2=0
Y is the angle between K and T and the expansion coeffi-
cients are the Legendre polynomials. té}fken, 1966, page
418).
In spherical coordinate systems the angle y can be

' . . -
expressed in terms of the two different directions of T
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and ﬁ as-.

cos y = cos 0, cos &, + sin 0, sin 0, C031?1F¢2),
¢'s are azimuthal angles-and 6's polar anglé;. The
Legendre polynomial P, can be expanded in~terms of spheri-
cal harmonics by the addition theord@}(Arfken, 1966, page

450-453)

& o
Px(COS 'Y)”= 74“' ZKZ'(“l)m YIE. (el’q)l)Yh-ﬁ,(eZ’q)Z)' 2.4

28+1 m=-Q

(Also see Messiah I, 1961 Appendix B).

' ' ep(R)dt, % . - .
VE) = 4n] —— 2 7 (I L .
| R REOGR. 2
ﬁzig(vl) Y2£%1’¢1)Y.g(62,¢2)- ' | 2.5

»
~

GrogE Theory

The point gkoup symmetry of XYg is'Oh} O%:refers to
the point group operations pefformed on a cube which can-
not be distinguished:- from tﬁe-ﬁnaffected cube. The set
of elements of this;grouphcontains an identity, the un-.

* changed cube; a 180° rotation about an axis pérpendicular
to each face of the cube and passing through the center
of the cube; a 180° rotation abou;’eachiaxiS'passing

through the midpoint of an edge and the center of the cubey.

¥
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two 120f rotations, clockwise and counter-clockwise,
about each of the cube diagonals; and two 90° rotations
about each face axis, clockwise and counter-clockwise.
Also'included in 0; are the improper rotations or each of
the proper rotations mentioned above followed by an in-
version.

The elements of the O point group can be grouped as
classes, these being the identity class, the 120° rota®
tion class of which there are éight elements, the two 180°
rotation classes, the face centered class of three elements,
and the edge centered class of six elements; the six 90°
elements form a class as-do the improper rotations asso-
ciated with each class above. If the elements are re-
presented by rotation matrices, the elements of the same
class all have the same trace. The trace is called the
character of the class and the point group.

There is only a finite number of ways in which a
finite abstract group can be made to represent the group
in terms of concrete mathematical entities. Any one way:
is called a "representation’ of the group and the number
of irreducible representations equals the number of
classes. A representation is said to be irreducible if it

cannot be expressed as the outer product of representation




14 .
of 1esser'dimensionality, A character table for 0, is
. given in Appendix A, An 1rreduc1bleL\representatlon in
terms .of the characters of the classes is given for the
_p0551b1e matyix representatiens of the group,

The abstract group of rotations.has been represented

by rotation matrices: These matrices transf ‘m functions
within a fiﬁite dimensional subspace.among tﬂeﬂeelves,and
if no set of functiens within this manifold, apart. from
the whole subspace, were 'to transform among themselves by
the group operations, the subspace would be irreducible
' (Gel'fand, Minlos, and Shapiro, 1963, page 16. -Also see
Appendix A)J The basis functions which are transformed
by the_grouﬁ elements, form a Euclidean space. Writing
these functions analytically can be accomplished an in-
finite number of ways. The-functions can be, however, an
orthogonal set. The functions are a ''basis'" of the repre-
sentation chosen and must traﬁsform distinctly among them-
selves by the operations of the group. Given any function
as one of the basis functions all the basis for the other
representations can be generated ofthegonal to one enother
(Tinkham, 1964,\page 41),

The set of all rotations is an 1nf1n1te group and the

~set of spherical harmonics form a set of basis functions.
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for the full rotation group. The spherical harmonics of
the same’ order % are

Y0(8,0) = (~1)" [(2".’“1)‘?"5’“?‘] P2 (cos )oY
4w (fFm) !

where 0 is the polar angle and ¢ the azimuthal engle in
spherical coordinates. P? are associated Legendre poly-
nomials, and -~% <1m < % (Messiah, 1961, page 495). A
transformation by a'spatial rotation transforms the Ym‘s

of order 4 among themselves

yh
2 cmn ' 2.6
then the C2 's are matrix elements as calculated in Ap-

pendix A, By the definition of an irreducible representa- -
tion, any,set'of 28+1 spherical harmonic of order % form

a basis for fhe full rotation group Since they transform
among themselves.

The crystalline field transforms according to its own

identity representation (Pl ) for Oh Only D(O), D(4),

(6) p(8)
c:ontaln.I‘.lg

the crystal field expansion in terms of spherical harmonics

when reduced under Oh Thus in

(8gw 2.5) only the & = 0, 4, -6, 8, ... need be'kept. The

Af electrons ofEu o will have spherical functions of &. ="3.

\«—'f

- Non-~zero matrix elements will result from direct products
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. - .
'Dcs).x DC%).X,DCBJ; Dcz) being the matrix of the crystal
field. It can bée seen that

(8 4 p(5) 4, p() | p(3) , p(2) , (1), p(0)y

thus no non-zero matrix will result for & > &, since only

p(6) x p(6) contain.DCO).
The & =0 spherical functions are not angular depen-

dent and only add a constant to the potential energy term

V(¥). Then

F phgtn e

=0 m=-%.

+ .
V(r)cubic B 2

r~18

where from eq. 2.2 and 2.5

Yzm - - dme
| (2p+1)R*L 1

Eq. 2.7 becomes.

4 N ' . 6 .
A = - 4dmnm _ 6m,,m
V) cupic = T R LYg | T mZ—6 Y. Y6

~

The rotation about the z axis ofyﬁyz transforms the

Loy

coordinate. system as:

X >y, y > -x, and z > z,

The spherical functions Yg, Yi, and Yi4 are the only
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invariants of order 4 under this transformation. Yg and

+
Yfg are the only order 6 invariants. (Low, 1960, Table II).

Considering point charges and XY

8
vy ozl an T 28 00, 2 o 4 L ody ]
V(r')=-———5——' _— ——-—,—Y4A+—/7F(Y4_+Y_4)-
. R 9 9 ) 9 )
2.6 A 0 Lo .
rIEr AW 18 Y o 8 ap vl e vty
R 13,0 9 9 ‘
)\’/t, _
which may be written as
>y - 0 4 0 4
V(r) = B,(0, + 50,) + B (0 - 210) . 2.8
Om

o is the sum Yg + Yi?lin which any. common numerical
factors have been takeh out and included in B (Jones,

- Baker and Pope, 1959 and Stevens, 1952).

Operator Equivalence

A vector T can be defined as a vector of Type "T"
. following Condon and Shortley (1935), with-respect to a
general ‘angular momentum ? when it meets the following

commutation relations:

[jz’ﬂﬁﬂ - ithSJLmn’
€ omn is the Levi-Civita tensor density (Goldstein, 1959,

page 129), defined to be zero if any - two of the indices’

%, m, n are equal, and either +1 or -1 otherwise, according
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as (&, m, n) is an eyen or odd permutation of (x, y,z).
Two excellent expositions of the subject of aﬁgular momen -

tum in quantum mechanics can be found in Chapter II of

and Chapter XII of A, Messiah's Quantum Mechanics, Volume

IT (1962).

The replacement theorem follows from the Wigner-
Eckart theorem ggg:géigthat if Tl,and TZ are both type T
with respect to j then <a‘jm|T1|a”j‘m'> f,y<a'jm]T2[a”jm'>
where y = y(a}d,j'j) independent of m and m'. A corollary
to the replacement theorem is:

Por any vector T of type T with respect to ?, the
relation

. . LT - '
<a'jm|T|arjmt> = y<o'jm|jlotjm'> 2.9

‘hoids*with ;i? y(a'; a'l, j).‘ Note on the.right side of the
equation the quantum numberé j and a' are the same- for

both Qggﬁand ket. This results because any component of

? can dhly.generate functions within the manifod of 2j+1
eigenstates belonging to j and a'. The manner of using
this theorem and the corollafy-would be to évaluate-y for
any one matrix -element then use the replacement theorenm.

The replacement theorem allows the crystal field

operator in terms of the spherical functions Yg to be
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‘replaced by angular momentum- operators. If the spherical
functions are written in terms of their cartesian equiva-
lents, each of the components x, y, and z can be replaced

by operator equivalents in.jx, and j,+ These opera~

j'y-’
tors are to be expressed in a standard representation

whose basis vectors are the set |ajm>, that is in the

normalized
. 1 .. . . 1 ..
jg 5 = (g + 1j,) = =— ]
Loy X A
jo = jz
. 1 . . . 1 . .
Jap == Uy =33y = 3= ],
«1 JT X -y Y 2.10

Because of the noncommuting nature of the operators, -
mixed products such as xy must be symmetrized when re-
placed by operator equivalents, for example:

xy > 1/2 (xy + yx) > 1/2y (g3, *+ 3,38

The crystal field written in operator equivalent form

is from eq. 2.8,

>y 0 4 ) 6 ‘ 4 f‘/‘? .
V(F) = B,(0) + 503) + Bg(0g - 210g) . 2.11a
09 = 3557 - 305(3+1)3° + 2552 - 6j(j+1) + 250517,

4 1 T4, .4
00 7 2 [?+ ’ 3«] 2.11b
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0g = 231 30 < 315§ (j*1) % + 10557 (+1) %52
Qszsj(j+1)j§ + 29437 < 55°(5+1)3 + 4052 (§+1)
~603 (§+1) - 2,11c

b1 [pad , hyiiii2. -
Og = 7 [Cj+ + J“){lljz « j(j+1) - 381}
: .2 R P S
+ {1137 - §(+1) - 383(5F + 5%
: 2.11d
(Jones; Baker, and Pope, 1959, Table 3).

The Spin Hamiltonian

‘The angular momentum of the‘europium ion is J = 1+3=8§.
The shells are all closed with respect to orbital angular
momentum. In the above notatioﬁ then, repléce ? with §.
A difficulty results since $ is not a T type vector with
- respect to T. The'resuif of this is to ﬁullify the re-
placement theorem. Physically, this result states that
the Stérk effect cannot split a system which has a closed
electron shell.

Group theory, which explains the type of splitting
allowed if the'mechaniSm were present, predicts a crystal
field splitting of three levels. TheAOh _group must now
be a double group to-account.for the nature of half in-

tegral angular momentum systems where a twofold. rotation
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is &ingle valued. The zero magnetic field splitting of
a J = 7/2 system is calculated in Appendix A.
Experimental evidence clearly shows there is a cry-
stal field interactiom, Fig. 2.1 shows the splitting of
the ground state by a Zeeman-effeéf."The fine structure
spectrum caﬁ only be.explained if a crystal field inter-
action exists. This splitting will be calculated below
and fhe energy level diagram of Fig; 2.2 shows the zero
field splittipg. ' |
An explanation of the S-state .splitting by Van Vleck
and Penney (1934) concluded that an orbit-spin coupling
ﬁixed in excited states in which L is not zero. Abragam
and Pryce (1951) considered the spin-spin interaction
between dipoles which depends on spin variables and posi-
tion variables
5.5 3 o Cak)E

Hspinvspin RS k/rikﬁ- R

.3
jk "k 2.12

The crystal field distorts the orbits which are coupled to
~other spins resulting in.a net distortion of the ground
state. The distorted S-state can interact whith the elec-
tric field,

An acceptable theory which shows good agreement with
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Figure 2,2

Fine structure splitting Eu - CaF, as a function of magnetic
Bield,
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the experiments on S-states has not been developed to date.
An heuristic Hamiltonian can be propoéed in which the coef-
ficients B4 and BB of eq. 2.8 are measﬁred experimentally.

This is the "Spin Hamiltonian! for S-state ioms.
B P& 0 45 - 0 _ 4 .
H = gglf*S + B,(0, + 50,) + B (0, - 210) + T-K.3

* ghﬁnéﬁ*-f. 2.13

&

.g&ﬁhg is the Zeeman effect of a magﬁétic dipole.g&jj= ﬁe

i/

in a magnetic‘fiéld. There is also a nuclear Zeeman term
_gNBﬁfmT which is small compared to other spin Hamiltonian
terms but is kept in order_fo devise nucléar wave functions
required to explain the hyperfine interaction (see Chapter
I11),

An interaction between the electrons and the nucleus
is-called the hyperfine interaction,  This .interaction is
~essentially a spin-spin interaction as eq. 2.12:. An s
electron has a finite probability of being within the

nuclear volume giving rise to the Fermi contact term
. I 5
(81/3) gBgyBy 8 (¥, -t ) I.5.
F. J. Milford (1960) has a simple derivation of this term

in the American Jdumnal of Physics.’

The spin-spin term of the hyperfine interaction does

not predict as large a hyperfine coupling tensor K, which




25
is a constant for Eu? as is . measured in experiments.
William Hayes (1963) accounts for the hyperfine interaction
as resulting mostly from the Fermi contact. term of un-
paired s electrons density at the nucleus, In Eu all.the
s electrons are palred, thus no hyperfine splitting should
occur. It is thought, hawever; that the unfilied paras
~ magnetic sheil will poiarize the s electrons.by exchange
interaétions such that one of the pair will have a greater
electron dénsity in the nucleus than the other.- The hyper-
fine interaction is included as a;spin Hamiltonian term
‘and A is measured by experiment (Baker, Bleaney, and

Hayes, 1958).

Fine Structure ~

Taking the Hamiltonian

- o 0 ~4 0 _ 4
H=g ”H§ + By (0, + 50,) + Be(0g - 210),

the crystal field dominates wheniﬁgis small and group
theory predicts a zero field splitting. Replacing the
operators 0 by spin operators in’a standardrrepresentation
as given in Table II, '‘and evaluating ﬁatrix glements be-
tween the basis of the representation, ]SMS>, an eight

by eight martix results. The matrix has four distinct

"diagonal elements. <S,M|Hcf|S,M@§= <S,fM|HC£lS,~M>, a
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result which stems from Kramer's theorem (Tinkham, 1964,

- page 143.) For any halfrintegral angular mbmentum system
an electric field of any'éymmetry can at best remove de-
generacy such that each new leveliis of even degeneracy.
This-is because an electric field results from a time re-
versal symmetry., The matrix 'can be written as two four
by four méfriceé along .the diagonal, The cubic field

operators 0 daly have offwdiagonal elements between M and
4

M *4 by virtue of the terms Si and S°. By an interchange
" of rows.and columns the 4 x 4 matrix becomes two 2 x 2

matrices along the diagonal.

_ Figure 2.3
+7/2 - ox1/2
27 /2 (Zb4+bé) ‘ 35Cb4“356) 0 0
x1/2 35(b4v3b6) (9b4—5b6) 0 0
;5/2 0. 0 (—13b4—5b6) 3(5b4+7b6)
+3/2 0 0 3(5b,+7b¢) a(—3b4+9b6)
¢
where b4 = 60B4 and b6 =_120B6 of eq. 2.13.

By -diagonalizing the above matrix the eigenvalues of

energy are
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E, =.14b4'v 20b6’ M = %5/2,
E, = 2b, + 16b,, M = 17/2;
E3_‘=_2b4 + 1636, M= 23/2,
and E, =_n18b4 - 12b6, M= 2x1/2,
The EZ and E3 levels are degenerate, and'since each level

is twofold degemerate because of Kramer's degeneracy, two
twofold degenerate levels and a four fold level are split

by a zero magnetic field Hamiltonian.

Figure 2.4

_.Zero Field Splitting

el
| isﬁz_r;7\ (2)
ey i
S7/2 8 i7j?i 21/2 450 (4)

~. 1/2CEy (2)

If a magnetic field is introduced such that the field

is directed along the z.axis of the ¢rysfa1 field (*x, %y,
+z are equivalent z axes) the spin Hamiltonian is

b 4 bg

H=g @J?'+ _4 [02 * 50,
60 1260

4
6)

a0
(Q6 - 210

@@gﬁ;)the{@hgnetici@ield is small the states are perturbed

A .
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by Hq =LgB@SZ.which.Temoves the memaining degemneracy.

In the strong field region, the crystal field term
is the perturbation and the eigenfunctions belenging to
S, are perturbed by

b ) _
4 50
vV = — (0, + 50
cf 60 4

bg

1260

4

4
1)

0 ..
(0g ~210g). 2.14

-+

Figure 2,2 displays the splitting as a function of the
field strength H. '
The eigenvalues of H when considering eq, 2.14 as a

small H H, %% gBH are

17
: <M|H, [M'><M'[H, M >
_ =0 R 1 1
%M,— %g@+,<M]Hl]M> + 21 IR 2.15
M Ey = By

- with

By = <Mlgefis > = gppM.
Ci\» v . -
The eigenfunctions belonging to SZ are.]aSM>{4ghese are
shortened to |M> within the manifold S = 7/2 for Eu ions;

~7/2 <M < 7/2, The resulting levels are
™ 2
: 35(b4—3b6)

By, = *g8H(7/2) + Tb, + bg: T 2.16a
‘ FEb
IF] - 3(5b4+7b6)2

Big/z - *8HH(5/2) - 13by-Sbex , 2.16b

4gath,
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%

- VA :
( : ¥z (r 2 7
E = +gBH(3/2) -3b, + 9b, +.>(5b *Tbe) 2j16¢
+3/2 ~ TO% 4. 6 H
; 4gBH )
and
2
‘ 35(b,-3b,)
_ . ) . 4 6 2.16d
Eyqp = *8BH(1/2) + 9b, - 5bg * — 0y

Angular Dependence of Fine Structure.

When the cbordinétés‘x,.y, and z of the crystalline
field do not coincide with the vector externai magnetic
field, the vector products of eq. 2.13 must be written in

a common coordigﬁ?e system. In eq. 2.13 it is implied

LY

that the coordinate system chosen is along the three equi-
valent crystal axes. Maintaining this coordinate system,

o SN
the sscalar product§E§§ becomes
Ly . = . — _
S = + ¥ Sind + .
HES H(SX sin® cos¢ Sy 51n9(§%9¢ cos6 )

In the experiment the magnetic field ® was always at
right angles to a (100) axﬁ%hof the crystal. In the cal-
culations the rotations are always in the x, z plane; thus
the azimuthal angle ¢ is zero. The terms of the matrix of
figure 2.5 times_g&Hﬁare the matrix elements of H of eq.

2.13. b!

1 and bl

6 are.respectively b4/gBH and




-7/2 ~5/2 -3/2 -1/2 1/2 3/2 5/2 7/2
-7 | Tb,+bg [7/2 sin 8 0 0 Y35 0 0 0
2 |-7/2cos 6 (bgy-3bg)
-5 |{7/2sin 6|-13b,-5bg 75
2 ~5/2cos 6|J3 sin 6 0 0 (by+7/5bp) 0 0
) 0 J3 sin B |~3b,+9bg |{15 sin © 0 0 175
2 -3/2cos 8| 2 (by+7/2bg 0
~1 0 0 J15/2 9b,-5bg |2 sin © 0 0 Y35
2 sin O -1/2cos 6 (by-3bg)
1| 35 9b4-5bg |15 sin 6 0 0
2 | (by-3bg) 0 0 2 sin 6 1/2cos 6| 2
3 0 [75 75 sin 6 |-3b,+9bg |{3 sin 8 0
2 (by+7/5bg) 0 0 2 +3/écos G
5 0 0 {75 0 0 {3 sin 0 |-13b4-5bg|{7 sin ©
2 (b4+7/5b6) 5/2 cos 0| 2
2 0 0 0 J35 0 0 V7 sin 6 |7b,+bg
2 (by=3bg) 2 +7/2cos 6

Figure 2,5

0¢
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'b6/gSH[3 the angle 6 is the angle between a (100) axis of
the cf%stal,-chosen as the' z axis ‘of the coordinate system,
and the magnetic field %ﬁs The resulting matrix is‘disﬂ
played in‘Fig.-Z.S,\ |

An approximaté»diagonalization of this matrix usiﬁg

perturbation techniques can be used when H*

?OA<< 60 gauss,

—

Using a much larger field, wy; it is possible to treat the

crystal field as a perturbation as in eq. 2.16; however,

a vepresentation written with the z axis along the H, di-

" rection is then necessary: In this case the crystal field

operafors 0 written in the cartesian form for the spheri-

cal harmonics will transform as
X -+ X sin © +SX sin § + ———— sin 6

and’

"z > z cos 6 > SZ cos®
where again all products of SZ, S,, and S_ must be symme%
trized, This-has been done for the operators 02, Oj, Og,

Og of eq. 13, (Stevens, 1951 and'Jones, Baker, and Pope).
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~Table 2.1

Jones:, Baker,and Pope (1959)

°©.,3 “5 52 885 g b
0 g -—. L’ =5
4 8 Qﬁ * 59 rh‘s 04
1 ~
0,2 ~+ (q\%\o4 <\§\042 P2 04‘) ‘cos 29 l(-l 0,1 +.2.0 3) sin 2¢

4 1 ; . R .
04 - (.§‘04° 5.%.042 +.%.044) cos 4¢ 5.1(041 5.1043) sin 4¢

N 105 , 2 _ 63 0% ~ 231 066

_ =50 _ 1065
" 16 % 7% =16 0
1 40,17 4 2 4 ~33 6
> (33“06 + 35067+ = 3 0, 0 ) cos 26

1 1 9 3 33 5 .
T 6 +'§ 0 + _.8.\06 ) sin 2¢

/\

4 1 0.5 2 .13 44 _ 11 6)
0%+ (~.1 09 ~2_0,%+=20
( 6 5 6 16 6 - 35 6 cos 4¢

. 1 .

(3
6 1 0 15 2 3 4 1 6
0g" (""‘06 ~ 55 06" + 0% - e Og ) cos 69

The Hamiltonian with an angle'e between the crystal axis
and the magnetic field (chosen teo be the z axis of co-

ordinate system) rotated about the y axis is
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o S ol o § ok - 35 od v st o] - 4 0
* %—Oj)cos 40 - i(0; - i0;) sin 401} + D6 _
B Ly 1260 |
Xﬁ%?ﬁ - 1202 - 82 of - % 02 - 210 (-7 O
" 1—2\6‘6‘ - 75702 cos 46+ i(% 0} +&>og’
- 12 02) sin 48 13 | 2.17

Tables_givinglthe values of the matrix elements of
the OE 's arglgiven by Léw (1960) and Drumheller (1969).

A concluding note to give further insight into the
fransformation éf the Og fs.follows. The Og's are a

.. . . ./’ﬂ)+ - . .
linear combination of Q~§\ and OE which are spheri-

-

cal harmonics written in symmetrized operator equivalent
form. The common numerical coefficients are‘not included.
On rotation the sphericél harmonics Y% are transformed
into linear combinations of the spherical harmonics be-

longing to the same manlfoldk%

Y(waf7 chm¢y 2.6

B R ENCIV SN 3 S e AT R e e -

T s
~'“ The transfommatlon matrlx whose elements are the Cmn ‘s is

e — e ——
e Y P

- et

\A—/\_/ -

unitary. This matrix 1s the operator
1o (5.7 K A
e 10 ( “)\Jg R(¢) |fm> 2.18
2‘ “

E!

;)
¥
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Table 2.2

Jones, Baker, and Pope (1959)
Baker, Bleaney, and Hayes (1951)

Form of Operators Onm

= 355 4 < $30S(SH1) ~ 25)5,2 <68 (s+1) + 352(s+112.

(=]
N
I

: : e , 2 ‘
4 %1{7322 ~ S(S+1) = 538,248 23 + (542+5.2){75,%<S §s+11$5}],

' 4
0, = Lesgt + 5y

2318,° = 105{3scs+1157}s 4 4. {10582(S+l)2—~5258CS+1) +294}8,2

o
o\
o
1

ass§(s+1)3 = 4082(S+1)2 ~ 60S(S+1)

042 = £[{335,%[185 (5+1)+12315,% (S+1) 2+108 (5+1)+102} (5,2 + 5_2)

4

+ (5,7 + 5.21338," ~-etc.}]

F[1118,7 = s(s+1)-38} (5% + 5.%) + (5,4 + 5.%){118,2-5 (5+1)~38}]
1 6 6

oo =2 5,8 45

3. y{s (g3 3 3,43

0,° = (_4){52(3 L8+ (87 + 8 )sz} _

0g” = %;{.[11523»—35 (S+1)S,=595 ] (s+3 + s_3)+(s+3+s_3) [11323_
p -38(S+1)8 _-59s 1} |
4’

.H{I35s \5~S/3<3os (s+1)~15>+s@<552(8+1)2—105(s+1)+12>] (s, +5.)

Ry
+ (s, +8 )[353/2 —s 3<303(s+r) 15>+5, <552(s+1)—105(s+1)+12>]}

o
o)
N
[}

04t = i {[7536, ~35(s+1)sU.—~s/Z] (Sy + S )+(s+ + S )[7s (s+1)s/ s(]}
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¢ is the angle. of rotatiqn;,jj the angular momentum opera-
tor and ﬁ a unit véctor‘acting as the axis -of rotation,
(Messiah, 1964 Appendix D, Section 10 and Chapter XIII).
Geltfand, Minlos,~and'8hapiro (1963) deriyve this operator
in terms of Euler angles, The solutien is the Generalized

Spherical Functions which are also. used in Chapter III to

.explain the hyperfine interaction. The function is derived

in. Appendix A.
. 4
Baker, Bleaney, and Hayes (195@} have used first
order perturbation calculatiens to f£ind the angular de-~

pendence of the fine structure energy levels, In eq. 2,16

the: follow1ng substltutlons are made to show thlS depen-}

P e — e — e R NS, .

degnpe (Bleaney, Baker "qu/Hayes, 1958)

e

b4 -+ b4 p; b6 *be q | 2.19
where | |
P = 1«5(22m2 + mznz ¥ nzgz)
and
q = ——{11\2 252 . (£2m2‘+'m2n2 + nzz?) + %T}' 2.20

In eq. 2,20 (&, m, n) are the direction cosines to the

(x,y,2z) axis. In spherical coordinates

b

sin 6 cos ©

=]
u

sin ¢ sin ¢
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and
n = cos 9,.

T T e T e, ‘ L .
Since 'the. rotations ; of the experiment are made in the
) e T T

X«z plane, the azimuthal angle ¢ is 1/2 thus

_ 5 .2 . 2. 5 L2
P=1- 7 Sin 0 cos™ 9 = 1 ~ 15 Sin 26
_ 4. 21 . 2
q f.l ~ —g sin™ 20,

The angular dependence of the difference between adjacent

levels (since transitions ' between these lévels ‘Were the
) e

[

Bt T e,
experiment, the differences
N C e Sl

S g -

measured quantiﬂ%ﬁiiiii@%? e
AM *1 are plotted rather than the energy levels themselves)
is plotted in Fig., 2,6. '

When © is zero thé fine structure transitions of
eq. 16 are plotted in Fig, 2.2 when the energy difference
between AM *1 levels is 0.33 Cm—1 in energy (the 10 GHz
microwave energy). This figure shows the location of the

‘high field splitting of the fine structure levels which

result from eq. 2.16.
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Figure 2,6

The angular dependence of the fine-
structure spectrum rotated about a (100)
axis.




CHAPTER III

THE E. P. R. EXPERIMENT AND THE HYPERFINE INTERACTION

Magnetic Resonance

The principle of magnetic resonance expériments is
the Zeeman effect. In this experiment a gyromagnetic top

is placed in a magnetic field. The interaction: between

the magnetic moment

3.1

and thé magnetic field calises a Larmor precession of the

‘top. nJ is the angular momentum of the top. The torque ..

. - . . . .
on a magnetic moment- -y 1in a magnetlc field is

T= ZxH
From mechanics.T = é%i, thus
)

S-S =T 3.2

dt

Ny
N

The solution to this equation, where H is constant and the

g - > T ..
angle between u.and H nonzero, is a precession of frequency

(—D>0='Y—H>’ 3.3

0

The energy levels of the paramagnets<of eq. 3.2 are

fixed, depending on 'the component of U in the direction of
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Y

by

e
T= -M.H, 3.4
= :

If i 1s not a constant but is perturbed by a weaker mag-
. - :

netic field at right angles to Hy, the perturbing field

N

H1 will appear to average to zero from a reference frame

‘ . ->

rotating at the Larmor frequency. When‘H1 is also rota-

ted, it .will have an. average life-time as an effective

field whén the rotation is close to the Larmor frequency.

When the two frequencies are the same, resonance occurs

~gilving rise to the name magnetic résonance. From the

-

. view of the rotating reference frame, when H; is in re-

1
sonance, the'field ﬁO appears to be zero and ﬁi now wi11
éause a precession of ﬁ about ﬁl changing the eigenstates
of 3 to o£her combinations within the manifold of 2J + 1.
" These transitions both absorb and emit'ener@y to the
system maintaining ﬁl‘

The coordinate system is selected such that z is
_ alérig the magnetic field HO and the perturbing field is the
magnetic component of sinusoidal microwave radiation. The

Hamiltonian 1is

H=H +H | . 3.5

. . . . ‘ :
where HO is the spin Hamiltonian, which for the present

discussion will be the electronic Zeeman ferm
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Hy = g8H'S = .86H,S, . 3.6

in the representation of Chapter II.

Hy = géi{"S - 3.7
and
. N N

“Hp = Hy cos wt. : 3.8

The probability per unit time that a paramagnet initially
in state |m> will be in state |m'> from time dependent

perturbation theory is

2 q mm' 2
Wome = 4B HRSES T [ Cg(v) 3.9

If the spin-lattice relaxation mechanism keeps an ex-
cess of the paramagnets in the lower energy stateé the dis-
tribution functiqn_gﬁ&j will be Loretzian,

n 2T

2
N2

S 3.10
1T, (2m) Cvo -v)

gv) =

where T, is the characteristic spin-lattice relaxation
time introduced into the Bloqﬁyequation (Pske, 1962).

In .2 sample with a largé%number of paramagnets, and
~given a time long compared to the relaxation times, the
probable number of paramagnets at an energy Em =ﬁi§yﬁ is

~governed by Boltzmann statistics,




41

N f“e—Em/kT

0 e
when ”
. SR Y
B << krT; N o1 gBlm/kT ©
n, Nj 2S + 1
Then

N, . 2KT (S + 1)

From.eq. 3.9 -the operator

_1
Sy = 5 (S, *+ S.)

o W TEazkT 30 S imsS

3.11 -

3.13

3,14

. _ ‘
requires selection: rules Q¥%= +1, That is the only tran-

J O

sitions between energy levels'differing by l&&ﬂ= 1 will be

stimulated by the microwave radiation. Since the lower

states are more populous -
AN ='NO gBH/2(S + 1)KkT,

more. simulated absorption will occur

emission. If the microwave power is

vent saturation, the line shape of eq.

Saturation occurs when the radiation

3.15

than stimulated

low enough to pre-

— S

e .
10 will occurs
N L L

3.

is intense enough to

equally populate both levels. When this occurs the ratio

between microwave power absorbed by the sample and power
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available is mot linearly related to the population of
paramagnets occupying the energy levels. The intensity
of a resonance line will be controlled by the matrix

<M' S |M>

An accurate measure of the intensity will be the area

under the curve Wy

o]

=
Il

1
ettt s M2 | gy

-0

i
1

vl‘ ’_2 !
r
[ger, [s ™| 1. . 3.16

Figure 3.1 is an.actual plot of the absbrption of micro-
wave power versus the magnetic field for Eu'' in CaF,.
The six large lines are the AM = 1/2«~ -1/2 transition
when a (100) crystal field axis is along HO' The small
satellite-lines adjacent to the six major.lines‘are.the
mutual spin flip with fluorine nuclei discussed by Baker,
Hayes, and O'Brien. (1960). The overlap of these lines 1is-
virtually eliminated at very low temperatures since the
more uniform local fields sharpen the line shape function

~g(v). The existence of six lines depict the further

splitting of the M = 1/2 and M = -1/2 levels by the
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H 7 (100)
} } ‘ } t
3450 3500 3!550 3 LOO 35S0
gauss
Figure 3.1

The direct absorption at X-band for AM = 1/2 +> -1/2,

H 7 (100)

s e |
~A—Ah A M

) ] { 1

———

v T ¥ ]
34s0 3500 3550 3600 3650
gauss

Figure 3,2

The phase detected AM = 1/2+>-1/2 absorption with field.
modulation.
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hyperfine interaction, which will be explained later in
this chapter.

The method for producing the microwave frequency
s

_magnetic field{ﬂ& perpendicular to %%.and of detecting

absorption is detailed in Appendix B, It is noted, how-
ever, that the spectrometer measures the dérivative of
the absorption lines not the lines of Fig. 3.1. Figure
3.2 is a display of the microwave absorption detected in

this manner for the same AM = 1/2 <> - 1/2 spectrum.

The Hyperfine Splitting

The smallest energy spiitfing measured  in the experi-
ment-was the hyperfine interaétion. The HamiltOnian of
an electron. in a magnetic field ﬁ, is derived from a
vector potentiai. This discussion of the hyperfine inter-
action is well-treated by Milford, 1960, and is reproduced
in Appendix D. Another spin -Hamiltonian term is introduced

into the phenomenological Hamiltonian of Chapter II
> .
H(Hyperfine) = % . X . § - 3.17
>

where X is a symmetric tensor of order 2. For Eu impuri-
>

ties in fluorine crystals, R is also isotropic and

th =AT .3 S | 3.18
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The spin Hamiltonian is now

b b.

H = gaff-§ + 24 (0§ + 505) +—r— (00 - 2104)
60 1260
+ AT:S +-gn8n T%%?, | 3.19

the last term being.the nuclear Zeeman term.

For Eu the basis functions mnow included the nuclear
function Belonging to 12 and I, .. Note, the nuclear spin I
is 5/2 for both isotopes 151 ahd 153 which occur in abun-

dance.
I =5/2; -5/2 <m<5/2 ‘ ' 3.20
If a product wave function |
v o= YYo= | ySM>| Im>
is used as a basis with respect to some common z axis,
¥ = )%@m; S and I implied, the matrix formed from H of
eq, 3.10 and the kM;m>'s having selected a coordinate

system, would be an 8 x 6 = 48 matrix.

Calculation of Core Hyperfine Field

The ‘48 by 48 matrix can be diagonalized numerically
for specific orientations of the crystal axes. The dif-
ficulty of this method can be reduced when the crystal

field parameter is small relative to the Zeeman term.
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Drumheller and Rubins (1964) have used perturbation theory
to approximate the diagonalization when B4 is very smallf
For rather large B4 such as is found in Eu+f in cubic cry-
stals, this method may only be successful for very high
external magnetic fields. It was found that a microwave
frequency of.55 GHz was too great to allow clear resolu-
tion- of forbidden transitions of Eu' ' hyperfine lines in
fluorite crystals. Perturbation techniques can be used to
diagonalize the electronic 8 by 8 matrix when the wave -
functions of the spin Hamiltonian is written in a represent-

ation of the product of the eigenfunctions of I and S.
= y® 4 G5 .2
“li\:/['?,m %ﬂ/ ¢m e . 3.21
For this purpose the Hamiltonian 3.19 is written as
HE H® + B+ g 3.22

where the electfonic hamiltonian is

B = a3 ¢ L 0] + 50 3.23
: 47%)
60
In eq. 3.23 -the.order six terms of eq. 3.19 have been left
off. K Th terms are small and need only be included when

/\"/‘

energy levels are being computed. The nuclear Hamiltonian

e T
[ oy Sy .
‘«fn ST S e e T e b

o e g R

% ' : o
b, about 1/2 when A is about&ﬁ$0 X 1“"*cm.{; .o
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haying eigenfunctions ¢(ﬁ)is_

H' = g8 A1 3.24

In eq. 3.24 quadrupolar terms are also left off. The term

which couples the eigenfunctions of H® and H"™ is the

hyperfine term

" = AT . 8, 3.25
It is because of the coupling term eq. 3.25 that the nuc-
lear wave functions ¢£M) afe-written és dependeﬁt on the
electronic state ‘indexed M. The fine structure levels of
Chapter II are the

By Swpr o= <% 1EC 1Y, S ' 3,26

of eq. 2.19 with the.angular correction of eq. 2.20 in-
cluded. The TMe‘s are the functions which diagonalize He

Using the representation of eq. 3.21

e

=EM

M'm'> 8

v
5

< 1Y M

AV

e ' M) %y, (M _
ra<ty 181y, o> - <o )L§i?m*£v)> 3,27

rg 80 <o, WD 1T1e O 5o

If A is small such that A(EMe'- EMe) is much less thanvon%Q

&

27

/&%>is possible to set M = M' in eq. 3.37 and not lose

|

(s
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accuracy in the hyperfine'term.* Thus the spirit of the
calculation implies accuracy to.1%. Then to find the
edigenvalues of nuclear energy E(M)m and the eigenfunctions
¢m(M2 the 21 + 1 matrix of H} must be diagonalized. The
prime of Hﬁ refers to the dependence of the set'{¢m(M)}

on the electronic states.

The second.term in eq. 3.27

B o <oy, Mo, M0 5.28

n - Aew® ~.e
MM,m.'m - IA‘<lP M1§l"~}’

and the last term of eq. 3.27

. a0 M M
AHﬁMLm'm = &pByf 1'<¢é )|fl¢mg ) 3. 2%

can be combined.te a single nuclear term where M = M'.

Thus egs. 3:28.and'3.29 become
) g ey Cuf. Tl s MY
< [lgpBH e Ay P ISR T ey,

A
&n8n

The <W§|§|Wﬁ> has ‘units of magnetic field. It is

termed variously as the "induced'". field, the core hyper-
fine field and Bir's effective field after G. L. Bir (1964) -

who originglly: developed the theory. The "effective"

* ' = ‘ - " . )
" For Eu'" in Can, A =.34 x-lO'4 cm 1 and'EeM - EeM is

about 0.3 cm T,
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field as seen by the nucleus then is

/é}”f §%n<¥§|§lfﬁ>@ 3.30
The field direction and magnitude depend on the electronic
states Yy which have an angular dependence in this re-
.presentafion on. the crystal field orientation. Physically
one views thlS field as belng the magnetlc field the
nucleus sees because of the orbltal electrons The total
field at the nucleus isiﬁ% =Lﬁé£f + ﬁo, the vector sum of
the external field and the effective field. For A =

-4

34 x 107% cn”! and nuclear magneton B = 5.03538 x 10724

ug/G
and the.spectroscopié splitting factor‘gn is 1.44 for

151 153

Eu and 0.637 for Eu

151

, we have thenjﬂeff = 92,700

S » gauss for Eu 153.
M. MfJ

When the experiment on Eu

and 44,500 gM,M“gauss for Eu
151 45 done at X-band (v = 10 GHz)
the external magnetic field is about 3,600 gauss for the
transitions M = 1/2 <> -1/2 Which.are.of most importance
to the experiment. ‘Thus the external field is less than

% of the induced field. In this case the induced field
will dominate as the quantization axis of the nuclear
Zeeman effect. |

When an electronic transition occurs the efdective .

field changes both magnitude and direction such as to
















































































































































































































































































































